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Considerable effort is being deployed to predict the impacts of climate change and
anthropogenic activities on the ocean’s biophysical environment, biodiversity, and natural
resources to better understand how marine ecosystems and provided services to
humans are likely to change and explore alternative pathways and options. We present
an updated version of EcoOcean (v2), a spatial-temporal ecosystem modeling complex
of the global ocean that spans food-web dynamics from primary producers to top
predators. Advancements include an enhanced ability to reproduce spatial-temporal
ecosystem dynamics by linking species productivity, distributions, and trophic
interactions to the impacts of climate change and worldwide fisheries. The updated
modeling platform is used to simulate past and future scenarios of change, where we
quantify the impacts of alternative configurations of the ecological model, responses
to climate-change scenarios, and the additional impacts of fishing. Climate-change
scenarios are obtained from two Earth-System Models (ESMs, GFDL-ESM2M, and
IPSL-CMA5-LR) and two contrasting emission pathways (RCPs 2.6 and 8.5) for historical
(1950-2005) and future (2006—2100) periods. Standardized ecological indicators and
biomasses of selected species groups are used to compare simulations. Results
show how future ecological trajectories are sensitive to alternative configurations of
EcoOcean, and yield moderate differences when looking at ecological indicators and
larger differences for biomasses of species groups. Ecological trajectories are also
sensitive to environmental drivers from alternative ESM outputs and RCPs, and show
spatial variability and more severe changes when IPSL and RCP 8.5 are used. Under
a non-fishing configuration, larger organisms show decreasing trends, while smaller
organisms show mixed or increasing results. Fishing intensifies the negative effects
predicted by climate change, again stronger under IPSL and RCP 8.5, which results in
stronger biomass declines for species already losing under climate change, or dampened
positive impacts for those increasing. Several species groups that win under climate
change become losers under combined impacts, while only a few (small benthopelagic
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Supplementary Figure 6 shows results for Biomass of commercial species.

FIGURE 2 | Experiment 1 (Ecological configurations, Table 1)—Relative temporal change of ecological indicators (%) obtained under the different ecological
configurations of the model: (A) Total System Biomass, (B) Total Consumer Biomass, (C) Biomass of organisms >10cm, and (D) Biomass of organisms >30cm.

TABLE 2 | (a) Experiment 1 (Ecological configurations, Table 1) and (b) Experiment 2 (Climate impacts, Table 1)—Temporal relative change (%) of ecological indicators

between 1970 and 2100 (Figure 2).

Change (%) 2100 vs. 1970

(a) Experiment 1

(b) Experiment 2

E-Base E-Env E-Met E-Nr E-All C-GFD2.6 C-GFDL8.5 C-IPSL2.6 C-IPSL8.5
TSB 1.7 -0.9 -0.5 -1.3 1.6 1.6 1.7 -5.9 —11
TCB 2.3 -1.2 -0.7 -1.7 2.1 241 3 -9.6 —-10.2
Bcom 8.7 0.1 0.5 -1.5 7.9 7.9 10.4 -12.8 —-21.8
B10 8.4 0.1 0.6 -1.3 7.7 7.7 10.2 —-12.7 —21.6
B30 8.2 3.1 6.4 0.6 21 21 24.3 -12.5 7.5

TSB, Total System Biomass,; TCB, Total Consumers Biomass; Bcom, Biomass of commercial species; B10, Biomass of organisms > 10cm; B30, Biomass of organisms > 30 cm.

areas (especially in the Indian and Pacific Ocean) and the
Poles (Figure 3C). Spatial differences were evident between the
different configurations of the model (Supplementary Figure 7),
with a concentration of biomass in higher latitude areas under
E-Met, and a wider spread of biomass concentrations under E-
Env and E-Nr (Table 1). The baseline run (E-Base) presented

larger concentrations in specific areas of the Indian and Atlantic
Ocean, and the combination of ecological configurations (E-
All) showed a gradient of biomass concentration increasing with
latitude (Figure 3C). The average change for all five ecological
configurations showed negative changes in the tropical areas and
positive changes in higher latitude areas (Figure 3D).
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Changes by Species Groups

When comparing the outcomes of the alternative configurations
of the ecological model, trajectories of biomass by species groups
showed larger differences than when examining aggregated
ecological indicators. As an example, predicted changes of “Large
reef fish” over time showed slight increases under E-Nr and E-All
(45 to +8%) (Table 1), and important declines under the rest of
simulations (—35 to —75%) (Figure 4A). Simulations produced
also different spatial distributions (Supplementary Figure 8),
with larger variability between configurations in coastal areas
(Figure 4B). Under E-All, the species tended to increase their
biomass in higher latitudes (Figure 4C). The relative change
under the five alternative configurations showed overall negative
declines in coastal areas with time, with spatial variability
depending on the ecological configuration underlying each
run (Supplementary Figure9). While under E-Env and E-
Nr the declines were widely distributed, under E-Met they
tended to concentrate in high latitude areas. Under E-All, they
concentrated in tropical and temperate regions, and increases
were projected in northern areas (Figure 4D).

