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Abstract
The climate crisis has far-reaching consequences on the health and integrity of ecosystems1. More
specifically, warming causes shifts in species distributions and interactions, ultimately altering the
structure and functioning of ecosystems2–4. The response and sensitivity of marine organisms to
climate change have commonly been assessed using temperature-based indices5–8. However, the
exclusive focus on temperature overlooks other key environmental stressors affecting marine life, such
as deoxygenation and freshening9–11. Here we assess the sensitivity of marine organisms to multiple
environmental factors by estimating the single and cumulative Environmental Safety Margins (ESM) of
marine fish communities throughout the North Atlantic and Northeast Pacific over the past 30 years. We
find ESMs and their underlying stressors to differ between ocean provinces with generally unsafe
conditions in lower latitudes and estuarine systems. Furthermore, we demonstrate regional differences
in the relative importance of environmental stressors, with temperature, oxygen limitation and low
salinities constraining species and communities differently across provinces. The areas deemed most
unsafe to climate change are also facing the highest cumulative pressures from fishing, shipping and
land-based stressors. These results highlight that climate vulnerable fish communities are also most
exposed to human pressures revealing an urgent need for improved conservation efforts.

Introduction
Ecological communities worldwide are exposed to climate change with major implications for the health
and integrity of marine ecosystems12. Besides ocean warming, higher temperatures reduce oxygen
solubility, creating a mismatch between oxygen supply and the metabolic demand of marine
organisms2,4, as well as induce pronounced changes in salinity due to variations in precipitation, ice
melting and evaporation13. In addition, global change affects ocean acidification, wind patterns, and
ocean currents, triggering cascades that alter stratification, nutrient fluxes, and primary production at the
base of marine food webs2,14,15. Therefore, warming alone is unlikely to fully explain the response and
reorganization of communities under climate change. 

To better understand and anticipate future responses and impacts of climate change on marine life, a
more holistic approach accounting for the joint sensitivity of a changing ocean environment beyond
temperature is therefore needed16. Here we develop a comprehensive, multi-factor approach to evaluate
and compare the overall community sensitivity of marine organisms along multiple climate-related
stressors. Because proximity to environmental limits often correlates with population-level responses17,
the difference between upper and lower limits and the in-situ conditions experienced can provide an
index of a species’ tolerance to current and future climate change8,18,19. Here we quantify the single and
joint Environmental Safety Margins (ESM) between species tolerance ranges relative to the actual set of
environmental conditions experienced by communities sampled in both time and space. More
specifically, we use an extensive collection of standardized bottom-trawl surveys throughout the North-
Atlantic and Northeast Pacific (including >1500 fish species) to assess the upper and lower ESMs of
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marine fish to temperature (USM/LSM Temp), as well as the lower ESM for oxygen (LSM O2) and salinity
(LSM S) at each unique sample location (see methods for more detail). Subsequently, we investigate and
compare cross-regional patterns and temporal changes in ESMs to past and current climatic changes
over the last three decades. We also compare observed ESMs to a null model in which tolerance values
are randomly permuted among taxa, thereby  distinguishing between patterns in ESM arising from
environmental filtering and stochastic (neutral) assembly processes19,20. Finally, we provide practical
guidance for improved marine management and conservation by identifying particularly vulnerable areas
while accounting for other cumulative human pressures such as fishing, shipping and pollution21, as well
as the current global coverage of marine protected areas (MPAs).

ESM differs between ocean provinces 

We find pronounced large-scale patterns in the joint ESMs with higher-latitude communities, particularly
in the North-east Atlantic exhibiting larger margins and relatively fewer species at risk (Fig. 1a-b). In
contrast, a greater proportion of species are experiencing “unsafe” conditions (closer to their tolerance
limits) in lower-latitude communities (e.g., the Gulf of Mexico) and semi-enclosed estuarine systems
(e.g., the Baltic Sea and Gulf of St Lawrence). The underlying environmental stressors determining the
overall degree of safety differ markedly between marine provinces (Fig. 1c). Notably, the higher safety in
the Arctic and Northern European Seas is manifested by large margins across all environmental
stressors, except for LSM Temp (i.e., low temperatures), while the Warm temperate Northwest Atlantic
demonstrates small margins for all stressors. These differences in the overall ESM and their underlying
stressors are fairly consistent over time. However, in some regions a slight decline in the overall safety is
evident, especially with regards to decreasing USM Temp in more recent decades, likely resulting from
warming (Fig. S1- S4). To assess the role and relative importance of the observed community
composition in shaping the overall degree of safety, we repeated the analysis while randomizing
tolerance ranges from the global pool of species. The results of our null model test show significant
standardized effect sizes (SES = (mean ESM – mean ESMnull) / standard deviation ESMnull) for some
environmental stressors and provinces (Fig. 1d), highlighting that ESMs based on the actual species
composition differs from a randomly assembled community. Notably, USM Temp was found to be
significantly lower in the Arctic and Cold temperate Northwest Atlantic, indicating that communities are
closer to their upper thermal limits and thus less safe than expected by chance. This is likely due to the
dominance of cold-adapted species with relatively narrow upper thermal tolerance ranges compared to
the entire species pool5,22. In contrast, the Warm Temperate province exhibited values of USM Temp
larger than expected from the null model, likely reflecting the presence and prevalence of more warm-
affinity species adapted to higher temperatures. Similarly, greater SES for LSM O2 was found for the Cold

