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A B S T R A C T   

Ecosystem-based management is mandated by international legislation, including the Marine Strategy Frame-
work Directive (MSFD) in the EU. This introduces a requirement for marine environments to achieve “Good 
Environmental Status” or GES, implying that the ecosystem is in a healthy and biodiverse state which does not 
limit the management options of future generations. Indicators of GES typically refer to the current or past state; 
however, an alternative approach that defines GES in terms of being able to recover to the appropriate reference 
unperturbed state within 30 years if human activities cease has been suggested. In this study we evaluate this 
“longest recovery timescales” (LRT) approach using the StrathE2E2 “big picture” model, an end-to-end 
ecosystem model designed to evaluate both top-down and bottom-up effects at an ecosystem level. We ask 
whether the approach is enough to prevent severe depletion as well as ensuring recovery at some future time. We 
also ask whether implementation is practical given uncertainties in defining appropriate baselines for recovery, 
defining what recovery looks like relative to this baseline, and taking account of natural variability. We find that 
the main issues with implementation of LRT are a) defining the appropriate baseline for recovery in a changing 
environment, and b) ensuring that there is stakeholder acceptance of any recommended actions in the event that 
they differ substantially from current policy. Subject to these two issues, we conclude that the LRT method is a 
valuable addition to management in support of achieving GES alongside existing methods that focus on current 
or near-future states.   

1. Introduction 

The ecosystem-based management (EBM) approach aims to ensure 
that the natural environment is managed in a sustainable manner which 
respects the needs all users of ecosystem goods and services (Christensen 
et al., 1996). EBM has been promoted by international convention (e.g. 
the UN Convention on Biological Diversity - UNEP 1998, CBD, 2014), by 
national legislation across Europe and the wider world (Kidd et al., 
2011; Rudd et al., 2018; O’Higgins et al., 2020). It is supported by 
transnational scientific organisations such as the International Council 
for the Exploration of the Sea (ICES) and OSPAR (The Convention for the 
Protection of the Marine Environment of the North-East Atlantic) which 
provide evidence and advice. EBM recognizes the need to take a holistic 
approach to understanding ecosystem level change, including explicitly 
accounting for the governance structures involved in interpreting, 
enacting and enforcing legislation (Borgström et al., 2015). 

Motivated by these aims the EU has enacted the Marine Strategy 
Framework Directive (MSFD: EU, 2008) with the aim of achieving 

“Good Environmental Status” or GES for the marine waters within the 
EU by 2020 (Lynam et al., 2016). Similarly in South Africa, the National 
Biodiversity Strategy and Action Plan aims to achieve ‘Good Ecological 
Condition’ which refers to ecosystems that are intact or largely intact 
with minimal modification from a natural state (Department of Envi-
ronmental Affairs, 2015). In the United States, implementing the 
ecosystem-based approach to management includes the development of 
quantitative indicators and criteria that can be used to assess overall 
ecosystem status (Leslie and McLeod, 2007). Where ecological data are 
lacking, such as in South Africa, expert judgment is often used to set 
targets for marine biodiversity indicators (e.g., Driver et al., 2011; 
Department of Environmental Affairs, 2015). 

In Europe, GES is defined in terms of 11 “descriptors” (Table 1). 
In support, scientists have developed modelling tools and indicators 

which can help determine whether GES is being achieved by considering 
each descriptor in turn (Shin et al., 2012, Piroddi et al., 2015; Smit et al., 
2021). This is not a simple task since one needs to know what meeting 
the general GES descriptors entails for each of them and how good status 
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would be recognised once achieved. It may also be necessary to integrate 
conflicting signals for an overall picture of ecosystem health, because 
individual descriptors may be moving in different directions. Several 
different approaches have been discussed in the literature. These are 
summarised and discussed later, but broadly speaking there are two 
facets to attainment of GES. Firstly, the current state of the ecosystem 
should feature “clean, healthy and productive seas”. Secondly, future 
states that may be achieved as a consequence of the decisions being 
made now should “safeguard the potential for uses and activities by 
current and future generations”. To date most effort has been focussed 
on the acceptability of current or projected states because this is easier to 
monitor than recovery timescales, but Rossberg et al. (2017) in partic-
ular have argued that considering the longest timescales of ecosystem 
recovery is more in keeping with the spirit of GES and desirable for 
determining what levels of current exploitation are allowable whilst 
safeguarding the interests of future generations. 

The adoption of a methodology for an assessment of change based on 
longest recovery timescales (hereafter termed LRT) has clear implica-
tions for indicator target ranges, attainment of acceptable states, and 
clarifies what we mean by “recovery”. In particular, it might be 
permissible to harvest some components of the ecosystem more inten-
sively if one is not greatly concerned with near-present status, provided 
that the component can recover rapidly. Components that would be able 
to sustain high harvest rates would be those with shorter response 
timescales or more variable baselines, whilst other slow-responding 
components would likely need greater protection. A priori it might be 
expected that this would promote more intense harvesting near the 
bottom of the food web (e.g. on planktivorous fish species that are 
typically smaller and relatively quick to mature), and less at higher 
trophic levels (e.g. on typically larger-bodied piscivorous species), given 
that the generally longer-lived predatory species might respond more 
slowly. However, harvesting low trophic level species may lead to sub-
sequent detrimental impacts on predator populations dependent on 
them (e.g. birds and mammals). 

Quantitative study of LRT as a prospective indicator is computa-
tionally challenging. Unlike the setting of indicators for target states, 
which require characterisation of a (small) set of desirable states, an 
assessment of LRT suitability requires an analysis of the full ecosystem 
dynamics across a wide range of states. This is because a recovery 
timescale depends upon both start and end states, whilst a full ecosystem 
analysis is needed to identify the slowest component of the response. 
Whilst we can specify a desirable end state as the unfished state given 
the current environment, we do not know the starting state a priori, and 
so we have to consider a very wide range of possible starting states to 
have confidence that recovery will be speedy enough. We also need to 
ensure that highly depleted starting states should be ruled out by not 
being recoverable within a suitable time-frame even if fishing ceases. 

