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A B S T R A C T   

The sustainability of marine ecosystems demands a focus on ecological improvement, necessitating managers and 
conservationists to consider a range of actions from those that limit stressors to those that actively restore. 
Deciding the most appropriate action should be informed by environmental context, which includes assessing 
information on both degradation and recovery potential. Here, we provide an analysis of how the degree of 
ecological degradation coupled with the stressor regime can inform environmental management and conserva
tion actions (e.g., stressor reductions, adaptive management, assisted recovery/restoration). With this analysis 
we design a risk framework combining principles that define ecosystem resilience and recovery times with those 
that characterize stressor regimes (i.e., the number, type, and impact). The combination of these principles 
defines where an ecosystem is placed along sliding scales of degradation and recovery and likely response to 
protective and restorative interventions. It is designed to facilitate place-based conversations regarding the risks 
of different management actions informed by the temporal dynamics of ecosystem degradation and recovery.   

1. Introduction 

The sustainability of the planet now requires a focus on rebuilding 
and restoring biodiversity and ecological function. A recent roadmap for 
rebuilding the ocean’s biodiversity suggests substantial recovery of 
marine ecosystems is possible by 2050 if protective and restorative 
programs start now (Duarte et al., 2020). This will require humanity to 
employ a range of actions to match the degradation states that now exist 
in the ocean (Leadley et al., 2022). These actions should be informed by 
the intrinsic dynamics of marine ecosystems that determine the context 
specific responses to change. Alternate stable states, legacy effects, and 
the cumulative effects of stressors all represent factors we need to 
incorporate into pathways towards sustainable oceans. 

Effective marine ecosystem management has been hindered by the 
multi-scaler social-ecological dynamics associated with overlapping 
usage (e.g., fishing, aquaculture, tourism, shipping) and the highly 
connected and complex nature of the biophysical ecosystem (Österblom 
et al., 2017). This inherent complexity means that the impacts of our 
activities occur through multiple direct and indirect effects (Selkoe 

et al., 2017) generating ecological responses that vary in time and space 
(Crain et al., 2008; Österblom et al., 2017). Characterizing empirically 
the ecological impacts of all stressor combinations (past, present and 
future) is impossible (Kanwischer et al., 2021) and when relevant data is 
limited (which is common for marine ecosystems) it can generate de
cision paralysis. However, an explicit focus on the elements that govern 
the rate of change in ecological status (both positive and negative) 
provide opportunities to assess the most appropriate management ac
tions even when data quantity and quality is low. Importantly, a focus on 
elements that improve ecological status is now critical given the large 
scale degradation and shift in baseline conditions (Duarte et al., 2020; 
Worm et al., 2006). 

Improvements to ecological status following management action can 
be slow and barriers to recovery are common (Diefenderfer et al., 2021; 
Lotze et al., 2011). Thus, understanding not only the recovery potential 
of a marine ecosystem, but also the timescales involved is paramount to 
informing the most appropriate action and managing societal expecta
tions. These elements are rarely considered in environmental policy and 
assessments aimed at protecting marine ecosystems, but are essential in 
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transitioning to a rebuild of ocean biodiversity (Duarte et al., 2020). 
Recovery is influenced by combinations of reinforcing feedbacks that 
maintain ecosystems in alternate, degraded stable states (i.e., hysteresis) 
(Abram and Dyke, 2018; Maxwell et al., 2017; Nyström et al., 2012; van 
de Leemput et al., 2016), legacy effects of stressors (Commito et al., 
2019; Johnston et al., 2020), and locational contexts that dictate the 
recovery trajectory (Hewitt et al., 2022; Thrush and Whitlatch, 2001). 
For ecosystems that have shifted to a new, but less desirable stable state, 
actions that do not explicitly manage for recovery may be ineffective. 
For example, stressor limit setting does not always lead to ecosystem 
recovery (Gladstone-Gallagher et al., 2022; Schiel and Howard- 
Williams, 2016), restoration efforts can fail (Reeves et al., 2020; Sud
ing et al., 2004) and adaptive management can be too slow to respond to 
changes in ecosystem state (Andersen et al., 2017; Månsson et al., 2023). 
However, outcomes can be improved if management actions recognize 

both the ecological and stressor states and how these states dictate 
ecological responses to actions. 

