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Achieving Good Environmental Status (GES) requires managing ecosystems subject to
a variety of pressures such as climate change, eutrophication, and fishing. However,
ecosystem models are generally much better at representing top-down impacts from
fishing than bottom-up impacts due to warming or changes in nutrient loading. Bottom-
up processes often have to be parameterised with little data or worse still taken as a
system input rather than being represented explicitly. In this study we use an end-to-
end ecosystem model (StrathE2E2) for the North Sea with 18 broad functional groups,
five resource pools, and representations of feeding, metabolism, reproduction, active
migrations, advection, and mixing. Environmental driving data include temperature,
irradiance, hydrodynamics, and nutrient inputs from rivers, atmosphere, and ocean
boundaries, so the model is designed to evaluate rigorously top-down and bottom-
up impacts and is ideal for looking at possible changes in energy flows and “big picture”
ecosystem function. In this study we considered the impacts of warming (2 and 4◦C)
and various levels of fishing, by demersal and pelagic fleets, on the structure and
function of the foodweb. A key aim is to demonstrate whether monitoring of broad
ecosystem groups could assist in deciding whether GES was being achieved. We
found that warming raised primary productivity and increased the size (total biomass)
of the ecosystem. Warming raised metabolic demands on omnivorous zooplankton and
reduced their abundance, thus favouring benthivorous and piscivorous demersal fish at
the expense of planktivorous pelagic fish but otherwise had modest effects on energy
pathways and top predators, whereas changes in fishing patterns could materially alter
foodweb function and the relative outcomes for top predators. We suggest that GES
should be defined in terms of an unfished state and that abundances of broad groupings
and the balance between them can help to assess whether indicator outcomes were
consistent with GES. Our findings underwrite the need for an ecosystem approach
for the management of human activities supported by relevant monitoring. We also
highlight the need to improve our basic understanding of bottom-up processes, improve
their representation within models, and ensure that our ecosystem models can capture
growth limitation by nitrogen and other elements, and not just food/energy uptake.

Keywords: fisheries, North Sea, climate change, ecosystem modelling, MSFD, foodweb indicators, benthos, good
environmental status
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INTRODUCTION

The Marine Strategy Framework Directive (MSFD: EU, 2008,
2014) established a requirement to monitor the state of the
ecosystem and its responses to diverse natural and anthropogenic
pressures such as fishing, changes in nutrient inflow and river
run-off, ocean circulation changes, atmospheric warming, and
loss of sea ice. Within the MSFD framework, considerable effort
has been spent defining what is meant by “Good Environmental
Status” (GES) in terms of 11 descriptors. Numerous metrics that
could serve as indicators for these descriptors to support their
monitoring have been suggested (e.g., Rice et al., 2012; Borja
et al., 2013), and efforts continue to identify additional new ones
(“candidate” indicators, or “candidate” metrics, Borja et al., 2014;
Teixeira et al., 2014). One of the descriptors (Descriptor 4, D4)
is a requirement that “All elements of the marine food webs, to
the extent that they are known, occur at normal abundance and
diversity and levels capable of ensuring the long-term abundance
of the species and the retention of their full reproductive
capacity.” Some food-web elements, such as commercial fish
stocks, are relatively well-sampled (although there is still room for
improvement in the way in which data is collected and analysed—
Bradley et al., 2019; van Deurs et al., 2020), with fairly reliable
long-term time series available to inform activities such as setting
baselines for acceptable biomass limits (FAO, 1995; Rindorf et al.,
2016; Thorpe and De Oliveira, 2019). On the other hand, other
components, such as the benthic realm of the foodweb (Bolam
et al., 2002), are poorly represented in data series, so it is hard
to estimate how they might change in the future, or even what
acceptable or unacceptable biomass limits might be for them,
though it is expected that any loss of species would impact the
functioning of marine ecosystems and may be associated with
loss of overall productivity (Gamfeldt et al., 2014). Given this
risk, there is a pressing need to improve our characterisation
of this component of the foodweb, and the possible ways in
which it might change in the future, and to suggest candidate
indicators for this function which are (a) measurable, (b) sensitive
to key pressures such as fishing and climate change, (c) possible
to define acceptable and unacceptable levels from, (d) readily
understandable by key stakeholders, and (e) not such noisy
components of the foodweb as to make detection of a change in
the foodweb problematic on timescales which are reasonable to
decision makers.

