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Executive Summary

This chapter addresses climate change impacts on natural and human systems from the point of view of the global
ocean.

Key interrelated factors changing in the oceans with the potential to cause biological and, thereby, human
system responses include changesin temperature means and extremes, the oxygen inventory and associated
ammonia and sulfide levels, levels of anthropogenic CO, and associated ocean acidification, nutrient stocks
and their redistribution, ice melt, salinity fluctuations, underwater light regime and food availability (robust
evidence, high agreement, high confidence). Alteration of oceanographic conditions will be driven by shiftsin
water mass boundaries and ocean frontal features, along with altered thermohaline stratification (nutrient supply)
and mixed layer depth (light regime), ocean warming, acidification and hypoxia (high confidence). [6.1.1, 6.2.2.1]

The paleo-record illustrates the sensitivity of ocean ecosystemsto climate change and confirms some of the
key environmental driversinvolved (high confidence). Present rates of climate change are unprecedented
compared to the paleo-record (linked to ~10 times faster atmospheric CO, accumulation than during the Paleocene-
Eocene Therma Maximum (PETM) (robust evidence, high agreement, high confidence). Calcification responsesin
key functional groups point to the role of ocean acidification in bringing about responses of past ecosystems to
climate change. Mass extinctions in the marine realm occurred under the effect of combined environmental drivers
(high confidence), including temperature extremes, nutrient supply, oxygen deficiency and CO, enrichments. [6.1.2]

Marine ecosystems respond to climate change, with examples found in virtually all of the world’s oceans (very
high confidence). Individual observations of responses to climate change indicate three kinds of general,
interrelated responses of marine species, shiftsin distribution (geographic ranges), phenology (timing of seasonal
activities) and inter-specific interactions including competition between species and predator-prey system dynamics.
Variations in these responses will inevitably lead to feedbacks on population dynamics and may underpin changesin
species abundance and community composition (high confidence). [6.2, 6.3, 6.5]

The marine environment will be altered in a complex manner by climate change. These changes|lead to
regional shiftsin microbial phenology, regional alteration of biological processesincluding nitrogen fixation
and phytoplankton productivity aswell as changesin phytoplankton community structure (high confidence).
Further biogeochemical processesinvolving microbes and higher trophic levels and identified as responsiveto
climate change include carbon sequestration and export production, calcification and respiration. Together
they may contribute to oxygen depletion and acidification, especially in subsurface oxygen minimum zones
(OMZs). Upscaling to global ecosystemsthough highlights that identifying which microbial speciesor groups
and processes ar e affected and how these will be altered by climate change is presently based on limited
evidence, low agreement and confidence as these or ganisms and their reactionsto the physical change are
extremely diver se. Changes in oceanographic conditions can also cause reduced primary productivity if the areal
extent of nutrient-poor gyre increases. The global implications of such observations and projections for
biogeochemical cycles have low confidence. [6.3, 6.5] In general, there are many unknowns, for example, how
adaptation by the biota to these physical changes will manifest itself, or how the different interlinked components of
an ecosystem will cumulatively respond to climate change. [6.2, 6.3]

A warming ocean may initially enhance the metabolic rates of microbes but may also begin to challenge their
thermal tolerance and affect their abundance, distribution and community structure (medium confidence),
however, thereislimited evidence and low confidence on which physiological mechanisms ar e setting
differential physiological performancesand how microbial tolerances and the interactions between
planktonic organisms can be qualified. There islimited evidence (low confidence) from experimental systems that
warming leads to enhanced build-up of heterotrophic bacterial in relation to phytoplankton biomass. The bacteria
then absorb alarger proportion of inorganic nutrients and organic matter produced by phytoplankton, causing a
strengthening of heterotrophy and microbial carbon flow in coastal systems. [6.2.2.2, low confidence] Some
phytoplankton groups (coccolithophores) display warming-induced poleward shifts in distribution in the subpolar
Southern Ocean and the Bering Sea. At high polar latitudes alonger growing season, due to more sea-ice free days
and higher underwater irradiances may have increased phytoplankton productivity in Arctic waters. This contrasts
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with decreased phytoplankton stocks and productivity in the vicinity of the Antarctic Peninsula, viathe interplay of
sea-ice and cloud cover along with altered wind velocities. Underwater light climate may thus be altered differently
by density stratification and changes to surface mixed layer depth, cloudiness and/or to alteration of sea-ice areal
extent and thickness. The capacity for photophysiological acclimation and limits to its plasticity may be involved in
the organismal responses to altered light regimes but have limited evidence and low confidence. Environmental
conditions in warming, more nutrient rich coastal oceans may benefit the development of harmful algal blooms or
the distribution of pathogens like cholera (limited evidence, low confidence). [6.4.2.3] Warming may both increase
the grazing rate of zooplankton and affect phytoplankton body size (medium confidence). [6.2.2.1, 6.3.2]

The oceans provide about half of global net primary production (NPP). NPP is expected to changein the
future, with regional differences and to increase at high latitude (high confidence). However, numerical
predictions of whether the global surface ocean NPP is changing are made with low confidence asthereare
conflicting trendsreported dependent on the methodology used and region studied. Projections from coupled
carbon cycle-climate models and empirical models suggest that global primary production will change (high
confidence) and that NPP will decrease at low to mid latitudes but increase at high latitudes in the 21% century under
arange of climate scenarios. The direction, magnitude and regional differences of aglobal change of NPP in the
open ocean as Well asin coastal waters have limited evidence, low agreement and thus, low confidence for a
decrease by 2100. [6.3.1, 6.5.1]

Complex (macro)-organisms (water breathing animalsincluding zooplankton, seaweeds, seagr asses)
specialize on the prevailing regional and local temperatureregimes, with theresult of differential widths of
their windows of thermal tolerance and accor dingly, differential thermal sensitivities, sometimes between
populations (high confidence). Water breathing animals display metabolic stimulation upon warming, their thermal
windows show atrend to be narrowest in early and spawning life stages as well as sluggish lifeforms (medium
confidence). Thermal windows are narrowest in Antarctic animals, widest at temperate mid-latitudes and moderately
wide at tropical latitudes (medium to high confidence). These relationships define temperature dependent
biogeography and its response to climate change (robust evidence, medium agreement and confidence). Marine
species that already live close to their upper thermal limits will be most sensitive to climate change (high
confidence). Among macrophytes, seagrasses may tolerate higher temperatures than seaweeds.

For marine water breathing animalsthe physiological basis of thermal sensitivity has been unraveled and
formulated in the concept of oxygen and capacity limited thermal tolerance (OCLTT). The concept explains
the shape and width of the performance curve and identifies which processes cause shifts in energy budget, an early
decrease in performance and thereby initiate aloss in fitness, with the respective implications at ecosystem level
(robust evidence, high agreement, high confidence). Thermal windows change dynamically according to
developmental stage, mode of life, body size and activity levels (more mobile or small species displaying high
resting metabolic rates and high functional capacities result more eurythermal, i.e. they cover wider temperature
ranges), thereby leading to differential sensitivities and biogeographies, possibly with the respective consequences
for species interactions (medium confidence). The concept supports integration of the effects of further driverslike
progressive hypoxia and ocean acidification. Equivalent concepts are not available for other groups of organisms.
[6.2.2.1]

M echanistic insight readily explains why and how animals ar e affected by temper atur e extremes through
losses in abundance, local extinction and latitudinal shifts (robust evidence, high agreement, very high
confidence) and how such relationships cause regime shifts, or can be affected through trendsin ocean
stratification and productivity. [6.3.2, 6.5.2] Once warming temperature approaches their tolerance limits, polar
species will be unable to migrate to cooler waters and especially Antarctic species possess limited capacity to
acclimate to rising temperatures (robust evidence, medium agreement, medium confidence). Some tropical and warm
water fish, invertebrates and macrophytes at low to medium latitudes also live close to their upper thermal limits and
will respond sensitively to thermal extremes and synergistic drivers like ocean acidification (robust evidence,
medium agreement, medium confidence). [6.2.2.3, 6.2.2.4, 6.3.2]

Expansion of hypoxic zones (e.g. Oxygen Minimum Zones, OMZsin the pelagic realm) constrains the habitat
of oxygen dependent macr oor ganisms and microbes (the latter in extreme hypoxia) and benefits anaerobic
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microbial life now and into the future (high confidence). Robust evidence indicates that with enhanced warming-
induced stratification, reduced ocean circulation and the decomposition of organic matter by heterotrophic
organisms, mostly bacteria both create specialized, microbially dominated ecosystems and sustain OMZs by their
diversity and plasticity of metabolism (high confidence). Warming-induced OMZ expansion may not be continuous
but influenced by decadal climate events. Bacterial and archaeal denitrification, by the combined effects of
dissimilatory nitrate reduction and anaerobic ammonium oxidation (anammox), is common in OMZs and can lead to
the loss of fixed nitrogen (mostly in the forms of N, gas and the greenhouse gas N,0). The resulting hypoxia affects
animals by replacing more active, oxygen dependent species with specialists temporarily or permanently adapted to
hypoxic environments at low species richness. These specialists are predominantly sluggish life forms that have low
oxygen demand and high capacities to exploit available oxygen (high confidence). Due to the concomitant elevation
of CO, partial pressure, calcifiers are largely excluded from OMZs (high confidence). Warming reduces tol erance to
hypoxia (high confidence); small animals are more capable to sustain permanent hypoxia than large ones.
Conversely, hypoxia constrains thermal tolerance. Hypoxia tolerance varies dynamically with temperature, food
consumption, oxygen demand and other environmental stressors including elevated CO, partial pressures (medium
evidence, high agreement, high confidence). [6.2.2, 6.3.3]

Ocean acidification causes marine organismsto take up accumulating CO, passively by diffusion leading to
permanently elevated internal CO, partial pressuresand an ongoing challenge to acid-base regulation, with
implicationsfor alteration of therates of a wide range of physiological processes and associated ener gy
demand and allocation (medium evidence, medium to high confidence). A wide range of sensitivitiesto
projected rates of ocean acidification is evident between and within phyla and genera (high confidence).
Calcified structures for defence and structural support are found across organismal kingdoms and the sensitivity of
calcification to ocean acidification has received the widest attention. Calcifying organisms allocate energy to ion
transport and acid-base regulation as relevant for the sustenance of calcification rates, and may result more sensitive
with low capacities of ion and acid-base regulation (limited to medium evidence, medium agreement and confidence).
[6.2.2]

Among macrophytes and phytoplankton the physiological effects of ocean acidification may have the greatest
potential effect on calcifying species — crustose algae and the coccolithophor es (medium confidence), but
differslargely between groups. In laboratory experiments most macrophytes (seaweeds and macroalgae) respond
positively to elevated CO, levels by increasing growth (medium evidence and agreement, high confidence). Among
coccolithophores, responses are species- and strain-specific, also with respect to the response of calcification.
Capacities of acid-base regulation have not been compared, preventing any overarching mechanistic understanding
among phytoplankton species. A potential for evolutionary adaptation and, thereby, compensation for effects of
ocean acidification may exist (limited evidence, medium confidence). Elevated CO, may cause increased rates of
carbon fixation, depending on how the microbes acquire the carbon, and of N, fixation (in cyanobacteria). However,
responses are variable and influenced by other factors like light, energy, oxygen, nutrient availability and
temperature (limited evidence, low agreement, low confidence). [6.2.2.2]

Among animals, the effects of ocean acidification are species- and life stage-specific with a trend for
sensitivity to be highest in early life stages (high confidence). Sensitivity may depend on the capacity for acid-
base regulation and associated compensation of CO, induced acidosis (medium evidence, agreement and
confidence). Experimental evidence suggests that such capacity is highest in more active marine animals, especially
in fishes and cephalopods and also shallow-water crustaceans (robust evidence, high confidence). Feeding status
supports individual s to reach their species specific capacities of acid-base and ion regulation and thus resilience.
Ocean acidification constrains the dimensions of climate dependent thermal windows (high confidence) as shown in
representatives from various phyla, with projected consequences for biogeography (range contractions) and species
interactions (changes in relative performance, predator-prey relationships, competitiveness) (limited evidence, low
confidence). The relative sensitivity of species from various climate zones and the degree or velocity of evolutionary
adaptation remains poorly understood. Variability among larval genotypes may accelerate such adaptation (limited
to medium evidence, medium agreement and confidence). [6.2.2.4]

Reef-building warm water coralsrespond sensitively to both warming and acidification and have already
encountered arising frequency of thermally induced bleaching events (loss of symbiotic algae) with the result
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of decreased live coral cover (1-2 % per year) in many reefs (high confidence). Corals and coral reefs live close to
their upper thermal limits and respond sensitively to thermal extremes and synergistic stressors like ocean
acidification (robust evidence, high agreement, high confidence). With even moderate warming, bleaching will
occur with ever increasing frequency and severity until it will likely occur on an annual basis by mid to late this
century, associated with an increase in the area of bleaching and in the fraction of coral colonies bleached under a
range of climate scenarios (very high confidence). The changing reef will see climate dependent species
replacements, according to species-specific sensitivities and a wide heterogeneity of responses. Thereislimited
evidence and low agreement that corals can rapidly acclimate or adapt to the unprecedented changesin sea
temperature such that the de novo appearance of more thermally tolerant symbioses and especially their
establishment at ecosystem scales remains largely unknown. There is robust evidence that the calcification rate of
coralsis reduced with increasing ocean acidification. Response and resilience to ocean acidification are species-
specific; nutrient availability to symbionts and heterotrophic feeding improves resistance (medium evidence, high
agreement, high confidence). Temperature acts synergistically with the impacts of perturbed sea water chemistry,
reducing calcification but also increasing sensitivity to other impacts such as the loss of symbionts (medium
evidence, high agreement, high confidence). A limited number of experimentsin cold water corals has shown
significant capacity to compensate for exposure to acidified seawater. [6.2.2.4, 6.3.2, 6.5.2.]

Among animals, air breathing marine birds, mammals, and turtles are not directly affected by ocean
acidification or hypoxia, but areindirectly impacted through sensitivities of their prey to these altered
conditions [high confidence). There is thus no unifying influence of climate change on this group. Detected effects
onindividual species are mostly mediated through climate dependent changes in habitat structure (seaice) and food
availability, especially in mammals and birds (robust evidence, high agreement, high confidence). Modeling
projections suggest an increase in cetacean species richness above 40° latitude in both hemispheres and a decrease in
both pinniped and cetacean richness at lower latitudes by mid-century 2040-2049 under the SRES A1B scenario.
Distribution of loggerhead turtle is projected to expand poleward in the Atlantic Ocean and to benefit from an
increase in available habitat in the Mediterranean Sea (medium confidence). [6.2.2.4.]

Projected future changesin the physical and biogeochemical conditions of the ocean ar e expected to cause
poleward shiftsin the distribution and abundance of marine fishes and invertebrates or equivalent shiftsto
deeper and cooler water s (high confidence). The rate of range shiftsis largely determined by the warming trend at
regional scales and projected to be three times higher for pelagic than for demersal fishes in the 21% century under a
range of climate scenarios (medium confidence). As aresult, high latitude regions (the Arctic and Southern Ocean)
are projected to have high rates of speciesinvasions while high rates of local extinction are projected for the tropic,
sub-Arctic and semi-enclosed seas (e.g., Mediterranean Sea, Persian Gulf) (high confidence). [6.5.2]

Variability in oceanographic conditionsislinked to large fluctuationsin ecosystem structure and fish stocks,
with akey role for temperature and circulation regimes asdrivers (robust evidence, high agreement, very high
confidence). L ong-term observationsreveal shiftsin phenology, abundance, migration patterns, reduction in
body size and largely poleward shiftsin biogeographical distribution (20 to 200 km per decade) of
zooplankton and fish (robust evidence, high agreement, very high confidence). These are mainly attributed to
temperature changes during climate variability and change (very high confidence), with an as yet unclear
contribution of other environmental drivers (low confidence), which may become stronger in the future (ocean
acidification, expanding hypoxia zones, changing food availahility). As a consequence of reduced aerobic scope
from warming, hypoxia and ocean acidification, the maximum body size of fishes and invertebrates may decrease
(low confidence). It is projected that this will alter maximum body size of fishes at individual and community levels
in the 21% century under the SRESA 2 scenario (low confidence). Through species gains and losses correlated with
warming, macroorganism diversity increases at mid and high latitudes and will fall at tropical latitudes (medium
confidence). Such changes in species diversity and composition are projected to continue by 2050 under a range of
climate scenarios (medium confidence). There is medium confidence that the biotain certain regions may be more
vulnerable to change than in other regions, e.g., species occurring in semi-enclosed seasin general and, especialy
those highly endemic and exposed to hypoxic waters and animals at warming high polar latitudes. Therefore,
changes in ecosystem characteristics are probably greatest in polar systems (high confidence) [6.3.2, 6.5.2.]
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Climate change will lead to large-scale redistribution of global catch potential for fishesand invertebrates
(high confidence). Depending on whether a decrease in global ocean NPP occurs, overall fisheries catch potential
may decrease. |n association with faunal displacementsit will shift from low and mid to higher latitudes. [6.2.2.4,
6.3.2, 6.4, 6.5] Such changes are projected to comprise an average of 30—-70% increase in yield of high-latitude
regions (>50° N in the northern hemisphere), but a drop of up to 40% in the tropics by 2055 relative to 2005 under
the SRES A 1B scenario (high confidence for the general trend, low to medium confidence for the magnitude of
change). [6.5]

Observations show enhanced ocean upwelling in Californian, Humboldt and Canary eastern boundary
systems, which produce cooler surface waters associated with enhanced productivity, but unclear trendsfor
higher trophic levelsin those ar eas (medium confidence). If associated with exposures to hypoxic and corrosive
(high CO,) deep water, upwelling can be accompanied by significant ecosystem responses, such as areduction in
biomass of fish and invertebrate fauna. The effect of climate change on upwelling systems through stronger winds,
altered current patterns or enhanced ocean acidification remains unclear. Extrapolation of such effects to the global
level is currently not possible (low confidence). [6.1.1, 6.3.3, 6.3.4, 6.3.6]

Climate change has drivers (e.g. temperatur e, ocean acidification, hypoxia) causing effects on the oceans that
ar e often influencing and amplifying each other. Additional human-induced driverslike pollution, nutrient
input and associated eutrophication, aswell as overfishing, result in enhanced vulnerability of natural
systemsto climaterelated forcings (high confidence). As a consequence, a decrease or shift in ecosystem services,
e.g., through the availability of marine living resources will be accelerated and felt regionally. [6.3.6, 6.4, 6.5]

Human societies benefit from and depend on ecosystem services, including provisioning of food and other
goods, climate and natural hazardsregulation, cultural and supporting services, some of which may be
affected by climate change (high confidence). There is robust evidence and high agreement that climate change
will impact the marine ecosystems and their services. With limited evidence and low confidence, socio-economic
consequences of drivers such as ocean acidification may be evident. The provision of open waterways for shipping
is aspecific supporting service that is very likely to change in specific, measurable ways in the next several decades.
Reductionsin seaice in the Arctic may allow new trade passages such as the North West Passage to be established,
thereby raising the possibility of economically viable trans-Arctic shipping, as well as increasing access to regional
resources supporting natural resource extraction and tourism. [6.4]

Physical effects of climate change may act, under some circumstances, as an additional conservation pressure
that can, however, not be mitigated by a reduction in human activities like fishing (high confidence). Asan
example, areduction in the accidental capture of turtlesin fishing gear may not successfully protect the population if
asignificant number of nesting beaches are impacted by sea-level rise or storm surges. Additional effects of climate
change will thus complicate management regimes, e.g. presenting direct challenges to the objectives of spatial
management once species undergo large scale distributional shifts. [6.4]

All geoengineering approachesinvolving manipulation of the ocean to ameliorate climate change (fertilization
by nutrient addition, binding of CO, by the addition of alkalinity and direct CO, injection into the deep
ocean) have very large associated environmental footprints (high confidence), with some actually requiring
purposeful alteration of ocean ecosystemsfor implementation. Alternative methods focussing on solar radiation
management (SRM) are fraught with the shortcoming that atmospheric CO, release and ocean acidification are left
unabated unless SRM is combined with CO, emission reductions. [6.4]

6.1. Introduction: Point of Departure, Observations, and Projections

The Ocean covers 71% of Earth’s surface to an average depth of 3,800 m and represents more than 95% of the
habitable environment of the planet. Approximately half of total annual planetary production of organic matter
derives from marine plants, mostly microorganisms (Field et al., 1998). Ecological processesin the oceans have
long been investigated, and yet many features important for biogeochemistry and ecological functioning on large
scales, including environmental controls on photosynthesis, respiration and carbon storage are poorly known as most
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oceanic regions have never been sampled. Even in the areas studied extensively, for example, the North Atlantic
Ocean, variability on temporal scales ranging from synoptic to interdecadal is poorly understood as long-term series
of ecological datafrom the open ocean are generally rare. However, the available information indicates that oceanic
ecosystems are particularly sensitive to stresses mediated by climate change, because physical forcing primarily
controls nutrient supply and light regime and, hence, growth of phytoplankton, food availability for heterotrophs and
the structure and function of the food webs.

The ocean in its entirety is simply too large and diverse to allow for exhaustive coverage by in situ observations. The
concept of aminimal set of functional subunits (ecosystems) could be used to track and model the global ocean and
climate change impacts as awhole. Barber (2001) saw “considerable heuristic power in the ecosystem concept
because understanding gained in one ocean ecosystem can be used to predict the response of another ecosystem of
the same kind that is geographically distinct from it.” Ecosystems are shaped by physical and chemical variables and
are distinguished by their modes of energy capture and transfer to organisms in the food web, as well as by
community succession that optimizes energy transfer and material cycling. Physical and chemical attributes
therefore relate to biogeochemical processes, including carbon cycle dynamics. The ability to scale ecological
knowledge in space and time is especially important for predicting the response of oceanic ecosystems to natural and
anthropogenic climate variability and change.

Division of the ocean into discrete functional units may help to elucidate the ongoing and projected changes in key
processes and carbon inventories (Figure 6-1). The oceans can be subdivided into biomes, which are distinct habitats
controlled by complex interactions of specific physical and biological processes. Odum (1971) defined abiome as
“the largest community unit which is convenient to recognize”. Longhurst (1998) identified 4 major ocean biomes
(i.e., “Westerlies” , “Trades’, “Polar” and “Coastal” ), distinguished mainly by different physical mechanisms
shaping the conditions in the upper mixed layer and then further subdivided these 4 biomes in each major ocean
basin into atotal of 51 provinces (Figure 6-1). Benthic habitats have also been classified based on total benthic
organism biomass, sedimentary oxygen flux estimates and hard and sediment substrate structures (e.g. Jahnke, 1996;
UNESCO, 2009, Levin et al., 2010). Marine benthosincludes all organisms that live just above, on or in the seafloor
including both soft sediment and hard substrates. Benthic organisms are usually less mobile than pelagic organisms,
implying that dispersal and gene flow are more limited, also in forms that spend part of their lifecyclesin the pelagic
realm. All these organisms and ecosystems, as well as many semi-enclosed and marginal seas and numerous coastal
habitats, must be assessed on a region-specific basis (see WGII, Chs 5, 28 and 30). The present chapter, however, is
intended to focus on the general principles and processes characterizing the climate change impact on the ocean
system as awhole and its use by human society. A broad understanding of functional mechanisms across all levels
of biological organization, from molecular to organism to ecosystem must be achieved in order to accurately predict
the ocean’ s response to climate change.

[INSERT FIGURE 6-1 HERE

Figure 6-1: Productivity in 51 distinct global ocean biogeographical biomes as represented by a grid of thin black
lines (after Longhurst, 1998), overlain with an average annual composite plot of chlorophyll a concentration, i.e., a
proxy for phytoplankton stocks in the upper ocean, from the NASA/Orbimage SeaWiFs satellite (Bailey et al., 2006;
McClain et al., 2004; McClain, 2009). The characteristics and boundaries of each biome are primarily set by the
underlying regional ocean physics and chemistry. Together, these provinces or biomes span several orders of
magnitude in chlorophyll a from < 0.1 mg m™ that characterize the low latitude oligotrophic regions (denoted by
purple and blue) up to 10 mg m™in highly productive coastal upwelling regionsin Eastern boundary currents
(denoted by red).]

In order to assess the available evidence on the relationships between climate and ecosystem change, as well asto
project future impacts, the chapter relies on climate change scenarios according to the concept of Representative
Concentration Pathways (RCP, Moss et al., 2010). It starts with a discussion of the variability of the principal
physical and chemical parameters of the oceans and builds on evidence available from paleo- and historical
observations for identifying the forces causing change. Then, a conceptual framework of understanding climate
change effects on organisms and ecosystems is developed and used to interpret empirical observations of ecosystem
change, to assess the implications of such changes for ecosystem services and to identify plausible socioeconomic
consequences.
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6.1.1. Recent Trendsand Projections of Physical and Chemical Parameters
6.1.1.1. Warming

The primary role of the world’s ocean in the global climate system is related to its capacity to store heat. Over the
period from 1970 to 2009 the ocean has absorbed more than 90% of the total increase in the heat content of the
planet (Bindoff et al., 2007, WGI Ch. 3). Over the last 43 years average warming has occurred by >0.1 °C/decade in
the upper 75 m and by 0.017 °C/decade at 700m depth. Warming trends are strongest at high latitudes (WGL1 Ch. 3).
The consequence of the warming is intensified thermal stratification of the upper ocean, which has increased by
about 4 % over the past 40 years (WGI Ch. 3), associated with a shoaling of the mixed water layer and hence
increased light exposure of the phytoplankton that inhabit that zone. Coastal regions display large spatial variability
in their temperature changes. For example, observations over 100 years in the Japan and East China Seas reveal ed
warming trends by +0.7 to 1.7 °C/century, larger than the global average (+0.5 °C/century, Y amano et al., 2011).
Temperature risesin other semi-enclosed seas (Baltic Sea, North Sea, Black Sea) are also higher than the global
average (Belkin, 2009) emphasizing the need to understand local effects of warming for an assessment of ecosystem
impacts. The warming trend is accompanied by spatially variable changesin salinity. Increasesin salinity result
from reduced precipitation versus evaporation and have occurred in upper thermoclines of subtropical gyres at mid
to low latitudes since 1970 (WGI Ch. 3). In contrast, freshening caused by enhanced precipitation relative to
evaporation occurs at higher latitudes, exacerbated by increased seaice melt. Thisleads to lower salinity
intermediate waters sinking at high latitudes, e.g. the Southern Ocean and North Pacific (Helm et al., 2010, WGI Ch.
3). Warming and freshening may cause a weakening of the formation of intermediate waters at high latitude and of
the formation of abyssal watersin polar regions (WGI Ch. 3) but long-term projections are not available (e.g. Matei
etal., 2012).

Attribution of temperature change to natural climate variability or anthropogenic warming, therefore, is relevant in
identifying the anthropogenic influence on marine ecosystems. For example, approximately half the temperature
variance in the North Atlantic can currently be accounted for by natural climate variability assessed from hydro-
climatic indices during the period 1850-2007 (Atlantic Multidecadal Oscillation [AMO], East Atlantic [EA] Pattern,
North Atlantic Oscillation [NAQ]; Cannaby and Hisrevoglu, 2009). The relative influence of hydro-climatic
variability varies between regions. For example, during the period 1958-2005 in the extra-tropical part of the North
Atlantic east of 20°W, the increase in seatemperature co-varied positively with the Northern Hemisphere
temperature rise explaining 46% of the total variance in temperature, while the natural sources of hydro-climatic
variability such asthe NAO and an index of the Subarctic Gyre circulation only accounted for 26% of the total
variance in temperature (Beaugrand et al., 2009). It should be noted that global warming probably also acts on and
through changes in these meteo-oceanic processes (Stephenson et al., 2006), making it difficult to quantify the
relative influence of natural and anthropogenic forcings.

[INSERT FIGURE 6-2 HERE

Figure 6-2: Last Century sea surface temperature variability. The top left map shows the long-term (1911 to 2011)
sea surface temperature average. The top right map illustrates the temperature range calculated as the difference
between the historical maximum and minimum values for each grid component. The spatial distribution of
variability by time scales (left hand map series) was computed by accumulating the relative spectral densities of
each 2°x2° grid box frequency-transformed series by frequency windows, corresponding to the multidecadal (period
>25 years), bidecadal (15 to 25 years), decadal (8 to 15 years), low ENSO (El Nifio Southern Oscillation) frequency
(5to 8 years), high ENSO frequency (3 to 5 years) and very high frequency (2 to 3 years) scales. The sum of the six
maps at every single box corresponds to 100% of the interannual time series variability. Right hand histograms show
the relative number of cases (grid boxes) at each temperature class intervals. The class intervals represent fractions
of the temperature range at each variability scale. The sum of all cases for each histogram accounts of the 100% of
the area, and the sum of all the temperature fractions from all histograms accounts for the total temperature ranges
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shown in the upper right map. All computations are based on the Extended Reynolds Sea Surface Temperature
(NOAA, 2012).]

6.1.1.2. Acidification

Long term (i.e. decadal) observations from open-ocean time series sites and ships-of-opportunity have shown
significant increases in upper ocean carbon dioxide concentrations (Watson et al., 2009) and consequently,
reductionsin pH (Dore et al., 2009, WGI, ch. 3). Scenarios of future atmospheric pCO, have been described by
SRES and for forcings of climate change according to several RCPs (representative concentration pathways, Moss et
al., 2010, Meinshausen et al., 2011). RCPs encompass non-CO, greenhouse gases and project different atmospheric
concentrations of CO,. All RCPs lead to atmospheric CO, levels (given as partial pressures, pCO,, in patm, 10 of
atmospheric pressure, or the mole fraction in ppm (10°%) of CO, in the humidified gas mixture) somewhat less than
500 patm by 2050. Under RCP 2.6 thisis followed by a decrease to 420 by 2100 before it falls to 360 patm by 2300.
By 2100, RCP 4.5 projects stabilization at around 540 patm. under RCP 6.0 pCO, reaches 670 patm and is projected
to reach 750 patm by 2300, while RCP 8.5 yields 940 by 2100 and 1960 patm by 2300, respectively. The oceans
serve as alarge sink of anthropogenic CO, and thereby reduce global warming. At present the oceans continuously
absorb 25% of the CO, emitted by human activity. Anthropogenic carbon was 151 + 26 PgC in the global ocean in
2010, corresponding to an annual global uptake rate of 2.5 + 0.6 PgC yr* (WG, Ch. 3).

However, equilibration of seawater with rising CO, concentrationsin air causes ocean acidification (OA), an
increase in acidity, i.e. hydrogen ion (H*) concentration in sea water, measured as a declinein pH ranging between -
0.0015 and -0.0024 per year (WG1 Ch. 3, 6). Anthropogenic OA has started with the industrial revolution and is
projected to reach all oceanic regions, surface and deep oceans. At present, OA has already led to a detectable risein
surface ocean pCO, and adecrease in pH (Dore et al., 2009). Average surface ocean pH has decreased by more than
0.1 unitsrelative to pre-industrial levels and is expected to drop by another 0.3 units by 2100 under the SRES A1B
scenario (Caldeira and Wickett, 2003, 2005). OA also leads to a decrease of carbonate ion (CO,?) concentration and
of the saturation state (Q2) of calcium carbonates (CaCO;; Zeebe and Westbroek, 2003; WGI, Ch. 3). Q values >1
indicate an oversaturation of calcium carbonates in sea water (Q is the ratio of products of in situ concentrations of
calcium (Ca2*) and carbonate ion (CO,?) over the solubility products (SP) K' s of CaCO; in aragonite or calcite,
which are different mineralogical forms of carbonate at in situ temperature, salinity and pressure; Q = [Ca2"][CO,*
/K s). Q is smaller for aragonite than calcite at a given carbonate ion concentration reflecting that aragonite is more
soluble than calcite. The magnesium (Mg) content of calcite determines the solubility of this mineral phase such that
high Mg calcite can be more soluble than aragonite. All of these minerals (calcite, Mg-calcite, or aragonite) are
important components of shells or skeletons in many marine organisms (6.2.2.).

CO, levels are spatially and temporally variable, for example in oxygen deficient sediments and stratified water
layers, including upwelling systems (Feely et al., 2008). While the physical and chemical basis of ocean
acidification is well understood few field data exist of sufficient duration, resolution and accuracy to document the
acidification rate and its variability. The few data sets that do exist are from long-term ocean stations (e.g., HOT,
BATS, ESTOC; WGI, Figure 3-17). Variability in pH is higher in coastal areas than in the open ocean (Dore et al.,
2009, Wootton et al., 2008; Hofmann et al., 2012). The rate of acidification is 50% higher in the Northern North
Atlantic than in the subtropical time series at BATS and ESTOC (Olafsson, 2009). The pH of the present day
pelagic ocean varies by approximately one unit (10-fold in terms of hydrogen ion concentration) from 8.2 in highly
productive regionsto 7.2 in mid-water layers where excess respiration causes low oxygen and elevated CO, levels.
Inlow flow environments, further CO, and thus pH variability can be introduced by the formation of boundary
layers with pH values of 7.7 that are as low as those projected by ocean acidification models by the year 2100 under
business as usual 1S92A, closeto RCP 8.5 (Hurd et al., 2011). Ocean acidification adds to existing CO, levels and
the resulting water pH values clearly deviate from the natural variability of pH (Friedrich et al., 2012). Q values also
display natural variability. Recent observations indicate that oceanic waters under-saturated for aragonite have
seasonally emerged in the Arctic Ocean (Y amamoto-Kawai et al., 2009) and in upwelling areas of the Eastern North
Pacific (Feely et al., 2008). Modeled distribution maps of aragonite saturation (Figure 6-3) (Feely et al., 2009) show
pre-industrial @ values larger than 4 in the tropical areas and higher than 1.5 in the cold oceans. Q has decreased to
present levels of 3.8 to 4.1 intropical (Kleypaset al., 1999) and of lower than 1.5 in the polar oceans (McNeil and
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Matear, 2008, Azetsu-Scott et al., 2010). This matches acidification trends, which by deep water formation in the
North-Atlantic are rapidly transferred to mid-water layers (V dzquez-Rodriguez et al., 2012). Ice melt or the excess
of precipitation over evaporation cause locally variable salinity reductions (Jacobs and Giulivi, 2010; Vé ez-Belchi
et al., 2010) and, thereby, an exacerbation of ocean acidification already favored by low temperatures and high gas
solubility at high latitudes (Steinacher et al., 2009; Denman et al., 2011). In the absence of biota (6.2.2., 6.3.3.), the
changes in ocean chemistry due to OA will take thousands of years to be largely buffered through neutralization by
calcium carbonate from sediments and tens to hundreds of thousands of years for the weathering of rocks on land to
eventually restore ocean pH completely (Archer et al., 2009).

[INSERT FIGURE 6-3 HERE

Figure 6-3: CCSM 3-modeled decadal mean aragonite saturation (Q2) at the sea surface, around the years 1875, 1995,
2050, and 2095 following the SRES A2 emission scenario (Ieft panel). The mean atmospheric CO, concentration in
2100 approximates around 850 patm, somewhat below levels according to RCP 8.5 and mean aragonite saturation
state at 2°C will drop to amost 0 by 2300 (Meinshausen et al., 2011, right panels). Deep coral reefs are indicated by
darker gray dots; shallow-water coral reefs are indicated with lighter gray dots. White areas indicate regions with no
data (Feely et al., 2009) ]

6.1.1.3. Hypoxia

The distribution of dissolved oxygen in the world ocean is a net balance between gas solubility and exchange at the
air-sea interface, of ocean circulation and mixing and the net community production (NCP, defined as the difference
between gross primary production [GPP], accompanied by the evolution of oxygen, and community respiration, the
consumption of oxygen [R]; NCP = GPP-R). The amount of oxygen available to marine organismsis a major
determinant in their distribution, abundance, metabolism and survival. Oxygen concentrations range from greater
than 500 umoles kg™ (equivalent to 11 ml L™) in productive nutrient rich Antarctic waters (up to 140% saturation
relative to equilibrium with the atmosphere; Carrillo et al., 2004) to zero in coastal sediments rich in organic matter
and in isolated, permanently anoxic water bodies such as the Black Sea and the Cariaco Basin. The average value for
the ocean is estimated as 178 umol kg (Sarmiento and Gruber, 2006). Because oxygen solubility is determined by
temperature and salinity, polar waters contain about 60 % more dissolved oxygen than tropical waters at 100% air
saturation. Large-scale fluctuations of oxygen concentrations have occurred over geological time (Wignall, 2001;
Meyer and Kump, 2008), during glacial-interglacial cycles (Schmiedl and Mackensen, 2006; Robinson et al., 2007),
on multi-decadal (Yasudaet al., 2006; Whitney et al., 2007) inter-decadal (Arntz et al., 2006), seasonal, synoptic
and, in some high productivity regions, over diurnal time scales (Grantham et al., 2004; Connolly et al., 2010). Most
of the respiration in the ocean is attributable to bacteria that oxidize dissolved organic matter (DOM). Oxidative
metabolism occurs at rates that deplete oxygen faster than it is re-introduced (Rabalais et al., 2009). Once a parcel of
seawater isisolated from gas exchange at the surface, oxygen can be added only by NCP, a process usually
restricted to the upper 50 m of the water column, or by lateral import via ocean currents. At greater depths, the
partial pressure of oxygen (pO,) islessthan 100% of air saturation. In that sense, most of the ocean is hypoxic
(below air saturation), and such limitation may affect animal life through constraints on performance as soon as pO,
fals(6.2.2.4.).

In ecological literature the term hypoxia (see 6.3.3.) is commonly used for O, concentrations below 60 umoles kg™,
according to the transition to communities displaying characteristic adaptations to long-term severe hypoxia. These
hypoxic waters presently occupy ~5% of the ocean volume (7.6 x 10 m®) (Deutsch et al., 2011). Oxygen minimum
zones (OMZs) associated with hypoxiaat O,< 22 pmol kg™ (< 0.5 ml L™) occupy nearly 30x10° km? (102x10° km®)
in the open ocean (Paulmier and Ruiz-Pino, 2009) and cover about 1,15x10° km? of the continental margin seabed
(Helly and Levin, 2004, Diaz and Rosenberg, 2008). Seasonal or permanent OMZs are also found in semi-enclosed
basins such as the Baltic and Black Sea, coastal areas and open ocean regions (Justic et al., 1987; Thamdrup et al.,
1996; Rabalais and Turner, 2001; Karlson et al., 2002; Kemp et al., 2005; Chan et al., 2008; Pakhomova and

Y akushev, 2011). The pO, reached depends on the time since the water parcel wasin contact with the atmosphere or
depending on lateral import or mixing with oxygenated water. At the oxic-anoxic interface, the ocean is said to be
suboxic, with very low concentrations of oxygen (<4.5 pmoles kg) and still low levels of sulphide. Suboxic waters
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occupy only 4.6 x 10 m?* (less than 0.05 % of the ocean volume), mainly in the Northeast Pacific (Karstensen et al.,
2008).

Reduced vertical mixing of stratified waters and the weakened lateral advection of aerated waters from high
latitudes into the deep contribute to reduce the oxygenation of mid water layers and the deep oceans (WGI Ch. 3).
Expansion of midwater OMZs has occurred over the past 50 years at mid to low |atitudes between approximately
45 °N and 45 °S due to the combinations of climate warming, enhanced stratification, wind driven upwelling and
eutrophication as well as the resulting oxygen demand in excess in of oxygen supply. The rate of oxygen decrease
was from 0.1 to over 0.3 umoles kg™ year™ (Stramma et al., 2008; Stramma et al., 2010). In the California Current
System in the Northeast Pacific, the rates of oxygen decrease ranged even up to 2.1 umoles kg™ year?, and the
hypoxic boundary has shoaled by up to 90 m since the mid 1980s (Bograd et al., 2008). Long-term declinesin
oxygen of about 7 umoles kg™ decade™ have been documented at mid water depths over much of the subarctic North
Pacific (Keeling et al., 2010). If thistrend persists at the same rate, a decrease of the average global ocean oxygen
content by 10 to 20 % can be expected by 2100. Most models, however, predict aless pronounced decrease by 1 to
7 % (Keeling et al., 2010).

Human activity also supplies excess nutrients and pollutants viariver inflow and by precipitation, thereby
exacerbating ocean hypoxiain the pelagic zone, on continental shelves and in coastal areas. Extremely hypoxic and
anoxic regions excluding metazoans have been termed ‘ dead zones' although they are not devoid of bacterial life
(e.g., Orcutt et al., 2011). The increasing number of ‘dead zones' reflects the progressive deoxygenation of the
oceans. Over 400 dead zones worldwide were reported for 2008, compared with 300 in the 1990s and 120 in the
1980s (Diaz and Rosenberg, 2008). In areas where oxygen levels fall to below suboxic levels, hydrogen sulphideis
formed by bacterial sulfate reduction. A particularly rapid build-up of anoxic conditions has recently been
documented for stratified inland water bodies such as the Aral Sea (Zavialov, 2005; Zavialov et al., 2009), which is
highly vulnerable to anthropogenic and climatic pressures.

Ongoing climate change is likely to further accelerate the spread of hypoxic zones. Fluvial runoff into the ocean is
causing eutrophication and associated hypoxia in many regions and is projected to increase by 30 to 70% by 2100
due to climate-related intensification of the global water cycle (e.g. Milly et al., 2002; Wetherald and Manabe, 2002;
Milly et al., 2008), although these figures diverge significantly for different regions and catchment areas
(Kundzewicz et al., 2005). Apart from enhanced nutrient load to the coastal regions, the increased buoyant
freshwater discharges, as well as the warming of the ocean, will further enhance respiration and the vertical density
stratification in some regions and hence reduce oxygen content and the ventilation of subsurface layers, i.e. their
contact and mixing with air and air saturated waters. On the other hand, a number of regions which are presently
poorly ventilated may actually display improved ventilation as the relative mix of waters entering these areas may
comprise more oxygen rich surface water (Gnanadesikan et al., 2007). Globa warming may significantly alter the
regime of enhanced convection and mixing in winter and associated ventilation of subsurface layers (de Boer et al.,
2007). The future evolution of low oxygen zones will aso be linked to changes of wind regime accompanying
global warming. These changes may be manifested in the reduction of wind energy available for ocean mixing and
ventilation (e.g. Vecchi and Soden, 2007; Ren, 2010) as well asin alterations of the intensity, duration and seasonal
timing of upwelling events (Snyder et al., 2003).

6.1.1.4. Other Physical and Chemical Drivers

Carbon fixation in the pelagic marine environment is controlled by light, inorganic nutrients (carbon dioxide, nitrate,
phosphate, trace elements), vertical mixing and temperature dependent stability of the surface mixed-layer. The
upward flux of nutrients from the large deep-water pool is controlled by deep vertical mixing caused by the
combined effects of local winds and thermohaline (density)-driven processes. All of these processes are subject to
climate-related influences which cause shiftsin the physical drivers of biological processes. All climate change
modeling experiments indicate that the depth of the surface mixed layer will shoal in the coming decades (e.g.,
Sarmiento et al., 1998; Matear and Hirst, 1999). Thus, phytoplankton in the future will be growing within a
shallower surface layer and more nutrient impoverished mixed layer in which they will encounter higher mean
irradiances. Mean irradiance will also rise in polar regions due to reduced sea-ice cover.
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All climate change modeling experiments to date predict increased density stratification of the upper oceanin
offshore waters (Sarmiento et al., 1998), for example in warming gyres. Enhanced stratification at low to mid
latitudes may lead to areduction the standing stocks of phytoplankton due to a reduced vertical nutrient supply to
surface waters (Polovina et al., 2008; Doney, 2010). In coastal oceans this reduced nutrient supply to offshore
waters may be compensated for to some extent by enhanced upwelling, asis evident in eastern boundary currents.
Observations indicate an intensification of upwelling in the Peruvian (Gutiérrez et al., 2011), Californian (Snyder et
al., 2003) and Canary systems (McGregor et al., 2007). Upwelling brings waters with a cluster of altered
environmental properties to the surface (Boyd et al., 2010) and is a process that clearly illustrates how various
environmental drivers—in this case colder waters with higher carbon dioxide levels (lower pH), higher nutrient and
trace metal concentrations and lower oxygen concentrations - exert combined effects on the biota. Shelf hypoxia
conditions are increasing in the upwelling corridor of the California Current system, combined with enhanced CO,
levels (Feeley et al., 2008; Connally et al., 2010), resembling the conditions already documented for other upwelling
systems, like Benguela and Humboldt (Helly and Levin, 2004; Monteiro et al., 2008). Changesin upwelling
intensity are not sufficiently corroborated by climate model results which are inconsistent in that the rate of
upwelling of deep nutrient-rich water is projected to either intensify or weaken depending on the modeling
simulations (Bakun et al., 2010). Accordingly, there is medium agreement and limited evidence for an intensification
of coastal upwelling under climate change.

6.1.1.5. Conclusions

It isvirtually certain that with climate change, marine ecosystems are exposed to changing regimes of
environmental drivers including rising temperature means and extremes (Hoegh-Guldberg and Bruno, 2010),
combined with ocean acidification due to CO, enrichment from the atmosphere (Caldeira and Wickett, 2005; Orr et
al., 2005) and the expansion of hypoxic or anoxic zones (Diaz and Rosenberg, 2008; Stramma et al., 2008; Keeling
et al., 2010; Stramma et al., 2010). Where hypoxia develops due to excess respiration, the oxidation of organic
material (in sediment and water column) very likely leads to an accumulation of CO, and acidified water layers
(Pelgjero et al., 2010) and, at extreme hypoxia or anoxia, of ammonia and hydrogen sulphide (Gray et al., 2002;
Kump et al., 2005; Chan et al., 2008; Levin et al., 2009). The magnitude of nutrient inventories available from e.g.
nutrient-rich deep waters directly dictate phytoplankton growth, plankton size and community and food web
structures (high confidence). Warming of the surface layers very likely enhances stratification, especially during
summer, but also during particularly warm winters, thereby limiting the surface ocean nutrient inventory available to
spring phytoplankton blooms. Enhanced upwelling and human-induced eutrophication could compensate for the
projected reduced nutrient supply in coastal oceans (limited evidence, medium agreement for upwelling). Light
availahility to phytoplankton will increase due to shoaling of the surface mixed layer (Doney, 2006). Ice melt or an
excess of precipitation over evaporation due to climate change cause salinity reductions and, thereby, support
enhanced stratification as well as an exacerbation of ocean acidification, with high confidence. Conversely,
enhanced evaporation causes increased salinities at lower |atitudes.

6.1.2. Historical and Paleo-Records

The environmental factors summarized under 6.1.1. have acted in the past and are recorded in the paleo-record
stored in marine sediments. Accordingly, the fossil record has the potential to reveal biotic responsesto past
episodes of global warming, as well as changes in ocean stratification, nutrient distributions, oxygenation, CO, and
pH (Gooday and Jorissen, 2012; Honisch et al., 2012). Fossils, however, preserve only a small part of the
organismal composition of ecosystems, with a bias towards skeletal organisms from stable, low-energy aguatic
environments. Moreover, care is needed when identifying appropriate paleo-analogues for future environmental
changes as current global changes are taking place alongside additional local anthropogenic perturbations, and their
potential synergies may have no analogue in the fossil record. Additionally, of the last 100 million years (Ma) only
the last 2 Myr had atmospheric CO, at levels lower than any predicted for the next century. That marine biota,
including calcifiers, thrived throughout most of this era could imply that marine ecosystems will not be impaired in a
future warm, high CO, world. However, such comparisons are invalid because the key environmental issue of the
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21% century is one of an unprecedented rate of change, not simply magnitude (Honisch et al., 2012). Long-term,
high CO, steady-states of time intervals longer than 10 thousand years (kyr) in the past had awell regulated
carbonate saturation state as terrestrial weathering is balanced by the preservation and burial of carbonate in marine
sediments and hence a small change in saturation. In contrast, the current anthropogenic perturbation represents a
transient event, where sources and sinks cannot balance for the coming centuries and hence fast changesin pH and
carbonate saturation occur (Zeebe and Ridgwell, 2011).

Historical data sets of organisms with life histories of decades and centuries and high resolution sediment cores
covering the last few centuries document natural variability in the ocean system (such as the North Atlantic
Oscillation Index [NAQ], the Atlantic Multidecadal Oscillation [AMOQ], the Arctic Climate Regime Index [ACRI],
Pacific Decadal Oscillation [PDO] or the El Nifio-Southern Oscillation [ENSQ]) but also awarming of the surface
ocean since the 1970s (WG, Ch. 3) (6.1.1.). Many examples highlight the influence of associated changesin
environmental variables like temperature, hypoxia and food availability on organisms and ecosystems, for example
changesin diversity of plankters, protists or macrofaunal tracers (Gooday and Jorissen, 2012), expansion of
geographical ranges of plankton, changes in seasonal timing (phenology) of different components of the ecosystem
and calcification changes of macrobenthos (Figure 6-4, Sections 6.2, 6.3).

[INSERT FIGURE 6-4 HERE

Figure 6-4: Atmospheric CO, (bottom, grey) and temperature (middle, red/orange) changes with associated biotic
changes (top) for (panel A) the Palaeocene Eocene Thermal Maximum (PETM), the Pliocene warm period, and
(panel B) the last glacia to Holocene transition and the industrial era. Intervals of largest environmental change are
indicated with yellow bars. CO, data are based on measurements at Mauna Loa (Keeling et al., 2005, modern), ice
core records from Antarctica (Petit et al., 1999; Monnin et al., 2004, LGM), proxy reconstructions (Seki et al., 2010,
Pliocene) or represent model output (Ridgwell and Schmidt 2010, Zeebe et al. 2009, PETM). Temperature data are
based on proxy data and models (Wilson et al., 2006, [tropical ocean] modern; Lea et al., 2003, [Caribbean], LGM;
Lawrence et al., 2009, [North Atlantic], Pliocene; Kennett and Stott, 1991 [ Southern Ocean], PETM) representing
the regional temperature changes in the surface ocean. For the recent anthropocene record, the Atlantic M ultidecadal
Oscillation is shown to highlight natural temperature fluctuations (Enfield et al., 2001). Biotic responses include
calcification, e.g. coralline algal growth increment changes (Halfar et al., 2011), coral calcification as a product of
density and linear extension (D€'ath et al., 2009) [modern] and foraminiferal weight (Barker and Elderfield, 2002),
LGM. Evolutionary changes are indicated by turnover of coccolithophores defined as the sum of first and last
appearances per 10 kyrs (Gibbs et al., 2005, Pliocene) and extinction of benthic foraminifers (Thomas, 2003).
Abundance data (top row) of planktonic foraminifers and coccolithophores (Field et al., 2006, [St. Barbara Basin],
modern; Thornalley et al., 2011, [North Atlantic], LGM; Dowsett et al., 1988; Dowsett and Robinson, 2006, [North
Atlantic], Pliocene, Bralower, 2002 [ Southern Ocean], PETM) indicate the temperature change and consequent
range expansion or retraction in all four time intervals.]

Historical records of open ocean benthos rely heavily on benthic foraminifera due to their exceptional
preservation/fossilization potential. The benthic fauna of the warm oceans of the past contain high percentages of
species from high food/low oxygen environments and, in contrast to the modern ocean, only very rarely
phytodetritus-ingesting species (Thomas, 2007).

Biological changes have also accompanied larger scale climate changes associated with the growth and decay of
continental ice sheets over the past 3 Ma. There is alarge body of evidence showing with high confidence that
foraminifers, coccolithophores, diatoms, dinoflagellates and radiolarians all showed marked geographical range
expansion during the last glacial-interglacial transition and within centuries during Dansgard-Oschger Events such
asthe Balling and Allered Warmings (see WGI, Ch. 5) with warm water species increasing their abundancesin
warming waters at higher latitudes (CLIMAP Project Members, 1976; MARGO Project Members, 2009; Figure 6-4,
top row). The glacial interglacial transition is associated with an increase in atmospheric CO, of around ~0.02
patm/year on average over the transition (WGI, Ch 5) and hence fifty-fold slower than the current increase by 1
patm/year on average over the last 100 years (Figure 6-4, bottom row). Consequently, the resultant pH change of
0.002 pH units per 100 years during the glacial interglacial transition is small relative to the ongoing anthropogenic
perturbation of >0.1 pH unit/century. Lower CO, levels during the glacia interval led to higher carbonate saturation
and are associated with increased calcification in planktonic foraminifers (limited evidence, medium agreement),
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with a shell weight increase of 40-50% (Barker and Elderfield, 2002, middle left); no significant planktonic
extinction or originations are associated with the glacial-interglacial transition (Lourens et al., 2005).

The 2 °C deep seawarming from the glacial to the current interglacial has left no impact on the benthic
foraminiferal assemblages. In contrast, higher nutrient input and changes in upwelling intensity have altered the
foraminiferal assemblage in upwelling areas e.g. off north and southern Africa (Eberwein and Mackensen, 2008;
Schmiedl and Mackensen, 1997) and in the North Atlantic (Thomas et al., 1995) during the last glacia (limited
evidence, high agreement). In the Santa Barbara basin, changes in oxygenation on decadal timescales within the last
millennia did not cause extinctions in the benthic foraminifers (Cannariato et al., 1999) whilein the Arabian Sea, a
stronger monsoon and the associated increases in upwelling, productivity and reduction in oxygen led to alossin
diversity in the benthic foraminiferal assemblages (Schmiedl and Leuschner, 2005).

The last time temperature and CO, were as high as predicted for the end of the 21% century was during the Pliocene
warm period (3.3 to 3.0 Ma), with temperatures +2 to +3°C warmer than today (Haywood et al., 2009, WG1 Ch. 5)
and atmospheric CO, levels between 330-400 patm (=ppm, Pagani et al., 2010; Seki et al., 2010) (medium
confidence). Such awarming trend, occurring over several tens of thousands of years, resulted in a geographical
expansion of tropical calcifying plankton species towards the poles (Dowsett, 2007) (high confidence); however, no
increases in extinction or origination compared to background rates has been associated with Pliocene warming or
early Pleistocene cooling for coccolithophores (Bown et al., 2004; Figure 6-4), corals (Jackson and Johnson, 2000)
or molluscs (Vermeij and Petuch, 1986) suggesting that this rate and amplitude of change does not pose
physiological limits which can not be adapted to. Environmental change, specifically temperature, pH, oxygen in the
last million years led to shiftsin organisms and changes in calcification. The rate of change in any of these events
was at least an order of magnitude smaller than present day changes and hence slow enough to permit organismal
responses such as adaptation to the new environmental conditions (medium to high confidence). In light of the
present unprecedented rate of change the challenges involved may therefore be outside the adaptive capacity of
many organisms living in today’s ocean (limited evidence, low to medium confidence).

Learning useful lessons for future oceans from the geological record requires that we analyze eras/epochs in the past
when the rates of environmental change were comparable to the present. Perhaps the best analogue is the Paleocene-
Eocene Thermal Maximum (PETM), 55 Ma, though model simulations for the future show higher rates of
environmental change in surface waters today than during the PETM (Ridgwell and Schmidt, 2010) (limited
evidence, medium confidence). Depending on the assumed rate and magnitude of the CO, release, models project a
0.25 to 0.45 pH unit decline in surface waters in the next 100 years (Ridgwell and Schmidt, 2010) and areduction in
surface ocean aragonite saturation from Q=3 to Q=2 or even aslow as 1.5. During the PETM global warming drove
migration of warm-water planktonic taxa towards higher latitudes (limited evidence, high agreement). While thereis
astrong compositional change in the coccolithophore (Gibbs et al., 2006) and dinoflagellate assemblages (Sluijs and
Brinkhuis, 2009), suggested to reflect the changes in nutrient availability and/or warming (6.2.2), thereisno biasin
extinction towards more heavily calcifying species. The PETM sediments record one of the largest known
extinctions among benthic foraminifers within afew thousand years (~50% of all species, Thomas, 2007) and a
major change in ichnofossils indicates replacements in the macrobenthic community (Rodriguez-Tovar et al., 2011).
In contrast to sediment dwellers, ostracods (small pelagic crustaceans) do not show any significant changein
composition (Webb et al., 2009). In shallow coastal waters, calcareous red algae and corals declined markedly and
were replaced by larger benthic foraminifers (Scheibner and Speijer, 2008) suggesting that the combination of
warming, changes in runoff and acidification had a major impact on reef builders despite the smaller rates of change
compared to the future (limited evidence, low confidence). Coupled climate and carbon cycle model for the PETM
suggests that the increase in oceanic vertical temperature gradients and stratification led to decreased productivity
and oxygen depletion in the deep sea (Winguth et al., 2012). Globally, productivity diminished particularly in the
equatorial zone by weakening of the trades and hence upwelling, leading to adecline in food supply for benthic
organisms. In contrast, Southern Ocean export of organic matter into the deep sea was enhanced by wind-driven
vertical mixing of the upper ocean (Wingut et al., 2012). The combination of ocean acidification, warming (hence
higher metabolic demands), changes in nutrient distribution in the surface waters (hence compositional changesin
plankton) and reduction in oxygen (6.3.3.) makes the attribution of a cause of this extinction difficult, though similar
synergies are expected for the future (6.1.1).
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Overall, the benthic foraminiferal fauna of the Paleogene Ocean contained high percentages of high food/low
oxygen species and, in contrast to the modern ocean, only very rare species using detritus from phytoplankton
(Thomas, 2007). While it seems improbable that export productivity was significantly higher in the Paleogene
oceans, its efficiency may have differed. The intense modern bentho-pelagic coupling might be a feature of the
modern colder (Zachos et al., 2001), more stratified (e.g., Schmidt et al., 2004) more seasonal (e.g., Thomas and
Gooday, 1996) ocean with large (Finkel et al., 2005) diatoms as primary producers (Katz et al., 2004). This
interpretation is highly speculative as there is no firm consensus on whether warming would result in higher or
lower net global productivity (Sarmiento et al., 2004; 6.5.2.) or export productivity (Laws et al., 2000). Francois et
al. (2002) and Klaas and Archer (2002), however, argue that carbonate is the more efficient ballast (6.4.1.2.) and
hence the cal careous nannofossil dominated systems of the warm Paleogene ocean combined with increased
exudation of sticky polysaccharides could have led to increased deposition of organic carbon (Delille et al., 2005)
and hence a more efficient export of organic matter.

The very warm climates of the Mesozoic (251 to 65 Ma) have led to alarge number of oceanic anoxic events (OAE)
particularly at the Permo-Triassic boundary (251 Ma), in the Toarcian (175 Ma), during the Cretaceous (145 to 65
Ma) and, regionally, during the PETM (55 Ma). These OAE are recognizable as episodes of widespread distribution
of black shales and/or pronounced carbon isotopic excursions indicating the carbon cycle perturbation and the
anoxiain the deep ocean (Jenkyns, 2010). For some of these events, anoxia was not restricted to the deep ocean but
expanded oxygen minimum zones led to photic zone anoxia (Pancost et al., 2004). Some of these Cretaceous OAES
are associated with extinctions or increased turnover (normalized sum of originations and extinctions) of the marine
fossilized plankton (an average of 30% for planktonic foraminifers and radiolarians) although the changes are very
small for other groups of organisms, e.g. coccolithophores (maximum 7%, Leckie et al., 2002). The causal link
between oxygen reduction and the evolutionary change is tenuous as these events are also associated with warming,
nutrient changes and, possibly, ocean acidification although the latter strongly depends on as yet non-quantified
rates of carbon input into the ocean (Honisch et al., 2012). The combination of these factors also hinders the
attribution of the Toarcian reef crisis, which is caused by increased metazoan extinction of, in particular, corals and
hypercalcifying sponges (Kiessling and Simpson, 2011) to a specific abiotic cause.

To observe examples of global scale ecosystem collapse in the oceans, we need to expand into the deep historical
record of the past 500 Ma. Sedimentary rocks record a handful of mass extinctions, at least some of which have been
associated with perturbations in the carbon cycle, deep-sea oxygen decline and global warming (Kiessling and
Simpson, 2011; Knoll and Fischer, 2011). In particular, mass extinction at the end of the Permian Period 251 Ma
ago fitsthe biological predictions of global change induced by CO, (Knoll et al., 2007) with consequent pH
reduction and strong oxygen depletion in subsurface water masses. The mass extinction preferentially affected reef
organisms such as corals and sponges resulting in a4 Myr long reef gap (Kiessling and Simpson, 2011). The scale
of end-Permian biological collapse was greater than any predictions for coming centuries (Bambach et al., 2006),
but it underscores the differing vulnerabilities of marine life to environmental perturbation as well as the
heterogeneous nature of responses among organisms of differing anatomy, physiology and ecology (Knoll and
Fischer, 2011).

In conclusion, we can deduce with high confidence from the geological record that the current rate of (mainly fossil
fuel) CO, release and the associated rate and magnitude of modern ocean acidification are unparalleled in at least the
last ~300 Myr of Earth history. This highlights the magnitude and scale of the current environmental change. The
smaller and much slower eventsin the geological history provide robust evidence of compositional changesin fauna
and flora and, in some cases, of extinction and, to much lesser degree, emergences. Although similarities exist, no
past event perfectly parallels future projections, emphasizing how unprecedented future climate changeisin the
evolutionary history of most organisms. As the geological record does often not allow identifying clearly direct
attribution to a single driver of change or their relative importance, it supports by itself future projections on possible
changes in extant ecosystems and their services only with low levels of confidence (6.4). Importantly though,
increasing atmospheric CO, in the geological past and in the future is causing warming in the surface ocean and
upper ocean stratification and consequently a decrease in dissolved oxygen concentration and hence both share the
same combination and sign of environmental changes (WGI). Therefore, a combination of data from the geological
record and global circulation and carbon cycles models can use past coupled warming and ocean acidification and
deoxygenation events to inform, with medium confidence, about future climate change impacts on ocean biota.
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6.1.3. Recent Trendsin Long-Term Biological Observations

It is undeniable that ocean ecosystems are complex, time and space variable, non steady-state habitats that need to
be studied as such. The current undersampling of ocean phenomena constrains our abilities to make meaningful
assessments of current states and predictions about future ones. Existing open ocean time series data sets provide
evidence that spatial and temporal variability are inextricably linked (Stommel, 1963; Figure 6-5. Systematic, long-
term interdisciplinary observations are required to distinguish natural habitat variability from (long-term)
environmental change arising from human activities. For example, the documentation of acid rain by the Hubbard
Brook laboratory (Likens et al., 1977) or increasing atmospheric carbon dioxide concentrations at Mauna Loa
Observatory (Keeling, 1998) both required repeated, highly calibrated measurements at a given field site.

[INSERT FIGURE 6-5 HERE

Figure 6-5: Multiple coupled temporal and spatial scales of variability in physical, physiological and ecological
processes of interest in contemporary marine system research. Observations over broad time and space scales are
necessary to separate natural variability from impacts due to human-induced effects, and define the observation tools
that are necessary to obtain relevant data. The shaded regions depict the approximate boundaries of major processes
of interest, and the boxes define the scales of selected measurement/observation procedures. From Karl (2010), as
modified from Dickey (1991). ]

6.1.3.1. The Role of Ocean Time Series Observations

While climate science has benefitted from pal eo-observations of tree rings, sedimentary records and ice cores,
contemporary observational data sets of oceanic phenomena are rare. The research questions presently addressed
using long-term data sets range from changing species composition and phenology via investigations of physical and
chemical drivers causing these changes to low-frequency events, e.g. regime shifts. Most 20" century ocean time-
series programs have already been terminated (Duarte et al., 1992), including the successful International Ocean
Weathership Program that began in the late 1940s as an aid to commercial aviation (Dinsmore, 1996). At its peak,
the Weathership program supported 22 North Atlantic and 24 North Pacific stations where daily (or more frequent)
atmospheric and ocean observations were made. In 2009, funds supporting the final weathership, Mike, in the
Norwegian Sea (66° N, 2° E) were terminated. National programs run by marine stations sampling regional seas
remain and provide detailed long-term data sets. A program to study plankton and its impact on fisheries was
initiated by Sir Alister Hardy in the 1920s and led to the Continuous Plankton Recorder (CPR) supported by the Sir
Alister Hardy Foundation for Ocean Science (SAHFOS). Since 1962, the Helgoland Roads plankton and
environmental data set in the North Sea has been used to monitor temperature increases, changing foodweb and
bloom dynamics (Wiltshire et al. 2010).

In the mid-1980s, in response to a growing awareness of the ocean’srolein global climate and potential impacts on
marine biological processes, several international scientific programs were established. The World Ocean
Circulation Experiment (WOCE) and the Joint Global Ocean Flux Study (JGOFS) both emphasized field
observations, including time-series. JGOFS sponsored physical and biogeochemical ship-based time-series programs
in the North Pacific Subtropical Gyre (HOT), the Sargasso Sea (BATS), Ligurian Sea (DY FAMED), near Gran
Canaria (ESTOC), southwest of Kerguelen Island (KERFIX), northwest of Hokkaido Island (KNOT) and southwest
of Taiwan (SEATS) as part of a coordinated global effort (Karl et al., 2003). Data from these sites have documented
decadal scale ecosystem changes, including ocean acidification (Dore et al. 2009, also WGI report). Additional
trends will probably emerge as the time-series programs continue and new sites are added.

6.1.3.2. Examples of Long-Term Observations

We briefly introduce four examples where multiple decade-long ocean observations have detected evidence for
variations in ecosystem structure and function forced by climate variability and change. The first three examples are
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ongoing, ship-based observation programs and the final example is derived from a 9-year satellite derived study of
ocean color. Additional programs are usually run by marine stations sampling regional seas.

6.1.3.2.1. Continuous Plankton Recorder (CPR)

The Continuous Plankton Recorder (CPR) collected plankton samplesin the English Channel and later into the open
sea. The purpose of this observation program was to track coupled coastal and open ocean ecosystem productivity
and changes that might be attributable to climate (Reid et al., 2003). One of the most important results of the CPR
program to date is the hypothesis that effects of climate variability and change in the North Sea may involve a
trophic mismatch between phytoplankton and zooplankton in the pelagic ecosystem resulting in differential
responses by the various trophic levels, and ultimately in a potential decoupling in the seasonal synchrony of
primary and secondary production, with an impact on fisheries (6.3.2.; Edwards and Richardson, 2004)..

6.1.3.2.2. The California Cooperative Oceanic Fisheries Investigation (Cal COFI)

CalCOFI wasiinitiated in 1949 to investigate the sharp collapse of the sardine fishery off California, from 718,000
metric tons in 1936—37 to 118,000 metric tons in 1947-48 (Radovich, 1981). The founding motivation of the
program was to understand the physics, chemistry and biology of the biome of the Pacific sardine. In order to obtain
the necessary field data, a comprehensive, ship-based investigation of the coastal and bordering oceanic regions was
established. During the intervening 60 years, both the extent of the sampling grid and the frequency of observations
have been reduced, due largely to funding considerations. For example, in 1969, the sampling program was
restricted to once every three years and this imposed serious limitations on the ability to detect climate-related
impacts on ecosystem dynamics (Chelton et al., 1982). Both the 1976-1977 phase shift in the PDO and the major
1982-1983 El Nino event were missed by the triennial sampling design. In 1984, the grid was significantly reduced
in order to revert back to a quarterly sampling schedule which is maintained to the present. Despite the limitations
imposed by the reductionsin sampling frequency and geographic coverage, the program has proved to be a key
historical information source to understand several processes at different scales.

The program has provided indispensable contributions to the taxonomy, biogeography and ecology of holoplankton
and early stages of fish and invertebrates and to knowledge on the functioning of the oceanographic system (Reid et
al., 1958; Lynn and Simpson, 1987, Sette and Isaacs, 1960). The program has also produced severa fishery-
independent estimates of historical variability of populations and communities, including reconstructions from
collections (e.g., Butler et al., 2003), calibration of bio-optical algorithms for remote sensing of oceanic
phytoplankton (O’ Reilly et al., 1998; Kahru and Mitchell, 1999), continuous underway fish egg sampling (Checkley
et al., 1997), development of the daily egg production method for estimating spawning stock biomass of epipelagic
fishes (Lasker, 1985) and pal eoreconstructions from fish scales deposited in varved sediments (Soutar and |saacs,
1974, Baumgartner et al., 1992). These estimates, among others, have been used to document how EI Nifio impacts
marine invertebrates and fishes (Chelton et al., 1982; Butler, 1989; Rebstock, 2001) and causes the declinesin
zooplankton biomass during interdecadal periods of warming, associated with increased sealevel in the California
Current (Roemmich, 1992; Roemmich and McGowan, 1995a; Roemmich and McGowan, 1995b), and multidecadal
shiftsin the pelagic ecosystems of the North Pacific, including shiftsin the biomass of sardines and anchovies
(Brinton and Townsend, 2003; Lavaniegos and Ohman, 2003; Chavez et al., 2003).

6.1.3.2.3. The North Pacific Subtropical Gyre (NPSG)

Subtropical gyres are extensive, coherent regions covering nearly 40% of the Earth’s surface. The NPSG (area= 2 x
107 km?) isthe largest circulation feature on our planet (Sverdrup et al., 1946). The NPSG isavery old, relatively
isolated and permanently oligotrophic (low nutrient, low phytoplankton biomass and low productivity) environment.
In 1968, scientists from the Scripps Institution of Oceanography began a sampling program in the NPSG near 28°N,
155°W, in an areathey dubbed the “Climax region.” Between 1971 and 1985, an additional 18 major expeditions
were conducted (Hayward, 1987). Despite the fact that the observations were biased by season (70% of the cruises
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were in summer and 35% were in August alone) and were discontinuous (there were no observationsin 1975, 1978-
9, 1981 or 1984), the Climax program provides a unique data set on ecosystem structure and variability thereof. In
1987, Venrick reported that the average euphotic zone (0-200 m) chl a concentration in the NPSG during summer
had nearly doubled during the period 1968-1985. The sampling frequency was not sufficient to determine whether
the increase had been continuous over time or whether there had been a step function increase between 1973 and
1980 (Venrick et al., 1987). The authors hypothesized that the decade-scale increase in phytoplankton standing
stock had been caused by large scale atmosphere-ocean interactions that led to a change in the carrying capacity of
the ecosystem.

In 1988, sampling in the NPSG was continued by scientists at the University of Hawaii with the establishment of the
Hawaii Ocean Time-series (HOT) program (Karl and Lukas, 1996). That monthly sampling program extended the
sampling and confirmed that the year round chl a concentrations in the 1990s were much higher than reported from
cruises conducted prior to 1976. Furthermore, there appears to have been a major shift in the size structure of the
phytoplankton community from mostly large eukaryotic phytoplankton to mostly small (< 2 um) photosynthetic
prokaryotes (Prochlorococcus and Synechococcus; Karl et al., 2001). Finally, the dissolved phosphate
concentrations appear to be decreasing and this has been linked to the selection and proliferation of nitrogen fixing
microorganisms. It has been hypothesized that these changes began in 1976 and are linked to more frequent El Nifio
and fewer La Nifia events leading to more stratified surface waters in the NPSG and reduced deep water nutrient
delivery. The replacement of fixed nitrogen by N, fixing microbes can only continue as long as all other macro- and
trace elements are available for their growth. Continued stratification, driven by climate variability and change, may
eventually lead to areduction in surface chl a as has been reported by Polovina et al. (2008) based on satellite data
(6.3.4.).

6.1.3.2.4. Remote sensing of ocean color: SeaWiFS

A detailed time-series of global maps of phytoplankton stocks has been widely available over more than a decade
based on satellite remotely sensed ocean color data sets for chlorophyll (e.g. SeaWiFS), which is used as a proxy for
phytoplankton stocks. Because whole water column chlorophyll cannot be measured from space, the near surface
chlorophyll (0-25 m, approximately one optical depth in the clearest ocean waters) must be extrapolated to total
chlorophyll using an algorithm based on nearly 4000 ship-collected open ocean profiles (i.e. case 1 waters; Morel
and Berthon, 1989). Finally, net primary production (NPP) was estimated from information on total chlorophyll,
incident light, water column optical properties and assumptions regarding the physiology of the phytoplankton
assemblages. A variety of models have been used for the purpose of extrapolating total chlorophyll to NPP
(Campbell et al., 2002; Carr et al., 2006). Climate mediated changes in primary production across major
oceanographic provinces over the period 1997 to 2006 have been reported by Behrenfeld et al. (2006). For their
analysis, (Behrenfeld et al., 2006) used two independent, temperature-dependent descriptions of phytoplankton
physiology including the standard Vertically Generalized Production Model (Behrenfeld and Falkowski, 1997) and
the exponential model developed by Morel (1991) and based on the temperature-dependent growth relationships
first described by Eppley (1972). The most significant finding from Behrenfeld et al. (2006) was the strong
correlation between temporal changes in the strength of the El Nifio/Southern Oscillation (ENSO) cycle (as
measured using the Multivariate ENSO Index, MEI) and NPP where warmer conditions result in lower total
chlorophyll and decreased rates of NPP (Behrenfeld et al., 2006, 6.3.4.).

6.2. Diversity of Ocean Ecosystems and their Sensitivitiesto Climate Change

6.2.1. Overview: Ocean Characteristics and Climate Sensitivities

All global scale modeling experiments to date provide evidence, with high confidence, of present and future climate-
mediated alterations of the environmental properties of the oceans (Sarmiento et al., 1998; Matear and Hirst, 1999;

Doney et al., 2004; Doney, 2010; Steinacher et al., 2010; Gruber, 2011; Friedrich et al., 2012) which in turn point to
climate change impacts on ocean biota and ecosystems (Boyd and Doney 2002; Brierley and Kingsford, 2009,
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Hoegh-Guldberg and Bruno, 2010). An assessment of these observations and the resulting projections require
knowledge of the characteristics of ocean ecosystems and the background of their climate sensitivity.

6.2.1.1. Adaptability of Lifein the Sea

All living organisms on Earth can be placed into one of three main phylogenic categories: archaea, bacteria or
eukarya. Viruses have no independent metabolism or self-reproduction but do play an important role in population
dynamics and evolution of other groups. Archaea and bacteria are grouped as ‘ prokaryotes and contain no
intracellular organelles. Most eukarya are also single-celled and microscopic, but also include macroscopic marine
plants, invertebrates and vertebrates. Typically athreshold of approximately 100 um is used as the upper size limit
to define microorganisms. Although small, marine microbes are the dominant contributors to biomass, metabolism
(production/respiration) and biodiversity in all marine ecosystems. Higher marine organisms, i.e. plant and animals,
comprise the charismatic species and the marine resources important for human interest and economy including food
and recreation industries. While assessments of climate sensitivity among microbes usually focuses on their rolein
biogeochemical processes and the foodweb, sensitivities at organism level represent the more important focuses for
higher marine life. These sensitivities shape the existence, abundance and biomass of individual species and the
functional characteristics of the ecosystems sustaining them. Climate change effects on organisms and communities
may be direct, via changing abiotic parameters, and/or indirect, via changes in species interactions including food
availability.

Classification of marine life follows phylogenetic (evolutionary), biogeographical or trophic (feeding) relationships,
including symbioses. Classification according to metabolic characteristics distinguishes autotrophs from
heterotrophs and thereby, whether survival was dependent upon preformed organic matter (i.e., heterotrophic) or not
(Table 6-1). Thisleads to the commonly used terms bacteria, phytoplankton/plants and animals (including
zooplankton, invertebrates, fish, reptiles, birds and mammals). Because the flow of carbon and energy in the sea are
fundamental processes affected by climate change, we need a much more accurate consideration of metabolism,
based on how an organism obtains its energy, electrons and cell carbon (Table 6-1). For example, if an organism
uses sunlight (photo-) as the energy source to split water molecules to obtain electrons (litho-) for the reduction of
CO, (autotroph) to sugar asis the case in the well known process of ‘green plant’ photosynthesis, then the organism
is a photolithoautotroph. If on the other hand an organism uses organic substrates as the source of both electrons and
cell carbon, as al animals do, the metabolic pathway istermed chemoorganoheterotrophic. Many other pathways
include mixed or hybrid metabolism and, at least for microorganisms, may be the most common in the sea.

[INSERT TABLE 6-1 HERE

Table 6-1:Variations in metabolism based on sources of energy, electrons and carbon according to Karl (2007).
Metabolic pathways and their rate of use according to energy demand respond to changing temperatures in virtually
all cases or to changing irradiance and CO, levels, specifically exploited by the respective modes of metabolism.
These responses may be involved in direct or indirect effects of climate change and associated drivers (6.1.1.) on
marine organisms and contribute to set limits to their adaptability (6.2.2.).]

A key issueis how quickly organisms can adapt to environmental change. Local adaptation is typically thought to
depend upon the standing stock DNA sequence variation present within a population and the environment is
believed to select the fittest genotypes from within it (Rando and V erstrepen, 2007; Reusch and Wood, 2007).
Concomitantly, the variability of marine environments ensures that variation within conspecificsis maintained at
high levels. However, the extent of standing stock variation within a given species and also, the extent to which the
environment can generate new variation are currently unresolved. DNA sequence variations may not provide
sufficient leverage upon which the environment can select, because point mutation-based processes may be too slow
to permit adaptation to rapid climate change (Bowler et al., 2010). Fitness of marine organisms may therefore be due
to the adaptive dynamics conferred by epigenetic regulation mechanisms, such as reversible histone modifications
and DNA methylation (Richards, 2006), transmitted from generation to generation. The recent examination of such
processes in terrestrial ecosystems suggests that they are remarkably rapid (Bossdorf et al., 2008), however,
generation times differ largely between microbes and macroorganisms, and within animals between zooplankton and

Do Not Cite, Quote, or Distribute 20 11 June 2012



QUOWWONOULEAWNBE

010101mmh#hbhtbbhhwwwwwwwwwwI\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—\I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
AP WNPOOWONO O WNPFPOOONOOUORWNPFPOOONOURRWNRPOOO~NOULA, WN PR

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

megafaunalike larger reptiles, fishes and mammals. The role of epigenetic phenomenain marine ecosystemsis
currently unexplored.

Most marine ecosystems contain species with young that feed on different diets than the adults. Thisleadsto a
complex, often stabilizing structure known as afood web where species may be replaced and carbon and energy
flows be re-directed if environmental conditions change. The nature of these interdependent and variable marine
food webs makes it difficult to accurately predict how changes in primary production will cascade through the
heterotrophic components of the food web. With high confidence, if decreased rates of photosynthesis and primary
production occur, they will lead to a reduction in the amount of energy supplied through the food web and a
decrease in the biomass of higher trophic levels, including fish (Ware and Thomson, 2005; Brander, 2007). The
number of trophic levelsin a marine ecosystem determines the potential for energy transfer to higher trophic levels
such as fish. High-latitude spring-bloom systems are characterised by high phytoplankton production and can
potentially transfer energy efficiently in one trophic transfer from phyto- to the herbivore mesozooplankton level
(Cushing, 1990). Ecosystems, such as those at high latitudes, that select for large phytoplankton and support high
phytoplankton production and short (at most 3-4 trophic levels) food chains (e.g., coastal upwelling systems)
support some of the largest fisheriesin the global ocean (6.3.). Furthermore, if upwelling were strongly reduced, the
entire trophic structure in the upwelling system would be altered, with high confidence, and fish production would
be decreased (Bakun, 1996; Stenseth et al., 2002).

6.2.1.2. Pelagic Biomes and Ecosystems

Synthesis of organic material forms the base of the marine foodweb. Most carbon fixation into organic material
occursin the pelagic marine environment and is controlled by light, inorganic nutrients (carbon dioxide, nitrate,
phosphate), influenced by vertical mixing and the temperature-dependent stability of the mixed-layer depth (MLD).
The upward flux of nutrients from the large deep-water pool is controlled by deep vertical mixing caused by the
combined effects of local winds and thermohaline (density)-driven processes. All of these processes are subject to
climate-related influences and associated shifts in the physical forcing of biological processes. Changesin
environmental conditions and the displacement of organisms by convection cause variable productivity across ocean
systems (Figure 6-1) as related to changes in currents and the distribution of water masses. These changes affect
primary producers, fish and invertebratesin surface to mid-water depths. Temperature and its variability (Figure 6-
2) are key factors governing the occurrence, diversity, development, reproduction, behaviour and phenology of
marine organisms (Edwards and Richardson, 2004; Beaugrand et al., 2009; Brierley and Kingsford, 2009).

A number of characteristics distinguish pelagic ecosystems (Table 6-2) and establish the conditions for plankton
growth, phytoplankton diversity and biomass, the balance between photosynthesis and respiration, plankton size
structure and the efficiency of trophic transfer through the food web to higher trophic levels as well as the export
and storage of organic carbon. The role of climate variables and change in modifying these characters needs to be
assessed. While specific impacts of climate change in each of those systems can be identified, an assessment of their
relative sensitivity or of hotspots of climate change is not yet possible.

[INSERT TABLE 6-2 HERE
Table 6-2: Environmental forcing on biological production by physical, chemica and biological characteristics of
major pelagic ecosystems.]

In asimplified framework Margalef’s “mandala’ describes how the phytoplankton community structure changesin
relationship to turbulence and nutrients, factors which have a strong influence on phytoplankton reproduction and
competitiveness (Figure 6-6, Margalef, 1978; Margalef et al., 1979, with additions on harmful algal blooms after
Cullen et al., 2007).

[INSERT FIGURE 6-6 HERE

Figure 6-6: Climate impacts on phytoplankton succession. Margalef’'s “mandala’ offers no quantitative predictions,
but it is generally consistent with observation, experimentation and theory (Kigrboe, 1993). As turbulence and
nutrient supply are expected to be altered by climate change, indirect climate factors (black), direct forcings (red)
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and possible feedback mechanisms (blue) on climate and marine ecosystems are highlighted. The arrows indicate
the linkages between the processes. Predominantly coastal processes and organisms are indicated in dark green,
while processes dominating the open ocean are indicated in light green. Future projections of climate-mediated
phytoplankton succession presently rely upon a knowledge base that has low confidence and highly depends on
regional patterns of change. As an example and based on the mandala, a phytoplankton community that is presently
dominated by diatoms and coccolithophores (ellipsoid on the right) may in the future be mainly composed of
dinoflagellates and nitrogen fixers (circle on the left) if nutrient supply decreases and stratification intensifies.
Conversely, Hinder et al. (2012) described a recent decline in dinoflagellates compared to diatoms in the northeast
Atlantic and North Sea, associated with warming, increased summer windiness and thus, turbulence (see 6.3.1.).]

6.2.1.3. Benthic Habitats and Ecosystems

Benthic communities differ in their functional characteristics and demand for energy input, partly depending on the
prevailing climate regime and on water depth (6.2.2.). Benthic organisms are classified by their size (mega-, macro-,
meio-, microbenthos), their mode of energy supply (Table 6-1) or their mode of food uptake (suspension feeders,
deposit feeders, herbivores, carnivores). Benthic habitats range from the intertidal zone to the deep sea and can be
characterized by the climate regime, water depth, light penetration, distance from land, topography, nature of the
substrate (rocky, hard, soft, mixed), sediment grain size and chemistry or by the dominant plant or animal
communities that they support. These are, for example, subtidal sand, deep-sea clay, anoxic-sulphidic mudflat, cold
and warm water coral reefs, mangroves, saltmarshes or hydrothermal vents and cold seeps. At latitudes below 30°
South and North coral reefs are unique sunlit warm water benthic ecosystems in shallow areas and contain arich
diversity of marine organisms (6.2.2.4., Box 5.3). They are exposed to the stronger atmospheric influences and the
higher variability of living conditions found in marine surface compared to deeper waters. In general, benthic
organisms living in surface waters or the intertidal (where they experience temporary exposure to air) are prone to
experience the strongest and immediate influence of environmental parameters changing naturally or due to
anthropogenic influences, such as temperature extremes, hypoxia, elevated CO, concentrations or fluctuating sea
level including sealevel rise (WGI, Ch.). As benthic systems comprise sessile or slow moving plants and animals,
they may be adapted to local conditions and cannot escape from unfavorable changes as easily as active pelagic
swimmers.

Benthic ecosystems are coupled to the pelagic realm via the biological pump, chemical exchange of nutrients, gases
and to the existence of pelagic and benthic life history stages. Even in abyssal benthic habitats there is a constant

rain of organic detritus and this serves as the primary source of carbon and energy for benthic communities. Bacteria,
other microorganisms and animals are involved in the remineralization of the deposited organic matter. Bacteria are
typically 2-4 orders of magnitude greater in abundance than they are in the overlying water column. This
inextricable connection to primary marine productivity means that climate impacts on surface marine ecosystems (as
oceans stratify, warm and become more acidic) can impact even the most remote benthic communities, even if direct
changes to the physical habitat do not occur (Smith et al., 2009).

Biogenic habitats are formed in the benthos by ecosystem engineers (sensu Jones et al., 1994) which can be grouped
into two categories. Autogenic engineering species (like corals or terrestrial plants) form habitat from the structures
they produce (e.g. coral skeletons and tree trunks and branches). Allogenic engineering species form habitat through
their behaviour, e.g. by mechanically changing materials. Both types of ecosystem engineers have the potential to
influence the regeneration of nutrients, e.g. through bioturbation of sediments, and to affect benthic-pelagic coupling.
If climate change negatively affects the engineering species, a whole ecosystem may be detrimentally impacted.

Many benthic ecosystems are characterized by a high productivity and represent a major food resource for pelagic
organisms (e.g. Perissinotto and McQuaid, 1990). Vertical migration of zooplankton and the production of pelagic
larvae by benthic organisms further connect the two subsystems (Schnack-Schiel and Isla, 2005). Thus, energy flow
does not only occur from the pelagic to the benthos, but also vice versa. Furthermore, the presence of benthos can
alter pelagic food web structure and productivity (Sullivan et al., 1991). Benthos that lives under stable
environmental conditions with little seasonal variability may be especialy sensitive to change. Such stenopotency
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may be highest in Antarctica where laboratory studies indicate that warming trends impact highly specialized cold-
stenothermal endemic fauna (Portner et al., 2012).

In contrast to awidespread perception, the seemingly monotonous deep sea environment is highly patchy, for
example with regards to seasonal and interannual food supply (Berger and Wefer, 1990) and geographical features
(Gage, 1996). In areas outside hydrothermal vent regions and cold seeps present deep-ocean biotalive in dark
environments at temperatures mostly just above 0 °C, at constant salinities and very limited food supply. Hence the
organisms living in the deep ocean are generally slow-growing and small (Thomas, 2007).

6.2.2. Principles of Climate Change Effects on Organisms, Populations, and Communities

Empirical studies of marine organism and ecosystem sensitivities to climate change have made progressin
identifying the mechanisms and processes linking climate to ecosystem changes (Drinkwater et al., 2010; Ottersen et
al., 2010). However, present knowledge is mostly qualitative such that precise attribution of field-observed
ecosystem change or elements thereof to relevant factors and processes often remains uncertain. Previous efforts
were successful in attributing effects to temperature or hypoxia effects (6.3.). In contrast, attribution of on-going
ecosystem change or fractions thereof to anthropogenic ocean acidification has only been attempted for few species.
Since specific effects of individual factors may be strongly influenced by synergistic or antagonistic influences of
other factors, laboratory studies need to identify the mechanisms and the unifying principles of effect for each of
those drivers as well as the mechanisms of their interaction. Such evidence enhances certainty and confidencein
identifying and understanding causality in atraceable process for the detection of effects and their attribution to one
or more of the climate related drivers.

6.2.2.1. Mechanisms affected by Climate Change - Overarching Principles

Environmental variables influence all levels of biological organization, from genome to ecosystem. Changesin
community composition and species interactions often build on organismal effects elicited by physical
environmental forcing (e.g., Portner and Farrell, 2008; Boyd et al., 2010; Ottersen et al., 2010). Knowledge of the
mechanisms affected (e.g., Portner and Knust, 2007; Raven et al., 2012), and considering a hierarchy of systemic to
molecular effects (Portner, 2002a), appear to be a major asset for better predictions on the future of marine
ecosystem dynamics (Portner et al., 2012). If the principle mechanisms of climate effects apply equally to al types
of organisms, with overarching similarities, then one could use this knowledge to predict climate impacts. However,
the identification of unifying principles of climate effects has not sufficiently been pursued across organismal
kingdoms, in addition to the investigation of the largely different processes characterizing e.g. animals, plants,
protozoans, fungi and bacteria (Cavalier-Smith, 2004), or in general, microbes, the macroscopic plants and animals.
Microbes have been studied with respect to how they are supporting many fundamental biogeochemical cycles.
However, as microbes are characterized by large diversity, they may respond to environmental challenges including
climate change by exploiting such diversity, e.g., undergoing species replacements, and thereby sustaining their
biogeochemical roles. In contrast, macroorganisms, especially animals, have been looked at from the angle of
organismal well-being, abundance and survival, and this reflects where the respective key knowledge foci currently
are.

6.2.2.1.1. Principle effects of current regime, light, nutrient, and food availability

For photoautotrophs the avail ability of light and nutrients may change directly or indirectly with a changing climate,
partly depending on its influence on ocean density and stratification, and on the current regime and the physical
displacement of organisms. The control on NPP by mean underwater light levels (Sverdrup, 1953) or iron is well
established, while other controls, such asthe role of the trace element cobalt, have been confirmed only recently
(Saito et al., 2002). It is now well known that the controls on NPP vary both seasonally (Boyd, 2002) and regionally
(Moore et al., 2002) and that in certain seasons and particul ar regions more than one environmental driver — referred
to as co-limitation or simultaneous limitation —may control NPP (Saito et al., 2008). For heterotrophs the
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availahility of organic material, ultimately provided by primary production, is central to shaping productivity and in
maintaining energy consuming functions including those providing resistance to environmental change. As food
items comprise live organisms or their decomposing cells and tissues any direct influence of climate related drivers
on those organisms will translate to indirect effects on the foraging species (Figure 6-7.).

[INSERT FIGURE 6-7 HERE

Figure 6-7: Mechanisms linking organism to ecosystem response, generalizing from the principlesidentified in
animals (after Portner and Farrell, 2008; Portner, 2001, 2002a, 2010). Wider applicability of such reaction norms to
bacteria, phytoplankton, macrophytes requires exploration. (A) Concept of oxygen and capacity limited thermal
tolerance (OCLTT) characterizing the specialization of animals on limited thermal windows set by (aerobic)
performance (shaping fitness, growth, specific dynamic action (SDA), exercise, behaviours, immune capacity,
reproduction) and, as a consequence, the why, how, when and where of climate sensitivity. Optimum temperatures
(Top) indicate performance maxima, pejus temperatures (T,) indicate limits to long-term tolerance, critical
temperatures (T,) quantify the borders of short-term passive tolerance and the transition to anaerobic metabolism.
Denaturation temperatures (T,) indicate the onset of cell damage. (B) Thermal specialization and responseis
dynamic between individual life stagesin animals. (C) Performance curves of polar, temperate and tropical animal
species reflect evolutionary adaptation to the respective climate zones. The effect of additional stressors and species
interactions can be understood through dynamic changes in performance capacity and thermal limits (dashed curves),
causing feedbacks on higher-level processes (phenology, interactions). Temperature-dependent performance forms
the basis of shiftsin phenologies, namely the seasonal timing of biological processes, of changesin thermal ranges
of species co-existence and interactions (competition, predator-prey). (D) Shiftsin biogeography result during
climate warming (modified after Beaugrand, 2009). Here, the black line surrounding the polygon delineates the
range in space and time, the level of grey denotes abundance. Thermal specialization causes species to display
maximum productivity in spring toward southern distribution limits, wide seasonal coverage in the centre and a
maximum in late summer in the North. The impact of photoperiod increases with latitude (dashed arrow). During
climate warming, the southern time window shifts and contracts while the northern one dilates (direction and
magnitude of shift indicated by arrows), until control by other factors like water column characteristics or
photoperiod may overrule temperature control in some species (e.g. diatoms), above the polar circle causing
contraction of spatial distribution in the north.]

6.2.2.1.2. Principles of temperature effects

The following analysis assumes that an overarching understanding can be developed for the effects of temperature
on various organisms (cf. Chevin et al., 2010). The knowledge base appears most advanced for animals. Here,
performance curves (reaction norms) have traditionally been used in evolutionary analyses of thermal biology and
sensitivity to climate change (also termed reaction norms; Huey and Kingsolver, 1989, Deutsch et al., 2008;
Angiletta, 2009). The shape and width of the curves on the temperature scale, i.e. the temperature range they cover
in relation to the climate regime, is dynamic within limits that set the large scale boundaries of species distribution.
Such thermal reaction norms may be unifying across organismal kingdoms (Chevin et al., 2010) and be applicable to
bacterial phages (Knies et al., 2006), bacteria (Ratkowsky et al., 1983), phytoplankton (Eppley, 1972) and higher
plants (Bolton and Lining, 1982; Mller et al., 2009; Vitasse et al., 2010, 6.2.2.2.). Maximum temperatures
tolerated differ between organism domains, depending on organizational complexity (Figure 6-8), however, the
respective mechanistic underpinning has not been systematically explored and compared between most groups (e.g.
Green et al., 2008).

[INSERT FIGURE 6-8 HERE

Figure 6-8: Ranges of temperatures and oxygen concentrations covered by various domains and groups of free living
marine organisms (archaeato animals), reflecting a narrowing of environmental regimes tolerated with rising levels
of organizational complexity and increasing body size ([Storch and Portner, to come], extending from Portner,
2002a,b). High organizational complexity enables an increase in body size, at the expense of decreasing hypoxia and
heat tolerance (reflected in falling upper temperature limits of detected growth). Anoxic habitats can be conquered
by small multicellular Eucarya (3 known species at < 0.5 mm body size, with about 10,000 differentiated cells,
Danovaro et al., 2010) and unicellular Eucarya, by means of special adaptations, e.g. using less complex
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hydrogenosomes or mitosomes instead of mitochondria in energy metabolism. Domains and groups are modified
after Woese et al. (1990). In the domain Bacteria, the group Thermotogales is most tolerant to temperature. It
comprises obligate anaerobes and displays less complex structures indicated by asingle layer lipid membrane. In the
various domains, most heat tolerant representatives are as follows: Eucarya: Animals Alvinella pompejana
(Chevaldonneé et al., 2000) and Paraalvinella sulfincola (Girguis and Lee, 2006); Plants Cymnodocera rotundata, C.
serrulata and Halodule uninervis (Campbell et al., 2006); Flagellate Heterocapsa circularisquama (Y amaguchi et
al., 1997); Fungus Varicosporina ramulosa (Boyd and Kohlmeyer,1982); Microalga Chlorella pyrenoidosa (Eppley,
1972); Amoeba Marinamoeba thermophila (Jonckheere et al., 2009); Ciliate Trimyema minutum (Baumgartner et al.,
2002); Bacteria: Purple Bacteria Rhodovulum iodosum sp. Nov. (Straub et al., 1999); Cyanobacterium
Halomicronema excentricum (Abed et al., 2002); Flavobacterium Thermonema rossianum (Tenreiro et al., 1997);
Green Nonsulfur Bacterium Chloroflexus aurantacus (M adigan 2003); Gram-Positive Bacterium Thermaerobacter
marianensis (Takai et al., 1999); Thermotogal es Thermotoga maritima (Huber et al., 1986); Archaea:
Crenarchaeota Pyrolobus fumarii (Kashefi and Lovley (2003); Euryarchaeota Metanopyrus kandleri Strain 116
(Takai et al., 2008). Highest exposure temperatures at 122°C of growing species were found under high hydrostatic
pressure. Black arrows denote the wide range of oxygen tolerances in unicellular Archae, Bacteria and Eucarya.
Species richness of animals (upper right graph) increases with oxygen levels and reflects the higher hypoxia
tolerance in small compared to large individuals/taxa (6.2.2.4.2., 6.3.3.).

]

For water breathing animals, explanations of the shape and width of the performance curve and thus of thermal
sensitivity have been provided by the concept of oxygen and capacity limited thermal tolerance (OCLTT, Figure 6-
7). The concept integrates findings from ecosystem, whole organism, tissue, cellular to molecular levels that are
important in setting the levels and thermal limits to performance. It has been shown to explain thermal stress and
associated consequencesin the field (eel pout, Pértner and Knust, 2007, mussels, Katsikatsou et al., 2012). Thermal
specialization results from the need to minimize energy demand, which in turn causes an early lossin performance
capacity at extreme temperatures. Here tolerance becomes time limited due to insufficient functional capacity of
tissues, unfavorable shiftsin energy allocation and molecular stress events. Overall, narrow thermal windows result
which encompass ambient temperature variability (Portner et al., 2010). The OCLTT concept also integrates the
(limited) capacity of molecular to organismal mechanisms to shift and change the width and shape of thermal
performance curves, which may occur short-term through seasonal acclimatization of the individual and long-term
through evolutionary adaptation over generations to a climate regime or during local adaptation to variable local
conditions (Portner et al., 2008; Eliason et al., 2011), e.g. to various climate zones (Portner, 2006). Both short-term
acclimatization over days and weeks and evolutionary adaptation over generations involve adjustments in enzyme
quantities, their functional properties and the fluidity of membranes. The widths and positioning of thermal windows
on the temperature scal e are thus dynamically changing over time. Thisis aso true during the lifetime of an
individual, due to functional constraints during development or during subsequent growth and the resulting increase
in body size (Portner and Farrell, 2008). At large body size, oxygen supply limitations are exacerbated causing the
organism to reach heat tolerance limits at lower temperatures, resulting in a narrowing of thermal windows (Pértner
et al., 2008). Again, these principles may be overarching and contribute to explaining the overall reduction of body
sizes observed in warming aguatic communities (Daufresne et al., 2009) and projected in the 21% century under
climate change. They may also be operative in terrestrial environments where warming such as during PETM
occurred to asimilar extent as projected by some models during the next century and may have caused dwarfing
such asin mammals, e.g. early horses (Secord et al., 2012). In general, paleo-studies have adopted the OCLTT
concept to explain climate-induced mass extinction events and evolutionary patternsin earth history (Portner et al.,
2005; Knoll et al., 2007; Knoll and Fischer, 2011).

