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Abstract

Ocean warming can modify the ecophysiology and distribution of marine organisms, and relationships between spe-
cies, with nonlinear interactions between ecosystem components potentially resulting in trophic amplification. Tro-
phic amplification (or attenuation) describe the propagation of a hydroclimatic signal up the food web, causing
magnification (or depression) of biomass values along one or more trophic pathways. We have employed 3-D cou-
pled physical-biogeochemical models to explore ecosystem responses to climate change with a focus on trophic
amplification. The response of phytoplankton and zooplankton to global climate-change projections, carried out with
the IPSL Earth System Model by the end of the century, is analysed at global and regional basis, including European
seas (NE Atlantic, Barents Sea, Baltic Sea, Black Sea, Bay of Biscay, Adriatic Sea, Aegean Sea) and the Eastern Bound-
ary Upwelling System (Benguela). Results indicate that globally and in Atlantic Margin and North Sea, increased
ocean stratification causes primary production and zooplankton biomass to decrease in response to a warming cli-
mate, whilst in the Barents, Baltic and Black Seas, primary production and zooplankton biomass increase. Projected
warming characterized by an increase in sea surface temperature of 2.29 £ 0.05 °C leads to a reduction in zooplank-
ton and phytoplankton biomasses of 11% and 6%, respectively. This suggests negative amplification of climate driven
modifications of trophic level biomass through bottom-up control, leading to a reduced capacity of oceans to regulate
climate through the biological carbon pump. Simulations suggest negative amplification is the dominant response
across 47% of the ocean surface and prevails in the tropical oceans; whilst positive trophic amplification prevails in
the Arctic and Antarctic oceans. Trophic attenuation is projected in temperate seas. Uncertainties in ocean plankton
projections, associated to the use of single global and regional models, imply the need for caution when extending
these considerations into higher trophic levels.
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(Collins et al., 2013). Temperature is a key factor in
determining marine species distribution, their interac-
tions and the overall trophic state of the ecosystem
(Cury et al., 2008). Although ocean warming is known
to modify and modulate the ecophysiology and distri-
bution of marine organisms (e.g. Richardson, 2008;
Cheung et al.,, 2010, 2013), the nature of changes in
ocean productivity and food web structure triggered by
ocean warming remain uncertain (Reid et al., 2009; Phil-
ippart et al., 2011). Warming may trigger nonlinear
responses in the way ecosystem components interact,
involving ecological thresholds (Beaugrand et al., 2008)
and trophic amplifications (Kirby & Beaugrand, 2009).
The term ‘trophic amplification’ (or ‘attenuation’) has
been proposed by Kirby & Beaugrand (2009) to account
for the bottom-up propagation of the hydroclimatic sig-
nal along the trophic web, magnifying (or depressing)
biomass values along one or more trophic pathways.
Such propagation can modulate shifts between trophic
regimes; for instance, warming favoured lower trophic
level groups in the North Sea (Kirby et al., 2009). The
impacts of climate change on marine trophic amplifica-
tion, however, have been scarcely explored, with previ-
ous works restricted to regional studies of the North
Sea (e.g. Kirby & Beaugrand, 2009; and Lindley et al.,
2010), or Antarctica (Forcada et al., 2006), in addition to
studies of coastal marine communities using mesocosm
experiments (e.g. Jochum et al., 2012; and Hansson
et al., 2013). In the context of the continuous alteration
of marine ecosystems by human activities and espe-
cially fishing (Pauly et al., 1998), future projections of
ocean productivity, based on trophic interactions, are
required for a comprehensive assessment of ocean
health and the goods and services it provides (Halpern
et al., 2012).

Three-dimensional hydrodynamic models coupled to
complex ecosystem models provide powerful tools for
climate impact assessment. While model development
is still an evolving field of research, and uncertainties
associated with coupled modelling studies are well-
documented, such tools allow assessment of the
response of highly nonlinear systems to perturbations
in environmental forcing. Previous studies have been
limited by the resolution of the atmosphere—ocean gen-
eral circulation models, which are inadequate for pre-
dicting changes in ocean current circulation and
stratification on regional scales (Allen et al., 2010).
Dynamical downscaling of global climate models, with
the aim of achieving improved process representation
at the regional scale, is necessary to increase the level of
confidence attributed to regional climate projections
(e.g. Wang et al., 2004; Goubanova et al., 2011; Echevin
et al., 2012), and hence for defining local adaptation
strategies to climate change.