Marine food webs couple fish community production and
biomass to primary production (Moreau and De Silva, 1991;
Thurow, 1997; Ware and Thomson, 2005; Chassot et al.,
2007) and ultimately to biogeochemical cycles (Kavanagh and
Galbraith, 2018). Whole ecosystem models which seek to
represent the impact of all of these processes at the individual
species level (e.g., Atlantis; Audzijonyte et al., 2019a) are typically
complex, require many (often poorly constrained) parameters,
and have slow run times which impede comprehensive analysis
of uncertainty. Furthermore, the high level of complexity may
make it difficult to understand the response dynamics and act
as a barrier to stakeholder acceptance. Partial ecosystem models,
which dynamically represent only a subset of taxa of interest
at greater spatial, taxonomic, or demographic resolution [e.g.,

Ecopath with Ecosim (Christensen and Walters, 2004); Speirs
et al., 2010; Scott et al., 2014] do not fully represent the physics,
nutrient, or microbial system. Instead, these models may be
coupled to complex biogeochemical models, typically via the
forcing of phytoplankton or primary production at the base
of the food web (e.g., Piroddi et al., 2021), to connect the
main processes driving marine ecosystem dynamics. However,
this can be problematic for simulating cascading effects because
propagation is sensitive to the way in which boundary conditions
are represented, especially for short food chains (Heath et al.,
2014). However, ICES (2015) have suggested that a relatively
simple breakdown of the ecosystem into functional groups
may be sufficient to improve management. By monitoring the
biomass of fish, their benthic and pelagic resources, and primary
production (or proxies thereof), changes in energy pathways, and
imbalances in the functioning of ecosystems can be detected.
This means that a “big picture” model, which represents the
end-to-end mechanistic impact of processes including bio-
geochemical cycling of resources on broad functional groups can
contribute to ecosystem management, even if it does not resolve
individual species.

In this study we use one such “big picture” model StrathE2E2
(Heath et al., 2020) to look at the North Sea ecosystem response to
various scenarios of warming and fishing. By using an end-to-end
model with full-feedback connectivity between biogeochemical
and ecological processes, we can explore the interaction of
top down (fishing) and bottom up (warming) effects on the
overall structure and function of the foodweb. In this way, we
investigate the extent to which monitoring of broad ecosystem
groups can tell us whether management is successfully achieving
Good Environmental Status as mandated by legislation, and
identify key ecosystem components that may be relevant to future
monitoring programmes.

MATERIALS AND METHODS

Our study used the StrathE2E2 end-to-end ecosystem model
to examine how the biomasses of the 18 modelled functional
groups respond to 48 scenarios of warming and changes in the
intensity of fishing.

The StrathE2E2 model (Heath et al., 2020) is an intermediate-
complexity model which has evolved significantly from the
original prototype (Heath, 2012; Morris et al., 2014) by (a)
including a more realistic treatment of birds and mammals
(including splitting this previously single group into three: birds,
pinnipeds, and cetaceans), (b) options to include more recent
driving data, and (c) more functionality and documentation
within an R-package (Heath et al., 2021). It simulates the
behaviour of the whole marine ecosystem from water column
and seabed physics and nutrient chemistry to top predators
such as birds and mammals, using a relatively small number of
functional groups. In this way, the model uses a comparatively
low number of parameters, and thus requires a short run
time, allowing it to be calibrated efficiently and run quickly
so that the effects of parameter or scenario uncertainty can
be readily explored. The advantages of the model framework
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are (1) a comprehensive treatment of bottom-up (often based
on hydrodynamic or chemical conditions) and top-down (e.g.,
fishing) control mechanisms alongside each other, (2) the whole-
ecosystem approach sets the functional groups (including benthic
groups whose role has sometimes been obscured) in their wider
context and allows their ecosystem impacts to be considered,
and (3) a large number of climate and fishing scenarios can be
considered. The compromise is that the functional groups are
very broad-brush, for example “demersal fish” are represented
as a single group rather than resolved at the species-level into
cod, haddock, whiting, etc., so there are just 18, compared with
the over 60 elements used in the North Sea Ecopath model
(Mackinson and Daskalov, 2007).

It should be noted that the optimum configuration for an
end-to-end model will be very context dependent [Table 1:
see also Iwasa et al. (1987); Fulton (2010), Giricheva (2015),
and Heath et al. (2020)]. StrathE2E2 is designed as a “big
picture” marine ecosystem modelling tool amenable to parameter
optimisation, global sensitivity analysis and exploration of
uncertainty in model outputs, on a standard desktop computer.
Achieving this required a sacrifice of some spatial, taxonomic,
and biological granularity in order to span the ecosystem
and food web from physics, nutrients, and microbes through
to megafauna and fishing fleets (Heath et al., 2020). This
means that the model framework is not suitable for answering
species-specific questions, such as “will the North Sea cod
recovery plan still have relevance in a warmer world?” but it
is ideal for considering impacts of warming and fishing on the
ecosystem as a whole. This is particularly useful for considering
whether proposed approaches to fisheries management are
consistent with attainment of GES beyond their direct impact on
fish communities.