At community and ecosystem levels, OCLTT related performance shifts may also underlie changing interactions of
animal species with differential thermal sensitivities causing changes in relative performance, in the temperature
range of coexistence, or causing changing phenologies, the seasonal timing of biological processes (Portner and
Farrell, 2008, Figure 6-7 C) or trophic interaction and foodweb structure. Some examples reported arein line with
such reasoning (6.2.2.4.), however, the physiological basis of shiftsin species interactions (competition, predator-
prey relationships) has not been investigated to date. Again, knowledge of high-level functions shaping performance
curvesis sparse in other groups. Once this becomes available, cause and effect in changing interactions between
species from various organism taxa will become accessible. These mechanism-based insights link direct
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physiological impacts of various stressors with those through changing species interactions (e.g. Portner, 2010;
Harley, 2011). They also match those developed for community level scenarios by Urban et al. (2012) with respect
to niche breadth, ecosystem mixing and the resulting extinction threats (6.3.).

Altered phenology and biogeography of individual species elicited by warming trends will trigger community
reassembly in time and space (Parmesan and Mattews, 2006) with shifting species composition and predominance.
At distribution boundaries set by the warm end of thermal window local abundance falls via direct effects of
warming on affected species (Portner and Knust, 2007). Other species maintaining abundance, new species
immigrating or replacing sensitive ones feedback on species interactions and food webs as in the North Atlantic
(Beaugrand et al., 2003). Shiftsin the timing of zooplankton biomass, as recorded in the Subarctic North Pacific or
the North Sea over the past 50 years, were also attributed to warming (Mackas et al., 1998; Goldblatt et al., 1999;
Schiiter et al., 2010). Patterns may become understandable from species-specific thermal niches and phenologies.
Warm-adapted species may gain predominance from fitness benefits and competing or prey species may experience
relative losses in performance and then reduced abundances (6.2.2.4).

6.2.2.1.3. Ocean acidification: Principles of CO, effects

Specific effects of ocean acidification caused by elevated CO, partial pressures also show similarities and
differences across organismal kingdoms. M echanisms specifically responding to CO, and associated pH changes
have been identified and range from molecular to systemic mechanisms, including those at the neuronal level in
animals (6.2.2.4.). Effects at organism levels will exert ecosystem level effects, by analogy with our understanding
of thermal stress phenomena. OA will also be interacting with the systemic effects of other key environmental
drivers like temperature and hypoxia (Portner, 2010; Boyd 2011; Gruber 2011). Meta-analyses of the literature
indicate that among affected processes, the rate of net calcification is most responsive across organism groups
(Hendriks et al., 2010). However, such meta-analyses have been unable to resolve for the diversity of species-
specific responses (within and between phyla) or the existence of critical processes or life stages as bottlenecks
(Hendriks and Duarte, 2010; Hendriks et al., 2010, Koeker et al., 2010).

Available information suggests some unifying effects of OA on all marine organisms (water breathing, i.e. they
exchange respiratory gases with water rather than air). One of them is the passive uptake of accumulating CO, by
diffusion leading to permanently elevated CO, partial pressuresin body fluids (extra- and intracellular in animals,
intracellular in unicellular organisms) and a permanent challenge to acid-base regulation in the various (body or
cellular) compartments. During acute exposure this causes a deviation of compartmental pH from set values, i.e. a
disturbance in acid-base status. The organism strives to compensate for the respiratory acidosis by use of proton
equivalent ion exchange and the readjustment of pH (e.g. Heidler, 1986; Claiborne et al., 2002). The organism
allocates energy to ion transport and acid-base regulation as shown in animals (Portner et al., 2000) for maintaining
transmembrane ion gradients (protons, bicarbonate) between intracellular compartments and the surrounding
extracellular fluid (in case of animals) or ambient water (in unicellular organisms) and in animals also,
transepithelial gradients between extracellular fluid and ambient water (Figure 6-9A). Coccolithophores adjust H*
conductance in the plasma membrane to support and control the efflux of H" (Taylor et al., 2011) by use of a
recently identified proton channel encoded by a gene previously known only in metazoa. Activation of the voltage-
gated channel leads to elevated pH;. The energetic costs of transmembrane transport are influenced by the pH (i.e.,
proton concentration), relevant ion concentrations, and CO, concentrations of surrounding body fluids (or water) and
the costs of transepithelial transport in turn by those of ambient sea water. Furthermore, the capability to compensate
for the disturbance depends on the capacity of ion and acid-base regulation (i.e. of the membrane transporters
involved), in relation to the leakiness of membranes and epithelia for passive ion fluxes. Tolerance to OA may
reguire permanent compensation which occurs through the net accumulation of base in body fluids (6.2.2.4.).
Another unifying effect of OA isthe accumulation of substrate (CO, or bicarbonate) for carboxylation reactionsin
primary metabolism, an aspect in focus for understanding responses in photolithoautotrophic organisms like algae
since primary production may benefit from elevated CO, levels (6.2.2.2).
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[INSERT FIGURE 6-9 HERE

Figure 6-9: (A) Unifying physiological principles characterizing the responses of a schematized marine water
breathing animal (dashed blue line) to elevated partial pressures of CO,. Effects are permanent if the animal is
sensitive to ocean acidification (OA) or transient during acute CO, exposure if sensitivity islow. Effects are
mediated via entry of CO, (black arrows) into the body, resulting in a permanent drop in extracellular pH and its
putative effects (red dashed arrows) on various tissues (boxes surrounded by solid black lines) and their processes,
including calcification as well as performance and fitness of the whole organism (simplified and updated from
Portner, 2008). Sensitivity is reduced with efficient extracellular pH compensation and/or pH compensation in each
of the compartments exerting specific functions including calcification. Variability of responses according to the
capacity of compensating mechanismsisindicated by + (stimulation) or — (depression). Many of these elements are
similar across organism kingdoms but the link to performance-related processes has only been tested for animals.
(B) % fraction of studied scleractinian coral, echinoderm, molluscan, crustacean and fish species affected negatively,
positively or not at all by various levels of elevated ambient CO, (6.1.1.). Effects considered include those on
various life stages and processes reflecting changes in physiological performance (oxygen consumption, aerobic
scope, behaviours and scope for behaviours, calcification, growth, immune response, maintenance of acid-base
balance, gene expression, fertilization rate, sperm motility, developmental time, production of viable offspring,
morphology). Note that not all life stages, parameters and ranges of CO, partial pressures were studied in all species.
Two assumptions were made to partially compensate for missing data within CO, ranges: 1) Species with negative
effects at low pCO, will remain negatively affected at high pCO,. 2) If aspeciesis positively or not affected at both
low and high pCO,, it will show the same effect at intermediate pCO,. Note that it was not possible to derive the
response of each species for each CO, category, such that variable species numbers (on top of columns) result in
each category. Bars above columns represent frequency distributions significantly different from the control
treatment (Fisher’s exact test, p < 0.05; (Literature base added separately, from [Wittmann and Portner, to come]).]

Adjustment of compartmental pH values by transmembrane or —epithelial ion exchange to reach suitable setpointsis
important for maintaining and integrating various molecular and cellular functions and also for providing the milieu
interieur (suitable internal conditions) for the process of calcification (e.g., Portner, 2008, Figure 6-9). The use of
calcified structures for defence and structural support is found across organismal kingdoms. The deposition of solid
CaCO, used for building the shell or other calcified structures usually occursin body compartments, where the
concentrations of Ca®* and CO;* and thus the saturation levels Q of CaCO; (aragonite, calcite, Mg calcite, 6.1.1.)
together with alkalinity and pH are maintained at higher values than in body fluids or ambient water. These
generalizations are emphasized by recent findings of up-regulated pH at calcification sites within corals and
coccolithophorids (Trotter et al., 2011; Taylor et al., 2011; McCullough et al., 2012). CO,thus not only impedes
acid-base regulation in general, but also the formation of alkaline fluids at calcification sites and here, compensation
may result incomplete or incur especially high energetic costs.

Falling saturation levelsQ to below unity in the water favor the dissolving of carbonate shells unless they are
protected from the direct contact of the carbonates with seawater (asis the case by use of the periostracum in

mussel shells). Under “normal” akalinity conditions, the sea water above a certain depth is supersaturated with
respect to CaCO; (e.g. at Sta ALOHA, Hawaii, the site of HOT, the depth where aragonite is 100% saturated is
about 500 m; for calcite the depth is closer to 700 m), reflecting conditions which support the precipitation of calcite
and aragonite at calcification sites and protect carbonate shells from dissolution.

Table 6-3 lists the processes and mechanisms affected by ocean acidification in various organism kingdoms and taxa,
where effects may be mediated through the principles outlined here (see also Figure 6-9). Laboratory studies, field
experiments (mesocosms) and natural analogues offer possibilities to study the effects of OA at temperatures
unchanged from the control or reference site or reference situation. Natural analogues include CO, venting areas as
the ones around Ischia (Hall-Spencer et al., 2008), close to Papua New Guinea (Fabricius et al., 2011) or Puerto
Morelos, Mexico near the Mesoamerican Reef (Crook et al., 2012). Furthermore, experimental enclosures allow to
precisely control the interaction between variables by controlling both CO, and hypoxia or temperature levels.

[INSERT TABLE 6-3 HERE
Table 6-3: Assessment of effects of ocean acidification on marine taxa with the number of laboratory and field
studies, processes, parameters and total number of species studied in the range from pCO, <650 to >10000 patm.
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Processes and arameters investigated in multiple life stages include growth, survival, calcification, metabolic rate,
immune response, development, abundance, behaviour and others. Not al life stages, not all parameters and not the
entire range of CO, concentrations were studied in all species. Confidence is based on the number of studies, the
number of species studied and the agreement of results within one group. +: denotes that possibly more species or
strains were studied, as only genus or family were specified; beneficial: most species were positively affected;
vulnerable: most species were negatively affected; tolerant: most species were not affected. RCP 6.0: representative
concentration pathway with projected atmospheric pCO, = 670 patm in 2100; RCP 8.5: representative concentration
pathway with projected atmospheric pCO, = 936 patm in 2100 (Meinshausen et al., 2011). Note that confidence is
limited by the short to medium-term nature of various studies and the common lack of sensitivity estimates across
generations, on evolutionary timescal es (see separate reference list).]

6.2.2.1.4. Principle hypoxia effects

The term hypoxiarefersto a situation where the oxygen partial pressure (Po,) in the water falls below air saturation
and constrains life (6.1.1.). Hypoxia affects virtually all organisms relying on aerobic metabolism. Thresholds for
effects of hypoxiavary across organism kingdoms, depending on body size and mode of metabolism (Figure 6-8). In
animals, the developmental status of ventilatory and circulatory systems (during ontogeny) and, in general, the
capacity of these systemsin relation to oxygen demand and body size shape sensitivity thresholds to water oxygen
content. Thus, for active swimming animals with a high oxygen demand or for animals at the borders of their
thermal windows constraints set in early, under mildly hypoxic conditions. Traditionally, hypoxia tolerance has been
quantified by identifying the critical oxygen tension P, at rest. P, istraditionally seen as the oxygen partial pressure,
below which the capacity to maintain constant energy turnover failsin aresting organism. The P, can also be
defined as the Po,, at which an organism switches progressively from aerobic to anaerobic energy production
(Portner and Grieshaber, 1993). Most aerobic heterotrophs can sustain anaerobic metabolism only transiently, even
if energy efficient to sustain long-term tolerance (Grieshaber et al., 1994). Such time-limited tolerance is highest in
large individuals, which have a higher capacity of anaerobic metabolism, than, for example larvae, where extreme
hypoxiatoleranceislow (Gray et al., 2002, Jessen et al., 2009). The P is temperature dependent meaning that
warming reduces tolerance to hypoxia (Nilsson et al., 2010, Vaguer-Sunyer and Duarte, 2011).

Hypoxiais extraordinarily interactive with changesin climate (warming, acidification) and human-induced drivers
like eutrophication. Warming reduces oxygen solubility and exacerbates biotic oxygen demand causing oxygen
limitation. Oxygen deficiency can narrow the tolerance windows of organisms for other environmental stress
conditions (Portner et al., 2005). The processes that generate hypoxia usually introduce CO, and thus drive down pH
and calcium carbonate saturation state (Millero, 1995; Brewer and Peltzer, 2009).

6.2.2.1.5. Integration towards a comprehensive picture of climate change effects

For animalsthe OCLTT concept integrates the effects of various climate related drivers like hypoxia or ocean
acidification (see below for their specific effects), which are temperature dependent and interfere with the levels of
thermal tolerance (Figure 6-7A). These insights have led to the suggestion that a comprehensive picture of climate
change effects at organism level should build on athermal matrix of performance (Portner 2010). Development and
extension of such concept to other organism groups has not been undertaken. For example, enhanced CO, sensitivity
at thermal extremes may represent a unifying principle (Pértner and Farrell, 2008). With high confidence, this
hypothesis has been supported by results from laboratory and field studies in crustaceans (Metzger et al., 2007;
Walther et al., 2009; Findlay et al., 2010; Zittier et al., 2012), fishes (Munday et al., 2009), bivalves (Lannig et al.,
2010; Schalkhausser et al., 2012), corals (CO,-enhanced bleaching, Anthony et al., 2008, 2011, calcification,
Rodolfo-Metalpaet al., 2011) and coralline algae (calcification, necroses, Martin and Gattuso, 2009). Asa
consequence, OA constrains the dimensions of climate dependent thermal windows, with projected consequences
for biogeography (range contractions) and species interactions (changes in relative performance, predator-prey
relationships, competitiveness). As a consequence of warming-induced species shifts and integrative effects of
further drivers, semi-enclosed systems such as the M editerranean tend to lose their endemic species, and the
associated niches may befilled by alien species, either from nearby systems or artificially introduced (Phillipaert et
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al., 2011). Regions highly influenced by river runoff and experiencing increased precipitation will see a shift from
marine to more brackish and even freshwater species. Evolutionary adaptation might compensate for some of these
effects and has been investigated in one preliminary study on experimental evolution of the coccolithophore
Emiliania huxleyi under elevated CO, tensions (1100 and 2200 patm) over 500 asexual generations (Lohbeck et al.,
2012). Evidence is unavail able whether such compensation can mitigate climate change effects at least partially in
macroorganisms. The rate of evolutionary adaptation in macroorganismsis constrained by their long generation
times but is enhanced by large phenotypic variability among larvae which offers a pool for selections and are
characterized by high mortality rates (e.g. Sunday et al., 2011). Findings of mass extinctions during much slower
rates of climate change in earth history (6.1.2.) suggest, however, that evolutionary rates may not be fast enough for
all macroorganisms to cope.

It should be noted that changes in species interactions and food webs are not only brought about by direct influences
of climate variations on individuals and populations but also by changes in ocean primary production, as well as
complex indirect, potentially non-linear and delayed impacts through the food web (Kirby and Beaugrand, 2009;
Stock et al., 2011, 6.3.5.1.). The introduction of non-indigenous species, when supported by climate (including
warming-) induced alterations of competitive species interactions, may further provoke the displacement of ecotypes
and shifts in ecosystem functioning, for example, in the Mediterranean Sea (Occhipinti-Ambrogi, 2007, Coll et al.,
2009; Costello et al., 2010).

In conclusion, thereis robust evidence and high confidence for the applicability of the OCLTT concept to
integrating findings across levels of biological organization, molecule to ecosystem, for a comprehensive cause and
effect understanding of climate change effects on marine animal species, as observed in the field. There is medium
evidence for the suitability of this concept to integrate the effects of multiple drivers, such as OA and hypoxiainto a
comprehensive whole animal picture of climate related constraints. The associated principles of temperature
dependent performance or thermal reaction norms are not yet widely applied across organism kingdoms (limited
evidence) but the recent emergence of converging approaches from empirical, modeling and ecological studies
enhances confidence as to their usefulness for devel oping coherent approachesin all organisms.

6.2.2.2. Microbes— Link to Biogeochemical Processes

Microorganisms including phytoplankton, bacteria, archaea, protozoa are responsible for nutrient cycling and net
ecosystem productivity (Falkowski et al., 2008). A hallmark of the microbial world is diversity, both in terms of
phylogeny and metabolism. Many key ecosystem processes such as CO, fixation and oxygen evolution, the
conversion of nitrogen into ammonia, (N, fixation), the use of nitrate, sulphate, CO, and metals (Fe and Mn) as
terminal acceptors for electrons when oxygen is absent and the horizontal transfer of genetic information between
otherwise unrelated individuals are primarily or uniquely attributable to marine microbes. The development of a
better mechanistic understanding of climate-induced alterations in the functioning of marine microorganisms builds
on experiments in laboratories and mesocosms as well asin situ studies and modeling. A wide range of
environmental drivers, including temperature, light climate, pH and nutrient supply (see below), were identified
which cause microbial/phytoplankton groups to vary regionally (Boyd et al., 2010). Models have provided
projections of which of these environmental variables will be altered (and at what rate) due to a changing climate
(Doney, 2006). Together, these data and information streams will eventually inform us of what regions and which
taxonomic groups are more susceptible to climate change and consequently where in the ocean to look for the
biological imprint of a changing ocean (Boyd et al., 2011).

6.2.2.2.1. Temperature—rrelated processes

A warming ocean may initially enhance the metabolic rates of microbes (Banse, 1991) and also eventually challenge
their thermal tolerance —as is described by organismal performance curves (i.e. fitness versus environment) for
different groups (Chevin et al., 2010). Short-term (days) manipulation experiments provide some insights into
temperature sensitivities, however, the physiological mechanisms setting performance and whole organism
tolerances have not yet been identified. Modeling studies point to the pivotal biogeochemical role that differential
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temperature sensitivity across a range of organisms could play in ocean ecosystems by changing the composition of
microbia foodwebs and advocate a better understanding of such sensitivities (Taucher and Oschlies, 2011).
However, thereis limited experimental evidence and even more limited observational evidence (Giovannoni and
Vergin, 2012) to support the model projections of differential responses to warming by different organisms such as
that by Taucher and Oschlies (2011).

A coastal experimental microcosm study reports that resident heterotrophic bacteria are more responsive to warming
than alab cultured phytoplankton and hence this study illustrates the potential biogeochemical implications of a
non-linear ecological response to warming, i.e. greater stimulation of bacterial rate processes relative to that for
phytoplankton, within upper ocean foodwebs (Wohlers-ZdlIner et al., 2011). Such a scenario could result in
increases in bacterial abundance, reducing the drawdown of inorganic carbon and absorbing alarger proportion of
inorganic nutrients and organic matter (Wohlers et al., 2009). In line with the finding of a warming induced shift to
heterotrophy along both a north to south (northern hemisphere) and a south to north (southern hemisphere) clinein
the Atlantic (Hoppe et al., 2002) it has been hypothesized that heterotrophy might then play a bigger role in warmer
oceans and carbon flow to the atmosphere involving microbes might increase (Sarmento et al., 2010). The wider
applicability of these findings remains to be established in further comparative studies (limited evidence, low
agreement, low confidence).

Among the few available studies of temperature effects, coccolithophoresin the NE Atlantic, displayed no change in
physiological rates with higher temperatures (Feng et al., 2009). However, coccolithophores of the subpolar
Southern Ocean and the Bering Sea (from 1997 to 2000) displayed poleward shiftsin distribution (Merico et al.,
2004; Cubillos et al., 2007). In the Arctic Ocean, Li et al. (2009) report that smaller phytoplankton are thriving
under conditions of awarmer and freshening ocean. Other studiesin the coastal ocean have reported warming and
also the effects of altered zooplankton grazing, leading to more phytoplankton with smaller cell size (Sommer and
Lewandowska, 2011). Ocean time-series data, such as the Continuous Plankton Recorder survey reveal little change
in the seasonal timing (phenology) of the diatom spring bloom, which may depend more on changing light levels. In
contrast, earlier emergences over the growth season for dinoflagellates may be the result of them responding to a
warming North Sea (Edwards and Richardson, 2004, Figure 6-7 C, 6.3.2.).

6.2.2.2.2. Irradiance

There is medium confidence that the range and mean level of underwater irradiances (light climate) encountered by
phytoplankton will be altered by a changing climate (Doney, 2006), due to changing surface mixed layer depth,,
cloudiness and/or to alteration of sea-ice areal extent and thickness. The physiological response of phytoplankton to
higher or lower irradiances caused by changes to mixed-layer depth or ice cover, involves photophysiological
acclimation via changesin cellular chlorophyll which is however constrained by unidentified limitsto its plasticity
(Falkowski and Raven, 1997). Long-established oceanic time-series indicate that the only pronounced changes to
phytoplankton productivity related to irradiance globally have resulted from reduced sea-ice cover rather than from
altered mixed layer depths (Arrigo and van Dijken, 2011; Chavez et al., 2011). A longer growing season, due to
more sea-ice free days may have increased productivity (based on atime-series of satellite ocean color and a
primary productivity algorithm) in Arctic waters by up to 27.5 Tg C yr™* (mean) since 2003 (Arrigo and van Dijken,
2011). However, at high latitudes in the Southern Ocean, M ontes-Hugo et al. (2009) reported decreased
phytoplankton stocks and productivity (based on time-series of satellite-derived and measured chlorophyl|
concentrations) N of 63°Si.e., around the Antarctic Peninsula, but they observed increases in these properties to the
S of 63°S. The authors explained these trends suggesting alteration of the mixing regime of the upper ocean viathe
interplay of sea-ice and cloud cover along with altered wind velocities. Little is known about expected shifts from
searice algae to free-drifting phytoplankton with a decrease in sea-ice cover and increased irradiance in polar waters
in the coming decades. Askrill predominantly feed on seaice algae, it is unclear (low confidence) whether they will
be able to adapt to feeding on free drifting phytoplankton (Smetacek and Nichol, 2005).
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6.2.2.2.3.  Sratification —nutrient and irradiance controls on primary production

Nutrient input modifies the influence of the light regime and also shapes the additional influence of temperature.
Data from satellite archives of ocean color (a proxy for chlorophyll concentrations) suggest a positive relationship
between chlorophyll concentrations and sea surface temperature at high latitudes (Boyce et al., 2010). In contrast, a
strong negative correlation between chlorophyll concentrations and increased sea surface temperature at low latitude
has been interpreted as an effect of increased stratification on phytoplankton stocks (Boyce et al., 2010). It has been
reported with limited evidence and low agreement, due to uncertainties in the interpretation of chorophyll
measurements from satellite (Dierssen, 2010, Behrenfeld, 2011) that the areal extent of low chlorophyll in the
oligotrophic waters of the N and S Pacific and N and S Atlantic is expanding, reflecting a decline in phytoplankton
stocks, which was suggested to be due to a warming ocean (Polovinaet al., 2008, Signorini and McClain, 2012).

Behrenfeld et al. (2006) presented a correlative analysis that demonstrated a statistically significant relationship over
aperiod of 7 years between decreasing rates of NPP with rising sea surface temperature, particularly in low latitude
oligotrophic waters. In contrast, an extended growth period due to reduced seasonal sea-ice cover at high latitude
was interpreted to cause increased NPP in nutrient-rich water (6.2.2.2.2.). A recent review of trends in both surface
chlorophyll and column-integrated chlorophyll at both open ocean and coastal time-series sites points to a suite of
more complex regional trends in chlorophyll concentrations, which in some cases are tightly coupled to climate
variability signatures such as El Nifio (Chavez et al., 2011). Another factor that may confound the use of chlorophyll
as arobust proxy for phytoplankton stocks is the pronounced influence that cellular physiology (for example
nutrient stress) hasin altering chlorophyll concentration (Falkowski and Raven, 1997), i.e. independent of biomass,
reducing the level of certainty of the above conclusions.

In addition to increased stratification, other factors may influence nutrient and/or trace metal supply in the coming
decades: The magnitude of atmospheric nutrient and trace metal supply may be altered (Jickells et al., 2005; Duce et
al., 2008). In a future ocean, projected to be characterised by higher levels of CO, and lower concentrations of
nutrients and trace metals (Boyd et al., 2010) microorganisms (including bacteria and archaea) may thrive which are
capable of converting the relatively inert nitrogen gas (N,) into biologically available ammonia.

6.2.2.2.4.  Ocean acidification — effects of anthropogenic CO, concentrations and water pH

While comparative studies of the mechanisms and capacity of acid-base regulation in algae are still in their infancy
(Taylor et al., in revision), the use of CO, in marine algal metabolism has been extensively explored. Through CO,
fixation in metabolism elevated CO, concentrations may lead to fertilization of phytoplankton processes but this
may depend on how they acquire carbon (i.e., presence and in particular the type and physiological cost of a carbon-
concentrating mechanisms (CCM’s), Giordano et al., 2005; see 6.3.3.2). The most comprehensive study so far, from
Southern Ocean waters, suggests that virtually all species investigated (diatoms and Phaeocystis) operate CCM’s
(Tortell et al., 20084). The physiological effects of OA may differ between phytoplankton groups (Rost et al., 2008)
and may have the greatest potential effect on calcifying species — the coccolithophores (Riebesell and Tortell, 2011,
Gattuso et al., 2011), with species specific and even strain-specific responses. Hence, responses to OA may vary
considerably between species and even populations (Beaufort et al., 2012). Recent studies have investigated whether
high CO, or low pH causes reduced calcification, but to date there is low agreement based on limited evidence. In
one study, Langer and Bode (2011) identified CO, as the parameter of the carbonate system, which causes both
aberrant morphogenesis in the coccolith Calcidiscus leptoporus and, at levels higher than 1500 patm (i.e. > three
times present levels), aggregation of cells. In another study on a different coccolithophore species (E. huxleyi) Bach
et al. (2011) concluded that reduced calcification and increased malformation was caused by low pH rather than
high CO,. Thus, as for calcification studies there appear to be major inter-specific differences in responses to OA
that are currently preventing any overarching mechanistic understanding. An additional issue that may influence
research into OA and altered calcification in phytoplankton is that of the potential for misattribution of cause and
effect (Boyd, 2011) since other environmental factors influencing rates of calcification have been reported including
light (Richier et al. 2009) and nutrients (Dyhrman et al., 2006).
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Laboratory studies on planktonic N, fixing (termed diazotrophs) cyanobacteria indicate that some of these organisms
demonstrate physiological sensitivity to changesin CO,. In particular, several studies found that strains of offshore
cyanobacteria belonging to the genera Trichodesmium and Crocosphaera increased rates of carbon and N, fixation
under conditions of elevated CO,. However, the resulting responses in N, fixation have varied widely; rates of N,
fixation have been reported to increase between 30% to >100% with 2- to 3-fold changesin pCO, (Barcelos e
Ramos et al., 2007; Hutchins et al., 2007, Levitan et a., 2007; Kranz et al., 2010). In some cases, these increases in
N, fixation were also accompanied by increases in growth and cellular carbon and nitrogen quotas. Stimulation of
N, fixation by CO, in strains of Trichodesmium does not increase intracellular concentrations of nitrogenase
(Levitan et al., 2010b), the enzyme required for N, fixation, suggesting CO, does not alter the efficiency of the
enzymatic conversion of N, to ammonia. For unknown reasons, under conditions of elevated CO,, Trichodesmium
prolongs the daily period of active N, fixation (Kranz et al., 2010).

Not all marine N, fixing cyanobacteria increase rates of N, fixation under elevated pCO,. Laboratory studies using
the bloom-forming cyanobacteria Nodularia (an organism largely relegated to stratified, eutrophic waters) revealed
decreased growth and N, fixation under elevated CO, conditions (Czerny et al., 2009). To date, the mechanisms
underlying these observed physiological responses, especially those in open ocean nitrogen fixers remain unknown;
attention has focused on reallocation of cellular energy toward N, fixation under conditions of elevated CO,.
Specifically, cyanobacteria may reallocate cellular energy from their highly costly CCMs toward N, fixation and
acquisition of growth limiting nutrients (Kranz et al., 2010; Levitan et al., 2010). However, evidence for such
diversion of energy from CCMstoward N, fixation is lacking, and both Trichodesmium and Crocosphaera are
capable of growth on both HCO; and CO,, with some evidence of preference for HCO; (Kranz et al., 2009). Further
evidence of adirect interaction between CO, and energetics of diazotroph growth derives from studies revealing
CO, stimulation of N, fixation is greater at low irradiances (Garciaet al., 2010, Kranz et al., 2010, 2011). Many of
the laboratory studies examining how CO, influences the physiological activities of N, fixing cyanobacteria have
been conducted with cultures grown at relatively low irradiances (<100 umol quantam?s™); however, both
Crocosphaera and Trichodesmium are often most abundant and active in the near-surface ocean where irradiance
can exceed 500 umol quantams™.

Although laboratory studies found that specific genera of N, fixing cyanobacteria demonstrate a positive responsein
N, fixation to increasing CO,, to date, there have been no systematic evaluations of how CO, availability influences
N, fixation or the growth of naturally occurring marine N, fixing microorganisms in the ocean. Moreover, there are
no cultivated representatives for some of the most numerically dominant groups of N, fixing microorganismsin the
oceans (Moisander et al., 2010) and thus no laboratory model systems for studying the physiologies of these
organisms. The physiological activities of naturally occurring N, fixing microorganisms are known to be sensitive to
the availability of energy, oxygen, nutrients and temperature (Karl et al., 2002) and hence the applicability of
laboratory CO, studies to naturally occurring N, fixing plankton assemblages remains largely unknown. Confidence
isthus low based on limited in situ evidence and medium agreement that there is an increase in nitrogen fixation with
progressive ocean acidification.

6.2.2.2.5. Bacterial lifein hypoxia and anoxia — the nitrogen cycle and oxygen minimum zones (OMZ)

At depleted oxygen concentrations bacteria capable of using alternate electron acceptors are selected for and
multiply, mostly those using the most energetically favorable alternate form, nitrate. When nitrate concentrations are
depleted, other less favorable electron acceptors are used (e.g., oxidized iron and manganese, followed by sulphate
and carbon dioxide).

Because energy yield is greater with oxygen, it is generally preferred aslong asit is available. It has only recently
been shown that some bacteria can still grow aerobically and most efficiently at even nanomolar oxygen
concentrations (Stolper et al., 2010). This has important implications for the formation of ‘ oxygen minimum (or
even free) zones' (OMZs). Wherever the flux of organic matter capable of supporting bacterial metabolism exceeds
the rate of dissolved oxygen re-supply, an OMZ will be formed, also characterized by elevated pCO,. With high
confidence, OMZs are therefore a consequence of high organic loading or restricted water movement, or both. In
effect, robust evidence indicates that bacteria both create and sustain OMZs by their diversity and plasticity of
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metabolism. Most marine sedimentary habitats also have OMZs at some sediment horizon due to limited penetration
and movement of dissolved oxygen. More recently, OMZs have a so been detected in coastal waters downstream of
regions of high inorganic nutrient or organic matter loading and are predicted to become more common in the open
sea as surface waters warm and ocean circulation becomes more sluggish (6.1.1., 6.3.3.).

Nitrogen cycling/biogeochemistry in the ocean is highly dependent on redox reactions carried out by microbes
(mostly bacteria and archaea). The key processes are fixed nitrogen assimilation and regeneration from organic
matter, N, fixation, nitrification, denitrification and the more recently discovered anaerobic ammonia oxidation
(anammaox) cycle that involves the coupled reduction of nitrite and oxidation of ammonia. Both denitrification and
annammox can lead to the loss of fixed nitrogen (mostly in the form of N, gas) whereas N, fixation can provide fixed
nitrogen. Denitrification is common in OMZs. Furthermore, nitrous oxide (N,O) as a very potent greenhouse gas can
be produced by both nitrification and denitrification. The ultimate primary controls on the rates and pathways of N-
cycle processes are the concentrations of dissolved oxygen and supply of reduced (oxidizable) organic matter. When
oxygen is low and organic matter supply is high, denitrification processes are favored.

Recent field studies conducted in globally dispersed OMZs have yielded different results with respect to the
dominant microbial denitrification pathway. In the Black Sea, Bengula upwelling system and the Eastern Tropic
South Pacific (ETSP) Ocean annamox appears to be the dominant pathway for N, production (Dalsgaard et al., 2003,
Kuypers et al., 2003, Lam et al., 2009). However, in the Arabian Sea, heterotophic (organic matter dependent)
denitrification dominates (Ward et al., 2009). While the microorganisms responsible for both pathways abound in
the ETSP, indeed denitrifiers dominate the biomass, the annamox pathways appears to be favored. Ward et al.
(1990) have hypothesized that aperiodic delivery of oxidizable organic matter not measured during their short-term
field expedition may be important for long-term balance since it is difficult to reconcile how annamox can continue
in the absence of some process that can resupply the required substrates, especially nitrite. Furthermore, the extent
and biochemical mechanisms of denitrification are also important because denitrification, but not annamox,
produces N,O. Finally, because annamox is an autotrophic process, it may also be anet sink for CO, (Voss and
Montoya, 2009), provided the energy supplying substrate ammoniais available. While the literature mostly focuses
on water column denitrification, it is now known that denitrification is also common among benthic foraminifera
and gromids (Pifia-Ochoa et al., 2010, 6.3.3.2.).

Variation in thermocline depth (linked to the PDO) can counter effects of OMZ expansion by limiting oxidative
demand in deepened, warmer low oxygen thermocline waters (Deutsch et al., 2011). This means that warming-
induced OMZ expansion may not be manifested as a monotonic change, but rather be complicated by decadal
climate events.

6.2.2.2.6. Conclusions

While various physiological processes are known to respond to changesin irradiance, nutrient supply, temperature,
CO, or hypoxiain microbes, the knowledge base on how these processes may be altered does not (yet) include a
conceptual foundation suitable to support an integrated understanding of climate impacts on individual species and

in turn on communities. The data available are patchy and the reported data trends are often contradictory, partly due
to the application of different experimental protocols and/or the over-reliance on species or strains of microbes that
are readily culturable and hence have been used for decades in laboratory research. The existence of robust evidence
and high confidence is thus presently limited to the attribution of responsesin biological or physiological processes
of microorganisms to environmental drivers associated with climate change, such as primary production, N, fixation,
particle export flux, oxygen depletion, or calcification.

6.2.2.3. Macrophytes - Effects of Temperature and Ocean Acidification
Macrophytes (seaweeds and seagrasses) exist mostly in the periphery of the world’'s oceans and play akey rolein

the transition zone to coastal waters (WGII, Ch. 5). Although marine macrophytes cover only 0.6 % of the area of
the world's oceans (Smith, 1981) their production amounts to almost 10 % of total oceanic production (Charpy-
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Roubaud and Sournia, 1990). Macrophytes provide habitat structure and protection for macrofauna and their
offspring. Moreover, macrophytes play an important trophic role for many suspension feeders, detritivores and
herbivores. Additionally, through the provision of gelatinous phycolloids macrophytes are important in medicine,
dairy and cosmetic products.

Growth and photosynthesis of macrophytes are strongly temperature dependent. Their growth-response curves
reflect specialization on the local temperature regime. Temperate species are often eurythermal; i.e. they display
wide windows of tolerance and, moreover, they acclimatize by shifting these windows following the seasonal
temperature change (K Uibler and Davison, 1995). Species exposed to permanently low or high temperatures over
long evolutionary times such as Antarctic or tropical macroal gae have adapted and specialized on limited
temperature variability, they are mostly stenothermal species with alow acclimatization potential (Pakker et al.,
1995; Eggert and Wiencke, 2000; Eggert et al., 2006; Gomez et al., 2011). Studies of algal heat tolerance limits
showed these are firmly set to 30-33 °C and cannot be shifted by acclimatization such that tropical species may face
local extinction upon warming beyond those limits (Pakker et al., 1995). In contrast, tropical seagrasses seem to
tolerate even higher temperatures. Based on measurements of photosynthesis tropical seagrasses are projected to
suffer irreparable effects from short-term/episodic changes only after exposure to temperatures of 40 to 45 °C
(Campbell et al., 2006). Cold-adapted polar seagrasses do not exist; optimal growth temperatures range from 11.5 to
26 °C in temperate zone and from 23 to 32 °C in (sub-) tropical species (Lee et al., 2007). Nonetheless, the
temperate Zostera marina reaches into the Arctic along Canadian, southwestern Greenland, Northern European and
Alaskan coasts, indicating survival below the thermal optimum range. Temperature acclimatization in macrophytes
involves changes in enzyme quantities and structures, thereby improving their kinetic properties. Membrane fluidity
and function vary with temperature and are maintained by changesin lipid composition (Murata and Los, 1997)
during thermal acclimatization and adaptation such that cold-adapted polar macroalgae contain extremely high
amounts of polyunsaturated fatty acids (Graeve et al., 2002). The molecular basis of physiological acclimatization
and its limitation in relation to the climate regime require further study.

Most seagrasses appear limited by the availability of CO,. Thelevel of evidence is medium and confidence high that
their rate of primary production, shoot density, reproductive output and/or below-ground biomass generally respond
positively to elevated pCO,; such effects were identified in the laboratory and the field in the range above 720 to
1800 patm (e.g., Palacios and Zimmerman, 2007; Hall-Spencer et al., 2008; Andersson et al., 2011). However, not
all species of seagrass benefit and the biodiversity of CO, enriched habitats such as at volcanic ventsis reduced
(Martin et al., 2008; Hendriks et al., 2010; Kroeker et al., 2010). Interaction with other stressorsis poorly known; in
one species light-limiting conditions prevented stimulation by elevated pCO, (Palacios and Zimmerman, 2007).
Calcareous organisms living on seagrass blades may hamper carbon uptake and limit light supply such that their
elimination by OA may support primary production in the seagrass (Martin et al., 2008).

Similar to seagrasses, most hon-calcifying algae exhibit increased production, growth and recruitment in response to
elevated CO, conditions, as seen above 700 to 900 patm. Overall, the stimulation of growth is statistically

significant (Kroeker et al., 2010) even though it sometimes only occurs in combination with elevated temperature
(Connell and Russell, 2010) or not at all (Porzio et al., 2011). Experiments investigating the effect of elevated CO,
on photosynthesis and/or carbon production of calcifying algae show complex and species-specific responses but,
with medium confidence, calcification remains highly impacted beyond species-specific thresholds of pCO,
(Anthony et al., 2008; Ries et al., 2009). According to Ries et al. (2009) calcification by coralline red and calcareous
green algae increased with rising CO, levels up to 900 patm and only decreased at the highest concentration applied
(2850 patm) but did not fall below control rates. Anthony et al. (2008) reported a decrease in net productivity
(oxygen release) of acoralline alga as a function of increasing pCO, at 520 to 700 patm and beyond. The
recruitment rate and growth of crustose coralline algae are severely inhibited and carbonate dissolution stimulated
under elevated pCO, in outdoor mesocoms and in laboratory experiments under combined scenarios of warming

(+3 °C) and OA. Effects became strongly visible at about 700 patm (Kuffner et al., 2007, Martin and Gattuso, 2009).

In macroalgal assemblages CO, may change competitiveness depending on the presence and capacity of carbon-
concentrating mechanisms (CCMs). Dominant calcifying coralline species may be negatively affected, non-
calcareous macroalgae with CCMs display neutral or positive effects and the relatively rare non-CCM species may
experience positive effects (Hepburn et al., 2011).
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In conclusion, evidence is robust and confidence is high for the specialization of macrophytes on limited temperature
ranges and their sensitivity to temperature extremes as well as for a CO,-dependent stimulation of production of
some macroal gae and seagrass species. With medium confidence, calcifying species may not benefit and rather be
less competitive in a high CO, ocean.

6.2.2.4. Animal Performance and Sensitivities — Fitness and Interactions in Various Climate Zones

The distribution, abundance and population dynamics of marine fishes and invertebrates correlate with climate
change and variability monitored by hydro-climatic indices such as AMO or NAO (6.1.). However, adetailed
understanding of contributing factors and driversis frequently lacking. Empirical and mechanistic studies have
identified unifying principles defining sensitivity at various levels of biological organization (molecular to
ecosystem), which should increase confidence e.g. from medium to high in associated projections of future change
(6.2.2.1., Portner, 2002a; Somero, 2011). Climate change has the potential to affect all animal phyla, from
ectotherms to endotherms (mammals and birds) through effects on individual organisms, populations and
communities as well as species interactions and the food web. Effects on a species are either direct through changes
in environmental conditions like temperature or indirect though changing species interactions. Multiple factors can
be involved at ecosystem level however, specific effects of each of those drivers would need to be known. The first
subsections deal with water breathing fish and invertebrates, while corals and air breathing vertebrates are dealt with
separately, due to their special physiologies.

6.2.2.4.1.  Temperature dependent biogeography and species interactions

Marine ecosystem changes attributed to climate change (Hoegh-Guldberg and Bruno, 2010) have mostly been
related to temperature. Although temperature means are still most commonly used in marine attribution studies,
temperature extremes rather than means are most often mediators of effects (Easterling et al., 2000; Grebmeier et al.,
2006; Portner and Knust, 2007; Wethey et al., 2011). Effects as felt by the organism at ecosystem level set in when
the extremes reach beyond the limits of thermal tolerance and affect fitness indicators characterizing the
performance curves and thus the window of thermal tolerance, like growth, exercise capacity and associated
behaviours or reproductive output (Figure 6-7; 6.2.2.1.). During heat exposure near low latitude biogeographical
limits (or at the edge of an equivalent temperature dependent gradient, e.g. in the high intertidal or at shallow depth),
reductions in growth, activity and abundance of fish and invertebrate populations set in immediately with even small
(<0.5°C) shiftsin ambient temperature extremes (Takasuka and Aoki, 2006; Portner and Knust, 2007; Farrell, 2009;
Nilsson et al., 2009; Neuheimer et al., 2011). Local extinction events due to enhanced mortality or behavioural
selection of suitable thermal environments (Breau et al., 2011) follow, leading to shifts of biogeographical ranges
along clines from high to low temperature which usually means a shift toward high latitudes or an equivalent lateral
(Perry et al., 2005) or even vertical (deeper waters) displacement (Dulvy et al., 2008; Graham and Harrod, 2009).

The width of thermal window is crucial in setting the level of sensitivity to climate change at species level. It
roughly matches ambient temperature variability and climate regime as well as seasonality. A comparison of fishes
(large juveniles and adults) across latitudes suggests that windows are narrow especially in high latitude polar
species, widest at temperate mid | atitudes and moderately wide at tropical latitudes (Portner and Peck, 2010). The
specialization on the thermal regime involves trade-offs at all functional levels, for example in metabolic rate.
Higher temperature variability characterizes the atmosphere in the Northern versus the Southern hemisphere (Jones
et al., 1999) and this also trangates to oceans including polar latitudes. At sub-polar latitudes, Northern hemisphere
marine species result more eurythermal than Southern hemisphere species. Low levels of energy turnover (in the
thermal optimum) in the cold characterize polar (Antarctic) stenotherms, whereas high rates characterize cold
adapted eurytherms living in variable sub-polar (Arctic) climates. In cold eurytherms, metabolic rates result even
higher than in populations of the same species at lower, temperate latitudes (Pdrtner, 2006). Accordingly, more
mobile or small species displaying high resting metabolic rates and high functional capacities would also be more
eurythermal (Portner, 2002b), even among Antarctic stenotherms (Peck et al., 2009). The dimensions of the thermal
windows thus appear dynamic, due to acclimation or local adaptation under a changing seasonal temperature regime,
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but also during ontogeny (6.2.2.1.). Backed by the OCLTT concept, findings suggest highest sensitivities to
moderate warming in egg and larval stages as well as adult spawners of Atlantic cod (Portner et al., 2008).
Accordingly, winter warming was identified, with high certainty, to drive the northward shift in the distribution of
North Sea cod (Perry et al., 2005).

Local adaptation may be especially strong in heterogeneous environments like the intertidal zone (Kelly et al., 2012),
causing functional differentiation and specialization on local conditions. On large scal es, such adaptation also occurs
in populations of widely distributed species like Atlantic cod. Functional and genetic differentiation of Atlantic cod
into populations adapted to the regional climate regimes supports its wide biogeographical range and the ongoing
invasion of Arctic waters by the cold-eurythermal Northern-more populations (Portner et al., 2008). Acclimatization
capacity issmall or nil in high polar, especially Anarctic species (Peck et al., 2010) and in general, in species at their
warm and cold distribution limits. In tropical reef fishes, rapid transgenerational acclimation to warming was seen
(Donelson et al., 2012), however, studies of mechanisms underlying acclimatization are scarce overall.

At ecosystem level, interacting species may possess differential, but overlapping thermal performance windows
causing differential phenologies or changes in relative performance with climate change (6.2.2.1.). These may lead
to acritical mismatch with available prey organisms or a decrease in competitiveness, again causing losses in
abundance or local extinction implicating a biogeographical shift (Figure 6-7D; Beaugrand, 2009). Such principles
may also underlie the climate-induced “regime shift* from sardines (Sardinops melanostictus) to competing
anchovies (Engraulis japonicus) in the Japanese Sea observed between 1993 and 2003. This shift is clearly
attributable, with high confidence, to effects of temperature change. With food preferences of the competing species
being similar (Li et al., 1992), the thermal windows of growth and reproductive output are found at higher
temperatures for anchovies than for sardines (Takasuka et al., 2007; Takasuka et al., 2008) such that warming
causes a shift in relative performance of the two species and favors the anchovies.

For scombrids and especially bigeye or bluefin, or for lamnid shark or billfishes, their wide range of tolerance to
variable temperatures suggest that they are eurythermal and that direct effects of climate warming will be mild
(Lehodey et al., 2011), especially for adults due to the combined use of eurythermal tissues and elevated muscular
activity at large body sizes and wide roaming ranges (Katz, 2002; Portner, 2004). Effects during early life are less
clear. The optimal thermal window is narrowest and warmest during spawning, larvae are most sensitive to water
temperature and widen their thermal habitat as they grow. Adults at spawning stage will need to prevent overheating,
ashift in location to cooler waters may occur to maintain spawning success, e.g. in skipjack tuna (Lehodey et al.,
2011). Indirect effects of warming will be mediated through the changing composition and biomass of food
available to larvae and adults and thus depend on trends in ocean stratification and productivity or expanding oxygen
minimum zones (6.3.2., 6.3.3.).

Overall, the OCLTT concept provides an integrative understanding of climate specialization and sensitivity in
marine animals, with robust evidence and high confidence in the detection of effects and their attribution to climate
drivers.

6.2.2.4.2.  Hypoxia effects at various temperatures

Asthe P, istemperature dependent and exposure to hypoxia constrains aerobic performance, the OCLLT concept
predicts that hypoxia reduces the tolerance to temperature extremes. In other words, hypoxia causes an earlier onset
of thermal stress. This may occur fastest in warm oceans where oxygen solubility per unit of Po, isless, metabolic
rates are higher and animals live closer to upper thermal limits (Portner, 2010). Conversely, exposure to ambient
hyperoxia, an increase in water Po, above air saturation, alleviates thermal stress (Mark et al., 2002; Portner et al.,
2006). Heat tolerance is enhanced by hypoxia acclimation (Burleson and Silva, 2011), and thus benefits from the
improved oxygen supply capacity in relation to demand, for example by enhancing blood pigment content or
reducing energy demand.

On evolutionary time scales, adaptation to hypoxia supports the selection for mechanisms like high gill surface area,
high blood pigment oxygen binding and low cost cardiocirculatory capacity, which enhance efficient oxygen
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extraction from the water and oxygen transport to tissues as well as economic use of oxygen and energy turnover.
The net effect of adaptation is alowering of the critical oxygen tension, P, the hypoxia tolerance threshold which
varies dynamically with life stage, body size, temperature, food consumption, oxygen demand and environmental
stressors. (6.2.2.1., Portner, 2002b; Ekau et al., 2010; Seibel, 2011). On average, large, more active animals with
high oxygen demands have high P, thresholds and are the most sensitive to permanent hypoxia, for example fishes,
crustaceans and muscular squids. As an example, the four species of Pacific tuna are also sensitive to the availability
of dissolved oxygen but to various degrees (Lehodey et al., 2011). Only bigeye tuna routinely reach depths where
ambient O, content is below 1.5 ml L™ (= 60 pmoles kg™). This emphasizes that specialists temporarily or
permanently adapted to hypoxic environments are also found in these high activity animal groups (Childress and
Seibel, 1998; Richards et al., 2009; Seibel, 2011).

Enhanced hypoxiatolerance may be beneficial during transient exposures to extreme hypoxia, e.g. when migrating
into OMZ for feeding (Seibel, 2011, Lehodey et al., 2011), or even to temporary anoxia. For active species like
bigeye tuna oxygen transport via hemoglobin is adapted to be highly efficient supporting high metabolic rates as
needed during feeding in the OMZ. For species passive in the OMZ, time-limited tolerance is sustained by transient
depression of metabolic rate as during periods of arrest (e.g. diapause of copepods; Auel et al., 2005).

Hypoxia devel oping due to oxidation of organic material in OMZs and other oxygen deficient habitats coincides
with CO, accumulation. When animals are transiently exposed to hypoxia, concomitant CO, exposure has a
protective effect by facilitating metabolic depression and associated energy savings (Reipschléger et al., 1997,
Portner et al., 1998, 2000). In contrast, permanent life in the OMZ and associated hypoxiais only possible above P,
and relies on the capacity to sustain fully aerobic metabolism. Species are favored which maximize oxygen
extraction and use and sustain oxygen limitation by reduced metabolic rates, activity levels and body sizes (Y ang et
al., 1992; Vetter et al., 1994; Portner, 2002b; Levin et al., 2009). In line with physiological knowledge, cold
temperature plays akey role in sustaining hypoxiatolerance and life in the OMZ. Cold temperature lowers the P, by
facilitating economic oxygen use through low metabolic rates at high oxygen solubilities in water and body fluids.
Accordingly, evolutionary adaptation to the OMZ involves further reductions in energy turnover and associated life
styles and feeding rates (Childress and Seibel, 1998). Such physiological constraints explain why densities of small
meiofauna are maximal at the lowest oxygen levels (Figure 6-8). Here, beneficial effects include abundant food and
reduced predation by larger organisms (Levin, 2003). However, once approaching anoxia, the centre of OMZsin the
pelagic and the benthic dead zones exclude the presence of higher marine life (Levin, 2003). Finally, extreme
hypoxia (suboxia) only spares the suboxia specialists from extinctions and causes aloss in biodiversity (Vaquer-
Sunyer and Duarte, 2008).

Permanent life in the OMZ, however, means exposure to permanently elevated CO, partial pressures. Adaptation to
hypoxia and hypercapnia go hand in hand and suggest the use of mechanisms similar to those providing tolerance to
OA (6.2.2.4.3). It appears, however, that low metabolic rates combined with elevated CO, levels contribute to the
marginalization of calcifiers observed in OMZs (Levin, 2003) as an increase in the energy demand of calcification
as under hypercania may not be sustainable in the OMZ (6.2.2.4.3.).

6.2.2.4.3.  Effects of acidification in warming oceans and various climate zones

The responsesto CO, asidentified in various life stages of invertebrates and fish imply sometimes positive but
mostly negative effects on fithess (Portner et al., 2004; Fabry et al., 2008; Ishimatsu et al., 2008). The degree and
thus capacity of compensation for CO, induced acidification depends on ambient CO, levels and varies between
species and life stages within and across phyla. Available evidence from experimental studiesisrobust in showing a
disturbance of acid-base status to have physiological effects mediated by alowered extracellular (blood plasma) pH.
It causes a lowering of the rates of ion exchange and metabolism in muscle (Reipschléger and Portner, 1996; Portner
et al., 2000; Vezzoli et al., 2004) or liver (hepatocytes, Langenbuch and Portner, 2003) of vertebrates and
invertebrates. These findings indicate a key role for extracellular pH in modulating the responses to elevated CO, at
various levels (Figure 6-9A). Reduced energy turnover involves reduced ion exchange, use of more energy efficient
transport mechanisms (Portner et al., 2000) and reduced protein synthesis (Langenbuch et al., 2006), associated with
enhanced nitrogen release from amino acid catabolism and protein degradation (Portner et al., 1998; Langenbuch
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and Portner, 2002; Stumpp et al., 2012) and, thereby, causes slower growth (Michaelidis et al., 2005; Fernandez-
Reiriz et al., 2011). Further processes affected through these mechanisms may include gonad maturation and egg
fertilization (Kurihara and Shirayama, 2004; Havenhand et al., 2008; Reuter et al., 2011), larval development
(Shirayama and Thornton, 2005; Kurihara, 2008), larval and adult calcification and growth (Michaelidis et al., 2005;
Walther et al., 2010), neuronal metabolism and functioning (Reipschléger et al., 1997; Munday et al., 2009c;
Nilsson et al., 2012) or the immune response (Boyd and Burnett, 1999; Hernroth et al., 2011) and exercise
performance (Portner, 2002b). A general concept was proposed with awhole organism view of how these responses
are mediated via disturbed extracellular acid-base status under hypercapnia and how resistance to hypercapnic
exposure depends on the capacity of acid-base regulation in relevant body compartments to partially or fully
compensate for the respiratory acidosis (Figure 6-9A). Accordingly, sensitivity to progressive OA islow in more
active marine animals with a high capacity to regulate ion and acid-base status, especially in fishes and cephalopods
and also shallow-water crustaceans as well as copepods (Ishimatsu et al., 2008; Melzner et al., 2009; Ishimatsu and
Dissanayake, 2010; Portner et al., 2011).

Such capacity depends on the gene expression and protein density of ion exchange mechanisms in membranes and
their functional capacities. These relate to the overall level of energy turnover of a species and in turn to its mode of
life and bauplan, associated with potential phylogenetic benefits or constraints (Portner et al., 2005; Melzner et al.,
2009). Proteinsinvolved in ion and acid-base regulation in fact undergo gene expression changes as seen in
echinoderm larvae (O’ Donnell et al., 2010; Martin et al., 2011), or in fishes exposed medium-term (up to six weeks)
to elevated CO, levels (Deigweiher et al., 2008), implying functional adjustments of the respective processes. The
capacities of acclimatization processes and their limits in shifting tolerances, as well as the long-term evolutionary
consequences of such processes in relation to emission scenarios remain to be explored.

Under hypercapnia the effects of an uncompensated extracellular acidosis on organs like muscle and liver may
explain observations when whole organism energy turnover falls (Portner et al., 1998; Michaelidis et al., 2005;
Langenbuch et al., 2006; Portner, 2008, Liu and He, 2012), probably paralleled by reduced ion exchange, protein
synthesis, feeding and growth. Partial or full compensation of acid-base disturbances by stimulated ion exchange
and associated base accumulation probably contributes to maintaining performance capacity. At mildly elevated
CO,-concentrations in rock oysters, in fact, energy turnover increased (e.g., Parker et al., 2011), probably as a
consequence of increasing costs for ion exchange in epithelia or for calcification or growth. Such aresponse
indicates significant capacity to invest energy into compensating for the acidosis in relevant body compartments and
to thereby resist metabolic depression. Stimulation of growth induced by CO, has been reported (cf. Gooding et al.,
2009; Munday et al., 2009b; Dupont et al., 2010) and might involve enhanced energy efficiency and sufficient
compensation. Full exploitation of this capacity depends on the availability and quality of food which in turn may
support fitness and stress resistance (Gooding et al., 2009, Melzner et al., 2011).

In some cases, however, the rise in whole organism metabolic cost may not indicate enhanced resistance, possibly
involving sustained extracellular acidosis. Enhanced costs in epithelia or calcification compartments in excess of
metabolic depression in muscle or liver may reflect imbalances in energy budget. For example, enhanced
calcification may occur at the expense of somatic growth (Wood et al., 2008; Beniash et al., 2010; Thomsen and
Melzner, 2010; Parker et al., 2011). Further effects with the potential to cause reduced fitness comprise depressed
immune functions (Bibby et al., 2008) or reductions in the maturation of sexual glands and in fertilization success
(Kurihara and Shirayama, 2004; Havenhand et al., 2008; Reuter et al., 2011) or in the brooding success of
echinoderms (Sewell and Hofmann, 2011). Lower reproductive success may also result from delays or abnormalities
in larval development and growth (Shirayama and Thornton, 2005; Kurihara, 2008), or disturbances of critical
transition phases like the onset of feeding (Dupont et al., 2008) or moulting (Walther et al., 2010). Disturbancesin
behaviour include reduced feeding (Chan et al., 2011), disorientation and distortions in olfactory and acoustic
perceptions (Munday et al., 2009¢; Munday et al., 2010, Simpson et al. 2011). The high neural sensitivity to mild
hypercapnia seen in tropical reef fishes warrants wider study in species from other climate zones before general
conclusions can be drawn (see below).

Reduced calcification and a weakening of calcified structures was seen in some echinoderms, molluscs and, possibly,
crustaceans (Kurihara and Shirayama, 2004; Arnold et al., 2009; Comeau et al., 2009; Lischkaet al., 2011).
However, changes in calcification rates as determined experimentally vary largely between species. Some of them
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even enhanced calcification above control rates in the range of pCO, from 600 to 900 patm (Ries et al., 2009).
Enhanced calcification in juvenile cuttlefish (cephalopods) and fishes (Gutowska et al., 2008; Checkley Jr et al.,
2009; Munday et al., 2011a) yielded stronger cuttlebones or otoliths. The role of these phenomena for fitness are
unclear.

A preliminary assessment of fragmented information on species sensitivities available in the present literature
suggests that, on average, echinoderms, the molluscan bivalves and gastropods as well as corals begin to respond
negatively at lower CO, levels than crustaceans or cephalopods, a sensitivity pattern resembling one observed during
the Permian evolutionary crisis (Knoll et al., 2007; Knoll and Fischer, 2011; Figure 6-9B). The picture for fishesis
less clear. Studies analysing the sensitivity of animal speciesto OA during their whole life cycle or during critical
transition phases (e.g. fertilization, gastrulation, metamorphosis, moulting) are scarce. In sensitive species from
various phyla, specific early life stages appear most critical [Clemmesen et al., to come]. As delays occur in crucial
processes like development of vulnerable larvae, enhanced mortalities are expected due to their extended predator
exposure at ecosystem level. Effects on one life stage may carry over to the next one. Moulting success into the final
larval stage was reduced in acrab (Walther et al., 2010). In an oyster species, however, enhanced resistance was
carried over to offspring when parents were pre-exposed to elevated CO, levels (Parker et al., 2012). Negative
impact was found to accumulate from larvae to juveniles and during 4 months acclimation from adultsto larvaein a
sea urchin. This latter impact was, however, compensated for during extended acclimation of females for 16 months
(Dupont et al., 2012), emphasizing the need for long-term acclimation studies. | mbalances between influenced
processes may arise under OA. For example, some coral fish larvae were reported to remain undisturbed or even
grow larger under elevated CO, tensions (Munday et al., 2009b; Munday et al., 2011b). However, the resulting
fitness benefits are eliminated by behavioural disturbances, which would make them equally sensitive as the other
taxa (Figure 6-9B, Munday et al., 2010; Ferrari et al., 2011, Devine et al. 2012, Domenici et al. 2012). A potential
role of acid-base disturbances in these effects requires further study. It remains to be explored whether and to what
extent species can undergo adaptation to progressive ocean acidification over generations.

Acidification studies at the demographic/metapopulation level for animals are presently limited to studies at natural
analogues (CO, vents; Kroeker et al., 2011, Fabricius et al., 2011) which indicate decreased diversity, biomass and
trophic complexity of benthic marine communities and can to some extent but not fully provide the picture to be
expected for the future ocean (6.3.). The mechanisms discussed here may be involved and would explain the |oss of
sensitive species and possibly, changes in species interactions due to differental sentivities.

It should be noted that all processes affected by CO, are acutely responding to temperature and, as they are
influencing whole organism performance, also link to thermal tolerance (Figure 6-7). Conversely, temperature
extremes operative through hypoxemia and hypercapnia cause enhanced CO, accumulation in body fluids and
thereby, associated CO, effects. Such interactions are characterizing or at last involved in the synergistic effects of
ocean warming, acidification and hypoxia. At species level, limits are species-specific leading to differential
responses at ecosystem level in similar ways as depicted in Figure 6-7. Importantly and with high confidence, the
individual response and compensatory capacity depends on where in its thermal window the animal experiences
exposure to elevated CO, levels. At temperatures below the thermal optimum, warming will be beneficial for
resistance due to the stimulation of physiological processes; compensation of the CO, induced disturbance of growth
and calcification during warming has in fact been observed (Brennand et al., 2010; Findlay et al., 2010; Walther et
al., 2011). In contrast, sensitivity to CO, is exacerbated at higher than optimum temperatures, when elevated CO,
levels enforce the lowering of performance during warming (Walther et al., 2009; Munday et al., 2009a). Enhanced
CO, sensitivity at thermal extremes may represent a unifying principle (6.2.2.1., Figure 6-7) with consequences for
biogeography (range contractions) and species interactions (6.3.6.). As a mechanism, heat exposure may involve
endogenous CO, accumulation in macro-organisms such that CO, effects may develop even without ocean
acidification, but also exacerbating phenomenathat typically develop under OA. At the limits of the thermal
window and, thus, of thermal acclimatization capacity, the capacity of an animal to acclimatize to elevated pCO,
levels may also be reduced and vice versa.

The climate zone plays arole in CO, sensitivity due to differences in temperature and its variability which shape
energy turnover and functional capacities. The risein energy demand and functional adaptationsin Northern
hemisphere species (Portner, 2006) may improve resistance to warming and OA. In contrast, Southern hemisphere
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species, especially in Antarctica, have specialized on a narrow temperature range and may display enhanced
sensitivity to current warming trends and OA due to the reduction in energy expenditure and functional capacities
associated with stenothermy. High levels of aerobic scope and energy turnover are seen in sub-Arctic eurytherms
compared to their warm-temperate con-specifics. M echanism-based knowledge suggests with medium confidence
that these cold-eurythermal animals possess a higher capacity in acid-base regulation and are less sensitive to handle
respiratory CO, accumulation and anaerobic disturbances of body fluid pH than polar stenotherms or even warm
temperate species (6.2.2.1., 6.2.2.4.1.). This differentiation may involve local adaptation from within species genetic
variability, which then also influences sensitivity to ocean acidification. A potentially higher CO, sensitivity was
suggested for tropical coral reef fishes than for species from temperate regions (Portner et al., 2011). Polar calcifiers
with low rates of metabolism, which are exposed to high CO, solubility and lowered aragonite and calcite saturation
levels, also appear more sensitive to ocean acidification scenarios (Orr et al., 2005). Animals from more stable polar
waters or the deep sea (crustaceans, Pane and Barry, 2007; bivalves, [Stark et al., to come] are poorly able to
compensate for the extracellular acidosis and may result more sensitive than temperate species. Fitness-related
functions like growth, development and reproduction are highly slowed in the cold, especially in the most cold-
adapted marine ectotherms, Antarctic fish and invertebrates (Stanwell-Smith and Peck, 1998; Portner, 2006). At
present, it remains unknown whether CO, effects or their compensation may take longer to develop in polar species,
due to extended acclimatization periods. It is also unclear whether adaptation to elevated CO, concentrations has
occurred during evolution and supports resilience (the long-term compensation for initial effectsincluding the re-
establishment of original performance and fithess levels) in species endemic to cold waters, which experience higher
CO, levels due to high solubility. Those from oxygen minimum zones, or marine sediments, also characterized by
high CO, concentrations, may also be pre-adapted, possibly including reduced reliance on the strength of calcified
structures (Clark et al., 2009; Walther et al., 2011; Maas et al., 2012). The rate of evolutionary adaption in
macroorganisms is constrained by their long generation times but is enhanced by phenotypic variability among
larvae.

With high confidence selected animal species are affected by OA directly via uptake of accumulating CO, or
indirectly via sensitivity of their prey organisms. Variable, species-specific responses have been reported under the
effects of hypercapnia (Figure 6-9B). Evidence and confidence are medium that within ecosystems and phyla, higher
sensitivitiesto OA are associated with low metabolic rates and functional capacities of marine animal species. Data
correlating effects with different degrees of extracellular acidosis would be needed for a comprehensive picture of
CO, effects and of the putative central role of acid-base regulation in various compartments. With medium evidence
and medium confidence, enhanced resistance to OA in marine invertebrates and fishes implies avoiding permanent
CO, induced metabolic depression at tissue and organism levels or other means of sustaining a balanced energy
budget. Comparisons across phyla also suggest with medium evidence as well as medium agreement and confidence
that sensitivity to progressive OA islow and resilience high in more active marine animals with a high capacity to
regulate ion and acid-base status. With high confidence, CO, or hypoxia€licit strategies of passive tolerance but
bring the organism earlier to its limits of functional capacity and thus reduce the capacity to tolerate thermal
extremes (6.2.2.4.3). Phenotypic variability among larvae differs between species and may provide the basis for
differential but rapid evolution of adaptive traits over (Parker et al., 2011, 2012; Sunday et al., 2011). This may also
explain the selective mortality seen in Atlantic cod larvae under elevated CO, (Frommel et al., 2011).

6.2.2.4.4. Mechanisms shaping sensitivities of reef-building corals to climate change

Warm water coral reef ecosystems are biodiverse marine ecosystems housing over one million speciesin less than

1 % of the ocean (Reaka-Kudla, 1997). Reef-building corals form an endosymbiotic relationship with dinoflagellates
from the genus Symbiodinium, which is central to their ability to build the prominent carbonate structures that define
many tropical coastlines. Symbiodinium provides the coral host with abundant energy in the form of organic carbon
from their photosynthetic activities (Pernice et al., 2012; Trench, 1979). In return, Symbiodinium has access to
inorganic nutrients which are otherwise in short supply in the clear waters of tropical oceans (M uscatine and Porter,
1977; Muscatine and D’ €lia, 1978). The physiological advantages inherent in this intimate relationship enabled reef-
building corals to establish the carbonate frameworks of coral reefs which otherwise form habitat for fish and other
organisms (Wilson et al., 2010) and provide coastal protection against the force of ocean waves. These features of

Do Not Cite, Quote, or Distribute 40 11 June 2012



QUOWoWO~NOULEAWNPE

A WNPFPOOOONO O WNPFPOOWNO O WNPFPOOONOUPRRWNPOOO~NOORA,WDNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

coral reefs are important to the food, resources and income of hundreds of millions of people across the tropics
(WGII Box 5.3).

Sudden changes in light, temperature and salinity will trigger the breakdown of the symbiosis between corals and
dinoflagellates, leading to a sudden loss of color as the brown dinoflagellates move out of the tissues of coral
(‘bleaching’). While individual examples of coral bleaching date back well over 100 years (Y onge and Nichols,
1931), reports of mass coral bleaching only appear in the scientific literature from 1979 onwards (Glynn, 1991;
Hoegh-Guldberg, 1999). Mass coral bleaching and mortality events affect thousands of square kilometres of coral
reefs almost simultaneously, coinciding with slightly warmer than average seatemperatures. In rare instances, mass
coral bleaching can also be triggered by anomalously cold conditions (Saxby et al., 2003; Hoegh-Guldberg et al.,
2005). Experimental studies confirmed that small changes in seatemperature (1-3 °C) will cause the disintegration
of the coral-dinoflagellate endosymbiosis (Glynn and D’ croz, 1990; Hoegh-Guldberg and Smith, 1989), due to the
disruption via damage to excitation processing within the light harvesting reaction centres of dinoflagellate
photosynthesis. Thisis probably a consequence of direct damage to CO, fixation and Ribulose Bisphosphate
carboxylase (Rubisco, Jones et al., 1998) and/or direct damage to photosystem Il (PSl1) of the symbionts (Warner,
1999). Asthe ability of process excitation is reduced, the energy from absorbed photonsis transferred to molecular
oxygen producing reactive oxygen species (ROS) such as superoxide. These oxygen radicals denature proteins and
may lead to the disintegration of the symbiosis. The physiological consequences of mass coral bleaching result in
starvation, disease and death across large areas of coral reefs. For example, in the warm conditions of 1997/1998,
many reefs experienced levels of bleaching mortality of up to 95 % of their corals following mass coral bleaching
eventsin some areas, with an estimated 16 % of corals being removed in 1997/98 alone (Wilkinson, 1998). Other
events followed (e.g. Caribbean; Eakin et al., 2010) with devastating consequences for corals and the reef and its
coverage with live corals.

There is a strong relationship between mass coral bleaching and mortality and relatively small increasesin sea
temperature. This has been demonstrated in the laboratory (Glynn and Dcroz, 1990; Hoegh-Guldberg and Smith,
1989) and has been confirmed by extensive field evidence detected by satellites that shows a strong correlation
between sea surface temperature anomalies (+1-2 °C of the long-term summer maximum) and mass coral bleaching
and mortality (Goreau and Hayes, 1994; Strong et al., 1997, 2011). The relationship is strong enough to enable
accurate projections of where and when coral reefswill probably bleach (Strong et al., 1997). The latter is provided
asapublic service by NOAA through its Coral Reef Watch satellite bleaching alert system (Strong et al., 2011). The
relationship between temperature and mass coral bleaching mortality has underpinned projections of how coral reefs
might change as tropical seatemperatures increase. In this case, most projections predict that coral bleaching and
mortality will develop with increasing frequency and severity until they occur on an annual basis by mid to late this
century (Hoegh-Guldberg, 1999; Donner et al., 2005, 2007). There is limited evidence and low agreement that corals
can rapidly adapt to the unprecedented changes in sea temperature (Hoegh-Guldberg et al., 2007, Hoegh-Gul dberg,
2009). The rapid decreases in the abundance of reef-building corals throughout the world (1-2 % per year; Riegl,
2002; Bruno and Selig, 2007; Carpenter et al., 2008) make it hard to argue that corals are adequately adapting to the
rapid changes in ocean temperature.

Some studies have focused on the differences in heat tolerance of different genera of corals (Hoegh-Guldberg and
Salvat, 1995; Loyaet al., 2001), while others have focused on differences between genetic clades of Symbiodinium
(Baker, 2001, 2004; Jones et al., 2008; Ulstrup and Van Oppen, 2003). Thereis limited evidence and low agreement
to support the hypothesis that the entire thermal tolerance of reef-building corals resides solely within their
intracellular symbionts. Evidence that reef-building corals can change their thermal tolerance by swapping their
Symbiodinium for more tolerant varietiesis restricted to a few studies which are complicated by the possibility that
changes involve acclimatization phenomena (Howells et al., 2012). Extensive co-evolution has occurred between
corals and their intracellular symbionts (Bongaerts et al., 2010, Hoegh-Guldberg, 2002; Laleunesse, 2001, 2005;
Sampayo et al., 2008; Stat et al., 2006) which makes the de novo appearance of more thermally tolerant symbioses
and especialy their establishment at large scales extremely questionable. It isimportant to note that the survival of a
coral species on future coral reefsisanecessary but not sufficient condition to conclude that coral reefsin their
entirety and their ecosystem services will persist under rapid anthropogenic climate change. This point has been lost
in many studies that have confused the survival of individual coral species with the persistence of complex coral
dominated reefs (Baker, 2010; Baker et al., 2004; Maynard et al., 2008). Given the broad distribution of corals
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across the planet, it appears conceivable that corals will survive at low levels of abundance but coral reef ecosystems
that provide coastal protection, fisheries habitat and other resources may not be sustainable (Box 30.8.2). Over the
next decades the changing reef will see climate dependent species replacements, according to species specific
sensitivities and a wide heterogeneity of responses (Pandolfi et al., 2011).

Reef-building corals also face physiological challenges from ocean acidification. Most studies on corals have
focused on calcification (6.2.2.1., Kleypas et al., 1999). While there is variability in the response of different coral
genera, there is robust experimental evidence that the calcification rate of coralsis reduced with increasing ocean
acidification (Hoegh-Guldberg et al., 2011; Kleypas and Langdon, 2006; Langdon and Atkinson, 2005; Leclercq et
al., 2002), despite their capacity to maintain higher than ambient pH values at calcification sites (6.2.2.1.). Nutrient
availability to symbionts may improve resistance to decreases in calcification under OA. Together with the
observation that females may sacrifice calcification more than males due to tradeoffs with reproduction (Holcomb et
al., 2010, 2012) and that heterotrophic feeding may support resilience (Edmunds, 2011) this emphasizes the energy
dependence of calcification and associated acid-base regulation. Investigations of coral reefs growing in and around
natural CO, seeps reveals coral communities that have much lower growth, calcification and biodiversity (Fabricius
et al., 2011). In this case, there are significant impacts of high CO, without the accompanying temperature stress, a
situation that is echoed by coral communities growing under naturally high CO, in locations such as the tropical
Eastern Pacific (Manzello et al., 2008). These studies reveal reefs shifting from the net accretion of calcium
carbonate to a net state of erosion, depending on ambient CO, levels. Studies that investigate the impacts of both
high CO, and temperature are rare (Anthony et al., 2008). Dove et al. [to come] studied reef-building coral
communities growing in long-term mesocosm experiments that simulated both the temperature and carbonate
chemistry changes expected under B2 and A1FI AR4 climate scenarios with realistic simulation of diurnal and
seasonal variability patterns. The impact of these conditions led to decalcification of the coral reef community in
summer under both scenarios, principally driven by nocturnal decalcification, and the loss of symbionts and corals
but not of primary productivity then sustained by other photosynthetic organisms (cyanobacteria, algae). These
findings suggest that temperature acted synergistically with the impacts of perturbed sea water chemistry, reducing
calcification but also increasing sensitivity to other impacts such as the loss of symbionts (6.2.2.1., 6.3.6.1.). Itis
also clear that we are at an early stage of understanding the mechanisms of ocean acidification impacts on reef-
building corals. In this respect, corals exposed to elevated CO, and temperature show awide variety of changes to
gene expression involving biochemical pathways associated with the deposition of calcium carbonate and skeleton
formation (Kaniewska et al., 2012).

Conclusions on the potential climate sensitivity of cold water corals build on few available, in some respect
preliminary ecophysiological studies and are therefore fraught with low confidence. Dodds et al. (2007) showed that
Lophelia pertusa responded to a 3°C increase in temperature very sensibly, with athree-fold increase in metabolic
rate. As acclimation has not been investigated, such response implies with high uncertainty, that these are
stenothermal organisms (cf. Portner, 2006) sensitive to future warming. Only three studies provided proof for
resilience of L. pertusa to OA. In short-term ship-board incubations and with pH reductions of between 0.15 and 0.3
units, (Maier et al., 2009) found calcification rates reduced by 30-56 %, especially in young, fast growing polyps.
However, not only was net calcification maintained at water aragonite saturation <1, but acclimation to enhanced
pCO, at pH reductions by 0.1 units led to calcification rates being maintained over six months (Form and Riebesell,
2011). Recent data by McCulloch et al. (2012) are in line with an upregulation of pH and carbonate saturation
values at calcification sites. Such mechanism may provide resilience of cold water corals to ocean acidification via
high ion transport capacity or low leakiness across compartmental borders. More detailed studies are lacking as well
as studies of performance and bio-erosion under the combined effects of ocean warming and acidification.

6.2.2.4.5. Sensitivities of air-breathing marine vertebrates to climate change

Sea turtles are ectothermic organisms, meaning that their physiology, phenology and reproductive biology (e.g. sex
determination and hatching success) are influenced by ambient temperature to similar degrees as in other ectotherms.
However, together with other vertebrate air breathers (mammals, birds) they are more independent from the special
drivers of climate change in the oceans as ocean acidification and hypoxia would have minimal direct influences on
these creatures. Their capacity to dive and forage in hypoxic or hypercapnic areas is not influenced by the degree of
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hypoxia and hypercapnia in the sea water, but rather depends on their capacity to breathhold dive to depth and use
their body oxygen stores as scuba tanks over extended but limited periods of time. In contrast to turtles, birds and
mammal s are endotherms and thereby maintain body (core) temperatures more or less constant. This enables some
of them to cover the widest ambient temperature ranges possible and support some of the largest migration ranges
on earth. Nonetheless, constraints on thermal tolerance and associated distribution limits are imposed by various
degrees of insulation of the body core which allows them (penguins, whales, larger seals) to forage in permanently
cold waters. In light of the framework outlined under 6.2.2.1., their larger independence from physical and chemical
driversin the oceans would make air-breathing vertebrates more resistant to the direct influences of climatic change
than fishes or invertebrates but would still expose them to effects mediated via changes in habitat structure or the
food web, related to changes in food availability (6.3). If habitat structure (e.g. seaice for polar bears or walrusses)
no longer offersretreats or ambush this will enhance the energetic cost of life due to lack of hides or enhanced
foraging costs. If food items are only found in thermally restricted areas or move to large depths this may lead
mammals and birds to be constrained to certain distribution ranges or to reach their physiological dive limits
(Mclntyre et al., 2011).

Sea turtles

While temperature may exert a direct influence on sea turtle populations confounding factors such as population
recoveries as aresult of conservation efforts (Hays et al., 2004; Dutton et al., 2005) and, in the opposite way,
population declines due to illegal poaching, over-exploitation and habitat loss (coastal squeezing and sea level rise;
Mazaris et al., 2009a; Fish et al., 2009) have played an important role in defining the status of seaturtle species
around the world. The expected general pattern isthat, as global warming continues, nest sex ratios may be skewed
towards a predominantly female output, higher egg and hatchling mortality (Fuentes et al., 2009), earlier onset of
nesting, decreasing nesting populations (Chaloupka et al., 2008) and shifts in dietary breadths (Hawkes et al., 2009).
Investigations of the repercussion on the abundance and long-term dynamics of sea turtle populations are currently
developing.

There is evidence, however, that turtles may not be as vulnerable to warming temperatures as first anticipated. Some
nesting beaches have persisted with strong female biases over afew decades or even longer (Broderick et al., 2000;
Godfrey et al., 1999; Hays et al., 2003; Marcovaldi et al., 1997) and there is no evidence to date that alow
production of male hatchlings has resulted in alow reproductive success within populations (Poloczanska et al.,
2009). Moreover, the ability of males to fertilize the eggs of many females and for females to store sperm and
fertilize many clutches may ameliorate the effects of climate change on the viability of sea turtle populations (Hays
et al., 2010).

Poleward distribution shifts consistent with recent warming have been recorded in amost all marine groups,
however, Braun-McNeill et al. (2008) suggest that SST alone does not control the distribution of cheloniid sea
turtles. Instead, the relationship between SST fields and the presence of seaturtles at nesting or foraging areas may
be non-linear and tend to vary by region. In fact, the number of loggerheads (Caretta caretta) captured off the
northeast USA, declined when water temperatures exceeded 21°C (Gardner et al., 2008). The presence or absence of
seaturtlesin agiven region, may be better explained by the temporal unavailability of food resources or strong
thermoclines restricting their bottom foraging abilities (Braun-McNeill et al., 2008).

In general, increases in SST have caused an earlier onset of nesting in loggerheads turtles, e.g. in Florida (Pike et al.,
2006; Weishampel et al., 2004) or the Mediterranean (Mazaris et al., 2008) and interannual variations in nesting
activity are also correlated to environmental variability. Warming SST conditions at foraging grounds may influence
the reproductive phenology of loggerheads in the Mediterranean and the eastern Pacific by lowering food
availability and the abundance of nesting loggerhead turtles (Chaloupka et al., 2008; Mazaris et al., 2009 b). A
decreasing number of nesters during positive SST episodes is also apparent for populations of Pacific green turtles
(Chelonia mydas; Balazs and Chaloupka, 2004), the Pacific |eatherback (Dermochelys coriacea; Sabaet al., 2007)
and the hawkshills (Eretmochelys imbricata) at the Seychelles (Broderick et al., 2001). On decadal time scales,
climate fluctuations in the North Pacific (Pacific Decadal Oscillation) and in the Northwest Atlantic (Atlantic
Multidecadal Oscillation) appear to affect recruitment success, with subsequent effects on nesting abundance of
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loggerheads and nesters populations of hawksbills in the Southern Gulf of Mexico, probably viafood availability
(Van Houtan and Halley, 2011). A considerable reduction in hatching success (by nest flooding) has been observed
for the loggerhead and green turtle in Florida as a consequence of increasing incidence of extreme weather eventsin
nesting areas (Van Houtan and Bass, 2007). Chelonians capable of changing developmental habitats under
unfavorable conditions, like the leatherback turtle (Dermochelys coriacea; Fish and Drews, 2009; Hawkes et al.,
2009) will be less impacted than hawkshill turtles which show high fidelity to nesting and foraging sites (Cuevas et
al., 2008).

Sea birds

Seabird range modifications probably caused by climate change were recorded in polar areas and in the temperate
zone of the North Atlantic (Grémillet and Boulinier, 2009). Northern-temperate species have shifted their breeding
and non-breeding ranges to higher latitudes (Robinson et al., 2005; La Sorte and Jetz, 2010). Range expansion or
popul ation growth are also reported in the Southern hemisphere, (e.g. Dunlop 2001, Bunce et al., 2002) suggesting
that some seabird species are extending their ranges southward, while high-latitude, cool-water species are
extending their breeding seasons (Chambers et al., 2005). Accordingly, warming trends in the Western Antarctic
Peninsula have led to increased numbers and a southward expansion of Chinstrap Penguins (Pygoscelis antarctica)
(Fraser et al., 1992), however, followed by a decline probably due to decreasing food availability (Trivelpiece et al.,
2011). In contrast, for some species adapted to the high polar cold, large increases in air and sea temperatures and
extensive melting of ice shelves have been related to low adult survival, habitat 1oss and the concomitant population
reductions of the Adélie Penguin (Pygoscelis adeliae), Emperor Penguin (Aptenodytes forsteri), Snow (Pagodroma
nivea) and Blue Petrels (Halobaena caerulea; Durant et al., 2004). Trans-hemispheric migratory seabirds such as
the Sooty Shearwater Puffinus griseus, which spend the austral winter off the coast of California, probably shifted
towards the central, equatorial Pacific waters, where increasing SSTs may have enhanced primary productivity and
prey availability (Hyrenbach and Veit, 2003).

As global temperatures rise, many bird species are breeding earlier (Sydeman and Bograd, 2009). Nevertheless,
there is no clear agreement regarding the causality of such relationship (Heath et al., 2009) or whether those changes
solely reflect long-term increases in ocean temperatures, a combination of human-induced climate change and
natural variations or other synergistic, confounding factors like fishing pressure on seabirds' prey species, sea level
rise and pollution (Heath et al., 2009; Galbraith et al., 2005; Votier et al., 2005). For example, laying dates of the
Black-legged kittiwake (Rissa tridactyla) and common guillemot (Uria aalge) have become later over the past two
decades in the North Sea as aresult of positive SST trends, possibly related to prey availability (Visser and Both,
2005). In the Barents and North Sea, most species of seabirds have suffered a higher than usual proportion of years
of breeding failure in the last decade (e.g Atlantic puffins, Fratercula arctica, Black-legged kittiwakes and the
razorbill, Alca torda; Frederiksen et al., 2004; Sandvik et al., 2005), a period characterized by anomalously high
SSTs. The causative links of such relationship are not well understood (Hyrenbach and Veit, 2003; Heath et al .,
2009).

Most of these changes in range shifts and phenology involve trophic relationships. The rationale is that climate
change asymmetrically affects the different developmental habitats and seasonal cycles of both seabirds and food
resources, creating a mismatch in the predator-prey system (Parmesan 2006). For example, as winter temperatures
have increased, the Sanderling and the Ringed Plover began to winter at high quality feeding groundsin the East
Coast of Britain (Robinson et al., 2005). During the 1990s, a reduction in nestling growth rates of the Arctic
Brunnich’s guillemot coincided with a change in its diet composition as the Arctic cod (Boreogadus saida), its main
prey, was progressively replaced by the Capelin (Ammodytes spp.). In turn, this switch was accompanied by a
diminishing summer ice cover (Gaston et al., 2005). Climatic influences on the distribution of Antarctic seabirds are
presumably also mediated through the availability or abundance of prey (Croxall et al., 2002; Trivelpiece et al.,
2011). Foraging performance of wandering albatrosses (Diomedea exulans) was improved by shortened foraging
trips due to a more favorable wind regime between the 70ies and 2008, |eading to higher reproductive success
(Weimerskirch et al., 2012).
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Seabirds with narrow geographic domains and limited phenotypic plasticity are expected to be more susceptible to
environmental perturbations caused by climate change (Chambers et al., 2005; Grémillet and Boulinier, 2009); even
leading to the extirpation of local populations (e.g. in case of the Galdpagos penguin Spheniscus mendiculus, Vargas
et al., 2007; and the marbled murrelet Brachyramphus marmoratus, Becker et al., 2007).

Marine mammals

Range shiftsin marine mammals may also represent indirect effects of climate change on their prey distribution and
abundance, or impacts on specific habitats. Colder water (prey) species will shift towards the poles followed by their
mammalian predators (Simmonds and | saac, 2007) and warmer water prey species will expand or shift their ranges.
There is evidence suggesting that expected patterns may already be occurring (e.g. in case of the Pacific White-sided
dolphin, Lagenorhynchus obliquidens, which decreased in abundance at its southern distribution limit (Gulf of
Cadlifornia) and increased on the West coast of Canada, however, without an evident range shift of its food resources
(Salvadeo et al., 2010). MacL eod et al., (2005) suggested that warming of local waters led to changesin the
cetacean community of Northwest Scotland, with arange contraction and decline in occurrence of cold water
species (White-beaked dolphin, Lagenorhynchus albirostris; Long-finned pilot whale, Globicephala melas;
Northern bottlenose whale, Hyperoodon ampullatus) and range expansions of species restricted to warm waters
(Commom dolphin, Delphinus delphis; Striped dolphin, Stenella coeruleoalba). Over the last decade, there also has
been aredistribution of Harbour porpoises (Phocoena phocoena) in the North Sea with noticeable increasesin
density in the southern region.

A northward shift in the distribution of different whale species as indicated by shifted sightingsin the California
Current system (CCS), is suggested for sperm whale (Physeter macrocephalus), the Gray whale (Eschrictius
robustus) and its use of northern-more breeding lagoons, and the Fin whale (Balaenoptera physalus) ranging around
the Aleutian Islands, where the species has not been seen since the 1970s (Springer et a., 1999; Calambokidis et al.,
2009; Moore and Barlow, 2011).

Asin birds, vulnerability is high for those marine mammals with narrow geographic ranges and high habitat
dependence. Illustrative examples are that of the critically endangered vaquita (Phocoena sinus) endemic to the
Northern Gulf of California, which cannot move north because there is aland barrier or those of the polar bear
(Ursus maritimus; Laidre et al., 2008, Rode et al., 2010) and the walrus (Odobenus rosmarus) that depend on seaice
as aplatform for hunting, resting and giving birth. Negative effects of ice loss on polar bears have been documented
for a couple of populations in the Baffin Bay and Davis Strait (Rode et al., 2012). Potential effects of Arctic
warming on marine mammals have been discussed in terms of decreased areal ice cover, but the most immediate
effects may result from changes in the distribution of ice and snow. For instance, earlier snowmelts may prematurely
destroy subnivean lairs of Ringed seal (Phoca hispida) pups subjecting them to adverse weather and increased
predation. Decreasing seaice cover in summer may decrease the Pacific walruses access to food and increase their
exposure to polar bear predation (Kelly, 2001). Narwhales (Monodon monoceros) are strictly polar specialists and
have suffered major mortality events (Simmonds and | saac 2007) attributable to a strong and increasing trend in
winter seaice concentrations along Baffin Bay and Davis Straight during the 1979-1996 period, causing the closure
of leads and cracks in the ice that narwhales use to breath. Such trends in ice formation and the decline in narwhale
abundance are also inferred as regional impacts of climate change (Laidre and Heide-Jargensen, 2005). In contrast,
sasonal migrants and some ice-associated species in the Arctic (Fin whale; Minke whale, Balaenoptera
acutorostrata; Humpback whale, Balaenoptera novaeangliae; Gray whale; Killer whale, Orcinus orca and Bowhead
whale, Balaena mysticetus) may benefit from the net loss of seaice, due to better access to a pelagic-dominated
ecosystem (Moore and Huntington, 2008).

Similarly to what is observed in seabirds, the effects of climate change on geographic distribution, phenology and
migration timing of marine mammals are frequently coupled with aterations in the predator-prey dynamics. During
the past two decades, the northward expansion of sperm whales along the Bgja California Peninsula and Gulf of
Cdlifornia coincided with the range shift of adominant prey item of this species, the jumbo squid (Dosidicus gigas).
The range shifts observed in Fin whales and the reestablishment of the Blue whal€' s (Balaenoptera musculus)
migration circuit to pre-whaling conditions, have been explained in part to changesin prey availability driven by
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oceanographic (cold) regime shifts (Calambokidis et al., 2009; Salvadeo et al., 2011). For polar bears, access to prey
such as ringed seals have been disrupted by earlier breakup and later formation of seaice in some areas of the
eastern Canadian Arctic. Lusseau et al., (2004) found that the group size of common Orcasin this same region and
bottlenose dolphins (Tusiops truncatus) in Scotland, varied in relation to large scale decadal ocean climate variation,
perhaps as an adaptation to a changing prey composition. Antarctic seals may benefit from the melting of seaice and
the influx of glacial melt water stabilizing the upper water column. The coastal surface water becomes fresher and
warmer, encouraging primary and secondary production nearshore (Sun et al., 2004). These authors proposed that
during cold periods sea-ice extent would increase, providing fewer areas of open water for predators to feed.

Conclusions

Recent analyses of long-term data sets indicate with robust evidence and high confidence that some species of
seabirds, marine mammals and sea turtles are already responding to the anomalous ocean climate of the 20th century,
(Hughes, 2000). However, generalizations are still difficult to establish because in some instances there is, at best,
limited and contrasting evidence or low agreement concerning the causal effects of climate change on the life history
and population dynamics of marine tetrapods (Chambers et al., 2009; Robinson et al., 2005). In other cases the
available information indicates consistent trends over time and space and has high confidence with respect to

impacts of climate change (Barbraud and Weimerskirch, 2006; Visser and Both, 2005, Trivelpiece et al., 2011).
Overall, evidence and confidence levels for direct, univocal attribution to climate driversin general are low.
Conversely, confidence is high that effects are mostly mediated through climate dependent changes in habitat
structure and food availability, especially in mammals and birds.

6.2.2.5. Conclusions

A comprehensive understanding of mechanisms responding to climate related environmental factors at ecosystem,
whole organism, tissue, cell and molecular levels of biological organization provides a solid foundation for reliable
interpretation and attribution of climate change effects on ocean biology. The genetic and physiological
underpinning of climate sensitivity of organisms sets the boundaries for ecosystem response and provides crucial
information on sensitivities, resilience and the direction and scope of future change. Some of the respective
understanding is emerging but is fragmentary for many organism groups. Experimental observations therefore are
largely empirical and cannot easily be scaled up to projecting species-specific responses. With medium confidence
some species will be tolerant to OA, however, their capacity to acclimatize remains unidentified and the
mechanisms setting limits to acclimation or adaptation capacity are presently unknown, not only for OA but also for
temperature and hypoxia

For animals there is high confidence that the species-specific capacity for performance and associated energy
turnover shape sensitivity to environmental change. Excess food availability and sustained feeding capacity allow
exploiting the full scope for performance. Sensitivity is highest at the highest complexity levels, organism and
ecosystem. Polar ectotherms are confined to their cold-water environments and are the organisms most sensitive to
warming, with no room to escape to cooler waters. Ecosystemsin polar areas, especially in Antarctica are thus prone
to lose some of their endemic species due to strong warming trends that impact highly specialized cold-stenothermal
endemic fauna, with no possibility for that faunato escape to colder regions. Although confidence in such
projections is high when building on mechanism-based knowledge, formal loss of an Antarctic species has not been
recorded. Some tropical species such as corals and ecosystems such as coral reefs also live close to their upper
thermal limits and respond sensitively to thermal extremes and synergistic stressors like OA (6.3.2., 6.3.4.).

Climate change not only involves the concomitant change of various stressors, but also their synergistic or
antagonistic effects (6.3.6.). In animals these integrated effects can be assessed through the OCLTT concept (Figure
6-7) while such theoretical framework to assess impacts of environmental driversis not yet available for other
organisms. The effects of various biotic and abiotic stressors on temperature dependent energy allocation and
performance co-define the dynamic limits of the thermal niche of a species (Portner et al., 2010) and, in
consequence, its biogeographical range (cf. Neuheimer et al., 2011). thermal challenges at the borders of the thermal
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envelope cause local abundance losses, extinction and shifts in temperature dependent distribution ranges (high
confidence). These trends are exacerbated by the growing influence of OA and hypoxia, leading to mechanism based
projections of faster range contractions than with warming alone (medium confidence). The synergistic effects of
stressors at organism level cause relative changes in the performance of interacting species and lead to shiftsin
species interactions and food webs (limited evidence, low confidence).

6.3. From Understanding Biological Field Observationsto Projections

This section will analyse how the various physical and chemical forcesidentified (6.1.1.) shape biological responses,
largely in the field, considering the insight gained from studying the effective mechanisms (6.2.2.). Extrapolations
from mechanistic knowledge and empirical observations support qualitative projections of future change. Modeling
approaches and the resulting global projections are discussed under 6.5.

6.3.1.  Contrasting Observations and Projections on Primary Production

Continued economic use of the ocean under climatic change depends on the maintenance of primary productivity
and the transfer of this energy to higher trophic levels of the foodweb. There is supporting observational
confirmation (high agreement, medium evidence) for a significant alteration of NPP when the environmental
controls are altered due to natural perturbations, e.g. volcanic eruptions and enhanced iron supply in High Nitrate
Low chlorophyll waters of the NE Pacific (Hamme et al., 2010). Similarly, climate variability can drive pronounced
changes in primary productivity, with medium evidence and medium confidence (Chavez et al., 2011), such as
during the EI Nifio to La Nifiatransition in Equatorial Pacific, when enhanced nutrient and trace element supply are
observed (Chavez et al., 1999).

By the analysis of Behrenfeld et al. (2006) using SeaWiFs satellite data, there has been a prolonged and sustained
NPP decrease of 190 Tg C per year since 1999 - an annual reduction of approximately 0.4 % of total global NPP.
These changes are traceable to the expansion of permanently stratified, tropical regions (WGII, Ch. 3) and are
therefore climate sensitive. Increased frequency of or transition to permanent El Nifio favorable conditionsin a
warmer future world (Wara et al., 2005) and further expansion of the subtropical ocean gyres (Polovinaet al., 2008),
are predicted to lead to lower global ocean NPP. Other more recent regional studies, based on aregionally validated
NPP algorithm in tandem with remotely sensed archives of ocean color, point to increased NPP in the Arctic Ocean
(Arrigo and van Dijken, 2011). There have also been reports of altered NPP, based on analysis of trends from >
decade-long time-series of directly measured ocean productivity (i.e. in situ incubations using the radiotracer **C-
bicarbonate) for two low latitude open ocean sites (Saba et al., 2010). In contrast to the trends reported for the low
latitude ocean by Behrenfeld et al. (2006), Sabaet al.’s analysis revealed an increase (2 % yr™) in NPP over the
period 1988 to 2007.

The analysis of Saba et al. (2010), for trends at the long-established open ocean time-series sites in the Subtropical
North Pacific Gyre (HOT, Hawaii Ocean Time-series, 22°45'N, 158°W) and Subtropical NW Atlantic Gyre (BATS,
Bermuda Atlantic Time Series, 31°40' N, 64°10'W), linked trends of increased NPP at each of these sitesto a
climate variability signature (North Pacific Gyre Oscillation). Similar temporal trends in NPP have recently been
reported at near-shore time series sites such as Monterey Bay (California) and La Corufiain NW Spain (Figure 6-10).
The opposite trends for rates of NPP in recent decades in the low latitude ocean reported by Behrenfeld et al. (2006)
and Saba et al. (2010) may be due to either methodological issues (i.e. means of validation of satellite-derived
chlorophyll concentrations, 6.2.2.2.) and/or the extent to which discrete sites are broadly representative of the
surrounding oceanic provinces, respectively (Saba et al., 2010).

[INSERT FIGURE 6-10 HERE

Figure 6-10: Time-series of water column integrated primary production (PP) anomalies for time-series sites:
Northwestern Spain, La Corufia (43° 25.2 N, 8° 26.4 E); HOT (22° 45 N, 158°W); BATS (31° 50 N, 64° 10 W);
Monterey Bay, Central California Current (37°N, 122°W); Cariaco Basin, Venezuela (10°30 N, 64°40 W)
reproduced from Chavez et al. (2011). Integrated PP and Chl anomalies were calculated by integrating over the
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water column, then interpolating, smoothing and differencing. For PP, the 1992-1993 and 1997-1998 EI Nifio
signals are less apparent, except perhaps at La Corufia and Monterey Bay, but all the sites except Cariaco seem to
show positive (pink) PP anomalies after 2000.]

The oceans provide half of global NPP annually (Field et al., 1998) and thus much attention has focussed on
whether climate change will alter global NPP and whether there is evidence for alteration of rates of NPP. Research
into thistopic has relied heavily upon the application of satellite-derived estimates of chlorophyll in conjunction
with agorithmsto convert chlorophyll to NPP. The reported trends for much of the low latitude ocean using this
method differ considerably from those few sites at which sufficiently long time-series of more robust direct
estimates of NPP have been obtained. There is medium confidence based on limited evidence from these relatively
few offshore time series sites that there has been a small but significant increase in NPP over the last two decades,
but this increase may be linked more closely to shiftsin climate variability than to climate change. At high latitudes,
there is medium confidence based on limited evidence from satellite images that an increase in the number of sea-ice
free daysisresulting in higher rates of NPP.