In the interests of making the computational aspects manageable, we 
need a full end-to-end model of the ecosystem that nevertheless has 
modest run time. So for our study we use the StrathE2E2 model (Heath 
et al., 2021), an end-to-end foodweb model of intermediate complexity 
which is ideal for answering “big picture” questions about foodweb re-
sponses to a variety of forcings, and which takes the mechanistic 
approach needed to answer questions about response timescales (Thorpe 
et al., 2022). Achieving the required modest runtimes required a sacri-
fice 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). In this 
study, therefore, we limit ourselves to considerations of biomass tra-
jectories of broad functional groups (e.g demersal fish, birds, and seals) 
rather than individual species, so our results have direct relevance only 
for descriptors D1 and D4 of GES (Table 1). However, ICES (2015) have 
suggested that a relatively simple breakdown of the ecosystem into 
functional groups may be sufficient to improve management. By moni-
toring the biomass of fish, their benthic and pelagic resources, and pri-
mary production (or proxies thereof), changes in energy pathways, and 
imbalances in the functioning of ecosystems can be detected, and their 
ability to recover can be assessed. 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. 

We use StrathE2E2 to investigate the response timescales of the 
North Sea food web to a wide variety of fishing scenarios, and for three 
baseline environmental states, the 2003–13 reference state, and for 
warming of 2 ◦C (warming that might be expected around 2100 if there 
is a strong mitigation response) and 4 ◦C (warming that might be ex-
pected around 2100 if there was little further mitigation response). 
These scenarios are not necessarily realistic climate projections (see 
Burgess et al. 2023 for an excellent discussion of the use of climate 
scenarios in environmental modelling). Instead we use them to address 
two issues, firstly are response timescales sensitive to warming relative 
to the reference state (is the foodweb stabilised or destabilised by 
warming?), and secondly, does warming of the environment matter if 
we fail to recognise that it has happened and thus manage the system to 
the wrong reference levels (an example of shifting baselines - Pauly, 
1995; Papworth et al., 2008; Atmore et al., 2021; Jones et al., 2021)? 
Specifically, we use our fishing and warming scenarios to address the 
following questions:  

(1) What timescale is necessary to prevent LRT permitting ecosystem 
states so impacted they should be ruled out on other grounds? 
Rossberg et al. (2017) suggested 30 years – is this sufficient to 
protect ecosystem form and function, and is it robust against 
future warming?  

(2) To what extent does variability similar to that observed impact 
recovery timescales?  

(3) Related to Q2) are results very sensitive to the manner in which 
recovery to an unfished state is defined?  

(4) How sensitive are results to assumptions made about the “no 
fishing” baselines against which recovery is assessed? What 
might happen if warming shifts the baseline more than is realised 
at the time?  

(5) Would an LRT approach alone produce dramatically different 
management recommendations, resulting in stakeholder 
resistance? 

In combination, addressing these questions will help us to evaluate 
LRT (Rossberg et al., 2017) methodology, which recommends the use of 
recovery timescales to define GES for the North Sea. 

Table 1 
Descriptors of “Good Environmental Status” according to the Marine Strategy 
Framework Directive (MSFD).  

Descriptor Summary Description 

D1 Biodiversity is maintained. 
D2 Non-indigenous species do not adversely alter the ecosystem. 
D3 The population of commercial fish species is healthy. 
D4 Elements of food webs ensure long-term abundance and reproduction ( 

ICES, 2014b). 
D5 Eutrophication is minimised. 
D6 The sea floor integrity ensures functioning of the ecosystem (ICES, 

2014a). 
D7 Permanent alteration of hydrographical conditions does not adversely 

affect the ecosystem. 
D8 Concentrations of contaminants give no effects. 
D9 Contaminants in seafood are below safe levels. 
D10 Marine litter does not cause harm. 
D11 Introduction of energy (including underwater noise) does not adversely 

affect the ecosystem.  
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2. Methods 

Our study used the StrathE2E2 end-to-end ecosystem model to 
examine how the biomasses of 18 functional units based on behavioural 
mechanisms of food acquisition rather than taxonomic groups within the 
North Sea ecosystem (hereafter referred to as functional groups) are 
predicted to respond to 3000 scenarios of warming and changes in the 
intensity of fishing by three different fleet groupings. These included a 
‘demersal’ fleet, (demersal seine and otter); a ‘pelagic’ fleet (pelagic 
seines and trawls), and a third group comprised of nine ‘other’ gear types 
encompassing static gears, beam and industrial trawlers (longline 
mackerel, sandeel/sprat gears, demersal beam trawl, demersal longline 
and gillnets, shrimp trawls, nephrops trawls, creels and pots, mollusc 
dredges, and Norwegian whalers - Heath et al., 2021; see their Table 13 

and adjacent sections). The aim was to explore the dynamics of recovery 
timescales following the cessation of fishing, and consider the implica-
tions of using this as a metric for achievement of Good Environmental 
Status (GES). 

The StrathE2E2 model of the North Sea (Heath et al., 2020) is an 
intermediate-complexity model which has been designed to look at “big 
picture” ecological questions, where the emphasis is on the overall 
response in terms of structure or energy flows, rather than species- 
specific details. In a development from the prototype (Heath, 2012; 
Morris et al., 2014), it has separate functional groups to represent sea-
birds, seals, and cetaceans, more flexibility for users, and comprehensive 
documentation within an R-package (Heath et al., 2021). The advan-
tages of the model framework are: (1) a comprehensive treatment of 
bottom-up (often based on hydrodynamic or chemical conditions) and 

Fig. 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). 
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top-down (e.g., fishing) control mechanisms alongside each other; (2) a 
whole-ecosystem approach, setting the functional groups (including the 
microbial loop (Azam et al., 1983) and benthic groups whose role has 
sometimes been obscured) in their wider context and allowing their 
ecosystem impacts to be considered; and (3) modest run times allowing 
consideration of a large number of climate and fishing scenarios. Whilst 
it should be noted that the optimum configuration for an end-to-end 
model will be very context dependent [see Iwasa et al. (1987); Fulton 
(2010), Giricheva (2015), and Heath et al. (2020)], these features make 
StrathE2E2 ideal for the current study, where we need to simulate a 
large number of fisheries scenarios in order to model the dynamics of 
many possible levels of interim depletion consistent with any given re-
covery timescale. 