Summary

Results from the first experiment showed that alternative
configurations of the ecological model had moderate effects
on aggregated ecological indicators, and larger effects on
species projections, even using the same physical and primary
producers data (GFDL ESM2M—Historical/RCP2.6) to
drive the environmental conditions. Under the simulation
that combined the different ecological configurations (E-
All) results showed plausible projected patterns in terms of
predicted temporal changes and the distribution of biomass
of aggregated ecological indicators and of species groupings
(Supplementary Figures 7-9).

Experiment 2—Climate Impacts

Temporal Changes

Under the different scenarios of climate-change impacts using
the two ESM and RCPs scenarios, without fishing and having
all ecological mechanisms enabled, trajectories of ecological
indicators resulted in slight to moderate differences of temporal
change (Figure 5 and Table 2b). Under GFDL scenarios, relative
changes were positive (from +2 to +24%, depending on
the indicator). Negative changes were predicted under IPSL
scenarios (from —6 to —22%) (with the exception of B30
under RCP8.5). RCP2.6 scenario showed smaller increases under
GFDL model and smaller declines under IPSL. Results indicated
an amplification of the effect of changes in environmental
conditions with larger trophic level organisms (Table 2b),
were the moderate negative or positive impacts of aggregated
ecological indicators such as TSB or TCB (Figures 5A,B) were
larger for Bcom, B10, and B30 (with the exception of B30 under
RCP8.5) (Figures 5C,D).

Spatial Changes

Results showed noticeable spatial variability of TCB projections
under the different climate-change scenarios (Figure6 and
Supplementary Figure 10), which was smaller under GFDL and

RCP2.6 scenarios and larger under IPSL and RCP8.5 ones
(Supplementary Table 2). The Indian Ocean showed small to
moderate declines under all scenarios (from —0.4 to —25%),
while the Atlantic regions (including the Mediterranean) and the
Central Pacific showed larger declines as we moved from GFDL
to IPSL models and from 2.6 to 8.5 RCPs (going from +4 to
—34%). On the contrary, the South Pacific and the Antarctic
Ocean showed small to moderate increases (from +1 to +30%)
(Figure 6 and Supplementary Table 2). TCB showed different
areas of negative and positive change depending on the runs,
with overall negative changes concentrated in coastal tropical
and temperate areas (especially under IPSL model) and positive
changes in northern regions and open sea areas (Figure 7), with
overall larger declines projected under IPSL (Figures7C,D).
Similar results were recorded for TSB, Bcom, B10, and B30
(Supplementary Table 3).

Changes by Species Groups

Projections of biomass by species groups resulted in moderate to
large temporal differences when comparing the outcomes of the
different climate-change scenarios. As an example, trajectories
of “Large reef fish” with time (without fishing) showed slight
increases under GFDL model and important declines under IPSL
one (Figure 8A). Similar patterns were shown for “Small reef fish”
(Figure 8B), and “Large sharks” (Figure 8C), while “Small and
medium sharks” only showed negative declines under IPSL and
RCP8.5 simulation (Figure 8D).

We observed that IPSL RCP8.5 showed the strongest
and most negative effects for species groups (Figure9 and
Supplementary Table 4). Under climate-change impacts, marine
mammals, birds, marine turtles, and elasmobranchs showed
moderate to large declines in biomass (down to —43%), with
the exception of small and medium sharks and rays that showed
some biomass increases under GFDL simulations (Figure 9A).
Most large pelagic and demersal fish showed large declines as
well, especially under IPSL model (with maximum declines for
“Large reef fish” of —66%) (Figures 9B,C), with the exception
of “Bathydemersal large fish” (which increased from +54 to
+100%). On the contrary, medium and small demersal and
pelagic fish showed mixed results, with overall increases for
“Medium pelagic fishes,” “Bathypelagic medium fishes,” and
“Benthopelagic small fish” (Figures 9B,C). These organisms
would win under climate-change conditions and no-fishing.
Regarding invertebrate groupings, clear declines were projected
for “Corals” (to a max. decline of —77%) and “Soft-corals and
sponges” (—56%), which decreased strongly in biomass under
climate change scenarios. Mixed responses were predicted for
molluscs (showing increases of +9% and declines to a max.
of —19%), crustaceans and other invertebrates (increases of
+60% to declines of —53% depending on the groupings), and
an increase of “Other megabenthos species” (with a max of
+47% increase) was projected (Figure 9D). Noticeable changes
in spatial distributions were also observed for different functional
groups, were declines where most profound under IPSL model,
and for GFDL RCP8.5 scenario (see example of “Large reef fish”
in Supplementary Figures 11, 12).
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FIGURE 3 | Experiment 1 (Ecological configurations, Table 1)—Spatial changes of Total Consumers Biomass: (A) Mean spatial values across the different ecological
configurations and (B) spatial results under configuration E-All in 2001-2005. (C) Coefficient of variation and (D) relative change across the different ecological
hypotheses. For visualization purposes, maps (A-C) plot values between the first and third quantile.