Here, we provide an analysis demonstrating how actions can be 
appropriately matched with both ecological and stressor states to assist 
ocean sustainability targets and ecosystem-based management (EBM). 
We do this through developing a principles-based risk assessment 
framework that links ecological status and likely trend to three potential 
management actions that are likely to be included in the EBM toolbox: 
stressor limit setting, adaptive management, and active assisted recov
ery. Although our framework is conceptual, it serves an important 
purpose highlighting how natural history and current ecological state 
can help identify the best practices for navigating towards the desired 
future. Critically it allows identification of actions that can be mis
matched with ecological degradation state, and such recognition 
removes barriers to achieving sustainability goals. 

Late interven�on to reduce 
stressors improves S, but passive 
recovery of E is blocked due to 

legacy and hysteresis

Interven�ons to assist 
recovery ac�vely improve E

Limited or no interven�ons 
to increasing stressor regime

Early interven�ons to 
reduce stressors ac�vely 
improve S, resul�ng in 
passive recovery in E

Well managed healthy reef

Limited or no interven�ons 
to increasing stressor regime

Degrading reef

Degraded reef with low 
func�onality

Degraded reef with low 
func�onality impacted by legacy 
effects of past stressor regimes 

which uncouple E and S

Recovering reef

?
?

Poor GoodE status

Poor GoodS status

Poor GoodE status

Poor GoodS status

Poor GoodE status

Poor GoodS status

Poor GoodE status

Poor GoodS status

Poor GoodE status

Poor GoodS status

(a)

(b)
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Fig. 1. The appropriate intervention lever depends on the state of the ecosystem (E) and the state of the stressor regime (S). E and S can range from good, healthy and 
desirable (green end of scale), to poor and undesirable (red end of scale). Different types of actions push the ecosystem back along either the S scale or the E scale. E 
and S are not only shifted by different action levers, but they also dictate the likelihood for further degradation and the likelihood for recovery along both scales. For 
example, an ecosystem with a high E means that it has resilience and recovery potential and so the active management of S results in the passive ecosystem recovery 
(higher E) (a). However, a low E can reduce the resilience and recovery potential even if S is actively reduced (b). Thus, late intervention that results in low E may 
result in the need for both actions that reduce S and actions that assist recovery to improve E status (b and c). The indicators and principles that collectively 
characterize overall E and S and therefore assessment of the risk of different actions are described in Section 3 and Box 1. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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2. There is no ‘one size fits all’ to marine environmental 
improvement 

Conceptually, environmental management or conservation actions 
work as ‘levers’ moving the ecosystem towards a more desirable state in 
two ways: 1) stressor reduction which sometimes (but not always) results 
in improved ecological status; and 2) actively improving elements in the 
ecosystem that drive resilience and recovery. Importantly, the action 
needs to be matched with the current overall ecological (E) and stressor 
(S) status (as well as the aspirations for its future state) because both in
fluence the ecosystem response (degradation or recovery) to different 
actions. Different ecological and stressor states therefore call for different 
approaches to management (e.g., Fig. 1). Within this context we briefly 
assess three common marine management and conservation approaches 
and the ecological elements that mediate their outcomes. 

2.1. Stressor reduction 

Stressor limit setting is one of the most common approaches in ma
rine environmental management and conservation. Limits can be set on 
the amount of pollutants entering an ecosystem (e.g., nutrients and 
sediments), or on the removal of resources (i.e. through fishing quotas). 
Stressors can also be limited through spatial and temporal activity re
strictions (e.g., via Marine Protected Areas; MPAs). If stressor limits are 
set with the goal of ecological improvement, it is effectively a ‘reduce 
stress and let recover’ strategy with success dependent on the potential 
for the ecosystem to recover following stressor limitation. Even though 
recovery potential is a critical element that dictates outcomes, it is rarely 
included in the decision-making process. For example, MPAs have been 
established in kelp forests globally to reverse urchin barren regime 
shifts. However, kelp forest recovery has been variable because the focus 
is on reducing fishing pressure, ignoring other stressors (e.g., sedimen
tation) and importantly how feedbacks (e.g., turf macroalgae-kelp in
teractions) can slow recovery (Filbee-Dexter and Scheibling, 2014; 
Filbee-Dexter and Wernberg, 2018). Critical to the success of a ‘reduce 
stress and let recover’ approach, is that the ‘right’ stressor(s) are 
managed at the right scale before they have generated legacies that can 
limit or block recovery and that ecological status is moderate to high (e. 
g., Fig. 1). In addition to the ecological aspects of recovery, there are also 
important social-ecological feedbacks and issues that arise at the 
science-policy interface that dictate the success of stressor reductions 
and these include responses between ecological domains (land, fresh
water and sea), sectoral governance, and compliance and uptake of the 
management intervention (Alexander and Haward, 2019; Cormier et al., 
2018; Gladstone-Gallagher et al., 2022). 