Achieving this required a sacrifice of spatial, taxonomic, and size- 
structured resolution whilst spanning the ecosystem and food web 
from physics, nutrients, and microbes through to top predators (birds, 
seals, and cetaceans) and fishing fleets (Heath et al., 2020). So 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. As a result, 
the full ecosystem is represented here by just 18 functional groups, 
compared with e.g. over 60 elements used in the North Sea Ecopath 
model (Mackinson and Daskalov, 2007). However the functional group 
approach has the advantage that we do not need to consider the impact 
of individual species extinctions or invasions resulting from environ-
mental change, unless changes are so fundamental that the entire 
foodweb energy structure is radically altered (Bartley et al., 2019). 

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 (Fig. 1). Dynamics of these variables 
are simulated in continuous time and output at daily intervals by inte-
grating a set of linked ordinary differential equations (ODEs) describing 
the key physical, geochemical, and biological processes that occur in the 
sea and seabed sediments. These include the feeding of living compo-
nents, 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. Abundances of functional groups through time are 
determined by ODEs which take account of a variety of biological and 
physical processes (Appendix S1, Heath et al., 2020). Biological terms 
describe the balance between gains due to assimilation of food, and 
losses due to mortality and metabolism. Some components of the food 
web (planktivorous and demersal fish; suspension/deposit feeding and 
carnivore/scavenge feeding benthos) are resolved into life stages, and 
for these the equations also include the balance between gains due to 
recruitment and losses due to developmental progression or spawning. 
In addition, each ODE also includes terms representing sinking, advec-
tion, mixing and migration flows through the system. 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 nutrients across the external ocean 
boundaries and from rivers, vertical mixing rates, and atmospheric 
deposition of nutrients. Outputs from the NEMO-ERSEM model 
(Butenshon et al., 2016) are used to drive the StrathE2E2 model in terms 
of temperature, vertical mixing, and currents, and so provide external 
biogeochemical boundary conditions. Further details can be found in 
Heath et al. (2020), whilst the prototype model (Heath, 2012) is dis-
cussed in the context of policy questions and other modelling ap-
proaches in Hyder et al. (2015), and outputs are compared with other 
North Sea fisheries models in Spence et al. (2018). The model simulates 
the seasonal cycle, and if there is no change in external forcing scenario, 
functional group biomasses vary seasonally, but are stable on multiyear 
timescales. 

The twelve fishing fleets have fixed harvest efficiencies for each 
functional group (see Heath et al., 2021 for details), with catch being a 
product of effort and efficiency. Key inputs are, for each gear type, the 
spatial distribution of activity density, catching power, selectivity, dis-
cards and at-sea processing rates for each ecology model guild, and 
contact rate with the seabed (Heath et al., 2020). They are calibrated to 
the 2003–2013 baseline period such that if they all fish at a relative 
effort of 1, the estimated 2003–2013 fishing rates are recovered (anal-
ogous to the method in Thorpe et al, 2016). Increasing fishing effort 
reduces the biomasses of target (and bycatch to a lesser extent) func-
tional groups and increases seabed abrasion rates, resulting in a 
restructuring of energy flows and abundances that tends to increase with 
effort. Changes in SST affect the vital rates of metabolic processes via 
Q10 terms such that both food uptake and respiration increase with 
temperature, but the latter more so, such that net productivity is dome- 
shaped with respect to temperature; increasing below a functional 
group’s thermal optimum and decreasing above it. 

Following Thorpe et al. (2022), we considered the reference climate 
(NEMO-ERSEM reanalysis 2003–2013) and two warming scenarios, a 
uniform warming of 2 ◦C and 4 ◦C relative to this baseline. For each of 
these we considered an unfished state and 999 fisheries scenarios for the 
3 fleet groups (demersal, pelagic, and other) with each fishing fleet 
independently being allowed to harvest at an intensity between zero and 
three times the average intensity between 2003 and 2013. A Latin hy-
percube design (McKay et al., 1979) was used to ensure that this possible 
space was approximately uniformly sampled. The fisheries scenarios are 
not designed to be realistic, but rather to allow the exploration of re-
covery timescales across a wide range of possible fisheries perturbations, 
given that we do not know what rates might pertain in the future. For 
each scenario, the designated level of fishing was applied for 100 years, 
followed by 100 years without fishing to explore the rate of recovery. 
The initial 100 years was run with a seasonally varying but otherwise 
constant environment, the recovery portion was run both with a 

Table 2 
Key questions for evaluating the LRT thesis of Rossberg et al. (2017) alongside the approaches taken to address each of the questions.  

Question Approach 

Q1) What timescale is necessary to prevent LRT permitting ecosystem states so impacted 
they should be ruled out on other grounds? Rossberg et al. (2017) suggested 30 years – 
does this preserve ecosystem form and function, and is it robust to future warming? 

Consider the lowest biomasses for each group that nevertheless can recover within 30 
years (Fig. 4a) or 40 years (Fig. 4b). Differences in response times for 2 ◦C and 4 ◦C 
reflects the sensitivity of response timescales to warming. As these are responses to 
stopping all fishing, they represent the maximum possible depletion consistent with 
recovery on that timescale. 

Q2) To what extent does typical variability of SST and hence functional group abundance 
impact recovery timescales? 

Consider the case with no variability in SST alongside the variable base case (Fig. 5 vs  
Fig. 3) 

Q3) Related to Q2) are results very sensitive to the manner in which recovery to an unfished 
state is defined? 

Consider several different possible definitions for “recovery”, as shown in Table S1 ( 
Figs. 6, 7a).  

Q4) How sensitive are results to assumptions made about the “no fishing” baselines against 
which recovery is assessed? What might happen if warming shifts the climate more than 
we think? 