scenario
E-Al
= E-Base
== E-Env
= E-Met
E-Nr

Large reef fish biomass change (%) >

FIGURE 4 | Experiment 1 (Ecological configurations, Table 1)—Changes in “Large reef fish” group: (A) Relative temporal change of biomass (%) obtained under the
different ecological configurations of the model from 1970 to 2100, (B) Coefficient of Variation of biomass in 2100 under the different ecological configurations, (C)
Biomass (log10) distribution in 2100 under configuration E-All, and (D) Relative change (%) of biomass between 1970 and 2100 under configuration E-All (Fish images
source: IAN, 2020).

Summary v2 had large impacts on ecological trajectories. The GFDL
Results from the second experiment showed that differences in ~ model produced, overall, less severe negative impacts than IPSL
the drivers of climate-change scenarios used under EcoOcean  on ecological results. Climate change showed overall negative
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FIGURE 5 | Experiment 2 (Climate impacts) and 3 (Climate impacts and fishing impacts) (Table 1)—Relative temporal change of ecological indicators (%): (A) Total
System Biomass, (B) Total Consumer Biomass, (C) Biomass of organisms >10cm, and (D) Biomass of organisms >30 cm.

2040 2080

Year

2000

impacts on larger organisms, and the most pessimistic scenarios
of climate impact (RCP8.5) showed the strongest negative effects.
These effects were differently distributed in space, with some
areas showing clear declines (Indian and Atlantic Oceans) and
others showing mostly increases (Antarctic and Arctic Oceans).
Climate-change impacts differently affected specific species
groupings, with larger organisms showing overall negative trends
and smaller organisms showing mixed or positive impacts.

Experiment 3—Climate and Fishing

Impacts

Temporal Changes

Under the climate change and fishing impact experiment
using the same two ESM and RCPs scenarios and including
fishing, trajectories of ecological indicators resulted in smaller
positive results under GFDL and larger declines under IPSL
(Figure 6, Table 3a, and Supplementary Table 5). The exception
was scenario IPSL RCP2.6, which showed the least declines
for TSB, TCB, Bcom, and B10 in comparison with the non-
fishing configuration.

Spatial Changes
Results showed large spatial variability of TCB trajectories under
the different climate-change and fisheries runs (Figure 10 and

Supplementary Figure 13), which was largest under IPSL and
RCP8.5 scenarios (Table 3b and Supplementary Table 6). The
Central Atlantic region (including the Mediterranean) and the
South Pacific showed a decline in indicators under fishing
in comparison with the non-fishing configuration in all the
simulations (from —0.5 to —13% and from —0.2 to —11%,
respectively). This was also the case for most of the sub-
regions with some exceptions under IPSL model. For example,
the Antarctic regions showed larger increases of TCB under
fishing when IPSL RCP2.6 was used, and the Arctic Ocean
and North Atlantic when IPSL RCP2.6 and RCP8.5 were used
(Table 3b). The average change of TCB showed different areas of
negative and positive change depending on the simulation, with
larger negative changes concentrated in tropical and temperate
areas under IPSL, and positive changes in northern regions
and open seas, and overall larger declines predicted under IPSL
(Figure 11).

Changes by Species Groups

Trajectories of biomass by species groups resulted in moderate
to large temporal differences when comparing the outcomes
of the different climate-change scenarios with and without
fishing (Table 4 and Supplementary Figure 14). As an example,
predicted changes of “Large reef fish” with time showed
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important declines under fishing in both GFDL and IPSL models
(Figure 8A). Similar patterns were shown for “Large sharks”
(Figure 8B), while “Small reef fish” and “Small and medium
sharks” did not show the same magnitude of declines when
fishing was added, and in some cases the trends were reversed
(Figures 8C,D).