6.3.2. Temperature-Mediated System Changes

Temperature effects on ecosystems are built on organismal responses, direct or indirect via competing species or the
foodweb (6.2.2.1.) or via additional changes in the physical environment, for example through changing degrees of
stratification. Species responses to temperature depend on location, the respective climate regime and, potentially,
local adaptation (6.2.2.1.). The diverse degrees of species shifts at the same location in the marine realm emphasize
that thermal window widths and associated thermal sensitivities are species specific (Perry et al., 2005), in line with
their differentiation according to mode of life, phylogeny and associated metabolic capacities (6.2.2.1.).

6.3.2.1. Species Abundance, Biogeography and Diversity
6.3.2.1.1. Pelagic examples

L ong-term observations (6.1.3.) encompassing the whole pelagic North East Atlantic over a 50 year period show
changes in the seasonal abundance of phytoplankton and rapid northerly movements of temperate and subtropical
species of zooplankton (e.g. calanoid copepods) and phytoplankton (e.g. dinoflagellates and diatoms) and changesin
the ecosystem functioning and productivity (Edwards et al., 2001; Beaugrand et al., 2002; Edwards and Richardson,
2004). Warm water copepods expanded their range by 10° North since 1960 (Beaugrand et al., 2009), with attendant
diachrony in phenology and mismatch between trophic levels and functional groups (Edwards and Richardson,
2004). Fluctuations in climate indices like the Northern Hemisphere Temperature (NHT) and the North Atlantic
Oscillation (NAO) over multidecadal periods accompanied these changes. In cooler regions increased phytoplankton
activity caused by the warming trend probably favored growth and the observed increase in phytoplankton biomass,
whereas a decrease in nutrient supply would have prevented growth in warmer regions and caused a decrease in
biomass (6.2.2.2.; Richardson and Schoeman, 2004). Hinder et al. (2012) attributed a recent declinein
dinoflagellates in relation to diatoms to warming, increased summer windiness and thus, turbulence.

Observations by the European Large Marine Ecosystems study report the northward movement of species and the
conversion of polar into more temperate and temperate into more subtropical system characteristics (Philippart et al.,
2011). Effects are attributed to climate change but may be influenced by nutrient enrichment and overfishing. Due to
the lack of geographical barriers and to advective processes, the mean poleward movement of plankton reached up
to 200-250 km per decade between 1958-2005 (Beaugrand et al., 2009; Figure 6-11), with a parallel retreat of
colder water plankton to the north (Beaugrand et al., 2002; Bonnet et al., 2005; Lindley and Daykin, 2005;
Richardson et al., 2006). For comparison, terrestrial shifts occur by 6 km per decade according to meta-analyses of
individual species responses (Parmesan and Y ohe, 2003) to 16.9 km per decade shift in northern range boundaries
according to a meta-analysis using means across taxa groups, but with a high diversity of range shifts among species
(Chen et al., 2011). Altitudinal shiftsin terrestrial environments resemble shiftsto cooler depths in marine
environments (Burrows et al., 2011).
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Any displacement of zooplankton in response to temperature anomalies is not uniform across oceanic regions or
taxa (Johns et al., 2001; Johns et al., 2003; Mackas and Beaugrand, 2010; McGinty et al., 2011). For example,
between 1960 and 2000 the northwest Atlantic saw an increase in the abundance of a number of arctic boreal
plankton species, notably copepods like Calanus hyperboreus (Krgyer), Calanus glacialis (Jaschnov) and the
dinoflagelate Ceratium arcticum, and a southerly shift of the copepod C. hyperboreus (Johns et al., 2001), linked to
the strengthening of the colder Labrador Current as far south as Georges Bank.

[INSERT FIGURE 6-11 HERE

Figure 6-11: A. Long-term changes in the ecosystem state based on 5 biological parameters (phytoplankton color
index, mean size of calanoids, mean calanoid diversity, an index of change in plankton composition and cod
recruitment). B. Long-term changes in the multiscale temporal variance of the ecosystem state (in red). High values
indicate pronounced year-to-year changes in the ecosystem state. The light gray band shows the unstable period
(1980-1989). C-D. Observed mean annual sea surface temperature in the North Sea during 1960-1981 (C) and 1988-
2005 (D). The location of the critical thermal boundary (9-10°C) isindicated by ‘+'. E. Long-term changes in the
mean number of warm-temperate pseudo-oceanic species from 1958 to 2005. F. Long-term changes in the mean
number of temperate pseudo-oceanic species from 1958 to 2005. The period 1958-1981 was a period of relative
stability and the period 1982-1999 was a period of rapid northward shifts, indicating that the abrupt ecosystem shift
observed in the North Seawas part of alarge-scale response of the zooplankton biodiversity to warming
temperatures (see A-D). Average values are below 1 because they are annual averages. Note that the color bar is 10-
fold smaller for warm-temperate pseudo-oceanic species because these species are less frequently observed than
their temperate counterparts. From Beaugrand et al. (2008) and Beaugrand et al. (2009).]

Warming in the North Atlantic, between temperate and polar latitudes, was paralleled by a reduction in the average
body lengths of about 100 copepod species, from 3-4 mm to 2-3 mm. The changes support expectations according to
temperature related trends in body size (6.2.2.4). Warming also led to an increase in species richness among
copepods and in the dinoflagellate genus Ceratium (Beaugrand et al., 2010). Warming and decreasing annual
variability in SST was associated with lower diversity, smaller size and reduced abundance of diatoms (Beaugrand
et al., 2010), which are major contributors to carbon export (Armbrust, 2009). There islow confidence that outbreak
frequencies of jellyfish aggregations are following therising SST (Mills, 2001; Purcell, 2005; Purcell and Decker,
2005).

The ecosystem shift observed in North Sea plankton in the late 1980s involved an increase in phytoplankton and
changes in the species composition and abundance among hol ozooplankton (animals that are planktonic for their
entire lifecycle). Increases in the frequency of jellyfish in the plankton and of decapods and detritivoresin the
benthos were paralleled by an increase in the abundance of decapod and echinoderm larvae, but a decrease in
bivalve larvae (Reid et al., 2001; Kirby and Beaugrand, 2009; Kirby et al., 2009; Lindley et al., 2010). This North
Sea regime shift (aregime shift isarelatively sudden change between contrasting persistent states of a system; de
Young et al., 2008) was paralleled by an increase in variance which was related to the northward propagation of a
Critical Thermal Boundary (CTB) found at 9-10°C beyond which such ecosystem shifts set in (Beaugrand et al .,
2008). The CTB reflects the boundary region between the temperate and the polar biome. Passing the CTB led to
pronounced variance in phytoplankton measured from SeaWIFS, an increase in calanoid copepod diversity
(Beaugrand et al., 2008) and herring abundance (Schliter et al., 2008), a reduction in the mean size of calanoids and
adecrease in the abundance of Atlantic cod (Gadus morhua) at large scales of the North Atlantic Ocean (Beaugrand
et al., 2010). These patterns also extend to the Southern North Sea with some modifications. They were associated
with elevated salinities and average warming by 1.6°C to higher temperatures both in summer and winter between
1962 and 2007, expanding the time window for growth of microalgae and possibly causing the significant increase
observed in the numbers of large diatoms (Wiltshire et al., 2010).

These studies also revealed that marine ecosystems of the North Atlantic are not equally sensitive to climate
warming. Regions of high vulnerability exist as areas where mild warming can trigger rapid and substantial
ecosystem shifts. These findings offer away to anticipate future shiftsin the North Atlantic sector. Recent findings
indicate another occurrence of aregime shift in the Bay of Biscay, the Celtic and the North Seas in the mid to the
end 1990s (Luczak et al., 2011). A shift in plankton composition and in the abundance of both sardine and
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anchovies and of the Balearic shearwater (Puffinus mauretanicus, an endangered seabird) paralleled a stepwise
warming in the mid 1990s. A further shift discovered at the end of the 1990s in the North Sea (Beaugrand et al.,
revised) impacted about 40% of the phytoplankton and zooplankton species and thus had the same magnitude as the
North Searegime shift in the 1980s.

Both benthic and pelagic fish species also display latitudinal movements, in parallel to the large-scale
biogeographical shifts observed in the phyto- and zooplankton of the North East Atlantic (Quero et al., 1998;
Brander et al., 2003; Perry et al., 2005). Similar to plankton, northward range extensions or redistributionsin fishes
were largest along the European Continental shelf and attributed to regional warming, e.g. by 1.05°C during the
timeframe from 1977 to 2001 in the North Sea, with winter warming being effective for Atlantic cod (Perry et al.,
2005, 6.2.2.). In the Northwest Arctic winter and spring warming were effective for Atlantic salmon (Friedland and
Todd, 2012). Further examples include pelagic sardines and anchovies extending into the North Seain the early to
mid 1990s, in response to intensified NAO and AMO, after about 40 years of absence (Alheit et al., 2012). Red
mullet and bass extend to western Norway, and M editerranean and north-west African species extend to the south
coast of Portugal (Brander et al., 2003; Beare et al., 2004; Genner et al., 2004). Warming also caused shifts of North
Sea cold water fish assemblages to larger depths of occurrence between 1980 and 2004 (Dulvy et al., 2008). Again,
the cooling and freshening of the north-west Atlantic has had the opposite effect, with capelin and their predator,
Atlantic cod shifting further south, beginning in the late 1980ies (Rose and O'Driscoll, 2002).

Further examples exist in other ocean regions. In the northeast Pacific there has also been a general increase in the
freguency of southern species moving northward with El Nifio associated warming events in the late 50ies, early
80ies and late 90ies and, with a general interdecadal climatic regime shift in the California Current beginning in the
late 70ies (McGowan et al., 1998). Migratory sockeye salmon Oncorhynchus nerka and other salmonids entering
freshwater streams for spawning may not suffer from awarmer ocean but rather from excessive warming of the
rivers (Eliason et al., 2011). Northward range extensions of pelagic fish species related to warming have been
reported for the Northern Bering Searegion in 2002 to 2004 (Grebmeier et al., 2006, WGII, Ch. 28). Blooms of
coccolithophores (E. huxleyi) were observed for the first time in the Bering Sea during the period 1997-2000,
probably in response to a 4°C warming cue, combined with shallowing mixed layer depths, higher PAR and low
zooplankton grazing (Merico et al., 2004). A southward movement of was also detected for coccolithophoresin the
Southern Ocean in the 2000s (Cubillos et al., 2007).

In the Southwest Atlantic sector and the Bellingshausen Sea a historical analysis of the distribution of Antarctic
macrozoopl ankton between 1925 and 1951 also demonstrated the key role of temperature and differential thermal
windows in setting distribution ranges. Food (chlorophyll @) availability codefined the distribution of krill
(Euphausia superba). A further 1°C warming was projected to cause subpolar species expanding into high latitudes
and Antarctic species retreating to constricted ranges (Mackey et al., 2012).

6.3.2.1.2. Responses of ocean benthos

Limited information is avail able on the response of ocean benthos to climate change. Overall, the consequences of
global warming at the level of benthic communities are complex but recent evidence indicates, with high confidence,
the rel atedness to the mechanistic basis outlined in Figure 6-7. Responses of intertidal organisms to warming are
shaped by exposures to temperature extremes and will be dealt with by WGII, Ch. 5. The distribution of sublittoral
benthos appears to respond more slowly to warming than that of plankton, fish and intertidal organisms, but
immigration and proliferation of species from warmer waters has been observed in selected areas like the British
channel (Hinz et al., 2011) or the North Sea coastal area (Reise and van Beusekom, 2008). NAO-driven variability
in growth rate has been documented for the Atlantic quahog, Arctica islandica from Iceland (Schone et al., 2005),
the coralline alga Clathromor phum compactum off Newfoundland (Halfar et al., 2011) and the bivalve
Clinocardium ciliatum in the Barents Sea (combined NAO and ACRI; Carroll et al., 2011). A role for temperature
has yet to be unequivocally demonstrated. A benthic fish species, the eelpout (Zoarces viviparus) at its southern
distribution limit, the German Wadden Sea, displayed abundance losses during warming periods and rising summer
extreme temperatures, with early disappearance of the largest individuals (6.2.2.1., Pértner and Knust, 2007).
Benthic invasion of warm water species included the Pacific oyster (Crassostrea gigas) (Wiltshire et al., 2010).
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Some changes as in the Southern North Sea are also attributed to a reduced frequency of storm events or cold
temperatures in winter, conversely, an increase in species numbers between 1980 and 2005 may be due to rising
SSTs (Junker et al., 2012).

Studies of tropical coral reefs document large scale bleaching (6.2.2.4.4.), growth reductions and decreased
calcification in Porites and other corals over the last two decades, a change unprecedented in the last centuries
(Lough, 2008; De'ath et al., 2009). These changes have been attributed to both temperature and carbonate saturation
state (Cooper et al., 2008), although evidence is more robust for an attribution of present changes to the warming
trend (WGII, Ch. 5, Crosschapter coral box). Waming also comes with poleward shiftsin coral distribution (Precht
and Aronson, 2004; Yamano et al., 2011).-A large scale survey found diverse coral reef types along a climatic
gradient, but no consistent latitudinal response to climatic drivers (Hughes et al., 2012). These findings indicate
various environmental influences and limited specialization of reef ecosystem structure on the prevailing climate
regimes, but also possibilities for various pathways of change in species composition in response to a future climate.
Temperature also shapes the geographic distribution of macroalgae (van den Hoek, 1982). A strong poleward shift
of the kelp Laminaria hyperborea is evident along European coasts (Mller et al., 2009, 2011) and also in algal
shifts along both sides of the Australia continent (Wernberg et al., 2011). Similar shifts are documented e.g. in Japan
(Kirihara et al., 2006) and are expected in the cold temperate region off South America. Latitudinal distribution of
Antarctic algae may remain mostly unchanged until the end of this century because expected temperatures (2080—
2099 mean SSTs) according to Scenario B1 (SRESA 1B) emission scenario remain within the thermal range
identified for selected species, however, this conclusion is fraught with low confidence due to limited data (M iller et
al., 2011). Modeling results suggest that North Atlantic polar to cold temperate species will extend their distribution
into the High Arctic and retreat along the north-eastern Atlantic coastline (6.5.). The giant kelp Macrocystis pyrifera
off the eastern north Pacific has shown changes in both distribution and abundance during major El Nifio events
(Tegner and Dayton, 1987; Tegner et al., 1996), with particularly strong consequences and widespread mortality at
its southernmost distribution limit off Baja California (Ladah et al., 1999; Valdez et al., 2003).

Similarly, new diseases typically have emerged through temperature-related range shifts of known pathogens
(Harvell et al., 1999). For example, pathogens detrimental to oysters have spread from the mid-Atlantic statesinto
New England (Harvell et al., 1999). Compared to terrestrial systems, marine epidemics can spread at two to ten
times faster rates (McCallum et al., 2003).

6.3.2.2. Community Reponses — Species Phenologies and I nteractions
6.3.2.2.1. Pelagic examples

Since the 1600s, high catches of the Japanese sardine (Sardinops melanostictus) have occurred in association with a
southeasterly shift and intensification of the Aleutian Low and a positive mode of the PDO (Y asuda et al., 1999).
The climate-induced regime shift from sardines (Sardinops melanostictus) to competing anchovies (Engraulis
japonicus) occuring during the 1990s in the Japanese Seaiis clearly attributable, with high confidence, to
temperature change. With food preferences of the competing species being similar (Li et al., 1992), the differential
thermal response for anchovies and sardines (Takasuka et al., 2007; Takasuka et al., 2008, 6.2.2.1., 6.2.2.4.) may
shape their competition, indicating with medium evidence and agreement, and medium confidence that warming
directly favors the anchovies and harms the sardines. In the Southern ocean, the 50% loss in krill abundance
between 1926 and 2003 (Atkinson et al., 2004) came with an increase in salp biomass. If warming reduces the
extent and duration of sea-ice cover, survival of larval krill and adult recruitment are impaired (Hays et al., 2005).
Both warming and the decreasing spatial extension of krill habitat benefits the salp (Pakhomov, 2004) and may also
govern the on-going reductions in Adelie and chinstrap penguin populations viareductions in prey availability
(Trivelpiece et al., 2011).

Direct effects of warming on both, the Atlantic cod and the putative copepod prey species of juvenile cod are

involved in climate effects on Atlantic cod (Gadus morhua) populations in the Eastern North Atlantic. The regime
shift in the North Sea, from the larger copepod Calanus finmar chicus to ones forming lower biomass including C.
helgolandicus represent an unfavorable shift to less energy dense food particles for juvenile cod (Beaugrand et al.,
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2003). This shift was thereafter shown to be largely caused by temperature (Helaouét and Beaugrand, 2007).
Statistical analysis of atime series for four commercial fish species and their zooplankton prey in the Norwegian
and Barents Seas also showed with high confidence that climate shapes population growth rates through a
complexity of influences early in life, including direct temperature effects on growth, further effects through prey
and delayed feedback effects through predators (Stige et al., 2010).

In astudy of temperature effects on five trophic levels, primary producers (microalgae), primary, secondary and
tertiary consumers (zooplankton, fish and jellyfish) and benthic detritivores (echinoderms and bivalves) species
interactions were modified through trophic amplification due to differential species responses to temperature (Kirby
and Beaugrand, 2009). There is high confidence that the responses of various plankton functional groups, diatoms,
dinoflagellates or copepods to warming are not synchronous, resulting in predator — prey mismatches that carry over
to higher trophic levels (Edwards and Richardson, 2004; Costello et al., 2006; 6.3.6.).

6.3.2.2.2. Ocean benthos

According to results by Schiel et al. (2004) significant community-wide changes in abundance and composition
among 150 intertidal and subtidal algae and invertebrates resulted from direct effects of temperature on key taxa as
well asindirect effects through ecological interactions after long-term warming by 3.5 °C from 1985 to 1995 at a
power station in temperate California. In the Californian intertidal after warming by 0.79-1.26 °C within 60 years
(1931-1933 vs. 1993 -1996) southern species increased and northern decreased in abundance, in line with range-
related community shifts (Sagarin et al., 1999). Another study focused on various intertidal sites along awest to east
cline of Vancouver island and Olympic Peninsula (WA) which are thermally impacted to different degrees.
Observations along this cline together with a comparison of two sampling periodsin 1957/58 and 2007/8 showed
that the response to temperature leads to shiftsin vertical zonation and even to local extinctions. The relative ranges
of predator (sea stars) and prey (mussels and barnacles) change in response to climatic differences reflecting and
leading to associated changes in interactions and modifications in predator pressure (Harley, 2011). Changesin
competitiveness are also involved in the following examples: In cold-temperate to polar transition areas — assuming
amoderate global warming scenario B1 (SRESA1B) with temperature shifts between -1.5 and 4°C depending on the
region and the season - foliose and leathery perennial algae will probably be replaced by turf species (Mller et al.,
2011), which inhibit a reestablishment of canopy forming macroalgae (Airoldi, 1998). In tropical seas, turf algae can
rapidly colonize thermally damaged corals (Fricke et al., 2011), depending on the extent to which coralline red algae,
which are the most important substrate for coral recruitment, suffer from ocean acidification (Hoegh-Guldberg et al.,
2007). Long-term observations and experimental research have identified, with high confidence and building on
robust evidence, shallow-water reef-building corals and their ecosystems at low latitudes as one of the marine
ecosystems most sensitive to climate change and experiencing large scale mortalities due to bleaching (Veron et al.,
2009). With high confidence the deterioration of coral reef ecosystems and associated reduction in coral cover due to
bleaching has already started and the risk of it continuing unabated is especially high. Recovery may take thousands,
if not millions of years (Veron 2008). In general, such shifts may with medium evidence and medium confidence
originate from species-specific climatic niches and associated changes in species interactions in space and time
(competitiveness, predation), which then accelerate and drive species distributions, abundances and species richness
(6.2.2.1.,6.2.2.4., cf. Figure 6-7).

6.3.2.3. Conclusions

Overall, thereis very high confidence that temperature has a key role in directly affecting marine organisms and
their biogeography as well as community structure in the context of climate change, as has been elaborated in key
examples from pelagic and benthic systems. With very high confidence and building on robust evidence, shallow-
water reef-building corals and their ecosystems at low latitudes are among the marine ecosystems most affected by
climate change and especially associated warming. However, in many cases other factors change concomitantly,
such that quantification of the fraction of ecosystem change attributable to temperature has not always been possible.
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6.3.3. Effects of Hypoxic Events and Expansion of Oxygen Minimum Zones

Hypoxic or anoxic conditionsin both water and sediments strongly impact marine biota (6.2.2.). Depth levels
corresponding to oxygen concentrations of about 9 pumoles kg (~0.2 ml L™) form an interface where vertically
migrating organisms concentrate in abundances that may be higher than in the upper productive layers of the ocean.
These high concentrations of meso- and macroplankton play an important role in trophic relations in mesopelagic
ecosystems. These areas are unique foraging grounds for mesopelagic planktivorous fauna, especially myctophids
(lanternfish), which are expected to become more important for fishery in the future (Pierre et al., 2005; Kadilnikov
and Myskov, 2007). Exacerbated oxygen deficiency in expanding OMZs will shift pelagic communities from
diverse midwater assemblages to diel migrant biota that return to oxygenated surface waters at night (Seibel, 2011).
A mgjor effect of expanding OMZs is the compression of habitat for intolerant taxa relying on high oxygen
concentrations such as billfishes and other pelagic fishes with a high oxygen demand (Prince and Goodyear, 2006;
Prince et al., 2011, Strammaet al., 2012, cf. 6.2.2.), lobsters and crabs (Chan et al., 2008) and groundfishes
(McClatchie et al., 2010). Affected species may experience enhanced capture by fisheries (Prince and Goodyear,
2006; Prince et al., 2010) or may abandon the area, otherwise mass mortality may occur. Expanding OMZs and
coastal hypoxiamay support range expansions or population growth in hypoxia-tolerant taxa such as anaerobic
bacteria, gelatinous zooplankton (medusae, ctenophores) and selected fishes (gobies, hake), or possibly of selected
cephal opods like the Humboldt squid along the East-Pacific coast although the drivers for the expansion of the squid
have not yet been clearly identified (Gilly et al., 2006; Zeidberg and Robinson, 2007; Bazzino et al., 2010). A lower
overall level of biodiversity is expected (Levin, 2003; Levin et al., 2009; Ekau et al., 2010; Gooday et al., 2010).

Upwelling events associated with exposures to hypoxic or corrosive deep water can be accompanied (high
confidence) by strong ecosystem responses, such as a reduction in biomass of fish and invertebrate fauna (Keller et
al., 2010), near complete mortality of benthic invertebrates and increases in sulphide-oxidizing bacterial mats (Chan
et al., 2008). These events have also been blamed for the sporadic massive mortalities of highly valuable fish
resources (i.e. abalone) occurring on the west coast of the Baja California Peninsula during the last 5 years. Shiftsin
upwelling activity with climate change coincide with the apparent increase in the frequency of massive submarine
gas eruptions of methane (CH,) and hydrogen sulphide gas (H,S) off southwestern Africa (Weeks et al., 2002).
These eruptions have been attributed to the enhanced formation and sinking of phytoplankton biomass and the
accumulation of non-oxidized organic matter on the hypoxic to anoxic seafloor (Bakun et al., 2010). They have
been blamed for extensive mortalities of coastal fish and invertebrates (Bakun and Weeks, 2004) and reductionsin
fishing productivity, particularly of the Cape hake (Merluccius capensis), which forms the basis of Namibia s most
valuable fishery (Hamukuaya et al., 1998).

The large and synchronous fluctuations of alternating sardine and anchovy abundances observed during the last
century in eastern (Humboldt, Benguela, California) and western (Japan) boundary currents (Lluch-Beldaet al.,
1989; 1992; Schwartzlose et al., 1999) have been typically related to changes in temperature (6.3.2.; Chavez et al.,
2003; Tourre et al., 2007), food availability and prey size spectra (van der Lingen et al., 2006). Off Peru, however,
the region with the largest fishery of small pelagics on Earth, recent analyses of a comprehensive oceanographic
data set have documented that the dissolved oxygen concentrations also play a key role in determining their
distribution and abundance and help explaining the alternating pattern through differential responses of these
species: During the 1960s to early 1970s and the 1990s to 2000s, when the anchovy dominated over the sardinein
the southeast Pacific, the oxygen concentration was lower and the oxycline was shallower than during the sardine
period in the late 1970s and 1980s. Thisis consistent with the observations that anchovies are not strongly affected
by a shallow oxycline (<10m), while sardines actively avoid such conditions (Bertrand et al., 2010).

High susceptibility of early life stages to hypoxiawill occur in both benthic and pelagic ecosystems (Ekau et al.,
2010), with undetermined population-level consegquences. In benthic ecosystems, the expansion of OMZs will, with
high confidence, shift microbial and faunal composition, reduce diversity and alter the functional attributes of upper
slope and shelf environments (Levin et al., 2009; Stramma et al., 2010). In aworldwide spread of communities of
anoxic “black sediments’, some groups of organisms such as Ciliata, Turbellaria, Gnathostomulida, Nematoda,
Oligochaetalive at the thin oxic-anoxic interface and many of these have adaptations allow them to utilize
chemosynthetic production.
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6.3.3.1. Interaction with Other Drivers

Marginalization of calcifiersis observed in OMZs, where CO, levels parallel those of hypoxia (Levin, 2003).
Furthermore, significant correlations between H,S concentrations and climate change indicators such as the sea
surface temperature and sea level pressure at the interannual and interdecadal scales have been documented for the
open part of the Black Sea (Daskalov, 2003; Faschuk, 2011). Climate associated processes via changesin circulation
patterns, biological productivity and associated vertical fluxes of organic matter may change the parameters of
anoxic and oxygen minimum zones and of zones poisoned by hydrogen sulphide (their extent and location, O, and
H,S concentrations) and thus influence corresponding pelagic and bottom fauna distributions, trophic relations,
energy flows and productivity (Figure 6-12). Even hypoxia-tolerant species like the Humbol dt squid (Dosidicus
gigas) may only tolerate transient exposure to such conditions and be driven into shallowing oxygenated waters by
expanding oxygen minima when repaying oxygen debt (Rosa and Seibel, 2008).

[INSERT FIGURE 6-12 HERE

Figure 6-12: Diagram schematizing the principal mechanisms underlying the formation of hypoxic conditions and
their biological background and consequences along continental margins (modified from Levin et al. 2009; Levin
and Sibuet, 2012).]

6.3.3.2. Microbial Denitrification Under Hypoxia

With enhanced variability and expansion of OMZs both denitrification and annamox will become more important as
processes leading to the loss of fixed N, and so, with medium confidence, will limit oceanic primary productivity.
Foraminifera are widespread and abundant in OMZs, so OMZ expansion may promote further denitrification (N,
production) in marine sediments via protists (6.2.2.2). Spread of large sulphur bacteria (Thioploca and
Thiomargarita) on the seafloor within expanding OMZs may contribute to N loss via sequestration and reduction of
nitrate and release of NH," at depth in the sediment - which then stimulates anaerobic ammonium oxidation.

There is now recognition that estimates of N flux have traditionally been highly underestimated and that water
column denitrification and N, fixation are spatially and temporally variable (limited evidence, low confidence). Thus
climate effects on these processes are unlikely to operate uniformly (Brandes et al., 2007) and any attempt to project
effects is premature and fraught with low confidence.

6.3.3.3. Conclusions

There islow confidence on how climate change might impact nitrogen cycling in OMZs. Thereis limited evidence
and medium confidence that the expansion of OMZsis causing habitat 10ss to groundfishes and pelagic predators
and affecting the distribution of key zooplankton and nekton species as well as influencing their diurnal and
ontogenetic vertical migrations (Auel et al., 2005; Ekau et al., 2010). Effects of OMZ expansion will with high
confidence propagate along the food chain and thereby affect fish stocks and top predators (Stramma et al., 2010). If
oxygen levels decline/OMZs expand further, there is high confidence that on a time scale of weeks, a community
change toward hypoxia-tolerant faunawill occur in midwater. There is high confidence that with progressive
hypoxiathe diversity of macroorganisms will change and, under extreme hypoxia finally, higher marine organisms
will disappear and heterotrophic microorganisms will dominate.

6.3.4. Anthropogenic Ocean Acidification — Effectsin Warming and Hypoxic Oceans

The strongest evidence for effects of ocean acidification (OA) on ocean biology stems from short (h) to medium
term (several months) perturbation experiments in the laboratory or, more recently, the field and the assessment of
organism responses after exposures to elevated CO, levels (6.2.2.1, 6.2.2.4). The long-term progressive nature of
anthropogenic OA over years, even centuries indicates that results obtained during such acute exposures may not be
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easily scaled up to effects on longer timescales. Depending on the organism studied and its generation time
perturbation studies measure tolerance and acclimation, but rarely adaptation or natural selection. At ecosystem
level contributions of OA to climate-induced alterations have not yet been clearly established, partly because on-
going OA aswell as OA research are still early in the process and because the concomitant trends of warming,
oxygen depletion and OA in the paleo-record (6.1.2.) and in on-going change make it difficult to attribute changes
exclusively to OA. Similar to today, OA paleo-events were characterized by warming and enhanced stratification of
the oceans and, consequently, a stronger deoxygenation of deeper waters (Thomas, 2007; Gattuso et al., 2011). The
PETM (55 Ma) provides useful information for plankton and benthic foraminifera and the Permian Triassic (251
Ma) for marine animal phyla (6.1.2., 6.2.2.4.). However, present day OA develops more than 10 times faster than
comparable paleo-events (Ridgwell and Schmidt, 2010). Furthermore, ocean physicochemical conditions prior to
each of those paleo-events was very different from the present situation.

6.3.4.1. Bacterial Communities and Nutrient Cycles

Field experiments in several locationsin the tropical Atlantic and Pacific oceans led to the projection that
nitrification rates (ammonia oxidation to nitrite and nitrite oxidation to nitrate) of ammonium oxidizing bacteria and
archaea will be reduced by 3-44% in response to pH decrements by 0.05-0.14 (Beman et al., 2011). Such a decrease
in pH will occur on atime scale from 30 (SRES scenario A1FI) to 60 years (scenario B2) and will correspond to a
rise in atmospheric CO, concentration by approximately 100 patm (6.1.1.). The reported decrease in nitrification
occurred regardless of natural pH variability providing no evidence for acclimation of the nitrifiers to reduced pH,
e.g., in upwelling areas. However, these short term experiments cannot account for changes in population numbers
that might occur over longer periods. For example, lower per cell nitrification rates reported following short-term
pH perturbation experiments could lead to changes in cell abundance (either decreases or increasesin cell number)
further decreasing or restoring, respectively, the total volumetic rate of nitrification. If the proposed decrease in rate
leads to an accumulation of the rate limiting substrate, ammonium, then the nitrifier population might also be
expected to change over time to utilize the excess, rate-limiting substrate. If the rate of nitrification does decrease
under enhanced OA, thiswould lead to alower production of oceanic nitrous oxide and counter the effects of
suboxic water expansion. It is currently unknown whether this will occur.

Overall, however, existing studies on the effect of OA (either through reduced pH or increased CO,) on autotrophic
and heterotrophic bacterial production have provided inconsistent results emphasizing that these responses are till
poorly known and complex. Assessments include: (1) cellular elemental stoichiometry (C-N-P ratios), (2) rates of
CO, and N, fixation, (3) rates of nitrification and (4) changesin the proportion of dissolved to particulate
photosynthate carbon production and the implied efficiency of the biological carbon pump (6.3.4.2.). While effects
have been observed in the laboratory and in coastal mesocosm studies (Weinbauer et al., 2011) or the field
experiments described above, there is no evidence as yet for a reduction in abundances or metabolic activities of
microbial communitiesin the field at either extreme of extant pH variability (Joint et al., 2010). Liu et al. (2010)
propose that the rates of several microbial processes will be affected by OA, some positively, others negatively. The
potential of the microbial community to adapt to OA and maintain function, either by genetic change at the species
level or through the replacement of sensitive species or groups at the community level remains to be explored such
that projections of future changes are not yet possible.

6.3.4.2. Phyto- and Zooplankton Communities

While there is robust evidence and high confidence for systematic changes in plankton abundance and community
structure over recent decades (6.1.2, 6.3.1), most of these changes were caused by both the direct and indirect effects
of warming and are driven in many cases by climate variability (Chavez et al., 2011). The specific effects of
anthropogenic OA are much less clear. In terrestrial systems, rising atmospheric CO, concentrations are reported to
enhance productivity dueto “CO, fertilization” (Fung et al., 1997; Cao and Woodward, 1998). In marine systems,
phytoplankton physiological rates and growth might also benefit from “fertilization” by CO, (Rost et al., 2008;
Hutchins et al., 2009). For natural phytoplankton assemblages there is limited evidence and medium confidence to
date that NPP is stimulated during experiments in which CO, concentrations are increased (Riebesell et al., 2008;
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Tortell et al., 2008b). A number of |aboratory studies observed enhanced rates of photosynthesis under elevated CO,,
e.g. for the coccolithophore Emiliania huxleyi (e.g. Riebesell et al., 2000; Rost et al., 2003; Leonardos and Geider,
2005) or the diazotrophic cyanobacterium Trichodesmium (e.g. Barcelos e Ramos et al., 2007; Hutchins et al., 2007;
Kranz et al., 2010). In the latter species, elevated CO, levels also result in higher cell division rates, atered nutrient
utilization (C:N and C:P ratios) and enhanced rates of N, fixation (e.g. Hutchins et al., 2009; Kranz et al., 2011;
Gattuso et al., 2011). Among cyanobacteria, cell division was increased (by ~25%) as was photosynthetic rate (by
~15%) in Synechococcus spp., while Prochlorococcus spp. remained unaffected at 750 patm CO, (Fu et al., 2007).

Diatoms are considered to be relatively insensitive to elevated CO, with regard to growth and fixation rates (Rost et
al., 2003; Trimborn et al., 2008), yet there are indications for CO,-stimulation of primary production rates for
Southern Ocean diatom-dominated assemblages (Tortell et al., 2008b). For dinoflagellates, relatively little is know
with regard to their sensitivity to elevated CO, as most studies exposed them to high pH (Hansen et al., 2007). In
Prorocentrum minimum, however, carbon fixation rates were enhanced at 750 patm CO, while growth remained
unaffected (Fu et al., 2008). The above examples highlight the difficulties in projecting the effects of ‘CO,
enrichment’ from speci es-specific responses. Furthermore, the magnitude of CO, effects on growth, fixation rates or
elemental ratios within single species is often strongly modulated by nutrient availability and light conditions (e.g.
Zondervan et al., 2002; Sciandra et al., 2003; Fu et al., 2007; Kranz et al., 2010). Species- or taxa-specific
differences in CO, responses can often be linked to the capacity and energetic costs of their CO, concentrating
mechanisms (CCM; Giordano et al., 2005; Kranz et al., 2011). As responses to elevated CO, may influence the
competitive abilities of species, implications for the natural phytoplankton communities may be larger than indicated
from results obtained in laboratory of individual species. In other words, small differencesin CO, sensitivity may
lead to pronounced shifts in the dominance of species (Tortell et al., 2008b, Beaufort et al., 2011).

There is medium evidence and |ow confidence that CO, induced OA will cause some planktonic organisms having
exoskeletons that are insufficiently calcified for sustained structural support and protection. In coccolithophores,
however, uncertainty remains as the function(s) of calcification are yet not known, i.e. consequences of lowered
calcification are difficult to be estimated (e.g., Trimborn et al., 2007; Rost et al., 2008), and the responses to OA are
highly variable. Reductions, increases and unchanged shell structure or calcification rate have been documented
under end-of-century CO, conditions (i.e. year 2100, see below) in different coccolithophore species (Riebesell et al.,
2000; Zondervan et al., 2001; Langer et al., 2006; Iglesias-Rodriguez et al., 2008). Manipulation studies on various
coccolithophores then reveal ed species-specificity for the OA response in Calcidiscus leptoporus and Coccolithus
pelagicus (Langer et al., 2006) and strain-specificity (strains are genetically distinct populations, including those
“evolved” and adapted under laboratory conditions) for calcification in Emiliana huxleyi (Langer et al., 2009; Hoppe
et a. 2011; Langer et al., 2011). Results obtained in bloom-forming Emiliania huxleyi and Gephyrocapsa oceanica
suggest decreased calcification rates (-25% to -66%) under elevated Pco, values (i..e. 560 to 840 patm; Riebesell et
al., 2000; Zondervan et al., 2001; Zondervan et al., 2002; Sciandra et al., 2003; Delille et al., 2005; Engel et al .,
2005). In contrast, Langer et al. (2006) found calcification unchanged in Coccolithus pelagicus (now C. braarudii)
between 150 to 915 patm. Iglesias-Rodriguez et al. (2008) found a doubling of cell-specific calcification for E.
huxleyi brought from 300 to 750 patm, paralleled by an increasing mean cell size and coccolith mass. By using the
same strain as well as different types of CO, manipulation (TA or DIC), Hoppe et al. (2011) have tested these
seemingly contradictory results and found reduced rates of calcification under elevated CO, levels.

Predictions of OA impacts on phytoplankton may additionally become complicated by synergistic effects with other
environmental factors (Boyd, 2011). For example, when jointly considering irradiance and CO, effects, under low
light, there is a strong OA-effect on calcification and a beneficial OA-effect on photosynthesis. Under high light,
these effects become very small (Rokitta and Rost, 2012). Furthermore, coccolithophores are a diverse group with
more than 500 extant species (Y oung et al., 2005), so as for other algal groups it may be difficult to scale the results
of monospecific culture experiments to the response of the whole group. Thus, there may be merit in using studies,
such as mesocosms in which the different responses of coccolithophore species and strains may be averaged out
across a diverse population. Due to the complexity in response patterns, an up-scaling of effects of calcification in
coccolithophores cannot be straightforward. For example, a shift to cooler temperatures from low to high latitudes
implies higher solubilities of CO,, thereby putatively hampering calcification. The shift from 'overcalcified' to
weakly ‘calcified' coccolithophores Emiliania huxleyi with higher latitudes may, however, not reflect effects on
cellular calcification rates but a temperature-related shift in ecotype dominance (Cubillos et al., 2007, 6.3.2.).
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Moreover, quantification of the calcite mass of dominant coccolithophores in the present ocean and over the last 40
kyr revealed patterns of decreasing calcification with increasing Pco,, which in large parts was attributed to shifts
between differently calcified species and morphotypes according to carbonate chemistry (Beaufort et al., 2011). The
same study, however, also observed heavily calcified E. huxleyi morphotypes in upwelling systems that are
characterised by low pH, afinding which highlights the complexity of assemblage-level responses.

For zooplankton, there is medium confidence that pteropods (planktonic molluscs with aragonite shells) at high
latitudes (e.g. Subarctic Pacific and Southern Ocean) will reduce their calcification during OA until the end of the
century (6.1.1., Orr et al., 2005; Comeau et al., 2009; Comeau et al., 2010; Lischka et al., 2011). This may have
severe impact on Sub-Arctic and Antarctic populations and ecosystems as pteropods can reach high biomass and
form an integral part of the foodweb as grazers and as prey for fishes like pink salmon (Bathmann et al., 1991,
Armstrong et al., 2005; Hunt et al., 2008). Planktonic calcifiers with calcite tests, like foraminifera, may be affected
later by enhanced dissolution than pteropods, since calcite is less soluble than aragonite (Feely et al., 2004).
Decreasing calcification and shell weight were elicited in planktonic foraminifera exposed to elevated CO, (Bijma et
al., 1999; Russell et al., 2004; Lombard et al., 2010) and was also evident from a comparison of modern
foraminifera and those preserved in the sediments (i.e. 50 kyr) in the Southern Ocean (Moy et al., 2009). The
similarity with patterns observed during the water chemistry changes associated with glacial interglacial cycles
(Barker and Elderfield, 2002; Figure 6-4) makes projections of future reductionsin net calcification in foraminifera
highly certain (high confidence). Food quality may be affected by OA, however, this aspect has been scarcely
studied (limited evidence). In one study, elevated CO, significantly changed fatty acid composition and levelsin a
diatom, Thalassiosira pseudonana, which led to apparent constraints on growth and reproduction of the copepod
Acartia tonsa (Rossol et al., 2012). Otherwise, confidence is high that direct effects of OA on copepods will be
small, possibly except for synergistic detrimental interaction with temperature at the edges of their biogeographical
range (6.2.2.)

6.3.4.3. Macrophytes and Macrofauna at Ecosystem Level

Extrapolations from laboratory studies of affected mechanisms (6.2.2.3., 6.2.2.4.) suggest that most seagrasses and
non-calcifying algae respond to OA by increasing production, growth and recruitment, while calcifying algae
experience reduced productivity. The wide range of responses among macrofaunal calcifiers (e.g. Ries et al., 2009)
suggests diverse ecosystem level consequences. In various animal phyla, sensitivity seemsto be highest in early life
stages or during critical transition phasesin the life cycle (6.1.2., 6.2.2., Table 6-3). Observations at volcanic CO,
ventsin anaturaly acidified Mediterranean coastal site (e.g. at Ischia, Hall-Spencer et al., 2008) as compared to
control sites at the same ambient temperatures suggest differential OA effects on non-calcifying and calcifying algae
and animals, with non-calcifiers increasingly outcompeting calcifiers towards a mean pH of 7.8. The finding of
predominantly calcitic bryozoans persisting in lower pH conditions than coralline algae which have more soluble
high calcite skeletons reflects differential sensitivities among calcifiers (Martin et al., 2008). Major shifts between
calcifiers and toward non-cal careous macroal gae also occurred between pH 8.1 and 7.7 at CO, seeps on reefs off
Papua New Guinea, associated with decreased calcification rates in the corals (Fabricius et al., 2011) and confirming
experimental findings of enhanced competitiveness of macroalgae over corals under elevated CO, tensions up to
1140 patm (Diaz-Pulido et al., 2011). However, with high pH variability at natural sites, lower pH values than
indicated by the average change may have been effective (Hall-Spencer et al., 2008; Porzio et al., 2011). Conversely,
recolonization of the seep areas by larvae from neighbouring areas with normal pH or during periods of high pH
may prevent long-term consequences of low pH that would develop otherwise as during OA scenarios. Overall,
these findings indicate with medium confidence that long-term limits to acclimatization capacity exist in some
marine calcifiers (Hall-Spencer et al., 2008). Findings in mesocosms during 30 d exposures of benthic marine
communities from British Channel habitats are generally in line with these extrapolations. Communities diversity
was reduced in response to falling pH, shifting from a community dominated by the biomass of calcareous
organisms to one dominated by non-calcareous organisms around pH 7.8, with loss of calcareous individuals and
species down to pH 7.2 and a switch from net calcification to net dissolution around pH 7.4 (Qcalcite = 0.78,
Qaragonite = 0.5) [Christen et al., 2012 to come]. Such findings and thresholds cannot be generalized for all benthic
habitats. Sensitivity thresholds will with high confidence shift to lower CO, concentrations and toward alkaline pH
once hypoxia or warming to beyond the thermal optimum exacerbate the effects of CO, (6.2.2.1., 6.2.2.4.). With
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limited evidence and, thus medium confidence, such extrapolation indicates that CO, effects on communities are
probably exacerbated by warming at the warm edges of the biogeographical ranges and vice versa. Such conditions
may already prevail for warm water coral reefs (Veron et al., 2009). For cold-water corals experimental and
observational findings suggest, with limited evidence and thus, low confidence, someresilience to OA (6.2.2.4.4.).

It remains to be explored further whether organisms and ecosystems characterized by fluctuating or permanently
elevated CO, levels (6.1.1.), like stratified fjords, upwelling areas, oxygen minimum zones or the intertidal may
have evolved a higher resistance to further, anthropogenic increases in CO, levels than organism con-specifics or
congeners and their ecosystems in environments with permanently low CO, levels. As a projection with medium
confidence the reduction of salinity associated with freshwater input results in lower alkalinity, exacerbates OA and
may thereby contribute to constrain the distribution of sensitive species further in estuaries or brackish oceans like
the Baltic or in freshening polar oceans (6.1.1., Miller et al., 2009; Denman €t al., 2011).

6.3.4.4. Conclusions

Overall, confidence is high that ocean acidification is occurring at unprecedented rates and, together with warming,
hypoxia and salinity changes, will affect marine ecosystems for centuries. The severity of effects will depend on
applicable RCP emission scenarios and maximum CO, levels reached, but effects cannot be quantified or allocated
to any scenario at present. Detection, attribution and projection of OA effects (via accumulating CO,) at ecosystem
level are limited by the nature and duration of existing laboratory studies on individual species or life stages (6.2.2,
Table 6-3) and the diversity of responses observed in various groups of organisms and communities in mesocosms.
Thresholds beyond which effects will set in can be quantified only with low confidence. Observations and
experiments support some overarching trends with medium confidence, like projections of reduced competitiveness
of calcifiers, or of enhanced primary production in some species. At present it isimpossible to predict the potential
impact of OA on broad-scale ecosystem functions, including sustenance of marine biodiversity. Projections of
ecosystem level effects of OA thus remain qualitative at best and are fraught with low confidence.

Confidence is medium that CO, accumulation associated with OA will stimulate primary production in non-
calcifying macrophytes and thus benefit their abundance, but discriminate against some calcifying coralline algae.
Confidenceislow that it will cause a stimulation of phytoplankton primary production overal in the oceansand is
medium for the net stimulation of nitrogen fixation by phytoplankton. Both would have biogeochemical implications
at global scale. While lab and mesocosm experiments provide evidence for differential effects on interacting species,
further studies need to explore how OA may change the composition of communities and impact food webs and
higher trophic levels.

Attribution of biological responsesto OA in aclimate change context is complicated by the observation that water
temperature, salinity, oxygenation often change concomitantly (6.1.1.). Building on mechanistic knowledge
enhances confidence from low to medium in the projection that OA within future scenarios may cause a narrowing
of thermal windows and biogeographical ranges of animals (6.2.2.1.). Accordingly, confidence is high that
synergistic effects of temperature with other stressors like OA are contributing to the on-going loss of cover with
live corals on coral reefs at low latitudes. These principles remain largely unexplored in virtually all other organisms
such that the respective consequences for fitness, abundance, distribution and species interactions cannot be
projected. Confidence is low to medium that differential sensitivities and associated shiftsin performance and
distribution will change the quality of predator prey relationships and competitive interactions. With medium
confidence synergistic effects of warming and OA will constrain many more species at the warm ends of their
distribution ranges, and constraints will be even stronger through synergisms of warming, OA and hypoxia.

6.3.5. Secondary Drivers: Biotic I nteractions
Impacts of climate change on marine populations include alterations of ecosystems structure and functioning. The

wide spectrum of potential forms and magnitudes of population responses to the different environmental stressorsis
underlying ecosystem restructuring, with obvious consequences for individuals that include changes in predation,
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competition and food availability. Also, some species (so-called ecosystem-engineers) strongly shape the physical
and chemical characteristics of their habitats and thereby change environmental parameters as a basis for specific
communities dependent on these actvities.

6.3.5.1. Community Structure and Food Webs

Changes in NPP affect organisms at higher trophic level and food web structure (Figure 6-13; Utne-Palm et al .,
2010) aswell asin fisheries yields (Parsons and Lear, 2001; Brown et al., 2010, Cheung et al., 2010). Short- and
long-term (Kirby and Beaugrand, 2009) shifts in dominant trophic pathways have been documented for a variety of
marine ecosystems (Moloney et al., 2011). Some of these may be reversible, but other ecosystems have not reverted
to their previous states over time (Jarre and Shannon, 2010). For example, the changes in the oceanic and
cryospheric conditions of the Southern Ocean (Parkinson, 2002; King et al., 2003; Meredith and King, 2005; Turner
et al., 2005) have been accompanied by decreases in the abundance of key zooplankton species, such as the
Antarctic krill Euphausia superba (Atkinson et al., 2004). In parallel, abundances of various top predators, including
birds, have shown both increases and decreases in different regions (Fraser et al., 1992; Ainley et al., 2003; Fraser
and Hofmann, 2003; Clarke et al., 2007; Ducklow et al., 2007; Jenouvrier et al., 2009; Moloney et al., 2011;
6.3.6.4.).

[INSERT FIGURE 6-13 HERE

Figure 6-13: Schematic diagram of a marine foodweb and the expected responses to climate change including ocean
acidification: (A) A coupled pelagic and benthic foodweb that istypically structured by the body size spectrum of
species. Warming, hypoxia and ocean acidification lead to biogeographical shifts, changes in species abundance and
in the dynamics of trophic interactions. (B) The foodweb resulting from climate change includes reductionsin the
body size of organisms, changes in species composition and the resulting reconfiguration of trophic linkages.
Fishing generally removes large-bodied and vulnerable species and truncates the body size spectrum of the
community. As aresult, the detection and attribution of foodweb responses to climate change are strongly
confounded by fishing effects. The arrows represent species interactions (e.g., between predator and prey or
competition for food or space). Broken lines (boxes and arrows) indicate the loss of populations and trophic linkages
due to climate change.]

Thereis high confidence that climate change will affect biodiversity (Sala and Knowlton, 2006; Cheung et al., 2009)
and community reassembly in time and space (Parmesan and Mattews, 2006; Parmesan et al., 2011). Species
dominance changes (Occhipinti-Ambrogi, 2007), for example, could occur when species may gain predominance
and increase abundance from fitness benefits due to temperature change (6.2.2.1.) while others become less
competitive or easier prey. Shifted geographical distribution of marine species, e.g., to higher latitude or deeper
water cause changes in community composition and interactions (Simpson et al., 2011, Harley, 2011). Reassembly
of species might involve the mixing of ecosystems and strongly alter their food web functioning (Murphy, 1995;
Anderson and Piatt, 1999; Moloney et al., 2011) through trophic cascades (Cury et al., 2003; Parmesan and Mattews,
2006; Luczak et al., 2011).

Many expected impacts of climate change on marine food webs resembl e those caused by other factors such as
fishing, pollution, eutrophication and associated hypoxia (6.3.2.) as well as habitat change (Brander, 2007), leading
to concern that unambiguous attribution to climate as a proximate or ultimate cause remains difficult (Parmesan et
al., 2011). Conversely, these other anthropogenic factors can affect ecosystem responses to climate change. Fishing
truncates the age structure of populations making them more dependent on annual recruitment (Perry et al., 2010;
Botsford et al., 2011) and reducing their ability to buffer environmental fluctuations (Planque et al., 2010). Both
adult and larval fish show greater variability in population abundance exploited than unexploited populations (Hsieh
et al., 2006; Hsieh et al., 2008).

Analyzing impacts on key species provides insight into how individual components of afood web will respond to
perturbations. However, projections of future states must include the complex food webs interactions that influence
the species and system level responses, which affect stability and resilience of the overall ecosystem to change
(Martinez et al., 2006; Neutel et al., 2007; Dunne and Williams, 2009; Romanuk et al., 2009). Thereis no single
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approach currently available for any oceanic system that includes the complex links between ecosystems,
biogeochemistry and climate that are needed to do projections of future states of marine food webs with the certainty
needed for management and science (Fulton, 2011; Moloney et al., 2011).

In conclusion, there is medium confidence that climate change will alter marine community structures and foodwebs.
However, thereis low confidence in the quantitative projections of such changes (for further discussion see 6.5.).

6.3.5.2. Biogenic Habitats

To date the most intensively studied benthic ecosystem engineers are tropical corals and this body of knowledge
illustrates that the twin impacts of ocean warming and acidification can have a variety of deleterious effects on the
structure of the biogenic habitat from increased coral bleaching and impeded calcification rates to increased rates of
coral disease (6.2.2.4.4.; Veron et al., 2009; Veron, 2011). There have been far fewer studies of other benthic
ecosystem engineering groups but it isimportant to note their significance in providing structural habitat and
supporting locally high biodiversity. A tremendous variety of marine benthic species form biogenic reefs, including
calcified algae, bryozoans, bivalve molluscs, sponges, corals and tube-forming serpulid polychaete worms (Wood,
1999). Deep-water cora reefs or deep-water sponge grounds form an important structural habitat in the deep sea.
Cold-water corals form elaborate, biodiversity-rich habitatsin cold, deep waters at continental shelf, slope and
seamount settings. Individual cold-water coral reefs on the continental shelf may persist for thousands of years with
their growth and demise intimately linked with glacial-interglacial history and the reconfiguration of water masses
(Wienberg et al., 2009; Wienberg et al., 2010; Frank et al., 2011). Sponge grounds range from the giant glass
sponge reefs of f British Columbia (only otherwise known from Jurassic fossils) to dense sponge aggregations of
Antarctica (Hogg et al., 2010). Habitats like these rely on productivity in surface waters, making them vulnerable to
any alteration in local productivity patterns and food flux associated with climate change. In coastal waters,
vulnerability to increased precipitation may be an issue, increasing mortality of e.g. oyster beds may affect habitat
structure during reduced salinity exposures (Levinton et al., 2011).

Stable temperatures and low aragonite saturation states might make especially deep-water scleractinian corals
vulnerable to ocean warming and acidification, as they form their skeletons from aragonite, without the help of
autotrophic symbionts. Virtually all reef-forming, deep-water scleractinian corals are found in waters currently
saturated with respect to aragonite, possibly reflecting its overriding importance in controlling the occurrence of
cold-water corals (Davies et al., 2008; Tittensor et al., 2009). Following projections of shallowing depths of the
aragonite saturation horizon (Orr et al., 2005) only ~30% of these locations will remain in fully saturated sea water
within the next century (Guinotte et al., 2006). However, these considerations contrast recent findings of substantial
resilience of cold-water coralsto OA (Roberts et al., 2009; 6.2.2.4.4.).

Burrowing infauna (e.g. fishes like gobies and snake blennies, Lumpenus lumpretaeformis, mud shrimps and
echiurids) of marine sediments also generate habitat for themselves and other organisms. These organisms are
subject to the general temperature trends in their environments and follow biogeographical shifts (Perry et al., 2005),
but may be protected more than other benthos from environmental extremesin surface waters. However, they are
exposed to hypoxia and hypercapnic watersin their ventilated burrows (Atkinson et al., 1987), with as yet
unexplored consequences for their range of thermal tolerance. Food availability and temperature interact to affect
the burrowing activity of infauna. For burrowing infauna lowered bioturbation rates result (the reworking and
mixing of sediment particles and solutes by fauna) leading to steepened sediment oxygen and pH gradients with the
potential to alter abundances of other infaunal invertebrates, microbial communities and their functioning
(Przeslawski et al., 2009) today as also seen in the paleo-record (6.1.2.). Confidence is high that the development of
extreme long lasting hypoxiain bottom waters will cause the emergence of mobile infauna and detrimentally affect
macrofauna overall (Riedel et al., 2008; Haselmair et al., 2010).

In conclusion, there is high confidence that severe stress as projected from increased temperature, hypoxia and ocean
acidification will cause reduced performance and increasing mortality in ecosystem engineers. As the number of
available studiesis scarce, projections of any more specific climate change effects come with medium to low
confidence.
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6.3.6. Concurrent Community Responsesto Multiple Drivers

The alteration of environmental stressorsis projected to take place concurrently, and such alteration can affect many
oceanic processes, from the organismal physiology to the areal extent and geographical boundaries of
biogeographical regions confounding the attribution of altered biological trends, from individuals to ecosystems, to
climate change (Parmesan et al., 2011). Figure 6-14 provides an attempt to categorize these multiple influences on
marine biota— including temperature, carbon dioxide, dissolved oxygen and nutrient concentrations - (e.g.
Sarmiento et al., 1998; Matear and Hirst, 1999; Boyd and Doney, 2002; Ekau et al., 2010) — or other human
interventions, including the introduction of non-native species, overfishing, chemical pollution, or habitat
destruction (Carlton, 2000). The drivers can act individually, or interactively where two or more stressors have
either synergistic or antagonistic effects. Effects range from direct impacts of ocean warming on organismal
physiology (Pértner and Knust, 2007), to complex large-scale synergistic influences such as on both coccolithophore
calcite production and abundances due to increasing carbon dioxide concentrations and warming (Feng et al., 2009).

[INSERT FIGURE 6-14 HERE

Figure 6-14: A schematic highlighting the potential interactions between modes of forcing (anthropogenic and
natural) on different levels of biological organisation. These interactions, from simple to complex, are illustrated
with published examples and each is assigned a circle the size of which isthe level of confidence in the findings of
the study, ranging from low for modeling studies such as (10; Griffith et al., 2011) to high for lab physiologica
studies placed into context of field data (1; Poértner and Knust, 2007). Circles with “?" define the bounds on our
understanding of the relationship between forcing and its effect on organisational level. 1 denotes the effects of a
single driver - warming on alteration of organismal physiology and field abundance (Pértner and Knust, 2007); 2 the
synergistic effects of multiple drivers - warming and increased [CO,] on coccolithophore calcification (Feng et al.,
2009); 3 the effects of multiple drivers on larval fish (Perry et al., 2010; Runge et al., 2010); 4 asingle driver -
atered pH and the different responses of coccolithophore species (Langer et al., 2006); 5 differential responses of
cyanobacterial groups to multiple drivers - warming and increased [CO,] (Fu et al., 2007); 6 Altered maturation age
and growth rate due to fishing (Fairweather et al., 2006; Hseih et al., 2006); 7 differential effect of multiple drivers,
light and temperature, on copepods versus diatoms (L ewandowska and Sommer, 2010); 8 the effect of fishing on
ecosystem structure (Frank et al., 2005); 9 the interplay of fishing pressure and climate change on ecosystems
(Kirby et al., 2009); 10 the interplay of ocean acidification and fishing pressure on benthic communities (Griffith et
al., 2011); 11 detailed time-series observations on warming and the alteration of zooplankton biomes (Beaugrand et
al., 2009). ]

6.3.6.1. Synergistic versus Antagonistic Effects

A recent metaanalysis of 171 experimental studies that exposed marine systems to two or more stressors identified
cumulative effectsin individual studies that were either additive (26%), synergistic (36%), or antagonistic (38%)
(Crain et al., 2008). In the surface ocean, there are many examples of microbes and phytoplankton being
simultaneously limited by more than one environmental factor, for example cobalt and iron (Saito et al., 2002;
Bertrand et al., 2007), or iron and irradiance (Boyd et al., 2010). There is medium confidence based on medium
evidence of both synergistic and antagonistic effects of multiple drivers on ocean biota shipboard and/or laboratory
mani pulation experiments (Boyd et al., 2010). The interplay of such simultaneous or co-limitation with the projected
concurrent alteration of multiple environmental factors may result in synergisms (i.e. amplification of environmental
effects) or antagonisms (i.e. diminution of environmental effects) for upper ocean organisms (Folt et al., 1999;
Gruber, 2011). Asthe combination of environmental factors that co-limit microbes/phytoplankton varies between
different groups, such as nitrogen fixers (e.g., Hutchins et al., 2007; Kranz et al., 2010), coccolithophores (e.g., Feng
et al., 2009, Rokitta and Rost, 2012) versus diatoms (Boyd et al., 2010), predicting how climate change will impact
these biogeochemically important groups is currently limited (Boyd et al., 2010).

At the ocean basin scale, modeling experiments provide the most reliable suite of projections to date (Gruber, 2011).
For different phytoplankton groups, concurrent experimental manipulations of up to three environmental properties
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have revealed a range of responses from no significant change to synergistic and/or antagonistic effects. For
example, under the identical high CO, and warming conditions, the photo-physiology of the cyanobacterium
Synechococcus was synergistically enhanced, whereas another cyanobacterial group Prochlorococus showed no
physiological change (Fu et al., 2007). Such different responses to environmental forcing may result in floristic
shiftsin the phytoplankton in a changing climate with the potential to restructure predator-prey interactions within
ecosystems (Figure 6-14). Modeling of large scale interactive environmental effects have so far mainly pointed to
synergistic effects, such as the interplay between reduced ocean pH, de-oxygenation and/or warming. An exampleis
the predicted effect of OA on altering the characteristics of sinking particles (C:N ratio and/or reduced calcite
content and slower sinking) and the knock-on effects on increased water column oxygen demand (Gruber, 2011).

For more complex organisms, climate change effects also involve synergisms and antagonisms of both abiotic and
biotic factors. Moderate warming below the thermal optimum may improve performance and resistance to other
stressors like CO, (6.2.2.1.). However, when organisms were brought closer to their heat tolerance limits under
projected CO, partial pressures heat sensitivity was enhanced in crustaceans (Walther et al., 2009; Findlay et al.,
2010), coral reef fishes (Munday et al., 2009a) and corals (via CO,-enhanced bleaching; Anthony et al., 2008).
Warming thus loses its beneficial effects once it occurs above the thermal optimum. Here, CO, not only constrains
acute tolerance to thermal extremes but may also act by constraining the capacity to shift tolerance limits via
acclimatization and associated gene expression [Lucassen et al., to come]. The resulting narrowing of the thermal
niche (Walther et al., 2009) |eads to qualitative projections of shrinking biogeographical ranges and changing
phenol ogies and competitive or trophic species interactions with a medium level of certainty (Figure 6-7).
Furthermore, adaptation to present climate zones and variability may co-define species sensitivity to temperature,
hypoxia or OA (6.2.2.). The effect of synergistic or antagonistic effects of various drivers at the level of animal
communities remains largely unexplored. This includes the role of light versus temperature in shaping phenologies
and species interactions, for example during latitudinal shiftsin distribution (Bradshaw and Holzapfel, 2010). In the
Pacific, the complex interaction of climate variability (due to ENSO), warming ocean surface, shallowing mixed
layer depth in relation to the positioning of the warm pool and its convergence with the PEQD (Pacific Equatorial
Divergence Province), linked to the associated aggregation of macrozooplankton and micronekton, may have
contributed to the net eastward shift of skipjack tuna stocks between 1985 and 2010 (Lehodey et al., 2011).

6.3.6.2. Ocean Upwelling

Eastern boundary upwelling systems cover 1% of the ocean surface area but are estimated to account for 11% of
new production (Monteiro, 2010) and around half of the world’s commercial fish catches (Merrett and Haedrich,
1997). Thus, understanding whether upwelling and a changing climate will impact the resident biotain a synergistic
or antagonistic manner is highly relevant for projections of climate change impacts on these areas and the resulting
impact on humans dependent on this protein source. Upwelling in a changing climate will have both beneficial and
detrimental effects. The upwelling of waters that are hypoxic and more acidic will affect marine biota and ecosystem
structure of the upper ocean. Under projected scenarios of reduced upward supply of nutrients due to stratification
(Steinacher et al., 2010), upwelling of both nutrients and trace elements may become increasingly important in
maintaining upper ocean nutrient and trace metal inventories.

Thereisrobust observational (Schwing and Mendelssohn, 1997; Demarcg, 2009) and modeling evidence (Bograd
and Lynn, 2003; Snyder et al., 2003; Di Lorenzo et al., 2005) of increased alongshore upwelling favored by winds
over recent decades, as a putative conseguence of global warming (Bakun, 1990). Upwelling regions sit closer to
thresholds for hypoxia and acidification where shifts in ecosystem states may occur. For example, changesin sea
surface temperature in the California Current System have been clearly linked to latitudinal shiftsin faunal
composition and fisheries regimes and habitat expansion or contraction for the distribution of some species like
sardine and anchovies or Humbold squid (Lluch-Belda et al., 2001; LIuch-Beldaet al., 2003, Checkley et al., 20009;
Zwolinski and Demer, 2012, 6.3.3.). However, the relationship between upwelling activity and sea surface
temperature is not significant. The productivity of most wind driven upwelling systems has increased during the last
decade (Demarcq, 2009), habitat compression may initially even enhance fisheries catches in coastal regions or
tropical OMZs. The effect of climate change on upwelling systems through stronger winds, altered current patterns
or enhanced OA remains unclear (Chavez and Messie, 2009).
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6.3.7. Summary and Conclusions

Anthropogenic warming, oxygen depletion and acidification add progressively to pre-existing levels of temperature,
hypoxiaand CO, (6.1.1.). Considering mechanistic knowledge (6.2.2.) and observations (6.3.) supports attribution to
climate change with medium to high confidence of impacts like: (i) changesin abundance and overall biomass, (ii)
loss of habitat, (iii) changes in community composition and species richness, (iv) changes in species biogeographical
ranges, (V) alterations to phenology and the frequency of events like exposures to extreme temperatures, (vi)
changes in connectivity among populations and habitats (e.g. Carson et al., 2010) and (vii) increased propensity for
change, including increased frequency and severity of waterborne diseases.

For warming and hypoxia, effects are accelerated by exposures of organisms and ecosystems to shifting seasonal or
even diurnal extremes (medium evidence; medium confidence) (e.g. Portner and Knust, 2007; Diaz and Rosenberg,
2008). This may also be the case for effects of anthropogenic OA (low evidence, low confidence), as indicated by the
detrimental effects of upwelling hypercapnic waters on oyster cultures in the Northeast-Pacific (Barton et al., 2012).
Except for the attribution of detected climate change effects to temperature, clear attribution to one of the other
driversisonly possiblein afew cases.

Robust evidence from various ocean regions demonstrates with high confidence that temperature governs the
geography, diversity, development, reproduction, behaviour and phenology of marine organisms (Edwards and
Richardson, 2004; Beaugrand et al., 2009; Brierley and Kingsford, 2009) as well as the composition of communities
and the seasonal timing of relevant processes (phenology) (6.2.2.1.). Accordingly, hydro-climatic variability, with a
contributing role of the warming trend, causes large-scal e biogeographical changes, abundance and community
structure of marine species (Richardson, 2008). In light of the underlying unifying physiological principles und a
large number of similar observations, this conclusion has very high confidence.

With medium evidence and high confidence, warming causes changing community composition, associated with
reduced body body size (6.2.2.4) and increased diversity in some groups. Individual examples show, with robust
evidence and high confidence, the specialization of animal species on the regional climate regimes and, conversely,
their immediate sensitivity to change. Such principles may also shape species interactions (low evidence, medium
confidence). Due to differential species responses to temperature, species interactions across tropic levels can be
modified through trophic amplification (medium evidence, high confidence).

Changesin local and regional species richness as well as community composition result from latitudinal range shifts,
depth distribution and possibly species extinctions and the associated structure and functional properties of
ecosystems, such as productivity, energy flows and invasion resistance (medium evidence, high confidence).
(Stachowicz et al., 2002; Duffy, 2003). Fish communities studied in temperate zones display incrementsin species
richness resulting from latitudinal shifts (robust evidence, high confidence) (Perry et al., 2005; Hiddink and ter
Hofstede, 2008). Similar phenomena in sedentary organisms and benthic macroalgae (e.g. of the Mediterranean,
Bianchi, 2007) are complicated by the influence of local dynamics and topographic features (islands, channels,
coastal lagoons) on biogeographic boundaries (Poloczanska et al., 2011).

Shell thinning in planktonic foraminifera was attributed to anthropogenic ocean acidification in Southern Ocean
species (Moy et al., 2009) and to both anthropogenic OA and seasonal upwelling of hypercapnic deep watersin the
Arabian Sea (de Moel et al., 2009) (robust evidence, medium confidence). An eight year trend for (variable) pH to
decline in coastal waters and the observation of species replacements in communities associated with local pH
dynamics support the projection of shifts from shelled species like mussels to fleshy algae and barnacles with
acidification along the Northeast Pacific coast (low evidence, medium confidence) (Wootton et al., 2008). Declines
in calcification reported in corals (De'ath et al., 2009) were elicited by thermal extremes and associated productivity
losses, but may include an as yet unclear contribution by OA. A later study also found species-specific declinesin
calcification correlated with average annual sea surface temperature but at different temperature ranges
characterizing the respective reef (Carricart-Ganivet et al., 2012) (medium evidence, medium confidence).
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The full scope of large-scale ecosystem shifts remains difficult to understand and anticipate (deY oung et al., 2008),
due to the multitude and complexity of factors and processes involved. With low evidence, medium agreement and
thus medium confidence community reassembly might involve the mixing of ecosystems and strongly alter their
trophodynamics through trophic cascades (Cury et al., 2003; Parmesan and Mattews, 2006; Luczak et al., 2011).
Trophic amplification may then drive an ecosystem towards a new dynamic regime. Non-linearities that can operate
within an ecosystem make the understanding and projection of marine ecosystem trajectories under climate warming
more difficult. Such alterations in marine ecosystems worldwide (Pauly et al., 1998; Oguz, 2007; Osterblom et al.,
2007) have often been linked to human and especially fishing activities (Frank et al., 2005; deY oung et al., 2008;
Jackson, 2008; Casini et al., 2009). However, global climatic including temperature change on top of climate
variability may contribute to such shifts, with low evidence, medium agreement and thus, medium confidence
(Beaugrand et al., 2008; 6.2.2.). With limited evidence, but high agreement and thus medium confidence climate
change can strongly interact with further top down human interferences like fisheries or other forms of harvesting
which then accelerate such changes.

6.4. Human Activitiesin Marine Ecosystems: Adaptation Benefitsand Threats
6.4.1. Ecosystem Services

Human societies benefit from multiple resources and processes supplied by natural ecosystems, collectively called
ecosystem services and commonly classified as provisioning, regulating, cultural and supporting (MEA 2005).
Provisioning services include the products people obtain from ecosystems, such as food, fuel and biochemical and
genetic resources. Regulating services include benefits like carbon storage, water purification and climate regulation.
Cultural servicesinclude benefits to humans like recreational and spiritual opportunities or aesthetic enjoyment.
Supporting services include processes like nutrient cycling, photosynthesis and habitat creation. Most components of
the marine environment contribute to more than one major category of ecosystem service: for example, ocean
primary productivity is generally classified as a supporting service, but it affects provisioning services viafisheries
and mineral extraction, regulating services viathe global carbon cycle and climate regulation, and cultural services
viathe enjoyment of a healthy ecosystem. Similarly, the biogeography and diversity of marine biota affect
provisioning services (e.g., fisheries), supporting services (e.g., habitat creation, food supply from photosynthesis),
cultural services (e.g. tourism opportunities), and regulating services (e.g. maintenance of marine food webs).
Assessing ecosystem services and their capacity for future change requires accounting for the multiple and
sometimes overlapping roles of marine ecosystem components in contributing to human well-being.

Simply quantifying marine ecosystem services can be a challenge. Goods and services that are bought and sold in
markets such as fisheries and raw materials production can be valued directly from market prices and quantities. To
estimate the benefits from ecosystem services that do not have a market, a range of methods to capture these non-
market values have been developed, Generally, these non-market valuation methods involve a three-step process
(Barbier et al., 2011). First, the changes in ecosystem structure, function, or processes that alter a service are
characterized. Next, the changes that influence ecosystem services must be traced back to human communities.
Finally, the resulting changes in human well-being must be assessed. Thisfinal step has usually been performed
using economic methods that assign a monetary value to an ecosystem service. For services without a market,
indirect valuation methods such as avoided cost, replacement cost, factor income, travel costs, hedonic pricing, or
contingent valuation (often applied to regulating, cultural and supporting services) are used (Farber et al., 2002).
However, such an approach for capturing non-market ecosystem services has been criticized for insufficiently
valuing some types of ecosystem services, particularly cultural and supporting services. Ecosystem assessments,
which engage stakeholders in an iterative evaluative approach to combine formal and informal knowledge collected
by both natural and social scientists, represent more complete ways to quantify ecosystem services (Ash et al., 2010).

Forecasting possible climate-change-mediated shifts in marine ecosystem services and assessing their effects on
human communitiesis particularly difficult. Some of the challenge comes from the difficulty of measuring and
assessing the services themselves in ways that are comparable among ecosystem service categories. But some of the
challengeisrelated to the difficulty of predicting how human communities will adapt to changing marine ecosystem
benefits. There is high confidence that a changing climate will have both positive and negative socio-economic and

Do Not Cite, Quote, or Distribute 64 11 June 2012



QUOWoWO~NOULEAWNPE

O‘Immmmbhhhbt####wwwwwwwwwwI\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOONO O WNPFPOOONOOUOPRWNPFPOOONOUPR,RWNRPOOO~NOUD, WN R

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

geopolitical consequences affecting the future management of ocean resources. Future adjustments will range from
making adaptive changes to long-established industries, such as commercially valuable fisheries, to exploring the
potential of new technologies, such as geoengineering methods designed to help mitigate rising global temperatures
and carbon dioxide concentrations. Planning for the future, however, requires gaining a better understanding of how
marine systems will change and affect human communities.

6.4.1.1. Provisioning Services
6.4.1.1.1. Foodfromthe sea

Biomass production from the oceans that contributes to direct or indirect consumption by humans depends on
primary and secondary productivity (Cheung et al. 2008; Jennings et al. 2008; Chassot et al. 2010). Fisheries catch
statistics provides an estimation of historical and current level of food production from the sea. It is estimated that
seafood currently provides over 1.5 billion people with almost 20 percent of their average per capita intake of animal
protein and up to over 90% in some regions (Bell et al., 2009; Garcia and Rosenberg 2010). Of the 142 million
tonnes produced in 2008 by capture fisheries and aquaculture, over 80% was used for human consumption,
providing the highest per capita supply ever (17kg). After decades of rapid fisheries expansion (Swartz et al. 2010),
World marine capture fisheries catches stabilized in the mid-1990s at between 75 and 85 million tonnes (Pauly et al.,
2002; FAO, 2010). Thisis probably an underestimate of the actual fisheries production from the ocean because of
illegal and unreported catches (Pauly et al., 2002; Agnew et al., 2009). It is estimated that primary production
appropriated by current global fisheriesis 17-112% higher than that appropriated by sustainable fisheries (Chassot
et al., 2010). Theoretically, changesin primary production and other ocean conditions as aresult of climate change
and/or variability will affect global capture fisheries production (Brander, 2007; Cheung et al., 2010), however,
attempts to quantify such linkages are considered variable and uncertain (Brander, 2007; Brown et al., 2010).
Robust linkages between climate variability and fisheries production particularly for some ecosystems such as
upwelling have been observed and established. However, thereis limited evidence that attributes observed changes
in fisheries production to climate change.

Total aguaculture production in 2008 was approximately 52.5 million tonnes or 37% of world total fish production,
mostly concentrated in coastal areas and comprising primarily molluscs and crustaceans. During the early 2000s this
industry reported growth rates around 12% a year, but the growth rate has recently decreased to nearly 7% because
of many factors, including the limited availability of suitable new culture sitesin Asiaand Pacific countries, where
aquaculture was more heavily developed. In regions such as Africaand Latin America, aguaculture is considered to
be a development opportunity and a strong need. However, for aquaculture to provide long-term sustainable animal
protein production, it is vital for regional aguaculture industries to be both ecologically and economically
sustainable and to include provisions for dealing with challenges that might arise due to climate change.

Thereisrobust evidence of the interplay between non-climatic anthropogenic drivers and climate change (see Figure
6-14) and how they may have significant effects on a wide range of ocean processes and ecosystem services,
including marine fisheries. For example, there is high confidence that over-exploitation of fisheriesis having atop-
down effect on ecosystems. There is medium confidence (high agreement but limited evidence) that the top-down
effects of overfishing will concurrently be encountering climate change-mediated alteration of their environment,
leading to unpredictable non-linear outcomes. The production of food from the seais aready highly constrained by
intensive fishing, contaminants and habitat disruptions (Garcia and Rosenberg, 2010). Climate change isimposing
an additional stress on these systems (Perry et al., 2010). It will affect fishing communities directly by changing the
productivity and availability of fish species and indirectly by altering migration patterns of people to coasts and by
impacting coastal infrastructures (Daw et al., 2009; Sumaila et al. 2011).

Thereisthus high confidence that resilience of marine ecosystems to climate change will be reduced by the actions
of other sectors (Hughes et al., 2003; Worm et al., 2006). The demographic effects of fishing, for instance, alters the
age structures of fished species, their potential productivity (Planque et al., 2010), their behavioural complexity
(Petitgas et al., 2006) and can alter their genetic diversity. In turn these can all substantially alter a species’ capacity
to buffer changesin climate variability (Fromentin and Fonteneau, 2001; Hilborn et al., 2003; Ottersen et al., 2006).
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These processes can extend to the adaptive capacity of entire marine communities, if there has been differential
exploitation or impacts on community components, which have altered ecosystem complexity, make-up or turnover
rates (Balvanera et al., 2006; Planque et al., 2010).

6.4.1.1.2. Changesin food from the sea: Effects on human communities

Allison et al. (2009) estimated the vulnerability of 132 national economies to the potential impacts of climate
change, as represented by changes in surface air temperatures projected for 2050 under the A1F1 (high dependence
on fossil fuels, rapid economic growth, continued population growth) and B2 (moderate popul ation and economic
growth) scenarios. The countries most vulnerable to climate-induced changesin fisheries were in Africa,
northwestern South America and Asia, but because of lack of sufficient data, the study excluded 60 small islands
that are vulnerable. Eleven of the twelve most vulnerable nations were the same for both climate change scenarios.
Among high latitude countries, only the Russian Federation was ranked as highly vulnerable, owing to the
importance of fishing to the economy, high exposure to predicted climate change and relatively low adaptive
capacity (Allison et al., 2009). The study noted that the majority of countries whose fisheries are most vulnerable to
climate change' s impacts are very poor, and their inhabitants depend on fishing for 27% of their dietary protein,
compared with 13% elsewhere (Allison et al., 2009). The study concluded that, whereas the detailed impacts of
climate change on regional marine production systems are uncertain, these changes may have a negative overall
impact on food security for those nations which mostly depend on fisheries and have limited capacities to adapt to
the changes (Allison et al., 2009).

Inasimilar study, Cooley et al., (in press) assessed the vulnerability of nations worldwide to losses of mollusk
harvests from OA, based on present patterns of nutritional and economic dependence on mollusks and model
forecasts of the decrease in sea water carbonate saturation state. Results showed that countries with high dependence
on mollusks, low adaptive capacity, rapidly growing populations, or rapidly approaching the sea water chemical
change could fare worst (Cooley et al., in press). Thisincludes many low-latitude and small island developing
nations, which are often the same nations expected to be very vulnerable to climate change (Allison et al., 2009).
These studies clearly show that stressors such as rising temperature and OA will independently affect some of the
same human communities in negative ways, and they also suggest that overlapping stressors could act
synergistically to intensify each other.

Economic losses in landed catch value and the costs of adapting fisheries resulting from a 2°C global temperature
increase by 2050 have been estimated at US$ 10-31 hillion globally, with countriesin East Asia and the Pacific
being the most affected (Sumaila and Cheung, 2010; Sumaila et al., 2011). L osses in developing countries are
projected to range from US$7 to USS$ 19 hillion, whereas losses in developed countries are projected to range from
US$2 to US$8 hillion (with slight gains possible for Europe; Sumaila and Cheung, 2010). Losses in dockside
revenue just from OA-related shellfish harvest decreases in the United States have been estimated at $17-40 billion
over the next fifty years (Cooley and Doney, 2009). Globally, the extent of ecosystem shifts will be dictated by the
degree and frequency of perturbation, sensitivity of the system components and timescales of recovery, which will
depend on the adaptive capahilities of constituent species (Dollar and Tribble, 1993) and the flexibility of system
structures, responses (EImqvist et al., 2003) and other factors (Planque et al., 2011a). The specific implications for
industries such as fisheries are still poorly known, as confidence in future predictions of shiftsin primary production
and knock-on effects through foodwebs and into fisheriesis low (Brander, 2007; 2009; Planque et al., 2011b; Stock
etal., 2011).

Further uncertainties remain for specific regions and timelines, but a growing number of studies, and experience
based on other sources of anthropogenic impacts on marine systems, indicate that there is high confidence that shifts
in ecosystems and fisheries production will create significant sustainability and management challenges, particularly
amongst countries with fewer resources and adaptive capacity (Allison et al., 2009; Worm et al., 2009; Cooley et al.,
in press). Analyses of survey data have identified migration of fish stocks to higher latitudes driven by climate in the
last 25 years (Perry et al., 2005). Further migrations due to climate change may result in stocks straddling economic
zones, perturbing existing international fisheries agreements and causing excessive exploitation (Hannesson, 2007;
Sumailaet al., 2011). A number of studies do however argue that there might be a beneficial effect of warming for
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fisheries productivity in, for instance, the North Atlantic (Arnason, 2007; Stenevik and Sundby, 2007; Cheung et al.
2010). Similarly, anumber of studies suggests that there is a potential eastward displacement of tuna stocks in the
Pacific Ocean (Lehodey, 2000; Lehodey et al., 2010, 2011), with differential positive and negative consequences for
island economies (Mcllgorm, 2010). However, increasing stock fluctuations with resulting management and
socioeconomic challenges are also apparent, although modeling exercisesillustrate that in general, management
issues have a greater impact on biological and economic conditions than climate change is expected to have (Eide
and Heen, 2002; Eide, 2007; 2008). Using the I S92a global warming scenario and the Global Commons economic
scenario, Merino et al. (2010) projected that small pelagic fish biomass (such as sardines, anchovies), exploitation,
catches of small pelagic fish and market trade volumes of fishmeal and fish oilsin 2080 would be similar to present
conditions. In contrast, using the World Markets scenario, which involves open and competitive trade, they
predicted reductions of about 50% in small pelagic fish biomass, exploitation, fishery catches and market trade by
2080 compared with present conditions (Merino et al., 2010).

Preliminary modeling studies (Cheung et al., 2010; Fulton, 2011) find a decline in the predicted potential catchin
the tropics (6.5), where countries depend on fisheries for the economy and food security (27% of the dietary protein
is from fish, compared to 13% in less vulnerable countries). Such countries result highly vulnerable to predicted
impacts, also because they possess limited societal capacity to adapt to potential impacts or opportunities (Allison et
al., 2009). Thiswill be further compounded if increases in the frequency and severity of extreme events (e.g. floods
or storms) effect the citizenry by damaging infrastructure, homes, health, livelihoods or non-marine food security
(Kovats et al., 2003; Rosegrant and Cline, 2003; Adger et al., 2005; Haines et al., 2006).

In summary, there is high agreement and robust evidence that the impacts of climate change will be significant for
the production of food from marine ecosystems and human food security. Marine ecosystems are already under
stress and food production from wild capture fisheries may have peaked. The impacts of climate change will occur
in addition to these existing stressors, with the potential for significant negative effectsin particular to developing
nations in tropical regions (declining fish biodiversity, shifts of species distributions polewards, declining fisheries
catch potentials, national economies vulnerable to fluctuationsin fisheries supplies). It appears to be that the more
northerly (and developed) nations may benefit from climate change, at least initially. Thereis still not enough
evidence on the long-term conseguences of climate change for capture fisheries production. Such evidence will also
depend on what happens to marine primary production, the projections for which at present are highly variable.

6.4.1.1.3.  Other provisioning services

Currently, the largest energy industry operating in the ocean is the extraction of oil and gas supplying fossil fuels. As
oil deposits are depleted, the industry is progressively moving towards deeper waters, which potentially exposes
moored developments to greater storm hazards (see WG |1, ch. 30) (Considine et al., 2004). Extraction of kinetic
energy from ocean currents, winds and waves (Fraenkel, 2002; Henderson et al., 2003)(see IPCC SRREN) has only
been tested in pilot forms on tidal streams (Douglas et al., 2008), but estimates based on present conditions may
need to be revised in the future if energy availability from ocean currents and waves changes locally dueto a
changing climate, which could modify ocean currents and wind action (IPCC SRREN). Mining activities for gas
hydrates from seeps, phosphates from oxygen minimum zones, precious metals from manganese nodules and
hydrothermal vent-associated seafloor massive sulfides and rare earth elements from abyssal muds, also show
promise for providing additional provisioning services. Future development of any type of energy- or resource-
extraction platform involving near-surface structures, like oil and gas platforms or kinetic energy rotors, should
consider that potential changes in ocean dynamics due to climate change could influence their efficiency and
security. Plans should incorporate heavy engineering where appropriate to guard against the possibility of stronger
forces acting in the near-surface zone in the future owing to climate change.

Opportunities for new marine industries may arise as systems change into the future. In other fledgling industries,
marine biodiversity holds future or option value for industries such as marine pharmaceuticals, biologically inspired
technol ogies and biomonitoring of pollution. Although a diverse range of phyla have been investigated (Hunt and
Vincent, 2006), there is no current appraisal of the status of these industries and of any key species or phylathat
could be used as a platform to explore how climate change might alter these industries in the future. Future
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reductions in marine biodiversity due to climate change and other anthropogenic stressors (Tittensor et al., 2010),
like OA (CBD, 2009) and pollution, might have an overall negative effect on discovery of genetic resources from
marine species useful in the pharmaceutical, aquaculture and agriculture and other industries (Arrieta et al., 2010),
leading to aloss of option value from marine ecosystems.

6.4.1.2. Regulating Services
6.4.1.2.1. Climateregulation and feedbacks

Climate regulation refers to the balance and maintenance of the chemical composition of the atmosphere and oceans
by marine organisms and chemical and physical processes (Beaumont et al., 2007). | ce core records reveal that for
the last 800 kyr, atmospheric carbon dioxide has been no lower than 170 patm and no higher than 276 patm
(Siegenthaler et al., 2005; L{thi et al., 2008). Even over time scales of several millions of years, proxy data suggest
maximum CO, concentrations of 400 patm (Pagani et al., 2010; Seki et al., 2010). Thisrelatively stable envelope of
carbon dioxide concentrations is due to the interplay between ocean-atmosphere exchange, carbon storage on land,
the exchange of carbon between surface and deep ocean viathe biological and inorganic pumps and over longer
time scales, the dissolution of marine carbonates and weathering of rocks on land (Sigman and Boyle, 2000).

The ability of the biotato continue regulating climate can be altered due to a changing climate. Marine biota play a
key rolein regulatory mechanisms (Reid et al., 2009) that include the balance between photosynthesis and
respiration (Johnson et al., 2010), the biological pump (soft tissue and bio-minerals, Volk and Hoffert, 1985;
carbonate chemistry, Feely et al., 2008; N fixation and denitrification, Falkowski, 1997), the modulation of other
greenhouse gases with high warming potential such as nitrous oxide (N,O; Jin and Gruber, 2003; Law, 2008) and
other climatically reactive gases such as dimethylsulphide (DMS; Vogt et al., 2008). There is high confidence that
the effect of climate change on the biota will alter the magnitude of many, if not all of these processes. The strongest
evidence that such processes may be dramatically altered comes from both the geological record and contemporary
time-series records that detail how climate variability or natural perturbations affect marine biota.

In the geological past, during the PETM (6.1.2.) warming of the global ocean and acidification led to changesin
phytoplankton composition and in significant biologically mediated feedbacks. In coastal regions, increasesin
weathering and the hydrological cycle, and hence in runoff from land, led to eutrophication of shelf regions and
increased freshwater runoff (Sluijs and Brinkhuis, 2009), while concomitantly open ocean productivity decreased
(Gibbs et al., 2006). The coccolithophores in coastal waters underwent afloristic shift to organisms flourishing in
higher productivity waters, similar to the contemporary Gephyrocapsa, an important DM S producer (Gibbs et al.,
2006). In contrast, the open ocean coccolithophore flora was dominated by warm-adapted and |ow-nutrient-adapted
species. Decreases in carbon isotopic gradients between surface and deep waters at the onset of the PETM are
interpreted to be a result of increased stratification, reduced nutrient supply and aless efficient biological pump
(Zachos et al ., 2003). Interestingly, the benthic foraminiferal fauna suggest that there was no reduction in export
production reaching the deep ocean, suggesting better organic carbon preservation due to lower oxygen conditions
(Thomas, 2007). There is no evidence for decreased biological carbonate production despite higher atmospheric CO,
levels during the PETM (Gibbs et al., 2010, 6.1.2.).

Phytoplankton can have significant feedbacks on atmospheric CO, and other atmospheric gases. For example,
increased N, fixation rates during glacial periods have been suggested as aresult of increased airborne dust
(containing the required trace element iron) supply to the open ocean (Falkowski, 1997). Dust and trace metal input
to the Southern Ocean might have driven an increase in carbon fixation by phytoplankton, though with high regional
variability. Specifically, confidence is high that diatoms have been less abundant during glacial periodsin polar
waters while in the subantarctic region, diatom export production was much increased (Mortlock et al., 1991). High
export production has been estimated to have drawn down atmospheric CO, by up to 40 patm (Watson et al., 2000)
which may have been aided by an increased alkalinity pump associated with higher export of heavier foraminiferal
shells (Barker and Elderfield, 2002). Large scale (> 10,000 km?) natural perturbation of the ocean also reveals how
rapidly feedbacks can take place. In 2009, nutrients added by volcanic ash from an eruption in Alaska stimulated a
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large diatom bloom and hence enhanced productivity but caused little increase in the sequestration of atmospheric
CO,(Hammeet al., 2010).

Long time-series records detail how climate variability or natural perturbations affect marine biota and their
feedback on climate. For example, there is medium confidence that increases in phytoplankton biomass detected in a
long time series from 1986 until present may be a response to warming (driven by both climate variability and
change) in the North Sea and west of the British Isles, whereas south of |celand, phytoplankton biomass decreased
over this period (Beaugrand and Reid, 2003) highlighting the regional differences and hence the difficulty in global
up-scaling of these processes and their effects on climate. Other multi-decadal ocean time-series — such asHOT and
BATS — have revealed feedbacks linked to climate variability such as NAO and ENSO, resulting in an increasein
the N, fixation rate in response to altered mixed layer depth, iron input and/or changes in underwater irradiance
climate (Karl et al., 1995; Karl et al., 1997; Bates and Hansell, 2004), though internal oscillationsin the community
structure of N, fixers have alternatively been used to explain this variability (Karl, 2002; Monteiro and Follows,
2009). A new generation of ‘self assembling’ ecosystem models suggest that the biome of N, fixersis not directly
controlled by temperature and light, but is restricted to ocean regions with low fixed nitrogen and sufficient
dissolved iron and phosphate concentrations. Hence changes in nutrient distribution are likely to influence N,
fixation (Monteiro et al., 2011). The environmenta changes during ENSO cyclesin the equatorial Pacific are
associated with shiftsin phytoplankton groups. The 1997 and 2006 El Nifios were characterised by a decreasein
Synechococcus density and an increase in nanophytoplankton and low chlorophyll concentrations. The 1998 La Nifia
led to an increase in diatom dominance and increases in NPP due to enhanced upwelling (Masotti et al., 2011).

Modeling simulations provide our most powerful tool for exploring the role of marine biotain regulating climate
(Boyd and Doney, 2002; Hashioka and Y amanaka, 2007). Climate change may decrease global ocean NPP by >
10% (i.e. 5% of global NPP, Field et al., 1998) under a high emission scenario (SRES A2), with projected increases
in NPP at high latitudes being more than offset by predicted decreases at low latitudes (Bopp et al., 2002, low
confidence, 6.5.1.). Such changes in NPP are predicted to lead to a decrease in the export of biogenic carbon to the
deep ocean (Bopp €t al., 2002) as a positive feedback on climate change. For quantifying the importance of
changing pelagic carbonate production on the ability of the oceans to sequester CO, afew global models have so far
been applied. Additional quantities between 5.9 and 18 PgC of anthropogenic CO, are taken up by the ocean by the
year 2100, as a hegative feedback on climate change (Heinze, 2004; Gehlen et al., 2007; Ridgwell and Hargreaves,
2007). Models that use alarge ensemble of differing experimental findings, which explicitly take into account the
broad range of calcification responses observed in laboratory manipulation studies, give projections of amean CO,
uptake of 17.2 PgC (Ridgwell and Hargreaves, 2007, WGI Chapter 6). Each of these modeling investigationsinto
the sign and magnitude of specific oceanic feedbacks need to be synthesised, such that the cumulative effect of such
feedbacks can be estimated (Boyd and Doney, 2002). However, such a synthesis would not take into account the
potential interplay between feedbacks (Riebesell et al., 2009).

In many cases, the effect of a changing climate on some potentially important feedbacks such as the ocean’s
biological pump cannot be reliably modeled, as many of the factors controlling the functioning of this pump are
poorly understood (Figure 6-15). For example, any significant changes to NPP may also alter the magnitude of
biogenic carbon that is sequestered into the deep ocean and hence be a feedback on climate. Other illustrative
examples of factors that are thought to drive the biological pump and that might be altered by climate change
include a shift from diatoms (major exporters of carbon to depth) to coccolithophores (Cermefio et al., 2008),
leading to areduction in the strength of the carbon pump. Such afloristic shift might be exacerbated by the
processing of organic carbon through smaller-sized zooplankton and thus its enhanced dissipation through more
complex food webs (Li et al., 2004).

[INSERT FIGURE 6-15 HERE

Figure 6-15: A schematic representation of the ocean's biological pump, an important conduit for carbon
sequestration. Processes involved (Table 6-4) may each be altered by climate change. In a changing climateitis
difficult to predict how the pump might be altered and hence whether it would represent a positive or negative
feedback to climate change. Factors reported to be altered by a changing climate include: A, changesto NPP (Net
Primary Production; Bopp et al., 2002); B, floristic and faunistic shiftsin the pelagic (Beaugrand et al., 2009) that
may alter the relationship between OA and ballasting of settling particles (Klaas and Archer, 2002); C, changein
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proportion of NPP released as DOM (Dissolved Organic Matter) due to the effects of ocean acidification (Engel et
al., 2004); E, warming and faster bacterial enzymatic rates of particle solubilization (Christian and Karl, 1995); and
faunistic shifts at depth (Jackson and Burd, 2001). Figure modified from Buesseler et al. (2008) by J. Cook
(WHOI).]

[INSERT TABLE 6-4 HERE

Table 6-4: A wide range of processes make up the ocean’s biological pump (Figure 6-15). In order to assess how a
changing climate will alter the functioning of the pump, and the resulting biogeochemical feedbacks on global
climate, the cumulative effects of climate-change mediated alteration of processes from cellular to ocean basin, and
from pelagic to mesopelagic, must be quantified. Thistable illustrates the extent of the knowledge platform needed
to provide high agreement / robust evidence of these biogeochemical ramifications. TEP, DOM and POM denote
Transparent Exopolymer Particle, Dissolved Organic Matter and Particulate Organic Matter, respectively.]

In conclusion, robust evidence from many studies in the geological past points to significant effects that marine
biotic feedbacks, such as on ocean productivity (Martinez-Garcia et al., 2011), particle export (Murray et al., 2012)
or N, fixation (Ren et al., 2009) can have on global climate. There is medium confidence in limited evidence for
effects of marine biotic feedbacks on global climate in the present day, as many such feedbacks are more localized,
regional and transient (Boyd and Doney, 2002; Chavez et al., 1999; Karl et al., 1995) than those larger scale
sustained events in the geological past. Thus, the ability to predict both the sign and magnitude of specific feedbacks
to climate change with even a medium degree of confidence is presently at an early stage of development.

6.4.1.2.2.  Natural hazard regulation

Natural hazards are generally increasing alongside global warming, with floods and storm surges accounting for
over two-thirds of the natural disasters affecting people. The role of natural ocean structures and organismsin
lessening the effects of natural hazards has been undervalued, although it can be quite significant. For example, a
considerable buffering of the impact of tsunamis by coral reefsis suggested by observations (Fernando et al., 2005)
and modeling (Kunkel et al., 2006). Field and laboratory experiments and climate models indicate that climate
change and OA may slow coral growth by nearly 50% by 2050 (Hoegh-Guldberg et al., 2007; WGII, Ch. 5).
Therefore, there is high confidence that anthropogenic impacts, climate change including OA that threaten coral
reefs will make some islands and coastal areas more vulnerable with respect to tsunamis, as well as storm surges.
Similar to coral reefs, wetlands and mangroves provide biologically diverse buffer zones that protect coastal regions
from storm surges and wave activity. The role of OA on mangroves or wetlands has not been determined (Cooley et
al. 2009, Cooley submitted), but human activities causing climate change and pollution negatively impact
mangroves. Marshes and wetlands respond poorly to human perturbation, climate change, deoxygenation and
pollution as well as overlapping stressors enhance each other (Cai et al., 2011, Howarth et al., 2011, Feely et al.
2010). Whether these single or overlapping stressors will also decrease the ability of mangroves, marshes and
wetlands to protect coastal regions from stormsis still to be determined.

6.4.1.3. Cultural Services

Cultural services are non-material benefits provided by ecosystems to people through spiritual, cognitive, aesthetic
and recreational activities. Many of these services are often viewed as impossibl e to replace by any amount of
technological innovation or economic activity. Cultural services relating to recreation and support of tourism can be
economically assessed using indirect valuation methods, but other cultural servicesrelating to spiritual and heritage
issues are extremely difficult to quantify. Nevertheless, cultural services are often cited by coastal users as primary
reasons to preserve the marine environment.

Leisure and recreation centered on the marine environment can contribute significant economic benefitsin allied
spending and create thousands of jobs. Not only does this include sales of fishing and access permits and sales or
rental of recreational equipment, like fishing tackle, diving gear and boats, but this aso includes indirect economic
benefits earned by supporting businesses like the service industries that support tourism-rich communities. Marine
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biodiversity, an important component of other ecosystem services, is also akey piece of cultural ecosystem services.
In many tropical countries coral reefs and their enormous biodiversity sustain substantial tourist industries that
attract millions of SCUBA divers every year. Annual net benefits from global tourism of reefsyield about US$ 9.6
billion (Cesar et al., 2003). If degradation of cultural ecosystem services because of climate change occurs, coastal
visitors will spend their recreational budgets on terrestrial attractions, which could significantly alter the well-being
of many coastal communities and even some nations that depend on tourism for income. In some cases, new tourism
opportunities could arise as people travel to see disappearing ecosystem types (e.g. Antarctic tourism, Liggett et al.,
2011) or newly open previously inhospitable areas as peak seasons shift (e.g. Amelung et al., 2007; Moore, 2010) or
asthe locations of key attractors shift (e.g. cetaceans, Lambert et al., 2010), but these opportunities seem short-lived
and unsustainable.