Model state variables represent the nitrogen mass (moles
N/m2 sea surface) of classes of detritus, dissolved inorganic
nutrient, plankton, benthos, fish, birds, and mammals (Figure 1).
Dynamics of these variables are simulated in continuous time
and output at daily intervals by integrating a set of linked
ordinary differential equations (ODEs) describing the key
physical, geochemical, and biological processes which occur
in the sea and seabed sediments. These include the feeding
of living components, and the production, consumption and
mineralisation of detritus including fishery discards. Uptake of
food is defined by Michaelis-Menten functions for each resource-
consumer interaction defined by a preference matrix. Time-
dependent external drivers and boundary conditions for the
model are harvesting rates of fish and benthos, temperature, sea
surface irradiance, suspended sediment, inflow rates of water
and nutrient across the external ocean boundaries and from
rivers, vertical mixing rates, and atmospheric deposition of
nutrients. NEMO-ERSEM (Butenshon et al., 2016) outputs are
used to drive the model in terms of temperature, vertical mixing,
and currents, and provides external biogeochemical boundary
conditions. Further details can be found in Heath et al. (2020),
whilst the prototype model (Heath, 2012) is discussed in the
context of policy questions and other modelling approaches in
Hyder et al. (2015), and outputs are compared with other North
Sea fisheries models in Spence et al. (2018).

The model represents the time-dependent dynamics of the
ecosystem components in a spatial region which is assumed to
be consist of an offshore/deep zone and an inshore shallow zone
which are each horizontally homogeneous. The offshore zone has
an upper layer and a deep layer, whereas the inshore zone is
a single homogenous compartment. The upper layer exchanges
with the inshore zone and with the deep water. The inshore area
is strongly influenced by freshwater inputs and tidally-driven
exchange with the upper offshore layer, whereas the offshore
upper and lower layers are most impacted by exchange with the
open ocean (see Figure 2 in Heath et al., 2020). The inshore
and offshore seabeds are each divided into discrete habitat types
comprising exposed rock and up to three compartments of
different sediment properties per zone. The sediment habitats
are notionally mud, sand, and gravel, but are each defined
by a single variable (median grain size) that is then used to
derive a suite of geochemically relevant fixed (e.g., sediment
permeability and porosity) and time-varying properties (e.g.,
natural disturbance rates). The geographic setting is defined by
fixed properties (layer thicknesses and sediment porosity) and
the time dependent drivers and boundary conditions. Biological
properties are defined by parameters of the various uptake,
excretion, mortality, and biogeochemical processes. Several key
processes are temperature-dependent, including feeding and
nutrient uptake, organism metabolism and nutrient regeneration
(Heath et al., 2020). Typically, the model outputs data at daily
time intervals and also delivers annual averaged concentrations
and annually integrated rates. Biomasses can be recovered from
the model units of gN or gC per m2 using information about the
typical composition of functional groups (Beer, 1966; Heath et al.,
2021).

We used the North Sea model as provided by the R-package
and documented in Heath et al. (2021), choosing the 2003–
2013 period as the reference baseline. The physical and chemical
driving data used to force the model are described on page 15 and
Table 9 of Heath et al. (2021).

The model was run for 100 years, and the last 20 years
was taken to represent an equilibrium state. All components
except birds and mammals typically attained equilibrium after
30 years or less, with birds and mammals taking about twice
as long, so the equilibrium assumption was generally valid. The
model has 12 idealised gear types (pelagic trawls, sandeel and
sprat trawls, longline mackerel, beam trawl demersal, demersal
seine, demersal otter trawl, demersal longline, beam trawl shrimp,
Nephrops trawl, creels/pots, mollusc dredge, and whalers–Heath
et al., 2021), representing the impacts of fleets targeting demersal,
carnivorous benthos, and filter feeding benthos, and taking
account of the seabed physico-chemical impacts of bottom
trawling (Eigaard et al., 2015). We considered 16 fisheries
scenarios, in which the harvesting of demersal and pelagic stocks
was independently allowed to take one of four values, unfished
(“U”), and 50% (“L”), 100% (“M”), and 200% (“H”) of recent
(2000–2013) fishing (see Table 1). Other fleets with less severe
direct effects on demersal and pelagic stocks were assumed to
fish at 2000–2013 levels, apart from the unfished “UU” scenarios,
where all fleets stayed in port. High (“H”) levels of fishing in
this analysis approximate to the situation between 1970 and
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TABLE 1 | Biomasses of the 18 functional groups for each experimental scenario.