We observed that IPSL RCP8.5 scenario showed the
strongest and most negative effects for species groups (Table 4,
Supplementary Table 7, and Supplementary Figures 14, 15).
Under climate change and fisheries impacts, several species that
were identified as “losers” under climate-change simulations
showed higher declines. This was the case of marine mammals,
birds, marine turtles, and elasmobranchs (which declined —80%),
with the exception of “Small and medium sharks” under IPSL
RCP2.6 (which increased +12%). Declines of biomass from
pelagic and demersal fin fish were also stronger under climate
change and fishing impact simulations (with declines up to
—90% for “Large reef fish” and “Large pelagic fish”). In several
cases, smaller species went from increasing under climate-
change impacts to decreasing under the cumulative effects
of climate change and fishing. This was the case of small
and medium pelagic fish groups (from maximums of +7 to
minimums of —40%, and max. of +68% to min. of —18%,

respectively). Other species groups increased less than under
climate-change impacts alone (such as “Bathypelagic medium
fish” dropping from 456 to +11%, or “Bathydemersal large fish”
dropping from 4100 to +45%). There were a few exceptions for
organisms that further benefited from fishing: this was the case of
“Benthopelagic small fishes” (from —3 to +40%), which showed
larger increases under the climate change and fishing simulation
(Table 4 and Supplementary Figure 15). Invertebrates showed
a variety of mixed responses, with two groups showing
clear directions of change: “Molluscs (bivalves)” showed large
declines under climate change and fishing (up to —47%),
and “Cephalopods” showed further increases (up to +10%)
(Supplementary Figure 14d and Supplementary Table 7).

Summary

Results from the third experiment highlighted that combining
climate-change and fishing impacts had mostly negative effects
on both aggregated ecological indicators and the biomasses of
many species groupings, especially for larger-sized species. As
in the case of climate-change impact, adding fishing impacts
to simulations showed similar results in terms of IPSL RCP8.5,
yielding the most pessimistic results. However, some areas
showed increases of biomass from a combination of climate
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FIGURE 7 | Experiment 2 (Climate impacts, Table 1)—Relative spatial change of Total Consumers Biomass (%) between 1970-1979 and 2090-2099: (A) GFDL
RCP2.6; (B) GFDL RCP8.5, (C) IPSL RCP2.6, and (D) IPSL RCP8.5.
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change and fishing impacts (Arctic, Antarctic, and North
Atlantic) and some smaller-sized organisms showed advantages,
such as “Small benthopelagic fish” and “Cephalopods.”

DISCUSSION

We presented a new version of the modeling complex EcoOcean
to represent the global marine ecosystem. EcoOcean v2 advances
marine ecosystem analyses under multiple and cumulative
stressors while explicitly considering species distributions and
spatial-temporal food-web dynamics.

We explored the capabilities and sensitivity of the modeling
complex through three experiments. We quantified how
predicted ecological indicators and species biomasses were

influenced by (i) the alternative configurations of specific
ecological mechanisms within the ecosystem model, (ii)
alternative sets of environmental drivers of climate change
accounting for variability in two ESM outputs and RCPs, and (iii)
considering human impacts in the form of fishing in addition to
climate change.

Our study shows that alternative configurations of the
ecological model can have noticeable effects on ecological
projections. They were moderate for aggregated ecological
indicators such as Total System Biomass (TSB) and Total
Consumers Biomass (TCB) and changes in indicators frequently
showed similar direction of change. These results stress the
importance of model structural uncertainty in EcoOcean v2,
as has been previously illustrated for other modeling initiatives
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TABLE 3 | Comparison of experiment 2 (Climate impacts) and 3 (Climate and
fishing impacts) (Table 1)—(a) Temporal relative change (%) of ecological
indicators between 1970 and 2100, and (b) of Total Consumers Biomass (TCB %)
under the climate and fishing impact (Figure 10) compared to the climate impact
simulations by sub-regional ocean (Figure 6).

Change (%) 2100 vs 1970

GFDL2.6 GFDL8.5 IPSL2.6 IPSL8.5
withf/wof.  withf./wof.  withf/wof.  withf/wof.
a) Aggregated indicators
TSB 15 2.9 2.3 4.6
TCB 1.8 3.2 3.1 5.7
Bcom -2.6 -1.4 6.1 -3.9
B10 -2.6 -1.7 6.2 -4.2
B30 -1.5
b) TCB by sub-ocean
Arctic Ocean -1.7] 1.4 12.2
North Atlantic -1.8 -2.1 13.4
Central Atlantic, Med -1.7 -3. -0.5
South Atlantic -1.1 -4. 0.6
North Pacific 0.0 2.5 3
Indian Ocean =1.3 -2.1 -0.6
Central Pacific -0.9 2. 8.4
South Pacific -1.4 -5. -0.2
Antarctic Atlantic -3-d] -2. 18.1
Antarctic Indian -ZAZ[I -2.5 11.3
Antarctic Pacific -2.1 -3. 13.9

TSB, Total System Biomass;, TCB, Total Consumers Biomass; Bcom, Biomass of
commercial species; B10, Biomass of organisms >10cm; B30, Biomass of organisms
>30cm; With f., with fishing; wo f., without fishing. Red shade indicates decline of the
indicators, while blue shade indicates an increase.