Many cultures depend on spiritual and aesthetic benefits from marine ecosystems. For example, marine and
terrestrial mammals are widely harvested among Arctic communities for sustenance and cultural reasons.
Traditional foods constitute a significant portion of Arctic communities' meals (Van Oostdam et al., 2005). Inuit
hunting in the Canadian Arctic is largely subsistence-based (Gombay, 2006). Seaice isimportant for transportation
of hunted animals, for example during caribou hunting. Changes in seaice exposure have been linked to increased
danger and decreased accessibility during the seasonal hunting of ringed seal and walrus (Laidler et al., 2009). Some
of the harvested animals are exchanged with other groups in reciprocal relationships related to sustenance, kinship
and support (Nuttall, 1998). While environmental change endangers harvests of culturally important species, cultural
forces are putting simultaneous pressure on indigenous traditions, raising ethical questions about cultural
preservation (e.g. Nuttall, 1998). In less remote coastal communities, aesthetic benefits from marine ecosystems
influence economically measurable factors, such as the way that high water quality and infrequent occurrences of
harmful algal blooms keep real estate prices and shellfish landings high (Jin et al., 2008). Changesin
biogeochemistry, biodiversity, or sealevel could harm communities that value the aesthetic benefits from wetlands,
sandy beaches and aesthetically pleasant coastlines.

Heritage benefits, or the values of preserving marine ecosystems, are extremely difficult to assess. Not only isthe
challenge because some heritage benefits will be enjoyed by future generations who derive economic benefits from
ahealthy, diverse ecosystem, but it is also because losses are presently being avoided by maintaining a bank of
resources that could be tapped if needed. For example, the research and conservation value of coral reef biodiversity
and its non-use value are estimated together at US$ 5.5 billion annually (Cesar et al., 2003). Any loss of biodiversity
or pollution of marine ecosystems would decrease the benefits associated with the “insurance policy” of having
untapped resources and those associated with the legacy of offering healthy systems to future generations. As with
spiritual and aesthetic benefits, maintaining heritage benefits poses challenges for managers who have to consider
present-day issues of equity and ethics as well as multigenerational (and possibly multi-cultural) ethical questions.

6.4.1.4. Supporting Services

Supporting services essentially form the foundation of all other ecosystem services. These services set up the
systems that other services depend on and include things like atmospheric oxygen production, nutrient cycling and
habitat creation. Although not able to be sold on an open market, their broad global importance means that their
“value” adds up to more than that of all the above services combined. Furthermore, because they are so diversein
nature and scales, identifying and describing all supporting services in the marine environment is virtually
impossible. However, considering potential changes in marine ecosystems due to climate change and OA can
highlight the role of organisms and processes that are especially important in providing supporting services. For
example, damage to calcifying algae and corals will reduce habitat for other marine species (6.3.5.2.). Changesin
the conditions under which these ecosystem engineers produce biologically mediated habitat (Beaumont et al.,
2007) would directly affect the entire ecosystem, altering the biomass for fisheries, the biodiversity they sustain, the
cultural and leisure values of these landscapes and their climate regulation capacity (6.3.5.2). In another example,
warming-related changes in ocean stratification that affect nutrient cycling will broadly influence marine
biogeochemical cycles, with the possibility of diverse results on marine biota that could ultimately affect human
communities via specific provisioning, regulating, or cultural ecosystem services. These types of changes are very
likely to occur due to climate change, but currently there is insufficient evidence to trace these linkages exactly.
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The provision of open waterways for shipping is a specific supporting service that is very likely to change in specific,
measurable ways in the next several decades. Reductionsin seaicein the Arctic may allow new trade passages such
as the North West Passage to be established (Wilson et al., 2004; Granier et al., 2006), thereby raising the possibility
of economically viable trans-Arctic shipping, as well as increasing access to regional resources supporting natural
resource extraction and tourism. Accompanying the positive aspects of this development are negative consequences
aswell. Potential impacts of international shipping on climate and air pollution are a significant contribution to
global climate change and health impacts through emission of greenhouse gases and other pollutants (Lauer et al.,
2009; Corbett et al., 2010). Extreme events can disrupt these newly open routes (Becken, 2005). Furthermore,
increased shipping in the Antarctic has been suggested to increase the number of non-indigenous speciesvia
invasion viathe hulls of Southern Ocean vessels (Lewis et al., 2004). Similar trends can be expected with increased
shipping in the warming Arctic.

6.4.1.5. Conclusions

Human societies benefit from and depend on ecosystem services, including provisioning of food and other goods,
climate and natural hazards regulation, cultural and supporting services. Projecting their climate-change-mediated
shifts remains a challenge, partly because the intrinsic difficulties of assessing these services themselves. However,
thereis robust evidence, high agreement and very high confidence that climate change impacts the marine
ecosystems and their services. Food production from the seais already facing diverse stressors, such as overfishing
and habitat degradation, which are expected, with high confidence, to interact with climate change for significant
negative effects in particular to developing nationsin tropical regions. With limited evidence and low confidence,
socio-economic consequences of OA may be felt (Cooley and Doney, 2009; Cooley et al., 2011) and might be
delimited once an OA threshold not to be surpassed is defined (Turley et al., 2010). Marine ecosystems regulate
climate through mechanisms such as the biological pump, the balance between photosynthesis and respiration and
modulation of greenhouse gases with high warming potential. Thereis high confidence that the effect of climate
change on the biota will alter the magnitude of many, if not all of these processes.

6.4.2. Management-Related Adaptations and Risks
6.4.2.1. Ecosystem Management

All of the potential ecological, social and economic shifts associated with climate change will pose new gquestions
and elicit new strategiesin the already highly demanding enterprise of managing ocean resources (Eide and Heen,
2002; Eide, 2007). Ecosystem-based management (EBM), or the ecosystem approach (EA), is already being
increasingly adopted around the world (FA O, 2003) to deal with the multitude of anthropogenic pressures on marine
ecosystems (Sherman et al., 2005; Hoel, 2009). Extended EBM would include climate-driven changes, as well as
new human activities, as the many different drivers will interact and confound each other (Planque et al., 2010; Eero
et al., 2011). Such an extension and integration (Miller et al., 2010) is based on widespread and robust evidence and
high agreement that the effects of different human activities will undermine resilience to other impacts or attempts at
mitigation and adaptation. For example, along coastal margins existing infrastructure (e.g. roads and settlements)
may act as a barrier for landward migration of fringing ecosystems, such as salt marshes (Hughes, 2004). In other
cases, consequences are more subtle. Recruitment variability, or reduced larval survival, as aresult of shifting
climate or OA may undermine fisheries management. For instance, climate change has aready contributed to shifts
in abundance of cod (Eero et al., 2011), salmon (Miller and Munro, 2004) and herring (Sissener and Bjorndal, 2005)
complicating management of those species. Modeling studies have suggested a potential for moderate to strong
reduction in sustainable catch yields for some fish species (Kaplan et al., 2010; Cheung et al., 2011; Fulton, 2011)
under the combined effects of OA (assuming aloss of shelled benthos as food), habitat degradation and altered
water column properties (6.5).

Analyses of the North Sea regime shift in the 1980s indicate that there is a potential for early detection of ecosystem
shifts (deY oung et al., 2008). Quantification of the multivariate multiscale variance revealed that changesin
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ecosystem state were paralleled by an increase in variance. In this case, rising variance can thus provide an early
warning to ecosystem managers of an impending regime shift (Carpenter and Brock, 2006). In general, thereis an
insufficient number of observations and an insufficient quantitative understanding of regime shifts, and until those
needs are fulfilled, adaptive management will only be able to react based on short-term forecasts of the future, rather
than based on any early conclusions that a shift hasjust or is on the verge of taking place. Periods of low variancein
the ecosystem state alternate with periods of more pronounced variability (shifts). Overall, adaptation and
management of risks build on successful detection and attribution; as these are early days, detection and attribution
currently have priority as a precondition for successful adaptive fisheries management.

To date, increasing ecosystem resilience via the reduction in the magnitude of other human perturbations (e.g.
fishing mortality in overexploited fisheries) is the principal feasible means of accounting for additional shiftsin
commercial fish stocks driven by climate change and variability (Brander, 2008). However, physical effects of
climate change may act, under some circumstances, as an additional conservation pressure that cannot be mitigated
by areduction in the activities of extractive human sectors. As an example, areduction in the accidental capture of
turtlesin fishing gear may not successfully protect the population if a significant number of nesting beaches are
impacted by sea-level rise or storm surges (Fuentes et al., 2010; Fulton, 2011). Additional effects of climate change
will complicate management regimes. Many of these kinds of challenges will not be evident until they have already
begun to be expressed, and as aresult it is still uncertain what exact form of fisheries management will be
implemented and be successful in any location. For example, model predictions suggest there may be the potential
for significant change in biodiversity in some locations (Danovaro et al., 2004; Cheung et al., 2009; Fulton, 2011)
(section 6.5) and there are already well-documented shiftsin species distributions (ICES, 2008; Last et al., 2011),
which are presenting direct challenges to the objectives of spatial management, which has become fundamental part
of EBM (Douvere, 2008). This does not invalidate the use of spatial management, but it does mean that “fixed in
law forever” site attached zoning to protect specific species may need to become more flexible to ensure that the
original objectives are maintained as species move or community structure shifts (Soto, 2001).

6.4.2.2. Effects of Geoengineering Approaches

The vast size of the ocean with its enormous buffering capacity for both heat and CO, has long attracted attention for
possible active intervention or geoengineering as a way of ameliorating climate change. The earliest suggestion was
by Marchetti (1977) who advocated direct injection of CO, beneath the M editerranean outflow waters. It was
recognized that some 85% of all atmospheric CO, emissions will eventually be transferred from air to sea (Caldeira
et al., 2005) and that direct CO, sequestration (termed CDR — carbon dioxide removal by Shepherd et al. (2009)
could avoid much of the atmospheric heat trapping. This CDR approach and now many others (including the SRM
approach (Solar Radiation Management (Shepherd et al., 2009), for active ocean manipulation or disposal (see
Table 6-5) are currently being initially evaluated and given preliminary rankings on criteria such as efficacy, safety
and cost (Boyd, 2008). Many of these SRM schemes predate OA concerns and would do little to solve that problem
(Shepherd et al., 2009). All have very large associated environmental footprints, with some actually requiring
purposeful alteration of ocean ecosystems for implementation (Boyd, 2009). These footprints themselves arouse
concern and there are substantial legal and practical barriers associated with chemical disposal in its various forms
(Shepherd et al., 2009). To date, there have been no published reports or evidence from any commercial trials or
pilot studies of any ocean geoengineering method (Boyd, 2008). Note that mesoscal e open ocean iron enrichment
studies (see Boyd et al., 2007) are not geoengineering studies, but do provide valuable insights into some of the
unanticipated side effects of such medium scale (1000 km?) ocean manipulation. There has been arecent initial
comparative assessment of how ecosystems will be altered (some purposefully, such as by CRD methods including
ocean fertilization, others inadvertently, such as by SRM) by different geoengineering methods versus how they will
be altered by ongoing climate change (Russell et al., 2012).

[INSERT TABLE 6-5 HERE
Table 6-5: Challenges for the oceans that will arise from the employment of a range of geoengineering methods
(SRM, solar radiation management, CDR, carbon dioxide removal).]
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Solar radiation management (SRM) techniques rely upon causing increased albedo, for example via stratospheric
sulphur injection (Crutzen, 2006). SRM is fraught with the shortcoming that atmospheric CO, release and OA are
left unabated unless SRM is combined with CO, emission reductions. Carbon dioxide removal techniquesinvolving
the ocean include fertilization by nutrient addition, binding of CO, and build-up of DIC by the addition of akalinity
and direct CO, injection into the deep ocean (Table 6-5). CO, injection would directly expose deep-sea organisms to
elevated CO, levels (hypercapnia) and associated acidification (Caldeira et al., 2005). After purposefully altering
upper ocean ecosystems, ocean fertilization would do the same indirectly viathe greater net export of organic
material to the deep ocean and its coupled decomposition, thereby, causing CO, accumulation. The addition of
akalinity appears more benign but involves large-scale mining activities and their consequences on land. A further
issue with fertilization is that it would affect all major biogeochemical cycles of the ocean with as yet unclear side
effects, including the release of the greenhouse gas N,O. Enhanced NPP by ocean fertilization would add more
carbon to the base of food webs (de Baar et al., 2005).

Most prominently, however, the sustained formation, export and oxidative catabolism of organic material in a
fertilized ocean region causes enhanced oxygen demand and deep-water oxygen depletion as confirmed by modeling
experiments (Sarmiento et al., 2010). On global scales, oxygen levels are permanently and significantly below air
saturation in wide ocean areas, indicating that physical oxygen supply by ventilation and circulation to the oceans as
awholeislimited and insufficient to fully match oxygen demand (Frdlicher et al., 2009). Various degrees of
hypoxiaresult in many areas and exert specific and synergistic effects on ecosystems (6.2.2., 6.3.2., 6.3.6.). The
ongoing decline in ocean oxygenation and expansion of hypoxic areas (6.1.1.) therefore reflects a shift from the
steady state equilibrium of biological oxygen demand and physical supply (Frélicher et al., 2009) to enhanced
demand or reduced supply or both. This unequivocally indicates that oxygen demand enhanced by sustained
fertilization will exacerbate hypoxia further and support the expansion of oxygen deficient areas in the ocean.
Effects on ocean biology and especially, higher organisms, specifically fish and invertebrates depend on the degree
of hypoxiareached and its synergistic effects with other stressors (6.2.2., 6.3.2., 6.3.6.). The temporal and spatial
extent of hypoxia expansion requires exploration. From this point of view, direct injection of CO, into the ocean
and, especialy, itslocalized disposal (deep-sea lake option) appear more benign than the binding and wide spread
deep-ocean release of the same amount of CO, via ocean fertilization (Portner et al., 2005). The concomitant
reduction of the warming trend would aleviate the synergistic effects of temperature with hypoxia and hypercapnia.
Since these factors act as synergistic stressors, however, delicate balancing of the trade-offs between the alleviation
of warming stress on ecosystems and the exacerbation of ocean hypercapnia and hypoxia (the latter in case of ocean
fertilization) would be required upon implementation of injection and fertilization techniques.

6.4.2.3. Health Issues
6.4.2.3.1. Harmful algal blooms

Harmful algal blooms (HABS) are mostly a natural phenomenon having occurred throughout recorded history (Dale
et al., 2006). Biogeographical range extensions caused by regional climate change may have increased the regional
presence of HABs (Edwards et al., 2006), which are considered a major threat to the functioning of near-shore
ecosystems. The opportunistic range expansion of HABs can be explained by increasing temperature, nutrient
fluctuations in upwelling areas, eutrophication in coastal areas and enhanced surface stratification, which all have
species specific responses. For example, the progressive freshening of the Labrador Sea region caused by increased
melting associated with an increased stability of the water-column has resulted in shifts in seasonal cycles and
blooms of dinoflagellates (Johns et al., 2001). Similarly, both increased HABs in the North Sea and coccolithophore
blooms in the Barents Sea are associated with negative salinity anomalies, warmer temperatures and increased
stratification (Smyth et al., 2004; Edwards et al., 2006). Thus, an increase of haline stratification in regions
susceptible to fresh-water inputs could act as an important environmental stimulus for bloom formation. For
nearshore waters, analysis of both planktonic time-series archives and sediment cores, which record HAB cysts,
have revealed few examples of strong linkages between altered HABS and climate change (Dale et al., 2006). There
may be a potential for OA to exacerbate the toxicity of species contributing to HABsin coastal oceans under
nutrient limited conditions (Tatters et al., 2012; Sun et al., 2011). Overall, thereis limited evidence and low
confidence how global climate change will impact HABs. However, because of the potential impacts of HABsin
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human health and different ecosystem services, human societies should be preparing for significant range extensions
and increases in biotoxin problems, particularly through adequate monitoring (Hallegraeff, 2010).

6.4.2.3.2. Pathogen proliferation

There has been considerable debate about the influence of climate change on pathogens in the ocean. On the one
hand, there have been reports of climate change driving changes in pathogen species (Hoegh-Guldberg and Bruno,
2010). Lafferty (2009) cites a number of case studies (e.g. Dobson, 2009) in which awide range of factors,
including climate variability, could be the drivers behind many of the observed trends in pathogens. He suggested
that projecting a higher incidence of infectious diseases in the future is a simplistic view.

One of the most comprehensive studies of climate impacts on infectious disease is that of the waterborne bacterium,
Vibrio cholera, the causative agent of cholera. Cholerais a human diarrheal disease that has re-emerged in a number
of tropical and subtropical regions in the past few decades even in areas where it was thought to have been
eradicated. V. cholera is a marine bacterium that associates with a number of marine plants and animals, especially
chitin-containing zooplankton. The growth of V. cholera on chitinous exoskel etons provides an environmental
reservoir that facilitates persistence of the pathogen in the marine environment during inter-epidemic periods
(Vezzulli et al., 2010). Therefore, long-term survival in the absence of human infection is highly probable.
Variability in climate can affect the marine host species, which in turn can diminish or amplify the levels of the
pathogen in coastal marine environments. In regions where cholerais endemic (e.g, India, Bangladesh, Latin
America), disease outbreaks have been observed to correlate with elevated sea water temperature and zooplankton
blooms (Lobitz et al., 2000; Lipp et al., 2002). Based on the results of an 18-year climate record for Bangladesh,
Pascual et al. (2000) have reported an interannual component of the cholera outbreaks at the dominant frequency of
El Nifio-Southern Oscillation (ENSO), and the recent reappearance of cholerain Peru has also been linked to the
intense 1991-1992 El Nifio event (Lipp et al., 2002). Continued warming of coastal tropical habitats, excessive
nutrient loading leading to phytoplankton and zooplankton blooms and sea water inundation due to sea level rise are
all predicted to exacerbate the global threat of cholera (limited evidence, low confidence).

Another health issue that has been related to climate change is ciguatera, a disease occurring when people eat fish
that has bioaccumulated ciguatoxins due to exposure to the epiphytic dinoflagellate Gambierdiscus sp. Based on
historical records, significant correlations have been reported between fish poisoning levels and sea surface
temperature in South Pacific nations (Hales et al., 1999); however, more recent analyses suggest that the relation is
non linear, and that there is athermal window for ciguaterato prevail (LlIewellyn, 2010), which complicates the
simple extrapolation of temperature-ciguatera rates relation to climate change scenarios.

6.4.2.4. Interaction between Climatic and Non-Climatic Drivers

Changes to the environment mediated by anthropogenic enhancement of the ozone hole over the Southern Ocean
have increased windiness over the Southern Ocean and hence reduced its ability to sequester anthropogenic CO,
from atmospheric emissions. An upward trend in the Southern Annular Mode (SAM, also called Antarctic
Oscillation, AAO) since the 1970s has resulted in a stronger South Pacific gyre forced by intensification of the wind
stress curl arasing from southwards shift in circumpolar westerly winds (Cai, 2006). This change in wind stress curl
causes a spin-up of the entire southern mid-latitude ocean circulation including a southward strengtening of the East
Australian Current (Cai, 2006). The cause of the trend is contentious but partly attributable to ozone depletion in the
last few decades (Cai et al., 2005, Cai and Cowan, 2007). While the overall contribution of increasing atmospheric
CO, to the observed SAM trend is uncertain, climate models predict an upward SAM trend in response to increasing
CO, (Cai et al., 2005). Thisincreased windiness associated with anthropogenic alteration of the ozone hole, has so
far been implicated in decreased oceanic carbon dioxide storage (Le Quéré et al., 2007) and deepening of the surface
mixed layer depth (Sallee et al., 2010). Again, there is low confidence concerning the nature of the interplay
between increased windiness and the on-going effects of climate change, and the outcome for the biotais highly
uncertain.
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6.4.2.5. Conclusions

Thereis high confidence that the already challenging task of managing ocean, their resources and linkages to human
societies, will face new questions and difficulties due to the impacts of climate change on marine ecosystems.
Fisheries and ecosystem management in the future might have to deal not only with the traditional sustainability
goals, but to increase the ecosystems resilience to climate variability and change. Active ocean manipulation
strategies to amend climate change might prove detrimental for different aspects of the ecosystems, such as
augmented exposure of deep water organismsto elevated CO, and acidification due to artificial injection, which
highlights the need for further research. Thereis strong interest in elucidating the potential changes of different
human health issues related to ingestion of marine organisms that have bioaccumulated toxins, or direct exposure to
toxic organisms and pathogens; however, evidence is still insufficient and confidence low on how harmful algal
blooms and prevalence of pathogens will respond to climate change.

6.5. Future Projections of Climate Change I mpactsthrough M odeling Approaches

A range of models are applied to explore climate change effects on marine biota, from primary productivity through
to higher trophic levels, and to test hypotheses about responses of marine species, food webs and ecosystems (Rose
et al., 2010; Stock et al., 2011; Fulton et al., 2011). These models incorporate the influences of ocean physics and
chemistry on marine biota focusing on different spatial and temporal scales. Models range from empirical
approaches to mechanistic models describing popul ation/speci es responses and/or trophic interactions in marine
ecosystems, including nutrient flows and feedbacks among primary producers, consumers and decomposers over a
range of temporal and spatial scales (Barange et al., 2010; Stock et al., 2011). Earth System Models that couple
atmosphere and ocean as well as climate and carbon cycles project changes in ocean biogeochemistry under arange
of CO, emission scenarios (WGI Chapter 6). Also, models that focus on population and species level responses to
environmental changes have been applied to awide range of taxonomic groups, from invertebrates, fishes to marine
mammals, globally and for many regions. Common classes of such models include population dynamic models and
species distribution models. Moreover, there is a growing number of applications of “end-to-end” models which
explicitly link climate change effects from changes in ocean physical and chemical conditions to the interactions
between species at different trophic levels and human activities such as resource extraction and aquaculture (Rose et
al., 2010). A variety of such “end-to-end” models are being applied in many regions (e.g., Brown et al., 2010;
Fulton et al., 2011; Kishi et al., 2011), for hindcast simulations of fish stocks (Collie et al., 2009; Link et al., 2009;
Fennel, 2010), to link biogeochemical dynamics to mid- and high trophic levels (Libralato and Solidoro, 2009;
Maury, 2009; Kishi et al., 2011) and to address spatio-temporal variability in competition and predation across all
trophic levels (Brown et al., 2010; Travers and Shin, 2010). Results indicate some skill in these “end-to-end” models
in reproducing the timing of events and the magnitudes of state variables (Link et al., 2009). However, numerous
technical (Traverset al., 2009; Shin et al., 2010) and other challenges remain. Overall, the above models are
currently useful for developing qualitative scenarios of changesin net primary productivity, species distributions,
community structure and trophic dynamics of marine ecosystems, and their implications for ecosystem goods and
services under climate change. However, quantitative predictions from these models have low confidence (Rose et
al., 2010; Hannah et al., 2010; Stock et al., 2011).

6.5.1. Ocean Primary Production

Global ocean net primary productivity (i.e., NPP) is projected to change with climate, with large variationsin the
magnitude and direction of projected changes between coupled carbon cycle-climate models and empirical
approaches (Figure 6-16). Bopp et al. (2002) predicted that climate change (based on arange of IPCC scenarios)
may decrease global ocean NPP by > 10% (i.e. 5% of global NPP; Field et al., 1998), with projected increasesin
NPP at high latitudes (of up to 10%) being more than offset by predicted decreases at low latitudes (20%).
Projections from four different fully-coupled (physics, biogeochemistry and plankton groups) global Earth System
Models (WGI Ch. 6) show areduction in global mean NPP of 2 to 13% by 2100 relative to 1860 under the high
emission SRES A2 scenario (Steinacher et al., 2010). Thisis by contrast with recent projected changes using
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empirical methods that project aslight increase in global NPP (Sarmiento et al., 2004). Regionally, the Earth System
Models project a decrease in NPP in the North Atlantic, the * subpolar gyre marginal seaice’ biome in the Northern
Hemisphere (decrease of 33 — 39 %), the tropics and the permanently stratified oceans at mid-latitude due to the
reduced input of macro-nutrients into the euphotic zone. These decreases in NPP are mainly driven by the projected
reduction in the area of the biome associated with reduced mixed layer depth, increased stratification and slowed
circulation causing a decrease in macronutrient supply. In contrast, the models project increases in NPP in Northern
and Southern Hemisphere ‘ subpolar gyre’ biomes where an aleviation of light and/or temperature limitation leads to
an increase in NPP, with little change in the areal extent of these hiomes.

[INSERT FIGURE 6-16 HERE

Figure 6-16: Multi-model mean changes of projected vertically-integrated net primary production (small and large
phytoplankton). To indicate consistency in the sign of change, regions are stippled where all four models agree on
the sign of change. Changes are annual means for the SRES A2 scenario for the period 2080 to 2099 relative to 1870
to 1889.]

It is concluded with high confidence that global NPP will change with increased greenhouse gas emission and global
warming: In particular, there is medium agreement and confidence that primary production will decrease from
present rates by 2100 under the SRES B1 and A2 scenarios, although thereis limited evidence suggesting an
increase in global NPP. Thereis low confidence for regional differences. The observed variability in projected future
ocean primary production is due to differences in the responses of ocean physics to global warming, to differencesin
biology models and to differences in the simulation of micronutrient limitation (Steinacher et al., 2010). Most of the
above projections on ocean biogeochemistry represent open ocean systems rather well, but coastal and shelf seas
regions only poorly. Moreover, thereis alarge variation in estimates of the present-day magnitudes and the
distribution of primary production in models and observation-based estimates (cf. 6.3.1.). The validation of future
modeling, projections and improved model parameterisations require convergence of observational trendsin NPP,
from arange of independently-derived approaches from remote-sensing to ship-based rate measurements, and
confirmation of the underlying mechanism(s) driving these trendsin all oceanic provinces where altered rates of
NPP, over decadal scales, have been reported.

6.5.2. Higher Trophic Levels

Projected future changes in physical and biogeochemical conditions of the ocean are expected to affect the
distribution and abundance of marine fishes and invertebrates (Figure 6-17). Species distribution modeling (SDM) is
a commonly used approach to project future changes in species distribution based on projected changesin climatic
and other environmental conditions (Ready et al., 2010, Jones et al., 2012). Using a global scale SDM that has
explicit representation of population dynamics and dispersal driven by changes in temperature, salinity, ocean
current and seaice extent, Cheung et al. (2009) project shifts in the distribution of 1066 species of exploited marine
fishes and invertebrates in the world ocean of a median of around 50 km per decades (range limits) to higher latitude
by 2050 relative to 2000 under the SRES A 1B scenario. The rate of range shiftsis projected to be three times higher
for pelagic than for demersal fishes (Cheung et al., 2009). As aresult, high latitude regions (the Arctic, Southern
Ocean) are projected to have high rates of speciesinvasions. In contrast, high rates of local extinction are projected
for the tropic, sub-Arctic and semi-enclosed seas (e.g., Mediterranean Sea, Persian Gulf).

[INSERT FIGURE 6-17 HERE

Figure 6-17: Scenarios of the effects of climate change on the biogeography of marine fishes and invertebrates, their
biology and fisheries catch potential. (A) The main hypotheses of climate change effects on marine fishes and
invertebrates. (B) Example of a projected rate of shift in distribution range along latitude and depth for 610 exploited
demersal fish species from 1991-2010 to 2041 — 2060 under the SRES A2 scenario (Cheung et al., 2011; Cheung et
al. submitted). The median rate of the rate shift observed from the 1970s to the 2000s in the North Sea and Bering
Sea are indicated by the arrows. (C) Projected change in the maximum body size of 610 species of marine fishes
from 2000 to 2050 under the SRES A2 scenario (Cheung et al. submitted). The values represent the average results
from projections using outputs from the NOAA/GFDL ESM2.1 and IPSL-CM4-LOOP models. The white areais
not occupied by the sample of species (D) Example of formulization of these hypotheses through a simulation model

Do Not Cite, Quote, or Distribute 77 11 June 2012



QUOWWONOULEAEWNPE

U‘IU‘Immm#bbbbﬁbbhhwwwwwwwwwwI\JI\JI\)I\)I\)I\)I\)I\)I\)I\)I—\I—\I—\I—\I—\I—\I—\I—\I—\I—\
AR WNPFPOOWLONO O WNPFPOQOONOUOPRRWNRPOOO~NOOUOPRPRWNPEPOQOONODUOPMWNE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

to project maximum fisheries catch potential of 1000 species of exploited fishes and invertebrates from 2000 to 2050
under the SRES A 1B scenario (redrawn from Cheung et al., 2010).]

The global pattern of distribution shifts generally agrees with regional-scal e projections driven by scenarios of
temperature changes. Distributions of eight exploited fish speciesin the North Atlantic are projected to shift
northward by 2090-2099 relative to 2000-2005 under both the SRES A2 and B2 scenarios (Lenoir et al. 2011).
Long-term observations from the European Large Marine Ecosystems study (Philippart et al. 2011) confirm
projections of the northward movement of species, converting polar into more temperate and temperate into
subtropical systems. In the Northwest Atlantic, the distribution centre of Atlantic croaker (Micropogonias
undulatus) along the east coast of the United States is projected to shift northward by 50-100 km by 2100 relative to
the 2000s under both SRES A1B and B1 scenarios (Hare et al., 2010). In the Pacific Ocean, spawning habitat of
bigeye tuna (Thunnus obesus) is projected to improve in the subtropical Pacific by 2100 relative to the 2000s under
the SRES A2 scenario, while both spawning and feeding habitats improve in the eastern tropical Pacific regions
(Lehodey et al., 2010). In the southern hemisphere, the core ranges of 14 species of tunas and billfishes in the east
and west coast of Australia are projected to shift towards higher latitude (southward) and contract by 2100 relative
to 1990-2000 using a statistical model driven by changes in sea surface temperature projected from an ensemble of 9
climate models with 25 scenarios for each species (Hobday, 2010). Similarly, distributions of 30 species of fishes
and invertebrates around Western Australia are projected to shift their distribution at a median rate of around 19 km
poleward and 9 m deeper per decade by 2055 relative to 2005 under the SRES A1B scenario (Cheung et al., 2012).
The analysis also projects gradual ‘tropicalization’ (increased dominance of warm-water species) of the
communities along the Western Australia coast.

For corals, al modeling approaches project high level of impacts of ocean warming on coral reefs through coral
bleaching, although some of the main assumptions in these approaches need to be verified. Assuming a monthly
SST threshold for coral bleaching and using projected future SSTs under the 1S92a scenario, Hoegh-Guldberg
(1999) projectsthat coral bleaching in French Polynesia, Jamaica, Rarotonga, Thailand and at three sites on the
Great Barrier Reef would occur biannually within 20-40 years from 2000. Using a similar approach, Sheppard
(2003) projects most of the 33 Indian Ocean coral reefs south of the equator would become extinct between 2010
and 2030, while extinction would occur later for corals north of the equator (Sheppard 2003). Moreover, Donner et
al. (2005) project that most coral reefs of the tropics would exceed the bleaching threshol ds by the 2050s. With
consideration of possible adaptation and acclimatization by corals, it is expected that temperature would exceed
bleaching thresholds at least biannually by 2020 or 2030 under the SRES A1B and B1 scenarios (Donner et al.,
2007). In addition, using an empirical model on coral bleaching extent developed from historical data, McWilliams
et al. (2005) predict a 35 % increase in the area of bleaching and a 42 % increase in the fraction of coral colonies
bleached with an 0.1 °C increase in average SST in the Caribbean. These projections assume little adaptability to
intensifying heat stress which needs to be further examined by field and experimental studies (6.2.2.4.). It also did
not account for OA to which coral reefs appear particularly vulnerable (6.2.2.4.4.).

Projections are also available for selected groups of marine megafauna. Similar to the projected pattern of changes
for fishes and invertebrates using SDM, cetacean richness is projected to increase above 40° latitude in both
hemispheres and both pinniped and cetacean richness to decrease at lower latitudes by 2040-2049 relative to 1990-
1999 under the SRES A1B scenario (Kaschner et al., 2011). The population growth rate of Cassin’s auklet in the
Cdlifornia Current ecosystem is projected to decline by 11 to 45 % by 2080-2099 relative to 1980-1999 driven by
changes in temperature and upwelling intensity under a scenario in which mean annual SST at the Farallon Island
increases by 1.97 °C (Wolf et al., 2010). Using SST as predictor, the distribution of loggerhead turtlesis projected to
expand poleward in the Atlantic Ocean and to increase in available habitat in the Mediterranean Sea by 2070-2089
relative to 1970-1989 (Witt et al., 2010).

Overall, there is high confidence that the distribution and abundance of fishes, invertebrates, cetaceans and some
marine megafaunawill shift under most emission scenarios, with the projected rate and direction of range shift being
consistent with observationsin the last century (6.3.). More specificaly, there is high confidence that the shift in
distribution is generally poleward at large spatial scale and there is medium confidence that the distribution of
demersal fishes and invertebrates shifts towards deeper water. These shifts are likely to result in changes in patterns
of speciesrichness. However, projections of future distribution for specific species and at fine spatial scale are more
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uncertain. There is high agreement between models that warming will have large impacts on coral reefs through
bleaching. Some key assumptions are common across these analyses. Firstly, the confidence of the projections will
depend on the confidence of projected physical and biogeochemical conditions (WG I). Secondly, predicted
distributions of the studied species are based on potential distributions or niches, which may be different from the
presently realized niches. Moreover, potential adaptive and evolutionary responses by the organisms are not
considered in these models. So far, there have been reports on climate-induced changes in species abundances but
not on climate-induced extinctions in the oceans. As a note of precaution, models assuming uniform climatic
envelopes for species may underestimate extinction risk of individual populationsif strong local adaptation has
occurred and caused specialization of populations on local climate regimes. Trophic interactions are not considered
in most SDMs. Furthermore, these projections are affected by the uncertainty of outputs from climate or earth
system models. These uncertainties and assumptions may affect the fine-scale projections of changes in species
distributions and abundance [Cheung et al., 2012].

6.5.3. Ecosystemsand Fisheries

One of the most direct impacts of climate change on marine ecosystem services is through fisheries (6.4., WGII Ch.
7). Globally, Cheung et al. (2010) suggests that climate change may lead to large-scale redistribution of global catch
potential (from 1066 exploited fishes and invertebrates), with an average of 30—70 % increase in yield of high-
|atitude regions (>50° N in the northern hemisphere), but a drop of up to 40% in the tropics by 2055 relative to 2005
under the SRES A 1B scenario (Figure 6-17). This highlights the high vulnerability of national economies of tropical
coastal countries through fisheries impacts to climate change (Allison et al., 2009, 6.4.). More specificaly, a
modeling study that assesses the effects of climate change on tuna fishery in the south Pacific projects an increase in
catch for 2035 relative to 1980-2000 for skipjack and bigeye tuna under the SRES B1 and A2 scenario (Lehodey et
al., 2011), However, skipjack tuna catch is projected to decrease for 2100 under the A2 scenario, while bigyeye tuna
catch is projected to decrease under both A2 and B1 scenarios for 2100. Regionally, catches in the western Pacificis
projected to decrease while those in the eastern Pacific will increase (Lehodey et al., 2011). In the North Atlantic
region, Cheung et al. (2011) incorporates the potential impacts of OA, low oxygen and changes in size-structure of
phytoplankton resulting from greenhouse gas emission under the same emission scenario to project maximum catch
potential in the North Atlantic by 2050 relative to 2000 (using outputs from GFDL ESM2.1). The results suggest
that these additional factors are expected to reduce catch potential, turning some regions to aloss that were expected
to gain in catch potential from warming. However, such projections admittedly are sensitive to the assumed level of
biological sensitivity of the modeled organismsto OA (section 6.3.4). Moreover, Cheung et al. (submitted) applies
the same model but with consideration of warming and changes in oxygen content as main climate drivers to project
future changes in maximum body size and other life history characteristics of 610 exploited demersal marine fishes
globally. Maximum body weights at community level are projected to decrease by about 20% across ocean basins
under the SRES A2 scenario, with approximately equal contribution from general poleward movements of the
smaller, warmer water species and the reduction in maximum body size at population level from organisms’
ecophysiological responses (Figure 6-17). The decrease in maximum body size may reduce yield-per-recruit and,
thus, potential catch.

Responses to climate change may become more complicated when species interactions and multiple stressors are
considered. Responses of exploited marine species and their fisheries may interact with other human stressors such
as overfishing. Using a statistical ecosystem model and an ensemble of multiple climate model outputs, Lindegren et
al. (2010) project that the Baltic cod is expected to have a high extinction risk (>95%) by the mid-2060s with
warming (+3.5 °C of SST), decreasing salinity (- 4.8 psu) and a mean historical fishing mortality level (1974 to
2004). Under the scenario in which fishing is reduced to the recommended precautionary reference levels, projected
extinction may be postponed to the 2080s (Lindegren et al., 2010). Clark et al. (2003) used projections of future
North Sea surface temperatures and estimated the potential impact of climate change on the reproductive capacity of
the cod stock. Output from the model suggested that a relatively modest level of climate change (+0.005 °C yr™),
resulted in a more rapid decline in fish biomass and juvenile recruitment. In are-analysis by Kell et al. (2005), the
authors model ed the effect of introducing a cod recovery plan. The overall cod productivity was impacted, and
spawning stock biomass (SSB) was predicted to be considerably less than would have been the case assuming no
temperature increase. M odels representing marine ecosystems around Australia suggest that the biomass of plankton,
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pelagic invertebrates and pelagic fish biomass are projected to increase while demersal fish biomassis expected to
declinein al regions by 2050 relative to 2010 under the SRES A2 scenario (Fulton, 2011). The increase in biomass
of pelagic systemsislargely due to their better adaptive capacity to the changing environmental and ecosystem
conditions relative to the demersal groups. However, the direction of changes in some specific groups such as
invertebrates and top predators differ between regions. Overall, the projected multi-species maximum sustainable
yields are 27 % lower for the Great Barrier Reef and 12 % lower for SE Australia (Fulton, 2011).

Model projections suggest that the interplay of such top-down ecological effects with bottom-up chemical and
physical controls on the environment may increase the susceptibility of certain communities to both a changing
environment and altered ecosystem. Using the model specific for SE Australia, Griffith et al. (2011) show that OA
and fishing may have additive, synergistic and antagonistic effects, depending on the biological groups and the
intensity of the stressors. In the South Pacific region, vulnerability of foodwebsin different biogeochemical
provinces to projected changes in water temperature, mixed layer depth, upwelling, solar and ultraviolet radiation,
dissolved oxygen and OA were assessed (Le Borgne et al., 2011). Such assessment projects that foodwebs in these
provinces have low to moderate vulnerability for 2035 and moderate to high vulnerability for 2100 under the SRES
B1 and A2 scenarios (Le Borgne et al., 2011). Moreover, using a trophodynamic ecosystem model that assesses the
projected reduction in phytoplankton on the marine foodweb in the Warm Pool province (10°N — 15°S and 110°E —
165°E) of the South Pacific region, biomass of zooplankton, micronekton and large pelagic fishes are projected to
decrease by 2035 and 2100 relative to 2000-2100 under the SRES B1 and A2 scenario (Le Borgne et al., 2011). The
decreases are largest (>15 %) for mesopelagic and bathypelagic micronekton and skipjack tuna. Using five
ecosystem models representing the major marine ecosystems along the NE Pacific coast, Ainsworth et al. (2011)
show that fisheries landings decline in response to cumulative effects of changesin ocean biogeochemistry under the
SRES A1B scenario, with possible synergistic effects when multiple factors are considered. Our current
understanding of how different modes of forcing, either individually or together, alter biological organizations, from
physiology to biomes, is rudimentary (i.e., medium agreement, limited evidence) for many of these interactions
(Figure 6-14). Further insights into understanding the relative roles of bottom up and top down effects and their
interplay) require consideration of scale-dependency, regional and interspecific differences (Hunt Jr and McKinnell,
2006). Such insights would improve model projections.

Although the numerical projections of future changes in fisheries under climate and ocean changes are considered to
have low confidence because of the various levels of structural and parameter uncertainties of the models, thereis
high confidence that changes in primary productivity and temperature will lead to large scale changesin fisheries
production and that tropical fisheries are highly vulnerable to climate change impacts. There is medium confidence
from quantitative projection that multiple stressors, including warming, OA, de-oxygenation and other human
impacts, will interact with each other, exacerbating the expected impacts from single stressors. Each modeling
approach has various assumptions and uncertainties, including those from the biological and ecological components
in the impact assessment model and the physical and chemical components of the Earth System Models (Stock et al.,
2011). Given these model assumptions and uncertainties, interpretation of these model projections should focus on
qualitative trends instead of the detailed numerical projections. Moreover, such interpretation highlights the need to
consider multiple stressorsin projecting changes in ecosystems and the services they provide.

6.5.4. Conclusions

Overall, there is high agreement on the projections of large-scale changes in species distribution and abundance and
medium agreement on projections of ocean productivity and fisheries catch. It is concluded with high confidence
that global primary production will change and there is medium agreement between models that it will decrease by
2100 relative to now under the SRES A1 and A2 scenarios. Also, there is high confidence that distributions for
fishes, invertebrates, cetaceans and some marine megafauna will shift further under most emission scenarios, with
the projected rate and direction of range shift being consistent with observationsin the last century. More
specifically, there is high confidence that the shift in distribution is generally poleward at large spatial scale and with
medium confidence on projected distribution shift of fishes and invertebrates towards deeper water, leading to shifts
in patterns of species richness and community structure (high confidence). Moreover, there is high confidence that
changesin primary productivity, ocean conditions and species distributions will lead to large scale changesin
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fisheries production. There is medium confidence that multiple stressors, including warming, ocean acidification, de-
oxygenation and other human impacts, may interact with each other, exacerbating the expected impacts from a
single stressor. However, there is low confidence on fine-scale quantitative projections for the above changes
because of model uncertainties.

Models that integrate climate and ocean changes with biological responses and interactions with human activities, at
present, have led to some general agreement on possible species and food web responses to climate change.
Population dynamic models and species distribution models demonstrate some skills in assessing impacts of climate
change on species abundance, distribution and composition (Stock et al., 2011; Jones et al., 2012). However, these
models do not include arange of biological processes such as trophic interactions and evol utionary adaptation that
affect responses of biotato physical and chemical changes in the ocean. Some ecosystem models that incorporate
ocean physics and chemistry, trophic interactions between low and high trophic levels, and human activities are
available. However, these ecosystem models currently have limited capability to predict impacts (Overland et al.,
2010), particularly over long time scales (Fulton, 2011), because of intricate linkages in food webs (Brown et al .,
2010), non-linear relationships between variables, and the inherent abilities of living organisms to adapt and evolve
(Kirby and Beaugrand, 2009; Murawski et al., 2010; Moloney et al., 2011). Further progress in forecasting future
biological responses and food web scenarios, beyond the range of current data, requires improved data acquisition
and management in conjunction with approaches to address focused questions. This assessment indicates that the
principle links between different levels of biological organization and especially between organism specialization
and functional characteristics (6.2.2.) and ecosystem have not sufficiently been considered in these analyses. Better
representation of these processes in these models enhances certainty and confidence in modeled projections of future
change.

6.6. Conclusionsand Key Uncertainties

This section provides an overview of the chapter with respect to the levels of evidence and the resulting confidence
in the detection and projection of climate change effects on ocean systems, as well asthe levels of confidencein
attributing these effects to the respective forcings (Figure 6-18).

[INSERT FIGURE 6-18 HERE

Figure 6-18: Overview of the levels of confidence in detection (black letters), in both detection and projection (blue)
aswell asin projection only (red letters) of climate change effects on ocean systems, in relation to the levels of
confidence in attributing these effects to the respective climate forcings. Areas where firm and detailed knowledge
on climate change impactsis currently lacking have been condensed into rather broad categoriesin order not to
overpopulate the figure (e.g. BG, Biogeochemical Processes). If a processis marked by blue |etters, the levels of
confidence are the same for both detection and projection in relation to that for attribution. Note that the term
attribution is not only used in the context of detections but, in some cases, also for projections. Experiments
(laboratory and modeling) simulating future conditions may enhance the respective confidence levels above those
for detection which refers to present day observationsin the field. The empirical observations resulting from those
experiments are then attributable to the respective drivers. Confidence rises further if these experiments identify the
affected mechanisms and their response to future conditions. See text for further discussion of the depicted processes.

]

6.6.1. Driversof Change and their Effects

Present day observations and the information from the geological past display similarities with respect to
environmental changes and their ecological consequences in the ocean. Warm times with high atmospheric CO, are
evident in the geological past (Figure 6-18, GR, high confidence in detection). Thus, the geological record provides
robust evidence of alterations of both multiple ocean properties and ecosystems, which are comparable (medium
confidence) in terms of sign and combination of properties, to present and projected climate change. While a number
of past events share characteristics of future climate change, the present and predicted rate of anthropogenic CO,
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input and hence resulting ocean acidification is unprecedented in the last 300 Ma (robust evidence, high agreement
and confidence, 6.1.2). However, there are few studies that identified a response to recent ocean acidification trends
in the field. Decreases in shell weight have been detected in foraminiferain the field (medium evidence, agreement
and confidence) and attributed to ocean acidification effects (OAE, medium evidence and confidence). Furthermore,
attribution is supported by robust experimental evidence showing that species from many phylogenetic groups
display diverse sensitivitiesto OA effects and will develop species specific responses (high agreement and
confidence). Harmful effects were seen among some corals at low latitudes, some echinoderms, bivalves and
gastropods or crustose algae, but also in some crustaceans and tropical fishes. Detection of such effects at ecosystem
level has not been possible to date, but projections from these studies and observations at natural analogues indicate
ashift in community composition to more active animals and from calcifiers to non-calcifiersin all organism groups
((high agreement and confidence in both projection and attribution, 6.3.4.3.; 6.2.2.4.).

In the oceans hypoxic zones (HypZ) with oxygen levels below 60 pmoles kg™ expand due to enhanced stratification
and microbial respiration (high agreement and confidence) and will continue to do so, due to climate induced
warming trends (high confidence, 6.1.1.). Some bacteria can still grow aerobically and most efficiently at even
nanomolar oxygen concentrations, causing formation of an ‘ oxygen minimum zone’ (OMZs), which is also
characterized by elevated pCO, (high confidence). Expanding OMZs are therefore a consequence of high nutrient
loading or restricted water movement, or both. Similarly, marine sedimentary habitats have OMZs below shoaling
sediment horizons due to limited penetration and movement of dissolved oxygen. Expanding OMZs have also been
detected in coastal waters and sediments downstream of regions of high inorganic nutrient or organic matter loading
(6.1.1,, 6.2.2.2.). Expanding hypoxia exerts strong local and regional effects on the biota (HE, high agreement, high
confidence), causing a shift of community composition over to hypoxia tolerant species commonly observed in
OMZs, excluding the calcifiers and benefiting the microbes (6.2.2.4.2., 6.3.3.), trends which will, with very high
confidence, be exacerbated in the future. Such shifts are associated with areduction in biodiversity and the loss of
high activity life formsin those areas (robust evidence, high agreement and confidence). Furthermore, vertical
expansion of OMZs has led to compression of oxygenated water layers as a habitat for, e.g., pelagic billfishes with a
high oxygen demand. These effects are attributable to an anthropogenic exacerbation of hypoxia regimes (high
confidence).

Present variability in oceanographic conditions are linked to large fluctuations in the structure of marine ecosystems
and in fish stocks (robust evidence, high agreement, very high confidence), with akey role for temperature effects
(TE) and change in current regimes as drivers (robust evidence, very high confidence. Long term observations show
shifts in phenology, abundance, migration patterns, reduction in body size and largely poleward shiftsin
biogeographical distribution (20 to 200 km per decade) of zooplankton and fish (6.3.2.). Many biological changes
detected in ocean ecosystems are attributed to ongoing anthropogenic warming (very high confidence). These effects
are likely to continue with progressive warming in the 21% century, with implications for decreasing fisheries catch
potential (FCP) in low to mid latitude areas and increasing FCP at high latitudes, resulting from species
displacements and changes in primary production under the SRES A1B and B2 scenarios (high confidence, 6.5.2.;
6.5.3.). In particular, many polar organisms (PO) are unable to migrate or will be unable to acclimate or adapt to
rising temperatures on relevant time scales (high agreement, very high confidence), contributing to the projection of
high species turnover in polar areas (high confidence, 6.2.2.4.1., 6.5.2.).

In general, climate change may involve the combination of temperature effects with those of other climate related
drivers (progressive ocean acidification, expanding hypoxia zones, freshening, organism shifts resulting in changing
food availahility, changes in habitat structure, e.g. loss of seaice, further human interference, e.g. eutrophication).
Synergistic amplification (SE — Synergistic Effects) of warming effects may occur in the future, due to expanding
hypoxia zones and ocean acidification trends but such synergisms have been discussed but not yet been clearly
identified (detected) in the field (low confidence). Attribution to such synergisms and their projected impact is
supported by experimental studies, especially in maroorganisms (high confidence), and, such effects will be
exacerbated in the future (medium confidence). Climate change can strongly interact with further top down human
interferences like fishing or other forms of harvesting which then accelerate and amplify climate induced changes
(medium evidence, high confidence, 6.2.2.1., 6.3.6.).
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6.6.2. Microbial Responses and Biogeochemical Consequences

For microbial species and associated processes, a coherent picture covering various levels of biological organisation,
from gene to ecosystem is needed but not available. Therefore, there is conflicting evidence, low agreement and
confidence in our present knowledge of ateration of microbial effects (M E). Confidence in attributing such effects
and the resulting processes to climate change including ocean acidification is equally low, albeit some experimental
evidence from lab and coastal mesocosms indicates changesin individual processes such asthe N cycle (6.2.2.2.,
low confidence). As ageneral constraint in detection and attribution for microbial (pro- and eukaryote) processes
one or severa unifying concepts (M C) comprehensively explaining the effects of climate drivers on each major
group of marine microbes (e.g., bacteria, archaea and protists) are lacking (6.2.2.1.): While various physiological
mechanisms and processes are known to respond to changesin irradiance, nutrient supply, temperature, CO, or
hypoxiain microbes (6.2.2.2.), the knowledge base on how these processes may be altered does not (yet) support an
integrated whole organism understanding of climate impacts on individual species (and their strains) and in turn on
communities, reflecting medium evidence, but low agreement and confidence in detecting related effectsin the field
and attributing them to climate change. This limits the confidence to low in attributing detected changes to larger
scale influences of climate change and also in projecting them to the future (6.3.1.).

Based on empirical observations the trends in net primary production (NPP) recently reported for much of the low
latitude ocean using satellite observations differ considerably from those few sites at which sufficiently long time-
series of more robust direct estimates of NPP have been obtained (6.3.1.). There is medium confidence based on
limited evidence from these relatively few offshore time series sites that there has been a small but significant
increase in global NPP (gNPP) over the last two decades, but confidence is low that thisincrease may be linked to
climate change. At high latitudes, there is medium confidence based on limited evidence from satellite images that an
increase in the number of sea-ice free daysis resulting in higher rates of hNPP (attributable to climate change with
high confidence, 6.3.1.). Such trends are projected to be strengthened with further warming and there is medium
agreement between models that global NPP will decrease by 2100 relative to now under the SRES A1 and A2
scenarios, however, such trends cannot presently be quantified with sufficient accuracy and projections are fraught
with low confidence (6.5.1.).

Other biogeochemical processes (BG) identified as potentially responsive to climate change including ocean
acidification comprise carbon sequestration and export production, calcification, and respiration with the result of
water oxygen depletion and acidification (see HypZ). With medium evidence, low agreement and low confidence in
detecting and attributing microbial organismal responses to climate change, effects on N cycling may occur
(6.2.2.2.). Overall, confidence islow in that shifts in biogeochemical pathways such as oxygen production, carbon
sequestration and export production, nitrogen fixation, climate-feedback by DM S production, nutrient recycling, or
calcification are presently happening at detectable scales or will do so in the future, paired with low confidence in
attribution to climate change (6.3.3.2., 6.3.4.1., 6.3.6.1.).

6.6.3. Macroorganism Responses and their Implications

Temperature effects reflect the specialization of, especially higher life forms on limited ambient temperature ranges.
Temperature has strong effects on macroorganisms (M AE), especially marine animal species, with attribution being
confirmed through applicability of the OCLTT concept (OCL TT: oxygen and capacity limited thermal tolerance)
which integrates findings across levels of biological organisation, molecule to ecosystem (6.2.2.1., robust evidence,
high agreement and high confidence). The concept supports a comprehensive cause and effect understanding of
climate change effects on marine animal species, as observed in the field and thereby lends support to projections of
temperature effects (TE) in the future (6.3.2., robust evidence, high agreement and very high confidence). Thereis
medium evidence for the suitability of this concept to integrate the synergistic effects (SE) of multiple drivers, such
as ocean acidification and hypoxia, into a comprehensive whole organism picture of climate related constraints
(6.2.2.5.,,6.3.6.1.).

Among fishes examples reflecting the direct effects of temperature include the shifting geographical distribution of
Atlantic cod (AC, 6.3.2.1., robust evidence, high confidence in detection, medium confidence in attribution), falling
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abundance of eelpout in the Wadden Sea (EW S, 6.2.2.1., 6.3.2.1., 6.3.7., robust evidence, medium confidencein
detection, high confidence in attribution), the collapse of spawning migration of Pacific salmon during warm years
in the Fraser River of BC (PS, 6.3.2.1., robust evidence, high confidence in detection, high confidence in attribution),
the temperature related patterns of growth in banded morwong around New Zealand (BW, medium evidence, high
confidence in detection, medium confidence in attribution) and the shifts from sardines to anchovies in the Japanese
Sea(SAJ, 6.2.2.4.1.,6.3.2.2., robust evidence, medium confidence in detection, medium confidence in attribution).
Fish communities studied in temperate and high latitude zones display increments in species richness (FSR — Fish
Species Richness) resulting from warming (and other related changes such as retreat in seaice) and the induced
latitudinal shifts (6.3.7., 6.5.2., high confidence in detection, medium confidence in attribution). Such temperature
driven latitudinal shifts of macro-organisms (M AE) are projected to continue (very high confidence) in the 21%
century under all IPCC emission scenarios, being attributable to progressive warming (6.2.2.4.1., 6.3.2.1., 6.3.5.1.,
6.3.7.,6.4.1.1., 6.5.2., very high confidence).

The shift in the distribution of fish species as for Atlantic cod in the North Sea, detected together with a regime shift
and regional changesin plankton phenology (PP, medium confidence) that came with changes in food composition
and availability are with medium confidence attributed to climate change (6.3.2.1.). As a consequence, the changing
fish catch potential for e.g. cod in the Southern North Sea (high confidence, FCP) is, with high confidence, partly
attributable to climate change and to maintained fishing pressure (6.5.3.). Further effects attributed, with high
confidence to climate change include alterations in abundance (AB) of e.g. corals, fishes or intertidal species
detected with high confidence when organisms are exposed to increasing extreme temperatures. Such trends will
with high confidence, be exacerbated during future warming (6.5.2.).

Among marine mammals and bhirds (M AB) there is robust evidence and high confidence in the detection of changing
individual phenomenain some species of seabirds (reduced abundance, species shifts), marine mammals (ditto) and
seaturtles (changing sex ratio) and equally high confidence in their attribution to the changing climate. However, as
ageneral pattern, evidence is limited and confidence low for direct, univocal attribution to climate drivers (except for
the thermally driven sex ratio in turtles). As areason, effects are mostly mediated through climate dependent
changes in habitat structure, in the availability and phenology of prey organisms, or in foraging efficiency,
especialy in mammals (polar bear, walrusses) and birds (pinguins, albatrosses), such that differential sensitivities
result between species (high confidence). Overall, there is medium confidence in detection but high confidence in
attribution to climate change. Such trends will with high confidence, be exacerbated during future warming
(6.2.2.4.5)).

Over the last three decades, several species of shallow water reef-building warm water corals (RW C) have with very
high confidence displayed increased bleaching and decreased calcification, and thereby, with very high confidence
responded negatively to the ongoing warming trend and the associated rise in extreme temperature events and
amplitudes (6.2.2.4.4.). Such trends will with very high confidence, be exacerbated during future warming, with
some amelioration by latitudinal shifts and evolutionary adaptation (6.3.2.1., medium evidence, low confidence). The
patterns seen may involve an increasing influence of ocean acidification, confirmed by medium evidence for similar
phenomena during mass extinctions in earth history.

6.6.4. KeyUncertainties

Key uncertainties on how the global ocean will respond to climate change, result from the number of long term
ecological time seriesin the ocean basins being limited and thus from insufficient sampling in various ocean regions
such as the subantarctic and polar Southern Ocean. Furthermore, due to the complexity of climate change effectsin
the oceans and the methodol ogical challenges involved in studying those effects, experimental and field research is
usually being carried out and biased by different foci according to the interests and expertise of the research teams
involved. Research foci have not been coordinated well enough. For example, one group may focus on selected
effects in defined ecosystems and their dominant organisms (e.g. pelagic phytoplankton versus benthic animals).
Another one may investigate individual species, genera and more rarely, phyla and organism kingdoms, the latter for
the identification of unifying principles of effects within a kingdom. For the same reason, a third may address
mechanistic (physiological) principlesin one or, from a comparative point of view, various species and their
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populations. Finally, a fourth focus addresses changes in biogeochemical processes (e.g. nitrogen fixation, carbon
export in the oceans) more than the sensitivities or effects on the organisms that cause such changes. According to
each of the different foci progress has been made and hypotheses have been developed. However, these foci have
not normally been linked and a coherent picture of climate change effects is thus not available. Each of these
approaches is important but they are usually not well integrated and reductionist with respect to the level of
organisation addressed, i.e. ecosystem, whole organism, tissue, cell or molecular. For example, upscaling from
physiological studies on individual species to shiftsin species interactions or foodwebs has not been successful to
date. Processes investigated by the various biological disciplines also differ largely between organisms, like plants,
animals, phytoplankton, and bacteria. The conceptual and mechanistic understanding of microbial functioning is
more deficient than that of higher organisms. A unifying approach which, for example, addresses principles
operative across organism kingdoms is lacking such that an integrated framework of climate sensitivity at ecosystem
level cannot presently be developed. For all climate drivers, especially ocean warming, acidification and hypoxia,
studies integrating mechanistic knowledge and evolution over generations, as well asin various climate zones and
biomes are needed. Future experiments need to be inspired by the respective hypotheses developed from long-term
field observations and from observations at natural or pal eo-analogues.

Frequently Asked Questions
FAQ 6.1: Why is ocean life fundamental to the planet and how might climate change affect it?

Oceans cover 70 % of the planet and marine ecosystems provide important services to humankind. Life they contain
creates about half of the oxygen we breathe and also consume by the burning of fossil fuels. Oceans currently absorb
~25 % of the carbon dioxide emitted from the burning of fossil fuels each year. Fisheries and aquaculture provide on
average 20 % of the animal protein to more than 1.5 billion people. The oceans sustain charismatic species and
ecosystems valued in tourism and for recreation. The rich biodiversity of the oceans provides resources for
innovative approaches like medical drug design or biomechanics. Ocean ecosystems also contribute to offsetting the
effects of natural hazards - for example, coral reefs are known to protect shoreline and efficiently buffer tsunamis
and storm surges. Climate change in the oceans involves warming temperatures, acidification of ocean chemistry,
changed nutrient supply and expansion of low oxygen areas. These drivers, assessed in the chapter in the context of
other marine forcings, pose risks for ocean life and may impair the ability of marine biotato perform these vitally
important functions.

FAQ 6.2: What does the geological past teach us about future oceans and ecosystem responses to climate
change?

The geological record contains evidence for a variety of global environmental perturbations, including warming and
ocean acidification, and how their cumulative effect causes ecosystem responses. Although similarities exist, no past
event perfectly parallels future projections of ongoing climate change. Thisis a consequence of the unprecedented
speed of current CO, accumulation in the atmosphere and ocean which is capable of driving a rate and magnitude of
chemical changes potentially unparalleled in the last ~300 Ma of Earth history. This raises the possibility that we are
entering an unknown territory regarding marine ecosystem change. If climate changeis leading to extinction, it takes
roughly 10 million years to achieve pre-extinction levels of biodiversity.

FAQ 6.3: Why do marine organismsrely on a sufficiently alkaline ocean?

Many species of marine biota, ranging from microscopic plankton to shellfishes and coral reef builders are
generically referred to as calcifiers, asthey critically depend on using solid calcium carbonate (CaCO,) as the
principal construction material for their skeletons or shells. The different forms of solid calcium carbonate are called
calcite and aragonite; aragonite is more soluble than calcite. Sea water has ample calcium ions dissolved but this
substance needs to be transported across barriers to the sites where calcification occurs. Carbonate is not transported
but formed where it is needed. In order to support the deposition of solid CaCO;,, the calcification site is made
akaline, meaning that pH is kept high, higher than in other parts of the body or in ambient sea water. Again, this
occurs by transport of relevant substances, in this case proton ions (outward) or bicarbonate ions (inward), in a
process called acid-base regulation. The organism uses energy to transport the relevant ions and to form and
maintain ion and thereby pH gradients. However, the capability and energetic cost to do so are influenced by the
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CO, concentrations of the ambient seawater as this CO, also penetrates the organisms. At low CO, levels, the sea
water at the surface and above a certain depth is supersaturated with respect to CaCO;. Similarly, low CO, levels
lower the cost for organisms to reach high carbonate saturation levels at calcification sites as needed to cause the
precipitation of CaCO,. However, as the oceans and organisms are acidified by the anthropogenic accumulation of
CO,, the saturation levels of CaCO; fall in the water and at calcification sites. As saturation levels are lower in the
water this favors the dissolving of carbonate shells on the water side unless they are protected from direct contact
with seawater by a special coating (asis the case in mussels). In parallel, CO, accumulating inside the organism
impedes acid-base regulation in the formation of alkaline fluids at calcification sites and thereby slows or even
prevents calcificiation. However, CO, accumulating inside organisms causes further effects such that species not
using calcified exoskeletons may also be affected by ocean acidification. Sensitivity is highest for al of them at
extreme temperatures and thus, at the edges of their thermal windows. Ocean acidification affects sensitive
organisms directly. If they have a strong capacity for acid-base regulation, they may result insensitive, but may still
be affected indirectly via sensitivity of their prey organisms.

FAQ 6.4: Will climate change have different environmental effects on the ocean than on land?

Although there are many similarities in the manner in which climate change will alter the land and ocean
environments and ecosystems, for example through warming trends, there will also be fundamental departures. Such
differences are primarily due to the physicochemical properties of the ocean, including ocean circulation and sea
water chemistry. The warming of the ocean will have significant indirect effects on oceanic properties - for example
by forming stable ocean layers separated by density and, thereby, altering the degree of communication between
cold nutrient rich waters in the deep and warm nutrient poor waters at the surface. Increasing respiration by
organismsin the mid-water layers of stratified oceans will cause further oxygen depletion (hypoxia) and CO,
enrichment (hypercapnia) in expanding oxygen minimum zones, excluding large, more active fishes from permanent
lifein these areas. Specialized animals will sustain which economize the use of the little oxygen available, but the
resulting communities are very different from those in well oxygenated waters. The additional, sustained absorption
of large amounts of anthropogenic CO, from the atmosphere are also altering ocean chemistry - specifically by
acidifying the ocean (making it less alkaline). While higher CO, will be found in both the atmosphere and the ocean,
most animals in the ocean breathe water and have lower CO, levelsin their blood than those on land and may
therefore experience much stronger changes than those respiring air (turtles, mammals, birds) and on land. Thus,
oceanic biotawill have to adjust to a fundamentally different ocean environment and one that may be even more
altered than that of the land.

FAQ 6.5: How will climate change impact marine ecosystems?

Thereis general consensus among scientists that climate change significantly affects marine ecosystems and may
have profound impacts on ocean biodiversity in the future. In the last century changes in species distributions,
species richness and community structure have been attributed to ocean warming. The projected changes in physical
and biogeochemical drivers, such as warming, acidification, hypoxia, nutrient supply and others like seaice cover,
will continue to affect marine biological communities, their abundance and distributions. Generally, climate change
is expected to favor further poleward invasions of non- resident species. The associated migration patterns will be
complex, but, under most climate change scenarios, a median shift or expansion of habitat range limits towards
higher latitudes by tens of kilometres per decade can be foreseen for many species. As aresult, marine communities
in mid- to high- latitude regions are expected to become more like present-day tropical assemblages. Organisms that
are more tolerant to direct effects of climate change may be affected indirectly through climate change restructuring
the food webs. Species may be lost by local extinctions and especialy in polar areas where warming does not allow
them to retreat to cooler areas and such species may be lost altogether. Similarly, species in semi-enclosed seas such
as the Wadden Sea and the Mediterranean Sea also face higher risk of local extinction because shiftsin distribution
in response to warming and other environmental changes are limited by the land-boundary (the Cul-de-Sac analogy).
In the tropics, the loss of speciesthat are sensitive to climate change including ocean acidification may lead to a
decrease in species richness. In particular, the impacts of climate change on vulnerable biogenic habitats such as
coral reefs are expected to affect the associated ecosystems. In response to climate change, alteration of the seasonal
activity (phenology) of marine organisms, their biology and distribution will affect foodweb interactions such as
grazing between species. Ocean primary production is also expected to change. Increasing temperature, nutrient
fluctuations in upwelling areas, eutrophication may favor harmful algal blooms in coastal areas. Existing model
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projections suggest an increase in primary production at high latitudes such as in the Southern Ocean (higher mean
light levels for photosynthesis at lower ice cover) and decreases in the tropics and at mid-latitudes (reduced nutrient
supply). In addition, climate change is expected to interact, in a complex non-linear manner, with other human
stressors such as overfishing and pollution, which potentially exacerbate the impacts on marine ecosystems. Overall,
these changes will lead to large-scal e shifts in the patterns of marine productivity, biodiversity, community and
ecosystem structure. Together with other human activities climate change may also cause a redistribution of
pathogens. For example, warming of coastal tropical habitats, excessive nutrient loading causing phytoplankton and
zooplankton blooms and sea water inundation due to sea level rise are all predicted to exacerbate the global threat of
cholera.

FAQ 6.6: Can we say how much of the changes we see nowadays is caused by climate change in relation to other
human influences or natural variability?

The ongoing changes in marine biological communities reflect the impacts of not only natural variability in climate
and of climate change but also of other anthropogenic pressures such as overfishing, pollution, nutrient runoff and
deposition, associated eutrophication and others. The interplay between these multiple drivers may have significant
non-linear effects on awide range of ecosystem processes. Model projections reveal that the manifestation of
climate-induced alterations in marine ecosystems goes far beyond the range of natural variability. The resilience of
marine ecosystems to climate-change mediated impactsis likely to be reduced by the individual and interactive
effects of multiple drivers. The current rate of environmental change is unprecedented compared to climate changes
in the past and therefore, demands adaptation in only a small number of generations compared to long-term changes
in nearly all of the geological record. Effects of the various drivers may be additive but are often synergistic, i.e. the
effect of each driver is amplified by the concomitant change of the other drivers. This prevents any quantification of
how much of the change is caused by other human activities. Therefore the answer to this question is currently No.

FAQ 6.7: Can we predict climate change effects on marine ecosystems and how?

Some insights can be obtained from extrapolating the present day trends from the existing long time series (i.e.
decades) of data and from analysing past events of climate change. State-of-the-art ecosystem models are built on
empirical observations and enable us to obtain estimates for some responses of marine biota to climate change as
well as consequences for uses by human societies. Examples are the projected large scale shift in the distribution of
commercially relevant fishes to high latitudes and the loss of catch potential for those fishes at their original sites.
However, formulating well founded or detailed projectionsis a challenging task because of the large number of
interactive feedbacks, never mind those we have yet to discover, that must be taken into account and the potential
sources of error that must be dealt with. As a precondition, the mechanisms and unifying principles shaping the
impacts of climate change on various organism groups or on biogeochemical processes must be better understood
and included into mechanism based modeling approaches.

FAQ 6.8: Will we have enough marine fish to catch, to meet human demand in the future?

Overfishing and other non-climatic human stressors have already led to a decrease in fisheries yield and
opportunities in many regions. In addition, both negative and positive effects of climate change on fisheries and
aquaculture are envisaged. Based on the most recent model projections, global primary production is projected to
decrease by 2 to 13% by 2100 relative to 1860 under the SRES A2 scenario. Since many of the fisheries stocks are
fully to over-exploited, adecline in primary productivity is expected to further limit global fisheries production.
According to most of the projected scenarios, climate change will lead to alarge scale redistribution of the global
fishery potential. The impacts manifested in catch rates, production, prices, fishing costs and profits will vary at
regional scales. Some models forecast significant regional reductions of fish biomass and catches while catches may
be increase in others, but such predictions are prone to large uncertainties. Generally, the net fishery catches are
likely to increase at high latitudes, but are expected to drop significantly in the tropics. For example, a global
simulation model projected alarge-scale redistribution of global catch potential, with an average of 30-70%
increase in high-latitude regions and a drop of up to 40% in the tropics by 2055 relative to 2000 under the SRES
A1B scenario. Global potential catches may be further reduced, particularly for the shellfish fisheries, if the potential
impacts of ocean acidification are realised. However, the level of sensitivity of most exploited species to climate
change including ocean acidification is still uncertain. Some countries in the tropics are, therefore, particularly
vulnerable, considering the relatively high degree of dependency of their economies and food security on fisheries.
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The additional impacts of climate change will put additional pressures on long-term sustainable fisheries for current
and future generations.

References

Abed, R.M., F. Garcia-Pichel and M. Hernandez-M arine, 2002: Polyphasic characterization of benthic,
moderately halophilic, moderately thermophilic cyanobacteriawith very thin trichomes and the proposal of
Halomicronema excentricum gen. nov., sp. nov. Archives of microbiology, 177(5), 361-370.

Adger, W.N., T.P. Hughes, C. Folke, S.R. Carpenter and J. Rockstrom, 2005: Social-ecological resilienceto
coastal disasters. Science, 309(5737), 1036-1039.

Agnew, D.J., J. Pearce, G. Pramod, T. Peatman, R. Watson, J.R. Beddington and T.J. Pitcher, 20009:
Estimating the worldwide extent of illegal fishing. Plos One, 4(2), e4570.

Ainley, D.G., G. Ballard, S.D. Emsue, W.R. Fraser, P.R. Wilson and E.J. Woehler, 2003: Adelie penguins and
environmental change. Science, 300, 429.

Ainsworth, C.H., J.F. Samhouri, D.S. Busch, W.W.L. Cheung, J. Dunne and T.A. Okey, 2011: Potential
impacts of climate change on Northeast Pacific marine foodwebs and fisheries. ICES Journal of Marine Science,
68(6), 1217-1229.

Airoldi, L., 1998: Roles of disturbance, sediment stress, and substratum retention on spatial dominancein algal turf.
Ecology, 79(8), 2759-2770.

Alheit, J., T. Pohlmann, M. Casini, W. Greve, R. Hinrichs, M. Mathis, K. O'Driscoll, R. Vorberg and C.
Wagner, 2012: Climate variability drives anchovies and sardines into North Sea and Baltic Sea. Progress In
Oceanography, 96(1), 128-139.

Allison, E.H., A.L. Perry, M .-C. Badje, W.N. Adger, K. Brown, D. Conway, A.S. Halls, G.M. Pilling, J.D.
Reynolds, N.L. Andrew and N.K. Dulvy, 2009: Vulnerability of national economies to the impacts of climate
change on fisheries. Fish and Fisheries, 10(2), 173-196.

Amelung, B., S. Nichollsand D. Viner, 2007: Implications of global climate change for tourism flows and
seasonality. Journal of Travel Research, 45(3), 285-296.

Anderson, P.J. and J.F. Piatt, 1999: Community reorganization in the Gulf of Alaskafollowing ocean climate
regime shift. Marine Ecology Progress Series, 189, 117-123.

Andersson, A.J., F.T. Mackenzie and J.-P. Gattuso, 2011: 7- Effects of ocean acidification on benthic processes,
organisms, and ecosystems. In: Ocean Acidification, [Gattuso, J.-P. and L. Hansson(eds.)]. Oxford University
Press, Oxford, pp. 122-153.

Angilletta, M .J.J., 2009: Thermal Adaptation. A Theoretical and Empirical Synthesis Oxford University Press,
New Y ork, 320 pp.

Anthony, K.R., D.I. Kline, G. Diaz-Pulido, S. Dove and O. Hoegh-Guldberg, 2008: Ocean acidification causes
bleaching and productivity lossin coral reef builders. Proceedings of the National Academy of Sciences, USA,
105(45), 17442-17446.

Anthony, K.R.N., J.A. Maynard, G. Diaz-Pulido, P.J. Mumby, P.A. Marshall, L. Cao and O.V.E. Hoegh-
Guldberg, 2011: Ocean acidification and warming will lower coral reef resilience. Global Change Biology,
17(5), 1798-1808.

Archer, D., M. Eby, V. Brovkin, A. Ridgwell, L. Cao, U. Mikolajewicz, K. Caldeira, K. Matsumoto, G.
Munhoven, A. Montenegro and K. Tokos, 2009: Atmospheric lifetime of fossil fuel carbon dioxide. Annual
Review of Earth and Planetary Sciences, 37(1), 117-134.

Armbrust, E.V., 2009: Thelife of diatomsin the world's oceans. Nature, 459(7244), 185-192.

Armstrong, J.L., J.L. Boldt, A.D. Cross, J.H. Moss, N.D. Davis, K.W. Myers, R.V. Walker, D.A. Beauchamp
and L .J. Haldor son, 2005: Distribution, size, and interannual, seasonal and diel food habits of northern Gulf of
Alaskajuvenile pink salmon, Oncorhynchus gorbuscha. Deep Sea Research Part I1: Topical Sudiesin
Oceanography, 52(1-2), 247-265.

Arnason, R., 2007: Climate change and fisheries: Assessing the economic impact in Iceland and Greenland. Natural
Resource Modeling, 20(2), 163-197.

Arnold, K.E., H.S. Findlay, J.I. Spicer, C.L. Danielsand D. Boothroyd, 2009: Effect of CO,-related acidification
on aspects of the larval development of the European lobster, Homarus gammarus (L.). Biogeosciences, 6(8),
1747-1754.

Do Not Cite, Quote, or Distribute 88 11 June 2012



QUOWOWONOULEAWNPE

mmmmhhhhbtbbbbwwwwwwwwwwI\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOONO O WNPFPOQOONOUPRRWNRPOOO~NOOUOPRWNPOQOONOODUOUEAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Arntz, W.E., V.A. Gallardo, D. Guteierrez, E. Idla, L.A. Levin, J. Mendo, C. Neira, G. Rowe, J. Tarazona and
M. Wolff, 2006: ENSO and similar perturbation effects on the benthos of the Humbol dt, California and
Benguela Current upwelling ecosystems. Advances in Geosciences, 6, 243-265.

Arrieta, J.M., S. Arnaud-Haond and C.M. Duarte, 2010: What lies underneath: conserving the oceans' genetic
resources. Proceedings of the National Academy of Sciences of the United States of America, 107(43), 18318-
18324.

Arrigo, K.R. and G.L. van Dijken, 2011: Secular trendsin Arctic Ocean net primary production. Journal of
Geophysical Research, 116(C9), C09011.

Ash, N., H. Blanco, C. Brown, K. Garcia, T. Henrichs, N. Lucas, C. Ruadsepp-Heane, R.D. Simpson, R.
Scholes, T. Tomich, B. Viraand M. Zurek, 2010: Ecosystems and Human Wellbeing: A Manual for
Assessment Practitioners Island Press, Washington, D.C., USA, 264 pp.

Atkinson, A., V. Siegel, E. Pakhomov and P. Rothery, 2004: Long-term decline in krill stock and increase in salps
within the Southern Ocean. Nature, 432(7013), 100-103.

Atkinson, R.J.A., B. Pelster, C.R. Bridges, A.C. Taylor and S. Morris, 1987: Behavioural and physiological
adaptations to a burrowing lifestyle in the snake blenny, Lumpenus lampretaeformis, and the red band-fish,
Cepola rubescens. Journal of Fish Biology, 31(5), 639-659.

Auel, H., W. Hagen, W. Ekau and H. Verheye, 2005: Metabolic adaptations and reduced respiration of the
copepod Calanoides carinatus during diapause at depth in the Angola-Benguela Front and northern Benguela
upwelling regions. African Journal of Marine Science, 27(3), 653 - 657.

Azetsu-Scott, K., A. Clarke, K. Falkner, J. Hamilton, E.P. Jones, C. Leg, B. Petrie, S. Prinsenberg, M. Starr
and P. Yeats, 2010: Calcium carbonate saturation states in the waters of the Canadian Arctic Archipelago and
the Labrador Sea. Journal of Geophysical Research, 115(C11), C11021.

Bach, L.T., U. Riebesell and K. Georg Schulz, 2011: Distinguishing between the effects of ocean acidification and
ocean carbonation in the coccolithophore Emiliania huxleyi. Limnology and Oceanography, 56(6), 2040-2050.

Bailey, SW. and P.J. Werdell, 2006: A multi-sensor approach for the on-orbit validation of ocean color satellite
data products. Remote Sensing of Environment, 102(1-2), 12-23.

Baker, A.C., 2001: Ecosystems. Reef corals bleach to survive change. Nature, 411(6839), 765-766.

Baker, A.C., C.J. Starger, T.R. McClanahan and P.W. Glynn, 2004: Coral reefs: corals' adaptive response to
climate change. Nature, 430(7001), 741-741.

Bakun, A., 1990: Global climate change and intensification of coastal ocean upwelling. Science, 247(4939), 198-
201.

Bakun, A., 1996: Patterns in the Ocean: Ocean Processes and Marine Population Dynamics. California Sea Grant
College System, National Oceanic and Atmospheric Administration in cooperation with Centro de
Investigaciones Biolégicas del Noroeste, La Jolla, CA, USA, 323 pp.

Bakun, A. and S.J. Weeks, 2004: Greenhouse gas buildup, sardines, submarine eruptions and the possibility of
abrupt degradation of intense marine upwelling ecosystems. Ecology letters, 7(11), 1015-1023.

Bakun, A., D.B. Field, A.N.A. Redondo-Rodriguez and S.J. Weeks, 2010: Greenhouse gas, upwelling-favorable
winds, and the future of coastal ocean upwelling ecosystems. Global Change Biology, 16(4), 1213-1228.

Balazs, G.H. and M. Chaloupka, 2004: Thirty-year recovery trend in the once depleted Hawaiian green sea turtle
stock. Biological Conservation, 117(5), 491-498.

Balvanera, P., A.B. Pfisterer, N. Buchmann, J.S. He, T. Nakashizuka, D. Raffaelli and B. Schmid, 2006:
Quantifying the evidence for biodiversity effects on ecosystem functioning and services. Ecology letters, 9(10),
1146-1156.

Bambach, R.K ., 2006: Phanerozoic biodiversity mass extinctions. Annual Review of Earth and Planetary Sciences,
34(1), 127-155.

Banse, K., 1991: Rates of phytoplankton cell division in the field and in iron enrichment experiments. Limnology
and Oceanography, 36(8), 1886-1898.

Barber, R., 2001: Upwelling ecosystems. In: Encyclopedia of Ocean Sciences, [Steele, JH., S.A. Thorpe and K K.
Turekian(eds.)]. Academic Press, London, pp. 3128-3135.

Barbier, E.B., S.D. Hacker, C. Kennedy, EW. Koch, A.C. Stier and B.R. Silliman, 2011: The value of estuarine
and coastal ecosystem services. Ecological Monographs, 81(2), 169-193.

Barbraud, C. and H. Weimer skirch, 2006: Antarctic birds breed later in response to climate change. Proceedings
of the National Academy of Sciences of the United States of America, 103(16), 6248-6251.

Do Not Cite, Quote, or Distribute 89 11 June 2012



QUOWoOWO~NOULAWNBE

mmmmmhbb#hﬁ#hhhwwwwwwwwwmI\)I\)I\)I\)I\)I\)I\)I\)NI\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WONPOOOLONO O WNPFPOQOONOUOPRRWNRPOOO~NOOUOPRWNPOQOONOODUAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Barcelos e Ramos, J., H. Biswas, K.G. Schulz, J. LaRoche and U. Riebesell, 2007: Effect of rising atmospheric
carbon dioxide on the marine nitrogen fixer Trichodesmium. Global Biogeochemical Cycles, 21(2), GB2028.

Barker, S. and H. Elderfield, 2002: Foraminiferal calcification response to glacial-interglacial changesin
atmospheric CO,. Science, 297(5582), 833-836.

Barton, A., B. Hales, G.G. Waldbusser, C. Langdon and R.A. Feely, 2012: The Pacific oyster, Crassostrea gigas,
shows negative correlation to naturally elevated carbon dioxide levels: Implications for near-term ocean
acidification effects. Limnology and Oceanography, 57(3), 698-710.

Bathmann, U.V., T.T. Noji and B. von Bodungen, 1991: Sedimentation of pteropodsin the Norwegian Seain
autumn. Deep Sea Research Part A. Oceanographic Research Papers, 38(10), 1341-1360.

Baumgartner, M., K.O. Stetter and W. Foissner, 2002: Morphological, small subunit rRNA, and physiological
characterization of Trimyema minutum (Kahl, 1931), an anaerobic ciliate from submarine hydrothermal vents
growing from 28°C to 52°C. Journal of Eukaryotic Microbiology, 49(3), 227-238.

Baumgartner, T.R., A. Soutar and V. Ferreira-Bartrina, 1992: Reconstruction of the history of Pacific sardine
and northern anchovy populations over the past two millenia from sediments of the Santa Barbara Basin,
California. California Cooperative Oceanic Fisheries | nvestigations Reports, 33, 24-40.

Bazzino, G., W.F. Gilly, U. Markaida, C.A. Salinas-Zavala and J. Ramos-Castillgjos, 2010: Horizontal
movements, vertical-habitat utilization and diet of the jumbo squid (Dosidicus gigas) in the Pacific Ocean off
Baja California Sur, Mexico. Progress In Oceanography, 86(1-2), 59-71.

Beare, D., F. Burns, E. Jones, K. Peach, E. Portilla, T. Greig, E. McKenzieand D. Reid, 2004: Anincreasein
the abundance of anchovies and sardines in the north-western North Sea since 1995. Global Change Biology,
10(7), 1209-1213.

Beaufort, L., |. Probert, T. de Garidel-Thoron, E.M. Bendif, D. Ruiz-Pino, N. Metzl, C. Goyet, N. Buchet, P.
Coupel, M. Grelaud, B. Rost, R.E. Rickaby and C. de Vargas, 2011: Sensitivity of coccolithophoresto
carbonate chemistry and ocean acidification. Nature, 476, 80-83.

Beaugrand, G., 2009: Decadal changes in climate and ecosystems in the North Atlantic Ocean and adjacent seas.
Deep Sea Research Part |1: Topical Sudiesin Oceanography, 56(8-10), 656-673.

Beaugrand, G. and P.C. Reid, 2003: Long-term changes in phytoplankton, zooplankton and salmon related to
climate. Global Change Biology, 9, 801-817.

Beaugrand, G., C. Luczak and M. Edwards, 2009: Rapid biogeographical plankton shiftsin the North Atlantic
Ocean. Global Change Biology, 15(7), 1790-1803.

Beaugrand, G., M. Edwardsand L. L egendre, 2010: Marine biodiversity, ecosystem functioning, and carbon
cycles. Proceedings of the National Academy of Sciences of the United States of America, 107(22), 10120-
10124.

Beaugrand, G., X. Harlay and M. Edwards, 2012: Detecting temporally persistent ecosystem shiftsin the North
Sea: an abrupt ecosystem shift circa 1998. Progress In Oceanography, in revision.

Beaugrand, G., J. Lindley, P. Helaouet and D. Bonnet, 2007: Macroecological study of Centropages typicusin
the North Atlantic Ocean. Progress In Oceanography, 72(2-3), 259-273.

Beaugrand, G., P. Reid, F. Ibafiez, J. Lindley and M. Edwards, 2002: Reorganization of North Atlantic marine
copepod biodiversity and climate. Science, 296(5573), 1692-1694.

Beaugrand, G., K.M. Brander, J.A. Lindley, S. Souissi and P.C. Reid, 2003: Plankton effect on cod recruitment
in the North Sea. Nature, 426(6967), 661-664.

Beaugrand, G., M. Edwards, K. Brander, C. Luczak and F. | bafiez, 2008: Causes and projections of abrupt
climate-driven ecosystem shiftsin the North Atlantic. Ecology letters, 11(11), 1157-1168.

Beaumont, L.J., A.J. Pitman, M. Poulsen and L. Hughes, 2007: Where will species go? Incorporating new
advances in climate modeling into projections of species distributions. Global Change Biology, 13(7), 1368-
1385.

Becken, S., 2005: Harmonising climate change adaptation and mitigation: the case of tourist resortsin Fiji. Global
Environmental Change-Human and Policy Dimensions, 15(4), 381-393.

Becker, B.H., M.Z. Peery and S.R. Beissinger, 2007: Ocean climate and prey availability affect the trophic level
and reproductive success of the marbled murrelet, an endangered seabird. Marine Ecology Progress Series, 329,
267-279.

Behrenfeld, M., 2011: Uncertain future for ocean algae. Nature Climate Change, 1(1), 33-34.

Behrenfeld, M.J. and P.G. Falkowski, 1997: A consumer's guide to phytoplankton primary productivity models.
Limnology and Oceanography, 42(7), 1479-1491.

Do Not Cite, Quote, or Distribute 90 11 June 2012



QUOWOWONOULEA WNBE

mmmhbbbbﬁbbbbwwwwwwwwwwl\)I\JI\JI\JI\JI\)NNI\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
NP, OOOWwNO O WNPFPOQOONOUPRRWNRPOOO~NOOUOPRWNPOQOONOODUOUPAWNLE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Behrenfeld, M.J., R.T. O'Malley, D.A. Siegel, C.R. McClain, J.L. Sarmiento, G.C. Feldman, A.J. Milligan,
P.G. Falkowski, R.M. Letelier and E.S. Boss, 2006: Climate-driven trends in contemporary ocean
productivity. Nature, 444(7120), 752-755.

Belkin, I.M., 2009: Rapid warming of large marine ecosystems. Progress In Oceanography, 81(1-4), 207-213.

Bell, J.D., M. Kronen, A. Vunisea, W.J. Nash, G. Keeble, A. Demmke, S. Pontifex and S. Andréfouét, 2009:
Planning the use of fish for food security in the Pacific. Marine Policy, 33(1), 64-76.

Beman, J.M ., C.-E. Chow, A.L. King, Y. Feng, J.A. Fuhrman, A. Andersson, N.R. Bates, B.N. Popp and D.A.
Hutchins, 2011: Global declinesin oceanic nitrification rates as a consequence of ocean acidification.
Proceedings of the National Academy of Sciences of the United States of America, 108(1), 208-213.

Beniash, E., A. lvanina, N.S. Lieb, |I. Kurochkin and |.M. Sokolova, 2010: Elevated level of carbon dioxide
affects metabolism and shell formation in oysters Crassostrea virginica. Marine Ecology Progress Series, 419,
95-108.

Benson, S, P. Cook, J. Anderson, S. Bachu, H.B. Nimir, B. Basu, J. Bradshaw, G. Deguchi, J. Gale, G. von
Goerne, W. Heidug, S. Holloway, R. Kamal, D. Keith, P. Lloyd, P. Rocha, B. Senior, J. Thomson, T. Torp,
T. Wildenborg, M. Wilson, F. Zarlenga and D. Zhou, 2005: Underground geological storage. In: Carbon
Dioxide Capture and Sorage: A Special Report of IPCC Working Group |11, [Metz, B., O. Davidson, H. de
Corninck, M. Loos and L. Meyer(eds.)]. Cambridge University Press, Cambridge, pp. 195-276.

Berger, W.H. and G. Wefer, 1990: Export production: seasonality and intermittency, and pal eoceanographic
implications. Palaeogeography, Palaeoclimatology, Palaeoecology, 89(3), 245-254.

Bertrand, A., M. Ballén and A. Chaigneau, 2010: Acoustic observation of living organisms reveals the upper
limit of the oxygen minimum zone. Plos One, 5(4), €10330.

Bertrand, E.M., M.A. Saito, J.M. Rose, C.R. Riesselman, M.C. Lohan, A.E. Noble, P.A. Leeand G.R. DiTullio,
2007: Vitamin B-12 and iron colimitation of phytoplankton growth in the Ross Sea. Limnology and
Oceanography, 52(3), 1079-1093.

Bianchi, C.N., 2007: Biodiversity issues for the forthcoming tropical Mediterranean Sea. Hydrobiologia, 580, 7-21.

Bibby, R., S. Widdicombe, H. Parry, J. Spicer and R. Pipe, 2008: Effects of ocean acidification on the immune
response of the blue mussel Mytilus edulis. Aquatic Biology, 2(1), 67-74.

Bijma, J., H.J. Spero and D.W. L ea, 1999: Reassessing foraminiferal stable isotope geochemistry: impact of the
oceanic carbonate system (experimental results). In: Use of Proxiesin Paleoceanography: Examples from the
South Atlantic, [Fischer, G. and G. Wefer(eds.)]. Springer, Berlin, pp. 489-512.

Bindoff, N.L., J. Willebrand, V. Artale, A. Cazenave, J. Gregory, S. Gulev, K. Hanawa, C. Le Quéré, S.
Levitus, Y. Nojiri, C.K. Shum, L.D. Talley and A. Unnikrishnan, 2007: Observations: oceanic climate
change and sealevel. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group |
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, [Solomon, S., D. Qin, M.
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller(eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, pp. 385-432.

Bograd, S.J. and R.J. Lynn, 2003: Anomalous subarctic influence in the southern California Current during 2002.
Geophysical Research Letters, 30(15), 8020.

Bograd, S.J., C.G. Castro, E. Di Lorenzen, D.M. Palacios, H. Bailey, W. Gilly and F.P. Chavez, 2008: Oxygen
declines and the shoaling of the hypoxic boundary in the California Current. Geophysical Research Letters, 35,
L 12607.

Bolton, J.J. and K. LUining, 1982: Optimal growth and maximal survival temperatures of Atlantic Laminaria
species (Phaeophyta) in culture. Marine Biology, 66(1), 89-94.

Bongaerts, P., C. Riginos, T. Ridgway, E.M. Sampayo, M.J.H. van Oppen, N. Englebert, F. Vermeulen and O.
Hoegh-Guldberg, 2010: Genetic divergence across habitats in the widespread coral Seriatopora hystrix and its
associated Symbiodinium. Plos One, 5(5), €10871.

Bonnet, D., A. Richardson, R. Harris, A. Hirst, G. Beaugrand, M. Edwards, S. Ceballos, R. Diekman, A.
Lopezurrutiaand L. Valdes, 2005: An overview of ecology in European waters. Progress In Oceanography,
65(1), 1-53.

Bopp, L., C. LeQuere, M. Heimann, A.C. Manning and P. M onfray, 2002: Climate-induced oceanic oxygen
fluxes: Implications for the contemporary carbon budget. Global Biogeochemical Cycles, 16(2), 1022.

Bossdorf, O., C.L. Richardsand M. Pigliucci, 2008: Epigenetics for ecologists. Ecology letters, 11(2), 106-115.

Do Not Cite, Quote, or Distribute 91 11 June 2012



QUOWoOWO~NOULEA,WNPE

U'IU'IU'Immhhhhbthhh#wwwwwwwwwwI\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘l—‘l—‘l—‘
A WNPOOONO O WNPFPOQOONOUPRRWNRPOOO~NOOUOPRWNPEPOQOONOODUOUDAWDNLPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Botsford, L.W., M.D. Holland, J.F. Samhouri, J.W. Whiteand A. Hastings, 2011: Importance of age structure
in models of the response of upper trophic levels to fishing and climate change. ICES Journal of Marine
Science, 68(6), 1270-1283.

Bowler, C., A. Vardi and A.E. Allen, 2010: Oceanographic and biogeochemical insights from diatom genomes.
Annual Review of Marine Science, 2(1), 333-365.

Bown, P.R., J.A. Leesand J.R. Young, 2004: Calcareous hannoplankton evolution and diversity through time. In:
Coccolithophores - From Molecular Processes to Global Impact, [Thierstein, H.R. and J.R. Y oung(eds.)].
Springer, Heidelberg, pp. 481-508.

Boyce, D.G., M.R. Lewisand B. Worm, 2010: Global phytoplankton decline over the past century. Nature,
466(7306), 591-596.

Boyd, J. and L. Burnett, 1999: Reactive oxygen intermediate production by oyster hemocytes exposed to hypoxia.
Journal of Experimental Biology, 202(22), 3135-3143.

Boyd, P.E. and J. Kohlmeyer, 1982: The influence of temperature on the seasonal and geographic distribution of
three marine fungi. Mycologia, 74(6), 894-902.

Boyd, P.W., 2002: Environmental factors controlling phytoplankton processes in the Southern Ocean. Journal of
Phycology, 38(5), 844-861.

Boyd, P.W., 2008: Ranking geo-engineering schemes. Nature Geoscience, 1(11), 722-724.

Boyd, P.W., 2009: Geopoalitics of geoengineering. Nature Geoscience, 2(12), 812-812.

Boyd, P.W., 2011: Beyond ocean acidification. Nature Geoscience, 4(5), 273-274.

Boyd, P.W. and S.C. Doney, 2002: Modelling regional responses by marine pelagic ecosystems to global climate
change. Geophysical Research Letters, 29(16), 1806.

Boyd, P.W., C.S. Law and S.C. Doney, 2011: Commentary: A climate change atlas for the ocean. Oceanography,
24(2), 13-16.

Boyd, P.W., R. Strzepek, F.X. Fu and D.A. Hutchins, 2010: Environmental control of open-ocean phytoplankton
groups: now and in the future. Limnology and Oceanography, 55(3), 1353-1376.

Boyd, P.W., T. Jickells, C.S. Law, S. Blain, E.A. Boyle, K.O. Buesseler, K.H. Coale, J.J. Cullen, H.J. de Baar,
M. Follows, M. Harvey, C. Lancelot, M. Levasseur, N.P. Owens, R. Pollard, R.B. Rivkin, J. Sarmiento, V.
Schoemann, V. Smetacek, S. Takeda, A. Tsuda, S. Turner and A.J. Watson, 2007: Mesoscale iron
enrichment experiments 1993-2005: synthesis and future directions. Science, 315(5812), 612-617.

Bradshaw, W.E. and C.M. Holzapfel, 2010: Light, time, and the physiology of biotic response to rapid climate
change in animals. Annual Review of Physiology, 72(1), 147-166.

Bralower, T.J., 2002: Evidence of surface water oligotrophy during the Paleocene-Eocene thermal maximum:
Nannofossil assemblage data from Ocean Drilling Program Site 690, Maud Rise, Weddell Sea.
Paleoceanography, 17(2), 1023.

Brander, K., G. Blom, M.F. Borges, K. Erzini, G. Henderson, B.R. MacKenzie, H. Mendes, J. Ribeiro, A.M .P.
Santosand R. Toresen, 2003: Changes in fish distribution in the eastern North Atlantic: Are we seeing a
coherent response to changing temperature? | CES Marine Science Symposia, 219, 261-270.

Brander, K.M., 2007: Global fish production and climate change. Proceedings of the National Academy of Science
of the United States of America, 104(50), 19709-19714.

Brander, K.M., 2009: Impacts of climate change on marine ecosystems and fisheries Journal of the Marine
Biological Association of India, 51, 1-13.

Brandes, J.A., A.H. Devol and C. Deutsch, 2007: New developments in the marine nitrogen cycle. Chemical
Reviews, 107(2), 577-589.

Braun-McNeill, J., C.R. Sasso, S.P. Epperly and C. Rivero, 2008: Feasibility of using sea surface temperature
imagery to mitigate cheloniid sea turtle-fishery interactions off the coast of northeastern USA. Endangered
Species Research, 5(2-3), 257-266.

Breau, C., R.A. Cunjak and S.J. Peake, 2011: Behaviour during elevated water temperatures; can physiology
explain movement of juvenile Atlantic salmon to cool water? Journal of Animal Ecology, 80(4), 844-853.

Brennand, H.S., N. Soars, S.A. Dworjanyn, A.R. Davisand M. Byrne, 2010: Impact of ocean warming and
ocean acidification on larval development and calcification in the sea urchin Tripneustes gratilla. Plos One,
5(6), €11372.

Brewer, P.G. and E.T. Peltzer, 2009: Limits to marine life. Science, 324(5925), 347-348.

Brierley, A.S. and M.J. Kingsford, 2009: Impacts of climate change on marine organisms and ecosystems. Current
Biology, 19(14), R602-R614.

Do Not Cite, Quote, or Distribute 92 11 June 2012



QUOWOWO~NOULEAWNPE

U'IU'Immmhhhh#ﬁbbbbwwwwwwwwwwI\JI\JNI\)NNNNNI\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNPFPOOKLONO O WNPFPOQOONOUPRRWNRPOOO~NOOUOPRRWNPEPOQOONOODUUEA,WNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Brinton, E. and A. Townsend, 2003: Decadal variability in abundances of the dominant euphausiid speciesin
southern sectors of the California Current. Deep Sea Research Part I1: Topical Sudiesin Oceanography,
50(14-16), 2449-2472.