Consider the effect of assuming the reference baseline when model warming of 2 ◦C or 
4 ◦C has occurred (Fig. 7b vs 7a, 8) 

Q5) Would an LRT approach alone produce dramatically different management 
recommendations, resulting in stakeholder resistance? 

Consider the implications for management of the three fleet groupings, demersal, 
pelagic, and other fisheries (Figure 9).  

R.B. Thorpe et al.                                                                                                                                                                                                                               



Ecological Indicators 155 (2023) 110984

5

Fig. 2. Relative functional group biomass trajectories for the 1000 fishing and recovery trajectories for the reference (2003–2013) climatology (grey) and for uniform 
warming of 2 K (orange) and 4 K (red). 
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Fig. 3. Mean time to recovery across all fishing scenarios for the reference (2003–2013) climatology (grey) and for uniform warming by 2 K (orange) and 4 K (red). 
DISC = discards, CORP = corpses, SPHY = surface phytoplankton, DPHY = deep phytoplankton, OZ = omnivorous zooplankton, CZ = carnivorous zooplankton, 
BFFL = benthic filter feeder larvae, BFF = benthic filter feeders, BCNL = benthic carnivore larvae, BCN = benthic carnivores, PL = pelagic fish larvae, P = pelagic 
fish, M = migratory fish, DL = demersal fish larvae, D = demersal fish, BIRD = birds, SEAL = seals, CET = cetaceans. 

Fig. 4a. Greatest biomass depletion of functional groups relative to the unfished state for all scenarios that recover their unfished levels within 30 years after fishing 
stops. Grey bars are for the reference climate, orange for 2 K warming, and red for 4 K warming. The green line represents the 90 % depletion level associated with 
“collapsed” stocks in Worm et al. (2009). DISC = discards, CORP = corpses, SPHY = surface phytoplankton, DPHY = deep phytoplankton, OZ = omnivorous 
zooplankton, CZ = carnivorous zooplankton, BFFL = benthic filter feeder larvae, BFF = benthic filter feeders, BCNL = benthic carnivore larvae, BCN = benthic 
carnivores, PL = pelagic larvae, P = pelagic fish, M = migratory fish, DL = demersal larvae, D = demersal fish, BIRD = birds, SEAL = seals, CET = cetaceans. 
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Fig. 4b. Greatest biomass depletion of functional groups relative to the unfished state for all scenarios that recover their unfished levels within 40 years after fishing 
stops. Grey bars are for the reference climate, orange for 2 K warming, and red for 4 K warming. The green line represents the 90 % depletion level associated with 
“collapsed” stocks in Worm et al. (2009). DISC = discards, CORP = corpses, SPHY = surface phytoplankton, DPHY = deep phytoplankton, OZ = omnivorous 
zooplankton, CZ = carnivorous zooplankton, BFFL = benthic filter feeder larvae, BFF = benthic filter feeders, BCNL = benthic carnivore larvae, BCN = benthic 
carnivores, PL = pelagic larvae, P = pelagic fish, M = migratory fish, DL = demersal larvae, D = demersal fish, BIRD = birds, SEAL = seals, CET = cetaceans. 

Fig. 5. Mean time to recovery across all fishing scenarios for the reference (2003–2013) climatology (grey) and for uniform warming by 2 K (orange) and 4 K (red) in 
the case of constant SST. DISC = discards, CORP = corpses, SPHY = surface phytoplankton, DPHY = deep phytoplankton, OZ = omnivorous zooplankton, CZ =
carnivorous zooplankton, BFFL = benthic filter feeder larvae, BFF = benthic filter feeders, BCNL = benthic carnivore larvae, BCN = benthic carnivores, PL = pelagic 
fish larvae, P = pelagic fish, M = migratory fish, DL = demersal fish larvae, D = demersal fish, BIRD = birds, SEAL = seals, CET = cetaceans. 
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seasonally varying but otherwise constant environment and with SSTs 
allowed to vary annually from the NEMO-ERSEM baseline (or the 2 ◦C or 
4 ◦C warming scenarios) lognormally with a variance of 0.5 ◦C (Fig. S1). 
Changes in SST drive variations in metabolic scope of functional groups 
and hence their biomasses, allowing us to explore more realistic levels of 
ecosystem variability on the definition of “recovery”. Given that cessa-
tion of fishing is the most dramatic possible management intervention, 
we would expect our study to result in the minimum possible ecosystem 
recovery times (and the maximum possible current depletion consistent 
with eventual recovery on this timescale). 

We monitored the biomasses of 18 ecosystem groups through time 
and investigated the consequences of using the timescale for recovery of 
the slowest components to define a GES-compatible space. We addressed 
our five key study questions as shown in Table 2. By answering these 
questions we can evaluate the suitability of the recommendation by 
Rossberg et al. (2017) to use LRT for ecosystem management. 

3. Results 

Biomass trajectories for the fishing and recovery scenarios are pre-
sented in Fig. 2. During the fishing phase of the simulations (i.e. the 

initial 100 years), biomass trajectories are predicted to be scenario- 
dependent, reflecting the wide range of fishing mortality modelled 
across the three fleet groups. Once fishing ceases (i.e. for the following 
100 years), differences between scenarios then decrease with time as the 
ecosystem recovers towards an unfished state. As expected, timescales of 
recovery following cessation of fishing depend upon both the pattern 
and intensity of exploitation. For similar patterns of exploitation, re-
covery is fastest following light pressure, but can be in excess of 50 years 
following high levels of fishing (particularly for the pelagic fleets), and 
for slow-response functional groups. Despite the severe reductions in 
biomass for some functional groups (particularly pelagic fish) in the 
scenarios with high levels of fishing (Fig. S2), all scenarios presented 
here eventually recovered to their unfished states. There was only one 
unfished state for each warming scenario, so there was no evidence of 
hysteresis. 