(Cheung et al., 2016a; Payne et al., 2016) and when multiple
ecosystem models with different setups have been compared
(Tittensor et al., 2018; Lotze et al., 2019). The use of aggregated
indicators to capture ecological processes at the global level is a
practical choice to limit the associated uncertainty of different
working hypotheses within complex mechanistic models. These
aggregated indicators have been used in recent studies under the
Fish-MIP initiative to assess marine animal biomass trajectories
under climate change (Tittensor et al., 2018; Lotze et al., 2019).

Effects of structural uncertainty became more evident when
looking at indicators that represented larger organisms within the
global food web (such as Biomass of organisms larger than 10 or
30 cm, B10 and B30, and Biomass of commercial species, Bcom),
or specific species groupings. Our results suggest that informative
projections to investigate changes in marine biodiversity must
be accompanied by transparent statements about the ecological
mechanisms behind model configurations. Community-based
ensemble modeling initiatives such as Fish-MIP (Tittensor et al.,
2018; Lotze et al., 2019) are designed to capture and compare
structural modeling uncertainty deriving from the structural
differences of participating Marine Ecosystem Models (MEMs).
We believe that transparency about model configuration and
ensemble approaches to scenario testing should become the norm
for global ecosystem analyses such as the ones performed under
IPCC and IPBES (Brondizio et al., 2019; IPCC, 2019).

For the second and third experiment, we used the “full
configuration” of EcoOcean v2 in conjunction with different
approaches toward climate and fishing. Enabling all ecological
mechanisms allowed the model to consider species’ responses

to fluctuating environmental conditions in combination with
affinity for more stable habitats. It also allowed the modeling
complex to initialize species to their observed native ranges,
from where they could move freely if nearby conditions were to
become more suitable. Our first foray into Q;¢ dynamics enabled
the modeling complex some measure of spatial differentiation for
growth and production ratios as a function of a near-evolutionary
scale average global temperatures. These combined ecological
mechanisms produced results that were closer to what we should
expect considering historical observations in the distribution of
biomass of aggregated ecological indicators and the ecological
knowledge of species groupings, while they were also comparable
to projections from other modeling initiatives (Lotze et al., 2019).

Our results showed important changes in marine organism
biomass distributions, and in ecosystem structure, under various
scenarios of climate change. Trends of our projections were in
agreement with the vast scientific literature (e.g., Hollowed et al.,
2013; Barange et al., 2014; Gattuso et al, 2015; Lotze et al.,
2019). Different ESMs and RCPs scenarios had notable impact
on EcoOcean projections: while GFDL ESM-2M Hist&RCP
scenarios produced more optimistic results, IPSL CMA5-LR
Hist&RCP resulted in more pessimistic ones. Simulations
under worst-case RCP8.5 emission pathways had extensive (and
mostly negative) impacts on ecological properties of the marine
ecosystem, while simulations under the most stringent RCP2.6
emission pathways did not experience such large negative effects.
This is due to the differences in predicted trends of climate-
change effects by the different ESM and RCPs, such as on
temperature and phytoplankton growth, which have unique
direct and indirect impacts throughout the marine food web
(Lotze et al,, 2019), and which are mediated by differential growth
and consumption rates (Christensen and Walters, 2004). Overall,
the impacts of alternative climate-change effects on ecological
trajectories were similar or up to a magnitude higher than
structural modeling uncertainty. This illustrates that the effect of
ESM outputs is at least as important as internal model uncertainty
for MEM outputs (e.g., Lotze et al,, 2019).

The projected impacts of climate change were unevenly
distributed: while some areas showed clear declines (such as the
Indian and Atlantic Oceans), others showed increases (Antarctic
Ocean). In agreement with previous data analyses and modeling
studies, our results suggest that as climate change intensifies, the
coastal areas around the tropics and subtropics may become less
suitable for a range of species that will disappear from these areas
and may be moving to cooler regions (Sunday et al., 2012; Jones
and Cheung, 2015; Poloczanska et al., 2016; Bryndum-Buchholz
et al,, 2019; Link and Watson, 2019; Reygondeau, 2019).