Broderick, A.C., B.J. Godley and G.C. Hays, 2001: Trophic status drives interannual variability in nesting
numbers of marine turtles. Proceedings of the Royal Society of London B: Biological Sciences, 268(1475),
1481-1487.

Broderick, A.C., B.J. Godley, S. Reece and J.R. Downie, 2000: Incubation periods and sex ratios of green turtles:
highly female biased hatchling production in the eastern M editerranean. Marine Ecology Progress Series, 202,
273-281.

Brown, C.J., E.A. Fulton, A.J. Hobday, R.J. Matear, H.P. Possingham, C. Bulman, V. Christensen, R.E.
Forrest, P.C. Gehrke, N.A. Gribble, S.P. Griffiths, H. Lozano-Montes, J.M. Martin, S. Metcalf, T.A.
Okey, R. Watson and A.J. Richardson, 2010a: Effects of climate-driven primary production change on
marine food webs: implications for fisheries and conservation. Global Change Biology, 16(4), 1194-1212.

Brown, L.E., G. Mitchell, J. Holden, A. Folkard, N. Wright, N. Beharry-Borg, G. Berry, B. Brierley, P.
Chapman, S.J. Clarke, L. Cotton, M. Dobson, E. Dollar, M. Fletcher, J. Foster, A. Hanlon, S. Hildon, P.
Hiley, P. Hillis, J. Hoseason, K. Johnston, P. Kay, A. McDonald, A. Parrott, A. Powell, R.J. Slack, A.
Sleigh, C. Spray, K. Tapley, R. Underhill and C. Woulds, 2010b: Priority water research questions as
determined by UK practitioners and policy makers. Science of the Total Environment, 409(2), 256-266.

Bruno, J.F. and E.R. Selig, 2007: Regional decline of coral cover in the Indo-Pacific: timing, extent, and
subregional comparisons. Plos One, 2(8), e711.

Buessdler, K.O., S.C. Doney, D.M. Karl, P.W. Boyd, K. Caldeira, F. Chai, K.H. Coale, H.J. de Baar, P.G.
Falkowski, K.S. Johnson, R.S. Lampitt, A.F. Michaels, SW.A. Naqvi, V. Smetacek, S. Takedaand A.J.
Watson, 2008: Ocean iron fertilization - Moving forward in a sea of uncertainty. Science, 319, 162.

Bunce, A.B., F.N. Norman, N.B. Brothersand R.G. Gales, 2002: L ong-term trends in the Australasian gannet
(Morus serrator) population in Australia: the effect of climate change and commercial fisheries. Marine
Biology, 141(2), 263-269.

Burleson, M.L. and P.E. Silva, 2011: Cross tolerance to environmental stressors: effects of hypoxic acclimation on
cardiovascular responses of channel catfish (Ictalurus punctatus) to athermal challenge. Journal of Thermal
Biology, 36(4), 250-254.

Burrows, M.T., D.S. Schoeman, L.B. Buckley, P. Moore, E.S. Poloczanska, K.M. Brander, C. Brown, J.F.
Bruno, C.M. Duarte, B.S. Halpern, J. Holding, C.V. Kappel, W. Kiessling, M.I. O'Connor, J.M. Pandolfi,
C. Parmesan, F.B. Schwing, W.J. Sydeman and A.J. Richardson, 2011: The pace of shifting climatein
marine and terrestrial ecosystems. Science, 334(6056), 652-655.

Butler, J.L ., 1989: Growth during the larval and juvenile stages of the northern anchovy, Engraulis mordax, in the
California Current during 1980-1984. Fishery Bulletin, 87(3), 645-652.

Butler, J.L., L.D. Jacobsen, J.T. Barnesand H.G. Moser, 2003: Biology and population dynamics of cowcod
(Sebastes levis) in the Southern California Bight. Fishery Bulletin, 101(2), 260-280.

Cai, W., 2006: Antarctic ozone depletion causes an intensification of the Southern Ocean super-gyre circulation.
Geophysical Research Letters, 33(3), L03712.

Cai, W. and T. Cowan, 2007: Trends in southern hemisphere circulation in IPCC AR4 models over 1950-99:
ozone depletion versus greenhouse forcing. Journal of Climate, 20(4), 681-693.

Cai, W., G. Shi, T. Cowan, D. Bi and J. Ribbe, 2005: The response of the Southern Annular Mode, the East
Australian Current, and the southern mid-latitude ocean circulation to global warming. Geophysical Research
Letters, 32(23), L23706.

Cai, W.-J., X. Hu, W.-J. Huang, M.C. Murréll, J.C. Lehrter, SE. Lohrenz, W.-C. Chou, W. Zhai, J.T.
Hollibaugh, Y. Wang, P. Zhao, X. Guo, K. Gundersen, M. Dai and G.-C. Gong, 2011: Acidification of
subsurface coastal waters enhanced by eutrophication. Nature Geoscience, 4(11), 766-770.

Calambokidis, J., J. Barlow, J.K.B. Ford, T.E. Chandler and A.B. Douglas, 2009: Insights into the population
structure of blue whales in the Eastern North Pacific from recent sightings and photographic identification.
Marine Mammal Science, 25(4), 816-832.

Caldeira, K. and M .E. Wickett, 2003: Oceanography: Anthropogenic carbon and ocean pH. Nature, 425(6956),
365-365.

Caldeira, K. and M .E. Wickett, 2005: Ocean model predictions of chemistry changes from carbon dioxide
emissions to the atmosphere and ocean. Journal of Geophysical Research, 110(C9), C09S04.

Do Not Cite, Quote, or Distribute 93 11 June 2012



QUOWOWO~NOULEA WNPE

mmmmhhhhbtbbbbwwwwwwwwwwI\JI\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘l—‘l—‘l—‘l—‘l—‘l—‘
WNNPFPOOONO O WNPFPOQOONODUPRAWNRPOOO~NOOUOPRRWNPEPOQOONOODUOUPAWDNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Caldeira, K. and L. Wood, 2008: Global and Arctic climate engineering: numerical model studies. Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 366(1882), 4039-4056.

Caldeira, K., M. Akai, P. Brewer, B. Chen, P. Haugan, T. Iwama, P. Johnston, H. Kheshgi, Q. Li, T. Ohsumi,
H. Portner, C. Sabine, Y. Shirayama and J. Thomson, 2005; Ocean Storage. In: Carbon Dioxide Capture
and Storage: A Special Report of IPCC Working Group |11, [Metz, B. and O. Davidson(eds.)]. Cambridge
University Press, Cambridge UK, pp. 277-318.

Campbell, J., D. Antoine, R. Armstrong, K. Arrigo, W. Balch, R. Barber, M. Behrenfeld, R. Bidigare, J.
Bishop, M .E. Carr, W. Esaias, P. Falkowski, N. Hoepffner, R. Iverson, D. Kiefer, S. Lohrenz, J. Marra, A.
Morel, J. Ryan, V. Vedernikov, K. Waters, C. Yentsch and J. Yoder, 2002: Comparison of algorithms for
estimating ocean primary production from surface chlorophyll, temperature, and irradiance. Global
Biogeochemical Cycles, 16(3), 9-1-9-15.

Campbell, S.J., L.J. McKenzieand S.P. Kerville, 2006: Photosynthetic responses of seven tropical seagrasses to
elevated seawater temperature. Journal of Experimental Marine Biology and Ecology, 330(2), 455-468.

Cannaby, H. and Y.S. Husrevoglu, 2009: The influence of low-frequency variability and long-term trends in North
Atlantic sea surface temperature on Irish waters. ICES Journal of Marine Science: Journal du Conseil, 66(7),
1480-14809.

Cannariato, K.G., J.P. Kennett and R.J. Behl, 1999: Biotic response to late Quaternary rapid climate switchesin
Santa Barbara Basin: ecological and evolutionary implications. Geology, 27(1), 63-66.

Cao, L. and K. Caldeira, 2010: Can ocean iron fertilization mitigate ocean acidification? Climatic Change, 99(1),
303-311.

Cao, M K. and F.I. Woodwar d, 1998: Dynamic responses of terrestrial ecosystem carbon cycling to global climate
change. Nature, 393(6682), 249-252.

Carlton, J.T., 2000: Global change and biological invasionsin the oceans. In: Invasive Speciesin a Changing
World, [Mooney, H.A. and R.J. Hobbs(eds.)]. Island Press, Covelo, CA, pp. 31-53.

Carpenter, K.E., M. Abrar, G. Aeby, R.B. Aronson, S. Banks, A. Bruckner, A. Chiriboga, J. Cortés, J.C.
Delbeek, L. DeVantier, G.J. Edgar, A.J. Edwards, D. Fenner, H.M. Guzman, B.W. Hoeksema, G.
Hodgson, O. Johan, W.Y. Licuanan, S.R. Livingstone, E.R. Lovell, J.A. Moore, D.O. Obura, D. Ochavillo,
B.A. Polidoro, W.F. Precht, M.C. Quibilan, C. Reboton, Z.T. Richards, A.D. Rogers, J. Sanciangco, A.
Sheppard, C. Sheppard, J. Smith, S. Stuart, E. Turak, J.E.N. Veron, C. Wallace, E. Weil and E. Wood,
2008: One-third of reef-building corals face elevated extinction risk from climate change and local impacts.
Science, 321(5888), 560-563.

Carpenter, S.R. and W.A. Brock, 2006: Rising variance: aleading indicator of ecological transition. Ecology
letters, 9(3), 311-318.

Carr, M.E., M.A.M. Friedrichs, M. Schmeltz, M .N. Aita, D. Antoine, K.R. Arrigo, I. Asanuma, O. Aumont, R.
Barber, M. Behrenfeld, R. Bidigare, E.T. Buitenhuis, J. Campbell, A. Ciotti, H. Dierssen, M. Dowell, J.
Dunne, W. Esaias, B. Gentili, W. Gregg, S. Groom, N. Hoepffner, J. Ishizaka, T. Kameda, C. Le Quere, S.
Lorenz, J. Marra, F. Melin, K. Moore, A. Morel, R.E. Reddy, J. Ryan, M. Scardi, T. Smyth, K. Turpie, G.
Tilstone, K. Watersand Y. Yamanaka, 2006: A comparison of global estimates of marine primary production
from ocean color. Deep Sea Research Part I1: Topical Sudiesin Oceanography, 53(5-7), 741-770.

Carricart-Ganivet, J.P., N. Cabanillas-Teran, |. Cruz-Ortega and P. Blanchon, 2012: Sensitivity of
calcification to thermal stress varies among genera of massive reef-building corals. Plos One, 7(3), €32859.

Carroll, M.L., W.G. Ambrose Jr, B.S. Levin, SK. Ryan, A.R. Ratner, G.A. Henkesand M .J. Greenacre,
2011 Climatic regulation of Clinocardium ciliatum (Bivalvia) growth in the northwestern Barents Sea.
Palaeogeography, Palaeoclimatology, Palaeoecology, 302(1-2), 10-20.

Carson, H.S,, P.C. Lépez-Duarte, L. Rasmussen, D. Wang and L.A. Levin, 2010: Reproductive timing alters
population connectivity in marine metapopulations. Current Biology, 20(21), 1926-1931.

Casini, M., J. Hjelm, J.C. Molinero, J. Lovgren, M. Cardinale, V. Bartolino, A. Belgrano and G. Kornilovs,
2009: Trophic cascades promote threshol d-like shifts in pelagic marine ecosystems. Proceedings of the National
Academy of Sciences, USA, 106(1), 197-202.

Cavalier-Smith, T., 2004: Only six kingdoms of life. Proceedings of the Royal Society B: Biological Sciences,
271(1545), 1251-1262.

CBD, 2009: Scientific Synthesis of the Impacts of Ocean Acidification on Marine Biodiversity by the Secretariat of
the Convention on Biological Diversity. Technical Series No. 46, Montreal, Canada, 61 pp.

Do Not Cite, Quote, or Distribute 94 11 June 2012



QUOWO~NOULEAWNBE

U'IU'IU'IU'I-b-bhhhﬁbhhbwwwwwwwwwwwl\)I\JI\JI\JI\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNPFPOOOWNO O WNPFPOQOOONOOUOPRRWNPOOONODUPRAWNRPOOONOOUOUD,WNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Cermefio, P., S. Dutkiewicz, R.P. Harris, M. Follows, O. Schofield and P.G. Falkowski, 2008: The role of
nutricline depth in regulating the ocean carbon cycle. Proceedings of the National Academy of Sciences of the
United Sates of America, 105(51), 20344-20349.

Cesar, H., L. Burkeand L. Pet-Soede, 2003: The Economics of Worldwide Coral Reef Degradation. Cesar
Environmental Economics Consulting (CEEC), Arnhem, 23 pp.

Chaloupka, M., N. Kamezaki and C. Limpus, 2008: Is climate change affecting the population dynamics of the
endangered Pacific loggerhead sea turtle? Journal of Experimental Marine Biology and Ecology, 356(1-2), 136-
143.

Chambers, L.E., L. Hughesand M.A. Weston, 2005: Climate change and its impact on Australia's avifauna. Emu,
105(1), 1-20.

Chambers, L.E., B.C. Congdon, N. Dunlop, P. Dann and C. Devney, 2009: Seabirds and climate change. In: A
Marine Climate Change Impacts And Adaptation Report Card for Australia 2009, [Poloczanska, E.S., A.J.
Hobday and A.J. Richardson(eds.)]. NCCARF 05/09, Southport, QLD, Australia, pp. 1-18.

Chan, F., J.A. Barth, J. Lubchenco, A. Kirincich, H. Weeks, W.T. Peterson and B.A. M enge, 2008: Emergence
of anoxiain the California Current large marine ecosystem. Science, 319(5865), 920.

Charpy-Roubaud, C. and A. Sour nia, 1990: The comparative estimation of phytoplanktonic, microphytobenthic
and macrophytobenthic primary production in the oceans. Marine Microbial Food Webs, 4(1), 31-57.

Chassot, E., S. Bonhommeau, N.K. Dulvy, F. Mélin, R. Watson, D. Gascuel and O. L e Pape, 2010: Global
marine primary production constrains fisheries catches. Ecology letters, 13(4), 495-505.

Chavez, F.P. and M. Messie, 2009: A comparison of eastern boundary upwelling ecosystems. Progress In
Oceanography, 83(1-4), 80-96.

Chavez, F.P., M. Messieand J.T. Pennington, 2011: Marine primary production in relation to climate variability
and change. Annual Review of Marine Science, 3(1), 227-260.

Chavez, F.P., J. Ryan, S.E. Lluch-Cota and M. Niquen C, 2003: From anchovies to sardines and back:
multidecadal change in the Pacific Ocean. Science, 299(5604), 217-221.

Chavez, F.P., P.G. Strutton, C.E. Friederich, R.A. Feely, G.C. Feldman, D.C. Foley and M.J. McPhaden,
1999: Biological and chemical response of the equatorial Pacific Ocean to the 1997-98 El Nifio. Science,
286(5447), 2126-2131.

Checkley Jr, D.M ., P.B. Ortner, L.R. Settleand S.R. Cummings, 1997: A continuous, underway fish egg
sampler. Fisheries Oceanography, 6(2), 58-73.

Checkley Jr, D.M ., A.G. Dickson, M. Takahashi, J.A. Radich, N. Eisenkolb and R. Asch, 2009a: Elevated CO,
enhances otolith growth in young fish. Science, 324(5935), 1683.

Checkley Jr, D.M ., P. Ayon, T.R. Baumgartner, M. Bernal, J.C. Coetzee, R. Emmett, R. Guevara-Carrasco, L.
Hutchings, L. Ibaibarriaga, H. Nakata, Y. Oozeki, B. Planque, J. Schweigert, Y. Stratoudakisand C.D.
van der Lingen, 2009b: Habitats. In: Climate Change and Small Pelagic Fish, [Checkley Jr, D.M., J. Alheit, Y.
Oozeki and C. Roy(eds.)]. Cambridge University Press, New York, NY, USA, pp. 12-44.

Chelton, D.B., P.A. Bernal and J.A. McGowan, 1982: Large-scale interannual physical and biological interaction
in the California Current. Journal of Marine Research, 40(4), 1095-1125.

Chen, |.-C., J.K. Hill, R. Ohlemdiller, D.B. Roy and C.D. Thomas, 2011: Rapid range shifts of species associated
with high levels of climate warming. Science, 333(6045), 1024-1026.

Cheung, W.W.L ., J. Dunne, J.L. Sarmiento and D. Pauly, 2011: Integrating ecophysiology and plankton
dynamicsinto projected maximum fisheries catch potential under climate change in the Northeast Atlantic.
ICES Journal of Marine Science, 68, 1008-1018.

Cheung, W.W.L., C. Close, V. Lam, R. Watson and D. Pauly, 2008: Application of macroecological theory to
predict effects of climate change on global fisheries potential. Marine Ecology Progress Series, 365, 187-197.

Cheung, WW.L.,V.W.Y.Lam, J.L. Sarmiento, K. Kearney, R. Watson and D. Pauly, 2009: Projecting global
marine biodiversity impacts under climate change scenarios. Fish and Fisheries, 10(3), 235-251.

Cheung, WW.L.,V.W.Y.Lam, J.L. Sarmiento, K. Kearney, R. Watson, D. Zeller and D. Pauly, 2010: Large-
scale redistribution of maximum fisheries catch in the global ocean under climate change. Global Change
Biology, 16(1), 24-35.

Cheung, W.W.L., J.L. Sarmiento, J. Dunne, T.L. Frdlicher, V. Lam, M.L.D. Palomares, R. Watson and D.
Pauly, 2012 submitted: Shrinking of fishes exacerbates impacts of global ocean changes on marine ecosystems.
Nature Climate Change.

Do Not Cite, Quote, or Distribute 95 11 June 2012



QUOWOWO~NOULEAWNPE

01010101-l>-l>-bbbﬁhh-l>hwwwwwwwwwwI\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOQOOONOOUORMWNPOOONODUPRAWNRPEPOOONOOOUD,WNE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Cheung, W.W.L., J.J. Meeuwig, M. Feng, E. Harvey, V. Lam, T. Langolis, D. Slawinski, C. Sun and D. Pauly,
2012: Climate change induced tropicalization of marine communitiesin Western Australia. Marine and
Freshwater Research, In press.

Chevaldonne, P., C.R. Fisher, J.J. Childress, D. Desbruyeres, D. Jollivet, F. Zal and A. Toulmond, 2000:
Thermotolerance and the 'Pompeii worms. Marine Ecology Progress Series, 208, 293-295.

Chevin, L.-M ., R. Landeand G.M. Mace, 2010: Adaptation, plasticity, and extinction in a changing environment:
towards a predictive theory. PLoS Biology, 8(4), €1000357.

Childress, J. and B. Seibel, 1998: Life at stable low oxygen levels: adaptations of animalsto oceanic oxygen
minimum layers. Journal of Experimental Biology, 201(8), 1223-1232.

Christian, J.R. and D.M. Karl, 1995: Bacterial ectoenzymes in marine waters - activity ratios and temperature
responses in 3 oceanographic provinces. Limnology and Oceanography, 40(6), 1042-1049.

Claiborne, J.B., S.L. Edwardsand A.l. Morrison-Shetlar, 2002: Acid—base regulation in fishes: cellular and
molecular mechanisms. Journal of Experimental Zoology, 293(3), 302-319.

Clark, D., M. Lamareand M. Barker, 2009: Response of sea urchin pluteus larvae (Echinodermata: Echinoidea)
to reduced seawater pH: a comparison among a tropical, temperate, and a polar species. Marine Biology, 156(6),
1125-1137.

Clark, R.A., C.J. Fox, D. Viner and M. Livermore, 2003: North Sea cod and climate change — modelling the
effects of temperature on population dynamics. Global Change Biology, 9(11), 1669-1680.

Clarke, A., N.M. Johnston, E.J. Murphy and A.D. Rogers, 2007: Introduction. Antarctic ecology from genesto
ecosystems: the impact of climate change and the importance of scale. Philosophical Transactions of the Royal
Society B: Biological Sciences, 362, 5-9.

CLIMAP_Project_Members, 1976: The surface of the ice-age earth. Science, 191(4232), 1131-1137.

Coall, M., L.J. Shannon, D. Yemane, J.S. Link, H. Ojaveer, S. Neira, D. Jouffre, P. Labrosse, J.J. Heymans, A.
Fulton and Y .-J. Shin, 2009: Ranking the ecological relative status of exploited marine ecosystems. ICES
Journal of Marine Science, 67(4), 769-786.

Collie, J.S., D.J. Gifford and J.H. Steele, 2009: End-to-end foodweb control of fish production on Georges Bank.
ICES Journal of Marine Science, 66(10), 2223-2232.

Comeau, S, R. Jeffree, J.-L. Teyssiéand J.-P. Gattuso, 2010: Response of the Arctic pteropod Limacina helicina
to projected future environmental conditions. Plos One, 5(6), €11362.

Comeau, S, G. Gorsky, R. Jeffree, J.L. Teyssiéand J.P. Gattuso, 2009: Impact of ocean acidification on akey
Arctic pelagic mollusc (Limacina helicina). Biogeosciences, 6(9), 1877-1882.

Connell, S.D. and B.D. Russell, 2010: The direct effects of increasing CO, and temperature on non-calcifying
organisms: increasing the potential for phase shiftsin kelp forests. Proceedings of the Royal Society B:
Biological Sciences, 277(1686), 1409-1415.

Connally, T.P., B.M. Hickey, S.L. Geier and W.P. Cochlan, 2010: Processes influencing seasonal hypoxiain the
northern California Current system. Journal of Geophysical Research, 115, C03021.

Considine, T.J., C. Jablonowski, B. Posner and C.H. Bishop, 2004: The value of hurricane forecasts to oil and
gas producers in the Gulf of Mexico. Journal of Applied Meteorology, 43(9), 1270-1281.

Cooley, S.R., 2012: How humans could "feel" changing biogeochemistry. Current Opinion in Environmental
Sustainability, accepted.

Cooley, S.R. and S.C. Doney, 2009: Anticipating ocean acidification’s economic consequences for commercial
fisheries. Environmental Research Letters, 4(2), 024007.

Cooley, SR., H. Kite-Powell and S.C. Doney, 2009: Ocean acidification’s potential to alter global marine
ecosystem services. Oceanography, 22(4), 172-181.

Cooley, S.R., N. Lucey, H. Kite-Powell and S.C. Doney, 2011: Nutrition and income from molluscs today imply
vulnerability to ocean acidification tomorrow. Fish and Fisheries, published online, doi: 10.1111/j.1467-
2979.2011.00424.x.

Cooper, T.F., G. De'ath, K.E. Fabriciusand J.M. L ough, 2008: Declining coral calcification in massive Porites
in two nearshore regions of the northern Great Barrier Reef. Global Change Biology, 14(3), 529-538.

Corbett, J.J., D.A. Lack, J.J. Winebrake, S. Harder, J.A. Silberman and M. Gold, 2010: Arctic shipping
emissions inventories and future scenarios. Atmospheric Chemistry and Physics, 10(19), 9689-9704.

Costello, C.J., M.G. Neubert, SA. Polasky and A.R. Solow, 2010: Bounded uncertainty and climate change
economics. Proceedings of the Academy of Science of the United States of America, 107(18), 8108-8110.

Do Not Cite, Quote, or Distribute 96 11 June 2012



QUOWO~NOULA,WNPE

U'IU'IU'IU'I-b-b-b-l>hﬁ-l>-l>-l>-l>wwwwwwwwwwl\)l\)l\)I\)I\)I\)I\)I\)I\)I\)I—\I—‘I—\I—‘I—‘I—‘I—‘I—‘}—‘}—‘
WNPFPOWOWwNO O WNPFPOOONOUORRWNPOOONOUPRARWNRPODOONOOUUD, WNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Costello, J.H., B.K. Sullivan and D.J. Gifford, 2006: A physical-biological interaction underlying variable
phenological responses to climate change by coastal zooplankton. Journal of Plankton Research, 28(11), 1099-
1105.

Crain, C.M., K. Kroeker and B.S. Halpern, 2008: Interactive and cumulative effects of multiple human stressors
in marine systems. Ecology letters, 11(12), 1304-1315.

Crook, E., D. Potts, M. Rebolledo-Vieyra, L. Hernandez and A. Paytan, 2012; Calcifying coral abundance near
low-pH springs: implications for future ocean acidification. Coral Reefs, 31(1), 239-245.

Croxall, J.P., P.N. Trathan and E.J. Murphy, 2002: Environmental change and Antarctic seabird populations.
Science, 297(5586), 1510-1514.

Crutzen, P., 2006: Albedo enhancement by stratospheric sulfur injections. a contribution to resolve a policy
dilemma? Climatic Change, 77(3), 211-220.

Cubillos, J.C., SW. Wright, G. Nash, M .F. de Salas, B. Griffiths, B. Tilbrook, A. Poisson and G.M.
Hallegraeff, 2007: Calcification morphotypes of the coccolithophorid Emiliania huxleyi in the Southern Ocean:
changesin 2001 to 2006 compared to historical data. Marine Ecology Progress Series, 348, 47-54.

Cuevas, E., F.A. Abreu-Grobois, V. Guzman-Hernandez, M .A. Liceaga-Correa and R.P. van Dam, 2008:
Post-nesting migratory movements of hawksbill turtles Eretmochelysimbricata in waters adjacent to the
Y ucatan Peninsula, Mexico. Endangered Species Research, 10, 123-133.

Cullen, J.J., W.F. Doolittle, SA. Levin and W.K.W. Li, 2007: Patterns and prediction in microbial oceanography.
Oceanography, 20(2), 34-46.

Cury, P., L. Shannon and Y .-J. Shin, 2003: The functioning of marine ecosystems: a fisheries perspective. In:
Responsible Fisheriesin the Marine Ecosystem, [Sinclair, M. and G. Valdimarsson(eds.)]. FAO and CABI
Publishing, Wallingford, U. K., pp. 103-124.

Cushing, D.H., 1990: Plankton production and year-class strength in fish populations: an update of the
match/mismatch hypothesis. In: Advancesin Marine Biology, Vol. 26, [Blaxter, JH.S. and A.J.
Southward(eds.)]. Academic Press, Waltham, MA, USA, pp. 249-293.

Dale, B., M. Edwards and P.C. Reid, 2006: Climate change and harmful algal blooms. In: Ecology of Harmful
Algae, [Granédli, E. and J.T. Turner(eds.)]. Springer, Berlin, pp. 367-378.

Dalsgaard, T., D.E. Canfield, J. Petersen, B. Thamdrup and J. Acuna-Gonzalez, 2003: N, production by the
anammox reaction in the anoxic water column of Golfo Dulce, Costa Rica. Nature, 422(6932), 606-608.

Danovaro, R., A. Dell'Anno and A. Pusceddu, 2004: Biodiversity response to climate change in a warm deep sea.
Ecology letters, 7(9), 821-828.

Danovaro, R., A. Dell'Anno, A. Pusceddu, C. Gambi, |. Heiner and R.M. Kristensen, 2010: The first metazoa
living in permanently anoxic conditions. BMC Biology, 8, 30.

Daskalov, G.M., 2003: Long-term changes in fish abundance and environmental indices in the Black Sea. Marine
Ecology Progress Series, 255, 259-270.

Daufresne, M., K. Lengfellner and U. Sommer, 2009: Global warming benefits the small in aquatic ecosystems.
Proceedings of the National Academy of Sciences of the United States of America, 106(31), 12788-12793.
Davies, A.J., M. Wisshak, J.C. Orr and J. Murray Roberts, 2008: Predicting suitable habitat for the cold-water
coral Lophelia pertusa (Scleractinia). Deep Sea Research Part |: Oceanographic Research Papers, 55(8), 1048-

1062.

Daw, T., W.N. Adger, K. Brown and M .-C. Badjeck, 2009: Climate change and capture fisheries: potential
impacts adaptation and mitigation. In: FAO Fisheries and Aquaculture Technical Paper (530), [Cochrane, K.C.,
C. DeYoung, C. Soto and T. Bahri(eds.)]. FAO, Rome, pp. 107-150.

deBaar, H.JW., J.T.M. Dejong, D.C.E. Bakker, B.M. Loscher, C. Veth, U. Bathmann and V. Smetacek,
1995: Importance of iron for plankton blooms and carbon dioxide drawdown in the Southern Ocean. Nature,
373(6513), 412-415.

de Baar, HJ.W., PW. Boyd, K.H. Coale, M.R. Landry, A. Tsuda, P. Assmy, D.C.E. Bakker, Y. Bozec, R.T.
Barber, M.A. Brzezinski, K.O. Buesseler, M. BoyE, P.L. Croot, F. Gervais, M.Y. Gorbunov, P.J.
Harrison, W.T. Hiscock, P. Laan, C. Lancelot, C.S. Law, M. Levasseur, A. Marchetti, F.J. Millero, J.
Nishioka, Y. Nojiri, T. van Oijen, U. Riebesell, M.J.A. Rijkenberg, H. Saito, S. Takeda, K.R.
Timmermans, M.J.W. Veldhuis, A.M. Waite and C.-S. Wong, 2005: Synthesis of iron fertilization
experiments: from the Iron Age in the age of enlightenment. Journal of Geophysical Research, 110(C9),
C09s16.

Do Not Cite, Quote, or Distribute 97 11 June 2012



QUOWO~NOULEAWNPE

U'IU'IU'lU'I(J'I-b-b-b-b-bﬁ-l>-l>-b-boo0000(A)(AJ(AJ(D(D(DCDNNNI\)NNNI\)NNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOWLONO O WNPFPOQOOONOOUORWNPOOONOUPRA,WNRPOOONOODUODMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

deBoer, A.M., D.M. Sigman, J.R. Toggweiler and J.L. Russell, 2007: Effect of global ocean temperature change
on deep ocean ventilation. Paleoceanography, 22, PA2210.

De Jonckheere, J.F., M. Baumgartner, F.R. Opperdoes and K.O. Stetter, 2009: Marinamoeba thermophila, a
new marine heterolobosean amoeba growing at 50°C. European Journal of Protistology, 45(3), 231-236.

deMoel, H., G.M. Ganssen, F.J.C. Peeters, S.J.A. Jung, D. Kroon, G.J.A. Brummer and R.E. Zeebe, 2009:
Planktic foraminiferal shell thinning in the Arabian Sea due to anthropogenic ocean acidification?
Biogeosciences, 6(9), 1917-1925.

De'ath, G., J.M. Lough and K.E. Fabricius, 2009: Declining coral calcification on the Great Barrier Reef. Science,
323(5910), 116-119.

Deigweiher, K., N. Koschnick, H.O. Pértner and M. L ucassen, 2008: Acclimation of ion regulatory capacitiesin
gills of marine fish under environmental hypercapnia. American Journal of Physiology: Regulatory, Integrative
and Comparative Physiology, 295(5), R1660-1670.

Delille, B., J. Harlay, |. Zondervan, S. Jacquet, L. Chou, R. Woallast, R.G.J. Bellerby, M. Frankignoulle, A.
Vieira Borges, U. Riebesell and J.-P. Gattuso, 2005: Response of primary production and calcification to
changes of pCO, during experimental blooms of the coccolithophorid Emiliania huxleyi. Global
Biogeochemical Cycles, 19(2), GB2023.

Demarcq, H., 2009: Trends in primary production, sea surface temperature and wind in upwelling systems (1998—
2007). Progress In Oceanography, 83(1-4), 376-385.

Denman, K., J. Christian, N. Steiner, H.O. Pértner and Y. Nojiri, 2011: Potential impacts of future ocean
acidification on marine ecosystems and fisheries: present knowledge and recommendations for future research.
ICES Journal of Marine Science, 68(6), 1019-1029.

Deutsch, C., H. Brix, T. Ito, H. Frenzel and L. Thompson, 2011: Climate-forced variability of ocean hypoxia.
Science, 333(6040), 336-339.

Deutsch, C.A., J.J. Tewksbury, R.B. Huey, K.S. Sheldon, C.K. Ghalambor, D.C. Haak and P.R. Martin, 2008:
Impacts of climate warming on terrestrial ectotherms across latitude. Proceedings of the National Academy of
Sciences of the United States of America, 105(18), 6668-6672.

Devine, B.M ., P.L. Munday and G.P. Jones, 2012: Rising CO, concentrations affect settlement behaviour of larval
damselfishes. Coral Reefs, 31(1), 229-238.

deYoung, B., M. Barange, G. Beaugrand, R. Harris, R.l. Perry, M. Scheffer and F. Werner, 2008: Regime
shifts in marine ecosystems:. detection, prediction and management. Trends in Ecology and Evolution, 23(7),
402-400.

Di Lorenzo, E., A.J. Miller, N. Schneider and J.C. McWilliams, 2005: The warming of the California Current
system: Dynamics and ecosystem implications. Journal of Physical Oceanography, 35(3), 336-362.

Diaz, R.J. and R. Rosenber g, 2008: Spreading dead zones and consequences for marine ecosystems. Science,
321(5891), 926-929.

Diaz-Pulido, G., M. Gouezo, B. Tilbrook, S. Dove and K.R.N. Anthony, 2011: High CO, enhances the
competitive strength of seaweeds over corals. Ecology letters, 14(2), 156-162.

Dickey, T.D., 1991: The emergence of concurrent high-resolution physical and bio-optical measurementsin the
upper ocean and their applications. Reviews of Geophysics, 29(3), 383-413.

Dierssen, H.M ., 2010: Perspectives on empirical approaches for ocean color remote sensing of chlorophyll in a
changing climate. Proceedings of the National Academy of Sciences of the United States of America, 107(40),
17073-17078.

Dinsmore, R.P., 1996: Alpha, Bravo, Charlie... Ocean weather ships 1940-1980. Oceanus, 39(2), 9-10.

Dobson, A., 2009: Climate variability, global change, immunity, and the dynamics of infectious diseases. Ecology,
90(4), 920-927.

Dodds, L.A., J.M. Roberts, A.C. Taylor and F. Marubini, 2007: Metabolic tolerance of the cold-water coral
Lophelia pertusa (Scleractinia) to temperature and dissolved oxygen change. Journal of Experimental Marine
Biology and Ecology, 349(2), 205-214.

Dollar, S.J. and G.W. Tribble, 1993: Recurrent storm disturbance and recovery - along-term study of coral
communitiesin Hawaii. Coral Reefs, 12(3-4), 223-233.

Domenici, P., B. Allan, M.l. McCormick and P.L. Munday, 2012: Elevated carbon dioxide affects behavioural
lateralization in a coral reef fish. Biology Letters, 8(1), 78-81.

Donelson, J.M., P.L. Munday, M.I. McCormick and C.R. Pitcher, 2012: Rapid transgenerational acclimation of
atropical reef fish to climate change. Nature Climate Change, 2(1), 30-32.

Do Not Cite, Quote, or Distribute 98 11 June 2012



QUOWOWONOULEAWNBE

NANAE SRS AL ESRS8LYLLLURRIYNRENRERNNNNNEBE R B R
WNPRPOOOINDODIIRMNPROOOIOTRONPRPROOADIOUTROINRPOOOMNOOUON®N PR

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Doney, S.C., 2006: Oceanography - Plankton in awarmer world. Nature, 444(7120), 695-696.

Doney, S.C., 2010: The growing human footprint on coastal and open-ocean biogeochemistry. Science, 328(5985),
1512-1516.

Doney, S.C., M.R. Abbott, J.J. Cullen, D.M. Karl and L. Rothstein, 2004: From genes to ecosystems. the ocean's
new frontier. Frontiersin Ecology and the Environment, 2(9), 457-466.

Donner, S.D., T.R. Knutson and M. Oppenheimer, 2007: Model-based assessment of the role of human-induced
climate change in the 2005 Caribbean coral bleaching event. Proceedings of the National Academy of Science of
the United States of America, 104(13), 5483-5488.

Donner, S.D., W.J. Skirving, C.M. Little, M. Oppenheimer and O.V.E. Hoegh-Guldberg, 2005: Global
assessment of coral bleaching and required rates of adaptation under climate change. Global Change Biology,
11(12), 2251-2265.

Dore, J.E., R. Lukas, D.W. Sadler, M.J. Church and D.M. Karl, 2009: Physical and biogeochemical modulation
of ocean acidification in the central North Pacific. Proceedings of the National Academy of Sciences of the
United Sates of America, 106(30), 12235-12240.

Douglas, C.A., G.P. Harrison and J.P. Chick, 2008: Life cycle assessment of the Seagen marine current turbine.
Proceedings of the Institution of Mechanical Engineers, Part M: Journal of Engineering for the Maritime
Environment, 222(1), 1-12.

Douvere, F., 2008: The importance of marine spatial planning in advancing ecosystem-based sea use management.
Marine Palicy, 32(5), 762-771.

Dowsett, H.J., 2007: The PRISM palaeoclimate reconstruction and Pliocene sea-surface temperature. In: Deep-time
Per spectives on Climate Change: Marrying the Signal from Computer Models and Biological Proxies,
[Williams, M., A.M. Haywood, F.J. Gregory and D.N. Schmidt(eds.)]. The Micropalaeontological Society
Specia Publication, The Geological Society, London, UK, pp. 459-480.

Dowsett, H.J. and M.M. Robinson, 2006: Stratigraphic framework for Pliocene pal eoclimate reconstruction: the
correlation conundrum. Stratigraphy, 3(1), 53-64.

Dowsett, H.J., L.B. Gosnell and R.Z. Poor e, 1988: Pliocene planktic foraminifer census data from Deep Sea
Drilling Project holes 366A, 410, 606, and 646B. Open-File Report - U. S. Geological Survey, 88-654, Denver,
CO, USA, 14 pp.

Drinkwater, K.F., G. Beaugrand, M. Kaeriyama, S. Kim, G. Ottersen, R.I. Perry, H.-O. Pértner, J.J. Polovina
and A. Takasuka, 2010: On the processes linking climate to ecosystem changes. Journal of Marine Systems,
79(3-4), 374-388.

Duarte, C.M ., J. Cebrian and N. Marba, 1992: Uncertainty of detecting sea change. Nature, 356(6366), 190-190.

Duce, R.A., J. LaRoche, K. Altieri, K.R. Arrigo, A.R. Baker, D.G. Capone, S. Cornell, F. Dentener, J.
Galloway, R.S. Ganeshram, R.J. Geider, T. Jickells, M.M. Kuypers, R. Langlois, P.S. Liss, SM. Liu, J.J.
Middelburg, C.M. Moore, S. Nickovic, A. Oschlies, T. Pedersen, J. Prospero, R. Schlitzer, S. Seitzinger,
L.L. Sorensen, M. Uematsu, O. Ulloa, M. Voss, B. Ward and L. Zamor a, 2008: Impacts of atmospheric
anthropogenic nitrogen on the open ocean. Science, 320(5878), 893-897.

Ducklow, H.W ., K. Baker, D.G. Martinson, L.B. Quetin, R.M. Ross, R.C. Smith, S.E. Stammerjohn, M.
Vernet and W. Fraser, 2007: Marine pelagic ecosystems: The West Antarctic Peninsula. Philosophical
Transactions of the Royal Society B: Biological Sciences, 362, 67-94.

Duffy, J.E., 2003: Biodiversity loss, trophic skew and ecosystem functioning. Ecology letters, 6(8), 680-687.

Dulvy, N.K., S.I. Rogers, S. Jennings, V. Stelzenmller, SR. Dyeand H.R. Skjoldal, 2008: Climate change and
deepening of the North Sea fish assemblage: a biotic indicator of warming seas. Journal of Applied Ecology,
45(4), 1029-1039.

Dunlop, N., 2001: Sea-change and fisheries: abird's eye view. Western Fisheries Magazine, Spring, 11-14.

Dunne, J.A. and R.J. Williams, 2009: Cascading extinctions and community collapse in model food webs.
Philosophical Transactions of the Royal Society B: Biological Sciences, 364(1524), 1711-1723.

Dupont, S, B. Lundve and M. Thorndyke, 2010: Near future ocean acidification increases growth rate of the
lecithotrophic larvae and juveniles of the sea star Crossaster papposus. Journal of Experimental Zoology Part
B: Molecular and Developmental Evolution, 314B(5), 382-389.

Dupont, S, J. Havenhand, W. Thorndyke, L. Peck and M. Thorndyke, 2008: Near-future level of CO,-driven
ocean acidification radically affects larval survival and development in the brittlestar Ophiothrix fragilis.
Marine Ecology Progress Series, 373, 285-294.

Do Not Cite, Quote, or Distribute 99 11 June 2012



QUOWOWO~NOULEAWNBE

GOSN S A R DRS8NSR PR RENRENRERRNNNRNEERERREERES
NFRPFOOOXINDODURMOMNROOOIOTRAONNPROOONOURONRPROOO~NOOONWN PR

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Dupont, S., N. Dorey, M. Stumpp, F. Melzner and M. Thorndyke, 2012: Long-term and trans-life-cycle effects
of exposure to ocean acidification in the green sea urchin Srongylocentrotus droebachiensis. Marine Biology,
published online, doi: 10.1007/s00227-00012-01921-x.

Durant, J.M., N.C. Stenseth, T. Anker-Nilssen, M.P. Harris, P.M. Thompson and S. Wanless, 2004: Marine
birds and climate fluctuation in the North Atlantic. In: Marine Ecosystems and Climate Variation: the North
Atlantic: a Comparative Perspective, [Stenseth, N.C., G. Ottersen, JW. Hurrell and A. Belgrano(eds.)]. Oxford
University Press, Oxford, UK, pp. 95-105.

Dutton, D.L., P.H. Dutton, M. Chaloupka and R.H. Boulon, 2005: Increase of a Caribbean leatherback turtle
Dermochelys coriacea nesting population linked to long-term nest protection. Biological Conservation, 126(2),
186-194.

Dyhrman, S.T., ST. Haley, SR. Birkeland, L.L. Wurch, M .J. Cipriano and A.G. McArthur, 2006: Long serial
analysis of gene expression for gene discovery and transcriptome profiling in the widespread marine
coccolithophore Emiliania huxleyi. Applied and environmental microbiology, 72(1), 252-260.

Eakin, C.M., J.A. Morgan, S.F. Heron, T.B. Smith, G. Liu, L. Alvarez-Filip, B. Baca, E. Bartels, C. Bastidas,
C. Bouchon, M. Brandt, A.W. Bruckner, L. Bunkley-Williams, A. Cameron, B.D. Causey, M. Chiappone,
T.R.L.Christensen, M.J.C. Crabbe, O. Day, E. dela Guardia, G. Diaz-Pulido, D. DiResta, D.L. Gil-
Agudelo, D.S. Gilliam, R.N. Ginsburg, S. Gore, H.M. Guzman, J.C. Hendee, E.A. Hernadndez-Delgado, E.
Husain, C.F.G. Jeffrey, R.J. Jones, E. Jordan-Dahlgren, L.S. Kaufman, D.I. Kline, P.A. Kramer, J.C.
Lang, D. Lirman, J. Mallela, C. Manfrino, J.-P. Maréchal, K. Marks, J. Mihaly, W.J. Miller, E.M.
Mueller, E.M. Muller, C.A. Orozco Toro, H.A. Oxenford, D. Ponce-Taylor, N. Quinn, K.B. Ritchie, S.
Rodriguez, A. Rodriguez Ramirez, S. Romano, J.F. Samhouri, J.A. Sanchez, G.P. Schmahl, B.V. Shank,
W.J. Skirving, S.C.C. Steiner, E. Villamizar, SM. Walsh, C. Walter, E. Well, E.H. Williams, K.W.
Roberson and Y. Yusuf, 2010: Caribbean coralsin crisis: record thermal stress, bleaching, and mortality in
2005. Plos One, 5(11), €139609.

Easterling, D.R., G.A. Meehl, C. Parmesan, S.A. Changnon, T.R. Karl and L.O. Mearns, 2000: Climate
extremes: observations, modeling, and impacts. Science, 289(5487), 2068-2074.

Eberwein, A. and A. Mackensen, 2008: Last Glacial Maximum paleoproductivity and water masses off NW-
Africa: Evidence from benthic foraminifera and stable isotopes. Marine Micropaleontol ogy, 67(1-2), 87-103.

Edmunds, P.J., 2011: Zooplanktivory ameliorates the effects of ocean acidification on the reef cora Porites spp.
Limnology and Oceanography, 56(6), 2402-2410.

Edwards, M. and A.J. Richardson, 2004: Impact of climate change on marine pelagic phenology and trophic
mismatch. Nature, 430(7002), 881-884.

Edwards, M., P.C. Reid and B. Planque, 2001: Long-term and regional variability of phytoplankton biomassin
the Northeast Atlantic (1960-1995). ICES Journal of Marine Science, 58(1), 39-49.

Edwards, M., D.G. Johns, S.C. Leterme, E. Svendsen and A.J. Richardson, 2006: Climate change and harmful
algal bloomsin the Northeast Atlantic. Limnology and Oceanography, 51(2), 820-829.

Eero, M., B.R. MacKenzie, F.W. Koster and H. Gislason, 2011: Multi-decadal responses of a cod (Gadus
morhua) population to human-induced trophic changes, fishing, and climate. Ecological Applications, 21(1),
214-226.

Eggert, A. and C. Wiencke, 2000: Adaptation and acclimation of growth and photosynthesis of five Antarctic red
algae to low temperatures. Polar Biology, 23(9), 609-618.

Eggert, A., RJ.W. Visser, P.R. Van Hasselt and A.M. Breeman, 2006: Differences in acclimation potential of
photosynthesis in seven isolates of the tropical to warm temperate macrophyte Valonia utricularis
(Chlorophyta). Phycologia, 45(5), 546-556.

Eide, A., 2007: Economic impacts of global warming: the case of the Barents Sea fisheries. Natural Resource
Modeling, 20(2), 199-221.

Eide, A., 2008: An integrated study of economic effects of and vulnerabilities to global warming on the Barents Sea
cod fisheries. Climatic Change, 87(1-2), 251-262.

Eide, A. and K. Heen, 2002: Economic impacts of global warming - astudy of the fishing industry in North
Norway. Fisheries Research, 56(3), 261-274.

Ekau, W., H. Auel, H.O. Pértner and D. Gilbert, 2010: Impacts of hypoxia on the structure and processesin
pelagic communities (zooplankton, macro-invertebrates and fish). Biogeosciences, 7(5), 1669-1699.

Do Not Cite, Quote, or Distribute 100 11 June 2012



QUOWoWO~NOULEA WNPE

U'lU'IU'IU'I-b-b-b-b-bt-bhbhwwwwwwwwwwl\)l\)NNNNNNNNl—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOQOONOOUORRWNPOOONOOUOPRARWNRPEPOOONOODODNMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Eliason, E.J., T.D. Clark, M .J. Hague, L.M. Hanson, Z.S. Gallagher, K.M. Jeffries, M .K. Gale, D.A. Patterson,
S.G. Hinch and A.P. Farrell, 2011: Differencesin thermal tolerance among sockeye salmon popul ations.
Science, 332(6025), 109-112.

Elmqvist, T., C. Folke, M. Nystrom, G. Peterson, J. Bengtsson, B. Walker and J. Norberg, 2003: Response
diversity, ecosystem change, and resilience. Frontiersin Ecology and the Environment, 1(9), 488-494.

Enfield, D.B., A.M. Mestas-Nunez and P.J. Trimble, 2001: The Atlantic multidecadal oscillation and itsrelation
torainfall and river flows in the continental US. Geophysical Research Letters, 28(10), 2077-2080.

Engel, A., S. Thoms, U. Riebesell, E. Rochelle-Newall and |. Zondervan, 2004: Polysaccharide aggregation as a
potential sink of marine dissolved organic carbon. Nature, 428(6986), 929-932.

Engel, A., |. Zondervan, K. Aerts, L. Beaufort, A. Benthien, L. Chou, B. Ddlille, J.-P. Gattuso, J. Harlay, C.
Heemann, L. Hoffmann, S. Jacquet, J. Ngjstgaard, M .-D. Pizay, E. Rochelle-Newall, U. Schneider, A.
Terdrueggen and U. Riebesell, 2005: Testing the direct effect of CO, concentration on a bloom of the
coccolithophorid Emiliania huxleyi in mesocosm experiments. Limnology and Oceanography, 50(2), 493-507.

Eppley, R.W., 1972: Temperature and phytoplankton growth in the sea. Fishery Bulletin, 70(4), 1063-1085.

Fabricius, K.E., C. Langdon, S. Uthicke, C. Humphrey, S. Noonan, G. De'ath, R. Okazaki, N. Muehllehner,
M.S. Glasand J.M. Lough, 2011: Losers and winnersin coral reefs acclimatized to elevated carbon dioxide
concentrations. Nature Climate Change, 1(3), 165-169.

Fabry, V.J., B.A. Seibel, R.A. Feely and J.C. Orr, 2008: Impacts of ocean acidification on marine fauna and
ecosystem processes. |CES Journal of Marine Science, 65(3), 414-432.

Fairweather, T.P., C.D. van der Lingen, A.J. Booth, L. Drapeau and J.J. van der Westhuizen, 2006: Indicators
of sustainable fishing for South African sardine Sardinops sagax and anchovy Engraulis encrasicolus. African
Journal of Marine Science, 28(3-4), 661-680.

Falkowski, P.G., 1997: Evolution of the nitrogen cycle and its influence on the biological sequestration of CO, in
the ocean. Nature, 387(6630), 272-275.

Falkowski, P.G. and J.A. Raven, 1997: Aquatic Photosynthesis. Blackwell Science, Oxford, U.K., 375 pp.

Falkowski, P.G., T. Fenchel and E.F. Delong, 2008: The microbial engines that drive Earth's biogeochemical
cycles. Science, 320(5879), 1034-1039.

FAOQ, 2003: The Ecosystem Approach to Fisheries. FAO Technical Guidelines for Responsible Fisheries, No. 4,
Suppl. 2, FAOI, Rome, Italy, 112 pp.

FAOQ, 2010: The Sate of World Fisheries and Aguaculture. FAQOI, Rome, Italy, 197 pp.

Farber, S.C., R. Costanza and M.A. Wilson, 2002: Economic and ecological concepts for valuing ecosystem
services. Ecological Economics, 41(3), 375-392.

Farrell, A.P., 2009: Environment, antecedents and climate change: lessons from the study of temperature
physiology and river migration of salmonids. Journal of Experimental Biology, 212(23), 3771-3780.

Faschuk, D.Y., 2011: Marine Ecological Geography. Theory and Experience Springer, Berlin, 433 pp.

Feely, R.A., S.C. Doney and S.R. Cooley, 2009: Ocean acidification: present conditions and future changesin a
high-CO, world. Oceanography, 22(4), 36-47.

Feely, R.A., C.L. Sabine, J.M. Hernandez-Ayon, D. lanson and B. Hales, 2008: Evidence for upwelling of
corrosive "acidified" water onto the continental shelf. Science, 320(5882), 1490-1492.

Feely, R.A., C.L. Sabine, K. Lee, W. Berelson, J.A. Kleypas, V.J. Fabry and F.J. Millero, 2004: Impact of
anthropogenic CO, on the CaCO; system in the oceans. Science, 305(5682), 362-366.

Feely, R.A., S.R. Alin, J. Newton, C.L. Sabine, M. Warner, A. Devol, C. Krembsand C. Maloy, 2010: The
combined effects of ocean acidification, mixing, and respiration on pH and carbonate saturation in an urbanized
estuary. Estuarine, Coastal and Shelf Science, 88(4), 442-449.

Feng, Y., C.E. Hare, K. Leblanc, J.M. Rose, Y. Zhang, G.R. DiTullio, P.A. Lee, SW. Wilhelm, J.M. Rowe, J.
Sun, N. Nemcek, C. Gueguen, U. Passow, |. Benner, C. Brown and D.A. Hutchins, 2009: Effects of
increased pCO, and temperature on the North Atlantic spring bloom. I. The phytoplankton community and
biogeochemical response. Marine Ecology Progress Series, 388, 13-25.

Fennel, W., 2010: A nutrient to fish model for the example of the Baltic Sea. Journal of Marine Systems, 81(1-2),
184-195.

Fernandez-Reiriz, J., P. Range, X.A. Alvarez-Salgado and U. Labarta, 2011: Physiological energetics of
juvenile clams (Ruditapes decussatus) in a high CO, coastal ocean. Marine Ecology Progress Series, 433, 97-
105.

Do Not Cite, Quote, or Distribute 101 11 June 2012



QUOWOWO~NOULA,WNPE

GNOE AN LA RRSSEYLRRRYRENENERNNNRNNBB R 2R
NRPOOOIDODIIRNROMINROOOIOTNRERONROOOVNOUNRWOWNRPRPOOO~NOOO MWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Fernando, H.J.S., J.L. McCulley, S.G. Mendisand K. Perera, 2005: Coral poaching worsens Tsunami
destruction in Sri Lanka. Eos Transactions of the American Geophysical Union, 86(301), 304.

Ferrari, M.C.O., D.L. Dixson, P.L. Munday, M.I. McCormick, M.G. Meekan, A. Sih and D.P. Chivers, 2011:
Intrageneric variation in antipredator responses of coral reef fishes affected by ocean acidification: implications
for climate change projections on marine communities. Global Change Biology, 17(9), 2980-2986.

Field, C.B., M .J. Behrenfeld, J.T. Randerson and P. Falkowski, 1998: Primary production of the biosphere:
integrating terrestrial and oceanic components. Science, 281(5374), 237-240.

Field, D.B., T.R. Baumgartner, C.D. Charles, V. Ferreira-Bartrinaand M.D. Ohman, 2006: Planktonic
foraminifera of the California Current reflect 20th-century warming. Science, 311(5757), 63-66.

Findlay, H., M. Kendall, J. Spicer and S. Widdicombe, 2010: Post-larval development of two intertidal barnacles
at elevated CO, and temperature. Marine Biology, 157(4), 725-735.

Finkel, Z.V., M .E. Katz, J.D. Wright, O.M .E. Schofield and P.G. Falkowski, 2005: Climatically driven
macroevolutionary patterns in the size of marine diatoms over the Cenozoic. Proceedings of the National
Academy of Sciences of the United States of America, 102(25), 8927-8932.

Fish, M.R. and C. Drews, 2009: Adaptation to Climate Change: Options for MarineTurtles. WWFI, San José, CA,
USA, 20 pp.

Fish, M.R., A. Lombana and C. Drews, 2009: Climate Change and Marine Turtlesin the Wider Caribbean:
Regional Climate Projections. WWFI, San José, CA, USA, 20 pp.

Folt, C.L., C.Y. Chen, M.V. Moore and J. Burnaford, 1999: Synergism and antagonism among multiple stressors.
Limnology and Oceanography, 44(3), 864-877.

Form, A. and U. Riebesell, 2012: Acclimation to ocean acidification during long-term CO, exposure in the cold-
water coral Lophelia pertusa. Global Change Biology, 18(3), 843-853.

Fraenkel, P.L ., 2002: Power from marine currents. Proceedings of the Institution of Mechanical Engineers Part a-
Journal of Power and Energy, 216(A1), 1-14.

Francois, R., S. Honjo, R. Krishfield and S. Manganini, 2002: Factors controlling the flux of organic carbon to
the bathypelagic zone of the ocean. Global Biogeochem. Cycles, 16(4), 1087.

Frank, K.T., B. Petrie, J.S. Choi and W.C. L eggett, 2005: Trophic cascadesin aformerly cod-dominated
ecosystem. Science, 308(5728), 1621-1623.

Frank, N., A. Freiwald, M. Lépez Correra, C. Wienberg, M. Eisele, D. Hebbeln, D. Van Roaij, J.-P. Henriet,
C. Calin, T. van Weering, H. de Haas, P. Buhl-Mortensen, J.M. Roberts, B. DeMoal, E. Douville, D.
Blamart and C. Hatte, 2011: Northeast Atlantic cold-water coral reefs and climate. Geology, 39(8), 743-746.

Fraser, W.R. and E.E. Hofmann, 2003: A predator’s perspective on causal links between climate change, physical
forcing and ecosystem response. Marine Ecology Progress Series, 265, 1-15.

Fraser, W.R., W.Z. Trivelpiece, D.G. Ainley and S.G. Trivelpiece, 1992: Increases in Antarctic penguin
populations: reduced competition with whales or aloss of seaice due to environmental warming? Polar Biology,
11(8), 525-531.

Frederiksen, M., S. Wanless, M .P. Harris, P. Rothery and L .J. Wilson, 2004: The role of industrial fisheries and
oceanographic change in the decline of North Sea black-legged kittiwakes. Journal of Applied Ecology, 41(6),
1129-11309.

Fricke, A., M. Teichberg, S. Beilfuss and K. Bischof, 2011: Succession patternsin algal turf vegetation on a
Caribbean coral reef. Botanica Marina, 54(2), 111-126.

Friedland, K. and C. Todd, 2012: Changes in Northwest Atlantic Arctic and Subarctic conditions and the growth
response of Atlantic salmon. Polar Biology, 35(4), 593-609.

Friedrich, T., A. Timmermann, A. Abe-Ouchi, N.R. Bates, M.O. Chikamoto, M .J. Church, J.E. Dore, D.K.
Gledhill, M. Gonzalez-Davila, M. Heinemann, T. Ilyina, J.H. Jungclaus, E. McLeod, A. Mouchet and J.M.
Santana-Casiano, 2012: Detecting regional anthropogenic trends in ocean acidification against natural
variability. Nature Climate Change, published online, doi: 10.1038/nclimatel372.

Frolicher, T.L., F. Joos, G.K. Plattner, M. Steinacher and S.C. Doney, 2009: Natural variability and
anthropogenic trends in oceanic oxygen in a coupled carbon cycle-climate model ensemble. Global
Biogeochemical Cycles, 23(1), GB1003.

Fromentin, J.M. and A. Fonteneau, 2001: Fishing effects and life history traits: a case study comparing tropical
versus temperate tunas. Fisheries Research, 53(2), 133-150.

Do Not Cite, Quote, or Distribute 102 11 June 2012



QUOWOWO~NOULAWNPE

010101m-b.b.b.b.bt.b.b.bhwwwwwwwwwwwwmmmmmmmml—\|—\|—\|—\|—\|—\|—\|—\|—\|—\
WNNPFPOOWNO O WNPFPOOOONOOUORAWNRPOOONOUPRA,WNRPEPOOONOOUOUDWNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Frommel, A.Y.,R. Mangja, D. Lowe, A.M. Malzahn, A.J. Geffen, A. Folkvord, U. Piatkowski, T.B.H. Reusch
and C. Clemmesen, 2012: Severe tissue damage in Atlantic cod larvae under increasing ocean acidification.
Nature Climate Change, 2(1), 42-46.

Fu, F.-X., M.E. Warner, Y. Zhang, Y. Feng and D.A. Hutchins, 2007: Effects of increased temperature and CO,
on photosynthesis, growth, and elemental ratios in marine Synechococcus and Prochlorococcus (Cyanobacteria).
Journal of Phycology, 43(3), 485-496.

Fu, F.-X., Y. Zhang, M.E. Warner, Y. Feng, J. Sun and D.A. Hutchins, 2008: A comparison of future increased
CO, and temperature effects on sympatric Heterosigma akashiwo and Prorocentrum minimum. Harmful Algae,
7(1), 76-90.

Fuentes, M.M.P.B., C.J. Limpus, M. Hamann and J. Dawson, 2010: Potential impacts of projected sea-level rise
on seaturtle rookeries. Aquatic Conservation-Marine and Freshwater Ecosystems, 20(2), 132-139.

Fuentes, M.M.P.B., J.A. Maynard, M. Guinea, | .P. Bell, P.J. Werdell and M. Hamann, 2009: Proxy indicators
of sand temperature help project impacts of global warming on sea turtles in northern Australia. Endangered
Species Research, 9(1), 33-40.

Fulton, E.A., 2011: Interesting times: winners, losers, and system shifts under climate change around Australia.
ICES Journal of Marine Science, 68(6), 1329-1342.

Fulton, E.A., J. Link, |.C. Kaplan, P. Johnson, M. Savina-Rolland, C. Ainsworth, P. Horne, R. Gorton, R.J.
Gambleand D. Smith, 2011: Lessons in modelling and management of marine ecosystems: the Atlantis
experience. Fish and Fisheries, 12, 171-188.

Fung, |., C.B. Field, J.A. Berry, M.V. Thompson, J.T. Randerson, C.M. Malmstrom, P.M. Vitousek, G.J.
Collatz, P.J. Sellers, D.A. Randall, A.S. Denning, F. Badeck and J. John, 1997: Carbon 13 exchanges
between the atmosphere and biosphere. Global Biogeochemical Cycles, 11(4), 507-533.

Gage, J.D., 1996: Why are there so many species in deep-sea sediments? Journal of Experimental Marine Biology
and Ecology, 200(1-2), 257-286.

Galbraith, H., R. Jones, R. Park, J. Clough, S. Herrod-Julius, B. Harrington and G. Page, 2005: Global
climate and sea level rise: potential losses of intertidal habitat for shorebirds. In: Bird Conservation
Implementation and Integration in the Americas. Proceedings of the Third International Partnersin Flight
Conference, 2002, March 20-24, Asilomar, CA, Volume 2, General Technical Report, PSV-GTR-191, [Ralph,
C.J. and T.D. Rich(eds.)]. US Dept. of Agriculture, Forest Service, Pacific Southwest Research Station, Albany,
CA, USA, pp. 1119-1122.

Garcia, N.S,, F.-X. Fu, C.L. Breene, P.W. Bernhardt, M.R. Mulholland, J.A. Sohm and D.A. Hutchins, 2011:
Interactive effects of irradiance and CO, on CO, fixation and N, fixation in the diazotroph Trichodesmium
erythraeum (Cyanobacteria). Journal of Phycology, 47(6), 1292-1303.

Garcia, SM. and A.A. Rosenberg, 2010: Food security and marine capture fisheries: characteristics, trends,
drivers and future perspectives. Philosophical Transactions of the Royal Society B: Biological Sciences,
365(1554), 2869-2880.

Gardner, B., P.J. Sullivan, S. Epperly and S.J. Morreale, 2008: Hierarchical modeling of bycatch rates of sea
turtles in the western North Atlantic. Endangered Species Research, 5, 279-289.

Gaston, A.J., H.G. Gilchrist and J.M. Hipfner, 2005: Climate change, ice conditions and reproduction in an
Arctic nesting marine bird: Brunnich's guillemot (Uria lomvia L.). Journal of Animal Ecology, 74(5), 832-841.

Gattuso, J.-P., J. Bijma, M. Gehlen, U. Riebesell and C. Turley, 2011: 15- Ocean acidification: knowns,
unknowns and perspectives. In: Ocean Acidification, [Gattuso, J.-P. and L. Hansson(eds.)]. Oxford University
Press, Oxford, pp. 291-312.

Gehlen, M., R. Gangstg, B. Schneider, L. Bopp, O. Aumont and C. Ethe, 2007: The fate of pelagic CaCO,
production in ahigh CO, ocean: amodel study. Biogeosciences, 4, 505-519.

Genner, M.J., D.W. Sims, V.J. Wearmouth, E.J. Southall, A.J. Southward, P.A. Henderson and S.J. Hawkins,
2004: Regional climatic warming drives long-term community changes of British marine fish. Proceedings of
the Royal Society of London B: Biological Sciences, 271(1539), 655-661.

Gibbs, S.J., J.R. Young, T.J. Bralower and N.J. Shackleton, 2005: Nannofossil evolutionary eventsin the mid-
Pliocene: an assessment of the degree of synchrony in the extinctions of Reticul ofenestra pseudoumbilicus and
Sphenolithus abies. Palaeogeography, Palaeoclimatology, Palaeoecology, 217(1-2), 155-172.

Gibbs, S.J., P.R. Bown, J.A. Sessa, T.J. Bralower and P.A. Wilson, 2006: Nannoplankton extinction and
origination across the Paleocene-Eocene Thermal Maximum. Science, 314(5806), 1770-1773.

Do Not Cite, Quote, or Distribute 103 11 June 2012



QUOWWO~NOULAWNPE

OIS SN SR DN 8L YL RPN RENRENRERNNNNRNEERE R
WNPOOOXVNODITRWMNROOOINOTRONPRPOOOIOTRWONPOOONOOA~®®N P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Gilly, W.F., U. Markaida, C.H. Baxter, B.A. Block, A. Boustany, L. Zeidberg, K. Reisenbichler, B. Robison, G.
Bazzino and C. Salinas, 2006: Vertical and horizontal migrations by the jumbo squid Dosidicus gigas revealed
by electronic tagging. Marine Ecology Progress Series, 324, 1-17.

Giordano, M., J. Beardall and J.A. Raven, 2005: CO, concentrating mechanismsin algae: Mechanisms,
environmental modulation, and evolution. Annual Review of Plant Biology, 56, 99-131.

Giovannoni, S.J. and K.L. Vergin, 2012: Seasonality in ocean microbial communities. Science, 335(6069), 671-
676.

Girguis, P.R. and R.W. Lee, 2006: Thermal preference and tolerance of alvinellids. Science, 312(5771), 231.

Glynn, P.W., 1991: Coral reef bleaching in the 1980s and possible connections with global warming. Trendsin
ecology & evolution, 6(6), 175-179.

Glynn, PW. and L. D'Croz, 1990: Experimental evidence for high temperature stress as the cause of El Nifio-
coincident coral mortality. Coral Reefs, 8(4), 181-191.

Gnanadesikan, A., J.L. Russell and Z. Fanrong, 2007: How does ocean ventilation change under global
warming? Ocean Science, 3, 43-53.

Godfrey, M.H., A.F. D'Amato, M.A. Marcovaldi and N. Mrosovsky, 1999: Pivotal temperature and predicted sex
ratios for hatchling hawkshill turtles from Brazil. Canadian Journal of Zoology, 77(9), 1465-1473.

Goldblatt, R.H., D.L. Mackasand A.G. Lewis, 1999: Mesozooplankton comminuty characteristicsin the NE
subarctic Pacific. Deep-Sea Research Part |1-Topical Studies in Oceanography, 46(11-12), 2619-2644.

Gombay, N., 2006: From subsistence to commercial fishing in Northern Canada: the experience of an Inuk
entrepreneur. British Food Journal, 108(9), 502-521.

Gomez, |., M. Roleda, K. Dunton, A. Wiulff, U. Karsten and C. Wienke, 2011: Light and temperature demands
of benthic algae in the polar regions. In: Biology of Polar Benthic Algae, [Wiencke, C.(ed.)]. de Gruyter, Berlin,
pp. 195-220.

Gooday, A.J. and F.J. Jorissen, 2012: Benthic foraminiferal biogeography: controls on global distribution patterns
in deep-water settings. Annual Review of Marine Science, 4(1), 237-262.

Gooday, A.J., B.J. Bett, E. Escobar, B. Ingole, L.A. Levin, C. Neira, A.V. Raman and J. Sellanes, 2010: Habitat
heterogeneity and its relationship to biodiversity in oxygen minimum zones. Marine Ecology, 31, 125-147.

Gooding, R.A., C.D.G. Harley and E. Tang, 2009: Elevated water temperature and carbon dioxide concentration
increase the growth of a keystone echinoderm. Proceedings of the National Academy of Sciences, USA, 106(23),
9316-9321.

Goreau, T.J. and R.L. Hayes, 1994: Coral bleaching and ocean "hot spots'. Ambio, 23(3), 176-180.

Graeve, M., G. Kattner, C. Wiencke and U. Karsten, 2002: Fatty acid composition of Arctic and Antarctic
macroalgae: indicator of phylogenetic and trophic relationships. Marine Ecology Progress Series, 231, 67-74.

Graham, C.T. and C. Harrod, 2009: Implications of climate change for the fishes of the British Isles. Journal of
Fish Biology, 74(6), 1143-1205.

Granier, C., U. Niemeier, J.H. Jungclaus, L. Emmons, P. Hess, J.F. Lamarque, S. Waltersand G.P. Brasseur,
2006: Ozone pollution from future ship traffic in the Arctic northern passages. Geophysical Research Letters,
33(13), L13807.

Grantham, B.A., F. Chan, K.J. Mielsen, D.S. Fox, J.A. Barth, A. Huyer, J. Lubchenco and B.A. M enge, 2004:
Upwelling-driven nearshore hypoxia signals ecosystem and oceanographic changes in the northeast Pacific.
Nature, 429, 749-754.

Gray, J.S.,R.S.S. Wu and Y.Y. Or, 2002: Effects of hypoxia and organic enrichment on the coastal marine
environment. Marine Ecology Progress Series, 238, 249-279.

Grebmeier, J.M ., J.E. Overland, SE. Moore, E.V. Farley, E.C. Carmack, L.W. Cooper, K.E. Frey, J.H. Hellg,
F.A. McLaughlin and S.L. M cNutt, 2006: A major ecosystem shift in the northern Bering Sea. Science,
311(5766), 1461-1464.

Green, J.L., B.J.M. Bohannan and R.J. Whitaker, 2008: Microbial biogeography: from taxonomy to traits.
Science, 320(5879), 1039-1043.

Grémillet, D. and T. Boulinier, 2009: Spatial ecology and conservation of seabirds facing global climate change: a
review. Marine Ecology Progress Series, 391, 121-137.

Grieshaber, M., |. Hardewig, U. Kreutzer and H.O. Pértner, 1994: Physiologica and metabolic responses to
hypoxiain invertebrates. In: Reviews of Physiology, Biochemistry and Pharmacology, [Blaustein, M.P., H.
Grunicke, E. Habermann, D. Pette, H. Reuter, B. Sakmann, M. Schweiger, E. Weibel and E.M. Wright(eds.)].
Springer, Berlin/Heidelberg, pp. 43-147.

Do Not Cite, Quote, or Distribute 104 11 June 2012



QUOWO~NOULEAWNPE

01010101-b.b.b.b.bﬁ.b.b.b.bwwmmwwwwwwmmmmmmmmmml—w—\l—w—w—w—w—\|—\|—w—\
WNPFP,OOWNO O WNPFPOQOONOUPRARWNRPOOO~NOOUOORRWNRPOOONOOUUAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Griffith, G.P., E.A. Fulton and A.J. Richardson, 2011: Effects of fishing and acidification-related benthic
mortality on the southeast Australian marine ecosystem. Global Change Biology, 17(10), 3058-3074.

Gruber, N., 2011: Warming up, turning sour, losing breath: ocean biogeochemistry under global change.
Philosophical Transactions of the Royal Society A, Mathematical, Physical, and Engineering Sciences,
369(1943), 1980-1996.

Guinotte, J.M ., J. Orr, S. Cairns, A. Freiwald, L. Morgan and R. Geor ge, 2006: Will human-induced changesin
seawater chemistry alter the distribution of deep-sea scleractinian corals? Frontiersin Ecology and the
Environment, 4(3), 141-146.

Gutiérrez, D., |. Bouloubassi, A. Sifeddine, S. Purca, K. Goubanova, M. Graco, D. Field, L. Mg anelle, F.
Velazco, A. Lorre, R. Salvatteci, D. Quispe, G. Vargas, B. Dewitteand L. Ortlieb, 2011: Coastal cooling
and increased productivity in the main upwelling zone off Peru since the mid-twentieth century. Geophysical
Research Letters, 38(7), L07603.

Gutowska, M.A., H.O. Pértner and F. Melzner, 2008: Growth and calcification in the cephalopod Sepia
officinalis under elevated seawater pCO,. Marine Ecology Progress Series, 373, 303-309.

Haines, A., R.S. Kovats, D. Campbell-Lendrum and C. Corvalan, 2006: Harben L ecture - Climate change and
human health: impacts, vulnerability, and mitigation. Lancet, 367(9528), 2101-2109.

Hales, S., P. Weinstein and A. Woodward, 1999: Ciguatera (fish poisoning), El Nifio, and Pacific sea surface
temperatures. Ecosystem Health, 5(1), 20-25.

Halfar, J., S. Hetzinger, W. Adey, T. Zack, G. Gamboa, B. Kunz, B. Williamsand D.E. Jacob, 2011: Coraline
algal growth-increment widths archive North Atlantic climate variability. Palaeogeography, Palaeoclimatology,
Palaeoecology, 302(1-2), 71-80.

Hall-Spencer, J.M ., R. Rodolfo-M etalpa, S. Martin, E. Ransome, M. Fine, SM. Turner, S.J. Rowley, D.
Tedesco and M.C. Buia, 2008: Volcanic carbon dioxide vents show ecosystem effects of ocean acidification.
Nature, 454(7200), 96-99.

Hallegraeff, G.M ., 2010: Ocean climate change, phytoplankton comumnity responses and harmful algal blooms: a
formidable predictive challenge. Journal of Phycology, 46(2), 220-235.

Hamme, R.C., PW. Webley, W.R. Crawford, F.A. Whitney, M.D. DeGrandpre, S.R. Emerson, C.C. Eriksen,
K.E. Giesbrecht, J.F.R. Gower, M.T. Kavanaugh, M.A. Pena, C.L. Sabine, S.D. Batten, L.A. Coogan, D.S.
Grundle and D. L ockwood, 2010: Volcanic ash fuels anomal ous plankton bloom in subarctic northeast Pacific.
Geophysical Research Letters, 37, L19604.

Hamukuaya, H., M.J. O'Toole and P.M .J. Woodhead, 1998: Observations of severe hypoxia and offshore
displacement of Cape hake over the Namibian shelf in 1994. South African Journal of Marine Science, 19(1),
57-59.

Hannah, C., A. Vezinaand M. St. John, 2010: The case for marine ecosystem models of intermediate complexity.
Progress In Oceanography, 84(1-2), 121-128.

Hannesson, R., 2007: Global warming and fish migrations. Natural Resource Modeling, 20(2), 301-319.

Hansen, P.J., N. Lundholm and B. Rost, 2007: Growth limitation in marine red-tide dinoflagellates: effects of pH
versus inorganic carbon availability. Marine Ecology Progress Series, 334, 63-71.

Hare, J.A., M.A. Alexander, M J. Fogarty, E.H. Williams and J.D. Scott, 2010: Forecasting the dynamics of a
coastal fishery species using a coupled climate-population model. Ecological Applications, 20, 452-464.

Harley, C.D.G., 2011: Climate change, keystone predation, and biodiversity loss. Science, 334(6059), 1124-1127.

Harvell, C.D., K. Kim, J.M. Burkholder, R.R. Colwell, P.R. Epstein, D.J. Grimes, E.E. Hoffmann, E.K. Lipp,
A.D.M.E. Osterhaus, R.M. Overstreet, J.W. Porter, G.W. Smith and G.R. Vasta, 1999: Emerging marine
diseases--Climate links and anthropogenic factors. Science, 285(5433), 1505-1510.

Haselmair, A., M. Stachowitsch, M. Zuschin and B. Riedel, 2010: Behaviour and mortality of benthic crustaceans
in response to experimentally induced hypoxia and anoxiain situ. Marine Ecology Progress Series, 414, 195-
208.

Hashioka, T. and Y. Yamanaka, 2007: Ecosystem change in the western North Pacific associated with global
warming using 3D-NEMURO. Ecological Modelling, 202(1-2), 95-104.

Havenhand, J.N., F.-R. Buttler, M.C. Thorndyke and J.E. Williamson, 2008: Near-future levels of ocean
acidification reduce fertilization success in a sea urchin. Current Biology, 18(15), R651-R652.

Hawkes, L.A., A.C. Broderick, M.H. Godfrey and B.J. Godley, 2009: Climate change and marine turtles.
Endangered Species Research, 7(2), 137-154.

Do Not Cite, Quote, or Distribute 105 11 June 2012



QUOWONOULEAWNPE

U'IU'IU'IU'IU'I-b-b-b-b-bﬁ-b-l>-l>J>wwwwwwwwwwl\)l\)l\)l\)l\)l\)l\)NNNl—‘l—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNREPLPOOWLONO O WNPFPOQOOONOUPMWNPOOONOUPRA,WNRPEPOOONOOUOUDM,WNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Hays, G.C., J.D.R. Houghton and A.E. Myers, 2004: Endangered species: pan-Atlantic leatherback turtle
movements. Nature, 429(6991), 522-522.

Hays, G.C., A.J. Richardson and C. Robinson, 2005:; Climate change and marine plankton. Trends in Ecology
and Evolution, 20(6), 337-344.

Hays, G.C., A.C. Broderick, F. Glen and B.J. Godley, 2003: Climate change and sea turtles: a 150-year
reconstruction of incubation temperatures at a major marine turtle rookery. Global Change Biology, 9(4), 642-
646.

Hays, G.C., S. Fossette, K.A. Katselidis, G. Schofield and M .B. Gravenor, 2010: Breeding periodicity for male
seaturtles, operational sex ratios, and limplications in the face of climate change. Conservation Biology, 24(6),
1636-1643.

Hayward, T.L., 1987: The nutrient distribution and primary production in the central North Pacific. Deep Sea
Research Part A: Oceanographic Research Papers, 34(9), 1593-1627.

Haywood, A.M., M.A. Chandler, P.J. Valdes, U. Salzmann, D.J. Lunt and H.J. Dowsett, 2009: Comparison of
mid-Pliocene climate predictions produced by the HadAM 3 and GCMAM3 General Circulation Models. Global
and Planetary Change, 66, 208-224.

Heath, M., M. Edwards, R. Furness, J. Pinnegar and S. Wanless, 2009: A view from above: changing seas,
seabirds and food sources. In: Marine Climate Change Ecosystem Linkages Report Card 2009, [Baxter, JM.,
P.J. Buckley and M.T. Frost(eds.)]. MCCIP, Lowestoft, UK, pp. 24.

Heinze, C., 2004: Simulating oceanic CaCO, export production in the greenhouse. Geophysical Research Letters,
31(16), L16308.

Heidler, N. ed,1986: Acid-base Regulation in Animals. Elsevier, Amsterdam, Netherlands, 492 pp.

Helly, J. and L. Levin, 2004: Global distribution of naturally occurring marine hypoxia on continental margins.
Deep Sea Research Part |: Oceanographic Research Papers, 51(9), 1159-1168.

Helm, K.P., N.L. Bindoff and J.A. Church, 2010: Changesin the global hydrological-cycle inferred from ocean
salinity. Geophysical Research Letters, 37(18), L18701.

Henderson, A.R., C. Morgan, B. Smith, H.C. Sorensen, R.J. Barthelmie and B. Boesmans, 2003: Offshore wind
energy in Europe - areview of the state-of-the-art. Wind Energy, 6(1), 35-52.

Hendriks, |.E. and C.M. Duarte, 2010: Ocean acidification: separating evidence from judgment — areply to
Dupont et al. Estuarine, Coastal and Shelf Science, 89(2), 186-190.

Hendriks, I.E., C.M. Duarteand M. Alvarez, 2010: Vulnerability of marine biodiversity to ocean acidification: a
meta-analysis. Estuarine, Coastal and Shelf Science, 86(2), 157-164.

Hepburn, C.D., D.W. Pritchard, C.E. Cornwall, R.J. McLeod, J. Beardall, J.A. Raven and C.L. Hurd, 2011:
Diversity of carbon use strategiesin akelp forest community: implications for a high CO, ocean. Global
Change Biology, 17(7), 2488-2497.

Hernroth, B., S. Baden, M. Thorndyke and S. Dupont, 2011: Immune suppression of the echinoderm Asterias
rubens (L.) following long-term ocean acidification. Aquatic Toxicology, 103(3-4), 222-224.

Hiddink, J.G. and R. ter Hofstede, 2008: Climate induced increases in species richness of marine fishes. Global
Change Biology, 14(3), 453-460.

Hilborn, R., T.P. Quinn, D.E. Schindler and D.E. Rogers, 2003: Biocomplexity and fisheries sustainability.
Proceedings of the National Academy of Sciences of the United States of America, 100(11), 6564-6568.

Hinder, S.L., G.C. Hays, M. Edwards, E.C. Roberts, A.W. Walneand M.B. Gravenor, 2012: Changesin
marine dinoflagellate and diatom abundance under climate change. Nature Climate Change, 2(4), 271-275.

Hinz, H., E. Capasso, M. Lilley, M. Frost and S.R. Jenkins, 2011: Temporal differences across a bio-
geographical boundary reveal slow response of sub-littoral benthos to climate change. Marine Ecology Progress
Series, 423, 69-82.

Hobday, A.J., 2010: Ensemble analysis of the future distribution of large pelagic fishes off Australia. Progress In
Oceanography, 86(1-2), 291-301.

Hoegh-Guldberg, O., 1999: Climate change, coral bleaching and the future of the world's coral reefs. Marine and
Freshwater Research, 50(8), 839-866.

Hoegh-Guldberg, O., 2009: Climate change and coral reefs: Trojan horse or false prophecy? Coral Reefs, 28(3),
569-575.

Hoegh-Guldberg, O. and G.J. Smith, 1989: The effect of sudden changesin temperature, light and salinity on the
population density and export of zooxanthellae from the reef corals Stylophora pistillata Esper and Seriatopora
hystrix Dana. Journal of Experimental Marine Biology and Ecology, 129(3), 279-303.

Do Not Cite, Quote, or Distribute 106 11 June 2012



QUOWWONOULEAWNPE

U'IU'IU'IU'IU'I-b-b-bhhﬁ-l>-l>bbwwwwwwwwwwNNNNNNl\)l\)l\)l\)l—‘l—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOWLONO O WNPFPOQOOONOOUORRWNPOOONOUPRA,WNRPOOONOOUOD,WNE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Hoegh-Guldberg, O. and B. Salvat, 1995: Periodic mass-bleaching and elevated sea temperatures:. bleaching of
outer reef slope communitiesin Moorea, French Polynesia. Marine Ecology Progress Series, 121, 181-190.

Hoegh-Guldberg, O. and J.F. Bruno, 2010: The impact of climate change on the world's marine ecosystems.
Science, 328(5985), 1523-1528.

Hoegh-Guldberg, O., R.J. Jones, S. Ward and W.K. L oh, 2002: Ecology (Communication arising): Is coral
bleaching really adaptive? Nature, 415(6872), 601-602.

Hoegh-Guldberg, O., M. Fine, W. Skirving, J. Ron, S. Dove and A. Strong, 2005: Coral bleaching following
wintry weather. Limnology and Oceanography, 50(1), 265-271.

Hoegh-Guldberg, O., S. Andréfouét, K .E. Fabricius, G. Diaz-Pulido, J.M. Lough, P.A. Marshall and M..S.
Pratchett, 2011: Vulnerability of coral reefsin the tropical Pacific to climate change. In: Vulnerability of
Tropical Pacific Fisheries and Aquaculture to Climate Change, [Béll, J.D., J.E. Johnson and A.J. Hobday(eds.)].
Secretariat of the Pacific Community, Noumea, New Caledonia, pp. 251-296.

Hoegh-Guldberg, O., P.J. Mumby, A.J. Hooten, R.S. Steneck, P. Greenfield, E. Gomez, C.D. Harvell, P.F.
Sale, A.J. Edwards, K. Caldeira, N. Knowlton, C.M. Eakin, R. Iglesias-Prieto, N. Muthiga, R.H.
Bradbury, A. Dubi and M.E. Hatziolos, 2007: Coral reefs under rapid climate change and ocean acidification.
Science, 318(5857), 1737-1742.

Hoel, A.H., 2009: Best Practices in Ecosystem Based Ocean Management in the Arctic. Norsk Polarinstitutt,
Tromsg, 116 pp.

Hofmann, G.E., J.E. Smith, K.S. Johnson, U. Send, L.A. Levin, F. Micheli, A. Paytan, N.N. Price, B. Peterson,
Y. Takeshita, P.G. Matson, E.D. Crook, K.J. Kroeker, M.C. Gambi, E.B. Rivest, C.A. Frieder, P.C. Yu
and T.R. Martz, 2011: High-frequency dynamics of ocean pH: a multi-ecosystem comparison. Plos One, 6(12),
€28983.

Hogg, M.M ., O.S. Tendal, K.W. Conway, S.A. Pomponi, R.W.M. van Soest, J. Gutt, M. Krautter and J.M.
Roberts, 2010: Deep-sea Sponge Grounds: Reservoirs of Biodiversity. UNEP-WCMC Biodiversity Series, No.
32, UNEP-WCMCI, Cambridge, U. K., 88 pp.

Holcomb, M., D.C. McCorkleand A.L. Cohen, 2010: Long-term effects of nutrient and CO, enrichment on the
temperate coral Astrangia poculata (Ellis and Solander, 1786). Journal of Experimental Marine Biology and
Ecology, 386(1-2), 27-33.

Holcomb, M., A.L. Cohen and D.C. McCorkle, 2012: An investigation of the calcification response of the
scleractinian coral Astrangia poculata to elevated pCO, and the effects of nutrients, zooxanthellae and gender.
Biogeosciences, 9(1), 29-39.

Honisch, B., A. Ridgwell, D.N. Schmidt, E. Thomas, S.J. Gibbs, A. Sluijs, R. Zeebe, L. Kump, R.C.
Martindale, S.E. Greene, W. Kiessling, J. Ries, J.C. Zachos, D.L. Royer, S. Barker, T.M. Mar chitto, R.
Moyer, C. Pelgjero, P. Ziveri, G.L. Foster and B. Williams, 2012: The geological record of ocean
acidification. Science, 335(6072), 1058-1063.

Hoppe, C.J.M., G. Langer and B. Rost, 2011: Emiliania huxleyi shows identical responses to elevated pCO, in TA
and DIC manipulations. Journal of Experimental Marine Biology and Ecology, 406(1-2), 54-62.

Hoppe, H.-G., K. Gocke, R. Koppe and C. Begler, 2002: Bacterial growth and primary production along a north-
south transect of the Atlantic Ocean. Nature, 416(6877), 168-171.

House, K.Z., C.H. House, D.P. Schrag and M .J. Aziz, 2007: Electrochemical acceleration of chemical weathering
as an energetically feasible approach to mitigating anthropogenic climate change. Environmental Science &
Technology, 41(24), 8464-8470.

Howarth, R., F. Chan, D.J. Conley, J. Garnier, S.C. Doney, R. Marino and G. Billen, 2011: Coupled
biogeochemical cycles: eutrophication and hypoxia in temperate estuaries and coastal marine ecosystems.
Frontiersin Ecology and the Environment, 9(1), 18-26.

Howells, E.J., V.H. Beltran, N.W. Larsen, L.K. Bay, B.L. Willisand M.J.H. van Oppen, 2012: Coral thermal
tolerance shaped by local adaptation of photosymbionts. Nature Climate Change, 2(2), 116-120.

Hsieh, C.-H., C.S. Reiss, R.P. Hewitt and G. Sugihara, 2008: Spatial analysis shows that fishing enhances the
climatic sensitivity of marine fishes. Canadian Journal of Fisheries and Aquatic Sciences, 65(5), 947-961.

Hsieh, C.-H., C.S. Reiss, J.R. Hunter, J.R. Beddington, R.M. May and G. Sugihara, 2006: Fishing elevates
variability in the abundance of exploited species. Nature, 443(7113), 859-862.

Huber, R., T.A. Langworthy, H. Kénig, M. Thomm, C.R. Woese, U.B. Sleytr and K.O. Stetter, 1986:
Thermotoga maritima sp. nov. represents a new genus of unique extremely thermophilic eubacteria growing up
to 90°C. Archives of microbiology, 144(4), 324-333.

Do Not Cite, Quote, or Distribute 107 11 June 2012



QUOWWONOULEAWNBE

01010101-l>-l>.b.b.bt.b.b.bAwwwwwwwwwwmmmmmmmmmml—w—\|—\|—\|—\|—\|—\|—\|—\|—\
WNNPFP OO NO O WNPFPOQOOONOOUODRMWNPOOONOOUPRA,WNRPEPOOONOOOOUD,WNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Huey, R.B. and J.G. Kingsolver, 1989: Evolution of thermal sensitivity of ectotherm performance. Trendsin
Ecology and Evolution, 4(5), 131-135.

Hughes, L ., 2000: Biological consequences of global warming: isthe signal already apparent? Trends in ecology &
evolution, 15(2), 56-61.

Hughes, R.G., 2004: Climate change and loss of saltmarshes: consequences for birds. Ibis, 146, 21-28.

Hughes, T.P., A.H. Baird, E.A. Dinsdale, N.A. Moltschaniwskyj, M.S. Pratchett, J.E. Tanner and B.L. Willis,
2012: Assembly rules of reef corals are flexible along a steep climatic gradient. Current Biology, published
online.

Hughes, T.P., A.H. Baired, D.R. Bellwood, M. Card, S.R. Connally, C. Folke, R. Grosberg, O. Hoegh-
Guldberg, J.B.C. Jackson, J.A. Kleypas, J.M. Lough, P. Marshall, M. Nystrém, S.R. Palumbi, J.M.
Pandolfi, B. Rosen and J. Roughgarden, 2003: Climate change, human impacts, and the resilience of coral
reefs. Science, 301, 929-933.

Hunt, B. and A.C.J. Vincent, 2006: Scale and sustainability of marine bioprospecting for pharmaceuticals. Ambio,
35(2), 57-64.

Hunt, B.P.V., E.A. Pakhomov, G.W. Hosie, V. Siegel, P. Ward and K. Bernard, 2008: Pteropods in Southern
Ocean ecosystems. Progress In Oceanography, 78, 193-221.

Hunt Jr, G.L. and S. McKinnell, 2006: Interplay between top-down, bottom-up, and wasp-waist control in marine
ecosystems. Progress In Oceanography, 68(2—4), 115-124.

Hurd, C.L., C.E. Cornwall, K. Currie, C.D. Hepburn, C.M. McGraw, K.A. Hunter and P.W. Boyd, 2011:
Metabolically induced pH fluctuations by some coastal calcifiers exceed projected 22nd century ocean
acidification: a mechanism for differential susceptibility? Global Change Biology, 17(10), 3254-3262.

Hutchins, D.A., M.R. Mulholland and F. Fu, 2009: Nutrient cycles and marine microbesin a CO,-enriched ocean.
Oceanography, 22(4), 128-145.

Hutchins, D.A., F.X. Fu, Y. Zhang, M .E. Warner, Y. Feng, K. Portune, P.W. Bernhardt and M.R. Mulholland,
2007: CO, control of Trichodesmium N, fixation, photosynthesis, growth rates, and elemental ratios:
implications for past, present, and future ocean biogeochemistry. Limnology and Oceanography, 52(4), 1293-
1304.

Hyrenbach, K.D. and R.R. Veit, 2003: Ocean warming and seabird communities of the southern California
Current System (1987-98): response at multiple temporal scales. Deep Sea Research Part |1: Topical Studiesin
Oceanography, 50(14-16), 2537-2565.

I CES, 2008: The Effect of Climate Change on the Distribution and Abundance of Marine Species in the OSPAR
Maritime Area. |CES Cooperative Research Report, No. 293, ICESI, Copenhagen, Denmark, 45 pp.

Iglesias-Rodriguez, M .D., P.R. Halloran, R.E. Rickaby, |.R. Hall, E. Colmenero-Hidalgo, J.R. Gittins, D.R.
Green, T. Tyrrell, S.J. Gibbs, P. von Dassow, E. Rehm, E.V. Armbrust and K.P. Boessenkool, 2008:
Phytoplankton calcification in a high-CO, world. Science, 320(5874), 336-340.

IPCC, 2011: IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation. Prepared by
Working Group |11 of the International Panel on Climate Change. Press, C.U.l, Cambridge, UK and New Y ork,
NY, USA, 1075 pp.

Ishimatsu, A. and A. Dissanayake, 2010: Life threatened in acidic coastal waters. In: Coastal Environmental and
Ecosystem Issues of the East China Sea, [Ishimatsu, A. and H.-J. Lie(eds.)]. TERRAPUB and Nagasaki
University, Nagasaki, pp. 283—-303.

Ishimatsu, A., M. Hayashi and T. Kikkawa, 2008: Fishesin high-CO,, acidified oceans. Marine Ecology Progress
Series, 373, 295-302.

Jackson, G.A. and A.B. Burd, 2001: A model for the distribution of particle flux in the mid-water column
controlled by subsurface biotic interactions. Deep Sea Research Part I1: Topical Sudiesin Oceanography,
49(1-3), 193-217.

Jackson, J.B.C., 2008: Colloquium Paper: Ecological extinction and evolution in the brave new ocean. Proceedings
of the National Academy of Sciences, USA, 105(Suppl 1), 11458-11465.

Jackson, J.B.C. and K.G. Johnson, 2000: Lifein the last few million years. Paleobiology, 26(4), 221-235.

Jacobs, S.S. and C.F. Giulivi, 2010: Large multidecadal salinity trends near the Pacific-Antarctic continental
margin. Journal of Climate, 23(17), 4508-4524.

Jahnke, R.A., 1996: The global ocean flux of particulate organic carbon: areal distribution and magnitude. Global
Biogeochemical Cycles, 10(1), 71-88.

Do Not Cite, Quote, or Distribute 108 11 June 2012



QUOWOWONOULEAWNPE

U'lU'lU'IU'I-b-b-l>-l>-l>t-bhhbwwwwwwwwwwNNNNNNNNr\)Nl—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOQOOONOUDRWNPOOONOUOUPRARWNRPEPOOONOOUOUD,WNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Jarre, A. and L .J. Shannon, 2010: Regime shifts: physical-biological interactions under climatic and
anthropogenic pressures. In: Marine Ecocystems and Global Change, [Barange, M., J.G. Field, R.P. Harris, E.E.
Hofmann, R.I. Perry and F. Werner(eds.)]. Oxford University Press, Oxford, UK, pp. 215-216.

Jenkyns, H.C., 2010: Geochemistry of oceanic anoxic events. Geochemistry Geophysics Geosystems, 11, Q03004.

Jennings, S., F. Mélin, J.L. Blanchard, R.M. Forster, N.K. Dulvy and R.W. Wilson, 2008: Global-scale
predictions of community and ecosystem properties from simple ecological theory. Proceedings of the Royal
Society B: Biological Sciences, 275(1641), 1375-1383.

Jenouvrier, S., H. Caswell, C. Barbraud, M. Holland, J. Stroeve and H. Weimer skirch, 2009: Demographic
models and IPCC climate projections predict the decline of an emperor penguin population. Proceedings of the
National Academy of Sciences of the United States of America, 106, 1844-1847.

Jessen, G.L., R.A. Quifiones and R.R. Gonzéalez, 2009: Aerobic and anaerobic enzymatic activity and allometric
scaling of the deep benthic polychaete Hyalinoecia artifex (Polychaeta: Onuphidae). Journal of the Marine
Biological Association of the United Kingdom, 89(6), 1171-1175.

Jickells, T.D., Z.S. An, K.K. Andersen, A.R. Baker, G. Bergametti, N. Brooks, J.J. Cao, P.W. Boyd, R.A. Duce,
K.A. Hunter, H. Kawahata, N. Kubilay, J. laRoche, P.S. Liss, N. Mahowald, J.M. Prospero, A.J. Ridgwell,
I. Tegen and R. Torres, 2005: Global iron connections between desert dust, ocean biogeochemistry, and
climate. Science, 308(5718), 67-71.

Jin, D., E. Thunberg and P. Hoagland, 2008: Economic impact of the 2005 red tide event on commercial shellfish
fisheriesin New England. Ocean & Coastal Management, 51(5), 420-429.

Jin, X. and N. Gruber, 2003: Offsetting the radiative benefit of ocean iron fertilization by enhancing N,O
emissions. Geophysical Research Letters, 30(24), 2249.

Johns, D.G., M. Edwards and S.D. Batten, 2001: Arctic boreal plankton species in the Northwest Atlantic.
Canadian Journal of Fisheries and Aquatic Sciences, 58(11), 2121-2124.

Johns, D.G., M. Edwards, A. Richardson and J.I. Spicer, 2003: Increased blooms of a dinoflagellate in the NW
Atlantic. Marine Ecology Progress Series, 265, 283-287.

Johnson, K.S., S.C. Riser and D.M. Karl, 2010: Nitrate supply from deep to near-surface waters of the North
Pacific subtropical gyre. Nature, 465(7301), 1062-1065.

Joint, |., S.C. Doney and D.M. Karl, 2010: Will ocean acidification affect marine microbes? The ISME Journal,
5(1), 1-7.

Jones, A.M., R. Berkelmans, M .J.H. van Oppen, J.C. Mieog and W. Sinclair, 2008: A community changein the
algal endosymbionts of a scleractinian coral following a natural bleaching event: field evidence of
acclimatization. Proceedings of the Royal Society B: Biological Sciences, 275(1641), 1359-1365.

Jones, C.G., J.H. Lawton and M. Shachak, 1994: Organisms and ecosystem engineers. Oikos, 69(3), 373-386.

Jones, M., S. Dye, J. Pinnegar, R. Warren and W.W.L. Cheung, 2012: Modelling commercial fish distributions:
prediction and assessment using different approaches. Ecological Modelling, 225, 133-145.

Jones, P.D., M. New, D.E. Parker, S. Martin and |.G. Rigor, 1999: Surface air temperature and its changes over
the past 150 years. Reviews of Geophysics, 37(2), 173-199.

Jones, R.J., O. Hoegh-Guldberg, A.W.D. Larkum and U. Schreiber, 1998: Temperature-induced bleaching of
corals begins with impairment of the CO, fixation mechanism in zooxanthellae. Plant, Cell & Environment,
21(12), 1219-1230.

Junker, K., D. Sovilj, I. Kroncke and J.W. Dippner, 2012: Climate induced changes in benthic macrofauna—a
non-linear model approach. Journal of Marine Systems, 96-97, 90-94.

Justic, D., T. Legovic and L. Rottini-Sandrini, 1987: Trends in the oxygen content 1911-1984 and the occurrence
of benthic mortality in the northern Adriatic. Estuarine, Coastal and Shelf Science, 25(4), 435-445.