Here, regionally specific coupled modelling systems
are used to assess the potential ecosystem response to
a projected future climate scenario. Ecosystem
responses are then classified as trophic amplification
or attenuation. To this end, 3-D coupled physical-bio-
geochemical models were forced by global climate sim-
ulations, which represent ‘typical’ conditions both in
the past and under various atmospheric composition
scenarios (defined in IPCC-AR4, 2007). The ecosystem
response to climate-change projections by the end of
the century (20802100 relative to 1980-2000) is analy-
sed both at a global scale and on a regional basis, with
the regional studies covering a large gradient of envi-
ronmental conditions within European seas (NE Atlan-
tic, Barents Sea, Baltic Sea, Black Sea, Bay of Biscay,
Adriatic Sea, North Aegean Sea) and including the
Benguela upwelling system as one of the most produc-
tive upwelling systems of the global ocean (Carr &
Kearns, 2003; Chavez & Messié, 2009). In this region-
by-region comparative analysis, we propose a frame-
work to assess the processes of amplification and
attenuation in the ecosystem response from lower to
higher trophic levels (Fig. 1a). In this approach, the
response of a given trophic level descriptor (e.g. bio-
mass) to climate change is compared with the response
of the immediately lower trophic level. Thus, the
domain can be split into two main control types: top-
down and bottom-up control. In turn, bottom-up con-
trol encompasses three classes of trophic propagation:
amplification (i.e. the absolute fractional change in bio-
mass of the higher trophic level is greater than that of
the lower trophic level), attenuation (i.e. the absolute
fractional change in biomass of the higher trophic level
is smaller than that of the lower trophic level) and pro-
portional response (i.e. the absolute fractional change
in biomass of the higher trophic level is similar to that
of the lower level); all three classes may have corre-
sponding positive or negative cases. The domain of
top-down control may describe either the intensifica-
tion or the release of grazing pressure.

Material and methods

Coupled hydrodynamic-ecosystem models

Three-dimensional coupled hydrodynamic ecosystem model
simulations have been performed within each region and at
the global scale (Table 1). In essence, we have coupled two
types of models: (1) hydrodynamic models forced by both
reanalysis data (for validation purposes) and a coupled ocean-
atmosphere general circulation model (OAGCM) (for explor-
ing the behaviour of the system under possible future climate
change conditions) and (2) Lower trophic level models
(describing biogeochemical cycling, phytoplankton and
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Fig. 1 (a) Framework of climate change effects on the amplifica-
tion or attenuation of the trophic levels. (b and c) Projected phy-
toplankton response (fractional change) to climate change
scenarios vs. zooplankton response expected by the end of the
21st century (at 2080-2100 relative to 1980-2000, under A1B Sce-
nario). (b) Overall average for each case study; Ad, Adriatic Sea;
BB, Bay of Biscay; Gl, Global; Ce, Celtic Sea; No, North Sea; AM,
Atlantic Margin; Be, Benguela upwelling system; Ae, Aegean
Sea. (c) Global grid cells (1 : 1 indicate proportional change).
Positive amplification: 9.1%, negative amplification: 47.3%, pro-
portional change (taking a threshold of +0.01): 11.7%, positive
attenuation: 8.8%, negative attenuation: 12.7%, positive top-
down: 5.5%, and negative top-down: 5.1%.

zooplankton interactions, and for the cases of ERSEM and
BFM, bacteria.

Different hydrodynamic models have been used: Proudman
Oceanographic Laboratory Coastal Ocean Modelling System
(POLCOMS; Holt & James, 2001), NEMO (Madec, 2008),
Regional Ocean Model System (ROMS; Shchepetkin & McWil-
liams, 2005) without and with its version with the 2-way nest-
ing capability (ROMS-AGRIF; Penven et al., 2006a; Debreu
et al., 2012), and the Princeton Ocean Model (Blumberg & Mel-
lor, 1987). Hydrodynamic models differ in details of the
numerical solution of the equations of motion, spatial and ver-
tical resolution. The physical variables analysed were the fol-
lowing: sea surface temperature and potential energy anomaly
and mixed layer depth as indicators of stratification intensity
and mixing, respectively (Holt et al., 2010).