Larger organisms showed overall negative trends, being
identified as the “losers” of climate change. Their declines
could be mostly attributed to dwindling prey and reduced
environmental suitability (Pinsky et al, 2013; Poloczanska
et al., 2016). On the contrary, many smaller organisms showed
mixed and at times clearly positive impacts—the climate-change
“winners.” Some of these smaller organisms benefited from the
declines of larger organisms through a reduction in predation
pressure, and from density-dependent processes and competition
releases as previously illustrated at regional scales (Coll et al.,
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FIGURE 10 | Experiment 3 (Climate impacts and fishing impacts, Table 1)—Relative temporal change of Total Consumers Biomass (%) by sub-regional oceans:
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2008b; Brown et al., 2010; Fulton, 2011). These outcomes
illustrate that assessment of the impacts of climate change on
marine biodiversity, even in a hypothetical non-fished ocean,
should include species interactions to account for non-linear
and often surprising consequences (Brown et al., 2010; Fulton,
2011; Fernandes et al., 2013; Christensen et al., 2015). Our results
may provide special relevant insights into climate effects on
biomass dynamics of data deficient species groupings such as
invertebrates (Poloczanska et al., 2016). These results can be of
relevance to adapt management strategies and monitoring under
a context of climate change.

Our analysis to evaluate how climate-driven responses
differed between a hypothetically non-fished and a fished
ocean showed that the effect of fishing was mostly negative
on aggregated ecological indicators and on the biomass of
many—especially larger—species groupings. Fishing generally
worsened the conditions already impacted by climate change,
even in the cases where climate change benefitted specific
groupings of species. These findings are in line with results
from a size-based modeling exercise (Blanchard et al., 2012).
GFDL ESM-2M Hist&RCP scenarios consistently produced
more optimistic results than IPSL CMA5-LR Hist&RCP ones,
and RCP8.5 showed the most extreme and mostly negative

impacts on ecological projections. Therefore, our results were
in agreement with previous studies that show how fishing did
not substantially alter the negative direction of climate change
effects when looking at total marine animal biomass (Lotze et al.,
2019). In addition, the temporal trends for aggregated indicators
showed that the additional effect of fishing on climate was not
always purely linear but could be non-linear, amplifying the
effects of climate, as shown in regional modeling simulations (Fu
et al., 2020).

When we analyzed our results by sub-oceans, a larger
diversity of cumulative effects of climate change and fishing
was observed. Several areas showed further declines of net
animal biomass when fishing under climate-change impacts.
Some areas, in contrast, showed lower declines or even
(modest) gains in total system biomass. In these areas, such
as the North Atlantic, fishing has historically been targeting
larger organisms and their reduction could have produced
a positive effect on mid and small-sized animals through
reductions in predation mortality and resource competition
(Mackinson et al., 2009; Planque et al., 2010). Increases in
catch potential projected in areas of the North Atlantic Ocean
(Barange et al., 2014; Peck and Pinnegar, 2019) coincides with
our findings.
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Species grouping also showed heterogenic responses to  increased consistently across taxa from 1960s to 2010 (Doubleday
climate change and fishing. In essence, we identified four main et al,, 2016). Modeling studies at local and regional levels showed
population responses: (1) losers under climate change that lost  that cephalopods play a strong ecosystem role (Eddy et al., 2017).
more under climate and fishing (“losers that lost more”), (2)  Squids, for example, are able to benefit from a general increase
winners under climate change that won less under cumulative  in fishing pressure, mainly due to predation release, and exhibit
impacts of climate and fisheries (“winners that won less”),  quick responses to changes triggered by the environment, and
(3) winners under climate change that became losers under  as such, are very sensitive to changes in fishing and climate
cumulative impacts (“winners that became losers”), and (4)  change (Coll et al., 2013). Despite this projection of a global
winners under climate change that further benefited from fishing  increase, cephalopods encompass a large diversity in species, with
impacts (“winners that kept winning”). The “losers that lost  contrasting ecological strategies (Coll et al., 2013; de la Chesnais
more” were mainly large-sized organisms, which have shown et al, 2019). Therefore, differential responses between species of
historical declines due to fishing (e.g., Christensen et al., 2003;  the cephalopod group are expected at the local and regional level
Myers and Worm, 2003). In addition, several organisms that  (Fulton, 2011).
benefited from the impact of climate effects alone “won less” Benthopelagic small fish are a highly heterogenic group of
or “became losers” under cumulative effects of climate and  fishes that live and feed near the bottom of the ocean as well
fishing. These results illustrate that global fisheries have a negative  as in midwaters or near the surface and are mostly unexploited.
effect on marine biodiversity and ecosystems in addition to  Under climate and fishing impacts they could benefit from a large
climate change (e.g., Pauly et al., 2002; Worm et al., 2006; Cury  plasticity, and are able to use different resources from benthic
and Miserey, 2008; Christensen and Maclean, 2011; Link and  and zooplanktonic organisms, in addition to benefitting from
Watson, 2019). This is in part related to the spatial congruence  predation release when larger organisms decline. Hypothetically,
and increasing cumulative impact between multiple stressors  these organisms are well-positioned to adapt to large changes in
(Halpern et al., 2015, 2019). the ocean, as previously projected (Christensen et al., 2015), but