2.2. Adaptive management 

‘Adaptive management’ involves an iterative process of reducing 
uncertainty in assessments of environmental state and effectiveness of 
management actions through monitoring environmental indicators 
(Allen et al., 2011). It has mostly been implemented for large-scale in
dustry specific sectors (e.g., aquaculture/mining) but has not typically 
considered interactions with other activities (i.e., cumulative effects), 
far-field effects, or ecological states (Satterstrom et al., 2007). In some 
countries (e.g., New Zealand) adaptive management cannot be imple
mented for a new industry activity with limited knowledge of ecological 
effects or in areas with limited baseline data (Supreme Court of New 
Zealand, 2014). EBM is the goal for environmental management in most 
countries, and integral to that goal, an adaptive management approach 
must enable monitoring the right indicators (of both degradation and 
recovery) at the appropriate spatial and temporal scale (Hewitt and 
Thrush, 2019) and align these indicators with the ability of managers to 
act quickly (also at the right scale) if degradation is going to be halted 
(Gladstone-Gallagher et al., 2022). This requires cross-industry and 
cross-ecosystem domain management collaboration. 

2.3. Assisted recovery 

When natural recovery of ecosystem health is not possible within 
societally acceptable timeframes (Lotze et al., 2011; Lotze et al., 2006) 
active interventions are required (e.g., Fig. 1). In such instances, hys
teresis and recovery lags limit the effectiveness of ‘reduce stress and let 
recover’ actions (Hewitt et al., 2022) demanding the addition of ‘re
covery assist’ actions that target the restoration of the feedbacks 
responsible for maintaining a resilient restored state (or changing the 
feedbacks responsible for the hysteresis) (Diefenderfer et al., 2021; 
Suding et al., 2004). Importantly, in highly stressed environments, ‘re
covery assist’ approach will be most successful when coupled with 
appropriate stressor reduction. For example, seagrass restoration is most 
successful when water quality is high, a minimum threshold for plant 
density is exceeded, and sites are located close to donor beds, all of 
which facilitate the reintroduction of natural resilience feedbacks (van 
Katwijk et al., 2016). Risk assessments focused on the missing ecosystem 
element(s) and stressors blocking natural recovery, will be invaluable 
for informing ‘reduce stress and assisted recovery’ approaches (Hewitt 
et al., 2022). In general, the costs associated with restoration are high 
compared to other management or preventative measures. The use of a 
principles-based risk framework therefore has the potential to enhance 
the cost effectiveness of management through reductions in the need for 
assisted recovery. Further, our framework can assist with the selection of 
priority habitats and location attributes that are associated with an 
enhanced likelihood of success (see Bayraktarov et al. 2016). 

3. Assessing ecological status and trend determines likely rates 
of ecosystem degradation and recovery 

To begin aligning risks of actions with assessments of ecological 
status and trends, we identified a number of ecological and stressor 
regime indicators that collectively determine ecosystem degradation 
and recovery trajectories. These indicators allow us to place an 
ecosystem on a spectrum of poor to good ecological status, and develop 
principles that describe the likely direction and rate of change in status 
in response to stressors and different management and conservation 
interventions. These indicators and principles are designed to 1) inform 
risk assessments where ecological and stressor information is incomplete 
or unknown (e.g., as described in Box 1); 2) incorporate the critical el
ements that drive ecosystem change; and 3) facilitate a shift in focus 
towards a situation where the likely outcomes of management actions 
are appraised against the context-dependencies in the place of interest. 