Temperate Northeast Pacific, indicating communities better adapted to low oxygen concentrations, likely
resulting from exposure to past and current hypoxia caused by the widespread oxygen minimum zones
in this region23–25. 
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Taken together, our findings indicate the important role of environmental filtering structuring marine fish
communities19,26 by selecting species with particular traits capable of tolerating the range of
physiological and behavioral adaptations that enhance tolerance to environmental stressors27. For
example, ectotherms exposed to extreme high or low temperatures may produce heat shock or
antifreeze proteins to mitigate cellular damage and physiological disruption27,28. Similarly, mobile
species may simply avoid exposure to such extremes by seeking habitats with more favorable
conditions, such as migrating toward higher latitudes or into deep waters4. This phenotypic and
behavioral plasticity may likely contribute to the persistence of communities even under extreme or
generally unsafe conditions, reflected by low ESMs in for instance the Gulf of Mexico and the Baltic Sea.
However, the degree to which these, or other communities will continue to persist into the future will be
profoundly altered by the rapid rate of climate change globally, both in terms of means and variability.
Hence, species and communities showing generally safe margins over the past 30 years may rapidly
approach or exceed their physiological tolerance limits with continued warming. This is particularly
urgent for more cold-adapted species due to their generally narrower niche widths (Fig S5), at least
compared to species adapted to more seasonal environments. Hence, provinces currently displaying
“safe” conditions, such as the Arctic will likely be more vulnerable to future environmental changes.
While ESMs provide valuable insights into community-level vulnerability, their interpretation should be
approached with caution. Especially, since physiological stress can cause impaired growth, reproduction
and survival well before safety margins reach zero, while physiological acclimatization or behavioral
flexibility may confer greater tolerance than currently estimated18. Moreover, safety at the community
level does not guarantee protection for individual species, since environmental shifts may
disproportionately affect specific taxa, leading to cascading community reorganization if colonizers
respond differently to change. Finally, some aspects of species’ ecological niches remain poorly
characterized, introducing uncertainty that may either over- or underestimate ESMs. For instance,
climate change may expose parts of the fundamental niche that are currently inaccessible29 and
incorporating these facets into niche modelling could improve predictions of community vulnerability.

Anthropogenic pressures and conservation

While climate change is recognized as one of the major threats to biodiversity with impacts likely to
accelerate during the coming decades30, other human stressors can strongly limit species’ capacity to
tolerate and adapt to shifting climatic conditions. Our results reveal a strong negative association
between the joint ESM and multiple human pressures21, including fishing, shipping, and land-based
activities such as nutrient and organic chemical pollution (Fig. 2a-c). This emphasizes that communities
that are currently most vulnerable to multiple environmental conditions are also those potentially most
impacted by other human activities and pressures. Together, these interacting pressures may
significantly amplify risks and accelerate ecological decline in marine ecosystems by jointly affecting
multiple ecological processes of species related to feeding, growth, reproduction and survival. Finally, we
show no relationship between the current coverage of MPAs and the overall degree of climate safety
throughout the area (Fig. 2d). Hence, the alleged mitigation potential of MPA as refugia or stepping
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stones for dispersal, and safe zones for climate vulnerable species31 seems currently limited. We believe
that our holistic ESM approach, which accounts for the joint sensitivity of species and communities to
multiple environmental stressors beyond warming, represents a more robust, precautionary, and broadly
applicable framework for climate risk assessment. This framework can inform the designation of MPA
networks towards better prioritization of global conservation efforts for biodiversity and overall
sustainability under climate change. Integrating our approach into conservation planning could further
enhance protection outcomes and help align management actions with global policy targets, such as the
Kunming–Montreal Global Biodiversity Framework’s goal to protect 30% of the ocean by 2030.

Methods
Bottom trawl survey data

Species and biomass data for marine fish communities were obtained from long-term scientific bottom-
trawl surveys across the continental shelves of the Northeast Pacific, Northwest Atlantic, and Northeast
Atlantic32 (Table S1). A total of 1,553 demersal fish species from 227,740 unique hauls covering the time
period from 1993 to 2021 were included in the analysis. To evaluate species’ tolerance ranges, survey
data were standardized across space and time, assigned to hexagonal grid cells, and grouped into three
decadal periods (1993–2002, 2003–2012, and 2013–2021).