DIS COR SPP DPP OZ CZ BFFL BFF BCNL BCN PL P M DL D BIR PIN CET

0HH 169 101 102 102 94 128 99 100 125 111 36 33 93 86 85 53 75 47

2HH 178 94 103 103 91 129 101 99 142 115 33 31 93 93 91 64 88 55

4HH 188 87 104 103 88 131 102 98 160 119 30 28 93 101 97 74 101 63

0HM 155 100 99 99 102 95 100 100 94 97 119 120 100 84 83 101 85 105

2HM 167 92 100 99 99 96 102 99 106 99 113 115 100 93 91 113 99 116

4HM 180 85 101 100 96 98 105 99 118 102 106 107 100 104 100 124 114 126

0HL 142 99 96 97 109 65 100 100 73 86 185 201 104 78 79 136 89 151

2HL 155 92 97 97 106 65 103 100 80 87 179 196 104 88 87 150 104 166

4HL 169 85 98 97 103 66 106 99 87 88 170 188 104 101 97 164 120 179

0HU 119 100 95 95 112 37 99 101 62 80 248 294 109 64 69 171 90 201

2HU 131 92 95 95 110 36 102 100 66 80 243 292 109 73 76 187 104 220

4HU 144 86 96 95 108 36 106 99 69 80 236 286 109 84 85 203 121 238

0MH 111 101 103 103 93 129 99 100 128 113 28 26 93 101 100 57 91 47

2MH 115 94 104 103 90 130 101 99 146 118 26 24 93 108 106 67 104 55

4MH 120 87 105 104 87 131 102 97 164 122 23 21 93 115 112 77 116 62

0MM 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

2MM 106 93 101 100 97 101 103 99 113 103 94 94 100 109 107 111 114 109

4MM 111 86 102 101 94 104 105 98 127 107 86 87 100 120 115 122 128 118

0ML 91 99 97 97 106 72 100 100 78 89 164 176 104 95 96 135 105 145

2ML 97 92 98 97 104 72 103 99 86 91 157 170 104 106 105 148 120 158

4ML 104 85 99 98 101 74 106 99 95 93 148 160 104 119 114 160 136 170

0MU 77 100 95 96 111 42 100 100 63 81 232 271 109 82 87 172 107 197

2MU 83 92 96 95 109 41 103 100 67 81 226 267 109 92 95 187 122 214

4MU 90 86 97 95 107 41 107 99 71 81 217 259 108 105 104 202 138 231

0LH 73 102 103 103 93 129 99 100 129 114 25 23 93 109 108 58 99 48

2LH 75 94 104 103 89 130 101 98 147 119 22 21 93 115 114 68 111 55

4LH 78 87 105 104 86 131 102 97 166 123 20 19 93 123 119 79 124 62

0LM 63 100 101 100 99 103 100 100 103 102 91 90 100 108 108 99 108 97

2LM 65 93 102 101 96 104 103 99 117 105 85 84 100 117 115 110 121 106

4LM 68 86 103 101 93 106 105 98 132 109 77 77 99 128 123 120 136 115

0LL 55 100 98 98 105 75 100 100 81 90 153 163 104 104 106 134 113 142

2LL 58 92 99 98 102 76 104 99 89 93 146 156 104 115 114 146 128 154

4LL 62 86 100 98 99 78 107 98 99 95 136 146 104 128 123 158 144 165

0LU 45 100 96 96 111 44 100 100 64 82 223 258 109 92 96 172 116 195

2LU 48 92 97 96 108 44 104 100 68 82 216 253 108 102 105 187 131 211

4LU 51 86 97 95 106 44 107 99 73 83 207 244 108 116 114 201 147 227

0UH 29 102 103 103 92 129 99 99 131 115 21 20 93 116 116 60 107 48

2UH 30 94 104 103 89 130 101 98 149 120 19 18 93 123 121 70 119 55

4UH 30 87 105 104 86 131 103 97 168 124 17 16 92 130 127 81 132 63

0UM 19 101 101 101 98 105 100 100 106 104 82 81 100 117 117 99 116 95

2UM 19 93 102 101 95 107 103 99 120 108 76 75 100 126 124 109 129 103

4UM 19 86 103 102 91 109 105 97 136 112 68 68 99 135 131 119 143 111

0UL 13 100 99 98 104 79 101 100 83 92 142 150 104 113 115 133 121 138

2UL 13 93 100 99 101 80 104 99 93 95 134 142 104 124 123 145 136 149

4UL 13 86 101 99 98 83 107 98 104 98 124 132 103 137 131 155 151 159

0UU 0 100 96 96 110 47 100 100 66 83 213 245 108 101 106 172 124 194

2UU 0 92 97 96 108 47 104 99 70 84 206 239 108 113 115 186 139 209

4UU 0 86 98 96 105 48 108 99 75 85 196 229 108 126 124 199 156 224

DIS, discards; COR, corpses; SPP, surface phytoplankton; DPP, deep phytoplankton; OZ, omnivorous zooplankton; CZ, carnivorous zooplankton; BFFL, benthic filter
feeding larvae; BFF, benthic filter feeders; BCNL, benthic carnivore larvae; BCN, benthic carnivores; PL, planktivore larvae; P, planktivores; M, migratory fish; DL, demersal
larvae; D, demersals; BIR, birds; PIN, pinnipeds; CET, cetaceans. Biomasses are expressed in percentages of the reference case of historic (medium) fishing across
demersal and pelagic fleets (light green), and reference (1970–2000) temperatures.