Kadilnikov, Y.V. and A.S. Myskov, 2007: A possibility to increase efficiency of fishing of mesopelagic fishes. In:
Fishery and Biological Research at AtlantNIIRO in 2004-2005, Volume 1, [Chernyshkov, P.P.(ed.)]. Atlantic
Scientific Research Institute of Marine Fisheries and Oceanography (AtlantNIIRO), Kaliningrad, Russia, pp.
114-122.

Kahru, M. and B.G. Mitchell, 1999: Empirical chlorophyll algorithm and preliminary SeaWiFS validation for the
California Current. International Journal of Remote Sensing, 20(17), 3423-3429.

Kaniewska, P., P.R. Campbell, D.I. Kline, M. Rodriguez-L anetty, D.J. Miller, S. Dove and O. Hoegh-
Guldberg, 2012: Mgjor cellular and physiological impacts of ocean acidification on areef building coral. Plos
One, 7(4), €34659.

Do Not Cite, Quote, or Distribute 109 11 June 2012



QUOWOWO~NOULEA WNBE

U'IU'IU10‘IU‘I-I>-J>-I>hhthbbbwwwwwwwwwwl\)I\JI\JI\)I\)I\)NI\)NNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOWLONO O WNPFPOOOONOOUOPRWNPOOONODUPRAWNREPOOONOOUOUDWNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Kaplan, 1.C., P.S. Levin, M. Burden and E.A. Fulton, 2010: Fishing catch sharesin the face of global change: a
framework for integrating cumulative impacts and single species management. Canadian Journal of Fisheries
and Aquatic Sciences, 67(12), 1968-1982.

Karl, D., 2010: Oceanic ecosystem time-series programs: ten lessons learned. Oceanography, 23(3), 104-125.

Karl, D., R. Letelier, L. Tupas, J. Dore, J. Christian and D. Hebel, 1997: The role of nitrogen fixation in
biogeochemical cycling in the subtropical North Pacific Ocean. Nature, 388(6642), 533-538.

Karl, D., A. Michaels, B. Bergman, D. Capone, E. Carpenter, R. Letelier, F. Lipschultz, H. Paerl, D. Sigman
and L. Stal, 2002: Dinitrogen fixation in the World's oceans. Biogeochemistry, 57/58, 47-98.

Karl, D.M., 2002: Nutrient dynamics in the deep blue sea. Trends in Microbiology, 10(9), 410-418.

Karl, D.M., 2007: Microbia oceanography: paradigms, processes and promise. Nature Reviews Micobiology, 5(10),
759-769.

Karl, D.M. and R. Lukas, 1996: The Hawaii Ocean Time-series (HOT) program: background, rationale and field
implementation. Deep Sea Research Part |1: Topical Sudiesin Oceanography, 43(2-3), 129-156.

Karl, D.M., R.R. Bidigareand R.M. Letelier, 2001: Long-term changes in plankton community structure and
productivity in the North Pacific Subtropical Gyre: the domain shift hypothesis. Deep Sea Research Part 11:
Topical Sudies in Oceanography, 48(8-9), 1449-1470.

Karl, D.M., R. Letelier, D. Hebel, L. Tupas, J. Dore, J. Christian and C. Winn, 1995: Ecosystem changesin the
North Pacific subtropical gyre attributed to the 1991-92 El Nino. Nature, 373(6511), 230-234.

Karl, D.M., N.R. Bates, S. Emerson, P.J. Harrison, C. Jeandel, O. Llinas, K.K. Liu, J.C. Matry, A.F. Michaels,
J.C. Miquel, S. Neuer, Y. Ngjiri and C.S. Wong, 2003: Temporal studies of biogeochemical processes
determined from ocean time-series observations during the JGOFS era. In: Ocean Biogeochemistry: The Role of
the Ocean Carbon Cycle in Global Change, [Fasham, M.J.R.(ed.)]. Springer, Berlin, Germany, pp. 239-267.

Karlson, K., R. Rosenberg and E. Bonsdor ff, 2002: Temporal and spatial large-scal e effects of eutrophication and
oxygen deficiency on benthic faunain Scandinavian and Baltic waters: areview. Oceanography and Marine
Biology: an Annual Review, 40, 427-489.

Karstensen, J., L. Stramma and M. Visbeck, 2008: Oxygen minimum zones in the eastern tropical Atlantic and
Pacific oceans. Progress In Oceanography, 77(4), 331-350.

Kaschner, K., D.P. Tittensor, J. Ready, T. Gerrodette and B. Worm, 2011: Current and future patterns of global
marine mammal biodiversity. Plos One, 6(5), €19653.

Kashefi, K. and D.R. Lovley, 2003: Extending the upper temperature limit for life. Science, 301(5635), 934.

Katsikatsou, M., A. Anestis, H.O. Pértner, A. Vratsistas, K. Aligizaki and B. Michaelidis, 2012: Field studies
and projections of climate change effects on the bearded horse mussel Modiolus barbatus in the Gulf of
Thermaikos, Greece. Marine Ecology Progress Series, 449, 183-196.

Katz, M.E., Z.V. Finkel, D. Grzebyk, A.H. Knoll and P.G. Falkowski, 2004: Evolutionary trajectories and
biogeochemical impacts of marine eukaryotic phytoplankton. Annual Review of Ecology Evolution and
Systematics, 35, 523-556.

Katz, S.L., 2002: Design of heterothermic muscle in fish. Journal of Experimental Biology, 205(15), 2251-2266.

Keeling, C.D., 1998: Rewards and penalties of monitoring the Earth. Annual Review of Energy and the Environment,
23(1), 25-82.

Keeling, C.D., S.C. Piper, R.B. Bacastow, M. Wahlen, T.P. Whorf, M. Heimann and H.A. Meijer, 2005:
Atmospheric CO, and *CO, exchange with the terrestrial biosphere and oceans from 1978 to 2000:
observations and carbon cycle implications. In: A History of Atmospheric CO2 and its Effects on Plants,
Animals, and Ecosystems, [Baldwin, |.T., M.M. Caldwell, G. Heldmaier, R.B. Jackson, O.L. Lange, H.A.
Mooney, E.-D. Schulze and U. Sommer(eds.)]. Springer, New York, NY, USA, pp. 83-113.

Keding, R.F., A. Kortzinger and N. Gruber, 2010: Ocean deoxygenation in awarming world. Annual Review of
Marine Science, 2(1), 199-229.

Kell,L.T., G.M. Pillingand C.M. O'Brien, 2005: Implications of climate change for the management of North
Sea cod (Gadus morhua). ICES Journal of Marine Science, 62, 1483-1491.

Keller, A.A., V. Simon, F. Chan, W.W. Wakefield, M .E. Clarke, J.A. Barth, D.A.N. Kamikawa and E.L. Fruh,
2010: Demersal fish and invertebrate biomass in relation to an offshore hypoxic zone along the US West Coast.
Fisheries Oceanography, 19(1), 76-87.

Kelly, B.P., 2001: Climate change and ice breeding pinnipeds. In: "Fingerprints' of Climate Change: Adapted
Behaviour and Shifting Species Ranges, [Walther, G.-R., C.A. Burgaand P.J. Edwards(eds.)]. Kluwer
Academic/Plenum Publishers, New York, NY, USA, pp. 43-56.

Do Not Cite, Quote, or Distribute 110 11 June 2012



QUOWoWO~NOULEA WNPE

mmmmhbbbbﬁbbbbwwwwwwwwwwI\JI\JNNI\JNI\JNNI\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFP,POOWNO O WNPFPOQOONODUOOPRAWNRPOOO~NOOUOPRRWNPOQOONOOODUOUA,WNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Kelly, M.W., E. Sanford and R.K. Grosberg, 2012: Limited potential for adaptation to climate changein a
broadly distributed marine crustacean. Proceedings of the Royal Society B: Biological Sciences, 279(1727),
349-356.

Kemp, W.M., W.R. Boynton, J.E. Adolf, D.F. Boesch, W.C. Boicourt, G. Brush, J.C. Cornwell, T.R. Fisher,
P.M. Glibert, J.D. Hagy, L.W. Harding, E.D. Houde, D.G. Kimmel, W.D. Miller, R.| .E. Newell, M .R.
Roman, E.M. Smith and J.C. Stevenson, 2005: Eutrophication of Chesapeake Bay: historical trends and
ecological interactions. Marine Ecology Progress Series, 303, 1-29.

Kennett, J.P. and L.D. Stott, 1991: Abrupt deep-sea warming, pal aeoceanographic changes and benthic extinctions
at the end of the Paleocene. Nature, 353(6341), 225-229.

Kiessling, W. and C. Simpson, 2011: On the potential for ocean acidification to be a general cause of ancient reef
crises. Global Change Biology, 17(1), 56-67.

King, J.C.,J. Turner, G.J. Marshall, W.M. Connelley and T.A. Lachlan-Cope, 2003: Antarctic Peninsula
climate variability and its causes as revealed by analysis of instrumental records. In: Antarctic Peninsula
Climate Variability: Historical and Paleoenvironmental Perspectives, [Domack, E., A. Burnett, P. Convey, M.
Kirby and R. Bindschadler(eds.)]. American Geophysical Union, Washington, D. C., pp. 17-30.

Kigrboe, T., 1993: Turbulence, phytoplankton cell-size, and the structure of pelagic food webs. In: Advancesin
Marine Biology, Vol. 29, [Blaxter, JH.S. and A.J. Southward(eds.)]. Academic Press, Waltham, MA, USA, pp.
1-72.

Kirby, R.R. and G. Beaugrand, 2009: Trophic amplification of climate warming. Proceedings of the Royal Society
of London B: Biological Sciences, 276(1676), 4095-4103.

Kirby, R.R., G. Beaugrand and J.A. Lindley, 2009: Synergistic effects of climate and fishing in amarine
ecosystem. Ecosystems, 12(4), 548-561.

Kirihara, S, T. Nakamura, N. Kon, D. Fujitaand M. Notoya, 2006: Recent fluctuations in distribution and
biomass of cold and warm temperature species of Laminarialean algae at Cape Ohma, Northern Honshu, Japan.
Journal of Applied Phycology, 18(3), 521-527.

Kishi,M.J,, S-I.1to, B.A. Megrey, K.A. Rose and F.E. Werner, 2011: A review of the NEMURO and
NEMURO.FISH models and their application to marine ecosystem investigations. Journal of Oceanography, 67,
3-16.

Klaas, C. and D.E. Archer, 2002: Association of sinking organic matter with various types of mineral ballast in the
deep sea: Implications for the rain ratio. Global Biogeochemical Cycles, 16(4), 1116.

Kleypas, J.A. and C. Langdon, 2006: Coral reefs and changing seawater chemistry. In: Coral Reefs and Climate
Change: Science and Management, [Phinney, J., O. Hoegh-Guldberg, J. Kleypas, W. Skirving and A.E.
Strong(eds.)]. American Geophysical Union, Washington, D.C., USA, pp. 73-110.

Kleypas, J.A., JW. McManusand L.A. Mefies, 1999: Environmental limits to coral reef development: where do
we draw the line? American Zoologist, 39(1), 146-159.

Knies, J.L., R. 1zem, K.L. Supler, J.G. Kingsolver and C.L. Burch, 2006: The genetic basis of thermal reaction
norm evolution in lab and natural phage populations. PLoS Biol, 4(7), €201.

Knoll, A., R. Bambach, J. Payne, S. Prussand W. Fischer, 2007: Paleophysiology and end-Permian mass
extinction. Earth and Planetary Science Letters, 256(3-4), 295-313.

Knoll, A.H. and W.W. Fischer, 2011: 4- Skeletons and ocean chemistry: the long view. In: Ocean Acidification,
[Gattuso, J.-P. and L. Hansson(eds.)]. Oxford University Press, Oxford, pp. 67-82.

Kohler, P., J. Hartmann and D.A. Wolf-Gladrow, 2010: Geoengineering potential of artificially enhanced silicate
weathering of olivine. Proceedings of the National Academy of Sciences of the United States of America,
107(47), 20228-20233.

Kovats, R.S.,, M.J. Bouma, S. Hajat, E. Worrall and A. Haines, 2003: El Nifio and health. Lancet, 362(9394),
1481-1489.

Kranz, S., M. Eichner and B. Rost, 2011: Interactions between CCM and N, fixation in Trichodesmium.
Photosynthesis Research, 109(1-3), 73-84.

Kranz, SA., D. Siltemeyer, K.-U. Richter and B. Rost, 2009: Carbon acquisition by Trichodesmium: the effect of
pCO, and diurnal changes. Limnology and Oceanography, 54, 548-559.

Kranz, SA., O. Levitan, K.U. Richter, O. Prasil, |. Berman-Frank and B. Rost, 2010: Combined effects of CO,
and light on the N,-fixing cyanobacterium Trichodesmium IM S101: physiological responses. Plant Physiology,
154(1), 334-345.

Do Not Cite, Quote, or Distribute 111 11 June 2012



QUOWO~NOULEAWNPE

mmmmhhh.b.bﬁ.b.b.l>.l>wwwwwwwwwwmmr\)r\)r\)r\)r\)r\)r\)ml—w—w—w—\|—\|—\|—w—\|—w—\
WNNPFPOOWNO O WNPFPOOONOUPRARWNRPOOO~NOOUORWNRPOOONOODUOUA,WDNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Kroeker, K.J.,R.L. Kordas, R.N. Crim and G.G. Singh, 2010: Meta-analysis reveals negative yet variable effects
of ocean acidification on marine organisms. Ecology letters, 13(11), 1419-1434.

Kroeker, K.J., F. Micheli, M.C. Gambi and T.R. Martz, 2011: Divergent ecosystem responses within a benthic
marine community to ocean acidification. Proceedings of the National Academy of Sciences of the United Sates
of America, 108(35), 14515-14520.

Kibler, J.E. and | .R. Davison, 1995: Thermal acclimation of light use characteristics of Chondrus crispus
(Rhodophyta). European Journal of Phycology, 30(3), 189-195.

Kuffner, I.B., A.J. Andersson, P.L. Jokiel, K.u.S. Rodgersand F.T. Mackenzie, 2007: Decreased abundance of
crustose coralline algae due to ocean acidification. Nature Geoscience, 1(2), 114-117.

Kump, L.R., A. Pavlov and M .A. Arthur, 2005: Massive release of hydrogen sulfide to the surface ocean and
atmosphere during intervals of oceanic anoxia. Geology, 33(5), 397-400.

Kundzewicz, Z.W., U. Ulbrich, T. Brucher, D. Graczyk, A. Kruger, G. Leckebusch, L. Menzel, |. Pinskwar
and M. Radzigjewski, 2005: Summer floods in Central Europe: climate change track? Natural Hazards, 36(1-
2), 165-189.

Kunkel, K.E., X.-Z. Liang, J. Zhu and Y. Lin, 2006: Can CGCMs simulate the twentieth-century “warming hole”
in the central United States? Journal of Climate, 19(17), 4137-4153.

Kurihara, H., 2008: Effects of CO,-driven ocean acidification on the early developmental stages of invertebrates.
Marine Ecology Progress Series, 373, 275-284.

Kurihara, H. and Y. Shirayama, 2004: Effects of increased amospheric CO, on sea urchin early development.
Marine Ecology Progress Series, 274, 161-169.

Kuypers, M.M.M ., A.O. Sliekers, G. Lavik, M. Schmid, B.B. Jorgensen, J.G. Kuenen, J.S. Sinninghe Damste,
M. Strous and M.S.M. Jetten, 2003: Anaerobic ammonium oxidation by anammox bacteriain the Black Sea.
Nature, 422(6932), 608-611.

La Sorte, F.A. and W. Jetz, 2010: Avian distributions under climate change: towards improved projections.
Journal of Experimental Biology, 213(6), 862-869.

Ladah, L.B., J.A. Zertuche-Gonzalez and G. Hernandez-Car mona, 1999: Giant kelp (Macrocystis pyrifera,
Phaeophyceae) recruitment near its southern limit in Baja California after mass disappearance during ENSO
1997-1998. Journal of Phycology, 35(6), 1106-1112.

Lafferty, K.D., 2009: Calling for an ecological approach to studying climate change and infectious diseases.
Ecology, 90(4), 932-933.

Laidler, G., J. Ford, W. Gough, T. Ikummag, A. Gagnon, S. Kowal, K. Qrunnut and C. Irngaut, 20009:
Travelling and hunting in a changing Arctic: assessing Inuit vulnerability to seaice change in Igloolik, Nunavut.
Climatic Change, 94(3), 363-397.

Laidre, K.L. and M.P. Heide-Jar gensen, 2005: Arctic seaice trends and narwhal vulnerability. Biological
Conservation, 121(4), 509-517.

Laidre, K.L.,I. Stirling, L.F. Lowry, O. Wiig, M.P. Heide-Jargensen and S.H. Ferguson, 2008: Quantifying the
sensitivity of Arctic marine mammals to climate-induced habitat change. Ecological Applications, 18(2 Suppl),
S97-S125.

LaJeunesse, T.C., 2001: Investigating the biodiversity, ecology, and phylogeny of endosymbiotic dinoflagellatesin
the genus Symbiodinium using the ITS region: in search of a"species’ level marker. Journal of Phycology,
37(5), 866-880.

LaJeunesse, T.C., 2005: "Species' radiations of symbiotic dinoflagellates in the Atlantic and Indo-Pacific since the
Miocene-Pliocene transition. Molecular Biology and Evolution, 22(3), 570-581.

Lam, P., G. Lavik, M.M. Jensen, J. van de Vossenberg, M. Schmid, D. Woebken, D. Gutiérrez, R. Amann,
M.S.M. Jetten and M.M .M. Kuypers, 2009: Revising the nitrogen cycle in the Peruvian oxygen minimum
zone. Proceedings of the National Academy of Sciences of the United States of America, 106(12), 4752-4757.

Lam, P.J. and J.K.B. Bishop, 2008: The continental margin is akey source of iron to the HNLC North Pacific
Ocean. Geophysical Research Letters, 35(7), LO7608.

Lambert, E., C. Hunter, G.J. Pierce and C.D. MacL eod, 2010: Sustainable whale-watching tourism and climate
change: towards a framework of resilience. Journal of Sustainable Tourism, 18(3), 409-427.

Langdon, C. and M .J. Atkinson, 2005: Effect of elevated pCO, on photosynthesis and calcification of corals and
interactions with seasonal change in temperature/irradiance and nutrient enrichment. Journal of Geophysical
Research, 110(C9), C09S07.

Do Not Cite, Quote, or Distribute 112 11 June 2012



QUOWoWOU~NOULA,WNPE

U'IU'lmmhhbbhﬁhhhhwwwwwwmmwwl\)l\)l\)l\)l\)l\)l\)l\)l\)l\)l—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNPFPOOWNO O WNPFPOQOONOUPRARWNRPOOO~NOUOPRRWNPOOONOOUAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Langenbuch, M. and H.O. Pdrtner, 2002: Changes in metabolic rate and N excretion in the marine invertebrate
Spunculus nudus under conditions of environmental hypercapnia: identifying effective acid-base variables.
Journal of Experimental Biology, 205(8), 1153-1160.

Langenbuch, M. and H.O. Pdrtner, 2003: Energy budget of hepatocytes from Antarctic fish (Pachycara
brachycephalum and Lepidonotothen kempi) as a function of ambient CO,: pH-dependent limitations of cellular
protein biosynthesis? Journal of Experimental Biology, 206(22), 3895-3903.

Langenbuch, M., C. Bock, D. Leibfritzand H.O. Pdrtner, 2006: Effects of environmental hypercapnia on animal
physiology: A *C NMR study of protein synthesis rates in the marine invertebrate Sipunculus nudus.
Comparative Biochemistry and Physiology A: Molecular and Integrative Physiology, 144(4), 479-484.

Langer, G. and M. Bode, 2011: CO, mediation of adverse effects of seawater acidification in Calcidiscus
leptoporus. Geochemistry Geophysics Geosystems, 12(5), Q05001.

Langer, G., |. Probert, G. Nehrke and P. Ziveri, 2011: The morphological response of Emiliania huxleyi to
seawater carbonate chemistry changes: an inter-strain comparison. Journal of Nannoplankton Research, 32(1),
27-32.

Langer, G., G. Nehrke, |. Probert, J. Ly and P. Ziveri, 2009: Strain-specific responses of Emiliania huxleyi to
changing seawater carbonate chemistry. Biogeosciences, 6(11), 4361-4383.

Langer, G., M. Geisen, K.-H. Baumann, J. Klas, U. Riebesell, S. Thomsand J.R. Young, 2006: Species-specific
responses of calcifying algae to changing seawater carbonate chemistry. Geochemistry Geophysics Geosystems,
7(9), Q09006.

Lannig, G., S. Eilers, H.O. Portner, |.M. Sokolova and C. Bock, 2010: Impact of ocean acidification on energy
metabolism of oyster, Crassostrea gigas--changes in metabolic pathways and thermal response. Marine Drugs,
8(8), 2318-2339.

Lasker, R., 1985: An Egg Production Method for Estimating Spawning Biomass of Pelagic Fish: Application to the
Northern Anchovy, Engraulis mordax. NOAA Technical Report NMFS 36, U.S. Department of Commerce,
NOAA, NMFS, Washington, D.C., USA, 105 pp.

Last, P.R., W.T. White, D.C. Gledhill, A.J. Hobday, R. Brown, G.J. Edgar and G. Pecl, 2011: Long-term shifts
in abundance and distribution of atemperate fish fauna: aresponse to climate change and fishing practices.
Global Ecology and Biogeography, 20(1), 58-72.

Lauer, A., V. Eyring, J.J. Corbett, C.F. Wang and J.J. Winebrake, 2009: Assessment of near-future policy
instruments for oceangoing shipping: impact on atmospheric aerosol burdens and the Earth's radiation budget.
Environmental Science & Technology, 43(15), 5592-5598.

Lavaniegos, B.E. and M.D. Ohman, 2003: Long-term changes in pelagic tunicates of the California Current. Deep
Sea Research Part 11: Topical Sudiesin Oceanography, 50(14-16), 2473-2498.

Law, C.S., 2008: Predicting and monitoring the effects of large-scale ocean iron fertilization on marine trace gas
emissions. Marine Ecology Progress Series, 364, 283-288.

Lawrence, K.T., T. D. Herbert, C. M. Brown, M. E. Raymo and A.M. Haywood, 2009: High-amplitude
variations in North Atlantic sea surface temperature during the early Pliocene warm period. Paleoceanography,
24, PA2218.

Laws, E.A., P.G. Falkowski, W.0.J. Smith, H. Ducklow and J.J. M cCarthy, 2000: Temperature effects on
export production in the open ocean. Global Biogeochemical Cycles, 14(4), 1231-1246.

LeBorgne R., V. Allain, SP. Griffiths, R.J. Matear, A.D. McKinnon, A.J. Richardson and J.W. Young, 2011:
Vulnerability of oceanic food websin the tropical Pacific to climate change. In: Vulnerability of Tropical
Pacific Fisheries and Aquaculture to Climate Change, [Bell, J.D., J.E. Johnson and A.J. Hobday(eds.)].
Secretariat of the Pacific Community, Noumea, New Caledonia, pp. 189-250.

LeQué&ré, C., C. Rodenbeck, E.T. Buitenhuis, T.J. Conway, R. Langenfelds, A. Gomez, C. Labuschagne, M.
Ramonet, T. Nakazawa, N. Metzl, N. Gillett and M. Heimann, 2007: Saturation of the Southern Ocean CO,
sink due to recent climate change. Science, 316(5832), 1735-1738.

Lea, D.W., D.K. Pak, L.C. Peterson and K.A. Hughen, 2003: Synchroneity of tropical and high-latitude Atlantic
temperatures over the last glacial termination. Science, 301, 1361-1364.

Leckie, R.M., T.J. Bralower and R. Cashman, 2002: Oceanic anoxic events and planktonc evolution: biotic
response to tectonic forcing during the mid-Cretaceous. Paleoceanography, 17(3), 2001PA000623.

Leclercq, N., J.-P. Gattuso and J. Jaubert, 2002: Primary production, respiration, and calcification of a coral reef
mesocosm under increased CO, partia pressure. Limnology and Oceanography, 47(2), 558-564.

Do Not Cite, Quote, or Distribute 113 11 June 2012



QUOWoO~NOULEA WNPE

O e s S A R RS8R Rl RYNENRERRNNNRNEERERREERES
NPFRO®©XDID O DRSO IDTRONPRPROOONOURONRPROOO~NOOONWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Leeg K.S, SR. Park and Y.K. Kim, 2007: Effects of irradiance, temperature, and nutrients on growth dynamics of
seagrasses: areview. Journal of Experimental Marine Biology and Ecology, 350(1-2), 144-175.

L ehodey, P., 2000: Impacts of the El Nino Southern Oscillation on tuna populations and fisheriesin the tropical
Pacific Ocean, SCTB13 Working Paper RG-1. 13th Meeting of the Standing Committee on Tuna and Billfish,
Noumea, New Caledonia, 5-12 July 2000, Secretariat of the Pacific Community, pp. 1-32.

Lehodey, P., |. Senina, J. Sibert, L. Bopp, B. Calmettes, J. Hampton and R. Murtugudde, 2010: Preliminary
forecasts of Pacific bigeye tuna population trends under the A2 IPCC scenario. Progress In Oceanography,
86(1-2), 302-315.

L ehodey, P., J. Hampton, R.W. Brill, S. Nicol, |. Senina, B. Calmetters, H.O. Pértner, L. Bopp, T. Llyina, J.D.
Bell and J. Sibert, 2011: Vulnerability of oceanic fisheriesin the tropical Pacific to climate change. In:
Vulnerability of Tropical Pacific Fisheries and Aquaculture to Climate Change, [Bell, J.D., J.E. Johnson and
A.J. Hobday(eds.)]. Secretariat of the Pacific Community, Noumea, New Caledonia, pp. 433-492.

Lenoir, S, G. Beaugrand and E. Lecuyer, 2011: Modelled spatial distribution of marine fish and projected
modifications in the North Atlantic Ocean. Global Change Biology, 17(1), 115-129.

Leonardos, N. and R.J. Geider, 2005: Elevated atmospheric carbon dioxide increases organic carbon fixation by
Emiliania huxleyi (Haptophyta), under nutrient-limited high-light conditions. Journal of Phycology, 41(6),
1196-1203.

Levin, L.A., 2003: Oxygen minimum zone benthos: adaptation and community response to hypoxia. Oceanography
and Marine Biology: an Annual Review, 41, 1-45.

Levin, L.A. and M. Sibuet, 2012: Understanding continental margin biodiversity: a new imperative. Annual Review
of Marine Science, 4(1), 79-112.

Levin, L.A., C. Whitcraft, G.F. Mendoza, J. Gonzalez and G. Cowie, 2009a: Oxygen and organic matter
thresholds for benthic faunal activity on the Pakistan Margin oxygen minimum zone (700-1100 m). Deep Sea
Research Part I1: Topical Studies in Oceanography, 56(6-7), 449-471.

Levin,L.A., M. Sibuet, A.J. Gooday, C.R. Smith and A. Vanreusel, 2010: Theroles of habitat heterogeneity in
generating and maintaining biodiversity on continental margins: an introduction. Marine Ecology, 31(1), 1-5.

Levin, L.A., W. Ekau, A.J. Gooday, F. Jorissen, J.J. Middelburg, SW.A. Nagvi, C. Neira, N.N. Rabalaisand
J. Zhang, 2009b: Effects of natural and human-induced hypoxia on coastal benthos. Biogeosciences, 6(10),
2063-2098.

Levinton, J., M. Doall, D. Ralston, A. Starkeand B. Allam, 2011: Climate change, precipitation and impacts on
an estuarine refuge from disease. Plos One, 6(4), €18849.

Levitan, O., SA. Kranz, D. Spungin, O. Présil, B. Rost and |. Berman-Frank, 2010a: Combined effects of CO,
and light on the N,-fixing cyanobacterium Trichodesmium IM S101: a mechanistic view. Plant Physiology,
154(1), 346-356.

Levitan, O., C.M. Brown, S. Sudhaus, D. Campbell, J. LaRoche and |I. Berman-Frank, 2010b: Regulation of
nitrogen metabolism in the marine diazotroph Trichodesmium IM S101 under varying temperatures and
atmospheric CO, concentrations. Environmental Microbiology, 12(7), 1899-1912.

Levitan, O., G. Rosenberg, |. Setlik, E. Setlikova, J. Grigel, J. Klepetar, O. Prasil and |. Berman-Frank, 2007:
Elevated CO, enhances nitrogen fixation and growth in the marine cyanobacterium Trichodesmium. Global
Change Biology, 13(2), 531-538.

Lewandowska, A. and U. Sommer, 2010: Climate change and the spring bloom: a mesocosm study on the
influence of light and temperature on phytoplankton and mesozooplankton. Marine Ecology Progress Series,
405, 101-111.

Lewis, P.N., M .J. Riddleand C.L. Hewitt, 2004: Management of exogenous threats to Antarctica and the sub-
Antarctic islands: balancing risks from TBT and non-indigenous marine organisms. Marine Pollution Bulletin,
49(11-12), 999-1005.

Li,B.-L., V.G. Gorshkov and A.M. Makarieva, 2004: Energy partitioning between different-sized organisms and
ecosystem stability. Ecology, 85(7), 1811-1813.

Li, W.K.W., F.A. McLaughlin, C. Lovejoy and E.C. Carmack, 2009: Smallest algae thrive as the Arctic ocean
freshens. Science, 326(5952), 539.

Li, X.-Y., T. Kawasaki and H. Honda, 1992: The niches of the far eastern sardine and Japanese anchovy. Asian
Fisheries Science, 5, 315-326.

Do Not Cite, Quote, or Distribute 114 11 June 2012



QUOWOWO~NOULEAWNPE

0101010101-bhhhbﬁhhhbwwwwwwwwwwI\JI\JI\JI\JI\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPFPOOKLONO O WNPFPOQOONOUOPRRWNRPOOO~NOOPRWNPOQOONOODUAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Libralato, S. and C. Solidoro, 2009: Bridging biogeochemical and food web models for an End-to-End
representation of marine ecosystem dynamics: the Venice lagoon case study. Ecological Modelling, 220(21),
2960-2971.

Liggett, D., A. Mclntosh, A. Thompson, N. Gilbert and B. Storey, 2011: From frozen continent to tourism
hotspot? Five decades of Antarctic tourism development and management, and a glimpse into the future.
Tourism Management, 32(2), 357-366.

Likens, G.E., F.H. Bormann, R.S. Pierce, J.S. Eaton and N.M. Johnson, 1977: Biogeochemistry of a Forested
Ecosystem. Springer, New York, NY, USA, 160 pp.

Lindegren, M., C. Méllmann, A. Nielsen, K. Brander, B.R. MacKenzie and N.C. Stenseth, 2010: Ecological
forecasting under climate change: the case of Baltic cod. Proceedings of the Royal Society B: Biological
Sciences, 277(1691), 2121-2130.

Lindley, J. and S. Daykin, 2005: Variations in the distributions of Centropages chierchiae and Temora stylifera
(Copepoda: Calanoida) in the north-eastern Atlantic Ocean and western European shelf waters. ICES Journal of
Marine Science, 62(5), 869-877.

Lindley, J.A., G. Beaugrand, C. Luczak, J.M. Dewarumez and R.R. Kirby, 2010: Warm-water decapods and the
trophic amplification of climate in the North Sea. Biology Letters, 6(6), 773-776.

Link, J., L. Coal, V. Guida, D. Dow, J. O'Relilly, J. Green, W. Overholtz, D. Palka, C. Legault, J. Vitaliano, C.
Griswold, M. Fogarty and K. Friedland, 2009: Response of balanced network models to large-scale
perturbation: implications for evaluating the role of small pelagicsin the Gulf of Maine. Ecological Modelling,
220(3), 351-369.

Lipp, E.K., A. Hug and R.R. Colwell, 2002: Effects of global climate on infectious disease: the cholera model.
Clinical Microbiology Reviews, 15(4), 757-770.

Lischka, S., J. Budenbender, T. Boxhammer and U. Riebesell, 2011: Impact of ocean acidification and elevated
temperatures on early juveniles of the polar shelled pteropod Limacina helicina: mortality, shell degradation,
and shell growth. Biogeosciences, 8(4), 919-932.

Liu, J., M.G. Weinbauer, C. Maier, M. Dai and J.P. Gattuso, 2010: Effect of ocean acidification on microbial
diversity and on microbe-driven biogeochemistry and ecosystem functioning. Aquatic Microbial Ecology, 61(3),
291-305.

Liu, W. and M. He, 2012: Effects of ocean acidification on the metabolic rates of three species of bivalve from
southern coast of China. Chinese Journal of Oceanology and Limnology, 30(2), 206-211.

Llewellyn, L .E., 2010: Revisiting the association between sea surface temperature and the epidemiology of fish
poisoning in the South Pacific: reassessing the link between ciguatera and climate change. Toxicon, 56(5), 691-
697.

Lluch-Belda, D., D.B. Lluch-Cota and S.E. Lluch-Cota, 2003: Bagja Californias biological transition zones:
Refuges for the California sardine. Journal of Oceanography, 59(4), 503-513.

Lluch-Belda, D., R.M. Laurs, D.B. Lluch-Cota and S.E. LIuch-Cota, 2001: Long-term trends of interannual
variability in the California Current system. California Cooper ative Oceanic Fisheries Investigations Reports,
42, 129-144.

Lluch-Belda, D., R.J.M. Crawford, T. Kawasaki, A.D. MacCall, R.H. Parrish, R.A. Schwartzlose and P.E.
Smith, 1989: World-wide fluctuations of sardine and anchovy stocks: the regime problem. South African
Journal of Marine Science, 8(1), 195-205.

Lluch-Belda, D., R.A. Schwartzlose, R. Serra, R. Parrish, T. Kawasaki, D. Hedgecock and R.J.M. Crawford,
1992: Sardine and anchovy regime fluctuations of abundance in four regions of the world oceans: aworkshop
report. Fisheries Oceanography, 1(4), 339-347.

Lobitz, B., L. Beck, A. Huq, B. Wood, G. Fuchs, A.S.G. Faruque and R. Colwell, 2000: Climate and infectious
disease: Use of remote sensing for detection of Vibrio cholerae by indirect measurement. Proceedings of the
National Academy of Sciences of the United States of America, 97(4), 1438-1443.

Lohbeck, K.T., U. Riebesell and T.B.H. Reusch, 2012: Adaptive evolution of akey phytoplankton species to
ocean acidification. Nature Geoscience, published online.

Lombard, F., R.E. da Rocha, J. Bijma and J.-P. Gattuso, 2010: Effect of carbonate ion concentration and
irradiance on calcification in planktonic foraminifera. Biogeosciences, 7, 247-255.

Longhurst, A.R., 1998: Ecological Geography of the Sea. Academic Press, San Diego, CA, USA, 398 pp.

Lough, J.M., 2008: Coral calcification from skeletal records revisited. Marine Ecology Progress Series, 373, 257-
264.

Do Not Cite, Quote, or Distribute 115 11 June 2012



QUOWoWO~NOULEAWNPE

U'IU'IU'IU'IU'I-b-b-b-b-bﬁ-l>-l>-b-boowwwwwwwwwl\)NNNNl\)l\)l\)l\)r\)l—‘l—‘l—‘l—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOKLONOO WNPFPOQOOONOOUPRRWNPOOONOUUOPRARWNPEPOOONOOUOUODM,WNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Lourens, L.J., F.J. Hilgen, J. Laskar, N.J. Shackleton and D. Wilson, 2005: The Neogene period. In: A Geologic
Time Scale 2004, [Gradstein, F.M., J. Ogg and A.G. Smith(eds.)]. Cambridge University Press, Cambridge, pp.
409-440.

Loya, Y., K. Sakai, K. Yamazato, Y. Nakano, H. Sambali and R. van Woesik, 2001: Coral bleaching: the
winners and the losers. Ecology letters, 4(2), 122-131.

Luczak, C., G. Beaugrand, M. Jaffréand S. Lenoir, 2011: Climate change impact on Balearic Shearwater
through a trophic cascade. Biology Letters, 7(5), 702-705.

Lusseau, D., R. Williams, B. Wilson, K. Gréllier, T.R. Barton, P.S. Hammond and P.M. Thompson, 2004:
Parallel influence of climate on the behaviour of Pacific killer whales and Atlantic bottlenose dolphins. Ecology
letters, 7(11), 1068-1076.

Lathi, D., M. LeFloch, B. Bereiter, T. Blunier, J.-M. Barnola, U. Siegenthaler, D. Raynaud, J. Jouzel, H.
Fischer, K. Kawamura and T.F. Stocker, 2008: High-resolution carbon dioxide concentration record
650,000-800,000 years before present. Nature, 453(7193), 379-382.

Lynn, R.J. and J.J. Simpson, 1987: The California Current System: the seasonal variability of its physical
characteristics. Journal of Geophysical Research, 92(C12), 12947-12966.

Maas, A.E., K.F. Wishner and B.A. Seibel, 2012: The metabolic response of pteropods to ocean acidification
reflects natural CO,-exposure in oxygen minimum zones. Biogeosciences, 9(2), 747-757.

Mackas, D.L. and G. Beaugrand, 2010: Comparisons of zooplankton time series. Journal of Marine Systems,
79(3-4), 286-304.

Mackas, D.L., R.H. Goldblatt and A.G. Lewis, 1998: Interdecadal variation in developmental timing of
Neocalanus plumchrus populations at Ocean Station P in the subarctic North Pacific. Canadian Journal of
Fisheries and Aquatic Sciences, 55, 1878-1893.

Mackey, A.P., A. Atkinson, S.L. Hill, P. Ward, N.J. Cunningham, N.M. Johnston and E.J. Murphy, 2012:
Antarctic macrozooplankton of the southwest Atlantic sector and Bellingshausen Sea: baseline historical
distributions (Discovery Investigations, 1928-1935) related to temperature and food, with projections for
subsequent ocean warming. Deep Sea Research Part |1: Topical Sudiesin Oceanography, 59-60, 130-146.

MacL eod, C.D., SM. Bannon, G.J. Pierce, C. Schweder, J.A. Learmonth, J.S. Herman and R.J. Reid, 2005:
Climate change and the cetacean community of north-west Scotland. Biological Conservation, 124(4), 477-483.

Madigan, M., 2003: Anoxygenic phototrophic bacteria from extreme environments. Photosynthesis Research, 76(1),
157-171.

Maier, C., J. Hegeman, M.G. Weinbauer and J.P. Gattuso, 2009: Calcification of the cold-water coral Lophelia
pertusa, under ambient and reduced pH. Biogeosciences, 6(8), 1671-1680.

Manzello, D.P., J.A. Kleypas, D.A. Budd, C.M. Eakin, P.W. Glynn and C. Langdon, 2008: Poorly cemented
coral reefs of the eastern tropical Pacific: possible insights into reef development in a high-CO, world.
Proceedings of the National Academy of Sciences of the United States of America, 105(30), 10450-10455.

Mar chetti, C., 1977: On geoengineering and the CO, problem. Climatic Change, 1(1), 59-68.

Marcovaldi, M.A., M.H. Godfrey and N. Mrosovsky, 1997: Estimating sex ratios of loggerhead turtles in Brazil
from pivotal incubation durations. Canadian Journal of Zoology, 75(5), 755-770.

Margalef, R., 1978: Life-forms of phytoplankton as survival aternativesin an unstable environment. Oceanologica
Acta, 1, 493-500.

Margalef, R., M. Estrada and D. Blasco, 1979: Functional morphology of organismsinvolved in red tides, as
adapted to decaying turbulence. In: Toxic Dinoflagellate Blooms, [Taylor, D. and H. Seliger(eds.)]. Elsevier,
New Y ork, pp. 89-94.

MARGO_Project_Members, 2009: Constraints on the magnitude and patterns of ocean cooling at the Last Glacial
Maximum. Nature Geoscience, 2(2), 127-132.

Mark, F.C., C. Bock and H.O. Pértner, 2002: Oxygen-limited thermal tolerance in Antarctic fish investigated by
MRI and !P-MRS. American Journal of Physiology: Regulatory, Integrative and Comparative Physiology,
283(5), R1254-1262.

Martin, S. and J.-P. Gattuso, 2009: Response of Mediterranean coralline algae to ocean acidification and elevated
temperature. Global Change Biology, 15(8), 2089-2100.

Martin, S., R. Rodolfo-M etalpa, E. Ransome, S. Rowley, M .C. Buia, J.P. Gattuso and J. Hall-Spencer, 2008:
Effects of naturally acidified seawater on seagrass cal careous epibionts. Biology Letters, 4(6), 689-692.

Martin, S., S. Richier, M .-L. Pedrotti, S. Dupont, C. Castgjon, Y. Gerakis, M .-E. Kerros, F. Oberhandli, J.-L.
Teyssie, R. Jeffreeand J.-P. Gattuso, 2011: Early development and molecular plasticity in the Mediterranean

Do Not Cite, Quote, or Distribute 116 11 June 2012



QUOWOWO~NOULEAWNPE

NGBS SRS AR A SRR LYY RPLRRRYNRENRNNINNNNNB BRSPS
DN POOCOINODOROMSNROOOIOTRONPRPOOONONRWNRPOOONOODTON®WN PR

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

sea urchin Paracentrotus lividus exposed to CO,-driven acidification. Journal of Experimental Biology, 214(8),
1357-1368.

Martinez, N.D., R.J. Williams and J.A. Dunne, 2006: Diversity, complexity, and persistence in large model
ecosystems. In: Ecological Networks: Linking Structure to Dynamicsin Food Webs, [Pascual, M. and J.A.
Dunne(eds.)]. Oxford University Press, Oxford, pp. 163-185.

Martinez-Garcia, A., A. Rosell-Mele, S.L. Jaccard, W. Geibert, D.M. Sigman and G.H. Haug, 2011: Southern
Ocean dust-climate coupling over the past four million years. Nature, 476(7360), 312-315.

Masotti, I., C. Moulin, S. Alvain, L. Bopp, A. Tagliabue and D. Antoine, 2011: Large-scale shiftsin
phytoplankton groups in the Equatorial Pacific during ENSO cycles. Biogeosciences, 8(3), 539-550.

Matear, R.J. and A.C. Hirst, 1999: Climate change feedback on the future oceanic CO, uptake. Tellus Series B-
Chemical and Physical Meteorology, 51(3), 722-733.

Matei, D., J. Baehr, J.H. Jungclaus, H. Haak, W.A. M ller and J. Marotzke, 2012: Multiyear prediction of
monthly mean Atlantic meridional overturning circulation at 26.5°N. Science, 335(6064), 76-79.

Maury, O., 2009: An overview of APECOSM, a spatialized mass balanced “ Apex Predators ECOSystem Model” to
study physiologically structured tuna population dynamicsin their ecosystem. Progress In Oceanography, 84,
113-117.

Maynard, J., K. Anthony, P. Marshall and |. Masiri, 2008: Mgjor bleaching events can lead to increased thermal
tolerance in corals. Marine Biology, 155(2), 173-182.

Mazaris, A.D., G. Matsinos and J.D. Pantis, 2009a: Evaluating the impacts of coastal squeeze on seaturtle
nesting. Ocean & Coastal Management, 52(2), 139-145.

Mazaris, A.D., A.S. Kallimanis, S.P. Sgardelisand J.D. Pantis, 2008: Do long-term changes in sea surface
temperature at the breeding areas affect the breeding dates and reproduction performance of Mediterranean
loggerhead turtles? Implications for climate change. Journal of Experimental Marine Biology and Ecology,
367(2), 219-226.

Mazaris, A.D., A.S. Kallimanis, J. Tzanopoulos, S.P. Sgardelisand J.D. Pantis, 2009b: Sea surface temperature
variations in core foraging grounds drive nesting trends and phenology of loggerhead turtlesin the
Mediterranean Sea. Journal of Experimental Marine Biology and Ecology, 379(1-2), 23-27.

McCallum, H., D. Harvell and A. Dobson, 2003: Rates of spread of marine pathogens. Ecology letters, 6(12),
1062-1067.

McClain, C.R., 2009: A decade of satellite ocean color observations. Annual Review of Marine Science, 1(1), 19-42.

McClain, C.R., G.C. Feldman and S.B. Hooker, 2004: An overview of the SeaWiFS project and strategies for
producing a climate research quality global ocean bio-optical time series. Deep Sea Research Part I1: Topical
Sudiesin Oceanography, 51(1-3), 5-42.

McClatchie, S, R. Goericke, G. Auad, R. Cosgrove and R. Vetter, 2010: Oxygen in the Southern California
Bight: multidecadal trends and implications for demersal fisheries. Geophysical Research Letters, 37, L19602.

McCulloch, M ., J. Falter, J. Trotter and P. Montagna, 2012: Coral resilience to ocean acidification and global
warming through pH up-regulation. Nature Climate Change, published online.

McGinty, N., A.M. Power and M .P. Johnson, 2011: Variation among northeast Atlantic regions in the responses
of zooplankton to climate change: Not all areas follow the same path. Journal of Experimental Marine Biology
and Ecology, 400(1-2), 120-131.

McGowan, J.A., 1974: The nature of oceanic ecosystems. In: The Biology of the Oceanic Pacific, [Miller,
C.B.(ed.)]. Oregon State University Press, Corvallis, pp. 9-28.

McGowan, J.A., D.R. Cayan and L.M. Dorman, 1998: Climate-ocean variability and ecosystem response in the
Northeast Pacific. Science, 281(5374), 210-217.

McGregor, H.V., M. Dima, H.W. Fischer and S. Mulitza, 2007: Rapid 20th-century increase in coastal upwelling
off northwest Africa. Science, 315(5812), 637-639.

Mcllgorm, A., S. Hanna, G. Knapp, P. LeFloc'H, F. Millerd and M. Pan, 2010: How will climate change alter
fishery governance? Insights from seven international case studies. Marine Palicy, 34(1), 170-177.

Mclintyre, T.,1.J. Ansorge, H. Bornemann, J. Pl6tz, C.A. Tosh and M.N. Bester, 2011: Elephant sea dive
behaviour isinfluenced by ocean temperature: implications for climate change impacts on an ocean predator.
Marine Ecology Progress Series, 441, 257-272.

McNeil, B.l. and R.J. Matear, 2008: Southern Ocean acidification: atipping point at 450-ppm atmospheric CO..
Proceedings of the National Academy of Sciences of the United States of America, 105(48), 18860-18864.

Do Not Cite, Quote, or Distribute 117 11 June 2012



QUOWOWOW~NOULEAWNPE

U'IU'IU'IU'IU'I-b-b-b-b-bﬁ-l>-l>-l>-l>wwwwwwwwwwl\)l\)l\)l\)r\)l\)l\)l\)l\)l\)l—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOOLONO O WNPFPOQOONOOUORRWNPOOONOOUOPRA,WNRPOOONOOODNMWNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

McWilliams, J.P., | .M. Cété, J.A. Gill, W.J. Sutherland and A.R. Watkinson, 2005: Accelerating impacts of
temperature-induced coral bleaching in the Caribbean. Ecology, 86, 2055-2060.

MEA, 2005: Ecosystems and Human Well-Being: Current State and Trends: Findings of the Condition and Trends
Working Group. Island Press, Washington, D.C., USA, 917 pp.

Meinshausen, M., S.J. Smith, K. Calvin, J.S. Daniel, M.L.T. Kainuma, J.F. Lamarque, K. Matsumoto, SA.
Montzka, S.C.B. Raper, K. Riahi, A. Thomson, G.J.M. Veldersand D.P.P. Vuuren, 2011: The RCP
greenhouse gas concentrations and their extensions from 1765 to 2300. Climatic Change, 109(1-2), 213-241.

Melzner, F., S. Gobel, M. Langenbuch, M .A. Gutowska, H.O. Pértner and M. L ucassen, 2009: Swimming
performance in Atlantic Cod (Gadus morhua) following long-term (4-12 months) acclimation to elevated
seawater P(CO,). Aquatic Toxicology, 92(1), 30-37.

Melzner, F., P. Stange, K. Trubenbach, J. Thomsen, |. Casties, U. Panknin, S.N. Gorb and M .A. Gutowska,
2011 Food supply and seawater pCO, impact calcification and internal shell dissolution in the blue mussel
Mytilus edulis. Plos One, 6(9), €24223.

Meredith, M.P. and J.C. King, 2005; Rapid climate change in the ocean west of the Antarctic Peninsula during the
second half of the 20th century. Geophysical Research Letters, 32(19), L 19604.

Merico, A., T. Tyrrell, E.J. Lessard, T. Oguz, P.J. Stabeno, S.I. Zeeman and T.E. Whitledge, 2004: Modelling
phytoplankton succession on the Bering Sea shelf: role of climate influences and trophic interactionsin
generating Emiliania huxleyi blooms 1997-2000. Deep Sea Research Part |: Oceanographic Research Papers,
51(12), 1803-1826.

Merino, G., M. Barange and C. Mullon, 2010: Climate variability and change scenarios for a marine commaodity:
modelling small pelagic fish, fisheries and fishmeal in a globalized market. Journal of Marine Systems, 81(1-2),
196-205.

Merrett, N.R. and R.L. Haedrich, 1997: Deep-Sea Demersal Fish and Fisheries. Chapman and Hall, London, 282
pp.

Metzger, R., F. Sartoris, M. Langenbuch and H. Portner, 2007: Influence of elevated CO, concentrations on
thermal tolerance of the edible crab Cancer pagurus. Journal of Thermal Biology, 32(3), 144-151.

Meyer, K.M. and L.R. Kump, 2008: Oceanic euxiniain Earth history: causes and consequences. Annual Review of
Earth and Planetary Sciences, 36, 251-288.

Michaelidis, B., C. Ouzounis, A. Palerasand H.O. Portner, 2005: Effects of long-term moderate hypercapnia on
acid-base balance and growth rate in marine mussels Mytilus galloprovincialis. Marine Ecology Progress Series,
293, 109-118.

Miller, AW., A.C. Reynolds, C. Sobrino and G.F. Riedel, 2009: Shellfish face uncertain future in high CO,
world: influence of acidification on oyster larvae calcification and growth in estuaries. Plos One, 4(5), €5661.

Miller, K.A. and G.R. Munro, 2004: Climate and cooperation: a new perspective on the management of shared
fish stocks. Marine Resource Economics, 19, 367-393.

Millero, F.J., 1995: Thermodynamics of the carbon dioxide system in the oceans. Geochimica et Cosmochimica
Acta, 59(4), 661-677.

Mills, C.E., 2001: Jellyfish blooms: are populations increasing globally in response to changing ocean conditions?
Hydrobiologia, 451, 55-68.

Milly, P., J. Betancourt, M. Falkenmark, R. Hirsch, Z. Kundzewicz, D. L ettenmaier and R. Stouffer, 2008:
Stationarity is dead: whither water management? Science, 319(5863), 573-574.

Milly, P.C.D., R.T. Wetherald, K.A. Dunneand T.L. Delworth, 2002 Increasing risk of great floodsin a
changing climate. Nature, 415, 514-517.

Moisander, P.H., R.A. Beinart, |. Hewson, A.E. White, K.S. Johnson, C.A. Carlson, J.P. Montoya and J.P.
Zehr, 2010: Unicellular cyanobacterial distributions broaden the oceanic N, fixation domain. Science,
327(5972), 1512-1514.

Moloney, C.L., M.A. St John, K.L. Denman, D.M. Karl, FW. Kdéster, S. Sundby and R.P. Wilson, 2011:
Weaving marine food webs from end to end under global change. Journal of Marine Systems, 84(3-4), 106-116.

Monnin, E., E.J. Steig, U. Siegenthaler, K. Kawamura, J. Schwander, B. Stauffer, T.F. Stocker, D.L. Morse,
J.-M. Barnola and B. Bellier, 2004: Evidence for substantial accumulation rate variability in Antarctica during
the Holocene, through synchronization of CO, in the Taylor Dome, Dome C and DML ice cores. Earth and
Planetary Science Letters, 224(1-2), 45-54.

Monteiro, F.M. and M.J. Follows, 2009: On the interannual variability of nitrogen fixation in the subtropical gyres.
Journal of Marine Research, 67(1), 71-88.

Do Not Cite, Quote, or Distribute 118 11 June 2012



QUOWOWO~NOULEAWNPE

GO E AN S A RSP SLYYRRPRBUEYNRENRENINNNNNB SRR R
NRPOOOINDODOTROMNROSOONIOTBRONPROOONOURONRPROOONOONWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Monteiro, F.M ., S. Dutkiewicz and M .J. Follows, 2011: Biogeographical controls on the marine nitrogen fixers.
Global Biogeochemical Cycles, 25, GB2003.

Monteiro, P., A. Vanderplas, J. Mélice and P. Florenchie, 2008: Interannual hypoxia variability in a coastal
upwelling system: Ocean—shelf exchange, climate and ecosystem-state implications. Deep Sea Research Part I:
Oceanographic Research Papers, 55(4), 435-450.

Monteiro, P.M.S,, 2010: The Benguela Current system. In: Carbon and Nutrient Fluxes in Continental Margins,
[Liu, K.-K., L. Atkinson, R. Quifiones and L. Talaue-McManus(eds.)]. Springer, Berlin, pp. 65-77.

Montes-Hugo, M., S.C. Doney, H.W. Ducklow, W. Fraser, D. Martinson, S.E. Stammerjohn and O. Schofield,
2009: Recent changes in phytoplankton communities associated with rapid regional climate change along the
western Antarctic Peninsula. Science, 323(5920), 1470-1473.

Moore, J.E. and J. Barlow, 2011: Bayesian state-space model of fin whale abundance trends from a 1991-2008
time series of line-transect surveysin the California Current. Journal of Applied Ecology, 48(5), 1195-1205.

Moore, J.K., S.C. Doney, D.M. Glover and |.Y. Fung, 2002: Iron cycling and nutrient-limitation patternsin
surface waters of the World Ocean. Deep-Sea Research Part |1-Topical Sudies in Oceanography, 49(1-3), 463-
507.

Moore, S.E. and H.P. Huntington, 2008: Arctic marine mammals and climate change: impacts and resilience.
Ecological Applications, 18(sp2), S157-S165.

Moore, W.R., 2010: The impact of climate change on Caribbean tourism demand. Current Issues in Tourism, 13(5),
495-505.

Mora, C., D.P. Tittensor, S. Adl, A.G.B. Simpson and B. Worm, 2011: How many species are there on Earth and
in the ocean? PLoS Biol, 9(8), €1001127.

Morel, A., 1991: Light and marine photosynthesis: a spectral model with geochemical and climatological
implications. Progress In Oceanography, 26(3), 263-306.

Morel, A. and J.F. Berthon, 1989: Surface pigments, algal biomass profiled, and potential production of the
euphotic layer: relationships reinvestigated in view of remote-sensing applications. Limnology and
Oceanography, 34(8), 1545-1562.

Mortlock, R.A., C.D. Charles, P.N. Froelich, M.A. Zibello, J. Saltzman, J.D. Haysand L.H. Burckle, 1991:
Evidence for lower productivity in the Antarctic Ocean during the last glaciation. Nature, 351(6323), 220-223.

Moss, R.H., J.A. Edmonds, K.A. Hibbard, M.R. Manning, S.K. Rose, D.P. van Vuuren, T.R. Carter, S. Emori,
M. Kainuma, T. Kram, G.A. Meehl, J.F.B. Mitchell, N. Nakicenovic, K. Riahi, S.J. Smith, R.J. Stouffer,
A.M. Thomson, J.P. Weyant and T.J. Wilbanks, 2010: The next generation of scenarios for climate change
research and assessment. Nature, 463(7282), 747-756.

Moy, A.D., W.R. Howard, S.G. Bray and T.W. Trull, 2009: Reduced calcification in modern Southern Ocean
planktonic foraminifera. Nature Geoscience, 2(4), 276-280.

Mdller, R., T. Laepple, I. Bartsch and C. Wiencke, 2009: Impact of oceanic warming on the distribution of
seaweeds in polar and cold-temperate waters. Botanica Marina, 52(6), 617-638.

Mdller, R., T. Laepple, I. Bartsch and C. Wiencke, 2011: Impact of oceanic warming on the distribution of
seaweeds in polar to cold-temperate waters. In: Biology of Polar Benthic Algae, [Wiencke, C.(ed.)]. de Gruyter,
Berlin, pp. 237-270.

Munday, P.L., N.E. Crawley and G.E. Nilsson, 2009a: Interacting effects of elevated temperature and ocean
acidification on the aerobic performance of coral reef fishes. Marine Ecology Progress Series, 388, 235-242.

Munday, P.L., J.M. Donelson, D.L. Dixson and G.G. Endo, 2009b: Effects of ocean acidification on the early life
history of atropical marine fish. Proceedings of the Royal Society London B: Biological Sciences, 276(1671),
3275-3283.

Munday, P.L., V. Hernaman, D.L. Dixson and S.R. Thorrold, 2011a: Effect of ocean acidification on otolith
development in larvae of atropical marine fish. Biogeosciences Discussions, 8(2), 2329-2356.

Munday, P.L., M. Gagliano, J.M. Donelson, D.L. Dixson and S.R. Thorrold, 2011b: Ocean acidification does
not affect the early life history development of atropical marine fish. Marine Ecology Progress Series, 423,
211-221.

Munday, P.L., D.L. Dixson, M.l. McCormick, M. Meekan, M.C.O. Ferrari and D.P. Chivers, 2010:
Replenishment of fish populations is threatened by ocean acidification. Proceedings of the National Academy of
Sciences, USA, 107(29), 12930-12934.

Do Not Cite, Quote, or Distribute 119 11 June 2012



QUOWOWONOULEAWNBE

CAANADE SRS AR ESRS8LYLLLUYRIYNRENRRNNNNNNE B R B R
RONPOOONDOITROMNROOORINODANRAOANFROOOIOTROINROOONOUR®®N PR

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Munday, P.L., D.L. Dixson, J.M. Donelson, G.P. Jones, M.S. Pratchett, G.V. Devitsina and K.B. Doving,
2009c: Ocean acidification impairs olfactory discrimination and homing ability of a marine fish. Proceedings of
the National Academy of Sciences, USA, 106(6), 1848-1852.

Murata, N. and D.A. Los, 1997: Membrane fluidity and temperature perception. Plant Physiology, 115(3), 875-879.

Murawski, SA., J.H. Steele, P. Taylor, M .J. Fogarty, M.P. Sissenwine, M. Ford and C. Suchman, 2010: Food
for thought: why compare marine ecosystems? | CES Journal of Marine Science, 67(1), 1-9.

Murphy, E.J., 1995: Spatial structure of the Southern-Ocean ecosystem - predator- prey linkages in Southern-
Ocean food webs. Journal of Animal Ecology, 64, 333-347.

Murray, RW., M. Leinen and C.W. Knowlton, 2012: Links between iron input and opal deposition in the
Pleistocene equatorial Pacific Ocean. Nature Geoscience, 5(4), 270-274.

Muscatine, L. and J.W. Porter, 1977: Reef corals. mutualistic symbioses adapted to nutrient-poor environments.
BioScience, 27(7), 454-460.

Muscatine, L. and C.F. D'elia, 1978: The uptake, retention, and release of ammonium by reef corals. Limnology
and Oceanography, 23(4), 725-734.

Neuheimer, A.B., R.E. Thresher, J.M. Lyleand J.M. Semmens, 2011: Tolerance limit for fish growth exceeded
by warming waters. Nature Climate Change, 1, 110-113.

Neutel, A.M ., J.A.P. Heesterbeek, J. van de Koppel, G. Hoenderboom, A. Vos, C. Kaldeway, F. Berendse and
P.C. de Ruiter, 2007: Reconciling complexity with stability in naturally assembling food webs. Nature, 449,
599-602.

Nilsson, G.E., S. Ostlund-Nilsson and P.L. Munday, 2010: Effects of elevated temperature on coral reef fishes:
loss of hypoxiatolerance and inability to acclimate. Comparative Biochemistry and Physiology - Part A:
Molecular and Integrative Physiology, 156(4), 389-393.

Nilsson, G.E., N. Crawley, |.G. Lunde and P.L. Munday, 2009: Elevated temperature reduces the respiratory
scope of coral reef fishes. Global Change Biology, 15(6), 1405-1412.

Nilsson, G.E., D.L. Dixson, P. Domenici, M.I. McCormick, C. Sgrensen, S.-A. Watson and P.L. Munday, 2012:
Near-future carbon dioxide levels alter fish behaviour by interfering with neurotransmitter function. Nature
Climate Change, 2, 201-204.

NOAA, 2012: NOAA Extended Reconstructed Sea Surface Temperature (SST) Version 3b. From: PSD Climate and
Weather Data, NOAA/OAR/ESRL Physical Sciences Division, Boulder, CO, USA, url:
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html.

Nuttall, M., 1998: Protecting the Arctic: Indigenous Peoples and Cultural Survival. Routledge, London, UK, 195
pp.

O'Donnell, M J., A.E. Todgham, M .A. Sewell, L.M. Hammond, K. Ruggiero, N.A. Fangue, M .L. Zippay and
G.E. Hofmann, 2010: Ocean acidification alters skeletogenesis and gene expression in larval sea urchins.
Marine Ecology Progress Series, 398, 157-171.

O'Reilly, J.E., S. Maritorena, B.G. Mitchell, D.A. Siegel, K.L. Carder, S.A. Garver, M. Kahru and C.

M cClain, 1998: Ocean color chlorophyll algorithms for SeaWiFS. Journal of Geophysical Research, 103(C11),
24937-24953.

Occhipinti-Ambrogi, A., 2007: Global change and marine communities: alien species and climate change. Marine
Pollution Bulletin, 55, 342-352.

Odum, E.P., 1971: Fundamentals of Ecology. W.B. Saunders Company, Philadelphia, USA, 574 pp.

Oguz, T., 2007: Nonlinear response of Black Sea pelagic fish stocks to over-exploitation. Marine Ecology Progress
Series, 345, 211-228.

Olafsson, J., S.R. Olafsdottir, A. Benoit-Cattin, M. Danielsen, T.S. Arnarson and T. Takahashi, 2009: Rate of
Iceland Sea acidification from time series measurements. Biogeosciences, 6(11), 2661-2668.

Orcutt, B.N., J.B. Sylvan, N.J. Knab and K.J. Edwards, 2011: Microbial ecology of the dark ocean above, at, and
below the seafloor. Microbiology and Molecular Biology Reviews, 75(2), 361-422.

Orr, J.C.,V.J. Fabry, O. Aumont, L. Bopp, S.C. Doney, R.A. Feely, A. Gnanadesikan, N. Gruber, A. Ishida, F.
Joos, R.M. Key, K. Lindsay, E. Maier-Reimer, R. Matear, P. Monfray, A. Mouchet, R.G. Najjar, G.K.
Plattner, K.B. Rodgers, C.L. Sabine, J.L. Sarmiento, R. Schlitzer, R.D. Slater, |.J. Totterdell, M .F.
Weirig, Y. Yamanaka and A. Y ool, 2005: Anthropogenic ocean acidification over the twenty-first century and
its impact on calcifying organisms. Nature, 437(7059), 681-636.

Osterblom, H., S. Hansson, U. Larsson, O. Hjerne, F. Wulff, R. EImgren and C. Folke, 2007: Human-induced
trophic cascades and ecological regime shiftsin the Baltic Sea. Ecosystems, 10(6), 877-889.

Do Not Cite, Quote, or Distribute 120 11 June 2012



QUOWOWONOULAWNPE

01010101014>bbbbﬁbb4>4>wwwwwwwwwwmmmr\)r\)r\)r\)r\)mml—w—w—w—\|—\|—\|—\|—\|—\|—\
A WOWNPFPOOWLONO O WNPFPOOONOUPAWNRPOOO~NOOUORRWNRPOOONOODUA,WNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Ottersen, G., D.O. Hjermann and N.C. Stenseth, 2006: Changes in spawning stock structure strengthen the link
between climate and recruitment in a heavily fished cod (Gadus morhua) stock. Fisheries Oceanography, 15(3),
230-243.

Ottersen, G., S. Kim, G. Huse, J.J. Polovina and N.C. Stenseth, 2010: Major pathways by which climate may
force marine fish populations. Journal of Marine Systems, 79(3-4), 343-360.

Overland, J.E., J. Alheit, A. Bakun, JW. Hurrell, D.L. Mackasand A.J. Miller, 2010: Climate controls on
marine ecosystems and fish populations. Journal of Marine Systems, 79(3-4), 305-315.

Pagani, M., Z. Liu, J. LaRiviereand A.C. Ravelo, 2010: High Earth-system climate sensitivity determined from
Pliocene carbon dioxide concentrations. Nature Geoscience, 3(1), 27-30.

Pakhomov, E.A., 2004: Salp/krill interactions in the eastern Atlantic sector of the Southern Ocean. Deep Sea
Research Part 11: Topical Studies in Oceanography, 51(22-24), 2645-2660.

Pakhomova, S. and E. Yakushev, 2012: Manganese and iron at the redox interfaces in the Black Sea, the Baltic
Sea, and the Oslo Fjord. In: The Handbook of Environmental Chemistry, Chemical Structure of Pelagic Redox
Interfaces. Observation and Modeling, [Y akushev, E.(ed.)]. Springer, Berlin, Germany, pp. 1-27.

Pakker, H., A.M. Breeman, W.F.P. Vanreineand C. Vandenhoek, 1995: A comparative study of temperature
responses of Carribean seaweeds from different biogeographic groups. Journal of Phycology, 31(4), 499-507.

Palacios, S.L. and R.C. Zimmerman, 2007: Response of eelgrass Zostera marina to CO, enrichment: possible
impacts of climate change and potential for remediation of coastal habitats. Marine Ecology Progress Series,
344, 1-13.

Pancost, R.D., N. Crawford, S. Magness, A. Turner, H.C. Jenkynsand J.R. Maxwell, 2004: Further evidence
for the development of photic-zone euxinic conditions during Mesozoic oceanic anoxic events. Journal of the
Geological Society, 161, 353-364.

Pandolfi, J.M., SR. Connally, D.J. Marshall and A.L. Cohen, 2011: Projecting coral reef futures under global
warming and ocean acidification. Science, 333(6041), 418-422.

Parker,L.M., P.M. Rossand W.A. O’Connor, 2011: Populations of the Sydney rock oyster, Saccostrea
glomerata, vary in response to ocean acidification. Marine Biology, 158(3), 689-697.

Parker,L.M., P.M. Ross, W.A. O’'Connor, L. Borysko, D.A. Raftosand H.O. Pértner, 2012: Adult exposure
influences offspring response to ocean acidification in oysters. Global Change Biology, 18, 82-92.

Parkinson, C.L., 2002: Trends in the length of the Southern Ocean sea-ice season, 1979-99. Annals of Glaciology,
34, 435-440.

Parmesan, C., 2006: Ecological and evolutionary responses to recent climate change. Annual Review of Ecology,
Evolution, and Systematics, 37(1), 637-669.

Parmesan, C. and G. Yohe, 2003: A globally coherent fingerprint of climate change impacts across natural systems.
Nature, 421(6918), 37-42.

Parmesan, C. and J. M attews, 2006: Biological impacts of climate change. In: Principles of Conservation Biology,
[Groom, M.J., G.K. Meffe and C.R. Carroll(eds.)]. Sinauer, Sunderland, MA, pp. 333-374.

Parmesan, C., C. Duarte, E. Poloczanska, A.J. Richardson and M.C. Singer, 2011: Overstretching attribution.
Nature Climate Change, 1(1), 2-4.

Parsons, L.S. and W.H. Lear, 2001: Climate variability and marine ecosystem impacts: a North Atlantic
perspective. Progress In Oceanography, 49(1-4), 167-188.

Pascual, M., X. Rodo, S.P. Ellner, R. Colwell and M.J. Bouma, 2000: Cholera dynamics and El Nifio-Southern
Oscillation. Science, 289(5485), 1766-1769.

Paulmier, A. and D. Ruiz-Pino, 2009: Oxygen minimum zones (OMZs) in the modern ocean. Progress In
Oceanography, 80, 113-128.

Pauly, D., V. Christensen, J. Dalsgaard, R. Froeseand F. Torres Jr., 1998: Fishing down marine food webs.
Science, 279(5352), 860-863.

Pauly, D., V. Christensen, S. Guenette, T.J. Pitcher, U.R. Sumaila, C.J. Walters, R. Watson and D. Zé€ller,
2002: Towards sustainability in world fisheries. Nature, 418(6898), 689-695.

Peck, L., S. Morley and M. Clark, 2010: Poor acclimation capacities in Antarctic marine ectotherms. Marine
Biology, 157(9), 2051-2059.

Peck, L.S., M.S. Clark, SA. Morley, A. Massey and H. Rossetti, 2009: Animal temperature limits and ecological
relevance: effects of size, activity and rates of change. Functional Ecology, 23(2), 248-256.

Pelgjero, C., E. Calvo and O. Hoegh-Guldberg, 2010: Paleo-perspectives on ocean acidification. Trendsin
Ecology and Evolution, 25(6), 332-344.

Do Not Cite, Quote, or Distribute 121 11 June 2012



QUOWO~NOULEAWNPE

mmmmhhhhhﬁ####wwwwwwwwwwI\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNPFPOOWNO O WNPFPOQOONOUOPRRWNRPOOO~NOOUOPRWNPEPOQOONOOUOUIAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Perissinotto, R. and C. M cQuaid, 1990: Role of the sub-Antarctic shrimp Nauticaris marionis in coupling benthic
and pelagic food webs. Marine Ecology Progress Series, 64(1-2), 81-87.

Pernice, M., A. Meibom, A. Van Den Heuvel, C. Kopp, |. Domart-Coulon, O. Hoegh-Guldberg and S. Dove,
2012: A single-cell view of ammonium assimilation in coral-dinoflagellate symbiosis. ISVIE Journal, published
online, doi: 10.1038/ismej.2011.1196.

Perry, A.L.,P.J. Low, J.R. Ellisand J.D. Reynolds, 2005: Climate change and distribution shifts in marine fishes.
Science, 308(5730), 1912-1915.

Perry, R.l., P. Cury, K. Brander, S. Jennings, C. M6llmann and B. Planque, 2010: Sensitivity of marine
systems to climate and fishing: concepts, issues and management responses. Journal of Marine Systems, 79(3-4),
427-435.

Petit, J.R., J. Jouzdl, D. Raynaud, N.I. Barkov, J.M. Barnola, |. Basile, M. Bender, J. Chappellaz, M. Davis, G.
Delaygue, M. Delmotte, V.M. Kotlyakov, M. Legrand, V.Y. Lipenkov, C. Lorius, L. Pepin, C. Ritz, E.
Saltzman and M. Stievenard, 1999: Climate and atmospheric history of the past 420,000 years from the
Vostok ice core, Antarctica. Nature, 399(6735), 429-436.

Petitgas, P., D. Reid, B. Planque, E. Nogueira, B. O'Hea and U. Cotano, 2006: The entrainment hypothesis: an
explanation for the persistance and innovation in spawning migrations and life cycle spatial patterns. In: ICES
Conference and Meeting Documents 2006/B:07, [ICES(ed.)]. Maastricht, Netherlands, ICES, pp. 9.

Philippart, C.J.M., R. Anadén, R. Danovaro, J.W. Dippner, K.F. Drinkwater, S.J. Hawkins, T. Oguz, G.
O'sullivan and P.C. Reid, 2011: Impacts of climate change on European marine ecosystems: observations,
expectations and indicators. Journal of Experimental Marine Biology and Ecology, 400(1-2), 52-69.

Pierre, F., C. Philippe, S. Lynneand R. Claude, 2005: Sustainable exploitation of small pelagic fish stock
challenged by environmental and ecosystem changes: areview. Bulletin of Marine Science, 76(2), 385-462.

Pike, D.A., R.L. Antworth and J.C. Stiner, 2006: Earlier nesting contributes to shorter nesting seasons for the
loggerhead seaturtle, Caretta caretta. Journal of Herpetology, 40(1), 91-94.

Pifia-Ochoa, E., S. Hagslund, E. Geslin, T. Cedhagen, N.P. Revsbech, L.P. Nielsen, M. Schweizer, F. Jorissen,
S. Rysgaard and N. Risgaar d-Peter sen, 2010: Widespread occurrence of nitrate storage and denitrification
among Foraminiferaand Gromiida. Proceedings of the National Academy of Sciences of the United States of
America, 107(3), 1148-1153.

Planque, B., E. Bellier and C. Loots, 2011a: Uncertainties in projecting spatial distributions of marine populations.
ICES Journal of Marine Science, 68(6), 1045-1050.

Planque, B., C. Loots, P. Petitgas, U. Lindstrom and S. Vaz, 2011b: Understanding what controls the spatial
distribution of fish populations using a multi-model approach. Fisheries Oceanography, 20(1), 1-17.

Planque, B., J.-M. Fromentin, P. Cury, K.F. Drinkwater, S. Jennings, R.l. Perry and S. Kifani, 2010: How
does fishing alter marine populations and ecosystems sensitivity to climate? Journal of Marine Systems, 79(3-4),
403-417.

Poloczanska, E.S., C.J. Limpusand G.C. Hays, 2009: Chapter 2: Vulnerability of marine turtles to climate change.
In: Advancesin Marine Biology, Vol. 56, [Sims, D., W.(ed.)]. Academic Press, Waltham, MA, USA, pp. 151-
211.

Poloczanska, E.S., S. Smith, L. Fauonnet, J. Healy, |.R. Tibetts, M.T. Burrows and A.J. Richardson, 2011:
Little change in the distribution of rocky shore faunal communities on the Australian east coast after 50 years of
rapid warming. Journal of Experimental Marine Biology and Ecology, 400(1-2), 145-154.

Polovina, J.J., E.A. Howell and M. Abecassis, 2008: Ocean's least productive waters are expanding. Geophysical
Research Letters, 35(3), L03618.

Poértner, H.O., 2002a: Environmental and functional limits to muscular exercise and body size in marine
invertebrate athletes. Comparative Biochemistry and Physiology A: Molecular and Integrative Physiology,
133(2), 303-321.

Poértner, H.O., 2002b: Climate variations and the physiological basis of temperature dependent biogeography:
systemic to molecular hierarchy of thermal tolerance in animals. Comparative Biochemistry and Physiology A:
Molecular and Integrative Physiology, 132(4), 739-761.

Poértner, H.O., 2004: Climate variability and the energetic pathways of evolution: the origin of endothermy in
mammals and birds. Physiological and Biochemical Zoology, 77(6), 959-981.

Poértner, H.O., 2006: Climate-dependent evolution of Antarctic ectotherms: An integrative analysis. Deep Sea
Research Part 11: Topical Studiesin Oceanography, 53(8-10), 1071-1104.

Do Not Cite, Quote, or Distribute 122 11 June 2012



QUOWWO~NOULEAWNPE

U'IU'IU'IU'I-b-bJ}-bbﬁbhh-l>wwwwwwwwwwl\)r\)NNNNNNNNl—‘l—‘l—‘l—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFP,OOWNO O WNPFPOOWONOUPRAWNRPOOONOOUOODRRWNRPOOONOOODUIEAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Poértner, H.O., 2008: Ecosystem effects of ocean acidification in times of ocean warming: a physiologist’s view.
Marine Ecology Progress Series, 373, 203-217.

Poértner, H.O., 2010: Oxygen- and capacity-limitation of thermal tolerance: a matrix for integrating climate-related
stressor effects in marine ecosystems. Journal of Experimental Biology, 213(6), 881-893.

Poértner, H.O. and M .K. Grieshaber, 1993: Critical Po,(s) in oxyconforming and oxyregulating animals: gas
exchange, metabolic rate and the mode of energy production. In: The Vertebrate Gas Transport Cascade:
Adaptations to Environment and Mode of Life, [Bicudo, J.E.P.W.(ed.)]. CRC Press Inc, Boca Raton, FL, U.SA.,
pp. 330-357.

Poértner, H.O. and R. Knust, 2007: Climate change affects marine fishes through the oxygen limitation of thermal
tolerance. Science, 315(5808), 95-97.

Poértner, H.O. and A.P. Farrell, 2008: Ecology: Physiology and climate change. Science, 322(5902), 690-692.

Poértner, H.O. and M.A. Peck, 2010: Climate change effects on fishes and fisheries: towards a cause-and-effect
understanding. Journal of Fish Biology, 77(8), 1745-1779.

Poértner, H.O., A. Reipschlager and N. Heisler, 1998: Acid-base regulation, metabolism and energeticsin
Spunculus nudus as a function of ambient carbon dioxide level. Journal of Experimental Biology, 201(1), 43-55.

Pértner, H.O., C. Bock and A. Reipschlager, 2000: Modulation of the cost of pHi regulation during metabolic
depression: a*P-NMR study in invertebrate (Spunculus nudus) isolated muscle. Journal of Experimental
Biology, 203(16), 2417-2428.

Poértner, H.O., M. Langenbuch and A. Reipschlager, 2004: Biological impact of elevated ocean CO,
concentrations: Lessons from animal physiology and earth history. Journal of Oceanography, 60(4), 705-718.

Poértner, H.O., M. Langenbuch and B. Michaelidis, 2005: Synergistic effects of temperature extremes, hypoxia,
and increases in CO, on marine animals. From Earth history to global change. Journal of Geophysical Research,
110(C9), C09S10.

Poértner, H.O., L.S. Peck and T. Hirse, 2006: Hyperoxia alleviates thermal stressin the Antarctic bivalve,
Laternula elliptica: evidence for oxygen limited thermal tolerance. Polar Biology, 29(8), 688-693.

Poértner, H.O., L.S. Peck and G.N. Somer o, 2012: Mechanisms defining thermal limits and adaptation in marine
ectotherms:. an integrative view. In: Antarctic Ecosystems: An Extreme Environment in a Changing World,
[Rogers, A., N.M. Johnston, E.J. Murphy and A. Clarke(eds.)]. Wiley-Blackwell, Chichester, UK, pp. 360-396.

Poértner, H.O., P.M. Schulte, C.M. Wood and F. Schiemer, 2010: Niche dimensions in fishes. an integrative view.
Physiological and Biochemical Zoology, 83(5), 808-826.

Portner, H.O., M. Gutowska, A. Ishimatsu, M. Lucassen, F. Melzner and B. Seibel, 2011: 8- Effects of ocean
acidification on nektonic organisms. In: Ocean Acidification, [Gattuso, J.-P. and L. Hansson(eds.)]. Oxford
University Press, Oxford, UK, pp. 154-175.

Pértner, H.O., C. Bock, R. Knust, G. Lannig, M. Lucassen, F.C. Mark and F.J. Sartoris, 2008: Cod and
climatein alatitudinal cline: physiological analyses of climate effects in marine fishes. Climate Research, 37(2-
3), 253-270.

Porzio, L., M.C. Buiaand J.M. Hall-Spencer, 2011: Effects of ocean acidification on macroalgal communities.
Journal of Experimental Marine Biology and Ecology, 400(1-2), 278-287.

Precht, W.F. and R.B. Aronson, 2004: Climate flickers and range shifts of reef corals. Frontiersin Ecology and
the Environment, 2(6), 307-314.

Prince, E.D. and C.P. Goodyear, 2006: Hypoxia-based habitat compression of tropical pelagic fishes. Fisheries
Oceanography, 15(6), 451-464.

Prince, E.D., J. Luo, C. Phillip Goodyear, J.P. Hoolihan, D. Snodgrass, E.S. Orbesen, J.E. Serafy, M. Ortiz
and M .J. Schirripa, 2010: Ocean scale hypoxia-based habitat compression of Atlantic istiophorid billfishes.
Fisheries Oceanography, 19(6), 448-462.

Przeslawski, R., Q. Zhu and R. Aller, 2009: Effects of abiotic stressors on infaunal burrowing and associated
sediment characteristics. Marine Ecology Progress Series, 392, 33-42.

Purcell, J.E., 2005: Climate effects on formation of jellyfish and ctenophore blooms: areview. Journal of the
Marine Biological Association of the United Kingdom, 85, 461-476.

Purcell, J.E. and M .B. Decker, 2005: Effects of climate on relative predation by scyphomedusae and ctenophores
on copepods in Chesapeake Bay during 1987-2000. Limnology and Oceanography, 50(1), 376-387.

Quero, J.-C., M .-H. Du Buit and J.-J. Vayne, 1998: L es observations de poissons tropicaux et |e réchauffement
des eaux dans I'Altantique européen. Oceanologica Acta, 21(2), 345-351.

Do Not Cite, Quote, or Distribute 123 11 June 2012



QUOWOWONOULEA WNPE

U‘IU‘IU‘IU’I-b-b-b-b-bﬁ-b-b-b-b(.AJwwwwwwwwwNNl\)l\)l\)NNNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOQOONOUPAWNRPOOO~NOOUORWNRPOOONOOUUAWNLE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Rabalais, N.N. and R.E. Turner eds,2001: Coastal Hypoxia: Consequences for Living Resources and Ecosystems.
American Geophysical Union, Washington, D.C., 464 pp.

Rabalais, N.N., R.E. Turner, D. Justic and R.J. Diaz, 2009: Global change and eutrophication of coastal waters.
ICES Journal of Marine Science, 66(7), 1528-1537.

Radovich, J., 1981: The collapse of the the California sardine fishery. What have we learned? In: Resource
Management and Environmental Uncertainty: Lessons from Coastal Upwelling Fisheries, [Glantz, M.H. and
J.D. Thompson(eds.)]. Wiley, New York, NY, USA, pp. 107-136.

Rando, O.J. and K .J. Verstrepen, 2007: Timescales of genetic and epigenetic inheritance. Cell, 128(4), 655-668.

Ratkowsky, D.A., R.K. Lowry, T.A. McMeekin, A.N. Stokesand R.E. Chandler, 1983: Model for bacterial
culture growth rate throughout the entire biokinetic temperature range. Journal of Bacteriology, 154(3), 1222-
1226.

Rau, G.H., 2011: CO, mitigation via capture and chemical conversion in seawater. Environmental Science &
Technology, 45(3), 1088-1092.

Raven, J.A., M. Giordano, J. Beardall and S.C. Maberly, 2012: Algal evolution in relation to atmospheric CO,:
carboxylases, carbon-concentrating mechanisms and carbon oxidation cycles. Philosophical Transactions of the
Royal Society B: Biological Sciences, 367(1588), 493-507.

Ready, J., K. Kaschner, A.B. South, P.D. Eastwood, T. Rees, J. Rius, E. Agbayani, S. Kullander and R. Froese,
2010: Predicting the distributions of marine organisms at the global scale. Ecological Modelling, 221(3), 467-
478.

Reaka-Kudla, M.L., 1997: Global biodiversity of coral reefs: a comparison with rainforests. In: Biodiversity I1:
Understanding and Protecting Our Biological Resources, [Reaka-Kudla, M.L., D.E. Wilson and E.O.
Wilson(eds.)]. Joseph Henry Press, Washington, D.C., USA, pp. 83-108.

Rebstock, G.A., 2001: Long-term stability of species composition in calanoid copepods off southern California.
Marine Ecology Progress Series, 215, 213-224.

Reid, J.L., G.I. Roden and J.G. WYyllie, 1958: Studies of the California Current system. California Cooperative
Oceanic Fisheries Investigations Reports, 6, 28-56.

Reid, P.C., M.F. Borges and E. Svendsen, 2001: A regime shift in the North Sea circa 1988 linked to changesin
the North Sea horse mackerel fishery. Fisheries Research, 50(1-2), 163-171.

Reid, P.C., J.M. Colebrook, J.B.L. Matthews and J. Aiken, 2003: The Continuous Plankton Recorder: concepts
and history, from Plankton Indicator to undulating recorders. Progress In Oceanography, 58(2-4), 117-173.
Reid, P.C., A.C. Fischer, E. Lewis-Brown, M.P. Meredith, M. Sparrow, A.J. Andersson, A. Antia, N.R. Bates,

U. Bathmann, G. Beaugrand, H. Brix, S. Dye, M. Edwards, T. Furevik, R. Gangstg, H. Hatun, R.R.
Hopcroft, M. Kendall, S. Kasten, R. Keeling, C. Le Quéré, F.T. Mackenzie, G. Malin, C. Mauritzen, J.
Olafsson, C. Paull, E. Rignot, K. Shimada, M. Vogt, C. Wallace, Z. Wang and R. Washington, 2009:
Chapter 1 Impacts of the oceans on climate change. In: Advancesin Marine Biology, Vol. 56, [David,
W.S.(ed.)]. Academic Press, Waltham, MA, USA, pp. 1-150.

Reipschlager, A. and H.O. Portner, 1996: Metabolic depression during environmental stress: The role of
extracellular versus intracellular pH in Sipunculus nudus. Journal of Experimental Biology, 199(8), 1801-1807.

Reipschlager, A., G.E. Nilsson and H.O. Pdrtner, 1997: A role for adenosine in metabolic depression in the
marine invertebrate Sipunculus nudus. American Journal of Physiology: Regulatory, Integrative and
Comparative Physiology, 272(1), R350-356.

Reise, K. and J. van Beusekom, 2008: Interactive effects of global and regional change on a coastal ecosystem.
Helgoland Marine Research, 62(1), 85-91.

Ren, D., 2010: Effects of global warming on wind energy availability. Journal of Renewable and Sustainable
Energy, 2(5), 052301.

Ren, H., D.M. Sigman, A.N. Meckler, B. Plessen, R.S. Robinson, Y. Rosenthal and G.H. Haug, 2009:
Foraminiferal isotope evidence of reduced nitrogen fixation in the Ice Age Atlantic Ocean. Science, 323(5911),
244-248.

Reusch, T.B.H. and T.E. Wood, 2007: Molecular ecology of global change. Molecular Ecology, 16(19), 3973-
3992.

Reuter, K.E., K.E. Lotterhos, R.N. Crim, C.A. Thompson and C.D.G. Harley, 2011: Elevated pCO, increases
sperm limitation and risk of polyspermy in the red sea urchin Strongylocentrotus franciscanus. Global Change
Biology, 17(1), 163-171.

Do Not Cite, Quote, or Distribute 124 11 June 2012



QUOWOWONOULEAWNPE

010101U'l-b-b.l>.l>.bﬁ.b.l>.l>4>wwwwwwwwwwr\)r\)r\)r\)r\)r\)r\)mmml—\|—\|—\|—\|—\|—\|—\|—\|—\|—\
WNPFPOOWNO O WNPFPOQOOONOOUORMWNPOOO~NOUOPRARWNPEPOOONOODUODMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Richards, E.J., 2006: Inherited epigenetic variation - revisiting soft inheritance. Nature Reviews Genetics, 7(5),
395-401.

Richards, J.G., A.P. Farrell and C.J. Brauner eds,2009: Hypoxia. Elsevier Academic Press, Amsterdam, 525 pp.

Richardson, A., A. Walne, A. John, T. Jonas, J. Lindley, D. Sims, D. Stevensand M. Witt, 2006: Using
continuous plankton recorder data. Progress In Oceanography, 68(1), 27-74.

Richardson, A.J., 2008: In hot water: zooplankton and climate change. ICES Journal of Marine Science: Journal
du Conseil, 65(3), 279-295.

Richardson, A.J. and D.S. Schoeman, 2004: Climate impact on plankton ecosystems in the Northeast Atlantic.
Science, 305(5690), 1609-1612.

Richier, S., M.E. Kerros, C. deVargas, L. Haramaty, P.G. Falkowski and J.P. Gattuso, 2009: Light-dependent
transcriptional regulation of genes of biogeochemical interest in the diploid and haploid life cycle stages of
Emiliania huxleyi. Applied and environmental microbiology, 75(10), 3366-33609.

Ridgwell, A. and J.C. Hargreaves, 2007: Regulation of atmospheric CO, by deep-sea sedimentsin an Earth system
model Global Biogeochemical Cycles, 21(2), GB2008.

Ridgwell, A. and D.N. Schmidt, 2010: Past constraints on the vulnerability of marine calcifiers to massive carbon
dioxide release. Nature Geoscience, 3(3), 196-200.

Riebesdll, U. and P.D. Tortell, 2011: 6- Effects of ocean acidification on pelagic organisms and ecosystems. In:
Ocean Acidification, [Gattuso, J.-P. and L. Hansson(eds.)]. Oxford University Press, Oxford, pp. 99-121.

Riebesdll, U., A. Kortzinger and A. Oschlies, 2009: Sensitivities of marine carbon fluxes to ocean change.
Proceedings of the National Academy of Sciences of the United States of America, 106(49), 20602-20609.

Riebesdll, U., R.G.J. Bellerby, H.P. Grossart and F. Thingstad, 2008: Mesocosm CO, perturbation studies: from
organism to community level. Biogeosciences, 5(4), 1157-1164.

Riebesell, U., I. Zondervan, B. Rost, P.D. Tortell, R.E. Zeebeand F.M .M. Morel, 2000: Reduced calcification of
marine plankton in response to increased atmospheric CO,. Nature, 407(6802), 364-367.

Riebesdl, U., K.G. Schulz, R.G.J. Bellerby, M. Botros, P. Fritsche, M. Meyerhdofer, C. Neill, G. Nondal, A.
Oschlies, J. Wohlersand E. Z6lIner, 2007: Enhanced biological carbon consumption in ahigh CO, ocean.
Nature, 450(7169), 545-548.

Riedel, B., M. Zuschin, A. Haselmair and M. Stachowitsch, 2008: Oxygen depletion under glass: behavioural
responses of benthic macrofaunato induced anoxiain the Northern Adriatic. Journal of Experimental Marine
Biology and Ecology, 367(1), 17-27.

Riegl, B.R., 2002: Effects of the 1996 and 1998 positive sea-surface temperature anomalies on corals, coral diseases
and fish in the Arabian Gulf (Dubai, UAE). Marine Biology, 140(1), 29-40.

Ries, J.B., A.L. Cohen and D.C. McCorkle, 2009: Marine calcifiers exhibit mixed responses to CO,-induced
ocean acidification. Geology, 37(12), 1131-1134.

Roberts, J.M., A.J. Wheeler, A. Freiwald and S.D. Cairns, 2009: Cold-water Corals. The Biology and Geology
of Deep-sea Coral Habitats. Cambridge University Press, Cambridge, U. K., 334 pp.

Robinson, R., A. Mix and P. Martinez, 2007: Southern Ocean control on the extent of denitrification in the
southeast Pacific over the last 70 ky. Quaternary Science Review, 26, 201-212.

Robinson, R.A., J.A. Learmonth, A.M. Hutson, C.D. MacL eod, T.H. Sparks, D.I. Leech, G.J. Pierce, M .M.
Rehfisch and H.Q.P. Crick, 2005: Climate Change and Migratory Species, Research Report 414. BTOI,
Thetford, UK, 308 pp.

Rode, K., E. Peacock, M. Taylor, |. Stirling, E. Born, K. Laidre and &. Wiig, 2012: A tale of two polar bear
populations; ice habitat, harvest, and body condition. Population Ecology, 54(1), 3-18.

Rode, K.D., S.C. Amstrup and E.V. Regehr, 2010: Reduced body size and cub recruitment in polar bears
associated with seaice decline. Ecological Applications, 20(3), 768-782.

Rodolfo-M etalpa, R., F. Houlbreque, E. Tambutte, F. Boisson, C. Baggini, F.P. Patti, R. Jeffree, M. Fine, A.
Foggo, J.P. Gattuso and J.M. Hall-Spencer, 2011: Coral and mollusc resistance to ocean acidification
adversely affected by warming. Nature Climate Change, 1(6), 308-312.

Rodriguez-Tovar, F.J., A. Uchman, L. Alegret and E. Molina, 2011: Impact of the Paleocene-Eocene Thermal
Maximum on the macrobenthic community: ichnological record from the Zumaia section, northern Spain.
Marine Geology, 282(3-4), 178-187.

Roemmich, D., 1992: Ocean warming and sea level rise along the southwest U.S. coast. Science, 257(5068), 373-
375.

Do Not Cite, Quote, or Distribute 125 11 June 2012



QOO ~NOULEA WNBE

A D OWOWWWWWWWWWWNDNNDNDNNNNNNRPRERPRPEPRPERPEPRPERPERRERR
PO OO~NOOPRARWNPOOONOODUORWNRPOOO~NOOPRA,WDNPE

GRER

[Sa i@ IS IS, IS ) I O
AP WONPFPOOWONO

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Roemmich, D. and J. McGowan, 1995a: Climatic warming and the decline of zooplankton in the California
Current. Science, 267(5202), 1324-1326.

Roemmich, D. and J. McGowan, 1995b: Sampling zooplankton: correction. Science, 268(5209), 352-353.

Rokitta, S.D. and B. Rost, 2012: Effects of CO, and their modulation by light in the life-cycle stages of the
coccolithophore Emiliania huxleyi. Limnology and Oceanography, 57(2), 607-618.

Romanuk, T.N., Y. Zhou, U. Brose, E.L. Berlow, R.J. Williamsand N.D. Martinez, 2009: Predicting invasion
success in complex ecological networks. Philosophical Transactions of the Royal Society B: Biological
Sciences, 364, 1743-1754.

Rosa, R. and B.A. Seibel, 2008: Synergistic effects of climate-related variables suggest future physiological
impairment in atop oceanic predator. Proceedings of the National Academy of Sciences of the United Sates of
America, 105(52), 20776-20780.

Rose, G. and R.L. O'Driscoll, 2002: Capelin are good for cod: can the northern stock rebuild without them? ICES
Journal of Marine Science, 59(5), 1018-1026.

Rose, J.M., Y. Feng, C.J. Gobler, R. Gutierrez, C.E. Hare, K. Leblanc and D.A. Hutchins, 2009: Effects of
increased pCO, and temperature on the North Atlantic spring bloom. Il. Microzooplankton abundance and
grazing. Marine Ecology Progress Series, 388, 27-40.

Rose, K.A., J.I. Allen, Y. Artioli, M. Barange, J. Blackford, F.o. Carlotti, R. Cropp, U. Daewel, K. Edwards,
K. Flynn, SL. Hill, R. HilleRisLambers, G. Huse, S. Mackinson, B. Megrey, A. Moll, R. Rivkin, B.
Salihoglu, C. Schrum, L. Shannon, Y .-J. Shin, S.L. Smith, C. Smith, C. Solidoro, M. St. John and M.
Zhou, 2010: End-to-end models for the analysis of marine ecosystems: challenges, issues, and next steps.
Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem Science, 2, 115-130.

Rosegrant, M.W. and S.A. Cline, 2003: Global food security: challenges and policies. Science, 302(5652), 1917-
1919.

Rossoll, D., R. Bermudez, H. Hauss, K.G. Schulz, U. Riebesell, U. Sommer and M. Winder, 2012: Ocean
acidification-induced food quality deterioration constrains trophic transfer. Plos One, 7(4), €34737.

Rost, B., I. Zondervan and D. Wolf-Gladrow, 2008: Sensitivity of phytoplankton to future changesin ocean
carbonate chemistry: current knowledge, contradictions and research directions. Marine Ecology Progress
Series, 373, 227-237.

Rost, B., U. Riebesell, S. Burkhardt and D. Sultemeyer, 2003: Carbon acquisition of bloom-forming marine
phytoplankton. Limnology and Oceanography, 48(1), 55-67.

Runge, J.A., A.l. Kovach, J.H. Churchill, L.A. Kerr, J.R. Morrison, R.C. Beardsley, D.L. Berlinsky, C. Chen,
S.X. Cadrin, C.S. Davis, K.H. Ford, J.H. Grabowski, W.H. Howell, R. Ji, R.J. Jones, A.J. Pershing, N.R.
Record, A.C. Thomas, G.D. Sherwood, SM.L. Tallack and D.W. Townsend, 2010: Understanding climate
impacts on recruitment and spatial dynamics of Atlantic cod in the Gulf of Maine: Integration of observations
and modeling. Progress In Oceanography, 87(1-4), 251-263.

Russell, A.D., B. Honisch, H.J. Spero and D.W. L ea, 2004: Effects of seawater carbonate ion concentration and
temperature on shell U, Mg, and Sr in cultured planktonic foraminifera. Geochimica et Cosmochimica Acta,
68(21), 4347-4361.

Russell, L.M ., P.J. Rasch, G. Mace, R.B. Jackson, J. Shepherd, P. Liss, M. Leinen, D. Schimel, N.E. Vaughan,
A.C. Janetos, P. Boyd, R.J. Norby, K. Caldeira, J. Merikanto, P. Artaxo, J. Melilloand M.G. Morgan,
2012: Ecosystem impacts of geoengineering: areview for developing a science plan. Ambio, published online,
doi: 10.1007/s13280-13012-10258-13285.

Saba, V.S, P. Santidrian-Tomillo, R.D. Reina, J.R. Spotila, J.A. Musick, D.A. Evansand F.V. Paladino, 2007:
The effect of the El Nifio Southern Oscillation on the reproductive frequency of eastern Pacific leatherback
turtles. Journal of Applied Ecology, 44(2), 395-404.

Saba, V.S, M.A.M. Friedrichs, M .E. Carr, D. Antoine, R.A. Armstrong, |. Asanuma, O. Aumont, N.R. Bates,
M .J. Behrenfeld, V. Bennington, L. Bopp, J. Bruggeman, E.T. Buitenhuis, M .J. Church, A.M. Ciotti, S.C.
Doney, M. Dowell, J. Dunne, S. Dutkiewicz, W. Gregg, N. Hoepffner, K.J.W. Hyde, J. Ishizaka, T.
Kameda, D.M.Karl, I.Lima, M.W. Lomas, J. Marra, G.A. McKinley, F. Melin, J.K. Moore, A. Mordl, J.
O'Reilly, B. Salihoglu, M. Scardi, T.J. Smyth, SL. Tang, J. Tjiputra, J. Uitz, M. Vichi, K. Waters, T .K.
Westberry and A. Yool, 2010: Challenges of modeling depth-integrated marine primary productivity over
multiple decades: a case study at BATS and HOT. Global Biogeochemical Cycles, 24, GB3020.