All lower trophic level models used divide the ecosystem
into several nutrient, producer and consumer compartments,
and cycles with one or more elements among these. They dif-
fer in the number and type of groups of phytoplankton and
zooplankton, fixed or variable C: N, and whether they
include or not explicit microbial loop (bacteria), temperature
dependence rates for phytoplankton growth, and benthic biol-
ogy (Table 1). While most of models divide phytoplankton
and zooplankton into two size classes, i.e. small and large,
other split them in more groups (e.g., until five classes in the
case of BIMS-ECO zooplankton). Different lower trophic level
models are used: European Regional Seas Ecosystem Model
(ERSEM; Blackford et al., 2004; Petihakis et al., 2002), Pelagic
Interaction Scheme for Carbon and Ecosystem Studies
(PISCES; Aumont & Bopp, 2006), Nitrogen Phytoplankton
Zooplankton Detritus (NPZD; Franks, 2002), Biogeochemical
model for Eastern Boundary Upwelling Systems (BioEBUS;
Gutknecht et al., 2013a and Gutknecht et al., 2013b), Black Sea
Integrated Modelling System (BIMS-ECO; Oguz et al., 2001,
Biogeochemical Flux Model, Vichi et al.,, 2007), ECOSMO
(ECOSystem MOdel), which is a coupled physical-biogeo-
chemical model system (Schrum et al,, 2006; Daewel &
Schrum, 2013). The biogeochemical variables analysed are the
following: net primary production, phytoplankton biomass
and zooplankton biomass.

More details regarding model setup and hindcast simula-
tion skill assessment are available online (MEECE report,
2013) and published for some of the regional models (see
Daewel & Schrum, 2013 for the Baltic Sea; Holt et al., 2012a;
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Table 1 (continued)

Hindcast validation

Model properties

Chlorophyll

SST

Explicit

microbial

Fixed or

Coupled physical-

Bias Bias

Horizontal ~ Vertical

Benthic
Biology

T dependence

Variable  Phytoplankton Zooplankton loop

biogeochemical

(mg/m®)

NSD

NSD [{(®)

r

resolution

resolution

rates

classes classes (bacteria)

model

Region

—0.25to
—0.06

21

0.

0.5-0.6

0.35-1.8

0.9-12

0.94-0.97

24 o lev.

2 km

Y

Picophytoplankton Microzooplankton

POM-BFM

Adriatic
Sea

and 0.58

Heterotrophic

Flagellates
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nanoflagellates

Diatoms

Mesozooplankton

Large phytoplankton

carnivorous

Mesozooplankton

omnivorous

—0.11

0.2-2.0

0.4-0.8

-0.19

0.5-1.6

10 km 25 c lev. 0.55-0.99

Y

Heterotrophic

Picoplankton

A%

POM-ERSEM

North

nanoflagellates

Dinoflagellates

Aegean

Microzooplankton

Flagellates

Sea

Mesozooplankton

Diatoms

na na

na

0.95

32 o lev. 0.99

7.5-9.2 km

N

Ciliates

Flagellates

F

ROMS-AGRIF-
BIOEBUS

Benguela

Copepods

Diatoms

Upwelling

System

*Yes for remineralization rates.

for the NE Atlantic; Aumont ef al., 2008 and Rodgers et al.,
2008 for the global model; Arthun et al.,2011,2012 and Arthun
& Schrum, 2010 for the Barents Sea, and Tsiaras et al., 2014 for
Aegean Sea). Most of the models have been validated using
Taylor diagrams (Taylor, 2001) (quantified in terms of their
correlation and the amplitude of their variations represented
by their standard deviation) for several physical (temperature,
salinity), biological (phytoplankton and zooplankton) vari-
ables, and nutrients. The Table 1 presents the skill assessment
for sea surface temperature and chlorophyll concentration,
which indicate moderate to good agreement between model
and observations.

Climate scenarios

To perform and compare the regional projections and their
ecosystem response, regional physical-biogeochemical models
were forced with IPSL-CM4 climate simulations (CNTRL and
A1B) using a delta change (monthly changes) time-slice exper-
iment: simulations were run between 1980 and 2000 and
between 2080 and 2100, with variable spin-up (e.g. 10 years
before the period starting year, or repeating the starting year
of the period). For the global model, however, simulations
were run for the entire period from 1860 to 2100, and only
years 1980-2000 and years 20802100 were kept for the subse-
quent analysis. IPSL-CM4 is an Earth system model, which
considers in addition to atmospheric and oceanic physical
variables also the ocean and land biogeochemistry. Nutrient
boundary conditions from the IPSL-CM4 have been used for
the regional simulations. The CNTRL simulation is forced by
the IPSL-CM4 20C model for the present day period between
1980 and 2000. A1B is a future climate scenario representative
of possible conditions between 2080 and 2100 under a busi-
ness as usual emissions scenario: SRES (Special Report on
Emission Scenarios; Nakicenovic & Swart, 2000) A1B socio-
economic ‘story line’. In terms of the range of GHG emissions
scenarios defined by the SRES report, A1B describes a rela-
tively moderate increase in anthropogenic GHG emissions
throughout the 21st century (850 ppm of CO,-eq concentra-
tions in 2100). Specifically, we have used the difference
between the future A1B scenario (2080-2100) and the CNTRL
simulation (1980-2000), to assess climate change impacts at
the end of the century. For sea surface temperature, we have
calculated the absolute difference, and for the phytoplankton
and zooplankton biomasses we used the fractional change:
(Scenarioooso-2100)/ Contrologo 2000) — 1 (see  Holt et al.,
2012a, —1 to 0: decrease, positive values: increase). The trophic
ratio (zooplankton biomass divided by phytoplankton bio-
mass) has been also calculated.