2000 when fishing was inadequately regulated and stocks were
undergoing depletion (Caswell et al., 2020; North Sea case study),
low (“L”) levels would be consistent with well-regulated fishery
managed in accordance with the principles of the Common

Fisheries Policy or CFP (EU, 2013, 2015), whilst unfished states
correspond with a pristine ecosystem. Three simple climate
scenarios (temperatures unchanged at the 2000–2013 mean,
uniform 2◦C warming, and uniform 4◦C warming, with no
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FIGURE 1 | Schematic of the food web compartments of the StrathE2E2 model. Green arrows represent advection, mixing, and migration, orange arrows represent
fishery-related fluxes, black arrows represent biological fluxes. Red labelled components are active migrators while blue are subject to passive advection and mixing,
and black are anchored. Pale blue boxes represent quantities that are exported from the model while yellow are imported. The model also includes fluxes from living
components to ammonia, detritus, and corpses due to excretion, defecation, and death, but these are not shown for clarity. Also for clarity, birds, pinnipeds, and
cetaceans are combined as a single box in the figure, but in the model are treated separately. The abbreviation “Macrop” is shorthand for macrophytes. Diagram
reproduced from Heath et al. (2020).

change in the amplitude of the seasonal cycle, ocean currents,
storminess, or river run-off) were additionally considered for
each of the 16 fisheries scenarios, making 48 combined fisheries
and warming scenarios in total. The unchanged temperature
scenarios are not realistic but provide an indicative baseline for

evaluating the impacts due to fishing alone and in combination
with warming. Traditionally, a warming of 2◦C has been
seen as the upper limit of change that can be accepted if
“dangerous climate change” (i.e., outside the experience of the
last 100,000 years—Nordhaus, 1977; Carbon Brief, 2014) is to
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be avoided, and there is a policy commitment brought into legal
force by the Paris climate Agreement (UN, 2015) to stay below
this threshold, but few concrete steps have been taken in this
direction as of yet and a warming of 4◦C by 2100 seems more
likely (e.g., NASA, 2015).

RESULTS

Equilibrium abundances of broad ecosystem components were
compared for the various scenarios. These are expressed as
percentages of the reference run (historic levels of fishing, “M,”
and no climate warming) and are shown in Table 1. Underlying
patterns of response to warming were illustrated by comparing
the 16 fishing scenarios and no warming with the same fishing
scenarios and warming of either 2 or 4◦C, and are shown in
Figure 2A. Responses to fishing are shown for five scenarios
(unfished, low pelagic/high demersal, historic, high pelagic/low
demersal, and high) compared with the reference case (no
warming, 2000–2013 fishing) in Figure 2B.

Several broad patterns are clear and are shown schematically
in Figure 3. Warming leads to an increase in primary
productivity and the biomasses of ecosystem components with
the exception of omnivorous zooplankton, benthic filter feeders,
and pelagic fish. Effects are roughly double for 4◦C warming
compared with 2◦C warming (Figure 2A), though the response
profile is the same. Overfishing removes biomass from higher
trophic levels in the ecosystem. Top predators and all fish
groups decline, along with omnivorous zooplankton, whilst all
other lower trophic groups become more abundant (Figure 3B).
Stopping fishing results in higher biomass across all top
predators and fish, with cascading effects at lower trophic levels.
Carnivorous zooplankton and benthic carnivores lose out in
terms of biomass as do phytoplankton, whilst the intermediate
trophic level of omnivorous zooplankton and benthic filter
feeders benefit. The impacts of stopping fishing are not the
direct opposite of overfishing. If pelagic fishing is reduced
whilst demersal fishing increases, there are mixed impacts across
the foodweb. Seals lose out whilst other top predators benefit,
reflecting an increase in pelagic fish and decrease in demersal fish,
but impacts on lower trophic levels are similar to the unfished
case (Figure 3D).

Figure 4 shows how the form of the foodweb changes under
warming conditions with reference level fishing on the left,
and 5 fishing scenarios for 0, 2, and 4◦C warming on the
right. Whereas warming impacts on the size (total biomass)
of the ecosystem, with modest shifts in functioning, fishing
acts in the opposite manner with large shifts in function but
little change in ecosystem-size, as shown by the larger spread
of points on the right-hand side of Figure 4. High levels of
fishing shift the system from pelagic toward benthic and, to
a lesser extent, demersal group dominance, whilst birds, and
cetaceans both fare poorly, with the reduced number of top
predators becoming dominated by seals. Further down the
food chain, carnivorous zooplankton and benthos gain at the
expense of omnivorous zooplankton and benthic filter feeders
due to predation release. Clustering of the fisheries scenarios

into two groups suggests that the ecosystem can flip between
demersal and pelagic states. The pelagic foodweb is highly
geared so that small changes in predators and/or prey can
have large impacts on pelagic biomass. Pelagic adults prey on
their own larvae, demersal larvae, and omnivorous zooplankton,
whilst demersal fish prey on pelagic adults and several other
groups. This means that pelagic adults can stabilise at high
abundance whilst keeping demersals in check through predation
on their larvae, but alternatively, demersals can stabilise at high
abundance whilst keeping pelagics in check through predation
on their adults. Which state emerges can depend on fishing
rates, but also critically on omnivorous zooplankton. If the latter
are abundant, this supports pelagic stocks and keeps demersals
in check. If they become depleted, pelagic fish eat their own
larvae, and are not productive enough to keep demersals in
check, further depleting the pelagic population. The metabolic
demand of omnivorous zooplankton is sensitive to temperature,
and increases significantly with warming, resulting in a shift
toward demersals, other things being equal. We confirmed this
was driving the changes by reducing this demand by 25%, leading
to the changes shown in Figure 5, with pelagics now being
favoured by warming.