Sagarin, R.D., J.P. Barry, S.E. Gilman and C.H. Baxter, 1999: Climate-related change in an intertidal
community over short and long time scales. Ecological Monographs, 69(4), 465-490.

Do Not Cite, Quote, or Distribute 126 11 June 2012



QUOWOWO~NOULEA WNPE

mmmm#hhhhﬁ###hwwwwwwwwwwI\JI\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFP,OOWNO O WNPFPOQOONOUOPRRWNRPOOO~NOOUOPRWNPOQOONOODUOUPAWDNLE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Saito, M.A., T.J. Goepfert and J.T. Ritt, 2008: Some thoughts on the concept of colimitation: three definitions and
the importance of bioavailability. Limnology and Oceanography, 53(1), 276-290.

Saito, M.A., J.W. Moffett, SW. Chisholm and J.B. Waterbury, 2002: Cobalt limitation and uptake in
Prochlorococcus. Limnology and Oceanography, 47(6), 1629-1636.

Sala, E. and N. Knowlton, 2006: Global marine biodiversity trends. Annual Review of Environment and Resour ces,
31(1), 93-122.

Sallee, J.B., K.G. Speer and S.R. Rintoul, 2010: Zonally asymmetric response of the Southern Ocean mixed-layer
depth to the Southern Annular Mode. Nature Geoscience, 3(4), 273-279.

Salvadeo, C., D. Lluch-Belda, S. Lluch-Cotaand M. Mercuri, 2011: Review of long term macro - fauna
movement by multi - decadal warming trends in the Northeastern Pacific. In: Climate Change: Geophysical
Foundations and Ecological Effects, [Blanco, J. and H. Kheradmand(eds.)]. InTech, Rijeka, Croatia, pp. 217-
230.

Salvadeo, C.J., D. Lluch-Belda, A. Gémez-Gallardo, J. Urban-Ramirez and C.D. MaclL eod, 2010: Climate
change and a poleward shift in the distribution of the Pacific white-sided dolphin in the northeastern Pacific.
Endangered Species Research, 11(1), 13-19.

Sampayo, E.M ., T. Ridgway, P. Bongaertsand O. Hoegh-Guldber g, 2008: Bleaching susceptibility and
mortality of corals are determined by fine-scale differencesin symbiont type. Proceedings of the National
Academy of Sciences of the United States of America, 105(30), 10444-10449.

Sandvik, H., K.E. Erikstad, R.T. Barrett and N.G. Y occoz, 2005: The effect of climate on adult survival in five
species of North Atlantic seabirds. Journal of Animal Ecology, 74(5), 817-831.

Sarmento, H., J.M. Montoya, E. Vazquez-Dominguez, D. Vaque and J.M. Gasol, 2010: Warming effects on
marine microbial food web processes: how far can we go when it comes to predictions? Philosophical
Transactions of the Royal Society of London B: Biological Sciences, 365(1549), 2137-2149.

Sarmiento, J.L. and N. Gruber, 2006: Ocean Biogeochemical Dynamics. Princetion University Press, Princeton,
NJ, USA, 526 pp.

Sarmiento, J.L., T.M.C. Hughes, R.J. Stouffer and S. Manabe, 1998: Simulated response of the ocean carbon
cycle to anthropogenic climate warming. Nature, 393(6682), 245-249.

Sarmiento, J.L., R.D. Slater, J. Dunne, A. Gnanadesikan and M.R. Hiscock, 2010: Efficiency of small scale
carbon mitigation by patch iron fertilization. Biogeosciences, 7(11), 3593-3624.

Sarmiento, J.L., R. Slater, R. Barber, L. Bopp, S.C. Doney, A.C. Hirgt, J. Kleypas, R. Matear, U.
Mikolajewicz, P. Monfray, V. Soldatov, SA. Spall and R. Stouffer, 2004: Response of ocean ecosystems to
climate warming. Global Biogeochemical Cycles, 18(3), GB3003.

Saxby, T., W.C. Dennison and O. Hoegh-Guldber g, 2003: Photosynthetic responses of the coral Montipora
digitata to cold temperature stress. Marine Ecology Progress Series, 248, 85-97.

Schalkhauf3er, B., C. Bock, K. Stemmer, T. Brey, H.O. Pértner and G. Lannig, 2012: Synergistic effects of
ocean warming and acidification on escape performance of the king scallop, Pecten maximus from Norway.
Marine Biology, in revision.

Scheibner, C. and R.P. Speijer, 2008: Late Paleocene-early Eocene Tethyan carbonate platform evolution -- A
response to long- and short-term paleoclimatic change. Earth-Science Reviews, 90(3-4), 71-102.

Schiel, D.R., J.R. Steinbeck and M .S. Foster, 2004: Ten years of induced ocean warming causes comprehensive
changes in marine benthic communities. Ecology, 85(7), 1833-1839.

Schllater, M., A. Merico, K. Wiltshire, W. Greve and H. von Storch, 2008: A statistical analysis of climate
variability and ecosystem response in the German Bight. Ocean Dynamics, 58(3), 169-186.

Schlater, M.H., A. Merico, M. Reginatto, M. Boersma, K.H. Wiltshireand W. Greve, 2010: Phenological shifts
of three interacting zooplankton groups in relation to climate change. Global Change Biology, 16(11), 3144-
3153.

Schmidt, D.N., H.R. Thierstein, J. Bollmann and R. Schiebel, 2004: Abiotic forcing of plankton evolution in the
Cenozoic. Science, 303(5655), 207-210.

Schmiedl, G. and A. Mackensen, 1997: Late Quaternary paleoproductivity and deep water circulation in the
eastern South Atlantic Ocean; evidence from benthic foraminifera. Palaeogeography, Palaeoclimatol ogy,
Palaeoecology, 130(1-4), 43-80.

Schmiedl, G. and D.C. Leuschner, 2005: Oxygenation changes in the deep western Arabian Sea during the last
190,000 years: productivity versus deepwater circulation. Paleoceanography, 20(2), PA2008.

Do Not Cite, Quote, or Distribute 127 11 June 2012



QUOWoWO~NOULEAWNPE

U'lmmm-b-b-b-b-bﬁ-b-b-l>-bwwwwwwwWCDWNNNNNI\)NI\)NNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNPFPOOWNO O WNPFPOOOONOURRWNPOOO~NOOUPRARWNRPEPOOONOOUOUDM,WNE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Schmiedl, G. and A. Mackensen, 2006: M ultispecies stable isotopes of benthic foraminifers reveal past changes of
organic matter decomposition and degpwater oxygenation in the Arabian Sea Paleoceanography, 21(4),
PA4213.

Schnack-Schiel, S.B. and E. I sla, 2005: The role of zooplankton in the pelagic-benthic coupling of the Southern
Ocean. Scientia Marina, 69, 39-55.

Schone, B.R., J. Fiebig, M. Pfeiffer, R. Gleh, J. Hickson, A.L.A. Johnson, W. Dreyer and W. Oschmann, 2005:
Climate records from a bivalved Methuselah (Arctica islandica, Mollusca; | celand). Palaeogeography,
Palaeoclimatology, Palaeoecol ogy, 228, 130-148.

Schwartzlose, R.A., J. Alheit, A. Bakun, T.R. Baumgartner, R. Cloete, R.J.M. Crawford, W.J. Fletcher, Y.
Green-Ruiz, E. Hagen, T. Kawasaki, D. Lluch-Belda, S.E. Lluch-Cota, A.D. MacCall, Y. Matsuura, M.O.
Nevarez-Martinez, R.H. Parrish, C. Roy, R. Serra, K.V. Shust, M.N. Ward and J.Z. Zuzunaga, 1999:
Worldwide large-scal e fluctuations of sardine and anchovy populations. South African Journal of Marine
Science, 21(1), 289-347.

Schwing, F.B. and R. Mendelssohn, 1997: Increased coastal upwelling in the California Current System. Journal
of Geophysical Research, 102(C2), 3421-3438.

Sciandra, A., J. Harlay, D. Lefévre, R. Lemée, P. Rimmelin, M. Denisand J.P. Gattuso, 2003: Response of
coccolithophorid Emiliania huxleyi to elevated partial pressure of CO, under nitrogen limitation. Marine
Ecology Progress Series, 261, 111-122.

Secord, R., J.I. Bloch, S.G.B. Chester, D.M. Boyer, A.R. Wood, S.L. Wing, M.J. Kraus, F.A. Mclnerney and J.
Krigbaum, 2012: Evolution of the earliest horses driven by climate change in the Paleocene-Eocene Thermal
Maximum. Science, 335(6071), 959-962.

Seibel, B.A., 2011.: Critical oxygen levels and metabolic suppression in oceanic oxygen minimum zones. Journal of
Experimental Biology, 214(2), 326-336.

Seki, O., G.L. Foster, D.N. Schmidt, A. Mackensen, K. Kawamura and R.D. Pancost, 2010: Alkenone and
boron-based Pliocene pCO, records. Earth and Planetary Science Letters, 292(1-2), 201-211.

Sette, O.E. and J.D. Isaacs, 1960: Symposium on "The changing Pacific ocean in 1957 and 1958". California
Cooperative Oceanic Fisheries Investigations Reports, 7, 13-217.

Sewell, M.A. and G.E. Hofmann, 2011: Antarctic echinoids and climate change: a major impact on the brooding
forms. Global Change Biology, 17(2), 734-744.

Shepherd, J., K. Caldeira, P. Cox, J. Haigh, D. Keith, B. Launder, G. Mace, G. MacKerron, J. Pyle, S. Rayner,
C. Redgwsell, A. Watson, R. Garthwaite, R. Heap, A. Parker and J. Wilsdon, 2009: Geoengineering the
Climate. Society, T.R.l, London, UK, 98 pp.

Sheppard, C.R.C., 2003: Predicted recurrences of mass coral mortality in the Indian Ocean. Nature, 425(6955),
294-297.

Sherman, K., M. Sissenwine, V. Christensen, A. Duda, G. Hempel, C. Ibe, S. Levin, D. Lluch-Belda, G.
Matishov, J. McGlade, M. O'Toole, S. Seitzinger, R. Serra, H.R. Skjoldal, Q. Tang, J. Thulin, V.
Vandeweerd and K. Zwanenbur g, 2005: A global movement toward an ecosystem approach to management
of marine resources. Marine Ecology Progress Series, 300, 275-279.

Shin, Y.-J., L.J. Shannon, A. Bundy, M. Call, K. Aydin, N. Bez, J.L. Blanchard, M.d.F. Borges, |. Diallo, E.
Diaz, J.J. Heymans, L. Hill, E. Johannesen, D. Jouffre, S. Kifani, P. Labrosse, J.S. Link, S. Mackinson, H.
Masski, C. Mdélimann, S. Neira, H. Ojaveer, K. ould Mohammed Abdallahi, I. Perry, D. Thiao, D.
Yemane and P.M. Cury, 2010: Using indicators for evaluating, comparing, and communicating the ecological
status of exploited marine ecosystems. 2. Setting the scene. ICES Journal of Marine Science: Journal du
Conseil, 67(4), 692-716.

Shirayama, Y. and H. Thornton, 2005: Effect of increased atmospheric CO, on shallow water marine benthos.
Journal of Geophysical Research, 110(C9), C09S08.

Siegenthaler, U., T.F. Stocker, E. Monnin, D. Luthi, J. Schwander, B. Stauffer, D. Raynaud, J.M. Barnola, H.
Fischer, V. Masson-Delmotte and J. Jouzel, 2005: Stable carbon cycle-climate relationship during the late
Pleistocene. Science, 310(5752), 1313-1317.

Sigman, D.M. and E.A. Boyle, 2000: Glacia/interglacial variations in atmospheric carbon dioxide. Nature,
407(6806), 859-869.

Signorini, S.R. and C.R. McClain, 2012: Subtropical gyre variability as seen from satellites. Remote Sensing
Letters, 3(6), 471-479.

Do Not Cite, Quote, or Distribute 128 11 June 2012



QUOWWO~NOULA,WNPE

U‘ImmmmhhhhbthhhbwwwwwwwwwwI\)I\)I\JI\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘l—‘l—‘l—‘
A WNRPOOOWLONO O WNPFPOQOONOUPRRWNRPOOO~NOOUOPRWNPEPOQOONOODUOUAWDNLPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Simmonds, M.P. and S.J. | saac, 2007: The impacts of climate change on marine mammals: early signs of
significant problems. Oryx, 41(1), 19-26.

Simpson, S.D., P.L. Munday, M.L. Wittenrich, R. Manassa, D.L. Dixson, M. Gagliano and H.Y. Yan, 2011a:
Ocean acidification erodes crucial auditory behaviour in a marine fish. Biology Letters, 7(6), 917-920.

Simpson, S.D., S. Jennings, M .P. Johnson, J.L. Blanchard, P.-J. Schén, D.W. Simsand M .J. Genner, 2011b:
Continental shelf-wide response of afish assemblage to rapid warming of the sea. Current Biology, 21(18),
1565-1570.

Sissener, E.H. and T. Bjorndal, 2005: Climate change and the migratory pattern for Norwegian spring-spawning
herring - implications for management. Marine Policy, 29(4), 299-309.

Sluijs, A. and H. Brinkhuis, 2009: A dynamic climate and ecosystem state during the Paleocene-Eocene Thermal
Maximum: inferences from dinoflagellate cyst assemblages on the New Jersey Shelf. Biogeosciences, 6, 1755-
1781.

Smetacek, V. and S. Nicol, 2005: Polar ocean ecosystems in a changing world. Nature, 437(7057), 362-368.

Smith, K.L., Jr., H.A. Ruhl, B.J. Bett, D.S. Billett, R.S. Lampitt and R.S. Kaufmann, 2009: Climate, carbon
cycling, and deep-ocean ecosystems. Proceedings of the National Academy of Sciences of the United States of
America, 106(46), 19211-19218.

Smyth, T.J., T. Tyrrell and B. Tarrant, 2004: Time series of coccolithophore activity in the Barents Sea, from
twenty years of satellite imagery. Geophysical Research Letters, 31(11), 11302-11302.

Snyder, M.A., L.C. Sloan, N.S. Diffenbaugh and J.L . Bell, 2003: Future climate change and upwelling in the
California Current. Geophysical Research Letters, 30(15), 1823.

Somero, G.N., 2011: Comparative physiology: a"crystal ball" for predicting consequences of global change.
American Journal of Physiology - Regulatory, Integrative and Comparative Physiology, 301, R1-R14.

Sommer, U. and A. Lewandowska, 2011: Climate change and the phytoplankton spring bloom: warming and
overwintering zooplankton have similar effects on phytoplankton. Global Change Biology, 17(1), 154-162.

Soto, C.G., 2001: The potential impacts of global climate change on marine protected areas. Reviews in Fish
Biology and Fisheries, 11(3), 181-195.

Soutar, A. and J.D. Isaacs, 1974: Abundance of pelagic fish during the 19th and 20th centuries as recorded in
anaerobic sediments off the Californias. Fishery Bulletin, 72(2), 257-273.

Springer, A.M., J.F. Piatt, V.P. Shuntov, G.B. Van Vliet, V.L. Vladimirov, A.E. Kuzin and A.S. Perlov, 1999:
Marine birds and mammals of the Pacific Subarctic Gyres. Progress In Oceanography, 43(2-4), 443-487.

Stachowicz, J.J., H. Fried, R.W. Osman and R.B. Whitlach, 2002: Biodiversity, invasion resistance, and marine
ecosystem function: reconciling pattern and process. Ecology, 83(9), 2575-2590.

Stanwell-Smith, D. and L.S. Peck, 1998: Temperature and embryonic development in relation to spawning and
field occurrence of larvae of three Antarctic echinoderms. Biological Bulletin, 194(1), 44-52.

Stat, M., D. Carter and O. Hoegh-Guldberg, 2006: The evolutionary history of Symbiodinium and scleractinian
hosts—symbiosis, diversity, and the effect of climate change. Perspectives in Plant Ecology, Evolution and
Systematics, 8(1), 23-43.

Steinacher, M., F. Joos, T.L. Frélicher, G.K. Plattner and S.C. Doney, 2009: Imminent ocean acidification in the
Arctic projected with the NCAR global coupled carbon cycle-climate model. Biogeosciences, 6(4), 515-533.

Steinacher, M., F. Joos, T.L. Frolicher, L. Bopp, P. Cadule, V. Cocco, S.C. Doney, M. Gehlen, K. Lindsay, J.K.
Moore, B. Schneider and J. Segschneider, 2010: Projected 21st century decrease in marine productivity: a
multi-model analysis. Biogeosciences, 7(3), 979-1005.

Stenevik, E.K. and S. Sundby, 2007: Impacts of climate change on commercial fish stocks in Norwegian waters.
Marine Palicy, 31(1), 19-31.

Stenseth, N.C., A. Mysterud, G. Ottersen, JW. Hurrell, K.-S. Chan and M. Lima, 2002: Ecological effects of
climate fluctuations. Science, 297(5585), 1292-1296.

Stephenson, D.B., V. Pavan, M. Collins, M.M. Junge and R. Quadrelli, 2006: North Atlantic Oscillation
response to transient greenhouse gas forcing and the impact on European winter climate: a CMIP2 multi-model
assessment. Climate Dynamics, 27(4), 401-420.

Stige, L.C., G. Ottersen, P. Dalpadado, K .-S. Chan, D. Hjermann, D.L. Lajus, N.A. Yaragina and N.C.
Stenseth, 2010: Direct and indirect climate forcing in a multi-species marine system. Proceedings of the Royal
Society B: Biological Sciences, 277(1699), 3411-3420.

Stock, C.A., M.A. Alexander, N.A. Bond, K.M. Brander, W.W.L. Cheung, E.N. Curchitser, T.L. Delworth,
J.P. Dunne, SM. Griffies, M.A. Haltuch, J.A. Hare, A.B. Hollowed, P. Lehodey, SA. Levin, J.S. Link,

Do Not Cite, Quote, or Distribute 129 11 June 2012



QUOWoWO~NOULEA, WNPE

01010101-l>-l>hhhﬁh-l>-l>-l>wwwwwwwwwwNI\)I\)NNNNNNl\)l—‘l—‘l—‘l—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOOOONOOURWNPOOONOOUOPRA,WNREPOOONOOUOUODM,WNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

K.A. Rosg, R.R. Rykaczewski, J.L. Sarmiento, R.J. Stouffer, F.B. Schwing, G.A. Vecchi and F.E. Werner,
2011: On the use of IPCC-class models to assess the impact of climate on living marine resources. Progress In
Oceanography, 88(1-4), 1-27.

Stolper, D.A., N.P. Revsbech and D.E. Canfield, 2010: Aerobic growth at nanomolar oxygen concentrations.
Proceedings of the National Academy of Sciences of the United States of America, 107(44), 18755-18760.

Stommel, H., 1963: Varieties of oceanographic experience. Science, 139(3555), 572-576.

Stramma, L., G.C. Johnson, J. Sprintall and V. Mohrholz, 2008: Expanding oxygen-minimum zones in the
tropical oceans. Science, 320(5876), 655-658.

Stramma, L., S. Schmidtko, L.A. Levin and G.C. Johnson, 2010: Ocean oxygen minima expansions and their
biological impacts. Deep Sea Research Part |I: Oceanographic Research Papers, 57(4), 587-595.

Stramma, L., E.D. Prince, S. Schmidtko, J. Luo, J.P. Hoolihan, M. Visbeck, D.W.R. Wallace, P. Brandt and A.
Kortzinger, 2012: Expansion of oxygen minimum zones may reduce available habitat for tropical pelagic
fishes. Nature Climate Change, 2(1), 33-37.

Straub, K.L., F.A. Rainey and F. Widdel, 1999: Rhodovulum iodosum sp. nov. and Rhodovulum robiginosum sp.
nov., two new marine phototrophic ferrous-iron-oxidizing purple bacteria. International Journal of Systematic
Bacteriology, 49(2), 729-735.

Strong, A.E., C.S. Barrientos, C. Duda and J. Saper, 1997: Improved satellite techniques for monitoring coral
reef bleaching. Proceedings of the 8th International Coral Reef Symposium, 2, 1495-1498.

Strong, A.E., G. Liu, W. Skirving and C.M. Eakin, 2011: NOAA's Coral Reef Watch program from satellite
observations. Annals of GIS, 17(2), 83-92.

Stumpp, M., K. Trubenbach, D. Brennecke, M.Y. Hu and F. Melzner, 2012: Resource alocation and
extracellular acid-base status in the sea urchin Srongyl ocentrotus droebachiensis in response to CO, induced
seawater acidification. Aquatic Toxicology, 110-111, 194-207.

Sullivan, B.K., P.H. Doering, C.A. Oviatt, A.A. Keller and J.B. Frithsen, 1991: Interactions with the benthos
alter pelagic food web structure in coastal waters. Canadian Journal of Fisheries and Aquatic Sciences, 48(11),
2276-2284.

Sumaila, U.R. and W.W.L. Cheung, 2010: Development and Climate Change: Cost of Adapting Fisheriesto
Climate Change. Discussion Paper Number 5, International Bank for Reconstuction and Development/ World
Bank, Washington, D.C., USA, 37 pp.

Sumaila, U.R.,, W.W.L. Cheung, V.W.Y. Lam, D. Pauly and S. Herrick, 2011: Climate change impacts on the
biophysics and economics of world fisheries. Nature Climate Change, 1(9), 449-456.

Sun, J., D.A. Hutchins, Y. Feng, E.L. Seubert, D.A. Caron and F.-X. Fu, 2011: Effects of changing pCO, and
phosphate availability on domoic acid production and physiology of the marine harmful bloom diatom Pseudo-
nitzschia multiseries. Limnology and Oceanography, 56(3), 829-840.

Sun, L., X. Liu, X.Yin,R. Zhu, Z. Xieand Y. Wang, 2004: A 1,500-year record of Antarctic seal populationsin
response to climate change. Polar Biology, 27(8), 495-501.

Sunday, J.M., R.N. Crim, C.D.G. Harley and M .W. Hart, 2011: Quantifying rates of evolutionary adaptation in
response to ocean acidification. Plos One, 6(8), €22881.

Sverdrup, H.U., 1953: On conditions for the vernal blooming of phytoplankton. ICES Journal of Marine Science,
18(3), 287-295.

Sverdrup, H.U., M.W. Johnson and R.H. Fleming, 1942: The Oceans. Prentice-Hall, Englewood Cliffs, NY, USA,
1087 pp.

Swartz, W., E. Sala, S. Tracey, R. Watson and D. Pauly, 2010: The spatial expansion and ecological footprint of
fisheries (1950 to present). Plos One, 5(12), €15143.

Sydeman, W.J. and S.J. Bograd, 2009: Marine ecosystems, climate and phenology: introduction. Marine Ecology
Progress Series, 393, 185-188.

Takai, K., A. Inoue and K. Horikoshi, 1999: Thermaerobacter marianensis gen. nov., sp. hov., an aerobic
extremely thermophilic marine bacterium from the 11000 m deep Mariana Trench. International Journal of
Systematic Bacteriology, 49(2), 619-628.

Takai, K., K. Nakamura, T. Toki, U. Tsunogai, M. Miyazaki, J. Miyazaki, H. Hirayama, S. Nakagawa, T.
Nunoura and K. Horikoshi, 2008: Cell proliferation at 122°C and isotopically heavy CH, production by a
hyperthermophilic methanogen under high-pressure cultivation. Proceedings of the National Academy of
Sciences of the United States of America, 105(31), 10949-10954.

Do Not Cite, Quote, or Distribute 130 11 June 2012



QUOWOWO~NOULEAWNPE

U'I(J'IU'I(.TI(J'IJ}hbbbﬁbbb-bwwwwwwwwwwNI\)NNNNNNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNPOOWLONO O WNPFPOQOONOUPRAWNRPOOO~NOOUOPRRWNRPOOONOOUUAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Takasuka, A. and |. Aoki, 2006: Environmental determinants of growth rates for larval Japanese anchovy
Engraulisjaponicus in different waters. Fisheries Oceanography, 15(2), 139-149.

Takasuka, A., Y. Oozeki and I. Aoki, 2007: Optimal growth temperature hypothesis: why do anchovy flourish and
sardine collapse or vice versa under the same ocean regime? Canadian Journal of Fisheries and Aquatic
Sciences, 64(5), 768-776.

Takasuka, A., Y. Oozeki and H. Kubota, 2008: M ulti-species regime shifts reflected in spawning temperature
optima of small pelagic fish in the western North Pacific. Marine Ecology Progress Series, 360, 211-217.

Tatters, A.O., F.-X. Fu and D.A. Hutchins, 2012: High CO, and silicate limitation synergistically increase the
toxicity of Pseudo-nitzschia fraudulenta. Plos One, 7(2), €32116.

Taucher, J. and A. Oschlies, 2011: Can we predict the direction of marine primary production change under global
warming? Geophysical Research Letters, 38, L02603.

Taylor, A.R., C. Brownleeand G. Wheeler, 2012 submitted: pH regulation in algae: reasons to be excited. Trends
in Plant Sciences.

Taylor, A.R., A. Chrachri, G. Wheeler, H. Goddard and C. Brownlee, 2011: A voltage-gated H* channel
underlying pH homeostasisin calcifying Coccolithophores. PLoSBiol, 9(6), €1001085.

Tegner, M .J. and P.K. Dayton, 1987: El Nifio effects on Southern California kelp forest communities. Advancesin
Ecological Research, 17, 243-279.

Tegner, M .J., P.K. Dayton, P.B. Edwardsand K.L. Riser, 1996: |sthere evidence for long-term climatic change
in southern California kelp forests? California Cooperative Oceanic Fisheries Investigations Reports, 37, 111-
126.

Tenreiro, S, M.F. Nobre, F.A. Rainey, C. Miguel and M.S. Da Cost, 1997: Thermonema rossianum sp. hov., a
new thermophilic and slightly halophilic species from saline hot springsin Naples, Italy. International Journal
of Systematic Bacteriology, 47(1), 122-126.

Thamdrup, B., D.E. Canfield, T.G. Ferdelman, R.N. Glud and J.K. Gundersen, 1996: A biogeochemical survey
of the anoxic basin Golfo Dulce, Costa Rica. Revista De Biologia Tropical, 44, 19-33.

Thomas, E., 2003: Extinction and food at the seafloor: a high-resolution benthic foraminiferal record across the
Initial Eocene Thermal Maximum, Southern Ocean Site 690. In: Causes and Conseguences of Globally Warm
Climatesin the Early Paleogene: Geological Society of America Special Paper 369, [Wing, S.L., P.D.
Gingerich, B. Schmitz and E. Thomas(eds.)]. Geological Society of America, Boulder, CO, USA, pp. 319-332.

Thomas, E., 2007: Cenozoic mass extinctions in the deep sea: what perturbs the largest habitat on earth? In: Large
Scale Ecosystem Perturbation: Causes and Consequences: Geological Society of America Special Paper 424,
[Monechi, S., R. Coccioni and M.R. Rampino(eds.)]. Geological Society of America, Boulder, CO, USA, pp. 1-
23.

Thomas, E. and A.J. Gooday, 1996: Cenozoic deep-sea benthic foraminifers: Tracers for changesin oceanic
productivity? Geology, 24(4), 355-358.

Thomas, E., L. Booth, M. Maslin and N.J. Shackleton, 1995: Northeastern Atlantic benthic foraminifera during
the last 45,000 years: changes in productivity seen from the bottom up. Paleoceanography, 10(3), 545-562.
Thomsen, J. and F. Melzner, 2010: Moderate seawater acidification does not elicit long-term metabolic depression

in the blue mussel Mytilus edulis. Marine Biology, 157(12), 2667-2676.

Thornalley, D.J.R., H. Elderfield and |.N. M cCave, 2011: Reconstructing deglacial North Atlantic surface
hydrography and its link to the Atlantic overturning circulation. Global and Planetary Change, 79(3-4), 163-
175.

Tittensor, D.P., C. Mora, W. Jetz, H.K. Lotze, D. Ricard, E.V. Berghe and B. Worm, 2010: Global patterns and
predictors of marine biodiversity across taxa. Nature, 466(7310), 1098-1101.

Tittensor, D.P., A.R. Baco, P.E. Brewin, M.R. Clark, M. Consalvey, J. Hall-Spencer, A.A. Rowden, T.
Schlacher, K.I. Stocksand A.D. Roger s, 2009: Predicting global habitat suitability for stony corals on
seamounts. Journal of Biogeography, 36(6), 1111-1128.

Tortell, P.D., C. Payne, C. Gueguen, R.F. Strzepek, P.W. Boyd and B. Rost, 2008: Inorganic carbon uptake by
Southern Ocean phytoplankton. Limnology and Oceanography, 53(4), 1266-1278.

Tourre, Y., M., S. Lluch-Cota, E. and W.B. White, 2007: Global multi-decadal ocean climate and small-pelagic
fish population. Environmental Research Letters, 2(3), 034005.

Travers, M. and Y .-J. Shin, 2010: Spatio-temporal variability in fish-induced predation mortality on plankton: A
simulation approach using a coupled trophic model of the Benguela ecosystem. Progress In Oceanography, 84,
118-120.

Do Not Cite, Quote, or Distribute 131 11 June 2012



QUOWWO~NOULA,WNBE

U'IU'IU'Immhhhhhﬁ##h#wwwwwwwwwwI\)I\)I\JI\JI\)I\)I\)I\)I\)I\)I—‘I—‘l—‘l—‘l—‘l—‘l—‘l—‘l—‘l—‘
A WNRPOOKLONO O WNPFPOQOONOOUOOPRRWNRPOOO~NOOUOPRWNPEPOQOONOODUOUAWDNLE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Travers, M., Y.J. Shin, S. Jennings, E. Machu, J.A. Huggett, J.G. Field and P.M. Cury, 2009: Two-way
coupling versus one-way forcing of plankton and fish models to predict ecosystem changes in the Benguela.
Ecological Modelling, 220(21), 3089-3099.

Trench, R.K., 1979: The cell biology of plant-animal symbiosis. Annual Review of Plant Physiology, 30(1), 485-
531.

Trimborn, S., G. Langer and B. Rost, 2007: Effect of calcium concentration and irradiance on calcification and
photosynthesis in the coccolithophore Emiliania huxleyi. Limnology and Oceanography, 52(5), 2285-2293.

Trimborn, S., N. Lundholm, S. Thoms, K.U. Richter, B. Krock, P.J. Hansen and B. Rost, 2008: Inorganic
carbon acquisition in potentially toxic and non-toxic diatoms: the effect of pH-induced changes in seawater
carbonate chemistry. Physiologia Plantarum, 133(1), 92-105.

Trivelpiece, W.Z., J.T. Hinke, A.K. Miller, C.S. Reiss, S.G. Trivelpiece and G.M. Watters, 2011: Variability in
krill biomass links harvesting and climate warming to penguin population changes in Antarctica. Proceedings of
the National Academy of Sciences, 108(18), 7625-7628.

Trotter, J., P. Montagna, M. McCulloch, S. Silenzi, S. Reynaud, G. Mortimer, S. Martin, C. Ferrier-Pages, J.-
P. Gattuso and R. Rodolfo-M etalpa, 2011: Quantifying the pH 'vital effect' in the temperate zooxanthellate
coral Cladocora caespitosa: validation of the boron seawater pH proxy. Earth and Planetary Science Letters,
303(3-4), 163-173.

Turley, C., M. Eby, A.J. Ridgwell, D.N. Schmidt, H.S. Findlay, C. Brownlee, U. Riebesell, V.J. Fabry, R.A.
Feely and J.P. Gattuso, 2010: The societal challenge of ocean acidification. Marine Pollution Bulletin, 60(6),
787-792.

Turner, J., SR. Colwell, G.J. Marshall, T.A. Lachlan-Cope, A.M. Carleton, P.D. Jones, V. Lagun, P.A. Reid
and S. lagovkina, 2005: Antarctic climate change during the last 50 years. International Journal of
Climatology, 25, 279-294.

Ulstrup, K.E. and M .J.H. Van Oppen, 2003: Geographic and habitat partitioning of genetically distinct
zooxanthellae (Symbiodinium) in Acropora corals on the Great Barrier Reef. Molecular Ecology, 12(12), 3477-
3484,

UNESCO, 2009: Global Open Oceans and Deep Seabed (GOODS) - Biogeographic Classification. IOC Technical
Series, 84, UNESCO-I0OCI, Paris, 95 pp.

Urban, M.C., J.J. Tewksbury and K.S. Sheldon, 2012: On a collision course: competition and dispersal
differences create no-analogue communities and cause extinctions during climate change. Proceedings of the
Royal Society B: Biological Sciences, published online, doi: 10.1098/rspb.2011.2367.

Utne-Palm, A.C., A.G. Salvanes, B. Currie, S. Kaartvedt, G.E. Nilsson, V.A. Braithwaite, J.A. Stecyk, M.
Hundt, M. van der Bank, B. Flynn, G.K. Sandvik, T.A. Klevjer, A.K. Sweetman, V. Bruchert, K. Pittman,
K.R. Peard, |.G. Lunde, R.A. Strandabo and M .J. Gibbons, 2010: Trophic structure and community
stability in an overfished ecosystem. Science, 329(5989), 333-336.

Valdez, M.C., E.S. Zaragoza, D.L. Belda, R. Marcos and R.A. Ramirez, 2003: Effect of climatic change on the
harvest of the kelp Macrocystis pyrifera on the Mexican Pacific coast. Bulletin of Marine Science, 73, 545-556.

van den Hoek, C., 1982: The distribution of benthic marine algae in relation to the temperature regulation of their
life histories. Biological Journal of the Linnean Society, 18(2), 81-144.

van der Lingen, C.D., L. Hutchingsand J.G. Field, 2006: Comparative trophodynamics of anchovy Engraulis
encrasicolus and sardine Sardinops sagax in the southern Benguela: are species aternations between small
pelagic fish trophodynamically mediated? African Journal of Marine Science, 28(3-4), 465-477.

Van Houtan, K.S. and O.L. Bass, 2007: Stormy oceans are associated with declines in sea turtle hatching. Current
Biology, 17(15), R590-R591.

Van Houtan, K.S. and J.M. Halley, 2011: Long-term climate forcing in loggerhead seaturtle nesting. Plos One,
6(4), €19043.

Van Oostdam, J., S.G. Donaldson, M. Feeley, D. Arnold, P. Ayotte, G. Bondy, L. Chan, E. Dewaily, C.M.
Furgal, H. Kuhnlein, E. Loring, G. Muckle, E. Myles, O. Receveur, B. Tracy, U. Gill and S. Kalhok, 2005:
Human health implications of environmental contaminantsin Arctic Canada: A review. Science of the Total
Environment, 351, 165-246.

Vaquer-Sunyer, R. and C.M. Duarte, 2008: Thresholds of hypoxiafor marine biodiversity. Proceedings of the
National Academy of Sciences, USA, 105(40), 15452-15457.

Vaquer-Sunyer, R. and C.M. Duarte, 2011: Temperature effects on oxygen thresholds for hypoxiain marine
benthic organisms. Global Change Biology, 17(5), 1788-1797.

Do Not Cite, Quote, or Distribute 132 11 June 2012



QUOWOWONOULEA WNBE

U'IU'IU'IU'l-b-b-l>-b-l>ﬁ-b-bhhwwwwwwwwwwNNNNNl\)NNNNl—‘l—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNPFPOOWNO O WNPFPOQOOONOOUPRRWNPOOONOOUPRARWNREPOOONOOUOUD,WNE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Vargas, F.H., R.C. Lacy, P.J. Johnson, A. Steinfurth, R.J.M. Crawford, P. Dee Boersma and D.W.
Macdonald, 2007: Modelling the effect of El Nifio on the persistence of small populations: The Galdpagos
penguin as a case study. Biological Conservation, 137(1), 138-148.

Vazquez-Rodriguez, M., F.F. Pérez, A. Velo, A.F. Riosand H. Mercier, 2012: Observed trends of anthropogenic
acidification in North Atlantic water masses. Biogeosciences Discussions, 9(3), 3003-3030.

Vecchi, G.A. and B.J. Soden, 2007: Increased tropical Atlantic wind shear in model projections of global warming.
Geophysical Research Letters, 34, L08702.

Vélez-Belchi, P., A. Hernandez-Guerra, E. Fraile-Nuez and V. Benitez-Barrios, 2010: Changes in temperature
and salinity tendencies of the upper subtropical North Atlantic ocean at 24.5°N. Journal of Physical
Oceanography, 40(11), 2546-2555.

Venrick, E.L., J.A. McGowan, D.R. Cayan and T.L. Hayward, 1987: Climate and chlorophyll a: long-term
trends in the central North Pacific Ocean. Science, 238(4823), 70-72.

Vermeij, G.J. and E.J. Petuch, 1986: Differential extinction in tropical American molluscs. endemism,
architecture, and the Panama land bridge. Malacologia, 27, 29-41.

Veron, J., 2008: Mass extinctions and ocean acidification: biological constraints on geological dilemmas. Coral
Reefs, 27(3), 459-472.

Veron, J.E., O. Hoegh-Guldberg, T.M. Lenton, J.M. Lough, D.O. Obura, P. Pearce-Kelly, C.R. Sheppard, M.
Spalding, M.G. Stafford-Smith and A.D. Rogers, 2009: The coral reef crisis: the critical importance of <350
ppm CO,. Marine Pollution Bulletin, 58(10), 1428-1436.

Veron, J.E.N., 2011: Ocean acidification and coral reefs. an emerging big picture. Diversity, 3(2), 262-274.

Vetter, R.D., E.A. Lynn, M. Garzaand A.S. Costa, 1994: Depth zonation and metabolic adaptation in Dover sole,
Microstomus pacificus, and other deep-living flatfishes: factors that affect the sole. Marine Biology, 120(1),
145-159.

Vezzoli, A., M. Gussoni, F. Greco, L. Zetta and P. Cerretelli, 2004: Temperature and pH dependence of energy
balance by *'P- and *H-MRS in anaerobic frog muscle. Biochimica et Biophysica Acta: Bioenergetics, 1608(2-3),
163-170.

Vezzulli, L., C. Pruzzo, A. Hug and R.R. Colwell, 2010: Environmental reservoirs of Vibrio cholerae and their
rolein cholera. Environmental Microbiology Reports, 2(1), 27-33.

Visser, M.E. and C. Both, 2005: Shiftsin phenology due to global climate change: the need for a yardstick.
Proceedings of the Royal Society B: Biological Sciences, 272(1581), 2561-2569.

Vitassg, Y., C.C. Bresson, A. Kremer, R. Michalet and S. Delzon, 2010: Quantifying phenological plasticity to
temperature in two temperate tree species. Functional Ecology, 24(6), 1211-1218.

Vogt, M., M. Steinke, S. Turner, A. Paulino, M. Meyerhofer, U. Riebesell, C. LeQuereand P. Liss, 2008:
Dynamics of dimethylsulphoniopropionate and dimethylsulphide under different CO, concentrations during a
mesocosm experiment. Biogeosciences, 5, 407-419.

Volk, T.and M.l. Hoffert, 1985: Ocean carbon pumps:. analysis of relative strengths and efficienciesin ocean-
driven atmospheric CO, changes. In: The Carbon Cycle and Atmospheric CO,: Natural Variations Archean to
Present, Geophysical Monograph 32, [Sundquist, E.T. and W.S. Broecker(eds.)]. American Geophysical Union,
Washington, DC, USA, pp. 99-110.

Voss, M. and J.P. Montoya, 2009: Nitrogen cycle: oceans apart. Nature, 461(7260), 49-50.

Votier, S.C., B.J. Hatchwell, A. Beckerman, R.H. McCleery, F.M. Hunter, J. Pellatt, M. Trinder and T.R.
Birkhead, 2005: Oil pollution and climate have wide-scale impacts on seabird demographics. Ecology letters,
8(11), 1157-1164.

Walther, K., K. Anger and H.O. Pértner, 2010: Effects of ocean acidification and warming on the larval
development of the spider crab Hyas araneus from different latitudes (54° vs. 79°N). Marine Ecology Progress
Series, 417, 159-170.

Walther, K., F.J. Sartorisand H.O. Pértner, 2011: Impacts of temperature and acidification on larval
calcification of the spider crab Hyas araneus from different latitudes (54° vs. 79°N). Marine Biology, 158(9),
2043-2053.

Walther, K., F.J. Sartoris, C. Bock and H.O. Pdrtner, 2009: Impact of anthropogenic ocean acidification on
thermal tolerance of the spider crab Hyas araneus. Biogeosciences, 6(10), 2207-2215.

Wara, M.W., A.C. Ravelo and M .L. Delaney, 2005: Permanent El Nifio-like conditions during the Pliocene warm
period. Science, 309(5735), 758-761.

Do Not Cite, Quote, or Distribute 133 11 June 2012



QUOWWO~NOULEAWNPE

U'IU'IU'IU'I-b-b-h-b-bﬁ-b-bhhwwwwwwwmmwl\)l\)l\)l\)l\)l\)l\)l\)l\)l\)l—‘l—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFP,POOWLNO O WNPFPOQOONODUPRARWNRPOOONOUOPRWNPOOONOODUIEAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Ward, B.B., A.H. Deval, J.J. Rich, B.X. Chang, S.E. Bulow, H. Naik, A. Pratihary and A. Jayakumar, 2009:
Denitrification as the dominant nitrogen loss process in the Arabian Sea. Nature, 461(7260), 78-81.

Ware, D.M. and R.E. Thomson, 2005: Bottom-up ecosystem trophic dynamics determine fish production in the
northeast Pacific. Science, 308(5726), 1280-1284.

Warner, M.E., W .K. Fitt and G.W. Schmidt, 1999: Damage to photosystem |1 in symbiotic dinoflagellates. a
determinant of coral bleaching. Proceedings of the National Academy of Sciences of the United States of
America, 96(14), 8007-8012.

Watson, A.J., D.C.E. Bakker, A.J. Ridgwell, P.W. Boyd and C. Law, 2000: Effect of iron supply on Southern
Ocean CO, uptake and implications for glacial atmospheric CO,. Nature, 407, 730-733.

Webb, A.E., L.R. Leighton, S.A. Schellenberg, E.A. Landau and E. Thomas, 2009: Impact of the Paleocene-
Eocene thermal maximum on deep-ocean microbenthic community structure: using rank-abundance curves to
quantify paleoecological response. Geology, 37(9), 783-786.

Weeks, S.J., B. Currieand A. Bakun, 2002: Satellite imaging: Massive emissions of toxic gas in the Atlantic.
Nature, 415(6871), 493-494.

Weimerskirch, H., M. Louzao, S. de Grissac and K. Delord, 2012: Changes in wind pattern alter albatross
distribution and life-history traits. Science, 335(6065), 211-214.

Weinbauer, M.G., X. Mari and J.-P. Gattuso, 2011: Effects of ocean acidification on the diversity and activity of
heterotrophic marine microorganisms. In: Ocean Acidification, [Gattuso, J.-P. and L. Hansson(eds.)]. Oxford
University Press, Oxford, UK, pp. 83-98.

Weishampel, J.F., D.A. Bagley and L.M. Ehrhart, 2004: Earlier nesting by loggerhead sea turtles following sea
surface warming. Global Change Biology, 10(8), 1424-1427.

Wernberg, T., B.D. Russell, M.S. Thomsen, C.F.D. Gurgel, C.J.A. Bradshaw, E.S. Poloczanska and S.D.
Connell, 2011: Seaweed communitiesin retreat from ocean warming. Current Biology, 21(21), 1828-1832.

Wetherald, R.T. and S. Manabe, 2002: Simulation of hydrologic changes associated with global warming. Journal
of Geophysical Research, 107, D19.

Wethey, D.S., SAA. Woodin, T.J. Hilbish, S.J. Jones, F.P. Lima and P.M. Brannock, 2011: Response of
intertidal populations to climate: Effects of extreme events versus long term change. Journal of Experimental
Marine Biology and Ecology, 400(1-2), 132-144.

Whitney, F.A., H.J. Freeland and M. Robert, 2007: Persistently declining oxygen levelsin the interior waters of
the eastern subarctic Pacific. Progessin Oceanography, 75(2), 179-199.

Wienberg, C., D. Hebbeln, H.G. Fink, F. Mienis, B. Dorschel, A. Vertino, M. Lopez Correaand A. Freiwald,
2009: Scleractinian cold-water corals in the Gulf of Cadiz-First clues about their spatial and temporal
distribution. Deep-Sea Research Part 1-Oceanographic Research Papers, 56(10), 1873-1893.

Wienberg, C., N. Frank, K.N. Mertens, J.B. Stuut, M. Marchant, J. Fietzke, F. Mienisand D. Hebbeln, 2010:
Glacial cold-water coral growth in the Gulf of Cadiz: Implications of increased palaeo-productivity. Earth and
Planetary Science Letters, 298(3-4), 405-416.

Wignall, P.B., 2001: Large igneous provinces and mass extinctions. Earth-Science Reviews, 53(1-2), 1-33.

Wilkinson, C., 1998: The 1997-1998 Mass Bleaching Event Around the World. AIMSI, Townsville, Australia, 23
pp.

Wilson, K.J., J. Falkingham, H. Méelling and R. De Abreu, 2004: Shipping in the Canadian Arctic: other possible
climate change scenarios. Geoscience and Remote Sensing Symposium, 3, 1853-1856.

Wilson, R., A. Tudhope, P. Brohan, K. Briffa, T. Osborn and S. Tett, 2006: Two-hundred-fifty years of
reconstructed and modeled tropical temperatures. Journal of Geophysical Research - Oceans, 111(C10),
C10007.

Wilson, S.E., D.K. Steinberg and K.O. Buesseler, 2008: Changesin fecal pellet characteristics with depth as
indicators of zooplankton repackaging of particles in the mesopel agic zone of the subtropical and subarctic
North Pacific Ocean. Deep Sea Research Part 11: Topical Studies in Oceanography, 55(14-15), 1636-1647.

Wilson, SK., R. Fisher, M.S. Pratchett, N.A.J. Graham, N.K. Dulvy, R.A. Turner, A. Cakacakaand N.V.C.
Polunin, 2010: Habitat degradation and fishing effects on the size structure of coral reef fish communities.
Ecological Applications, 20(2), 442-451.

Wiltshire, K., A. Kraberg, |. Bartsch, M. Boersma, H.-D. Franke, J. Freund, C. Gebihr, G. Gerdts, K.
Stockmann and A. Wichels, 2010: Helgoland roads, North Sea: 45 years of change. Estuaries and Coasts,
33(2), 295-310.

Do Not Cite, Quote, or Distribute 134 11 June 2012



QUOWOWONOULEAWNPE

mmmmbbbbbﬁhhhhwwwwwwwwwwI\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNPFPOOWNO O WNPFPOQOONOUOPRRWNRPOOO~NOOUOPRWNPOQOONOODUOUAWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Winguth, A.M .E., E. Thomasand C. Winguth, 2012: Global declinein ocean ventilation, oxygenation, and
productivity during the Paleocene-Eocene Therma Maximum: implications for the benthic extinction. Geology,
40(3), 263-266.

witt, M .J., L.A. Hawkes, M .H. Godfrey, B.J. Godley and A.C. Broderick, 2010: Predicting the impacts of
climate change on a globally distributed species: the case of the loggerhead turtle. Journal of Experimental
Biology, 213, 901-911.

Woesg, C.R., O. Kandler and M.L. Wheslis, 1990: Towards a natural system of organisms: proposal for the
domains Archaea, Bacteria, and Eucarya. Proceedings of the National Academy of Sciences of the United States
of America, 87(12), 4576-4579.

Wohlers, J., A. Engel, E. Zdllner, P. Breithaupt, K. Jirgens, H.-G. Hoppe, U. Sommer and U. Riebesell, 20009:
Changes in biogenic carbon flow in response to sea surface warming. Proceedings of the National Academy of
Sciences of the United States of America, 106(17), 7067-7072.

Wohlers-Zdllner, J., P. Breithaupt, K. Walther, K. Jirgensand U. Riebesell, 2011: Temperature and nutrient
stoichiometry interactively modulate organic matter cycling in a pelagic algal-bacterial community. Limnology
and Oceanography, 56(2), 599-610.

Wolf, S.G., M.A. Snyder, W.J. Sydeman, D.F. Doak and D.A. Croll, 2010: Predicting population consequences
of ocean climate change for an ecosystem sentinel, the seabird Cassin's auklet. Global Change Biology, 16(7),
1923-1935.

Wood, H.L ., J.l. Spicer and S. Widdicombe, 2008: Ocean acidification may increase calcification rates, but at a
cost. Proceedings of the Royal Society London B: Biological Sciences, 275(1644), 1767-1773.

Wood, R., 1999: Reef Evolution. Oxford University Press, Oxford, U. K., 414 pp.

Wootton, J.T., C.A. Pfister and J.D. Forester, 2008: Dynamic patterns and ecological impacts of declining ocean
pH in a high-resolution multi-year dataset. Proceedings of the National Academy of Sciences of the United
Sates of America, 105(48), 18848-18853.

Worm, B., E.B. Barbier, N. Beaumont, J.E. Duffy, C. Folke, B.S. Halpern, J.B.C. Jackson, H.K. Lotze, F.
Micheli, SR. Palumbi, E. Sala, K.A. Selkoe, J.J. Stachowicz and R. Watson, 2006: Impacts of biodiversity
loss on ocean ecosystem services. Science, 314(5800), 787-790.

Worm, B., R. Hilborn, J.K. Baum, T.A. Branch, J.S. Callie, C. Costello, M .J. Fogarty, E.A. Fulton, J.A.
Hutchings, S. Jennings, O.P. Jensen, H.K. Lotze, P.M. Mace, T.R. McClanahan, C. Minto, S.R. Palumbi,
A.M. Parma, D. Ricard, A.A. Rosenberg, R. Watson and D. Zeller, 2009: Rebuilding global fisheries.
Science, 325(5940), 578-585.

Yamaguchi, M., I. Shigeru, K. Nagasaki, Y. Matsuyama, T. Uchida and |. Imai, 1997: Effects of temperature
and salinity on the growth of the red tide flagellates Heterocapsa circularisquama (Dinophyceae) and
Chattonella verruculosa (Raphidophyceage). Journal of Plankton Research, 19(8), 1167-1174.

Yamamoto-Kawai, M., F.A. McLaughlin, E.C. Carmack, S. Nishino and K. Shimada, 2009: Aragonite
undersaturation in the Arctic Ocean: effects of ocean acidification and seaice melt. Science, 326(5956), 1098-
1100.

Yamano, H., K. Sugihara and K. Nomura, 2011: Rapid poleward range expansion of tropical reef coralsin
response to rising sea surface temperatures. Geophysical Research Letters, 38, L04601.

Yang, T.H., N.C. Lai, J.B. Graham and G.N. Somero, 1992: Respiratory, blood, and heart enzymatic adaptations
of Sebastolobus alascanus (Scorpaenidae; Teleostei) to the oxygen minimum zone: A comparative study.
Biological Bulletin, 183(3), 490-4909.

Yasuda, I., S. Osafune and H. Tatebe, 2006: Possible explanation linking 18.6-year period nodal tidal cycle with
bi-decadal variation of ocean and climate in the North Pacific. Geophysical Research Letters, 33, L08606.

Yasuda, |., H. Sugisaki, Y. Watanabe, S.-S. Minobe and Y. Oozeki, 1999: Interdecadal variations in Japanese
sardine and ocean/climate. Fisheries Oceanography, 8, 18-24.

Yonge, C.M. and A.G. Nicholls, 1931: Studies on the physiology of corals. V. The effect of starvation in light and
in darkness on the relationship between corals and zooxanthellae. Scientific Report of the Great Barrier Reef
Expedition, 1, 177-211.

Young, J.R., M. Geisen and |. Probert, 2005: A review of selected aspects of coccolithophore biology with
implications for paleobiodiversity estimation. Micropal eontology, 51(4), 267-288.

Zachos, J., M. Pagani, L. Sloan, E. Thomasand K. Billups, 2001: Trends, rhythms, and aberrationsin global
climate 65 Mato present. Science, 292(5517), 686-693.

Do Not Cite, Quote, or Distribute 135 11 June 2012



QUOWoWOW~NOULEA,WNPE

oS e e N S A RN RS8 8 Y YRR YRENENRERRRENNNRNEERERRE RS
NFPFOOOXDIDODUITRNROMNROOOIOTREROINROOOVNOUNRONRPOOONOOO~MWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Zachos, J.C., M.W. Wara, S. Bohaty, M.L. Delaney, M .R. Petrizzo, A. Brill, T.J. Bralower and |. Premoli
Silva, 2003: A transient rise in tropical sea surface temperature during the Paleocene-Eocene thermal maximum.
Science, 302(5650), 1151-1154.

Zavialov, P.O., 2005: Physical Oceanography of the Dying Aral Sea. Springer, Praxis, Chichester, UK, 159 pp.

Zavialov, P.O., A.A. Ni, D.P. Ishniyazov, T.V. Kudyshkin, A.K. Kurbaniyazov and D. M ukhamedzhanova,
2009: Ongoing changes in salt composition and dissolved gasesin the Aral Sea. Aquatic Geochemistry, 15(1-2),
263-275.

Zeebe, R. and A. Ridgwell, 2011: 2- Past changes of ocean carbonate chemistry. In: Ocean Acidification, [ Gattuso,
J.-P. and L. Hansson(eds.)]. Oxford University Press, Oxford, pp. 21-40.

Zeebe, R.E. and P. Westbroek, 2003: A simple model for the CaCO; saturation state of the ocean: The
"Strangelove”, the "Neritan”, and the "Cretan" Ocean. Geochemistry Geophysics Geosystems, 4(12), 1104.

Zeebe, R.E., J.C. Zachos and G.R. Dickens, 2009: Carbon dioxide forcing alone insufficient to explain
Palaeocene-Eocene Thermal Maximum warming. Nature Geoscience, 2(8), 576-580.

Zeidberg, L.D. and B.H. Robison, 2007: Invasive range expansion by the Humboldt squid, Dosidicus gigas, in the
eastern North Pacific. Proceedings of the National Academy of Sciences of the United States of America,
104(31), 12948-12950.

Zittier, Z.M.C., T. Hirseand H.O. Pértner, 2012: The synergistic effects of increasing temperature and CO,
levels on exercise capacity and acid-base balance in the spider crab, Hyas araneus. Marine Biology, in revision.

Zondervan, |., B. Rost and U. Riebesell, 2002: Effect of CO, concentration on the PIC/POC ratio in the
coccolithophore Emiliania huxleyi grown under light-limiting conditions and different daylengths. Journal of
Experimental Marine Biology and Ecology, 272(1), 55-70.

Zondervan, |., R.E. Zeebe, B. Rost and U. Riebesell, 2001: Decreasing marine biogenic calcification: a negative
feedback on rising atmospheric pCO,. Global Biogeochemical Cycles, 15(2), 507-516.

Zwolinski, J.P. and D.A. Demer, 2012: A cold oceanographic regime with high exploitation rates in the Northeast
Pacific forecasts a collapse of the sardine stock. Proceedings of the National Academy of Sciences of the United
Sates of America, 109(11), 4175-4180.

References for Table 6-3

Agegian, C.R., 1985: The biogeochemical ecology of Porolithon gardineri (foslie). PhD thesis, University of
Hawaii, 178 pp.

Albright, R. and C. Langdon, 2011: Ocean acidification impacts multiple early life history processes of the
Caribbean coral Porites astreoides. Global Change Biology, 17(7), 2478-2487.

Albright, R., B. Mason, M. Miller and C. Langdon, 2010: Ocean acidification compromises recruitment success
of the threatened Carribean coral Acropora palmata. Proceedings of the National Academy of Sciences of the
United Sates of America, 107(47), 20400-20404.

Anlauf, H., L. D'Croz and A. O'Dea, 2011: A corrosive concoction: The combined effects of ocean warming and
acidification on the early growth of a stony coral are multiplicative. Journal of Experimental Marine Biology
and Ecology, 397(1), 13-20.

Anthony, K.R., D.I. Kline, G. Diaz-Pulido, S. Dove and O. Hoegh-Guldber g, 2008: Ocean acidification causes
bleaching and productivity lossin coral reef builders. Proceedings of the National Academy of Sciences of the
United Sates of America, 105(45), 17442-17446.

Arnold, K.E., H.S. Findlay, J.I. Spicer, C.L. Danielsand D. Boothroyd, 2009: Effect of CO,-related acidification
on aspects of the larval development of the European lobster, Homarus gammarus (L.). Biogeosciences, 6(8),
1747-1754.

Barcelos e Ramos, J., H. Biswas, K.G. Schulz, J. LaRoche and U. Riebesell, 2007: Effect of rising atmospheric
carbon dioxide on the marine nitrogen fixer Trichodesmium. Global Biogeochemical Cycles, 21(2), GB2028.

Batten, S.D. and R.N. Bamber, 1996: The effects of acidified seawater on the polychaete Nereis virens Sars, 1835.
Marine Pollution Bulletin, 32(3), 283-287.

Baumann, H., S.C. Talmage and C.J. Gobler, 2012: Reduced early life growth and survival in afish in direct
response to increased carbon dioxide. Nature Climate Change, 2(1), 38-41.

Do Not Cite, Quote, or Distribute 136 11 June 2012



QUOWoOWO~NOULA,WNPE

0101010101.;.;.b.b.bﬁ4>.l>Ahwwwwwwwwwwmmmmmmmmmml—w—\|—\|—\|—\|—\|—\|—\|—\|—\
A WNRPLPOOWLONO O WNPFPOQOONOURWNPOOONOOUPRAWNRPOOONOOODWNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Bechmann, R.K., |.C. Taban, S. Westerlund, B.F. Godal, M. Arnberg, S. Vingen, A. Ingvarsdottir and T.
Baussant, 2011: Effects of ocean acidification on early life stages of shrimp (Pandalus borealis) and mussel
(Mytilus edulis). Journal of Toxicology and Environmental Health, Part A, 74(7-9), 424-438.

Bellerby, R.G.J., K.G. Schulz, U. Riebesell, C. Neill, G. Nondal, E. Heegaard, T. Johannessen and K.R.
Brown, 2008: Marine ecosystem community carbon and nutrient uptake stoichiometry under varying ocean
acidification during the PeECE |11 experiment. Biogeosciences, 5(6), 1517-1527.

Berge, J.A., B. Bjerkeng, O. Pettersen, M.T. Schaanning and S. @xnevad, 2006: Effects of increased sea water
concentrations of CO, on growth of the bivalve Mytilus edulis L. Chemosphere, 62(4), 681-687.

Bibby, R., P. Cleall-Harding, S. Rundle, S. Widdicombe and J. Spicer, 2007: Ocean acidification disrupts
induced defencesin the intertidal gastropod Littorina littorea. Biology Letters, 3(6), 699-701.

Bijma, J., 2002: Impact of the ocean carbonate chemistry on living foraminiferal shell weight: comment on
“Carbonate ion concentration in glacial-age deep waters of the Caribbean Sea’ by W. S. Broecker and E. Clark.
Geochemistry Geophysics Geosystems, 3(11), 1064.

Bijma, J., H.J. Spero and D.W. L ea, 1999: Reassessing foraminiferal stable isotope geochemistry: impact of the
oceanic carbonate system (experimental results). In: Use of Proxies in Paleoceanography: Examples from the
South Atlantic, [Fischer, G. and G. Wefer(eds.)]. Springer, Berlin, pp. 489-512.

Borowitzka, M.A. and A.W.D. Larkum, 1976: Calcification in the green alga Halimeda. 3. The sources of
inorganic carbon for photosynthesis and calcification and a model of the mechanism of calcification. Journal of
Experimental Botany, 27, 879-893.

Brennand, H.S., N. Soars, S.A. Dworjanyn, A.R. Davisand M. Byrne, 2010: Impact of ocean warming and
ocean acidification on larval development and calcification in the sea urchin Tripneustes gratilla. PloSone, 5(6),
ell1372.

Buitenhuis, E.T., H.J.W. de Baar and M .J.W. Veldhuis, 1999: Photosynthesis and calcification by Emiliania
huxleyi (Prymnesiophyceae) as afunction of inorganic carbon species. Journal of Phycology, 35(5), 949-959.

Burkhardt, S. and U. Riebesell, 1997: CO, availibility affects elemental composition (C:N:P) of the marine diatom
Skeletonema costatum. Marine Ecology Progress Series, 155, 67-76.

Burkhardt, S, I. Zondervan and U. Riebesell, 1999: Effect of CO, concentration on C:N:Pratio in marine
phytoplankton: a species comparison. Limnology and Oceanography, 44(3), 683-690.

Byrne, M., N.A. Soars, M.A. Ho, E. Wong, D. McElroy, P. Selvakumaraswamy, S.A. Dworjanyn and A.R.
Davis, 2010: Fertilization in a suite of coastal marine invertebrates from SE Australia is robust to near-future
ocean warming and acidification. Marine Biology, 157(9), 2061-2069.

Caldwell, G.S,, S. Fitzer, C.S. Gillespie, G. Pickavance, E. Turnbull and M.G. Bentley, 2011: Ocean
acidification takes sperm back in time. Invertebrate Reproduction and Devel opment, 55(4), 217-221.

Chan, K.Y., D. Grinbaum and M.J. O'Donnell, 2011: Effects of ocean-acidification-induced morphological
changes on larval swimming and feeding. Journal of Experimental Biology, 214(Pt 22), 3857-3867.

Checkley Jr, D.M ., A.G. Dickson, M. Takahashi, J.A. Radich, N. Eisenkolb and R. Asch, 2009: Elevated CO,
enhances otolith growth in young fish. Science, 324, 1683.

Christensen, A.B., H.D. Nguyen and M. Byrne, 2011: Thermotolerance and the effects of hypercapnia on the
metabolic rate of the ophiuroid Ophionereis schayeri: Inferences for survivorship in a changing ocean. Journal
of Experimental Marine Biology and Ecology, 403(1-2), 31-38.

Clark, D., M. Lamareand M. Barker, 2009: Response of sea urchin pluteus larvae (Echinodermata: Echinoidea)
to reduced seawater pH: a comparison among a tropical, temperate, and a polar species. Marine Biology, 156(6),
1125-1137.

Comeau, S, G. Gorsky, S. Alliouane and J.P. Gattuso, 2010a: Larvae of the pteropod Cavolinia inflexa exposed
to aragonite undersaturation are viable but shell-less. Marine Biology, 157(10), 2341-2345.

Comeau, S, R. Jeffree, J.-L. Teyssié and J.-P. Gattuso, 2010b: Response of the Arctic pteropod Limacina
helicina to projected future environmental conditions. PloS one, 5(6), €11362.

Comeau, S, G. Gorsky, R. Jeffree, J.-L. Teyssié and J.-P. Gattuso, 2009: Impact of ocean acidification on akey
Arctic pelagic mollusc (Limacina helicina). Biogeosciences, 6, 1877-1882.

Connell, S.D. and B.D. Russell, 2010: The direct effects of increasing CO, and temperature on non-calcifying
organisms: increasing the potential for phase shiftsin kelp forests. Proceedings of the Royal Society B:
Biological Sciences, 277(1686), 1409-1415.

Crawley, A., D.I. Kline, S. Dunn, K.E.N. Anthony and S. Dove, 2010: The effect of ocean acidification on
symbiont photorespiration and productivity in Acropora formosa. Global Change Biology, 16(2), 851-863.

Do Not Cite, Quote, or Distribute 137 11 June 2012



QOO ~NOULEA, WNPE

U'IU'IU'IU'l-l>-b-b-b-bt-b-bhhwwwwwwwwwwl\)l\)l\)l\)l\)Nl\)NNl\)l—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOQOOONOOUPRWNPOOONODUPRA,WNRPEPOOONOODUODMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Crim, R.N., J.M. Sunday and C.D.G. Harley, 2011: Elevated seawater CO, concentrations impair larval
development and reduce larval survival in endangered northern abalone (Haliotis kamtschatkana). Journal of
Experimental Marine Biology and Ecology, 400(1-2), 272-277.

Cripps, I.L., P.L. Munday and M.l. McCormick, 2011: Ocean acidification affects prey detection by a predatory
reef fish. PloSone, 6(7), e22736.

Cummings, V., J. Hewitt, A. Van Rooyen, K. Currie, S. Beard, S. Thrush, J. Norkko, N. Barr, P. Heath, N.J.
Halliday, R. Sedcole, A. Gomez, C. McGraw and V. Metcalf, 2011: Ocean acidification at high latitudes:
potential effects on functioning of the Antarctic bivalve Laternula elliptica. PloS one, 6(1), €16069.

Czerny, J., J. Barcelos e Ramos and U. Riebesell, 2009: Influence of elevated CO, concentrations on cell division
and nitrogen fixation rates in the bloom-forming cyanobacterium Nodularia spumigena. Biogeosciences, 6,
1865-1875.

DeBodt, C., N. Van Oostende, J. Harlay, K. Sabbe and L. Chou, 2010: Individual and interacting effects of
pCO, and temperature on Emiliania huxleyi calcification: study of the calcite production, the coccolith
morphology and the coccosphere size. Biogeosciences, 7(5), 1401-1412.

delaHaye, K.L., J.l. Spicer, S. Widdicombe and M. Briffa, 2011: Reduced seawater pH disrupts resource
assessment and decision making in the hermit crab Pagurus bernhardus. Animal Behaviour, 82(3), 495-501.

delaHaye, K.L., J.I. Spicer, S. Widdicombe and M. Briffa, 2012: Reduced pH sea water disrupts chemo-
responsive behaviour in an intertidal crustacean. Journal of Experimental Marine Biology and Ecology, 412,
134-140.

dePutron, S.J., D.C. McCorkle, A.L. Cohen and A.B. Dillon, 2010: The impact of seawater saturation state and
bicarbonate ion concentration on calcification by new recruits of two Atlantic corals. Coral Reefs, 30(2), 321-
328.

Deigweiher, K., N. Koschnick, H.O. Pértner and M. L ucassen, 2008: Acclimation of ion regulatory capacitiesin
gills of marine fish under environmental hypercapnia. American Journal of Physiology: Regulatory, Integrative
and Comparative Physiology, 295(5), R1660-R1670.

Deigweiher, K., T. Hirse, C. Bock, M. Lucassen and H.O. Pértner, 2010: Hypercapnia induced shiftsin gill
energy budgets of Antarctic notothenioids. Journal of Comparative Physiology B, Biochemical, Systemic, and
Environmental Physiology, 180(3), 347-359.

Delille, B., J. Harlay, |. Zondervan, S. Jacquet, L. Chou, R. Wollast, R.G.J. Bellerby, M. Frankignoulle, A.
Vieira Borges, U. Riebesell and J.-P. Gattuso, 2005: Response of primary production and calcification to
changes of pCO, during experimental blooms of the coccolithophorid Emiliania huxleyi. Global
Biogeochemical Cycles, 19(2), GB2023.

Devine, B.M ., P.L. Munday and G.P. Jones, 2012a: Rising CO, concentrations affect settlement behaviour of
larval damselfishes. Coral Reefs, 31(1), 229-238.

Devine, B.M ., P.L. Munday and G.P. Jones, 2012b: Homing ability of adult cardinalfish is affected by elevated
carbon dioxide. Oecologia, 168(1), 269-276.

Diaz-Pulido, G., M. Gouezo, B. Tilbrook, S. Dove and K.R.N. Anthony, 2011: High CO, enhances the
competitive strength of seaweeds over corals. Ecology Letters, 14(2), 156-162.

Dickinson, G.H., A.V. Ivanina, O.B. Matoo, H.O. Pértner, G. Lannig, C. Bock, E. Beniash and |1.M. Sokolova,
2012: Interactive effects of salinity and elevated CO, levels on juvenile eastern oysters, Crassostrea virginica.
Journal of Experimental Biology, 215(1), 29-43.

Dissanayake, A. and A. Ishimatsu, 2011 in press: Synergistic effects of elevated CO, and temperature on the
metabolic scope and activity in a shallow-water coastal decapod (Metapenaeus joyneri; Crustacea: Penaeidag).
ICES Journal of Marine Science.

Dissanayake, A., R. Clough, J.I. Spicer and M .B. Jones, 2010: Effects of hypercapnia on acid—base balance and
osmo-/iono-regulation in prawns (Decapoda: Palaemonidae). Aquatic Biology, 11(1), 27-36.

Dixson, D.L., P.L. Munday and G.P. Jones, 2009: Ocean acidification disrupts the innate ability of fish to detect
predator olfactory cues. Ecology Letters, 13(1), 68-75.

Domenici, P., B. Allan, M.I. McCormick and P.L. Munday, 2012: Elevated carbon dioxide affects behavioural
lateralization in acoral reef fish. Biology Letters, 8(1), 78-81.

Donohue, P., P. Calosi, A.H. Bates, B. Laverock, S. Rastrick, F.C. Mark, S. A. and S. Widdicombe, 2012:
Physiological and behavioural impacts of exposure to elevated pCO, on an important ecosystem engineer, the
burrowing shrimp Upogebia deltaura. Aquatic Biology, 15, 73-86.

Do Not Cite, Quote, or Distribute 138 11 June 2012



QUOWOWONOULEAWNPE

U'IU'IU'IU'IU'I-b-b-b-b-bt-b-b-b-boo0000000000(D(D(D(DNNNNNNNNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOKLONO OV WNPFPOOONOOUORAWNPOOONOUOUPRA,WNRPEPOOONOODUODMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Doo, S.S., SA. Dworjanyn, S.A. Foo, N.A. Soarsand M. Byrne, 2011: Impacts of ocean acidification on
development of the meroplanktonic larval stage of the sea urchin Centrostephanus rodgersii. ICES Journal of
Marine Science, in press.

Doropoulos, C., S. Ward, G. Diaz-Pulido, O. Hoegh-Guldberg and P.J. Mumby, 2012 in press. Ocean
acidification reduces coral recruitment by disrupting intimate larval-algal settlement interactions. Ecology
Letters.

Dupont, S, B. Lundve and M. Thorndyke, 2010: Near future ocean acidification increases growth rate of the
lecithotrophic larvae and juveniles of the sea star Crossaster papposus. Journal of Experimental Zoology Part
B: Molecular and Developmental Evolution, 314B(5), 382-389.

Dupont, S, J. Havenhand, W. Thorndyke, L. Peck and M. Thorndyke, 2008: Near-future level of CO,-driven
ocean acidification radically affects larval surviva and development in the brittlestar Ophiothrix fragilis.
Marine Ecology Progress Series, 373, 285-294.

Edmunds, P.J., 2011: Zooplanktivory ameliorates the effects of ocean acidification on the reef coral Porites spp.
Limnology and Oceanography, 56(6), 2402-2410.

Egilsdottir, H., J.I. Spicer and S.D. Rundle, 2009: The effect of CO, acidified sea water and reduced salinity on
aspects of the embryonic development of the amphipod Echinogammarus marinus (Leach). Marine Pollution
Bulletin, 58(8), 1187-1191.

Ellis, R.P., J. Bersey, S.D. Rundle, J.M. Hall-Spencer and J.1. Spicer, 2009: Subtle but significant effects of CO,
acidified seawater on embryos of the intertidal snail, Littorina obtusata. Aquatic Biology, 5, 41-48.

Engel, A., K.G. Schulz, U. Riebesell, R. Bellerby, B. Déelilleand M. Schartau, 2008: Effects of CO, on particle
size distribution and phytoplankton abundance during a mesocosm bloom experiment (PeECE I1).
Biogeosciences, 5(2), 509-521.

Engel, A., |. Zondervan, K. Aerts, L. Beaufort, A. Benthien, L. Chou, B. Dedlille, J.-P. Gattuso, J. Harlay, C.
Heemann, L. Hoffmann, S. Jacquet, J. Ngjstgaard, M .-D. Pizay, E. Rochelle-Newall, U. Schneider, A.
Terdrueggen and U. Riebesell, 2005: Testing the direct effect of CO, concentration on a bloom of the
coccolithophorid Emiliania huxleyi in mesocosm experiments. Limnology and Oceanography, 50(2), 493-507.

Ericson, J.A.,, M.D. Lamare, SA. Morley and M.F. Barker, 2010: The response of two ecologically important
Antarctic invertebrates (Sterechinus neumayeri and Parborlasia corrugatus) to reduced seawater pH: effects on
fertilisation and embryonic development. Marine Biology, 157(12), 2689-2702.

Fabricius, K .E., C. Langdon, S. Uthicke, C. Humphrey, S. Noonan, G. De'ath, R. Okazaki, N. Muehllehner,
M.S. Glasand J.M. Lough, 2011: Losers and winnersin coral reefs acclimatized to elevated carbon dioxide
concentrations. Nature Climate Change, 1, 165-1609.

Fehsenfeld, S, R. Kiko, Y. Appelhans, D.W. Towle, M. Zimmer and F. Melzner, 2011: Effects of elevated
seawater pCO, on gene expression patternsin the gills of the green crab, Carcinus maenas. BMC genomics, 12,
488.

Feng, Y., M.E. Warner, Y. Zhang, J. Sun, F.X. Fu, J.M. Rose and D.A. Hutchins, 2008: Interactive effects of
increased pCO,, temperature and irradiance on the marine coccolithophore Emiliania huxleyi
(Prymnesiophyceae). European Journal of Phycology, 43(1), 87-98.

Feng, Y., C.E. Hare, K. Leblanc, J.M. Rose, Y. Zhang, G.R. DiTullio, P.A. Lee, SW. Wilhelm, J.M. Rowe, J.
Sun, N. Nemcek, C. Gueguen, U. Passow, |. Benner, C. Brown and D.A. Hutchins, 2009:; Effects of
increased pCO, and temperature on the North Atlantic spring bloom. I. The phytoplankton community and
biogeochemical response. Marine Ecology Progress Series, 388, 13-25.

Fernandez-Reiriz, J., P. Range, X.A. Alvarez-Salgado and U. Labarta, 2011: Physiological energetics of
juvenile clams (Ruditapes decussatus) in a high CO, coastal ocean. Marine Ecology Progress Series, 433, 97-
105.

Ferrari, M.C., M.I. McCormick, P.L. Munday, M.G. Meekan, D.L. Dixson, O. Lonnstedt and D.P. Chivers,
2011a: Putting prey and predator into the CO, equation--qualitative and quantitative effects of ocean
acidification on predator-prey interactions. Ecology Letters, 14(11), 1143-1148.

Ferrari, M.C.O.,D.L. Dixson, P.L. Munday, M.I. McCormick, M.G. Meekan, A. Sih and D.P. Chivers, 2011b:
Intrageneric variation in antipredator responses of coral reef fishes affected by ocean acidification: implications
for climate change projections on marine communities. Global Change Biology, 17(9), 2980-2986.

Findlay, H., M. Kendall, J. Spicer and S. Widdicombe, 2009: Future high CO, in the intertidal may compromise
adult barnacle Semibalanus balanoides survival and embryonic development rate. Marine Ecology Progress
Series, 389, 193-202.

Do Not Cite, Quote, or Distribute 139 11 June 2012



QUOWO~NOULEAWNPE

U'IU'lU'lU'l-l>-b-b-b-bt-b-b-bbmmwwwQ)Q)Q)(A)O-)NI\)I\)NI\)I\)NI\)NNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOQOONOUPRRWNPOOONOUUPRAWNRPOOONOODUODMWNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Findlay, H., M. Kendall, J. Spicer and S. Widdicombe, 2010a: Post-larval development of two intertidal
barnacles at elevated CO, and temperature. Marine Biology, 157(4), 725-735.

Findlay, H.S., M.A. Kendall, J.I. Spicer and S. Widdicombe, 2010b: Relative influences of ocean acidification
and temperature on intertidal barnacle post-larvae at the northern edge of their geographic distribution.
Estuarine, Coastal and Shelf Science, 86(4), 675-682.

Form, A.U. and U. Riebesell, 2012: Acclimation to ocean acidification during long-term CO, exposure in the cold-
water coral Lophelia pertusa. Global Change Biology, 18(3), 843-853.

Frommel, A.Y., V. Stiebens, C. Clemmesen and J. Havenhand, 2010: Effect of ocean acidification on marine fish
sperm (Baltic cod: Gadus morhua). Biogeosciences, 7(12), 3915-3919.

Frommel, A.Y., A. Schubert, U. Piatkowski and C. Clemmesen, 2012a: Egg and early larval stages of Baltic cod,
Gadus morhua, are robust to high levels of ocean acidification. Marine Biology, in press.

Frommel, A.Y.,R. Mangja, D. Lowe, A.M. Malzahn, A.J. Geffen, A. Folkvord, U. Piatkowski, T.B.H. Reusch
and C. Clemmesen, 2012b: Severe tissue damage in Atlantic cod larvae under increasing ocean acidification.
Nature Climate Change, 2(1), 42-46.

Fu, F.-X.,M.E. Warner, Y. Zhang, Y. Feng and D.A. Hutchins, 2007: Effects of increased temperature and CO,
on photosynthesis, growth, and elemental ratios in marine Synechococcus and Prochlorococcus (Cyanobacteria).
Journal of Phycology, 43(3), 485-496.

Gao, K.S. and Y.Q. Zheng, 2010: Combined effects of ocean acidification and solar UV radiation on
photosynthesis, growth, pigmentation and calcification of the coralline alga Corallina sessilis (Rhodophyta).
Global Change Biology, 16(8), 2388-2398.

Gaylord, B., T.M. Hill, E. Sanford, E.A. Lenz, L.A. Jacobs, K.N. Sato, A.D. Russell and A. Hettinger, 2011.:
Functional impacts of ocean acidification in an ecologically critical foundation species. Journal of Experimental
Biology, 214(Pt 15), 2586-2594.

Gazeau, F., J.P. Gattuso, M. Greaves, H. Elderfield, J. Peene, C.H. Heip and J.J. Middelburg, 2011: Effect of
carbonate chemistry alteration on the early embryonic development of the Pacific oyster (Crassostrea gigas).
PloSone, 6(8), €23010.

Gervais, F. and U. Riebesell, 2001: Effect of phosphorus limitation on elemental composition and stable carbon
isotope fractionation in a marine diatom growing under different CO2 concentrations Limnology and
Oceanography, 46, 497-504.

Gadinot, C., F. Houlbréque, R. Grover and C. Ferrier-Pagés, 2011: Coral uptake of inorganic phosphorus and
nitrogen negatively affected by simultaneous changes in temperature and pH. PloS one, 6(9), €25024.

Gooding, R.A., C.D.G. Harley and E. Tang, 2009: Elevated water temperature and carbon dioxide concentration
increase the growth of a keystone echinoderm. Proceedings of the National Academy of Sciences of the United
Sates of America, 106(23), 9316-9321.

Green, M.A.,R.C. Aller and J.Y. Aller, 1998: Influence of carbonate dissolution on survival of shell-bearing
meiobenthos in nearshore sediments. Limnology and Oceanography, 43(1), 18-28.

Green, M.A., M.E. Jones, C.L. Boudreau, R.L. Moore and B.A. Westman, 2004: Dissolution mortality of
juvenile bivalves in coastal marine deposits. Limnology and Oceanography, 49(3), 727-734.

Gutowska, M.A., H.O. Poértner and F. Melzner, 2008: Growth and calcification in the cephalopod Sepia
officinalis under elevated seawater pCO,. Marine Ecology Progress Series, 373, 303-309.

Gutowska, M .A., F. Melzner, H.O. Pértner and S. Meier, 2010: Cuttlebone calcification increases during
exposure to elevated seawater pCO, in the cephalopod Sepia officinalis. Marine Biology, 157(7), 1653-1663.

Hale, R., P. Calosi, L. McNeill, N. Mieszkowska and S. Widdicombe, 2011: Predicted levels of future ocean
acidification and temperature rise could alter community structure and biodiversity in marine benthic
communities. Oikos, 120(5), 661-674.

Hall-Spencer, J.M ., R. Rodolfo-M etalpa, S. Martin, E. Ransome, M. Fine, SM. Turner, S.J. Rowley, D.
Tedesco and M.C. Buia, 2008: Volcanic carbon dioxide vents show ecosystem effects of ocean acidification.
Nature, 454(7200), 96-99.

Hammer, K.M ., E. Kristiansen and K.E. Zachariassen, 2011: Physiological effects of hypercapniain the deep-
sea bivalve Acesta excavata (Fabricius, 1779) (Bivalvia; Limidae). Marine environmental research, 72(3), 135-
142.

Hauton, C., T. Tyrrell and J. Williams, 2009: The subtle effects of seawater acidification on the amphipod
Gammar us locusta. Biogeosciences, 6, 1479-1489.

Do Not Cite, Quote, or Distribute 140 11 June 2012



QUOWO~NOULA,WNPE

OO s AN S A R SR8 Y E R PRI NENRRRNNNRNEERERRBEERES
NFPFOOOXIDODUTRNROMNROOOIONREROINROOOVNOUROWNRPRPOOONOOO MWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Havenhand, J.N. and P. Schlegel, 2009: Near-future levels of ocean acidification do not affect sperm motility and
fertilization kinetics in the oyster Crassostrea gigas. Biogeosciences, 6(12), 3009-3015.

Havenhand, J.N., F.-R. Buttler, M.C. Thorndyke and J.E. Williamson, 2008: Near-future levels of ocean
acidification reduce fertilization success in a sea urchin. Current Biology, 18(15), R651-R652.

Hayashi, M., J. Kitaand A. I shimatsu, 2004: Comparison of the acid-base responses to CO, and acidification in
Japanese flounder (Paralichthys olivaceus). Marine Pollution Bulletin, 49(11-12), 1062-1065.

Heinemann, A., J. Fietzke, F. Melzner, F. Bohm, J. Thomsen, D. Garbe-Schonberg and A. Eisenhauer, 2012;
Conditions of Mytilus edulis extracellular body fluids and shell composition in a pH-treatment experiment:
Acid-base status, trace elements and0'B. Geochemistry Geophysics Geosystems, 13(1), Q01005.

Hernroth, B., S. Baden, M. Thorndyke and S. Dupont, 2011: Immune suppression of the echinoderm Asterias
rubens (L.) following long-term ocean acidification. Aquatic Toxicology, 103(3-4), 222-224.

Holcomb, M., D.C. McCorkleand A.L. Cohen, 2010: Long-term effects of nutrient and CO, enrichment on the
temperate coral Astrangia poculata (Ellis and Solander, 1786). Journal of Experimental Marine Biology and
Ecology, 386(1-2), 27-33.

Holcomb, M., A.L. Cohen and D.C. McCorkle, 2012: An investigation of the calcification response of the
scleractinian coral Astrangia poculata to elevated pCO, and the effects of nutrients, zooxanthellae and gender.
Biogeosciences, 9(1), 29-39.

Hu, M.Y.-A., Y.-C. Tseng, M. Stumpp, M .A. Gutowska, R. Kiko, M. Lucassen and F. Melzner, 2011: Elevated
seawater pCO, differentially affects branchial acid-base transporters over the course of development in the
cephalopod Sepia officinalis. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology, 300, R1100-R1114.

Hutchins, D.A., M.R. Mulholland and F. Fu, 2009: Nutrient cycles and marine microbes in a CO,-enriched ocean.
Oceanography, 22(4), 128-145.

Hutchins, D.A., F.X. Fu, Y. Zhang, M .E. Warner, Y. Feng, K. Portune, P.W. Bernhardt and M.R. Mulholland,
2007: CO, control of Trichodesmium N, fixation, photosynthesis, growth rates, and elemental ratios:
implications for past, present, and future ocean biogeochemistry. Limnology and Oceanography, 52(4), 1293-
1304.

Iglesias-Rodriguez, M .D., P.R. Halloran, R.E. Rickaby, |.R. Hall, E. Colmenero-Hidalgo, J.R. Gittins, D.R.
Green, T. Tyrrell, S.J. Gibbs, P. von Dassow, E. Rehm, E.V. Armbrust and K.P. Boessenkool, 2008:
Phytoplankton calcification in a high-CO, world. Science, 320(5874), 336-340.

Inoue, M., R. Suwa, A. Suzuki, K. Sakai and H. Kawahata, 2011: Effects of seawater pH on growth and skeletal
U/Caratios of Acropora digitifera coral polyps. Geophysical Research Letters, 38(12), L 12809.

Invers, O.,J. Romero and M. Pérez, 1997: Effects of pH on seagrass photosynthesis; alaboratory and field
assessment. Aquatic Botany, 59, 185-194.

Jokiel, P.L., K.S. Rodgers, |.B. Kuffner, A.J. Andersson, E.F. Cox and F.T. Mackenzie, 2008: Ocean
acidification and calcifying reef organisms. a mesocosm investigation. Coral Reefs, 27(3), 473-483.

Jury, C.P., R.F. Whitehead and A.M. Szmant, 2010: Effects of variations in carbonate chemistry on the
calcification rates of Madracis auretenra (= Madracis mirabilis sensu Wells, 1973): bicarbonate concentrations
best predict calcification rates. Global Change Biology, 16(5), 1632-1644.

Kawaguchi, S., H. Kurihara, R. King, L. Hale, T. Berli, J.P. Robinson, A. Ishida, M. Wakita, P. Virtue, S.
Nicol and A. I shimatsu, 2011: Will krill fare well under Southern Ocean acidification? Biology Letters, 7(2),
288-291.

Kikkawa, T., A. Ishimatsu and J. Kita, 2003: Acute CO, tolerance during the early developmental stages of four
marine teleosts. Environmental Toxicology, 18(6), 375-382.

Kikkawa, T., T. Sato, J. Kitaand A. | shimatsu, 2006: Acute toxicity of temporally varying seawater CO,
conditions on juveniles of Japanese sillago (Sllago japonica). Marine Pollution Bulletin, 52(6), 621-625.

Kikkawa, T., Y. Watanabe, Y. Katayama, J. Kitaand A. Ishimatsu, 2008: Acute CO, tolerance limits of
juveniles of three marine invertebrates, Sepia lycidas, Sepioteuthis lessioniana, and Marsupenaeus japonicus.
Plankton and Benthos Research, 3(3), 184-187.

Kim, J.-M., K. Lee, S. Kyoungsoon, K. Jung-Hoon, H.-W. Lee, M. Kim, P.-G. Jang and M .-C. Jang, 2006: The
effect of seawater CO, concentration on growth of a natural phytoplankton assemblage in a controlled
mesocosm experiment. Limnology and Oceanography, 51(4), 1629-1636.

Do Not Cite, Quote, or Distribute 141 11 June 2012



QOO ~NOULA,WNPE

U'IU'IU'lU'lU'I-b-b-b-b-bﬁ-l>-b-b-boo0000000000wwwwNNNNNNNNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOOLONO OV WNPFPOQOOONOOUORAWNPOOO~NOOUOPRARWNRPEPOOONOODUOUODMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Kimura, R.Y.O., H. Takami, T. Ono, T. Onitsuka and Y. Nojiri, 2011: Effects of elevated pCO, on the early
development of the commercially important gastropod, Ezo abalone Haliotis discus hannai. Fisheries
Oceanography, 20(5), 357-366.

Kranz, SA., D. Siltemeyer, K.-U. Richter and B. Rost, 2009: Carbon acquisition by Trichodesmium: the effect of
pCO, and diurnal changes. Limnology and Oceanography, 54, 548-559.

Kranz, SA., O. Levitan, K.U. Richter, O. Prasil, |. Berman-Frank and B. Rost, 2010: Combined effects of CO,
and light on the N,-fixing cyanobacterium Trichodesmium IM S101: physiological responses. Plant physiology,
154(1), 334-345.

Krief, S, E.J. Hendy, M. Fine, R. Yam, A. Meibom, G.L. Foster and A. Shemesh, 2010: Physiological and
i sotopic responses of scleractinian corals to ocean acidification. Geochimica et Cosmochimica Acta, 74(17),
4988-5001.

Kubler, J.E., A.M. Johnston and J.A. Raven, 1999: The effects of reduced and elevated CO, and O, on the
seaweed Lomentaria articulate. Plant, Cell and Environment, 22, 1303-1310.

Kuffner, 1.B., A.J. Andersson, P.L. Jokiel, K.u.S. Rodgersand F.T. Mackenzie, 2007: Decreased abundance of
crustose coralline algae due to ocean acidification. Nature Geoscience, 1(2), 114-117.

Kurihara, H. and Y. Shirayama, 2004: Effects of increased amospheric CO, on sea urchin early development.
Marine Ecology Progress Series, 274, 161-169.

Kurihara, H. and A. Ishimatsu, 2008: Effects of high CO, seawater on the copepod (Acartia tsuensis) through all
life stages and subsequent generations. Marine Pollution Bulletin, 56(6), 1086-1090.

Kurihara, H., S. Shimode and Y. Shirayama, 2004a: Effects of raised CO, concentration on the egg production
rate and early development of two marine copepods (Acartia steueri and Acartia erythraea). Marine Pollution
Bulletin, 49(9-10), 721-727.

Kurihara, H., S. Shimode and Y. Shirayama, 2004b: Sub-lethal effects of elevated concentration of CO, on
planktonic copepods and sea urchins. Journal of Oceanography, 60, 743-750.

Kurihara, H., S. Kato and A. Ishimatsu, 2007: Effects of increased seawater pCO, on early development of the
oyster Crassostrea gigas. Aquatic Biology, 1, 91-98.

Kurihara, H., T. Asai, S. Kato and A. | shimatsu, 2008a: Effects of elevated pCO, on early development in the
mussel Mytilus galloprovincialis. Aquatic Biology, 4, 225-233.

Kurihara, H., M. Matsui, H. Furukawa, M. Hayashi and A. | shimatsu, 2008b: L ong-term effects of predicted
future seawater CO, conditions on the survival and growth of the marine shrimp Palaemon pacificus. Journal of
Experimental Marine Biology and Ecology, 367(1), 41-46.

Kuroyanagi, H., H. Kawahata, A. Suzuki, K. Fujitaand T. Irie, 2009: Impacts of ocean acidification on large
benthic foraminifers: results form laboratory experiments. Marine Micropaleontology, 73, 190-195.

Lacoue-Labarthe, T., S. Martin, F. Oberhandli, J.L. Teyssié S. Markich, R. Jeffree and P. Bustamante, 2009:
Effects of increased pCO, and temperature on trace element (Ag, Cd and Zn) bioaccumulation in the eggs of the
common cuttlefish, Sepia officinalis. Biogeosciences, 6(11), 2561-2573.

Langer, G. and M. Bode, 2011: CO, mediation of adverse effects of seawater acidification in Calcidiscus
leptoporus. Geochemistry Geophysics Geosystems, 12(5), Q05001.

Langer, G., G. Nehrke, |. Probert, J. Ly and P. Ziveri, 2009: Strain-specific responses of Emiliania huxleyi to
changing seawater carbonate chemistry. Biogeosciences, 6(11), 4361-4383.

Langer, G., M. Geisen, K.-H. Baumann, J. Klas, U. Riebesell, S. Thoms and J.R. Young, 2006: Species-specific
responses of calcifying algae to changing seawater carbonate chemistry. Geochemistry Geophysics Geosystems,
7(9), Q09006.

Lannig, G., S. Eilers, H.O. Portner, |.M. Sokolova and C. Bock, 2010: Impact of ocean acidification on energy
metabolism of oyster, Crassostrea gigas--changes in metabolic pathways and thermal response. Marine Drugs,
8(8), 2318-2339.

Lee K.-S., J. Kitaand A. Ishimatsu, 2003: Effects of |lethal levels of environmental hypercapnia on cardiovascular
and blood-gas statusin Y ellowtail, Seriola quinqueradiata. Zoological Science, 20(4), 417-422.

Leonardos, N. and R.J. Geider, 2005: Elevated atmospheric carbon dioxide increases organic carbon fixation by
Emiliania huxleyi (Haptophyta), under nutrient-limited high-light conditions. Journal of Phycology, 41(6),
1196-1203.

Levitan, O., G. Rosenberg, |. Setlik, E. Setlikova, J. Grigel, J. Klepetar, O. Prasil and |. Berman-Frank, 2007:
Elevated CO, enhances nitrogen fixation and growth in the marine cyanobacterium Trichodesmium. Global
Change Biology, 13(2), 531-538.

Do Not Cite, Quote, or Distribute 142 11 June 2012



QUOWOWO~NOULEA WNBE

U'IU'IU'IU'IU'I-b-l>-b-b-bt-b-bbhwwwwwwwwwwNNNNNNNNNNl—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOOLONO O WNPFPOQOOONOOUOPRMWNPOOONOOUOPRARWNRPOOONOOODWNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Lischka, S., J. Budenbender, T. Boxhammer and U. Riebesell, 2011: Impact of ocean acidification and elevated
temperatures on early juveniles of the polar shelled pteropod Limacina helicina: mortality, shell degradation,
and shell growth. Biogeosciences, 8(4), 919-932.

Lombard, F., R.E. daRocha, J. Bijma and J.-P. Gattuso, 2010: Effect of carbonate ion concentration and
irradiance on calcification in planktonic foraminifera. Biogeosciences, 7, 247—255.

Maas, A.E., K.F. Wishner and B.A. Seibel, 2012: The metabolic response of pteropods to ocean acidification
reflects natural CO,-exposure in oxygen minimum zones. Biogeosciences, 9(2), 747-757.

Mackenzie, F.T. and C.R. Agegian, 1989: Biomineralization and tentative links to plate tectonics. In: Origin,
evolution, and moder n aspects of biomineralization in plants and animals, [Crick, R.E.(ed.)]. Plenum Press,
New York, pp. 11-27.

Maier, C., P. Watremez, M. Taviani, M.G. Weinbauer and J.P. Gattuso, 2012: Calcification rates and the effect
of ocean acidification on Mediterranean cold-water corals. Proceedings of the Royal Society B: Biological
Sciences, 279(1734), 1716-1723.

Marchant, H.K., P. Calosi and J.I. Spicer, 2010: Short-term exposure to hypercapnia does not compromise
feeding, acid—base balance or respiration of Patella vulgata but surprisingly is accompanied by radula damage.
Journal of the Marine Biological Association of the United Kingdom, 90(07), 1379-1384.

Martin, S. and J.-P. Gattuso, 2009: Response of Mediterranean coralline algae to ocean acidification and elevated
temperature. Global Change Biology, 15(8), 2089-2100.

Martin, S., R. Rodolfo-M etalpa, E. Ransome, S. Rowley, M .C. Buia, J.P. Gattuso and J. Hall-Spencer, 2008:
Effects of naturally acidified seawater on seagrass cal careous epibionts. Biology Letters, 4(6), 689-692.

Martin, S., S. Richier, M.-L. Pedrotti, S. Dupont, C. Castejon, Y. Gerakis, M .-E. Kerros, F. Oberhandli, J.-L.
Teyssie, R. Jeffree and J.-P. Gattuso, 2011: Early development and molecular plasticity in the Mediterranean
sea urchin Paracentrotus lividus exposed to CO,-driven acidification. Journal of Experimental Biology, 214(8),
1357-1368.

Mayor, D.J., N.R. Everett and K.B. Cook, 2012: End of century ocean warming and acidification effects on
reproductive success in a temperate marine copepod. Journal of Plankton Research, 34(3), 258-262.

Mayor, D.J., C. Matthews, K. Cook, A.F. Zuur and S. Hay, 2007: CO,-induced acidification affects hatching
success in Calanus finmarchicus. Marine Ecology Progress Series, 350, 91-97.

McDonald, M .R., J.B. McClintock, C.D. Amdler, D. Rittschof, R.A. Angus, B. Orihuela and K. L utostanski,
2009: Effects of ocean acidification over the life history of the barnacle Amphibalanus amphitrite. Marine
Ecology Progress Series, 385, 179-187.

Melatunan, S., P. Calosi, S.D. Rundle, A.J. Moody and S. Widdicombe, 2011: Exposure to elevated temperature
and P, reduces respiration rate and energy status in the periwinkle Littorina littorea. Physiological and
Biochemical Zoology, 84(6), 583-594.

Melzner, F., S. Gébel, M. Langenbuch, M.A. Gutowska, H.O. Pértner and M. L ucassen, 2009: Swimming
performance in Atlantic Cod (Gadus morhua) following long-term (4-12 months) acclimation to elevated
seawater P(CO,). Aquatic Toxicology, 92(1), 30-37.

Melzner, F., P. Stange, K. Trubenbach, J. Thomsen, I. Casties, U. Panknin, S.N. Gorb and M .A. Gutowska,
2011 Food supply and seawater pCO, impact calcification and internal shell dissolution in the blue mussel
Mytilus edulis. PloSone, 6(9), €24223.

Metzger, R., F. Sartoris, M. Langenbuch and H. Portner, 2007: Influence of elevated CO, concentrations on
thermal tolerance of the edible crab Cancer pagurus. Journal of Thermal Biology, 32(3), 144-151.

Michaelidis, B., A. Spring and H.O. Portner, 2007: Effects of long-term acclimation to environmental
hypercapnia on extracellular acid—base status and metabolic capacity in Mediterranean fish Sparus aurata.
Marine Biology, 150(6), 1417-1429.

Michaelidis, B., C. Ouzounis, A. Palerasand H.O. Portner, 2005: Effects of long-term moderate hypercapnia on
acid-base balance and growth rate in marine mussels Mytilus galloprovincialis. Marine Ecology Progress Series,
293, 109-118.

Miles, H., S. Widdicombe, J.I. Spicer and J. Hall-Spencer, 2007: Effects of anthropogenic seawater acidification
on acid-base balance in the sea urchin Psammechinus miliaris. Marine Pollution Bulletin, 54(1), 89-96.

Miller, AW., A.C. Reynolds, C. Sobrino and G.F. Riedel, 2009: Shellfish face uncertain future in high CO,
world: influence of acidification on oyster larvae calcification and growth in estuaries. PloS one, 4(5), €5661.