The indicators and principles include two types: 1) ecological (E) – 
which account for an ecosystem’s ability to respond, resist or adapt to 
change, recognizing the role of the intrinsic ecological networks in 
generating responses (which are generally overlooked in environmental 
risk assessments but are an integral part of an EBM focus), and 2) stressor 
(S) – that characterize the stressor regime (either past (i.e., legacies), 
present or predicted future), with a focus on the ecosystem elements 
they impact on and how stressor effects interact. Stressor characteristics 
are the predominant focus of current mainstream assessments of envi
ronmental degradation and risks (Holsman et al., 2017), which gener
ally ignore the ecosystems capacity to respond and be resilient and thus 
limit the capacity to enact true EBM. We emphasize the importance of 
combining E and S principles which allows context dependency in 
ecological responses to stressors to be considered. 

3.1. Ecological indicators and associated principles - how the ecosystem 
responds to change/stress 

E1. The status of the ‘slow’ to regenerate ecosystem structural 
components. The slow to regenerate habitat/structure forming species 
(e.g., kelp, corals, shellfish or other key habitat forming species) are 
associated with the health and functioning of the ecosystem, as well as 
the recovery potential. If these structure forming species are lost 
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(particularly on the seafloor), recovery can be blocked due to loss of 
facilitatory relationships and feedbacks (Cranfield et al., 2003; Hewitt 
et al., 2022; Maxwell et al., 2017; Nyström et al., 2012; Reeves et al., 
2020). Principle associated with indicator E1: If E1 is low, the slow to 
regenerate structural components have been functionally lost from the 
ecosystem, and this can signal an ecosystem that has already undergone 
a state change. Therefore the rate of further ecosystem degradation from 
that current state may have slowed (though this is highly context 
dependent). Similarly, low E1 is likely to result in recovery lags (slow 
rates of improvement), in relation to the long timescales of regeneration 
of the key species, which may be further hindered by the ability of the 
landscape to supplying recruits (see E4, E5 and S6). 

E2. The status of the ecological network structure – the number 
and type of feedback loops. Network complexity and the presence of 
feedbacks among ecosystem components has long been suggested to 
confer ecological resilience (Berlow, 1999; Janssen et al., 2006; Sim
mons et al., 2021). The network architecture and nature of interactions 
can make ecosystems prone to runaway effects (i.e., changes that 
accelerate), tipping points, and flow-on indirect effects to connected 
ecosystems (Nyström et al., 2012). Principle associated with indica
tor E2: If E2 is high, the network contains balancing loops which can 
enhance resilience and slow down reductions in ecological status. As E2 
is reduced, balancing loops become simpler and dominated by unidi
rectional loops that can generate runaway effects and accelerated de
clines in status. Extremely low E2 may be characterized by a simplified 
network with a few balancing loops that can maintain ecosystems in a 
degraded state and prevent recovery (i.e., hysteresis). 

E3. Status of ecological processes that regulate ecosystem 
resilience. Some ecosystem processes are central to resilience, and if 
functioning well, can slow down non-linear declines in ecosystem state 
following stressor exposure. For example, in coastal soft-sediments with 
high ecological status, denitrification removes excess bio-available ni
trogen providing resilience against eutrophication (Howarth et al., 
2011). Principle associated with indicator E3: When E3 status is low 
(i.e., poor state of ecological regulating functions), this risk principle 
needs interpreting in conjunction with the status of other E principles. 
For example, if E3 is low, but the slow to regenerate structural compo
nents of the ecosystem (E1) and the status of the network feedback loops 
(E2) are still good, this could indicate a system on the verge of a non- 
linear and unexpected change if the status of other indicators is 
reduced. Conversely, extremely low E3, in conjunction with low E1 and 
E2, might suggest a regime shift has occurred locking it in a poor state 
and slowing recovery state. 

E4. The connectivity to other ecologically similar areas. A high 
degree of connectivity among spatially discrete habitats enhances the 
potential for the seascape to supply recruits (Thrush et al., 2013). 
Principle associated with indicator E4: If E4 is low, habitats are iso
lated from a supply of recruits, and recovery lags are more likely. High 
E4 may also reduce the negative effects of stressors. 

E5. The diversity of habitat types (environmental and biotic) at 
the seascape scale. Because the diversity of habitat types is linked to 
species diversity at the seascape scale (Zajac, 1999) it provides resilience 
(Vozzo et al. 2023) and speeds up recovery of connected ecosystems by 
providing more ‘options’ for recovering communities. Principle asso
ciated with indicator E5: High E4 and high E5 increases the likelihood 
of recovery of disturbed areas within the seascape. However, if the 
impacted area is large (S6 below) relative to the seascape that supplies 
recruits, recovery lags are likely. Heterogeneous areas (high E5) are also 
more likely to contain habitats that are resilient to stressors. 