Trophic amplification analysis

The processes of amplification and attenuation in the ecosys-
tem response were assessed by comparing the response of the
zooplankton biomass (fractional change) to climate change
with the response of the phytoplankton biomass (Fig. 1). The
domain is split into two main control types: top-down and
bottom-up control (Fig. 1a). In turn, bottom-up control

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12562
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encompasses three classes of trophic propagation with corre-
sponding positive or negative cases: positive amplification
(i.e. the phytoplankton biomass increases and the fractional
change in zooplankton biomass is greater than that of the phy-
toplankton biomass), negative amplification (the phytoplank-
ton biomass decreases and the fractional change in
zooplankton biomass is less than that of the phytoplankton
biomass), positive attenuation (i.e. both phytoplankton and
zooplankton biomass increase and the fractional change in
zooplankton biomass is smaller than that of the phytoplankton
biomass), negative attenuation (both phytoplankton and zoo-
plankton biomass decrease and the fractional change in zoo-
plankton biomass is greater than that of the phytoplankton
biomass), positive proportional response (i.e. the increase of
zooplankton biomass fractional change is similar to that of the
phytoplankton, taking a threshold of 0.01) and negative pro-
portional response (the decrease of zooplankton biomass frac-
tional change is similar to that of the phytoplankton, taking a
threshold of +0.01). The domain of top-down control may
describe either the intensification or the release of grazing
pressure (i.e. implying a trophic cascade). Following this
approach, we have undertaken three types of analysis: (1) zoo-
plankton is plotted against phytoplankton biomass fractional
change considering overall average values for each case study;
(2) zooplankton is plotted against phytoplankton biomass
fractional change for each grid cell of the global model and (3)
the geographic representation of trophic propagation.

Results and discussion

Hydroclimatic changes

The physical response of the oceans to climate change
and its impact on primary production is complex with
multiple, nuanced interactions involving temperature
effects on metabolic rates, stratification and change to
patterns of nutrient resupply (e.g. Rykaczewski & Dunne,
2010; Taucher & Oschlies, 2011). It is not our intention to
explore these interactions in detail as this is considered
elsewhere on a region-by region basis (e.g. Holt et al.,
2012a; Daewel & Schrum, 2013). Here, we briefly
describe some basic regionally averaged metrics for the
subsequent discussion on trophic interactions. Under
the climate change scenario studied here, sea warming
is a common feature expected in all regions and at glo-
bal scale (Table 2) by the end of the century. The global
model projects a mean global sea surface warming sig-
nal of 2.29 + 0.05 °C under an A1B emissions scenario.
Some regions of the global ocean are expected to warm
moderately (e.g. surrounding the Antarctic continent),
whereas other regions show more substantial warming
(e.g. in the subarctic and in the Gulf Stream, where
warming of more than 4 °C is projected before the end
of the century). Global mixed layer depth is projected
to decrease by 8.4% on average, indicating increased
global stratification. The projected increase of sea

temperature in European regions (1.02-3.64 °C, mean:
2.43 °C) is slightly higher than the global mean, a result
consistent with analysis of recent trends by Good et al.
(2007) and Holt et al. (2012b). In the Barents Sea, projec-
tions of oceanic warming will be accompanied by a sig-
nificant sea ice decrease, as in the Baltic Sea, and by an
increase of Atlantic water inflow. The Baltic Sea was
projected to experience freshening and increasing sur-
face nutrients, largely driven by increased winter venti-
lation due to changing winds. The freshening is due to
a combination of wind field changes and increases in
precipitation. The mechanisms have earlier been
described by Schrum (2001). In the NE Atlantic, the
main physical changes were an increase in sea surface
temperature (larger in the North of the domain than in
the South), freshening over the northwest European
continental shelf and in the Bay of Biscay, and an
increase in surface salinity in the open ocean between
Iceland and Norway. A small increase in seasonal strat-
ification that starts earlier in the year, is excepted in the
Bay of Biscay and the Celtic Seas. Climate simulations
of the NE Atlantic suggest the region will be more strat-
ified under the future scenario; especially off-shore
(where mixed layer depth decreases by 48%), whilst the
mixed layer depth of shelf waters decreases by only
6%. The Black Sea was projected to experience
increased stratification (indicated by a potential energy
anomaly increases of 23% =+ 0.01), which resulted in
reduced nutrient pumping into the surface mixed layer
and increased the residence time of riverine nutrients
within the surface mixed layer, the net result of which
was a 4% increase in nitrate availability within the
upper 30 m of the water column. The Adriatic Sea was
projected to experience a warming of about 1.75 °C. In
the North Aegean Sea, an increase in sea surface tem-
perature of 1.02 °C (Table 2) and stratification (indi-
cated by a mixed layer depth decreases of 6%) were
projected, while salinity increases (0.05 psu on average)
in coastal river influenced areas due to decreasing river
runoff and precipitation. The Benguela upwelling sys-
tem was projected to experience an overall sea surface
warming (+1.4 °C), and a decrease of trade winds mag-
nitude (—10%) and of minimum oxygen concentrations
(=20 to —30 mmol/m?).