We also compared the relative impacts of warming and
fishing on the 18 functional groups for this collection of
scenarios (Table 2). As suggested in Figure 4, differences between
overfishing and no fishing were overall greater than for warming
of 4◦C, but warming was more important for demersal fish,
benthic filter feeders and corpses, whilst both had similar
impacts on seals, omnivorous zooplankton, and carnivores. In
this model, warming seems to support higher levels of fishing
on demersal stocks, but lower on pelagic stocks. Pelagic fish are
disproportionally dependent upon omnivorous zooplankton for
food, and liable to suffer from cannibalism of their own larvae and
enhanced predation from adult demersals if their zooplankton
prey becomes depleted. We confirmed this sensitivity by reducing
the parameter controlling metabolic uptake of omnivorous
zooplankton by 25%; this resulted in increased abundance of
omnivorous zooplankton and pelagic fish with warming of 2
and 4◦C.

DISCUSSION

Our study found a trophic cascade in the ecosystem as a
response to warming, which is driven by the increase in
primary productivity, leading to an increase in the biomass of
demersal fish relative to pelagic fish. In contrast, the response
to fishing disproportionately affects the higher trophic levels
of the ecosystem, both directly in terms of fish removed,
and indirectly via impacts on top predators through food
competition. Consequently, we found that fishing could have
greater impacts on the pattern of energy flows and ecosystem
function than warming, even though the latter had larger
impacts on overall ecosystem productivity, at least for the
scenarios considered here. This means that if we monitor
ecosystem components at the broad scale, we can ensure that
fisheries are being managed in a way that does not negatively
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FIGURE 2 | (A) Impact on functional groups across all fishing scenarios for the reference climate, and for warming of 2 and 4 centigrade. (B) Impact on functional
groups across all climate, and benthic fishing scenarios for (i) high demersal and pelagic effort, (ii) medium demersal and pelagic effort, (iii) low pelagic effort, (iv) low
demersal but high pelagic effort, and (v) low demersal and pelagic effort. Disc, discards; Corp, corpses; SFP, surface phytoplankton; DPP, deep phytoplankton; OZ,
omnivorous zooplankton; CZ, carnivorous zooplankton; P, pelagic fish; PL, pelagic larvae; D, demersal fish; DL, demersal larvae; BFFL, benthic filter feeder larvae;
BFF, benthic filter feeders; BCNL, benthic carnivore larvae; BCN, benthic carnivores; Bird, birds; Pin, pinnipeds; Cet, cetaceans.

impact ecosystem function and hinder the achievement of Good
Environmental Status.

The main exception to productivity-driven warming
responses was in the response of pelagic fish, and their key
prey omnivorous zooplankton, whose biomasses decrease
despite the ecosystem being more productive. This is down
to the interplay of the following factors: (a) pelagic fish and
larvae have fewer alternative prey choices in the foodweb
than demersals, (b) pelagics are particularly dependent upon
omnivorous zooplankton and their own larvae, (c) pelagics
eat demersal larvae, whilst demersals eat pelagic adults, (d)
omnivorous zooplankton have high metabolic requirements and
readily become nitrogen limited in a warmer world, causing
their abundance to decrease. The result is a trophic cascade, in
which pelagics have less zooplankton to eat, consume a greater
proportion of their own larvae and are less able to exert control
on demersal stocks, which increase in abundance and predate on
pelagic adults, keeping their numbers low. We confirmed this by
reducing the metabolic demand of the omnivorous zooplankton
by 25%, which was enough to halt the trophic cascade, and allow

pelagic abundance to increase with warming and net productivity
alongside other functional groups. If the simulated response is
realistic, pelagic stocks may be at high risk of depletion in the
future as warming continues, especially if fishing on demersal
stocks continues to decline. However, it should be noted that
model outputs are sensitive to a number of parameters involving
omnivorous zooplankton (Heath et al., 2021). In particular, the
physiological parameters controlling this behaviour were fixed
from literature sources (Heath et al., 2021), and may change
with shifting community composition under future climatic and
environmental pressures. Further work is needed to confirm that
this functional grouping is key to the foodweb, and to improve
its representation in models.

Our responses to warming were driven by increases in primary
production. This is in agreement with the end-to-end study of
Griffith et al. (2012) who found that whilst ocean acidification
had negative effects on productivity, they were over-ridden by
the impacts of warming, leading to projected future increases in
biomass. It is also broadly consistent with findings from ERSEM
in the North Sea (van der Molen et al., 2013—though in their
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FIGURE 3 | Schematic showing broad foodweb impacts of (A) warming and (B) overfishing compared with (C) the unfished state without warming and (D) states
with low pelagic but high demersal fishing. All states are shown relative to recent history (no warming, medium levels of demersal, and pelagic fishing). Blue groups
have increased biomass, and red groups reduced biomass, whilst grey indicates little change, except for discards in the unfished scenarios, which are zero.

study demersal fish abundance increases at the expense of benthic
rather than pelagic as here) as well as some other past studies.
For example, Chavez et al. (2011) found that primary productivity
increased with warming in the 20th Century, and they predicted
that it would continue to do so in the future, whilst Simpson et al.
(2011) reported that three times more species were increasing in
abundance than decreasing. Hernant et al. (2010) found in their
study of Bay of Biscay flatfish that there were more winners than
losers with warming, though they reported that biomass gains
were mainly in smaller species of lesser commercial interest. Van
Leeuwen et al. (2021) also predict that net primary productivity
will increase in the future in their end-to-end study of fishing and
climate change impacts in the Gulf of Ancud, Chile.