Perhaps surprisingly, we found that seals recovered moderately 
quickly, despite being long-lived and at the top of the food chain (Fig. 3). 
Birds and cetaceans were predicted to be much slower to recover. The 
longest recovery timescales were associated with carnivorous 
zooplankton, pelagic fish and larvae, and demersal fish and larvae 
(Fig. 3), Thus recovery timescales in response to cessation of fishing did 

Fig. 6. Recovery trajectories for a reference climate scenario with high levels of demersal fishing, showing the point of recovery for a) the standard recovery 
definition, with 4 years in 10 inside the last decade of the unfished scenario, b) recovery once rates of change fall to less than 10 % of maximum, c) recovery to within 
10 % of unfished abundances, d) recovery to within 1 % of unfished abundances. The grey trajectory is without fishing, and the blue trajectory is with fishing until 
year 100. The green shaded region represents the abundances deemed consistent with recovery (absent in Fig. 6b because this is trend-based), and the vertical green 
line represents the point in time at which recovery is deemed to have happened. This is lagged relative to the point at which abundances appear to have recovered 
because some time has to elapse before recovery can be confirmed. 
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not simply increase with position higher up the foodweb but rather were 
longest in the middle. For all functional groups, recovery responses 
tended to be slower with warming, suggesting that environmental 
change might reduce recovery potential. 

3.1. Q1 – does an LRT below 30 years permit severe depletion? 

Given that intense fishing is predicted to lead to extreme depletion of 
at least some functional groups (Fig. S2), an LRT must be short enough 
for severe short-term depletion to be avoided. Figs. 4a,b shows the most 
extreme level of depletion by functional group consistent with recovery 
within a) 30 years, and b) 40 years. To achieve an LRT of 30 years 
(Rossberg et al., 2017) demersal fish biomasses would always have to be 
well above the 10 % of their unfished state that is often taken as a proxy 
for collapsed stocks (Thorpe et al., 2016; Thorpe and De Oliveira, 2019; 
Worm et al., 2009) and indeed would have to stay above the more 
cautious alternative of 20 % (Smith et al. 2009). Pelagic fish abundance 
would be more constrained, being above 40 % of their unfished state and 
hence would leave more than “one third for the birds” (Cury et al., 
2011). Based purely on avoiding highly depleted states, a recovery 
timescale of 30 years does seem adequate. Conversely, an LRT of 40 
years would permit severe depletion (Fig. 4b). The generally slower 
recovery responses with warming are associated with higher levels of 
biomass consistent with achieving acceptable LRTs (as expected), but 
the choice of a 30-year timescale as opposed to one of 40 years is not 
affected by warming of up to 4 ◦C. 

3.2. Q2 - To what extent does SST variability similar to that observed 
impact recovery timescales? 

We assessed the implications of typical SST variability for recovery 
timescales, by comparing the standard experiments in which SST during 

the recovery phase varied according to a lognormal distribution with a 
variance of 0.5 K (Fig. S1) with an otherwise identical experiment set 
without this variability. This showed that in the absence of SST vari-
ability, some groups appeared to recover faster (particularly benthic 
filter feeders, migratory fish, pelagics and demersal adults), especially 
for the reference climate, leading to a modest reduction in LRT overall. 
Though the balance of recovery timescales across functional groups did 
shift modestly, there was little change in overall LRT for the warming 
experiments (Fig. 5). Given that removing SST variability is unrealistic 
and extreme, the modest changes here are consistent with the discussion 
in Rossberg et al. (2017) suggesting that interannual variability will not 
be a major problem for the LRT approach. 

3.3. Q3 - Are results very sensitive to the manner in which recovery to an 
unfished state is defined? 

Recovery can be defined in a number of ways, including i) a slowing 
in biomass trends through time as the system approaches the unfished 
state, or ii) convergence towards that state (if known) where a certain 
fraction of years must fall within the standard variability pertaining to 
the unfished state, or iii) achievement of a target level that is based on 
the unfished state, or the difference between it and either the current or 
worst affected state. For the idealised case without SST variability, the 
second approach is not practical, so in this case we defined recovery to 
be within X% of the unfished state, for variable SST all three types of 
definition were considered (Table S1). 

Given that there are several alternative definitions of “recovery”, and 
it is not obvious that there is an objectively best one, it is important that 
LRT is not too sensitive to the definition of “recovery” which is used. 
Subject to the additional requirement that any definition has to include 
the unfished scenario at all times, we found that choosing a definition 
within the subset of possibilities had modest impacts on the recovery 

Fig. 7a. Mean time to recovery across all fishing scenarios for the reference (2003–2013) climatology (grey) for different ways of defining the moment of recovery 
(see Table S1). The requirement for recovery within 1 % of biomass is in black, and methods involving recovery to the reference climate are in magenta for being 
above the minimum reference climate biomass, and purple for being within the reference biomass range. OZ = omnivorous zooplankton, CZ = carnivorous 
zooplankton, P = pelagic fish, D = demersal fish, BIRD = birds, SEAL = seals, CET = cetaceans. 
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timescale, and did not change the qualitative picture. This is illustrated 
in Fig. 6, for a single functional group and climate/warming scenario, 
where 6a-6c give similar results. Whilst 6d suggests a longer recovery 
timescale, it (along with 6b) is not consistent with the requirement that 
the unfished state is always “recovered”. Fig. 7a shows the average re-
covery time across the 100 fishing scenarios for 12 different methods of 
determining when recovery is attained (fixed baseline experiments 5,6, 
and 7 – Table S1 - not presented for clarity of figure, but are consistent 
with those shown). Results are qualitatively similar across a wide 
spectrum of options, the only obvious exceptions being cases where the 
definition is inconsistent with recovery in the unfished state (black in 
Fig. 7a). 

3.4. Q4) How sensitive are results to assumptions made about the “no 
fishing” baselines against which recovery is assessed? 