Sampling effort standardization

Since sampling effort was not uniform across areas, we constructed species accumulation curves
(SACs) to assess the completeness of sampling for each cell and decade combination. Subsequently,
we fitted a Michaelis-Menten function to each SAC and estimated the asymptotic species richness using
the R package vegan33. For each cell, we then calculated the number of hauls required to reach 75%
completeness of the estimated asymptotic species richness. Cells with insufficient sampling to meet
this completeness threshold were excluded from the analysis (Fig. S6). To further standardize the
dataset, we randomly resampled the estimated number of hauls 99 times (with replacement) and
calculated the safety margin metrics (see below) foreach iteration.

ESM calculations

To estimate the environmental safety margins (ESM) we extracted the environmental tolerance limits of
each species based on the fitted environmental envelopes from AquaMaps34,35. AquaMaps predictions
have been validated using independent and effort-corrected survey data35 and the model performance
has been found to be similar to other presence-only species distribution models34. Furthermore, we
extracted environmental conditions for bottom temperature, salinity and oxygen values by averaging the
highest and lowest monthly values within each unique sampling event (by cell and decade). The data
were sourced from the ice-ocean model NEMO-Nordic (https://doi.org/10.48670/moi-00013), available
through the Copernicus Marine Service (https://marine.copernicus.eu/). Upper (USM) and lower (LSM)
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safety margins were calculated for each species (i) per cell per decade and weighted by biomass,
following an adjusted version of the method described by Van Der Walt et al. (2021)8:

where X denotes the maximum (max) and minimum (min) values of the environment (env) vs the
reported species tolerance limits (i). LSM was calculated for all environmental variables, whereas USM
was computed only for temperature, as higher concentrations of salinity and oxygen are not expected to
limit or increase marine fish species vulnerability. Average USM and LSM values for all variables were
then aggregated per grid cell and decade across iterations, resulting in an overall ESM for each
community. To enhance visual comparisons of overall ESMs, radar charts were employed to illustrate
variations over time and across biogeographic provinces defined by Spalding et al. (2007)36. 

Joint index

The individual ESMs (i.e., USM Temperature, LSM Temperature, LSM Salinity, and LSM Oxygen) were
scaled using Min-Max Normalization, ensuring they ranged between 0 and 1. The sum of the four
normalized values was then used as a cumulative metric of overall safety margin. In addition, the
proportion of species with positive (“safe”) values for at least one ESM metric was estimated, where
values near 1 indicate that most species are within their safe environmental conditions.

Anthropogenic pressures

To assess relationships between the estimated joint ESMs and human pressures, we utilized the most
up-to-date marine pressure data from Halpern et al. (2019)21, available at ~1 × 1 km resolution globally.
Cumulative impact was calculated by summing raster layers representing 11 stressors, grouped into
three categories: (1) Fishing: commercial demersal (destructive, non-destructive high bycatch, non-
destructive low bycatch), pelagic (high and low bycatch), and artisanal; (2) Ocean-based: shipping; and
(3) Land-based: nutrient pollution, organic chemical pollution, direct human impact, and light pollution.
To account for temporal variability, we computed the average value of each group per grid cell over the
period 2003–2013. The cumulative safety margins used in the models were aligned with the temporal
span of anthropogenic pressures (2003–2013).

Marine Protected Areas (MPA)

Data on MPAs, marine reserves, and other effective area-based conservation measures (OECMs) were
obtained from the publicly available Protected Planet database (https://www.protectedplanet.net/en).
This database provides the World Database on Protected Areas, a key global resource for area-based
conservation efforts. We created a map of protected areas overlaid with hexagonal grid cells containing
fish data and calculated the percentage of each cell covered by any type of MPA. The relationship
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between cumulative safety margins and MPA coverage was then modeled using Generalized Additive
Models, which allow for nonlinear relationships.
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Figure 1

ESMs and their underlying stressors across areas and decades. (a) Spatial distributions of overall ESMs,
reflecting the sum of standardized ESM for each environmental stressors (z-transformed and averaged
across species and decades by grid cells). (b) The proportion of species within each grid cell displaying
ESMs values above zero (i.e., safe conditions). (c) Spatio-temporal patterns of standardized ESMs by
marine provinces and decades (colored polygons) ranging from 0 (completely unsafe) to 1 (completely
safe). (d) Standardized Effect Size (SES) per ESM and province aiming to distinguish between patterns in
ESM arising from environmental filtering from those expected by chance where points represent mean
values with corresponding confidence intervals (colors).
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Figure 2

Effects of human pressures and protection on community safety margins.
(a–c) Linear regression models showing consistent negative relationship between cumulative ESM (sum
across all ESMs) and human pressures from fishing (industrial tonnes of catch/year), shipping (traffic
index/year), and land-based activities (index/km2). (d) Relationship between standardized ESMs and the
proportion of “safe” species (ESM>0). (Values near 0 indicate that most species are living at or beyond
their environmental limits, whereas values near 1 indicate that they remain within safe conditions). The
colored quadrants represent: (I) high safety maintained by only a few species above zero; (II) high safety
with most species above zero; (III) low safety with only a few species above zero; and (IV) low safety
with most species still above zero. The size of the points reflects the percentage of each grid cell
covered by MPAs.
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