Response of plankton

Globally and in temperate European seas (Atlantic
Margin and North Sea), and the Benguela upwelling
system, primary production was projected to decrease
(3-12%) on average under a future A1B climate change
scenario (Table 2, Figs 2 and 3), whilst in the most
northern European sea (the Barents Sea) and in the Bal-
tic Sea and Black Sea, primary production was

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12562
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Fig. 3 Projected change in lower trophic level response (phyto-
plankton and zooplankton biomass) to climate change scenarios
expected by the end of the 21st century (at 2080-2100 relative to
1980-2000, under A1B Scenario).

Sea are strongly influenced by riverborne nutrient
inputs and that policy measures aiming to reduce the
phosphorus content in river waters started in the 1980s.
Nutrient river load data used to force the Adriatic Sea
hindcast simulations (Ludwig et al., 2009) represented
the decrease in nutrient input to the region resulting
from policy changes. The nutrient load reduced 30%
between the 80s and the last decade of the 20th century,
a value in general agreement with the estimates of the
northern Adriatic river load by Degobbis & Gilmartin
(1990) and Cozzi & Giani (2011). This change in the bio-
geochemical forcing accounts for the decrease in simu-
lated phytoplankton biomass and primary production
during the 1980-2000 hindcast simulation period, a
trend also confirmed by observations (Mozetic et al.,
2009). The 21st century Adriatic Sea simulations carried
out under the A1B scenario for atmospheric forcing
included also river nutrient load computed under the
‘Business as usual’ assumption (Ludwig et al., 2010).
This forcing data set includes a slight increase of the
nutrient load compared with the load of the last decade
of the 20th century, accounting for the simulated 21st
century increase of primary production occurring
despite the upper layer warming and enhanced stratifi-
cation.

Contrastingly, in subarctic regions such as the
Barents Sea, in semi-enclosed seas such as the Baltic
and Black Sea and in shelf regions such as Southern
North Sea, Celtic Sea, Irish Sea, English Channel and
Armorican Shelf, primary production and conse-
quently, zooplankton biomass, increases with climate
change. In the case of the Barents Sea and the northern
Baltic Sea, a reduction in sea ice cover allows the
regions to be more productive since it prolongs the
growing season. However, the major contribution to
increased production in the Baltic Sea is the increased
winter ventilation which increases nutrient concentra-
tion in the euphotic zone. In the highly eutrophic Black
Sea which is dominated by the Danube plume,
increased stratification increases the residence time of
riverine nutrients within the euphotic zone, resulting in
increased nitrate concentrations within the surface
mixed layer which supports increased primary produc-
tion. The mechanisms responsible for the changes at a
regional scale can be associated with two different hy-
drographical processes that lead to two different pro-
ductivity regimes at a global scale (Falkowski et al.,
1998; Behrenfeld et al., 2006; Steinacher et al., 2010; and
Henson et al., 2010). The first proposed regime is

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12562
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dominant in the low- and mid-latitude ocean and in the
North Atlantic and it is characterized by reduced input
of macronutrients into the euphotic zone related to
enhanced stratification, combined with a reduction in
the mixed layer depth and slowed circulation causing a
decrease in net primary production. These regions will
become increasingly oligotrophic. The second regime is
proposed for the Arctic Ocean and areas of the Southern
Ocean: an alleviation of light and /or temperature limita-
tion leads to an increase in net primary production. This
prevails in colder well-mixed waters, i.e. with sustained
nutrient input, where warming is expected to drive
moderate stratification that is beneficial to phytoplank-
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ton growth. However, the specific physical and biogeo-
chemical processes dominant within each region will
generally modulate this overall pattern. High spatial
variations in plankton biomass change are found within
individual regions, as seen in the European seas and
the Benguela upwelling system (Fig. 3). The map show-
ing projected changes in primary production in the
Black Sea provides a good example of the small-scale
spatial variability that may exist in the response of pri-
mary producers to climate change (Fig. 4). Whilst over-
all primary production is projected to increase (5%) and
zooplankton biomass is projected to not change signifi-
cantly, plankton biomass in the regions adjacent to the