Next, we considered recovery timescales as a function of the refer-
ence climate, for all three warming scenarios, Fig. 7b shows the average 
functional group recovery time across the 1000 fishing scenarios for the 
warming of 2 ◦C for the same methods. Those in magenta and purple 
used biomass thresholds associated with the reference climate and show 
the impact of failing to take account of shifting baselines. In this case, 
some functional groups cannot be recovered to reference abundances 
under any management approach (mean time > 95 years: see also 
Fig. S7). Fig. 8 shows the impact of a 2 ◦C warming on assessment of 
recovery for the same fishing scenario in Fig. 6 if we assume that the 
baselines of the reference (2003–2013) climate still apply, illustrating 
the general point that the impact of environmental change on reference 
levels is much greater than for defining whether the agreed reference 
level has been reached. Although the trends-based method is relatively 
insensitive to the shifted baseline, unfortunately it does not work for 

light fishing pressure or the unfished state. Both for individual scenarios 
and overall, even for a warming of 2 ◦C, the impacts of shifting baselines 
(Currie et al. 2020) were much greater than those associated with nat-
ural variability or methodology for determining that recovery had been 
achieved. Our results show the vital importance of ascertaining the ex-
pected recovery state in a changing world and indicate that recovery 
targets for states must avoid biomasses that are too high as well as ones 
that are too low (illustrated by the failure of OZ to recover in the 
magenta scenario in Fig. 7b). 

3.5. Q5) Would an LRT approach alone produce dramatically different 
management recommendations, resulting in stakeholder resistance? 

Finally, we considered how different levels of fleet effort might 
impact the LRT. We did so assuming the other fleets were either inactive 
(Fig. 9a), or fished at their average 2003–2013 effort levels (Fig. 9b). 
Thus the different responses in Figs. 9a and 9b are caused by the higher 
levels of fishing of the two fleets whose effort is not being varied in each 
of the 3 sub-panels in Fig. 9b. In both cases we found that the pelagic 
fleet makes by far the largest contribution to the timescale of recovery 
and that warming increases this relative sensitivity. But importantly, we 
also found that the impact of the demersal fleet strongly depends on the 
level of pelagic fishing. If pelagic fishing is very light (F ~ 0; first and 
third panels of Fig. 9a), the demersal fleet has a modest negative impact 
on recovery timescales. If on the other hand, pelagic fishing is at or near 
2003–2013 levels (Fig. 9b, first and third panels), higher demersal 
fishing increases the speed of recovery. Whilst the 2003–2013 period 
was not consistent with GES in this study (yellow circles in Fig. 9a), 
higher levels of effort can be if the effects of demersal and pelagic har-
vesting cancel out. Other fleets have less impact on recovery timescales. 
The reason for the high sensitivity to pelagic fishing, and its partial offset 

Fig. 7b. Mean time to recovery across all fishing scenarios for a warming of 2 ◦C for different ways of defining the moment of recovery (see Table S1). The 
requirement for recovery within 1 % of biomass is in black, and methods involving recovery to the reference climate are in magenta for being above the minimum 
reference climate biomass, and purple for being within the reference biomass range Changes in the magenta and purple bars relative to Fig. 8a show the impact of 
shifting baselines for a 2 ◦C warming. OZ cannot be recovered to the minimum reference climate threshold under any management scenario. OZ = omnivorous 
zooplankton, CZ = carnivorous zooplankton, P = pelagic fish, D = demersal fish, BIRD = birds, SEAL = seals, CET = cetaceans. 
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by demersal fishing is the trophic cascade identified in Thorpe et al. 
(2022), which can lead to a large shift in the balance between different 
types of zooplankton, demersal, and pelagic stocks. In the absence of 
pelagic fishing (Fig. 9a), there is no trophic cascade, and LRT increases 
with the rate of demersal fishing. Higher levels of pelagic fishing in 
Fig. 9b reduce pelagic stocks and are enough to trigger a trophic shift in 
the absence of demersal fishing, leading to increased LRT. In this situ-
ation, demersal fishing acts to make the cascade less likely by removing 
key predators of the pelagic fish, and hence can offset the impacts of the 
pelagic fleet and result in a reduced LRT. Whilst this study’s sensitivity 
to pelagic fishing is a consequence of model structure and parameter-
isation, the result illustrates the potential of new methodology to 
dramatically impact management advice potentially leading to stake-
holder resistance to implementation. 

4. Discussion 

Concentrating on the longest recovery timescales (LRT) of ecosys-
tems to applied pressures, as advocated by Rossberg et al. (2017) has the 
advantage of consistency with the Marine Strategy Framework Directive 
(MSFD; EC 2008), by focussing on preservation of options for future 
generations. This contrasts with and complements existing approaches 
(some of which are summarised in Table 3) which may focus more on the 
characteristics of current states rather than the extent to which any 
future uses are precluded (literature examples of this are shaded blue in 
Table 3). Whilst the traditional Maximum Sustainable Yield (MSY) 
approach (Mesnil, 2012; Thorpe, 2019) for fisheries opts for sustainable 
patterns of use of marine resources, it does not consider either the 
ecological impact on the whole ecosystem, or indeed whether any future 
states are ruled out by the approach, even if it is sustainable as narrowly 
defined (Rossberg et al., 2017). By way of contrast, still other ap-
proaches (an example of which is shaded gold in Table 3) are less 

Fig. 8. Recovery trajectories for a 2 ◦C warming scenario with high levels of demersal fishing, showing the point of recovery for a) the standard recovery definition, 
with 4 years in 10 inside the last decade of the unfished scenario, b) recovery once rates of change fall to less than 10 % of maximum, c) recovery to within 10 % of 
unfished abundances, d) recovery to within 1 % of unfished abundances. The grey trajectory is without fishing, and the blue trajectory is with fishing until year 100. 
The green shaded region represents the abundances deemed consistent with recovery if we assume that the reference climate baseline still applies (again absent in 
Fig. 6b because this is trend-based). The vertical green line represents the point in time at which recovery is deemed to have happened. This is lagged relative to the 
point at which abundances appear to have recovered because some time has to elapse before recovery can be confirmed. There is no vertical green line in panels a) 
and d) because the reference baseline is not recovered according to these definitions of recovery given the warming of 2 ◦C. 
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ambitious in that they concentrate on stabilising current states or pre-
venting their further deterioration. 