E6. The size of the ecosystem of interest. The spatial extent of the 
ecosystem is related to its resilience, larger extents may be more resilient 
than smaller ones given that stressor footprints are less likely to 
encompass the whole area. Principle associated with indicator E6: 
High E6 decreases the likelihood of non-linear degradation in ecosystem 
status. 

Stressor indicators and associated principles. 

S1. The number of stressors. Multiple stressors are now the default 
in many coastal systems (due to emerging contaminants and climate 
change) increasing the frequency/intensity of non-linear ecological 
surprises (Crain et al., 2008). Principle associated with indicator S1: 
If S1 is high (multiple stressors present), the risk of non-linear degra
dation in ecosystem status is increased. 

S2. Levels of stressors that are ongoing and accumulating. 
Chronic and accumulating stressors are more likely to generate regime 
shifts and legacy effects. Principle associated with indicator S2: If 
there are stressors that are chronic and accumulating (high S2), 
ecosystem degradation can be non-linear. High S2 can also slow rates of 
recovery in ecological status due to legacy effects if the stressor resi
dence times are high (e.g., accumulation of toxic metals in seafloor 
depositional zones). 

S3. Levels of stressors that generate unimodal responses. Initial 
increases in stressors such as temperature, nutrients and sediment mud 
content can result in increased biodiversity and/or status of slow 
structural components (E2) up to a point and then decreases occur. 
Principle associated with indicator S3: Low levels of such stressors 
(low S3) can mitigate the negative effects of other stressors. For 
example, small increases in nutrients can offset the effects of acidifica
tion on coral calcification up to a point (Ban et al., 2014). Low S3 
coupled with any level of S4 can result in stressor interactions. 

S4. Levels of stressors that generate responses other than 
unimodal. Some stressors (e.g., toxic contaminants and microplastics) 
decrease biodiversity removing structural components (E1) and species 
critical to ecosystem processes (E3) in a non-random manner. Principle 
associated with indicator S4: If S4 is present and there are multiple 
stressors present the rate of degradation in ecosystem status can be 
exacerbated (because stressors with non-unimodal responses give less 
chance for amelioration as in S3). 

S5. Number of points of impact and indirect effects on an 
ecological network. Stressors impact networks of interacting ecolog
ical components and the number of points of impact and indirect effects 
are likely to determine the nature of ecological responses (Harley et al., 
2017). As the magnitude and numbers of stressors increase, so does the 
number of points in a network that they act upon increasing the likeli
hood of indirect effects. For example, increasing soil inputs from land 
initially elevates water column turbidity effecting photosynthesis, but 
intensification results in sedimentation altering sediment porosity, 
bacteria, and the macrofauna via a cascade of effects (Thrush et al., 
2004; Thrush et al., 2021; Thrush et al., 2003a; Thrush et al., 2003b). 
Principle associated with indicator S5: Stressors that impact multiple 
ecosystem components and result in multiple indirect effects (high S5) 
are more likely to increase the rate of degradation. 

S6. Size of the impacted area (relative to the ecosystem of in
terest or managed area). The spatial extent of the impact determines 
how far colonists have to travel and thus recovery rate (Pilditch et al., 
2015; Whitlatch et al., 1998). The size of the impacted area is also likely 
to scale with the number of habitats affected influencing the regional 
biodiversity in the managed area (E5) and the potential for the area to be 
maintained by within-area dynamics. Principle associated with indi
cator S6: High S6 with low E4 or E5 make recovery lags in ecosystem 
status more likely. High S6 also increases the probability of spillover 
impacts to other areas due to nutrient, food and recruitment source-sink 
dynamics and expansion of scavenger/predator habitat. Low S6 relative 
to the managed area (E6) is likely to result in more positive outcomes for 
recovery than high S6. 