(b) Fractional change - Phytoplankton biomass
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Fig. 4 Change in net primary production (a), depth integrated phytoplankton (b) and zooplankton biomass (c) at 20802100, relative to
1980-2000, within the Black Sea. (d) Trophic propagation according to changes in phytoplankton to zooplankton biomass for the same
climate change scenario.
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Crimean Peninsula exhibited an increasing trend and a
decrease in phytoplankton biomass in the southwest of
the basin near the Bosphorus is projected (Fig. 4). While
the basin scale response of the Black Sea is linked to
increased stratification, the regional variability in the
response of the Black Sea is attributed to changes in the
wind driven circulation, which in turn influences the
distribution of Danube plume waters.

The phytoplankton and zooplankton biomass
changes of the global model were also compared with
regional models at their corresponding areas (Table 2),
except for the Celtic Sea, Black Sea, Adriatic Sea and
Aegean Sea due to their small size in relation to the
global model resolution. In both global and regional
models, phytoplankton and zooplankton biomasses
decrease in the Atlantic Margin, North Sea and Bengu-
ela upwelling. In the Barents Sea, global and regional
only agree in the increase of zooplankton biomass. On
the contrary, global model projection trends did not
agree in the Baltic Sea (ECOSMO model) and in one of
the two models of the Bay of Biscay (ROMS-NPZD).
The discrepancies should be related to model resolu-
tion, model type and model inputs (such as river dis-
charges that are better represented in regional models).
Concerning the biogeochemical model, all three models
(PISCES, ECOSMO and NPZD) divide phytoplankton
and zooplankton into two size classes, although only
PISCES and NPZD have temperature dependent rates
for phytoplankton growth (Table 1). The coarse resolu-
tion of the global model (~220 km for the global model
compared to 2-12 km for regional models) might
not resolve in small, complex and highly terrestrial-
influenced areas for hydro-climate processes, such as
local thermohaline stratification and nutrients inputs
both due to river discharges, mesoscale activity over the
slope, mixing, upwelling, that are responsible for the
variability in planktonic production and dynamics. Fur-
ther research should focus on modelling the response of
the oceanic productivity to climate change using multi-
models estimates and enhanced resolution to represent
the scales of coastal upwelling and other mesoscale
phenomena such as eddies (Bopp et al., 2013).

Trophic amplification

At a global scale, the overall change in zooplankton bio-
mass (—11%) is more pronounced than the change in
phytoplankton biomass (—6%) (Fig. 2, Table 2), sug-
gesting a potential amplification of the climate change
driven modifications of trophic level biomass through
bottom-up control. This negative amplification from
phytoplankton to zooplankton biomass (predominantly
in the tropical oceans, see Fig. 5) is confirmed when
analysing spatial variability in the global model

(Fig. 1c, the response over 47% of the total area is
classed as negative amplification). On the other hand,
when phytoplankton biomass changes positively, zoo-
plankton biomass is prone to increase either by a larger
fraction than phytoplankton (amplifying; seen over 9%
of the global model domain, mainly in the subarctic
and Antarctic oceans) or proportionally (seen over 12%
of the global model domain). Attenuation is found in
temperate seas between positive amplification in the
poles and negative amplification in the tropics. Positive
and negative attenuation are distributed latitudinally in
the Northern hemisphere, with positive attenuation at
higher latitudes and negative adjacent to tropics. The
top-down control is not common (occurring 10%) in the
global ocean, probably because climate change propa-
gates from physics to lower trophic levels and, subse-
quently, to higher ones; i.e. as bottom-up control.