However, our findings are in contrast with the multimodel
intercomparison of Lotze et al. (2019), which suggested that
primary productivity would decline in the future for every
scenario they examined. The impact of future warming on
ecosystem productivity remains highly uncertain, not least given
the deficiencies in many global models of biogeochemical cycles
(Anugerahanti et al., 2021).

Our study supports the use of end-to-end modelling when
ascertaining impacts of human activities and climate change on
GES. If we assume that GES is defined relative to the unfished
(potential recovery) state, then we can evaluate departures from
it (magenta squares in Figure 4) either in terms of distance
[changes in the size of the ecosystem or relative balance between,
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FIGURE 4 | Foodweb pathways of different ecosystem compartments as a function of warming (left) and fishing (right). On the left-hand side, grey dots are the
reference climate, orange 2C warming, and red 4C warming, all for recent historic levels of fishing. On the right-hand side, magenta squares are unfished, cyan
triangles low demersal fishing, blue circles low pelagic fishing, orange triangles medium (recent historic fishing), and red crosses high fishing, all for the reference
climate. Different positions on the triangles indicate differences in the relative partitioning of biomass between the three categories considered.

e.g., realms (Figure 4, top right), trophic structure (Figure 4,
lower right) or top predators (Figure 4, second row right)], and
the timescale of recovery to unfished levels of the slowest acting

ecosystem component [following the suggestion of Rossberg et al.
(2017)]. Scenarios that take too long to recover the unfished
state if fishing ceases, or are too far from it in terms of
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FIGURE 5 | Impact on functional groups across all fishing scenarios for the reference climate, and for warming of 2 and 4 centigrade if omnivorous zooplankton
metabolic demand is decreased by 25%. Disc, discards; Corp, corpses; SFP, surface phytoplankton; DPP, deep phytoplankton; OZ, omnivorous zooplankton; CZ,
carnivorous zooplankton; P, pelagic fish; PL, pelagic larvae; D, demersal fish; DL, demersal larvae; BFFL, benthic filter feeder larvae; BFF, benthic filter feeders;
BCNL, benthic carnivore larvae; BCN, benthic carnivores; Bird, birds; Pin, pinnipeds; Cet, cetaceans.

absolute biomasses or key biomass ratios, would then be deemed
inconsistent with GES.

CAVEATS

We find responses to warming and fishing that are consistent
with foodweb dynamics assuming that productivity increases
in a warmer world, and supported by sensitivity studies in the
case of pelagic fish and omnivorous zooplankton. Assessing
the true statistical significance of these responses might require
large numbers of replicates to explore variability associated with
scenario boundary conditions, which is beyond the scope of this
work. However, in the absence of this, it can be noted that many
of the responses are (a) large, (b) coherent across warming or
fishing scenarios, and (c) makes sense in the context of the model
foodweb, so it seems reasonable to postulate that the observed

TABLE 2 | The relative importance of fishing and climate across scenarios for the
StrathE2E2 functional groups.

Climate warming more
Important

Similar Fishing more important

Demersal larvae
Demersal fish
Benthic filter feeders
Corpses

Surface phytoplankton
Omnivorous
zooplankton

Benthic carnivores
Pinnipeds

Deep phytoplankton
Carnivorous zooplankton

Pelagic fish and larvae
Migratory fish

Discards
Birds

Cetaceans

changes might be significant. Further work is needed to prove this
definitively or refute it, however.

Several further caveats need to be borne in mind when
considering the findings of this study. The model framework
has only a simple functional group structure, so is only able to
suggest that broad patterns of change might be likely. It is not the
right model to use when asking more specific questions, such as
“will cod biomass increase as a result of the projected changes in
climate and fishing.” For whilst we find that “demersal” biomass
is likely to increase in a warmer world, this does not imply that
all demersals will gain; some such as cod that are toward the
warm limit of their range already, may fare less well than others
that are nearer their colder limits in the North Sea (Rijnsdorp
et al., 2010). So, the findings refer more to groups of species such
as “gadoids” rather than the individual species of cod, haddock,
whiting, grey gurnard, etc.