Actions to manage the state of the environment must be aligned with 
both the state of the ecosystem (E) and stressor regime (S); recognizing 
both aspects allows the appraisal of a full range of future states and 
possibilities for interventions (e.g., Fig. 1). Collectively the principles 
provide a way to envisage that status of a place based on its overall E and 
S and this status allows an appraisal of likely trajectory and rate of 
ecosystem change and should foster appropriate action (see Box 1 on 
operationalizing E and S principles in risk assessment). 
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4. Different ecological (E) and stressor (S) states call for 
different actions 

The baseline or starting overall E and S state (i.e., a collective score 
based on the status of the ecosystem resilience and the stressor regime) 
determines how well an ecosystem will respond to different manage
ment actions (Fig. 2). For example, some ecosystems have a level of 
inbuilt resilience and recovery capacity (i.e., provided by a healthy 
ecosystem), and this allows ecosystem ‘revival’ by actions that reduce 
stress (S) but other ecosystems may decline and then ‘flat line’ if actions 
are not taken to actively assist the recovery (compare Fig. 2C & 2D). A 
principles-based approach to explore how the combination of S and E 
indicators influence ecological trajectories through time is helpful for 
both place-based environmental action plans to be designed and prior
itized, but also for the management of expectations. 

EBM calls for adaptive approaches and adaptive management 
frameworks (Allen et al., 2011). Conceptually, determining whether an 
adaptive management approach will be suitable for achieving aspira
tions depends on the likelihood of non-linear degradation in response to 
stressors and the ability to detect change early enough to act. If non- 
linear degradation in ecosystem status are possible, then adaptive 
management will be risky unless thresholds are known (Fig. 2B). The 
principles most important for informing risks associated with an adap
tive management approach include those that consider the likelihood of 
non-linear degradation (E1–3, and S1–5; see risk matrix in Supplemen
tary Material for more details). Adaptive management to improve 
ecosystem state could also apply the risk principles to identify whether 
an ecosystem is in a state where stressor reduction would work to ach
ieve natural recovery, or whether actions to assist recovery are needed. 

When stressor limits are imposed either through limits on pollutants 

Box 1 
Linking ecological and stressor principles to risk assessments. 

Our indicators and associated principles could be used to inform decision making by following a process to assess risks of different management 
approaches given the status of E1-E6 and S1-S6. We have developed a series of IF-THEN rules for each indicator state, which we link to the risk of 
different actions (see Supplementary Material spreadsheet). These rules are purposefully broad so that they can be used to inform risk as
sessments in a variety of situations. The rules are a stepping-stone to link the concepts in this paper to the generation of risk profiles associated 
with different action types. Since some indicators are conditional on other indicators (i.e., increasing or reducing the risk associated with other 
indicators), ideally they could be used to construct a network type risk assessment (e.g., Bayesian Network; Fig. B1). In this type of analysis, the 
indicator nodes can be adjusted along sliding scales and the principles define the connections to explore the resulting risk of different inter
vention scenarios (stressor reduction, adaptive management, assisted recovery), which importantly depend on likely rates of ecological 
degradation and recovery.