A potential explanation for the global spatial pattern
of the trophic amplification (both positive and negative)
might be associated with the nonlinear relationship
between zooplankton and phytoplankton biomass and
the environmental conditions allowing for phytoplank-
ton growth. In the NEMO-PISCES global model, the
grazing function of microzooplankton and mesozo-
opoankton, defined following Fasham et al. (1993), is a
Michaelis-Menten type (Aumont & Bopp, 2006), i.e. the
zooplankton grazing rate saturates with both diatom
and nanophytoplankton biomass. Thus, small variations
of phytoplankton biomass in cases of low values imply
stronger variations of zooplankton biomass (steep
slope) than in cases of high values of phytoplankton
biomass (flat slope), assuming constant all other factors
(e.g., nutrients, light, temperature). Analysing the global
spatial pattern, in situations where phytoplankton bio-
mass is low (mean annual phytoplankton biomass less
than ~2000 mgC/m?, prevailing in tropical ocean and
subpolar regions, see Fig. 6a), zooplankton biomass has
a steeper (slope = 2.83) and closer relation to phyto-
plankton than in areas where phytoplankton biomass is
higher than 2000 mgC/ m? (slope = 0.84, Fig. 6b) such
as the temperate regions. This might explain why an
increase in phytoplankton biomass in subpolar regions
drives a proportionally higher increase in zooplankton
biomass, while in tropical oceans a decrease in phyto-
plankton triggers a larger decrease in zooplankton bio-
mass. In temperate regions, phytoplankton would not
be a limiting factor for zooplankton on average
(Fig. 6a), and the relation between the two trophic lev-
els is flatter and weaker (Fig. 6b), which may explain
why in those regions the trophic response is variable
encompassing all types (i.e., attenuation, proportional,
amplification).

At regional scales, most of cases analysed here show
proportional responses (10 out of 11 cases, Fig. 1b). This

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12562



12 G. CHUST etal.
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Fig. 5 Global change in net primary production (a) and in zooplankton biomass (b) expected by the end of the 21st century (at 2080
2100 relative to 1980-2000). (c) Trophic propagation according to changes in phytoplankton to zooplankton biomass for the same cli-

mate Change scenario.

is assuming an average response considered over the
entire regions of interest, masking small-scale spatial
heterogeneity in the trophic response; see for instance
the case of Black Sea (Fig. 4d) which exhibits two con-
trasting responses within a relatively small basin area
(positive amplification in the northern basin, most pro-
nounced in the regions adjacent to the Crimean Penin-
sula and negative amplification in the southwest near
the Bosphorus). This highlights the importance of high-
resolution, spatially explicit model analysis.

An exception to the proportional response at the
regional level is found in the Barents Sea (Fig. 1b)
where an increase in zooplankton biomass and a nega-
tive change in phytoplankton biomass are projected.
This is interpreted as top-down control due to
increased grazing pressure. This is explained because
net primary production changes positively and high
spatial variation is found in this region. In a future

climate, the retreat of sea ice in the Barents Sea changes
the seasonality due to light changes. In the present day
climate, sea ice is at a minimum only in September for
the Arctic Ocean and in the Barents Sea. In the North-
ern part of the Barents Sea, present day production is
therefore strongly light limited. The short seasonal
cycle has under present climate conditions therefore
also strong implications for the zooplankton potential
to utilize the existing particulate organic material due
to low prey density. The increase in light extends the
seasonal production cycle significantly and supports
the second trophic level compared to the first trophic
level, which consequently experience a top-down con-
trol towards the end of the production season. A rela-
tively important food web restructuring in the Barents
Sea is also suggested by the 2.6 times increase in the
zooplankton to phytoplankton biomass ratio (Z : P)
(from 0.05 to 0.13), whilst slight or negligible changes in

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12562
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Z : P ratios are found in most of cases (Table 2). This
process might be particular of the Barents Sea since no
other region analysed is under the influence of sea ice
late in the growing season. A similar, although a much
smaller effect, is modelled also in the Bothnian Sea (Bal-
tic Sea). On a basin scale, however, this change is over-
ridden by more pronounced changes in the only
occasionally ice covered Central Baltic. Moreover, the
modelled sea ice decrease in the Baltic has a smaller
impact on the seasonality of the production cycle since
it occurred earlier in the year.

Model and projection uncertainty

The validation of present day models with observations
estimates model uncertainty, and the comparison of
projections using different models aimed to evaluate
projections. One major source of model uncertainty is
the bias in the IPSL-CM4 model atmospheric forcing,
partially due to the spatial resolution of the IPSL forc-
ing which is too low compared to the spatial resolution
of regional case studies. In the Barents Sea region, for

instance, sea ice cover in the present day reference sim-
ulation is more extensive than observations reveal. In
the Benguela upwelling system, wind downscaling (fol-
lowing Goubanova et al., 2011 and Echevin ef al., 2012)
was also necessary to correct SST seasonality, mixed
layer depth, and to provide a better circulation over the
domain and more realistic subsurface biogeochemical
properties. Each region has been modelled indepen-
dently and the present day simulation has been vali-
dated using present day data specific to the region, i.e.
the skill attributed to each regional simulation is differ-
ent (Table 1). On the other hand, ocean climatology
performed better than phytoplankton component in
average (Table 1), probably because of error propaga-
tion. Moreover, zooplankton has been less scarcely vali-
dated than phytoplankton. Thus, the use of those
model projections to extend these considerations to
higher trophic levels is subjected to high uncertainty.
Another limitation of our approach is that we used only
one Earth system model and forced by one GHG sce-
nario. For instance, multimodel comparisons at global
(Steinacher et al., 2010; and Bopp et al., 2013) and regio-
nal (Holt ef al., 2014) scales have shown that there are
regions of general agreement between models in terms
of primary production, with other regions of different
signs of changes. Hence, because no estimate of likeli-
hood is available to this study, these results need to be
considered as a single self-consistent response of the
system to possible future conditions rather than a pre-
diction with quantified uncertainties.

