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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).

about their potential for exploitation vs. sensitivity to cumulative
impacts (Hidalgo and Browman, 2019; Martin et al., 2020).

Opverall, 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 (Brondizio et al., 2019).

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 greatly 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
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localized stressors such as change in ice cover at high latitude
areas that can profoundly affect both the lowest and highest
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 (Heymans et al., Submitted;
Hollowed et al., 2013; Fulton et al., 2019).

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
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