Secondly, although 48 scenarios were considered, this is only
a small fraction of the possible future scenarios for fishing and
climate change. We considered only the impacts of warming,
not acidification, eutrophication, or circulation change, although
the model could be used to examine this further. The fishing
scenarios were bounded by estimates of historic fishing and
FMSY, and only the impacts of 12 major fleet groupings (Heath
et al., 2021) were considered. Whilst we considered the unfished
state for each level of warming, it may be necessary to consider
more scenarios in which fishing mortality is reduced below FMSY
to unmask any feedbacks associated with the recovery of the
seabed to a less impacted state, even though the model does in
principle allow this to be investigated.
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Thirdly, the assumptions about discarding are based upon
what has been observed between 2003 and 2013. With the coming
into force of the Landings Obligation (EU, 2015), it is likely that
discarding will reduce significantly, irrespective of the changes
observed here. The wider impact of this regulation remains
to be ascertained.

Fourthly, our results are conditional on the StrathE2E2 model
structure and fitted parameter set. Whilst it has the advantage
of representing the ecosystem from end-to-end including
biogeochemistry, the main compromise is in the reduced
number of ecosystem components, so it would be beneficial to
compare outcomes with models that can resolve more biological
components such as Atlantis (Audzijonyte et al., 2019a), perhaps
using the methodology of Spence et al. (2018) to combine model
outputs. This would help to inform the minimum number of
functional groups needed to describe an entire ecosystem, whilst
parameter uncertainty could be investigated using Monte Carlo
methods (Hastings, 1970) in future work, particularly given the
apparently key role of omnivorous zooplankton in the foodweb
and the uncertainty of the fitted parameters associated with it.

It should be noted that StrathE2E2 does not resolve size
structure within individual groups. Some studies (Foster and
Hirst, 2012; Cheung et al., 2013; Queirós et al., 2018; Audzijonyte
et al., 2019b), suggest that warming will reduce the maximum
size of fish, thus there might be a greater biomass of smaller
fish that are of lesser commercial interest, so the increase
in NPP and ecosystem size seen with warming does not
imply that North Sea fisheries will be more productive and
valuable in the future.

SUMMARY AND CONCLUSION

In this study we have used the “big picture” model StrathE2E2
(Heath et al., 2020) to look at the North Sea ecosystem response to
various scenarios of warming and fishing, exploring the manner
in which top down (fishing) and bottom up (warming) effects
alter the overall structure and function of the foodweb, and
investigate the extent to which monitoring of broad ecosystem
groups can tell us whether management is successfully achieving
Good Environmental Status as mandated by legislation.

We found that warming and fishing have contrasting effects on
the structure and function of the North Sea ecosystem. Warming
primarily changes the size of the ecosystem through its effects
on primary productivity. In this case productivity increases with
warming and ecosystem biomass rises with it. This contrasts with
the recent expectation of decline and ecosystem shrinkage (Lotze
et al., 2019) but has some support in the literature (e.g., Chavez
et al., 2011) and is consistent with ERSEM biogeochemical
modelling (van der Molen et al., 2013). On the other hand,
fishing tends to reduce biomass at the top of the foodweb,
with cascading effects leading to some increases elsewhere.
Thus, to first order, warming changes the size of the ecosystem
with modest impacts on function, fishing changes ecosystem
function with modest effects on its size. There are two obvious
corollaries: (1) monitoring of broad ecosystem groups may be
able to untangle the effects of fishing and warming, and (2)

monitoring of ecosystem function is needed to ensure that Good
Environmental Status is not compromised by fishing activity.

A small number of functional groups may be able to
succinctly summarise the state of the ecosystem in terms of
energy transfer between trophic levels, and between demersal,
pelagic, and scavenging foodwebs. These energy transfers
have implications for the efficiency of fish production, and
ecosystem well-being and resilience; therefore it makes sense
to monitor them to inform assessments of ecosystem status.
We therefore propose a minimum set of 10 broad functional
groups that should be monitored in order to facilitate
this assessment: deep phytoplankton, surface phytoplankton,
omnivorous zooplankton, carnivorous zooplankton, pelagic
fish, demersal fish, benthic filter feeders, benthic suspension
feeders, birds and mammals, and discards. As part of this
recommendation, we emphasise that both broad categories of
benthos, suspension feeders, and carnivorous scavengers should
have their biomasses monitored.

The main exception to the broad picture concerned the
response of pelagic fish, omnivorous zooplankton, and benthic
filter feeders, which lost biomass under warming, even though
the ecosystem became more productive. This was tied up with
a trophic cascade in which the increased metabolic demands
of omnivorous zooplankton in a warmer world decreased the
prey available to pelagic fish and caused the ecosystem to shift
in favour of demersals. This cascade is dependent upon both
the structure of the foodweb and values of fitted parameters in
StrathE2E2, but is consistent with the meta-analysis of Hulot et al.
(2014), and if it is realistic, pelagic fisheries are likely to be at
increased risk in the future, a risk that could be compounded
by the ongoing reduction in demersal fishing effort. This is
a risk that should be closely monitored whilst the likelihood
of such a trophic cascade is evaluated using alternate model
structures and measurements of key processes. Meanwhile our
findings suggest the need to improve our basic understanding
of bottom-up processes, improve our representation of them
in models (e.g., more zooplankton groups rather than generic
“background resource”) and ensure that our ecosystem models
can capture limitation by nitrogen and other elements, and not
just food/energy uptake.
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