To assess projection uncertainty we compared case
studies performed within the same area using different
models (see Table 1). For climate change modelling, it
is generally accepted that averaging of results from an
ensemble of models produces a more reliable result
(e.g. Pierce et al., 2009), although here only a single
model was used in most of the regions. For the North
Sea, ECOSMO and POLCOMS-ERSEM models pro-
vided similar projections, both suggesting a decrease in
primary production (12% and 3%, respectively) and in
zooplankton biomass (20% and 7%, respectively). For
the Bay of Biscay, results obtained with ROMS-NPZD
model in terms of sea warming (+3.49 °C) are in agree-
ment with those obtained with POLCOMS-ERSEM
(+2.22 °C; Holt et al., 2012a) and previous work using
model ensembles (1.5-2.1 °C, Chust ef al., 2011),
although they present slight discrepancies for
zooplankton biomass net balance (44% increase for
ROMS-NPZD model and not significant change for
POLCOMS-ERSEM). The open question remains how
much of these differences can be attributed to the dif-
ferent hydrodynamic models and domains and how
much can be attributed to the biogeochemical model
structure? In terms of the hydrodynamics, the

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12562
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differences found imply significant differences in nutri-
ent supply to the mixed layer which, in turn, implies
difference in the vertical mixing. The finer spatial reso-
lution (6.5 km) of the ROMS model compared to that of
the POLCOMS model (12 km) might partially explain
the biomass differences found, especially in the vicinity
of the shelf break. The two models, however, also differ
in C : N ratios (fixed in NPZD and variable in ERSEM),
and other model properties (ERSEM takes into account
explicit microbial loop and benthic component of sus-
pension feeders, whilst NPZD does not) (Table 1).
Another important difference that might also explain
model projections is the division of plankton groups:
ERSEM are represented by four phytoplankton groups
(picoplankton, dinoflagellates, flagellates, diatoms) and
three zooplankton groups (heterotrophic nanoflagel-
lates, microzooplankton and mesozooplankton), whilst
NPZD consider two size classes for phytoplankton
(flagellates and diatoms) and for zooplankton (ciliates,
copepods); hence, with different links between phyto-
plankton and zooplankton compartments.

Implications for the biological pump

In summary, our findings indicate increased ocean
stratification by global warming will triggers an overall
decrease in zooplankton biomass, which is more pro-
nounced than phytoplankton biomass decrease. This
suggests a potential amplification of climate change-
driven modifications of trophic level biomass through a
bottom-up control, and triggers a slight restructuring of
the food web by decreasing the zooplankton to phyto-
plankton biomass trophic ratio. Thus, by decreasing the
transfer of CO, fixed by photosynthesis to the deep
ocean, the capacity of oceans to regulate the climate via
the biological pump will be slightly reduced (Reid
et al., 2009) on average but will differ regionally. The
overall negative amplification is the most dominant
over the global ocean (occupying 47% of the total area)
and it is predominantly found in the tropical oceans;
whilst positive amplification of trophic levels prevails
in the Arctic and Antarctic oceans where the efficiency
of the biological pump might increase. Trophic attenua-
tion is found on average in temperate seas between the
amplification regions. On the other hand, the alteration
of the seawater carbonate equilibrium, decreasing pH,
by the future high levels of CO, might change the rates
of biological carbon consumption and affect calcifying
organisms differently (Riebesell et al., 2007), aspects
that the global model has not taken into account. The
change in the biological carbon pump efficiency would
lead to changes in the extent of the deep ocean oxygen
minimum zones (Riebesell et al., 2007; Keeling et al.,
2010), expanding in the polar regions and reducing in

the tropical areas, with possible consequences for mar-
ine biogeochemical cycling. On the other side, the
uncertainties in projections in ocean productivity imply
the need for caution when extending these consider-
ations into higher trophic levels. Further research focus-
ing on the response of the oceanic plankton biomass
and production to climate change with multimodels
estimates at both global and regional scales might
reduce these uncertainties.
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