The groups of “Cephalopods” and “Benthopelagic small fish”  still too little is known about them. Another interesting result is
species were identified to win in a warmer and exploited that “Bathypelagic small fish,” where small mesopelagic fish are
ecosystem (“winners that kept winning”). This result is especially  included, showed limited biomass increases under both climate
relevant for monitoring and adaptive management approaches  and fishing. However, a slight decline is observed under IPSL
since these groups could become global indicators of cumulative ~ CMAS5-LR RCP8.5 scenario. These results are relevant in the light
effects of climate and fishing (they could be our “canaries in  of their important biomass and key role in supporting the marine
the environmentally changing marine coal mine”). Our results  ecosystems (Irigoien et al, 2014) and the current discussion
are in line with a previous global analyses of long-term trends  about their potential for exploitation vs. sensitivity to cumulative
in cephalopod abundance, which showed that cephalopods have  impacts (Hidalgo and Browman, 2019; Martin et al., 2020).
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TABLE 4 | Comparison of Experiment 2 (Climate impacts) and 3 (Climate and
fishing impacts) (Table 1)—Temporal Change (%) of biomass by functional groups
obtained under the climate and fishing impact (Supplementary Figure 14)
compared to the climate impact simulations (Figure 9).

Change (%) 2100 vs 1970
GFDL2.6 GFDL8.5

with f./wo f.

IPSL2.6
with f./wo f.

IPSL8.5
with f./wo f.

with f./wo f.

Baleen_whales
Toothed whales
Dolphins & porpoises
Pinnipeds

Marine turtles

Birds

Sharks large

Sharks S&M

Rays large

Rays S&M

Pelagics large adults
Pelagics med. fish
Pelagics small fish
Bathypel. large fish
Bathypel. med. fish
Bathypel. small fish
Benthopel. large fish
Benthopel. med. fish
Benthopel. small fish
Dem. large fish

Dem. med. fish
Dem. small fish
Bathydem. large fish
Bathydem. med. fish
Bathydem. small fish
Flatfish large

Flatfish S&M
Reeffish large
Reeffish med.
Reeffish small
Cephalopods
Molluscs

Other molluscs
Shrimps

Lobsters & crabs
Other crustaceans
Macrobenthos
Megabenthos
Meiobenthos

Corals

Softcorals & sponges

Red shade indicates decline of the indicators, while blue shade indicates an increase.

Overall, our results illustrate a variety of complex responses
of the marine ecosystem to significant levels of climate change
and fishing impacts, which will differ depending on the area and
organisms’ size and ecology, and can be amplified higher up in the
marine food web intensifying predominantly negative impacts.
Therefore, cumulative effects of climate change and fisheries
can produce a mosaic of “winners, “losers” and ecological
surprises due to synergies, trade-offs, and differential growth and
consumption rates of species within food webs (Christensen,
1996; Fulton, 2011; Travis et al., 2014). Identifying, at the global
level, which species may decline or benefit from cumulative
effects of fishing and climate impacts is highly relevant for policy,
although regional and local studies are needed to assess these
dynamics in detail, at scales relevant to local ecological and
management objectives (e.g., Fulton, 2011; Travers-Trolet et al.,
2014).

Our findings underscore that under a pessimistic scenario of
climate change (RCP 8.5) and with the current fishing impact
projected to be maintained to the future, the majority of marine
organisms will show declining trends. These results confirm the
current concern about the overall unsustainable levels of global

change impacts on marine ecosystems (Gattuso et al., 2015;
Diaz et al., 2020) and the need for measures to ensure viable
and productive fishing activities in the ocean (Barange et al.,
2018). They illustrate the need to act on the implementation of
sustainable management options of natural resources, and the
effective mitigation and adaptation actions to balance the use and
conservation of the natural capital (Duarte et al., 2020).

FUTURE WORK

With regards to the alternative configurations of EcoOcean,
future studies should further investigate the effects of alternative
or complementary ecological mechanisms to advance our
understanding of structural model uncertainty (Planque et al.,
2011; Payne et al., 2016). For example, future improvements
should consider the use of multiple Q;¢ multipliers in accordance
to an expanding body of work (Lefevre et al, 2017), and
could incorporate hypotheses of adaptation through evolutionary
processes (O’Connor et al, 2012; Miller et al, 2018) and
applications of the concept to planktonic groups (Laufkotter
et al., 2015). Future iterations could also consider a refinement
of cell-specific responses to environmental change based on new
theoretical and data analyses (Bernhardt et al.,, 2018; Burrows
et al., 2019), or EcoOcean could drive the internal niche model
with outputs from dedicated and independent niche models
(Jones and Cheung, 2015; Cheung et al., 2016a; Kaschner
et al, 2016; Coll et al,, 2019). Last, we could improve our
assumptions about species presence by connecting with modeling
techniques dedicated to predicting global species distributions
under scenarios of environmental change (e.g., Reygondeau,
2019).