Risk of synergis�c, 
antagonis�c or addi�ve 

stressor interac�ons depend 
on status of S3 and S4 
together as well as E2

S6 – Size of the impacted area

Low High

S5 – Number of points of 
impact and indirect effects 
on an ecological network

Low High

S4 – Levels of stressors that 
generate responses other 

than unimodal

Low High

S3 – Levels of stressors that 
generate unimodal responses

Low High

S2 – Levels of stressors 
that are ongoing and 

accumula�ng

Low High

S1 – Number of stressors

Low High

Rate of degrada�on in 
ecosystem status

Low High

Likelihood of recovery in 
ecosystem status with 

reduce stress and let recover

Low High

Likelihood of degrada�on in 
ecosystem status with 

monitor and adapt

Low High

Likelihood of degrada�on 
in ecosystem status with no 

ac�on

Low High

E6 – Size of the ecosystem of 
interest

Low High

E5 – Diversity of habitat types 
at the seascape scale

Low High

E4 – Connec�vity to other 
ecologically similar areas

Low High

E3- Status of ecological 
processes that regulate 
ecosystem resilience

Low High

E2 – Status of the network 
structure - the number and type 

of feedback loops

Low High

E1 - Status of the ‘slow’ to 
regenerate ecosystem 
structural components

Low High

Rate of recovery in 
ecosystem status

Low High

Effects of E3 depends 
on E1 and E2

Ecological principles Stressor principles

Management risk
Fig. B1. A conceptual network model to operationalize the ecological (E) and stressor (S) indicators and principles. The network allows 
exploration of the risk of decline or improvement in ecological status with different types of actions. Note that in reality, indicators and 
principles could be given unequal weighting depending on the context and relative importance of some over others. Based on the Supple
mentary Material full matrix of IF-THEN principles, weightings for the relative importance of each stressor principle can be obtained and the 
overall S status can then be estimated as sum of Siwi where Si is the relative status of principle Si and wi is the weighting of that principle. If 
principle status values shift from low to high then the most heavily weighted principle is S5, followed by S1. S2 and S6 have the next heaviest 
weighting, while S3 and S4 would only need weighting by the number of stressors in each category. See Supplementary Material for a full 
matrix of IF-THEN principles for risk associated with each indicator state and action.   
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or by protecting areas from certain activities, there is usually an 
assumption that ecosystem recovery is possible. However, this is not 
always the case and so ‘reduce stress and let recover’ actions will be 
timely if 1) there are not significant biological or physical legacies (E1 
and S2), 2) the changes have not created new feedbacks that block re
covery and result in hysteresis (E1, E2 and S5), and 3) the area is not 
large and isolated which prevents recovery occurring (E4–6 and S6) 
(Fig. 2C). If any of these are likely, recovery may slow, and active 
intervention to assist recovery may be required to change the future 
ecological trajectory to a desired one (Fig. 2D). 

Importantly, actions to assist recovery must be targeted to move the 
ecosystem back along the ecological status scale (E) to restore resilience 
(Fig. 1). For example, placing structure that other organisms can grow 
on (E1) specifically targets assisted recovery by restoring some of the 
feedbacks associated with facilitatory relationships (E2) that can be lost 
(Ceccarelli et al., 2020; Reeves et al., 2020; Suding et al., 2004). If 
managing for recovery, the principles that will be informative for a 
‘reduce stress and recovery assist’ approach are those that inform which 
aspects of the ecosystem that restoration could target to improve resil
ience (those associate with indicators E1–6) as well as ones that inform 
about the status of the remaining stressors (those associate with in
dicators S1–2). 

5. Closing remarks 

Our evaluation of ecological resilience and stressor status facilitates a 
novel appraisal of the likelihood of success of different interventions and 
importantly how to link a range of actions to match degradation states in 
marine ecosystems (Figs. 1 and 2). Our framework is a movement for
ward from mainstream environmental risk assessments that only focus 
on the stressors as the key drivers of change. Integrating this with 
principles about the ecosystem resilience expands capacity to deal with 
context dependencies and uncertainty in stressor responses. The focus 
on ecological and stressor principles are helpful for exploring likely rates 
of degradation and recovery in areas where information is limited and 
decisions may be postponed. There is vast empirical evidence that shows 
the significant consequences of delayed or mismatched actions and we 
urge managers and decision makers in coastal spaces to consider this 
evidence now. 
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Fig. 2. Ecosystem state trajectories for two hypothetical ecosystems in response to management actions. The two ecosystems have differing initial ecological in
dicator (E) status (blue higher than purple), and they respond differently to different interventions: (A) With no actions to prevent decline or improve ecological 
status, both hypothetical ecosystems degrade in state through time (T0 to T3) (though at different rates); (B) If there are lag effects of stressors, monitor and adapting 
(at T2 in response to decline) may not be able to prevent further degradation due to lag effects (occurs for purple); (C) A reduce stress and let recover approach 
(where stressors are reduced at T0 will be successful in situations where the stressor regimes (S) have not created biological or physical legacies (i.e., E is still 
relatively good) (e.g., blue), otherwise there will be no improvement in ecosystem status (e.g., purple); (D) If reduce stress and let recover is unsuccessful on its own, 
interventions that assist recovery may be needed and speed of improvement depends on the starting ecosystem state (compare blue and purple). The bottom front left 
corner of each box represents the worst case scenario and the top back left corner of each box represents the best case scenario. For simplicity, we depict the S 
(stressor indicator status) and E based collectively as E and S scores (but see Box 1 which links each S and E indicator to risks of actions based on IF-THEN principles) 
on the x and z axes. The y axis represents the heath and functional status of the ecosystem. For example, a high ‘Ecosystem State’ represents an ecosystem’s ability to 
respond, resist or adapt to change. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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