The LRT methodology is highly complementary with existing ap-
proaches, and fills a gap in determining whether the legal requirements 

of the MSFD and UK marine strategy (UK Government, 2018) are being 
met, because assessing the current state may not be sufficient in itself to 
determine whether GES is being achieved. In this study we have eval-
uated the ideas in the case of the North Sea using the StrathE2E2 “big 

Fig. 9a. LRT as a function of fleet effort (where one unit of effort represents the average for 2003–2013), in cases where there is little effort (F ~ 0) from the other 
fleets. Grey circles are for the reference climate, orange for 2 K warming, and red for 4 K warming. Each dot represents one fishing scenario for a given level of 
warming, and the recovery timescale is set by the last functional group to recover. 

Fig. 9b. Recovery times as a function of fleet effort (where one unit of effort represents the average for 2003–2013), in cases where the other fleets fish near their 
average 2003–2013 intensities (F ~ 1). Grey circles are for the reference climate, orange for 2 K warming, and red for 4 K warming. Each dot represents one fishing 
scenario for a given level of warming, and the recovery timescale is set by the last functional group to recover. Yellow circles correspond with scenarios close to the 
2003–13 period, showing that the recent past was not achieving GES on the Rossberg et al. (2017) methodology. 
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picture” model (Heath et al., 2020, 2021) which is ideally suited to the 
task. In addition to the question concerning stakeholder acceptance, we 
asked four questions about what time horizon would be needed to pre-
vent serious short-term degradation, and whether the approach was 
practical in view of uncertainties about how to define baselines, how 
variable these baselines might be, and when we might say that any re-
covery to baseline levels had been achieved. We found that variability of 
chosen baselines, and the methods for ascertaining whether recovery 
had occurred were not first order issues; however the definition of 
appropriate environmental baselines was critical, with recovery proving 
difficult or impossible if the environment shifted (e.g. due to climate 
change) but the baselines used to assess recovery did not. This finding is 
consistent with the increasing use of the “dynamic B0” (the spawning 
stock biomass consistent with the current environment in the absence of 
fishing) approach within fisheries management (MacCall et al., 1985; 
Punt et al., 2014; Plaganyi et al., 2019, Bessell-Browne et al., 2022), and 
requires the ability to set realistic baselines for recovery if LRT meth-
odology is to be fully effective. 

Our results also shed light on whether recovery timescales are a 
sufficient condition for attainment of GES or whether we additionally 

have to ensure that current states are not too degraded. Within our 
study, we found that the requirement for recovery within 30 years was 
sufficient to prevent serious degradation of any ecosystem component in 
the short term, if recovery precluded biomasses that were too high as 
well as too low. However, we also found that application of recovery 
timescale alone would permit very different harvesting strategies from 
those existing in today’s (different) management regimes, with severe 
constraints on pelagic fishing fleets whilst demersal fleets were only 
weakly constrained. This shift in management might be socially unac-
ceptable (see e.g. Schuch et al., 2021), suggesting that it might be 
necessary to combine constraints on management pathways as well as 
recovery timescales in order to give the approach necessary stakeholder 
legitimacy. Recommending any management approach that was very 
different from today’s would set a high bar for the supporting evidence 
base, models, and methodology; see the subsequent section on caveats 
for more discussion of this. 

The review of Smit et al. (2021) considers the utility of approaches 
for ensuring GES in some detail, and it is useful to cast our findings in 
their framework (see Table 4). 

Table 3 
Consistency of goals with legislative mandate for a variety of documented approaches. Green shading indicated use of LRT, studies shaded blue focus on current states, 
those in yellow focus on avoiding further deterioration (future states should not be worse than the present or recent past). Whilst there is a future-state component to 
MSY, it is defined in terms of being sustainable indefinitely from today’s starting point, and is often informed by current stock status or risk level (e.g. Thorpe and De 
Oliveira 2019), so is coloured blue in the table.  
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5. Caveats 

Since the methodology places importance on modelling the hypo-
thetical “pressure free state” and response timescales rather than ability 
to reproduce today; and because models are typically calibrated on their 
abilities to produce states pertaining to today and the immediate past, 
this has important implications for model tuning and fidelity of 
mechanisms. 

Using the recovery timescale methodology of Rossberg et al. (2017), 
determination of GES will be sensitive to the rates of response of 
ecosystem elements to perturbation, and not their absolute abundances, 
so we need to be sure that recovery timescales are correctly represented 
in models. Consequently there should be a special focus on the repre-
sentation of key processes in models to ensure their timescales of 
response are credible. Related to this is the issue of possible hysteresis 
behaviour (Lewontin, 1969), which effectively represents an infinite 
timescale of recovery, since return to the previous state is no longer 
possible. Any trajectory that led to hysteresis would then be excluded 
from acceptability. StrathE2E2 does not display hysteresis in these sce-
narios. The extent to which this is realistic is not known, though it is 
typical of fisheries models (including LeMans (Hall et al., 2006; Thorpe 
et al., 2015; Spence et al., 2020), mizer (Scott et al., 2014), and the 
ensemble of Spence et al. (2018)), and so the risk of being unable to 
attain GES by this mechanism remains to be attained. If the approach of 
Rossberg et al (2017) is to be followed in the future the study of 
mechanisms that could induce hysteresis should be a research priority. 

Fisheries management – with its focus on short-term stock assess-
ments, tactical quota-setting, and with data horizons that typically do 
not stretch back to a low-fishing past – is vulnerable to the problem of 
shifting baselines (Currie et al., 2020), where we manage to an incor-
rectly specified target state. One way of trying to address this has been 
through the concept of “dynamic B0” (Bessell-Browne et al., 2022), an 
estimate (model-based) of the biomasses that would pertain now if there 

was no fishing but the environment was identical to today. The recovery 
methodology of Rossberg et al. (2017) has the advantage of linking with 
dynamic B0. 

Our results assume that the stochastic variability of StrathE2E2 is 
reasonable as far as broad functional group responses are considered. 
This variability is driven by stochastic SST in the model (Figure S1). We 
have assumed that the North Sea warms uniformly across the year, with 
no change in seasonality or monthly SST variability. These assumptions 
are supported by the CMIP5 ensemble results for the North Sea (IPCC, 
2013; Alexander et al., 2018 – their figure 11), although the CESM-LENS 
large initial condition ensemble (Kay et al., 2015) of the CESM model 
(Hurrell et al., 2013) suggests warming may be focussed in the warmer 
seasons. The potential impact of this could be investigated in the future. 
We have further assumed that i) stochastic response is primarily forced 
by monthly SST variability rather than other processes, and that the 
StrathE2E2 response to a given level of SST forcing is realistic. Both 
assumptions remain to be confirmed by other studies. 