Moran, D. and J.G. Stettrup, 2011: The effect of carbon dioxide on growth of juvenile Atlantic cod Gadus
morhua L. Aquatic Toxicology, 102(1-2), 24-30.

Do Not Cite, Quote, or Distribute 143 11 June 2012



QUOWWO~NOULEAWNPE

GOSN S A RS8N LR PUYREYNENRERENNNRNNEERE R
NFRPFOOOXIDODUTRNRMOMNROOOINONREROINROOONOURWNRPRPOOONOO»MWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Morita, M., R. Suwa, A. Iguchi, M. Nakamura, K. Shimada, K. Sakai and A. Suzuki, 2010: Ocean acidification
reduces sperm flagellar motility in broadcast spawning reef invertebrates. Zygote, 18(2), 103-107.

Moulin, L., A.l. Catarino, T. Claessens and P. Dubois, 2011: Effects of seawater acidification on early
development of the intertidal sea urchin Paracentrotus lividus (Lamarck 1816). Marine Pollution Bulletin,
62(1), 48-54.

Miller, M.N., K.G. Schulz and U. Riebesell, 2010: Effects of long-term high CO, exposure on two species of
coccolithophores. Biogeosciences, 7(3), 1109-1116.

Munday, P.L., N.E. Crawley and G.E. Nilsson, 2009a: Interacting effects of elevated temperature and ocean
acidification on the aerobic performance of coral reef fishes. Marine Ecology Progress Series, 388, 235-242.

Munday, P.L., J.M. Donelson, D.L. Dixson and G.G. Endo, 2009b: Effects of ocean acidification on the early life
history of atropical marine fish. Proceedings of the Royal Society London B: Biological Sciences, 276(1671),
3275-3283.

Munday, P.L., V. Hernaman, D.L. Dixson and S.R. Thorrold, 2011a: Effect of ocean acidification on otolith
development in larvae of atropical marine fish. Biogeosciences, 8(6), 1631-1641.

Munday, P.L., M. Gagliano, J.M. Donelson, D.L. Dixson and S.R. Thorrold, 2011b: Ocean acidification does
not affect the early life history development of atropical marine fish. Marine Ecology Progress Series, 423,
211-221.

Munday, P.L., D.L. Dixson, M.l. McCormick, M. Meekan, M.C.O. Ferrari and D.P. Chivers, 2010:
Replenishment of fish populations is threatened by ocean acidification. Proceedings of the National Academy of
Sciences, 107(29), 12930-12934.

Munday, P.L., D.L. Dixson, J.M. Donelson, G.P. Jones, M .S. Pratchett, G.V. Devitsina and K.B. Doving,
2009c: Ocean acidification impairs olfactory discrimination and homing ability of a marine fish. Proceedings of
the National Academy of Sciences of the United States of America, 106(6), 1848-1852.

Nakamura, M., S. Ohki, A. Suzuki and K. Sakai, 2011: Coral larvae under ocean acidification: survival,
metabolism, and metamorphosis. PloSone, 6(1), €14521.

Nienhuis, S., A.R. Palmer and C.D. Harley, 2010: Elevated CO, affects shell dissolution rate but not calcification
rate in amarine snail. Proceedings of the Royal Society B: Biological Sciences, 277(1693), 2553-2558.

Nilsson, G.E., D.L. Dixson, P. Domenici, M.I. McCormick, C. Sgrensen, S.-A. Watson and P.L. Munday, 2012:
Near-future carbon dioxide levels alter fish behaviour by interfering with neurotransmitter function. Nature
Climate Change, 2, 201-204.

Nowicki, J.P., G.M. Miller and P.L. Munday, 2012: Interactive effects of elevated temperature and CO, on
foraging behavior of juvenile coral reef fish. Journal of Experimental Marine Biology and Ecology, 412, 46-51.

O'Donnell, M J., L.M. Hammond and G.E. Hofmann, 2009: Predicted impact of ocean acidification on a marine
invertebrate: elevated CO, alters response to thermal stressin sea urchin larvae. Marine Biology, 156, 439-446.

O'Donnell, M .J., A.E. Todgham, M .A. Sewell, L.M. Hammond, K. Ruggiero, N.A. Fangue, M .L. Zippay and
G.E. Hofmann, 2010: Ocean acidification alters skeletogenesis and gene expression in larval sea urchins.
Marine Ecology Progress Series, 398, 157-171.

Palacios, S.L. and R.C. Zimmerman, 2007: Response of eelgrass Zostera marina to CO, enrichment: possible
impacts of climate change and potential for remediation of coastal habitats. Marine Ecology Progress Series,
344, 1-13.

Parker, L.M., P.M. Rossand W.A. O’Connor, 2010: Comparing the effect of elevated pCO, and temperature on
the fertilization and early development of two species of oysters. Marine Biology, 157(11), 2435-2452.

Parker, L.M., P.M. Rossand W.A. O’Connor, 2011: Populations of the Sydney rock oyster, Saccostrea
glomerata, vary in response to ocean acidification. Marine Biology, 158(3), 689-697.

Parker,L.M., P.M. Ross, W.A. O'Connor, L. Borysko, D.A. Raftos and H.-O. Portner, 2012: Adult exposure
influences offspring response to ocean acidification in oysters. Global Change Biology, 18(1), 82-92.

Range, P., M.A. Chicharo, R. Ben-Hamadou, D. Pilo, D. Matias, S. Joaquim, A.P. Oliveiraand L. Chicharo,
2011 Calcification, growth and mortality of juvenile clams Ruditapes decussatus under increased pCO, and
reduced pH: Variable responses to ocean acidification at local scales? Journal of Experimental Marine Biology
and Ecology, 396(2), 177-184.

Renegar, D.A. and B.M. Riegl, 2005; Effect of nutrient enrichment and elevated CO, partial pressure on growth
rate of Atlantic scleractinian coral Acropora cervicornis. Marine Ecology Progress Series, 293, 69-76.

Do Not Cite, Quote, or Distribute 144 11 June 2012



QUOWO~NOULEAWNPE

mmmmmhhbbbtbhb-bOO0000000000(D(D(A)(A)NNNNNNNNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPOOKLONO OV WNPFPOOOONOOUOPRAWNPOOONOUOUOPRARWNRPEPOOONOODUODMWNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Reuter, K.E., K.E. Lotterhos, R.N. Crim, C.A. Thompson and C.D.G. Harley, 2011: Elevated pCO, increases
sperm limitation and risk of polyspermy in the red sea urchin Strongyl ocentrotus franciscanus. Global Change
Biology, 17(1), 163-171.

Reynaud, S., N. Leclercq, S. Romaine-Lioud, C. Ferrier-Pages, J. Jaubert and J.-P. Gattuso, 2003: Interacting
effects of CO, partial pressure and temperature on photosynthesis and calcification in a scleractinian coral.
Global Change Biology, 9, 1660-1668.

Rickaby, R.E.M ., J. Henderiksand J.N. Y oung, 2010: Perturbing phytoplankton: response and isotopic
fractionation with changing carbonate chemistry in two coccolithophore species. Climate of the Past, 6(6), 771-
785.

Riebesell, U., I. Zondervan, B. Rost, P.D. Tortell, R.E. Zeebeand F.M.M. Morel, 2000: Reduced calcification of
marine plankton in response to increased atmospheric CO,. Nature, 407(6802), 364-367.

Riebesdll, U., K.G. Schulz, R.G.J. Bellerby, M. Botros, P. Fritsche, M. Meyerhofer, C. Neill, G. Nondal, A.
Oschlies, J. Wohlersand E. Z6lIner, 2007: Enhanced biological carbon consumption in ahigh CO, ocean.
Nature, 450(7169), 545-548.

Ries, J.B., A.L. Cohen and D.C. McCorkle, 2009: Marine calcifiers exhibit mixed responses to CO,-induced
ocean acidification. Geology, 37(12), 1131-1134.

Ries, J.B., A.L. Cohen and D.C. McCorkle, 2010: A nonlinear calcification response to CO,-induced ocean
acidification by the coral Oculina arbuscula. Coral Reefs, 29(3), 661-674.

Robbins, L.L., P.O. Knorr and P. Hallock, 2009: Response of Halimeda to ocean acidification: field and
laboratory evidence. Biogeosciences Discussions, 6(3), 4895-4918.

Rodolfo-Metalpa, R., S. Martin, C. Ferrier-Pagés and J.-P. Gattuso, 2010a: Response of the temperate coral
Cladocora caespitosa to mid- and long-term exposure to pCO, and temperature levels projected for the year
2100 AD. Biogeosciences, 7, 289-300.

Rodolfo-M etalpa, R., C. Lombardi, S. Cocito, J.M. Hall-Spencer and M.C. Gambi, 2010b: Effects of ocean
acidification and high temperatures on the bryozoan Myriapora truncata at natural CO, vents. Marine Ecology,
31, 447-456.

Rosa, R. and B.A. Seibel, 2008: Synergistic effects of climate-related variables suggest future physiological
impairment in atop oceanic predator. Proceedings of the National Academy of Sciences of the United States of
America, 105(52), 20776-20780.

Russell, A.D., B. Honisch, H.J. Spero and D.W. L ea, 2004: Effects of seawater carbonate ion concentration and
temperature on shell U, Mg, and Sr in cultured planktonic foraminifera. Geochimica et Cosmochimica Acta,
68(21), 4347-4361.

Russell, B.D., J.-A.l. Thompson, L.J. Falkenberg and S.D. Connell, 2009: Synergistic effects of climate change
and local stressors. CO, and nutrient-driven change in subtidal rocky habitats. Global Change Biology, 15,
2153-2162.

Schram, J.B., J.B. McClintock, R.A. Angusand J.M. Lawrence, 2011: Regenerative capacity and biochemical
composition of the sea star Luidia clathrata (Say) (Echinodermata: Asteroidea) under conditions of near-future
ocean acidification. Journal of Experimental Marine Biology and Ecology, 407(2), 266-274.

Schulz, K.G., U. Riebesell, R.G.J. Bellerby, H. Biswas, M. Meyerhofer, M.N. Muller, J.K. Egge, J.C.
Nejstgaard, C. Neill, J. Wohlersand E. Zollner, 2008: Build-up and decline of organic matter during PEECE
I11. Biogeosciences, 5(3), 707-718.

Sciandra, A., J. Harlay, D. Lefévre, R. Lemée, P. Rimmelin, M. Denisand J.P. Gattuso, 2003: Response of
coccolithophorid Emiliania huxleyi to elevated partial pressure of CO, under nitrogen limitation. Marine
Ecology Progress Series, 261, 111-122.

Semesi, |.S., S. Beer and M. Bjork, 2009a: Seagrass photosynthesis controls rates of calcification and
photosynthesis of calcareous macroalgae in atropical seagrass meadow. Marine Ecology Progress Series, 382,
41-47.

Semesi, |.S.,, K. Kangwe and M. Bjork, 2009b: Alterations in seawater pH and CO, affect calcification and
photosynthesis in the tropical coraline alga, Hydrolithon sp. (Rhodophyta). Estuarine, Coastal and Shelf
Science, 84, 337-341.

Shi, D., Y. Xuand F.M .M. Morel, 2009: Effects of the pH/pCO, control method on medium chemistry and
phytoplankton growth. Biogeosciences, 6(7), 1199-1207.

Shirayama, Y. and H. Thornton, 2005; Effect of increased atmospheric CO, on shallow water marine benthos.
Journal of Geophysical Research, 110(C9), C09S08.

Do Not Cite, Quote, or Distribute 145 11 June 2012



QUOWONOULEAWNBE

U'IU'I(J'IU'l-b-b-b-b-bt-b-b-b-b000000000000(A)(A)(AJ(AJI\)NNI\)I\)I\)NNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNNPFPOOWNO O WNPFPOQOOONOOUOPRWNPOOONOUOPRARWNRPEPOOONOODUODMWNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Simpson, S.D., P.L. Munday, M.L. Wittenrich, R. Manassa, D.L. Dixson, M. Gagliano and H.Y. Yan, 2011:
Ocean acidification erodes crucia auditory behaviour in a marine fish. Biology Letters, 7(6), 917-920.

Small, D., P. Calosi, D. White, J.1. Spicer and S. Widdicombe, 2010: Impact of medium-term exposure to CO,
enriched seawater on the physiological functions of the velvet swimming crab Necora puber. Aquatic Biology,
10(1), 11-21.

Spero, H.J., J. Bijma, D.W. Lea and B.E. Bemis, 1997: Effect of seawater carbonate concentration on
foraminiferal carbon and oxygen isotopes. Nature, 390(6659), 497-500.

Spicer, J.I., S. Widdicombe, H.R. Needham and J.A. Berge, 2011: Impact of CO,-acidified seawater on the
extracellular acid—base balance of the northern sea urchin Srongylocentrotus droebachiensis. Journal of
Experimental Marine Biology and Ecology, 407(1), 19-25.

Stumpp, M., S. Dupont, M.C. Thorndyke and F. Melzner, 2011a: CO, induced seawater acidification impacts sea
urchin larval development Il: Gene expression patternsin pluteus larvae. Comparative Biochemistry and
Physiology - A Molecular & Integrative Physiology, 160(3), 320-330.

Stumpp, M., J. Wren, F. Melzner, M.C. Thorndyke and S.T. Dupont, 2011b: CO, induced seawater
acidification impacts sea urchin larval development |: Elevated metabolic rates decrease scope for growth and
induce developmental delay. Comparative Biochemistry and Physiology - Part A: Molecular & Integrative
Physiology, 160(3), 331-340.

Stumpp, M., K. Trubenbach, D. Brennecke, M.Y. Hu and F. Melzner, 2012: Resource allocation and
extracellular acid-base status in the sea urchin Strongyl ocentrotus droebachiensis in response to CO, induced
seawater acidification. Aquatic Toxicology, 110-111, 194-207.

Suwa, R., M. Nakamura, M. Morita, K. Shimada, A. Iguchi, K. Sakai and A. Suzuki, 2010: Effects of acidified
seawater on early life stages of scleractinian corals (Genus Acropora). Fisheries Science, 76(1), 93-99.

Talmage, S.C. and C.J. Gaobler, 2009: The effects of elevated carbon dioxide concentrations on the metamorphosis,
size, and survival of larval hard clams (Mercenaria mercenaria), bay scallops (Argopecten irradians), and
Eastern oysters (Crassostrea virginica). Limnology and Oceanography, 54(6), 2072-2080.

Talmage, S.C. and C.J. Gobler, 2010: Effects of past, present, and future ocean carbon dioxide concentrations on
the growth and survival of larval shellfish. Proceedings of the National Academy of Sciences of the United
Sates of America, 107(40), 17246-17251.

Talmage, S.C. and C.J. Gobler, 2011: Effects of elevated temperature and carbon dioxide on the growth and
survival of larvae and juveniles of three species of northwest Atlantic bivalves. PloSone, 6(10), €26941.

Thomsen, J., M.A. Gutowska, J. Saphorster, A. Heinemann, K. Tribenbach, J. Fietzke, C. Hiebenthal, A.
Eisenhauer, A. Koértzinger, M. Wahl and F. Melzner, 2010: Calcifying invertebrates succeed in a naturally
CO, enriched coastal habitat but are threatened by high levels of future acidification. Biogeosciences
Discussions, 7(4), 5119-5156.

Todgham, A.E. and G.E. Hofmann, 2009: Transcriptomic response of sea urchin larvae Strongylocentrotus
purpuratus to CO,-driven seawater acidification. Journal of Experimental Biology, 212(16), 2579-2594.

Tomanek, L., M.J. Zuzow, A.V. Ivanina, E. Beniash and | .M. Sokolova, 2011: Proteomic response to elevated
P.o; level in eastern oysters, Crassostrea virginica: evidence for oxidative stress. Journal of Experimental
Biology, 214(Pt 11), 1836-1844.

Tortell, P.D., G.R. DiTullio, D.M. Sigman and F.M .M. Morel, 2002: CO, effects on taxonomic composition and
nutrient utilization in an Equatorial Pacific phytoplankton assemblage. Marine Ecology Progress Series, 236,
37-43.

Vetter, E.W. and C.R. Smith, 2005: Insightsinto the ecological effects of deep ocean CO, enrichment: The
impacts of natural CO, venting at Loihi seamount on deep sea scavengers. Journal of Geophysical Research,
110(C9), C09S13.

Waldbusser, G., E. Voigt, H. Bergschneider, M. Green and R. Newell, 2011: Biocalcification in the eastern
oyster (Crassostrea virginica) in relation to long-term trends in Chesapeake Bay pH. Estuaries and Coasts,
34(2), 221-231.

Waldbusser, G.G., H. Bergschneider and M.A. Green, 2010: Size-dependent pH effect on calcification in post-
larval hard clam Mercenaria spp. Marine Ecology Progress Series, 417, 171-182.

Walther, K., K. Anger and H.O. Pdrtner, 2010: Effects of ocean acidification and warming on the larval
development of the spider crab Hyas araneus from different latitudes (54° vs. 79°N). Marine Ecology Progress
Series, 417, 159-170.

Do Not Cite, Quote, or Distribute 146 11 June 2012



QUOWOWOWNOULEAWNPE

OO e NS AR RS8N LR PUYREYNENRRRNNNRNEERE R R
NFRPFOOOXOIDODUIRNROMNROOOINONROINPRPOOARVIOIRONRPOOONOOO ~MWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Walther, K., F.J. Sartorisand H.O. Pértner, 2011: Impacts of temperature and acidification on larval calcium
incorporation of the spider crab Hyas araneus from different latitudes (54° vs. 79°N). Marine Biology, 158(9),
2043-2053.

Walther, K., F.J. Sartoris, C. Bock and H.O. Pértner, 2009: Impact of anthropogenic ocean acidification on
thermal tolerance of the spider crab Hyas araneus. Biogeosciences, 6(10), 2207-2215.

Watanabe, Y., A. Yamaguchi, H. Ishida, T. Harimoto, S. Suzuki, Y. Sekido, T. Ikeda, Y. Shirayama, M. Mac
Takahashi, T. Ohsumi and J. | shizaka, 2006: Lethality of increasing CO, levels on deep-sea copepods in the
western North Pacific. Journal of Oceanography, 62(2), 185-196.

Watson, A.J., P.C. Southgate, P.A. Tyler and L.S. Peck, 2009: Early larval development of the Sydney rock
oyster Saccostrea glomerata under near-future predictions of CO,-driven ocean acidification. Journal of
Shellfish Research, 28(3), 431-437.

Welladsen, H.M ., P.C. Southgate and K. Heimann, 2010: The effects of exposure to near-future levels of ocean
acidification on shell characteristics of Pinctada fuctata (Bivalvia: Pteriidae). Molluscan Research, 30(3), 125-
130.

Welladsen, H.M ., K. Heimann and P.C. Southgate, 2011: The effects of exposure to near-future levels of ocean
acidification on activity and byssus production of the Akoya pearl oyster, Pinctada fucata. Journal of Shellfish
Research, 30(1), 85-88.

Wong, K.K., A.C. Lane, P.T. Leung and V. Thiyagarajan, 2011: Response of larval barnacle proteome to CO,-
driven seawater acidification. Comparative Biochemistry and Physiology, Part D, Genomics and Proteomics, D
6(3), 310-321.

Wood, H.L., J.I. Spicer and S. Widdicombe, 2008: Ocean acidification may increase calcification rates, but at a
cost. Proceedings of the Royal Society B: Biological Sciences, 275(1644), 1767-1773.

Wood, H.L., J. Spicer, D. Lowe and S. Widdicombe, 2010: Interaction of ocean acidification and temperature; the
high cost of survival in the brittlestar Ophiura ophiura. Marine Biology, 157(9), 2001-2013.

Wood, H.L., J.I. Spicer, M.A. Kendall, D.M. Lowe and S. Widdicombe, 2011: Ocean warming and acidification;
implications for the Arctic brittlestar Ophiocten sericeum. Polar Biology, 34(7), 1033-1044.

Yu, P.C.,P.G. Matson, T.R. Martz and G.E. Hofmann, 2011: The ocean acidification seascape and its
relationship to the performance of calcifying marine invertebrates: Laboratory experiments on the development
of urchin larvae framed by environmentally-relevant pCO,/pH. Journal of Experimental Marine Biology and
Ecology, 400(1-2), 288-295.

Zhang, D., S. Li, G. Wang and D. Guo, 2011: Impacts of CO,-driven seawater acidification on survival, egg
production rate and hatching success of four marine copepods. Acta Oceanologica Snica, 30(6), 86-94.

Zondervan, |., B. Rost and U. Riebesell, 2002: Effect of CO, concentration on the PIC/POC ratio in the
coccolithophore Emiliania huxleyi grown under light-limiting conditions and different daylengths. Journal of
Experimental Marine Biology and Ecology, 272(1), 55-70.

Zou, D., 2005: Effects of atmorpheric CO, on growth, photosynthesis and nitrogen metabolism in the economic
brown seaweed, Hizikia fusiforme (Sargassaceae, Phaecophyta). Aquaculture, 250, 726-735.

References for Figure 6-9

Albright, R. and C. Langdon, 2011: Ocean acidification impacts multiple early life history processes of the
Caribbean coral Porites astreoides. Global Change Biology, 17(7), 2478-2487.

Albright, R., B. Mason, M. Miller and C. Langdon, 2010: Ocean acidification compromises recruitment success
of the threatened Carribean coral Acropora palmata. Proceedings of the National Academy of Sciences of the
United Sates of America, 107(47), 20400-20404.

Anlauf, H., L. D'Croz and A. O'Dea, 2011: A corrosive concoction: The combined effects of ocean warming and
acidification on the early growth of a stony coral are multiplicative. Journal of Experimental Marine Biology
and Ecology, 397(1), 13-20.

Anthony, K.R., D.I. Kline, G. Diaz-Pulido, S. Dove and O. Hoegh-Guldber g, 2008: Ocean acidification causes
bleaching and productivity lossin coral reef builders. Proceedings of the National Academy of Sciences of the
United Sates of America, 105(45), 17442-17446.

Do Not Cite, Quote, or Distribute 147 11 June 2012



QUOWoOWO~NOULEA,WNPE

mmmmm.b.b.b4>.l>t.b.b.b.bwoooooooooooooooowr\)r\)r\)r\)r\)r\)r\)r\)mml—\|—\|—\|—\|—\|—\|—\|—\|—\|—\
A WNRPOOKLONO O WNPFPOQOONOURWNPOOONOUOUOPRARWNRPOOONOOUODMWNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Arnold, K.E., H.S. Findlay, J.I. Spicer, C.L. Danielsand D. Boothroyd, 2009: Effect of CO,-related acidification
on aspects of the larval development of the European lobster, Homarus gammarus (L.). Biogeosciences, 6(8),
1747-1754.

Baumann, H., S.C. Talmage and C.J. Gobler, 2012: Reduced early life growth and survival in afish in direct
response to increased carbon dioxide. Nature Climate Change, 2(1), 38-41.

Bechmann, R.K., |.C. Taban, S. Westerlund, B.F. Godal, M. Arnberg, S. Vingen, A. Ingvarsdottir and T.
Baussant, 2011: Effects of ocean acidification on early life stages of shrimp (Pandalus borealis) and mussel
(Mytilus edulis). Journal of Toxicology and Environmental Health, Part A, 74(7-9), 424-438.

Berge, J.A., B. Bjerkeng, O. Pettersen, M.T. Schaanning and S. @xnevad, 2006: Effects of increased sea water
concentrations of CO, on growth of the bivalve Mytilus edulis L. Chemosphere, 62(4), 681-687.

Bibby, R., P. Cleall-Harding, S. Rundle, S. Widdicombe and J. Spicer, 2007: Ocean acidification disrupts
induced defencesin the intertidal gastropod Littorina littorea. Biology Letters, 3(6), 699-701.

Brennand, H.S., N. Soars, S.A. Dworjanyn, A.R. Davisand M. Byrne, 2010: Impact of ocean warming and
ocean acidification on larval development and calcification in the sea urchin Tripneustes gratilla. PloSone, 5(6),
el1372.

Byrne, M., N.A. Soars, M.A. Ho, E. Wong, D. McElroy, P. Selvakumaraswamy, S.A. Dworjanyn and A.R.
Davis, 2010: Fertilization in a suite of coastal marine invertebrates from SE Australiais robust to near-future
ocean warming and acidification. Marine Biology, 157(9), 2061-2069.

Caldwell, G.S,, S. Fitzer, C.S. Gillespie, G. Pickavance, E. Turnbull and M.G. Bentley, 2011: Ocean
acidification takes sperm back in time. Invertebrate Reproduction and Development, 55(4), 217-221.

Chan, K.Y., D. Grinbaum and M.J. O'Donnell, 2011: Effects of ocean-acidification-induced morphological
changes on larval swimming and feeding. Journal of Experimental Biology, 214(Pt 22), 3857-3867.

Checkley Jr, D.M ., A.G. Dickson, M. Takahashi, J.A. Radich, N. Eisenkolb and R. Asch, 2009: Elevated CO,
enhances otolith growth in young fish. Science, 324, 1683.

Christensen, A.B., H.D. Nguyen and M. Byrne, 2011: Thermotolerance and the effects of hypercapnia on the
metabolic rate of the ophiuroid Ophionereis schayeri: Inferences for survivorship in a changing ocean. Journal
of Experimental Marine Biology and Ecology, 403(1-2), 31-38.

Clark, D., M. Lamareand M. Barker, 2009: Response of sea urchin pluteus larvae (Echinodermata: Echinoidea)
to reduced seawater pH: a comparison among a tropical, temperate, and a polar species. Marine Biology, 156(6),
1125-1137.

Comeau, S, G. Gorsky, S. Alliouane and J.P. Gattuso, 2010a: Larvae of the pteropod Cavolinia inflexa exposed
to aragonite undersaturation are viable but shell-less. Marine Biology, 157(10), 2341-2345.

Comeau, S, R. Jeffree, J.-L. Teyssié and J.-P. Gattuso, 2010b: Response of the Arctic pteropod Limacina
helicina to projected future environmental conditions. PloS one, 5(6), €11362.

Comeau, S, G. Gorsky, R. Jeffree, J.-L. Teyssié and J.-P. Gattuso, 2009: Impact of ocean acidification on akey
Arctic pelagic mollusc (Limacina helicina). Biogeosciences, 6, 1877-1882.

Crawley, A., D.l. Kline, S. Dunn, K.E.N. Anthony and S. Dove, 2010: The effect of ocean acidification on
symbiont photorespiration and productivity in Acropora formosa. Global Change Biology, 16(2), 851-863.

Crim, R.N., J.M. Sunday and C.D.G. Harley, 2011: Elevated seawater CO, concentrationsimpair larval
development and reduce larval survival in endangered northern abalone (Haliotis kamtschatkana). Journal of
Experimental Marine Biology and Ecology, 400(1-2), 272-277.

Cripps, I.L., P.L. Munday and M.l. McCormick, 2011: Ocean acidification affects prey detection by a predatory
reef fish. PloSone, 6(7), e22736.

Cummings, V., J. Hewitt, A. Van Rooyen, K. Currie, S. Beard, S. Thrush, J. Norkko, N. Barr, P. Heath, N.J.
Halliday, R. Sedcole, A. Gomez, C. McGraw and V. Metcalf, 2011: Ocean acidification at high latitudes:
potential effects on functioning of the Antarctic bivalve Laternula elliptica. PloSone, 6(1), €16069.

delaHaye, K.L., J.l. Spicer, S. Widdicombe and M. Briffa, 2011: Reduced sea water pH disrupts resource
assessment and decision making in the hermit crab Pagurus bernhardus. Animal Behaviour, 82(3), 495-501.

delaHaye, K.L., J.I. Spicer, S. Widdicombe and M. Briffa, 2012: Reduced pH sea water disrupts chemo-
responsive behaviour in an intertidal crustacean. Journal of Experimental Marine Biology and Ecology, 412,
134-140.

dePutron, S.J., D.C. McCorkle, A.L. Cohen and A.B. Dillon, 2010: The impact of seawater saturation state and
bicarbonate ion concentration on calcification by new recruits of two Atlantic corals. Coral Reefs, 30(2), 321-
328.

Do Not Cite, Quote, or Distribute 148 11 June 2012



QOO ~NOULEAWNPE

OO e N S ARS8 YN Y LYY REYNENRRRNNNRNEERE R
NFPFOOOXDIDODUTRNROMNROOOIOTROINPRPOOOVNOUNRWNRPRPOOONOOO ~MWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Deigweiher, K., N. Koschnick, H.O. Pértner and M. L ucassen, 2008: Acclimation of ion regulatory capacitiesin
gills of marine fish under environmental hypercapnia. American Journal of Physiology: Regulatory, Integrative
and Comparative Physiology, 295(5), R1660-R1670.

Deigweiher, K., T. Hirse, C. Bock, M. Lucassen and H.O. Pértner, 2010: Hypercapniainduced shiftsin gill
energy budgets of Antarctic notothenioids. Journal of Comparative Physiology B, Biochemical, Systemic, and
Environmental Physiology, 180(3), 347-359.

Devine, B.M ., P.L. Munday and G.P. Jones, 2012a: Homing ability of adult cardinalfish is affected by elevated
carbon dioxide. Oecologia, 168(1), 269-276.

Devine, B.M ., P.L. Munday and G.P. Jones, 2012b: Rising CO, concentrations affect settlement behaviour of
larval damselfishes. Coral Reefs, 31(1), 229-238.

Diaz-Pulido, G., M. Gouezo, B. Tilbrook, S. Dove and K.R.N. Anthony, 2011: High CO, enhances the
competitive strength of seaweeds over corals. Ecology Letters, 14(2), 156-162.

Dickinson, G.H., A.V. Ivanina, O.B. Matoo, H.O. Pértner, G. Lannig, C. Bock, E. Beniash and .M. Sokolova,
2012: Interactive effects of salinity and elevated CO, levels on juvenile eastern oysters, Crassostrea virginica.
Journal of Experimental Biology, 215(1), 29-43.

Dissanayake, A. and A. Ishimatsu, 2011 in press: Synergistic effects of elevated CO, and temperature on the
metabolic scope and activity in a shallow-water coastal decapod (Metapenaeus joyneri; Crustacea: Penaeidag).
ICES Journal of Marine Science.

Dissanayake, A., R. Clough, J.I. Spicer and M .B. Jones, 2010: Effects of hypercapnia on acid—base balance and
osmo-/iono-regulation in prawns (Decapoda: Palaemonidae). Aquatic Biology, 11(1), 27-36.

Dixson, D.L., P.L. Munday and G.P. Jones, 2009: Ocean acidification disrupts the innate ability of fish to detect
predator olfactory cues. Ecology Letters, 13(1), 68-75.

Domenici, P., B. Allan, M.I. McCormick and P.L. Munday, 2012: Elevated carbon dioxide affects behavioural
lateralization in acoral reef fish. Biology Letters, 8(1), 78-81.

Donohue, P., P. Calosi, A.H. Bates, B. Laverock, S. Rastrick, F.C. Mark, S. A. and S. Widdicombe, 2012:
Physiological and behavioural impacts of exposure to elevated pCO, on an important ecosystem engineer, the
burrowing shrimp Upogebia deltaura. Aquatic Biology, 15, 73-86.

Doo, S.S., SA. Dworjanyn, S.A. Foo, N.A. Soarsand M. Byrne, 2011: Impacts of ocean acidification on
development of the meroplanktonic larval stage of the sea urchin Centrostephanus rodgersii. ICES Journal of
Marine Science, in press.

Doropoulos, C., S. Ward, G. Diaz-Pulido, O. Hoegh-Guldberg and P.J. Mumby, 2012 in press. Ocean
acidification reduces coral recruitment by disrupting intimate larval-algal settlement interactions. Ecology
Letters.

Dupont, S, B. Lundve and M. Thorndyke, 2010: Near future ocean acidification increases growth rate of the
lecithotrophic larvae and juveniles of the sea star Crossaster papposus. Journal of Experimental Zoology Part
B: Molecular and Developmental Evolution, 314B(5), 382-389.

Dupont, S, J. Havenhand, W. Thorndyke, L. Peck and M. Thorndyke, 2008: Near-future level of CO,-driven
ocean acidification radically affects larval survival and development in the brittlestar Ophiothrix fragilis.
Marine Ecology Progress Series, 373, 285-294.

Edmunds, P.J., 2011: Zooplanktivory ameliorates the effects of ocean acidification on the reef coral Porites spp.
Limnology and Oceanography, 56(6), 2402-2410.

Egilsdottir, H., J.I. Spicer and S.D. Rundle, 2009: The effect of CO, acidified sea water and reduced salinity on
aspects of the embryonic development of the amphipod Echinogammarus marinus (Leach). Marine Pollution
Bulletin, 58(8), 1187-1191.

Ellis, R.P., J. Bersey, S.D. Rundle, J.M. Hall-Spencer and J.1. Spicer, 2009: Subtle but significant effects of CO,
acidified seawater on embryos of the intertidal snail, Littorina obtusata. Aquatic Biology, 5, 41-48.

Ericson, J.A.,M.D. Lamare, SA. Morley and M.F. Barker, 2010: The response of two ecologically important
Antarctic invertebrates (terechinus neumayeri and Parborlasia corrugatus) to reduced seawater pH: effects on
fertilisation and embryonic development. Marine Biology, 157(12), 2689-2702.

Fabricius, K.E., C. Langdon, S. Uthicke, C. Humphrey, S. Noonan, G. De'ath, R. Okazaki, N. Muehllehner,
M.S. Glasand J.M. Lough, 2011: Losers and winnersin coral reefs acclimatized to elevated carbon dioxide
concentrations. Nature Climate Change, 1, 165-1609.

Do Not Cite, Quote, or Distribute 149 11 June 2012



QUOWO~NOULEAWNPE

U'IU'IU'IU'IU'I-b-b-b-b-bﬁ-l>-l>-l>-b000000000000wwwle\)Nl\)NNNNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
A WNRPLPOOKNO OO WNPFPOOONOURAWNRPOOO~NOOUORRWNRPOOONOOUIASWNPE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Fehsenfeld, S, R. Kiko, Y. Appelhans, D.W. Towle, M. Zimmer and F. Melzner, 2011: Effects of elevated
seawater pCO, on gene expression patternsin the gills of the green crab, Carcinus maenas. BMC genomics, 12,
488.

Fernandez-Reiriz, J., P. Range, X.A. Alvarez-Salgado and U. Labarta, 2011: Physiological energetics of
juvenile clams (Ruditapes decussatus) in a high CO, coastal ocean. Marine Ecology Progress Series, 433, 97-
105.

Ferrari, M.C., M.I. McCormick, P.L. Munday, M.G. Meekan, D.L. Dixson, O. Lonnstedt and D.P. Chivers,
2011a: Putting prey and predator into the CO, equation--qualitative and quantitative effects of ocean
acidification on predator-prey interactions. Ecology Letters, 14(11), 1143-1148.

Ferrari, M.C.O., D.L. Dixson, P.L. Munday, M.lI. McCormick, M.G. Meekan, A. Sih and D.P. Chivers, 2011b:
Intrageneric variation in antipredator responses of coral reef fishes affected by ocean acidification: implications
for climate change projections on marine communities. Global Change Biology, 17(9), 2980-2986.

Findlay, H., M. Kendall, J. Spicer and S. Widdicombe, 2009: Future high CO, in the intertidal may compromise
adult barnacle Semibalanus balanoides survival and embryonic development rate. Marine Ecology Progress
Series, 389, 193-202.

Findlay, H., M. Kendall, J. Spicer and S. Widdicombe, 2010a: Post-larval development of two intertidal
barnacles at elevated CO, and temperature. Marine Biology, 157(4), 725-735.

Findlay, H.S., M.A. Kendall, J.I. Spicer and S. Widdicombe, 2010b: Relative influences of ocean acidification
and temperature on intertidal barnacle post-larvae at the northern edge of their geographic distribution.
Estuarine, Coastal and Shelf Science, 86(4), 675-682.

Form, A.U. and U. Riebesell, 2012: Acclimation to ocean acidification during long-term CO, exposure in the cold-
water coral Lophelia pertusa. Global Change Biology, 18(3), 843-853.

Frommel, A.Y., V. Stiebens, C. Clemmesen and J. Havenhand, 2010: Effect of ocean acidification on marine fish
sperm (Baltic cod: Gadus morhua). Biogeosciences, 7(12), 3915-3919.

Frommel, A.Y., A. Schubert, U. Piatkowski and C. Clemmesen, 2012a: Egg and early larval stages of Baltic cod,
Gadus morhua, are robust to high levels of ocean acidification. Marine Biology, in press.

Frommel, A.Y., R. Mangja, D. Lowe, A.M. Malzahn, A.J. Geffen, A. Folkvord, U. Piatkowski, T.B.H. Reusch
and C. Clemmesen, 2012b: Severe tissue damage in Atlantic cod larvae under increasing ocean acidification.
Nature Climate Change, 2(1), 42-46.

Gaylord, B., T.M. Hill, E. Sanford, E.A. Lenz, L.A. Jacobs, K.N. Sato, A.D. Russell and A. Hettinger, 2011.:
Functional impacts of ocean acidification in an ecologically critical foundation species. Journal of Experimental
Biology, 214(Pt 15), 2586-2594.

Gazeau, F., J.P. Gattuso, M. Greaves, H. Elderfield, J. Peene, C.H. Heip and J.J. Middelburg, 2011: Effect of
carbonate chemistry alteration on the early embryonic development of the Pacific oyster (Crassostrea gigas).
PloSone, 6(8), €23010.

Gadinot, C., F. Houlbréque, R. Grover and C. Ferrier-Pageés, 2011: Coral uptake of inorganic phosphorus and
nitrogen negatively affected by simultaneous changes in temperature and pH. PloS one, 6(9), €25024.

Gooding, R.A., C.D.G. Harley and E. Tang, 2009: Elevated water temperature and carbon dioxide concentration
increase the growth of a keystone echinoderm. Proceedings of the National Academy of Sciences of the United
Sates of America, 106(23), 9316-9321.

Green, M.A.,R.C. Aller and J.Y. Aller, 1998: Influence of carbonate dissolution on survival of shell-bearing
meiobenthos in nearshore sediments. Limnology and Oceanography, 43(1), 18-28.

Green, M.A., M .E. Jones, C.L. Boudreau, R.L. Moore and B.A. Westman, 2004: Dissolution mortality of
juvenile bivalves in coastal marine deposits. Limnology and Oceanography, 49(3), 727-734.

Gutowska, M.A., H.O. Portner and F. Melzner, 2008: Growth and calcification in the cephalopod Sepia
officinalis under elevated seawater pCO,. Marine Ecology Progress Series, 373, 303-309.

Gutowska, M .A., F. Melzner, H.O. Pértner and S. Meier, 2010: Cuttlebone calcification increases during
exposure to elevated seawater pCO, in the cephalopod Sepia officinalis. Marine Biology, 157(7), 1653-1663.

Hale, R., P. Calosi, L. McNeill, N. Mieszkowska and S. Widdicombe, 2011: Predicted levels of future ocean
acidification and temperature rise could alter community structure and biodiversity in marine benthic
communities. Oikos, 120(5), 661-674.

Hammer, K.M ., E. Kristiansen and K.E. Zachariassen, 2011: Physiological effects of hypercapniain the deep-
sea bivalve Acesta excavata (Fabricius, 1779) (Bivalvia; Limidae). Marine environmental research, 72(3), 135-
142.

Do Not Cite, Quote, or Distribute 150 11 June 2012



QUOWONOULA,WNPE

U'lU'lU'IU'l-b-b-b-b-bt-b-b-b-b00000000OOOOwwwWNNNNNNNNNNI—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘l—‘
WNNPFPOOWNO O WNPFPOQOONOOUOPRAWNPOOONOOUOPRARWNRPEPOOONOOUODMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Hauton, C., T. Tyrrell and J. Williams, 2009: The subtle effects of seawater acidification on the amphipod
Gammarus locusta. Biogeosciences, 6, 1479-1489.

Havenhand, J.N. and P. Schlegel, 2009: Near-future levels of ocean acidification do not affect sperm motility and
fertilization kinetics in the oyster Crassostrea gigas. Biogeosciences, 6(12), 3009-3015.

Havenhand, J.N., F.-R. Buttler, M.C. Thorndyke and J.E. Williamson, 2008: Near-future levels of ocean
acidification reduce fertilization success in a sea urchin. Current Biology, 18(15), R651-R652.

Hayashi, M., J. Kitaand A. I shimatsu, 2004: Comparison of the acid-base responses to CO, and acidification in
Japanese flounder (Paralichthys olivaceus). Marine Pollution Bulletin, 49(11-12), 1062-1065.

Heinemann, A., J. Fietzke, F. Melzner, F. Bohm, J. Thomsen, D. Garbe-Schonberg and A. Eisenhauer, 2012;
Conditions of Mytilus edulis extracellular body fluids and shell composition in a pH-treatment experiment:
Acid-base status, trace elements and0''B. Geochemistry Geophysics Geosystems, 13(1), Q01005.

Hernroth, B., S. Baden, M. Thorndyke and S. Dupont, 2011: Immune suppression of the echinoderm Asterias
rubens (L.) following long-term ocean acidification. Aquatic Toxicology, 103(3-4), 222-224.

Holcomb, M., D.C. McCorkleand A.L. Cohen, 2010: Long-term effects of nutrient and CO, enrichment on the
temperate coral Astrangia poculata (Ellis and Solander, 1786). Journal of Experimental Marine Biology and
Ecology, 386(1-2), 27-33.

Holcomb, M., A.L. Cohen and D.C. McCorkle, 2012: An investigation of the calcification response of the
scleractinian coral Astrangia poculata to elevated pCO, and the effects of nutrients, zooxanthellae and gender.
Biogeosciences, 9(1), 29-39.

Hu, M.Y.-A., Y.-C. Tseng, M. Stumpp, M .A. Gutowska, R. Kiko, M. Lucassen and F. Melzner, 2011: Elevated
seawater pCO, differentially affects branchial acid-base transporters over the course of development in the
cephalopod Sepia officinalis. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology, 300, R1100-R1114.

Inoue, M., R. Suwa, A. Suzuki, K. Sakai and H. Kawahata, 2011: Effects of seawater pH on growth and skeletal
U/Caratios of Acropora digitifera coral polyps. Geophysical Research Letters, 38(12), L12809.

Jury, C.P., R.F. Whitehead and A.M. Szmant, 2010: Effects of variations in carbonate chemistry on the
calcification rates of Madracis auretenra (= Madracis mirabilis sensu Wells, 1973): bicarbonate concentrations
best predict calcification rates. Global Change Biology, 16(5), 1632-1644.

Kawaguchi, S., H. Kurihara, R. King, L. Hale, T. Berli, J.P. Robinson, A. Ishida, M. Wakita, P. Virtue, S.
Nicol and A. I shimatsu, 2011: Will krill fare well under Southern Ocean acidification? Biology Letters, 7(2),
288-291.

Kikkawa, T., A. Ishimatsu and J. Kita, 2003: Acute CO, tolerance during the early developmental stages of four
marine teleosts. Environmental Toxicology, 18(6), 375-382.

Kikkawa, T., T. Sato, J. Kitaand A. | shimatsu, 2006: Acute toxicity of temporally varying seawater CO,
conditions on juveniles of Japanese sillago (Sllago japonica). Marine Pollution Bulletin, 52(6), 621-625.

Kikkawa, T., Y. Watanabe, Y. Katayama, J. Kitaand A. Ishimatsu, 2008: Acute CO, tolerance limits of
juveniles of three marine invertebrates, Sepia lycidas, Sepioteuthis lessioniana, and Marsupenaeus japonicus.
Plankton and Benthos Research, 3(3), 184-187.

Kimura, R.Y.O., H. Takami, T. Ono, T. Onitsuka and Y. Nojiri, 2011: Effects of elevated pCO, on the early
development of the commercially important gastropod, Ezo abalone Haliotis discus hannai. Fisheries
Oceanography, 20(5), 357-366.

Krief, S, E.J. Hendy, M. Fine, R. Yam, A. Meibom, G.L. Foster and A. Shemesh, 2010: Physiological and
i sotopic responses of scleractinian corals to ocean acidification. Geochimica et Cosmochimica Acta, 74(17),
4988-5001.

Kurihara, H. and Y. Shirayama, 2004: Effects of increased amospheric CO, on sea urchin early development.
Marine Ecology Progress Series, 274, 161-169.

Kurihara, H. and A. Ishimatsu, 2008: Effects of high CO, seawater on the copepod (Acartia tsuensis) through all
life stages and subsequent generations. Marine Pollution Bulletin, 56(6), 1086-1090.

Kurihara, H., S. Shimode and Y. Shirayama, 2004a: Sub-lethal effects of elevated concentration of CO, on
planktonic copepods and sea urchins. Journal of Oceanography, 60, 743-750.

Kurihara, H., S. Shimode and Y. Shirayama, 2004b: Effects of raised CO, concentration on the egg production
rate and early development of two marine copepods (Acartia steueri and Acartia erythraea). Marine Pollution
Bulletin, 49(9-10), 721-727.

Do Not Cite, Quote, or Distribute 151 11 June 2012



QUOWOWO~NOULAWNPE

0101010101.b.b.l>.b.l>t.l>Abbwwwwwwwwwwmmmmmmmmmr\n—\|—\|—\|—\|—\|—\|—\|—\|—\|—\
A WNRPOOKLONO OV WNPFPOQOONOOUOPRWNPOOONOUOUPRARWNRPEPOOONOOUOUDN,WNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Kurihara, H., S. Kato and A. Ishimatsu, 2007: Effects of increased seawater pCO, on early development of the
oyster Crassostrea gigas. Aquatic Biology, 1, 91-98.

Kurihara, H., T. Asai, S. Kato and A. | shimatsu, 2008a: Effects of elevated pCO, on early development in the
mussel Mytilus galloprovincialis. Aquatic Biology, 4, 225-233.

Kurihara, H., M. Matsui, H. Furukawa, M. Hayashi and A. | shimatsu, 2008b: L ong-term effects of predicted
future seawater CO, conditions on the survival and growth of the marine shrimp Palaemon pacificus. Journal of
Experimental Marine Biology and Ecology, 367(1), 41-46.

Lacoue-Labarthe, T., S. Martin, F. Oberhandli, J.L. Teyssié S. Markich, R. Jeffree and P. Bustamante, 2009:
Effects of increased pCO, and temperature on trace element (Ag, Cd and Zn) bioaccumulation in the eggs of the
common cuttlefish, Sepia officinalis. Biogeosciences, 6(11), 2561-2573.

Lannig, G., S. Eilers, H.O. Portner, |.M. Sokolova and C. Bock, 2010: Impact of ocean acidification on energy
metabolism of oyster, Crassostrea gigas--changes in metabolic pathways and thermal response. Marine Drugs,
8(8), 2318-2339.

Lee K.-S., J. Kitaand A. Ishimatsu, 2003: Effects of |ethal levels of environmental hypercapnia on cardiovascular
and blood-gas statusin Y ellowtail, Seriola quinqueradiata. Zoological Science, 20(4), 417-422.

Lischka, S., J. Budenbender, T. Boxhammer and U. Riebesell, 2011: Impact of ocean acidification and elevated
temperatures on early juveniles of the polar shelled pteropod Limacina helicina: mortality, shell degradation,
and shell growth. Biogeosciences, 8(4), 919-932.

Maas, A.E., K.F. Wishner and B.A. Seibel, 2012: The metabolic response of pteropods to ocean acidification
reflects natural CO,-exposure in oxygen minimum zones. Biogeosciences, 9(2), 747-757.

Maier, C., P. Watremez, M. Taviani, M.G. Weinbauer and J.P. Gattuso, 2012: Calcification rates and the effect
of ocean acidification on Mediterranean cold-water corals. Proceedings of the Royal Society B: Biological
Sciences, 279(1734), 1716-1723.

Marchant, H.K., P. Calosi and J.I. Spicer, 2010: Short-term exposure to hypercapnia does not compromise
feeding, acid—base balance or respiration of Patella vulgata but surprisingly is accompanied by radula damage.
Journal of the Marine Biological Association of the United Kingdom, 90(07), 1379-1384.

Martin, S., S. Richier, M .-L. Pedrotti, S. Dupont, C. Castgjon, Y. Gerakis, M .-E. Kerros, F. Oberhandli, J.-L.
Teyssie, R. Jeffreeand J.-P. Gattuso, 2011: Early development and molecular plasticity in the Mediterranean
sea urchin Paracentrotus lividus exposed to CO,-driven acidification. Journal of Experimental Biology, 214(8),
1357-1368.

Mayor, D.J., N.R. Everett and K.B. Cook, 2012: End of century ocean warming and acidification effects on
reproductive success in atemperate marine copepod. Journal of Plankton Research, 34(3), 258-262.

Mayor, D.J., C. Matthews, K. Cook, A.F. Zuur and S. Hay, 2007: CO,-induced acidification affects hatching
success in Calanus finmarchicus. Marine Ecology Progress Series, 350, 91-97.

McDonald, M .R., J.B. McClintock, C.D. Amdler, D. Rittschof, R.A. Angus, B. Orihuela and K. L utostanski,
2009: Effects of ocean acidification over the life history of the barnacle Amphibalanus amphitrite. Marine
Ecology Progress Series, 385, 179-187.

Melatunan, S., P. Calosi, S.D. Rundle, A.J. Moody and S. Widdicombe, 2011: Exposure to elevated temperature
and P, reduces respiration rate and energy status in the periwinkle Littorina littorea. Physiological and
Biochemical Zoology, 84(6), 583-594.

Melzner, F., S. Gébel, M. Langenbuch, M.A. Gutowska, H.O. Pértner and M. L ucassen, 2009: Swimming
performance in Atlantic Cod (Gadus morhua) following long-term (4-12 months) acclimation to elevated
seawater P(CO,). Aquatic Toxicology, 92(1), 30-37.

Melzner, F., P. Stange, K. Trubenbach, J. Thomsen, |. Casties, U. Panknin, S.N. Gorb and M .A. Gutowska,
2011 Food supply and seawater pCO, impact calcification and internal shell dissolution in the blue mussel
Mytilus edulis. PloSone, 6(9), €24223.

Metzger, R., F. Sartoris, M. Langenbuch and H. Portner, 2007: Influence of elevated CO, concentrations on
thermal tolerance of the edible crab Cancer pagurus. Journal of Thermal Biology, 32(3), 144-151.

Michaelidis, B., A. Spring and H.O. Portner, 2007: Effects of long-term acclimation to environmental
hypercapnia on extracellular acid—base status and metabolic capacity in Mediterranean fish Sparus aurata.
Marine Biology, 150(6), 1417-1429.

Michaelidis, B., C. Ouzounis, A. Palerasand H.O. Portner, 2005: Effects of long-term moderate hypercapnia on
acid-base balance and growth rate in marine mussels Mytilus galloprovincialis. Marine Ecology Progress Series,
293, 109-118.

Do Not Cite, Quote, or Distribute 152 11 June 2012



QUOWOWO~NOULEA WNBE

U'IU'IU'IU'I-b-bhhbtbbhhwwwwwwwwwwl\)I\)I\)I\)I\)I\)I\)I\)I\)I\)I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘I—‘
WNPFPOOWNO O WNPFPOQOONOOUORRWNPOOONODUPRARWNRPOOONOOUODWDNERE

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Miles, H., S. Widdicombe, J.I. Spicer and J. Hall-Spencer, 2007: Effects of anthropogenic seawater acidification
on acid-base balance in the sea urchin Psammechinus miliaris. Marine Pollution Bulletin, 54(1), 89-96.

Miller, AW., A.C. Reynolds, C. Sobrino and G.F. Riedel, 2009: Shellfish face uncertain future in high CO,
world: influence of acidification on oyster larvae calcification and growth in estuaries. PloS one, 4(5), €5661.

Moran, D. and J.G. Stettrup, 2011: The effect of carbon dioxide on growth of juvenile Atlantic cod Gadus
morhua L. Aquatic Toxicology, 102(1-2), 24-30.

Morita, M., R. Suwa, A. Iguchi, M. Nakamura, K. Shimada, K. Sakai and A. Suzuki, 2010: Ocean acidification
reduces sperm flagellar motility in broadcast spawning reef invertebrates. Zygote, 18(2), 103-107.

Moulin, L., A.l. Catarino, T. Claessens and P. Dubois, 2011: Effects of seawater acidification on early
development of the intertidal sea urchin Paracentrotus lividus (Lamarck 1816). Marine Pollution Bulletin,
62(1), 48-54.

Munday, P.L., N.E. Crawley and G.E. Nilsson, 2009a: Interacting effects of elevated temperature and ocean
acidification on the aerobic performance of coral reef fishes. Marine Ecology Progress Series, 388, 235-242.

Munday, P.L., J.M. Donelson, D.L. Dixson and G.G. Endo, 2009b: Effects of ocean acidification on the early life
history of atropical marine fish. Proceedings of the Royal Society London B: Biological Sciences, 276(1671),
3275-3283.

Munday, P.L., V. Hernaman, D.L. Dixson and S.R. Thorrold, 2011a: Effect of ocean acidification on otolith
development in larvae of atropical marine fish. Biogeosciences, 8(6), 1631-1641.

Munday, P.L., M. Gagliano, J.M. Donelson, D.L. Dixson and S.R. Thorrold, 2011b: Ocean acidification does
not affect the early life history development of atropical marine fish. Marine Ecology Progress Series, 423,
211-221.

Munday, P.L., D.L. Dixson, M.l. McCormick, M. Meekan, M.C.O. Ferrari and D.P. Chivers, 2010:
Replenishment of fish populationsis threatened by ocean acidification. Proceedings of the National Academy of
Sciences, 107(29), 12930-12934.

Munday, P.L.,D.L. Dixson, J.M. Donelson, G.P. Jones, M .S. Pratchett, G.V. Devitsina and K.B. Doving,
2009c: Ocean acidification impairs olfactory discrimination and homing ability of a marine fish. Proceedings of
the National Academy of Sciences of the United States of America, 106(6), 1848-1852.

Nakamura, M., S. Ohki, A. Suzuki and K. Sakai, 2011: Coral larvae under ocean acidification: survival,
metabolism, and metamorphosis. PloSone, 6(1), e14521.

Nienhuis, S., A.R. Palmer and C.D. Harley, 2010: Elevated CO, affects shell dissolution rate but not calcification
rate in amarine snail. Proceedings of the Royal Society B: Biological Sciences, 277(1693), 2553-2558.

Nilsson, G.E., D.L. Dixson, P. Domenici, M.I. McCormick, C. Sgrensen, S.-A. Watson and P.L. Munday, 2012:
Near-future carbon dioxide levels alter fish behaviour by interfering with neurotransmitter function. Nature
Climate Change, 2, 201-204.

Nowicki, J.P., G.M. Miller and P.L. Munday, 2012: Interactive effects of elevated temperature and CO, on
foraging behavior of juvenile coral reef fish. Journal of Experimental Marine Biology and Ecology, 412, 46-51.

O'Donnell, M J., L.M. Hammond and G.E. Hofmann, 2009: Predicted impact of ocean acidification on a marine
invertebrate: elevated CO, alters response to thermal stressin sea urchin larvae. Marine Biology, 156, 439-446.

O'Donnell, M .J., A.E. Todgham, M .A. Sewell, L.M. Hammond, K. Ruggiero, N.A. Fangue, M .L. Zippay and
G.E. Hofmann, 2010: Ocean acidification alters skeletogenesis and gene expression in larval sea urchins.
Marine Ecology Progress Series, 398, 157-171.

Parker, L.M., P.M. Rossand W.A. O’Connor, 2010: Comparing the effect of elevated pCO, and temperature on
the fertilization and early development of two species of oysters. Marine Biology, 157(11), 2435-2452.

Parker, L.M., P.M. Rossand W.A. O’Connor, 2011: Populations of the Sydney rock oyster, Saccostrea
glomerata, vary in response to ocean acidification. Marine Biology, 158(3), 689-697.

Parker,L.M., P.M. Ross, W.A. O'Connor, L. Borysko, D.A. Raftos and H.-O. Portner, 2012: Adult exposure
influences offspring response to ocean acidification in oysters. Global Change Biology, 18(1), 82-92.

Range, P., M.A. Chicharo, R. Ben-Hamadou, D. Pilo, D. Matias, S. Joaquim, A.P. Oliveiraand L. Chicharo,
2011 Calcification, growth and mortality of juvenile clams Ruditapes decussatus under increased pCO, and
reduced pH: Variable responses to ocean acidification at local scales? Journal of Experimental Marine Biology
and Ecology, 396(2), 177-184.

Renegar, D.A. and B.M. Riegl, 2005; Effect of nutrient enrichment and elevated CO, partial pressure on growth
rate of Atlantic scleractinian coral Acropora cervicornis. Marine Ecology Progress Series, 293, 69-76.

Do Not Cite, Quote, or Distribute 153 11 June 2012



QUOWoOWOW~NOULEA,WNPE

mmmm-b-b.b.b4>ﬁ.b.bAhwwwwwwwwwwmmmmmmmmmml—\|—\|—\|—\|—\|—\|—\|—\|—\|—\
WNNPFPOOWNO O WNPFPOQOONOOUPRAWNPOOONOUOPRARWNPEPOOONOOODMWDNER

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Reuter, K.E., K.E. Lotterhos, R.N. Crim, C.A. Thompson and C.D.G. Harley, 2011: Elevated pCO, increases
sperm limitation and risk of polyspermy in the red sea urchin Strongylocentrotus franciscanus. Global Change
Biology, 17(1), 163-171.

Reynaud, S., N. Leclercqg, S. Romaine-Lioud, C. Ferrier-Pages, J. Jaubert and J.-P. Gattuso, 2003: Interacting
effects of CO, partial pressure and temperature on photosynthesis and calcification in a scleractinian coral.
Global Change Biology, 9, 1660-1668.

Ries, J.B., A.L. Cohen and D.C. McCorkle, 2009: Marine calcifiers exhibit mixed responses to CO,-induced
ocean acidification. Geology, 37(12), 1131-1134.

Ries, J.B., A.L. Cohen and D.C. McCorkle, 2010: A nonlinear calcification response to CO,-induced ocean
acidification by the coral Oculina arbuscula. Coral Reefs, 29(3), 661-674.

Rodolfo-Metalpa, R., S. Martin, C. Ferrier-Pagés and J.-P. Gattuso, 2010: Response of the temperate coral
Cladocora caespitosa to mid- and long-term exposure to pCO, and temperature levels projected for the year
2100 AD. Biogeosciences, 7, 289-300.

Rosa, R. and B.A. Seibel, 2008: Synergistic effects of climate-related variables suggest future physiological
impairment in atop oceanic predator. Proceedings of the National Academy of Sciences of the United States of
America, 105(52), 20776-20780.

Schram, J.B., J.B. McClintock, R.A. Angusand J.M. Lawrence, 2011: Regenerative capacity and biochemical
composition of the sea star Luidia clathrata (Say) (Echinodermata: Asteroidea) under conditions of near-future
ocean acidification. Journal of Experimental Marine Biology and Ecology, 407(2), 266-274.

Shirayama, Y. and H. Thornton, 2005; Effect of increased atmospheric CO, on shallow water marine benthos.
Journal of Geophysical Research, 110(C9), C09S08.

Simpson, S.D., P.L. Munday, M.L. Wittenrich, R. Manassa, D.L. Dixson, M. Gagliano and H.Y. Yan, 2011:
Ocean acidification erodes crucia auditory behaviour in a marine fish. Biology Letters, 7(6), 917-920.

Small, D., P. Calosi, D. White, J.1. Spicer and S. Widdicombe, 2010: Impact of medium-term exposure to CO,
enriched seawater on the physiological functions of the velvet swimming crab Necora puber. Aquatic Biology,
10(1), 11-21.

Spicer, J.I., S. Widdicombe, H.R. Needham and J.A. Berge, 2011: Impact of CO,-acidified seawater on the
extracellular acid—base balance of the northern sea urchin Srongylocentrotus droebachiensis. Journal of
Experimental Marine Biology and Ecology, 407(1), 19-25.

Stumpp, M., S. Dupont, M.C. Thorndyke and F. Melzner, 2011a: CO, induced seawater acidification impacts sea
urchin larval development Il: Gene expression patternsin pluteus larvae. Comparative Biochemistry and
Physiology - A Molecular & Integrative Physiology, 160(3), 320-330.

Stumpp, M., J. Wren, F. Melzner, M.C. Thorndyke and S.T. Dupont, 2011b: CO, induced seawater
acidification impacts sea urchin larval development |: Elevated metabolic rates decrease scope for growth and
induce developmental delay. Comparative Biochemistry and Physiology - Part A: Molecular & Integrative
Physiology, 160(3), 331-340.

Stumpp, M., K. Trubenbach, D. Brennecke, M.Y. Hu and F. Melzner, 2012: Resource allocation and
extracellular acid-base status in the sea urchin Strongyl ocentrotus droebachiensis in response to CO, induced
seawater acidification. Aquatic Toxicology, 110-111, 194-207.

Suwa, R., M. Nakamura, M. Morita, K. Shimada, A. Iguchi, K. Sakai and A. Suzuki, 2010: Effects of acidified
seawater on early life stages of scleractinian corals (Genus Acropora). Fisheries Science, 76(1), 93-99.

Talmage, S.C. and C.J. Gaobler, 2009: The effects of elevated carbon dioxide concentrations on the metamorphosis,
size, and survival of larval hard clams (Mercenaria mercenaria), bay scallops (Argopecten irradians), and
Eastern oysters (Crassostrea virginica). Limnology and Oceanography, 54(6), 2072-2080.

Talmage, S.C. and C.J. Gobler, 2010: Effects of past, present, and future ocean carbon dioxide concentrations on
the growth and survival of larval shellfish. Proceedings of the National Academy of Sciences of the United
Sates of America, 107(40), 17246-17251.

Talmage, S.C. and C.J. Gobler, 2011: Effects of elevated temperature and carbon dioxide on the growth and
survival of larvae and juveniles of three species of northwest Atlantic bivalves. PloSone, 6(10), €26941.

Thomsen, J., M.A. Gutowska, J. Saphorster, A. Heinemann, K. Trlbenbach, J. Fietzke, C. Hiebenthal, A.
Eisenhauer, A. Koértzinger, M. Wahl and F. Melzner, 2010: Calcifying invertebrates succeed in a naturally
CO, enriched coastal habitat but are threatened by high levels of future acidification. Biogeosciences
Discussions, 7(4), 5119-5156.

Do Not Cite, Quote, or Distribute 154 11 June 2012



QUOWO~NOULAWNPE

BN S AR SR8V LR PUYREYNENRERRNNNRNEERE R
OOV RNRMOMNROOOINOOORONPROOCONOUNRWONPOOONOO ~MWN P

FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Todgham, A.E. and G.E. Hofmann, 2009: Transcriptomic response of sea urchin larvae Strongylocentrotus
purpuratus to CO,-driven seawater acidification. Journal of Experimental Biology, 212(16), 2579-2594.

Tomanek, L., M.J. Zuzow, A.V. Ivanina, E. Beniash and | .M. Sokolova, 2011: Proteomic response to elevated
P.o; level in eastern oysters, Crassostrea virginica: evidence for oxidative stress. Journal of Experimental
Biology, 214(Pt 11), 1836-1844.

Vetter, E.W. and C.R. Smith, 2005: Insightsinto the ecological effects of deep ocean CO, enrichment: The
impacts of natural CO, venting at Loihi seamount on deep sea scavengers. Journal of Geophysical Research,
110(C9), C09S13.

Waldbusser, G., E. Voigt, H. Bergschneider, M. Green and R. Newell, 2011: Biocalcification in the eastern
oyster (Crassostrea virginica) in relation to long-term trends in Chesapeake Bay pH. Estuaries and Coasts,
34(2), 221-231.

Waldbusser, G.G., H. Bergschneider and M.A. Green, 2010: Size-dependent pH effect on calcification in post-
larval hard clam Mercenaria spp. Marine Ecology Progress Series, 417, 171-182.

Walther, K., K. Anger and H.O. Pértner, 2010: Effects of ocean acidification and warming on the larval
development of the spider crab Hyas araneus from different latitudes (54° vs. 79°N). Marine Ecology Progress
Series, 417, 159-170.

Walther, K., F.J. Sartorisand H.O. Pértner, 2011: Impacts of temperature and acidification on larval calcium
incorporation of the spider crab Hyas araneus from different latitudes (54° vs. 79°N). Marine Biology, 158(9),
2043-2053.

Walther, K., F.J. Sartoris, C. Bock and H.O. Pdrtner, 2009: Impact of anthropogenic ocean acidification on
thermal tolerance of the spider crab Hyas araneus. Biogeosciences, 6(10), 2207-2215.

Watanabe, Y., A. Yamaguchi, H. I shida, T. Harimoto, S. Suzuki, Y. Sekido, T. Ikeda, Y. Shirayama, M. Mac
Takahashi, T. Ohsumi and J. | shizaka, 2006: Lethality of increasing CO, levels on deep-sea copepods in the
western North Pacific. Journal of Oceanography, 62(2), 185-196.

Watson, A.J., P.C. Southgate, P.A. Tyler and L.S. Peck, 2009: Early larval development of the Sydney rock
oyster Saccostrea glomerata under near-future predictions of CO,-driven ocean acidification. Journal of
Shellfish Research, 28(3), 431-437.

Welladsen, H.M ., P.C. Southgate and K. Heimann, 2010: The effects of exposure to near-future levels of ocean
acidification on shell characteristics of Pinctada fuctata (Bivalvia: Pteriidae). Molluscan Research, 30(3), 125-
130.

Welladsen, H.M ., K. Heimann and P.C. Southgate, 2011: The effects of exposure to near-future levels of ocean
acidification on activity and byssus production of the Akoya pearl oyster, Pinctada fucata. Journal of Shellfish
Research, 30(1), 85-88.

Wong, K.K., A.C. Lane, P.T. Leung and V. Thiyagarajan, 2011: Response of larval barnacle proteome to CO,-
driven seawater acidification. Comparative Biochemistry and Physiology, Part D, Genomics and Proteomics, D
6(3), 310-321.

Wood, H.L., J.I. Spicer and S. Widdicombe, 2008: Ocean acidification may increase calcification rates, but at a
cost. Proceedings of the Royal Society B: Biological Sciences, 275(1644), 1767-1773.

Wood, H.L., J. Spicer, D. Lowe and S. Widdicombe, 2010: Interaction of ocean acidification and temperature; the
high cost of survival in the brittlestar Ophiura ophiura. Marine Biology, 157(9), 2001-2013.

Wood, H.L., J.I. Spicer, M.A. Kendall, D.M. Lowe and S. Widdicombe, 2011: Ocean warming and acidification;
implications for the Arctic brittlestar Ophiocten sericeum. Polar Biology, 34(7), 1033-1044.

Yu, P.C.,P.G. Matson, T.R. Martz and G.E. Hofmann, 2011: The ocean acidification seascape and its
relationship to the performance of calcifying marine invertebrates: Laboratory experiments on the development
of urchin larvae framed by environmentally-relevant pCO,/pH. Journal of Experimental Marine Biology and
Ecology, 400(1-2), 288-295.

Zhang, D., S. Li, G. Wang and D. Guo, 2011: Impacts of CO,-driven seawater acidification on survival, egg
production rate and hatching success of four marine copepods. Acta Oceanologica Snica, 30(6), 86-94.

Do Not Cite, Quote, or Distribute 155 11 June 2012



FIRST-ORDER DRAFT

IPCC WGII AR5 Chapter 6

Table 6-1: Variations in metabolism based on sources of energy, electrons and carbon according to Karl (2007).

Sour ce of Ener gy* Sour ce of Electrons Sour ce of Carbon

Sunlight Inorganic CO,

photo- -litho- -autotroph
Organic Organic
-0rgano- -heterotroph

Chemical Inorganic CO,

chemo- -litho- -autotroph
Organic Organic
-0rgano- -heterotroph

Radioactive Decay Inorganic CO,

radio- -litho- -autotroph
Organic Organic
-0rgano- -heterotroph

A “mixotroph” is an organism that uses more than one source of energy, electrons or carbon

Table 6-2: Physical, chemical, and biological characteristics of major pelagic ecosystems®.

Size Stratification Nutrient?
System Area % | Degreeof Duration Productivity Level Source
(km?2x10°) and Pattern
Low-latitude | 164 52 | Strong Permanent | High, Low Eddy
gyre Continuous diffusion
Southern 77 25 | Very weak, Seasonal Moderate in High Mixing and
Ocean except strong summer only, upwelling
when ice melts Strongly
in summer seasonal
Equatorial 22 7 | Strong Permanent | High, High Upwelling
upwelling stratification Continuous and mixing
following
vertical
transport
Subarctic 22 7 | Moderate Seasonal Low inwinter, | High Convective
gyre stratification convective | Strongly mixing and
following winter | mixing seasonal eddies
mixing
Eastern 21 7 | Medium Permanent | Moderate, Medium | Upwelling
Boundary Seasonal and lateral
Current advection
Coastal 6 2 | Strong Continuous | High, Weakly | High Upwelling
upwelling stratification seasonal
following
vertical
transport
*Adapted from Barber (2001) based on original analysis by McGowan (1974)
Nitrate and phosphate
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Table 6-3 Assessment of effects of ocean acidification on marine taxa with the number of laboratory and field
studies, processes, parameters and total number of species studied in the range from pCO, <650 to >10000 patm.
Processes and parameters investigated in multiple life stages include growth, survival, calcification, metabolic rate,
immune response, development, abundance, behaviour and others. Not al life stages, not all parameters and not the
entire range of CO, concentrations were studied in all species. Confidence is based on the number of studies, the
number of species studied and the agreement of results within one group. +: denotes that possibly more species or
strains were studied, as only genus or family were specified; beneficial: most species were positively affected;
vulnerable: most species were negatively affected; tolerant: most species were not affected. RCP 6.0: representative
concentration pathway with projected atmospheric pCO, = 670 patm in 2100; RCP 8.5: representative concentration
pathway with projected atmospheric pCO, = 936 patm in 2100 (Meinshausen et al., 2011). Note that confidence is

limited by the short to medium-term nature of various studies and the common lack of sensitivity estimates across
generations, on evolutionary timescales (Reference list added separately).

Taxon No. of | No. of Total pCO, where the most Assessment of Assessment of
studies | para- no. of vulnerable speciesis tolerance to tolerance to
meters | species | negatively affected or RCP 6.0 RCP 8.5
studied | studied investigated pCO, (confidence) (confidence)
range* (uatm)
Seagrasses 3 6 4 300-21000* Beneficial Beneficial
(medium) (medium)
Macroalgae 5 5 3+ 350-20812* Beneficial Beneficial
(non-calcifying) (medium) (low)
Macroalgae 15 10 19+ 550 Vulnerable Vulnerable
(calcifying) (medium) (medium)
Coccolithophores 20 6 4+ 800 Tolerant Vulnerable
(low) (low)
Dinoflagellates 5 4 3+ 350-750* Beneficial Beneficial
(low) (low)
Diatoms 9 5 7+ 400-820* Tolerant Tolerant
(low) (low)
Cyanobacteria 8 5 5+ 370-1000* Beneficial Beneficial
(low) (low)
Foraminifers 7 4 5 800 Tolerant Vulnerable
(low) (low)
Annelids 4 6 4+ 2800 Tolerant Tolerant
(medium) (medium)
Molluscs 54 33 40+ 600 Vulnerable Vulnerable
(low) (high)
Bryozoans 2 3 5+ 2900 Tolerant Tolerant
(medium) (medium)
Corals 25 17 22+ 560 Tolerant Tolerant
(low) (medium)
Crustaceans 33 27 37 700 Tolerant Tolerant
(low) (medium)
Echinoderms 33 29 29+ 600 Tolerant Vulnerable
(medium) (high)
Fish 30 24 25 700 Vulnerable Vulnerable
(low) (low)
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Table 6-4: A wide range of processes make up the ocean’s biological pump (Figure 6-15). In order to assess how a
changing climate will alter the functioning of the pump, and the resulting biogeochemical feedbacks on global
climate, the cumulative effects of climate-change mediated alteration of processes from cellular to ocean basin, and
from pelagic to mesopelagic, must be quantified. This table illustrates the extent of the knowledge platform needed
to provide high agreement / robust evidence of these biogeochemical ramifications. TEP, DOM and POM denote

Transparent Exopolymer Particle, Dissolved Organic Matter and Particulate Organic Matter, respectively.

Alteration of Biogeographical Altered foodweb Changesto particle | Biogeochemical
physiological rates | changes structure - dynamics changes/ climatic
Trophodynamics feedbacks
NPP (Bopp et al., Microbial Altered prey- Faecal pellet Particle flux/C
2002) community predator linkages geometry sequestration
structure (Lewandowska,and | (Wilsonetal., (Bopp et al., 2002)
(Giovannoni and Sommer, 2010) 2008)
Vergin, 2012)
Bacterial Phytoplankton DOM vs. POM — Elemental
ectoenzymes community TEP (Riebesell et stoichiometry
(Christian and Karl, | structure —biomes al., 2007) (Karl et al., 2003)
1995) (Boyd and Doney,
2002)
TEP production Zooplankton Sinking Remineralization
(Engel et al., 2004) | biomes rates/s/water rate—[02];
(Beaugrand et al., viscosity hypoxia; nutrient
2009) (Lam and Bishop, resupply
2008) (Gruber, 2011)
Microzooplankton Ballasting - calcite
grazing rates (Rose (Klaas and Archer,
et al., 2009) 2002)
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Table 6-5: Challenges for the oceans that will arise from the employment of a range of geoengineering methods
(SRM, solar radiation management, CDR, carbon dioxide removal).

Topic Brief Description Challenge and | mpact References
Solar radiation Deflection of approximately 1.8 per Will leave ocean acidification Crutzen, 2006; Caldeiraand
management cent of sunlight, by varioustechniques, | unabated. Response of primary Wood, 2008
techniques is able to offset the global mean production to light reduction
temperature effects of a doubling of unclear.
atmospheric
carbon dioxide content from
preindustrial values
Ocean storage by Capture of CO, post-combustion from a | Will add to ocean acidification Cddeiraet al., 2005

direct injection

power plant, followed by injection of
liquid CO, by pipeline or from a ship
into the deep ocean. Technology only
practical for power plants situated in

coastal regions.

and create localized harm to
marine life. CO, captureis
expensive. Quantities will be
small relative to the atmospheric
invasion signal. CO, injected will
dissolve and be transported by
ocean circulation with eventual
surface exposure.

Sub-sea geologic
storage

Capture of CO, from extracted gas or
from post-combustion followed by well
injection into a porous submarine
aquifer beneath impermeable geologic
Strata.

Extensive experience in place
from the Norwegian Sleipner
field activity in the North Sea.
CO, capture costs from extracted
gas are less than from post-
combustion. No evidence of
ocean impact from leakage to
date.

Benson et al., 2005

Ocean Fertilization

Spreading of trace amounts of reduced
iron, over very large areas of the
surface ocean where excess nutrients
occur. Overcoming the local iron
deficiency creates extensive
phytoplankton blooms drawing down
sea surface pCO,. Fertilization can also
be carried out using addition of
macronutrients to oceanic regions
where they are depleted by direct or
indirect (ocean pipes) addition

Much of the exported organic
matter is remineralized at
shallow depths creating local
oxygen stress and shallow CO,
enrichment, N,O production.
These effects are temporary and
the effective retention time is
short. Relatively low cost
procedure. If sustained, reduced
surface-ocean and increased
deep-ocean acidification. O, loss
in ocean interior.

de Baar et al., 1995; de Baar
et al., 2005; Boyd et al.,
2007; Buesseler et al., 2008;
Law, 2008; Cao and
Caldeira, 2010

Artifical upwelling

TO BE DEVELOPED AFTER ZOD

Carbonate
neutralization

Dissolution of power plant flue gasinto
seawater yielding an acidic solution
which is neutralized by addition of
crushed limestone. The resulting
bicarbonate rich fluid is discharged to
the ocean.

Involves the transport and
crushing to fine scale of large
guantities of limestone and the
processing of very large
guantities of seawater.
Relatively low cost.
Environmental impact issues
related to discharge not yet
explored.

Rau, 2011

Accelerated olivine
weathering

Uses wind powered electrochemical
processes to remove HCI from the
ocean and neutralizes the acid with
silicate minerals such as olivine for
disposal. The net result is to add
alkalinity to the ocean akin to natural
silicate weathering processes.

Complex system as yet untested
in pilot processes. Involves
mining and crushing large
guantities of silicate minerals.
Very long time scale
consequences uncertain.

House et al., 2007; Kohler et
al., 2010
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Figure 6-1: Productivity in 51 distinct global ocean biogeographical biomes as represented by a grid of thin black
lines (after Longhurst, 1998), overlain with an average annual composite plot of chlorophyll a concentration, i.e., a
proxy for phytoplankton stocks in the upper ocean, from the NASA/Orbimage SeaWiFs satellite (Bailey et al., 2006;
McClain et al., 2004; McClain, 2009). The characteristics and boundaries of each biome are primarily set by the
underlying regional ocean physics and chemistry. Together, these provinces or biomes span several orders of
magnitude in chlorophyll a from < 0.1 mg m™ that characterize the low latitude oligotrophic regions (denoted by
purple and blue) up to 10 mg m™in highly productive coastal upwelling regionsin Eastern boundary currents
(denoted by red).
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Figure 6-2: Last Century sea surface temperature variability. The top left map shows the long term (1911 to 2011)
sea surface temperature average. The top right map illustrates the temperature range calculated as the difference
between the historical maximum and minimum values for each grid component. The spatial distribution of
variability by time scales (left hand map series) was computed by accumulating the relative spectral densities of
each 2°x2° grid box frequency-transformed series by frequency windows, corresponding to the multidecadal (period
>25 years), bidecadal (15 to 25 years), decadal (8 to 15 years), low ENSO frequency (5 to 8 years), high ENSO
frequency (3 to 5 years) and very high frequency (2 to 3 years) scales. The sum of the six maps at every single box
corresponds to 100% of the interannual time series variability. Right hand histograms show the relative number of
cases (grid boxes) at each temperature class intervals. The class intervals represent fractions of the temperature
range at each variability scale. The sum of al cases for each histogram accounts of the 100% of the area, and the
sum of all the temperature fractions from all histograms accounts for the total temperature ranges shown in the upper
right map. All computations are based on the Extended Reynolds Sea Surface Temperature (NOAA, 2012).
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Figure 6-3
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Figure 6-3: CCSM 3-modeled decadal mean aragonite saturation (2) at the sea surface, around the years 1875, 1995,
2050, and 2095 following the SRES A2 emission scenario (Ieft panel). The mean atmospheric CO, concentration in
2100 approximates around 850 patm, somewhat below levels according to RCP 8.5 and mean aragonite saturation
state at 2°C will drop to almost 0 by 2300 (Meinshausen et al., 2011, right panels). Deep coral reefs are indicated by
darker gray dots; shallow-water coral reefs are indicated with lighter gray dots. White areas indicate regions with no
data (Feely et al., 2009).
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Figure 6-4: Atmospheric CO, (bottom, grey) and temperature (middle, red/orange) changes with associated biotic
changes (top) for (panel A) the Palaeocene Eocene Thermal Maximum (PETM), the Pliocene warm period, and
(panel B) the last glacia to Holocene transition and the industrial era. Intervals of largest environmental change are
indicated with yellow bars. CO, data are based on measurements at Mauna Loa (Keeling et al., 2005, modern), ice
core records from Antarctica (Petit et al., 1999; Monnin et al., 2004, LGM), proxy reconstructions (Seki et al., 2010,
Pliocene) or represent model output (Ridgwell and Schmidt 2010, Zeebe et al. 2009, PETM). Temperature data are
based on proxy data and models (Wilson et al., 2006, [tropical ocean] modern; Lea et al., 2003, [Caribbean], LGM;
Lawrence et al., 2009, [North Atlantic], Pliocene; Kennett and Stott, 1991 [ Southern Ocean], PETM) representing
the regional temperature changes in the surface ocean. For the recent anthropocene record, the Atlantic Multidecadal
Oscillation is shown to highlight natural temperature fluctuations (Enfield et al., 2001). Biotic responses include
calcification, e.g. coraline algal growth increment changes (Halfar et al., 2011), coral calcification as a product of
density and linear extension (De'ath et al., 2009) [modern] and foraminiferal weight (Barker and Elderfield, 2002),
LGM. Evolutionary changes are indicated by turnover of coccolithophores defined as the sum of first and last
appearances per 10 kyrs (Gibbs et al., 2005, Pliocene) and extinction of benthic foraminifers (Thomas, 2003).
Abundance data (top row) of planktonic foraminifers and coccolithophores (Field et al., 2006, [St. Barbara Basin],
modern; Thornalley et al., 2011, [North Atlantic], LGM; Dowsett et al., 1988; Dowsett and Robinson, 2006, [North
Atlantic], Pliocene, Bralower, 2002 [ Southern Ocean], PETM) indicate the temperature change and consequent
range expansion or retraction in all four time intervals.
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Figure 6-5: Multiple coupled temporal and spatial scales of variability in physical, physiological and ecological
processes of interest in contemporary marine system research. Observations over broad time and space scales are
necessary to separate natural variability from impacts due to human-induced effects, and define the observation tools
that are necessary to obtain relevant data. The shaded regions depict the approximate boundaries of major processes
of interest, and the boxes define the scales of selected measurement/observation procedures. From Karl (2010), as
modified from Dickey (1991). (TO BE DEVELOPED FURTHER AFTER FOD)
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Figure 6-6: Climate impacts on phytoplankton succession. Margalef’s “mandala’ offers no quantitative predictions,
but it is generally consistent with observation, experimentation and theory (Kigrboe, 1993). As turbulence and
nutrient supply are expected to be altered by climate change, indirect climate factors (black), direct forcings (red)
and possible feedback mechanisms (blue) on climate and marine ecosystems are highlighted. The arrows indicate
the linkages between the processes. Predominantly coastal processes and organisms are indicated in dark green,
while processes dominating the open ocean are indicated in light green. Future projections of climate-mediated
phytoplankton succession presently rely upon a knowledge base that has low confidence and highly depends on
regional patterns of change. As an example and based on the mandal a, a phytoplankton community that is presently
dominated by diatoms and coccolithophores (ellipsoid on the right) may in the future be mainly composed of
dinoflagellates and nitrogen fixers (circle on the left) if nutrient supply decreases and stratification intensifies.
Conversely, Hinder et al. (2012) described a recent decline in dinoflagellates compared to diatoms in the northeast
Atlantic and North Sea, associated with warming, increased summer windiness and thus, turbulence (see 6.3.1.)
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Figure 6-7: Mechanisms linking organism to ecosystem response, generalizing from the principlesidentified in
animals (after Portner and Farrell, 2008; Portner, 2001, 2002a, 2010). Wider applicability of such reaction norms to
bacteria, phytoplankton, macrophytes requires exploration. (A) Concept of oxygen and capacity limited thermal
tolerance (OCLTT) characterizing the specialization of animals on limited thermal windows set by (aerobic)
performance (shaping fitness, growth, specific dynamic action (SDA), exercise, behaviours, immune capacity,
reproduction) and, as a consequence, the why, how, when and where of climate sensitivity. Optimum temperatures
(T indicate performance maxima, pejus temperatures (T,,) indicate limits to long-term tolerance, critical
temperatures (T,) quantify the borders of short-term passive tolerance and the transition to anaerobic metabolism.
Denaturation temperatures (T,) indicate the onset of cell damage. (B) Thermal specialization and responseis
dynamic between individual life stagesin animals. (C) Performance curves of polar, temperate and tropical animal
species reflect evolutionary adaptation to the respective climate zones. The effect of additional stressors and species
interactions can be understood through dynamic changes in performance capacity and thermal limits (dashed curves),
causing feedbacks on higher-level processes (phenology, interactions). Temperature-dependent performance forms
the basis of shiftsin phenologies, namely the seasonal timing of biological processes, of changesin thermal ranges
of species co-existence and interactions (competition, predator-prey). (D) Shiftsin biogeography result during
climate warming (modified after Beaugrand, 2009). Here, the black line surrounding the polygon delineates the
range in space and time, the level of grey denotes abundance. Thermal specialization causes species to display
maximum productivity in spring toward southern distribution limits, wide seasonal coverage in the centre and a
maximum in late summer in the North. The impact of photoperiod increases with latitude (dashed arrow). During
climate warming, the southern time window shifts and contracts while the northern one dilates (direction and
magnitude of shift indicated by arrows), until control by other factors like water column characteristics or
photoperiod may overrule temperature control in some species (e.g. diatoms), above the polar circle causing
contraction of spatial distribution in the north.
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Figure 6-8
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Figure 6-8: Ranges of temperatures and oxygen concentrations covered by various domains and groups of free living
marine organisms (archaea to animals), reflecting a narrowing of environmental regimes tolerated with rising levels
of organizational complexity and increasing body size ([Storch and Portner, to come], extending from Portner,
2002a,b). High organizational complexity enables an increase in body size, at the expense of decreasing hypoxia and
heat tolerance (reflected in falling upper temperature limits of detected growth). Anoxic habitats can be conquered
by small multicellular Eucarya (3 known species at < 0.5 mm body size, with about 10,000 differentiated cells,
Danovaro et al., 2010) and unicellular Eucarya, by means of special adaptations, e.g. using less complex
hydrogenosomes or mitosomes instead of mitochondria in energy metabolism. Domains and groups are modified
after Woese et al. (1990). In the domain Bacteria, the group Thermotogales is most tolerant to temperature. It
comprises obligate anaerobes and displays less complex structures indicated by asingle layer lipid membrane. In the
various domains, most heat tolerant representatives are as follows: Eucarya: Animals Alvinella pompejana
(Chevaldonné et al., 2000) and Paraalvinella sulfincola (Girguis & Lee, 2006); Plants Cymnodocera rotundata, C.
serrulata and Halodule uninervis (Campbell et al., 2006); Flagellate Heterocapsa circularisquama (Y amaguchi et
al., 1997); Fungus Varicosporina ramulosa (Boyd and Kohlmeyer,1982); Microalga Chlorella pyrenoidosa (Eppley,
1972); Amoeba Marinamoeba thermophila (Jonckheere et al., 2009); Ciliate Trimyema minutum (Baumgartner et al.,
2002); Bacteria: Purple Bacteria Rhodovulum iodosum sp. Nov. (Straub et al., 1999); Cyanobacterium
Halomicronema excentricum (Abed et al., 2002); Flavobacterium Thermonema rossianum (Tenreiro et al., 1997);
Green Nonsulfur Bacterium Chloroflexus aurantacus (Madigan 2003); Gram-Positive Bacterium Ther maerobacter
marianensis (Takal et al., 1999); Thermotogales Thermotoga maritima (Huber et al., 1986); Archaea:
Crenarchaeota Pyrolobus fumarii (Kashefi & Lovely (2003); Euryarchaeota Metanopyrus kandleri Strain 116 (Takal
et al., 2008). Highest exposure temperatures at 122°C of growing species were found under high hydrostatic
pressure. Black arrows denote the wide range of oxygen tolerances in unicellular Archae, Bacteria and Eucarya.
Species richness of animals (upper right graph) increases with oxygen levels and reflects the higher hypoxia
tolerance in small compared to large individuals/taxa (6.2.2.4., 6.3.3.).

(TO BE DEVELOPED FURTHER AFTER FOD).

Do Not Cite, Quote, or Distribute 173 11 June 2011



FIRST-ORDER DRAFT IPCC WGII AR5 Chapter 6

Figure 6-9
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Figure 6-9: (A) Unifying physiological principles characterizing the responses of a schematized marine water breathing
animal (dashed blue line) to elevated partial pressures of CO,. Effects are permanent if the animal is sensitive to ocean
acidification (OA) or transient during acute CO, exposure if sensitivity is low. Effects are mediated via entry of CO, (black
arrows) into the body, resulting in a permanent drop in extracellular pH and its putative effects (red dashed arrows) on
various tissues (boxes surrounded by solid black lines) and their processes, including calcification as well as performance
and fitness of the whole organism (simplified and updated from Pdrtner, 2008). Sensitivity is reduced with efficient
extracellular pH compensation and/or pH compensation in each of the compartments exerting specific functions including
calcification. Variability of responses according to the capacity of compensating mechanismsis indicated by + (stimulation)
or — (depression). Many of these elements are similar across organism kingdoms but the link to performance-related
processes has only been tested for animals. (B) % fraction of studied scleractinian coral, echinoderm, molluscan, crustacean
and fish species affected negatively, positively or not at al by various levels of elevated ambient CO, (6.1.1.). Effects
considered include those on various life stages and processes reflecting changes in physiological performance (oxygen
consumption, aerobic scope, behaviours and scope for behaviours, calcification, growth, immune response, maintenance of
acid-base balance, gene expression, fertilization rate, sperm motility, developmental time, production of viable offspring,
morphology). Note that not al life stages, parameters and ranges of CO, partial pressures were studied in all species. Two
assumptions were made to partially compensate for missing data within CO, ranges: 1) Species with negative effects at low
pCO, will remain negatively affected at high pCO.,. 2) If a speciesis positively or not affected at both low and high pCO,, it
will show the same effect at intermediate pCO,. Note that it was not possible to derive the response of each species for each
CO, category, such that variable species numbers (on top of columns) result in each category. Bars above columns
represent frequency distributions significantly different from the control treatment (Fisher’s exact test, p < 0.05; (Literature
base added separately; from [Wittmann and Portner, to come]).
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Figure 6-10: Time-series of water column integrated primary production (PP) anomalies for time-series sites:
Northwestern Spain, La Corufia (43° 25.2 N, 8° 26.4 E); HOT (22° 45 N, 158°W); BATS (31° 50 N, 64° 10 W);
Monterey Bay, Central California Current (37°N, 122°W); Cariaco Basin, Venezuela (10°30 N, 64°40 W)
reproduced from Chavez et al. (2011). Integrated PP and Chl anomalies were calculated by integrating over the
water column, then interpolating, smoothing, and differencing. For PP, the 1992—1993 and 1997-1998 EIl Nifio
signals are less apparent, except perhaps at La Corufia and Monterey Bay, but all the sites except Cariaco seem to
show positive (pink) PP anomalies after 2000.
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Figure 6-11
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Figure 6-11: A. Long-term changes in the ecosystem state based on 5 biological parameters (phytoplankton color
index, mean size of calanoids, mean calanoid diversity, an index of change in plankton composition and cod
recruitment). B. Long-term changes in the multiscale temporal variance of the ecosystem state (in red). High values
indicate pronounced year-to-year changes in the ecosystem state. The light gray band shows the unstabl e period
(1980-1989). C-D. Observed mean annual sea surface temperature in the North Sea during 1960-1981 (C) and 1988-
2005 (D). The location of the critical thermal boundary (9-10°C) isindicated by ‘+'. E. Long-term changesin the
mean number of warm-temperate pseudo-oceanic species from 1958 to 2005. F. Long-term changes in the mean
number of temperate pseudo-oceanic species from 1958 to 2005. The period 1958-1981 was a period of relative
stability and the period 1982-1999 was a period of rapid northward shifts, indicating that the abrupt ecosystem shift
observed in the North Sea was part of alarge-scale response of the zooplankton biodiversity to warming
temperatures (see A-D). Average values are below 1 because they are annual averages. Note that the color bar is 10-
fold smaller for warm-temperate pseudo-oceanic species because these species are less frequently observed than
their temperate counterparts. From Beaugrand et al. (2008) and Beaugrand et al. (2009).
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Figure 6-12: Diagram schematizing the principal mechanisms underlying the formation of hypoxic conditions and
their biological background and consequences along continental margins (modified from Levin et al., 2009; Levin
and Sibuet, 2012).
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Climate change including
ocean acidification

Figure 6-13
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Figure 6-13: Schematic diagram of a marine foodweb and the expected responses to climate change including
ocean acidification: (A) A coupled pelagic and benthic foodweb that is typically structured by the body size
spectrum of species. Warming, hypoxia and ocean acidification lead to biogeographical shifts, changesin species
abundance and in the dynamics of trophic interactions. (B) The foodweb resulting from climate change includes
reductions in the body size of organisms, changes in species composition and the resulting reconfiguration of
trophic linkages. Fishing generally removes large-bodied and vulnerable species and truncates the body size
spectrum of the community. As aresult, the detection and attribution of foodweb responses to climate change are
strongly confounded by fishing effects. The arrows represent species interactions (e.g., between predator and prey
or competition for food or space). Broken lines (boxes and arrows) indicate the loss of populations and trophic
linkages due to climate change.
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Figure 6-14: A schematic highlighting the potential interactions between modes of forcing (anthropogenic and
natural) on different levels of biological organisation. These interactions, from simple to complex, areillustrated
with published examples and each is assigned a circle the size of which isthe level of confidence in the findings of
the study, ranging from low for modeling studies such as (10; Griffith et al., 2011) to high for lab physiological
studies placed into context of field data (1; Pértner and Knust, 2007). Circles with “?" define the bounds on our
understanding of the relationship between forcing and its effect on organisational level. 1 denotes the effects of a
single driver - warming on alteration of organismal physiology and field abundance (Pértner and Knust, 2007); 2 the
synergistic effects of multiple drivers - warming and increased [CO,] on coccolithophore calcification (Feng et al.,
2009); 3 the effects of multiple drivers on larval fish (Perry et al., 2010; Runge et al., 2010); 4 asingle driver -
atered pH and the different responses of coccolithophore species (Langer et al., 2006); 5 differential responses of
cyanobacterial groups to multiple drivers - warming and increased [CO,] (Fu et al., 2007); 6 Altered maturation age
and growth rate due to fishing (Fairweather et al., 2006; Hseih et al., 2006); 7 differential effect of multiple drivers,
light and temperature, on copepods versus diatoms (L ewandowska and Sommer, 2010); 8 the effect of fishing on
ecosystem structure (Frank et al., 2005); 9 the interplay of fishing pressure and climate change on ecosystems
(Kirby et al., 2009); 10 the interplay of ocean acidification and fishing pressure on benthic communities (Griffith et
al., 2011); 11 detailed time-series observations on warming and the alteration of zooplankton biomes (Beaugrand et
al., 2009). (TO BE DEVELOPED FURTHER AFTER FOD)
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Figure 6-15: A schematic representation of the ocean's biological pump, an important conduit for carbon
sequestration. Processes involved (Table 6-4) may each be altered by climate change. In achanging climateitis
difficult to predict how the pump might be altered and hence whether it would represent a positive or negative
feedback to climate change. Factors reported to be altered by a changing climate include: A, changesto NPP (Net
Primary Production; Bopp et al., 2002); B, floristic and faunistic shiftsin the pelagic (Beaugrand et al., 2009) that
may alter the relationship between OA and ballasting of settling particles (Klaas and Archer, 2002); C, changein
proportion of NPP released as DOM (Dissolved Organic Matter) due to the effects of ocean acidification (Engel et
al., 2004); E, warming and faster bacterial enzymatic rates of particle solubilization (Christian and Karl, 1995); and
faunistic shifts at depth (Jackson and Burd, 2001). Figure modified from Buesseler et al. (2008) by J. Cook (WHOI).
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Figure 6-16: Multi-model mean changes of projected vertically-integrated net primary production (small and large
phytoplankton). To indicate consistency in the sign of change, regions are stippled where all four models agree on
the sign of change. Changes are annual means for the SRES A2 scenario for the period 2080 to 2099 relative to 1870
to 1889, after Steinacher et al. (2010).
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Figure6-17 A, B
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Figure6-17 C, D
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Figure 6-17: Scenarios of the effects of climate change on the biogeography of marine fishes and invertebrates, their
biology and fisheries catch potential. (A) The main hypotheses of climate change effects on marine fishes and
invertebrates. (B) Example of a projected rate of shift in distribution range along latitude and depth for 610 exploited
demersal fish species from 1991-2010 to 2041 — 2060 under the SRES A2 scenario (Cheung et al., 2011; Cheung et
al., submitted). The median rate of the rate shift observed from the 1970s to the 2000s in the North Sea and Bering
Sea are indicated by the arrows. (C) Projected change in the maximum body size of 610 species of marine fishes
from 2000 to 2050 under the SRES A2 scenario (Cheung et al., submitted). The values represent the average results
from projections using outputs from the NOAA/GFDL ESM2.1 and IPSL-CM4-LOOP models. The white areaiis
not occupied by the sample of species (D) Example of formulization of these hypotheses through a simulation model
to project maximum fisheries catch potential of 1000 species of exploited fishes and invertebrates from 2000 to 2050
under the SRES A 1B scenario (redrawn from Cheung et al., 2010).
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Figure 6-18: Overview of the levels of confidence in detection (black letters), in both detection and projection (blue)
aswell asin projection only (red letters) of climate change effects on ocean systems, in relation to the levels of
confidence in attributing these effects to the respective climate forcings. Areas where firm and detailed knowledge
on climate change impactsis currently lacking have been condensed into rather broad categories in order not to
overpopulate the figure (e.g. BG, Biogeochemical Processes). If a process is marked by blue letters, the levels of
confidence are the same for both detection and projection in relation to that for attribution. Note that the term
attribution is not only used in the context of detections but, in some cases, also for projections. Experiments
(Iaboratory and modeling) simulating future conditions may enhance the respective confidence levels above those
for detection which refers to present day observationsin the field. The empirical observations resulting from those
experiments are then attributable to the respective drivers. Confidence rises further if these experiments identify the
affected mechanisms and their response to future conditions. See text for further discussion of the depicted
processes.]

[TO BE DEVELOPED FURTHER AFTER FOD, E.G., FOR THE DISTINCTION BETWEEN BROAD
CATEGORIES AND SPECIFIC EXAMPLES IN TWO SUBFIGURES]
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