Our assessment of climate-change impacts on the global
marine ecosystem could be improved by adding additional
biodiversity resolution to species groupings and explicitly
consider the ecological roles that habitat forming species such
as corals, seagrasses, kelp, and other macro-algae play in marine
ecosystems, where they can modify direct and indirect ecological
interactions (Lotze et al., 2011; Dambacher et al., 2015).
The consequences of winners and losers from an ecosystem
functioning point of view should be further investigated to assess
if the role of species groupings may shift at the global level, as
they have been observed to do at regional scales (Bates et al,
2014). In addition, the three-dimensional nature of the ocean
is a key feature of the marine ecosystem (Behrenfeld et al.,
2019). Our modeling complex indirectly represents the third
dimension of depth by vertically stratifying species groupings,
their interactions, and the flows of energy and matter. However,
the vertical use of the water column may be altered by climate
change and future exploitation (Brito-Morales et al., 2020; Jorda
et al, 2020; Martin et al., 2020). As new insights into these
still underexplored deep-sea habitats become available, future
iterations of our work may have to revisit the representation of
processes that take place in the water column.

Future iterations of this modeling exercise should include
additional physical changes in the ocean to better represent
localized stressors such as change in ice cover at high latitude
areas that can profoundly affect both the lowest and highest
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trophic levels of the food web (Stroeve et al., 2012; Wang and
Overland, 2012); changes in hypoxic or oxygen-minimum zones
and their expansions, which is especially relevant for the tropics
(Schmidtko et al., 2017; Breitburg et al., 2018); and changes
in ocean pH that can be of special relevance to areas such
as the North Atlantic (Peck and Pinnegar, 2019). We should
also consider the additional range of mitigation targets after the
release of the Shared Socioeconomic Pathways, SSPs (Rogelj et al.,
2018), namely RCP1.9, RCP3.4, and RCP7.0., and new outputs of
ESMs under CMIP6 (Eyring et al., 2016). Especially relevant is the
evaluation of the more ambitious target of RCP 1.9 as the new
pathway that focusses on limiting global warming below 1.5°C,
the goal of the Paris Agreement (Cheung et al., 2016b; IPCC,
2018).

Future iterations of EcoOcean v2 should also be subjected
to rigorous model skill assessments (Olsen et al., 2016). This
is still a general Achilles heel of spatial-temporal MEMs, where
compounding factors such as their complex parameterization,
long run times, and limited access to distributed computing
facilities and observational data mean that full uncertainty
assessments are rarely undertaken (Hollowed et al., 2013; Fulton
etal., 2019; Heymans et al., 2020).

A strength of EcoOcean is that the fishing component is
explicitly modeled through fishing fleet dynamics that include
the interactions between bio-economics of fishing and the
abundance and accessibility to marine resources (Walters et al.,
1999). Future interactions of this study will invest in revisiting
and complementing the fisheries model. For example, we will
update to new versions of catch and fishing effort datasets
(Watson, 2017; Watson and Tidd, 2018), new data on illegal,
unreported, and unregulated catches, global demands and
impacts of marine aquaculture (Pauly and Zeller, 2016; Davies
etal, 2019; FAO, 2020) and projections of seafood demand (e.g.,
Maury et al., 2017; FishMIP—ISIMIP, 2020). Future studies can
include the further characterization of ecosystem overfishing at
the global level (Coll et al., 2008a; Link and Watson, 2019) and
the exploration of alternative pathways to reduce it and avoid
it. Our modeling complex could be further complemented with
additional anthropogenic impacts such as habitat loss due to the
degradation of the deep sea (Mengerink et al., 2014) and marine
pollution and eutrophication (Halpern et al., 2015). Past and
current spatial-temporal management tools can be now explicitly
incorporated in the simulations at any time due to the new
management model (Figure 1).

In addition to enhancing the predictive capabilities of
EcoOcean v2, and of MEMs in general, the main degradation
patterns highlighted by studies such as ours show that the
scientific community needs to move toward deploying MEMs
to test future scenarios of management and evaluate plausible
ecosystem responses. EcoOcean v2 is ready to be used to test
alternative plausible actions toward protection, mitigation and
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