It should be noted that StrathE2E2 does not resolve size structure 
within individual functional groups. Some studies have suggested sys-
tematic shifts in size structuring with warming (Foster and Hirst, 2012; 
Cheung et al., 2013; Queirós et al., 2018; Audzijonyte et al., 2019b), 
changes that would have consequences for predicted recovery time-
scales. Ideally this would be investigated with alternative model struc-
tures, perhaps combined using the information-integrating ensemble 
approach of Spence et al. (2018, 2022) to produce a best estimate of 
recovery timescales using combined information from these various 
models. 

6. Summary/Conclusions 

In this study we have used the “big picture” StrathE2E2 end-to-end 
model to look at recovery timescales as a means of defining GES, 
following the suggestion of Rossberg et al. (2017). We have illustrated 

Table 4 
Summary of study findings showing that LRT possesses many desirable indicator properties. Assessment is based on the methodology of Smit et al. (2021) (adapted 
from their Table 3). Smit et al.’s review draws on the work of Rice and Rochet, 2003, McField and Kramer, 2007, and Hayes et al., 2015 and addresses the question as to 
what makes an indicator good.  

Desirable properties 
for indicators 

Description of desirable property Our findings 

Sensitive Can provide early warnings and early detection and accurately 
reflects the condition of the environment. 

By linking future state outcomes to possible evolutions through time, the 
framework of Smit et al. 2021 a) may give warning that observed states imply an 
inability to recover desirable states on sensible timescales, and b) can indicate that 
environmental shifts are happening provided the modelling component has 
credible time-dynamics and suitable reference baselines can be modelled. 

Representative/ 
transferrable 

Can be broadly applied at different spatial and temporal scales, 
across regions and potentially across different habitat types. 

A strength of the LRT method is that it takes a holistic approach to the ecosystem, 
and focusses on the response timescales of the slowest components. Method is 
generalisable across ecosystems. 

Responsive Can establish priorities for management and inform decision-making 
in a reasonable time. 

Management can immediately change reference state or timescale of recovery, and 
see the modelled implications NOW. 
Key challenge is representing the short-term impacts of these changes in long-term 
target state. Having credible representations of time-dependent responses to key 
processes is important. 

Ecologically 
meaningful 

Can be understood and interpreted and can distinguish between 
natural and anthropogenic drivers of change by incorporating sound 
ecological theory. 

Recovery time to a reference (unfished) state is easy to understand and interpret. 
Fishing can be disentangled from other causes of change by use of the “dynamic 
B0” concept. 
Key will be establishment of sensible baselines that exclude the pressure to be 
managed. 

Measurable Should provide the necessary tools and methods for management, 
and its effectiveness should be relatively independent of sample size. 

Biomasses of key functional groups can be estimated through time. 

Easy and cost effective Is easy to use and interpret and data collection costs should be 
minimised. 

Biomasses of functional groups are easy to understand and interpret and collection 
costs should be modest. 

Able to set reference 
points 

Should include the necessary data and methods to set baselines and 
establish thresholds for conservation purposes. 

Reference points for GES can be set in terms of time taken for the last ecosystem 
component to recover to the unfished state at the prevailing environmental 
conditions (See Rossberg et al., 2017; Thorpe et al., 2022). Studies such as this can 
be used to set appropriate recovery times that reduce risk of catastrophic short- 
term states. The suggested time of 30 years by Rossberg et al. is supported as 
reasonable by this study. 

Able to create 
awareness 

Should aim to improve environmental understanding and awareness 
to engage effectively with various stakeholders. 

Recovery time is intuitive, consistent with GES legislation and e.g. UK government 
priorities (UK Government, 2020) so awareness should be easy to generate.  
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the method for a wide range of fisheries scenarios under different tem-
perature conditions, and considered some key questions for its appli-
cability to policy. In relation to these questions we found:  

(1) a recovery timescale of 30 years is acceptable but 40 may be too 
long as it permits severely depleted states. This finding is not 
sensitive to warming of up to 4 ◦C, even though warming does 
tend to slow recovery responses.  

(2) typical variability associated with SST had only modest impacts 
on timescales of recovery (confirming the discussion in Rossberg 
et al. (2017)). 

(3) whilst results were somewhat sensitive to the definition of “re-
covery”, this sensitivity could be greatly reduced in practice by 
reference to the unfished state, because any definition that does 
not accept the unfished state as recovered should be rejected. We 
also found that any sensitivity to this definition was small relative 
to the effects of environmental change.  

(4) Results were very sensitive to the assumption of what constitutes 
the appropriate baseline, confirming that recovery scenarios 
must be considered relative to baselines in which the impacts of 
other factors such as the environment are catered for, and sup-
porting the concept of dynamic B0 in fisheries management. 
Definition of recovery has to be sensitive to biomasses that are too 
high as well as too low, otherwise in the case of an ecosystem 
whose productivity is increasing (as here under warming), timely 
recovery may be insufficient to rule out interim states that have 
some highly impacted functional groups.  

(5) LRT may provide a necessary but not sufficient constraint. In this 
study we found it would permit very high levels of demersal 
fishing if used alone which may not be acceptable to the stake-
holder community. 

In conclusion, our work supports the use of a recovery timescale 
methodology (Rossberg et al., 2017) for determination of GES, provided 
that it is used alongside other measures that address current or near 
future states (which in this case would rule out scenarios of heavy 
demersal fishing), and provided that we are able to estimate a suitable 
baseline taking account of other key factors such as climate warming. 
We therefore see LRT as a valuable addition to the toolkit for assessing 
GES, but not as a replacement for existing indicator sets which will 
remain essential for determination of near future states. 
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