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Abstract

Marine species and ecosystems are widely affected by anthropogenic stressors, ranging from
pollution and fishing to climate change. Comprehensive assessments of how species and
ecosystems are impacted by anthropogenic stressors are critical for guiding conservation and
management investments. Previous global risk or vulnerability assessments have focused on
marine habitats, or on limited taxa or specific regions. However, information about the
susceptibility of marine species across a range of taxa to different stressors everywhere is
required to predict how marine biodiversity will respond to human pressures. We present a
novel framework that uses life-history traits to assess species’ vulnerability to a stressor, which
we compare across more than 33,000 species from 12 taxonomic groups. Using expert
elicitation and literature review, we assessed every combination of each of 42 traits and 22
anthropogenic stressors to calculate each species’ or species group’s sensitivity and adaptive
capacity to stressors, and then use these assessments to derive their overall relative
vulnerability. The stressors with the greatest potential impact were related to biomass removal
(e.g., fisheries), pollution, and climate change. The taxa with the highest vulnerabilities across
the range of stressors were molluscs, corals, and echinoderms, while elasmobranchs had the
highest vulnerability to fishing-related stressors. Traits likely to confer vulnerability to climate
change stressors were related to the presence of calcium carbonate structures, and whether a
species exists across the interface of marine, terrestrial, and atmospheric realms. Traits likely
to confer vulnerability to pollution stressors were related to planktonic state, organism size and
respiration. Such a replicable, broadly applicable method is useful for informing ocean
conservation and management decisions at a range of scales, and the framework is amenable
to further testing and improvement. Our framework for assessing the vulnerability of marine
species is the first critical step towards generating cumulative human impact maps based on

comprehensive assessments of species, rather than habitats.
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Introduction

The vast majority of the ocean is impacted by multiple stressors associated with human
activities (Halpern et al. 2019). Some stressors, such as those associated with climate change,
have widespread impacts, where other stressors, such as those related to destructive fishing,
are more localized. As human activities driving these stressors continue to expand, so do their

impacts on marine ecosystems and species.

There are multiple anthropogenic activities that impact marine species and ecosystems
(Halpern et al 2007; 2019), including energy production and consumption, agriculture,
watershed development, shipping, commercial and non-commercial fishing, ocean mining, and
aquaculture. The stressors resulting from these activities include increasing sea surface
temperature and eutrophication, chemical pollution, entanglement from fishing gear, ocean
acidification, and destruction of marine habitat (Table S3; e.g., Halpern et al. 2019; Olden et

al. 2007; Brooker et al. 2014; Stelfox et al. 2016; Laist 1997; Vaquer-Sunyer 2008).

Species typically respond to stressors. We define a species’ vulnerability to a stressor as a
function of its sensitivity (the degree to which it is affected by a stressor), and adaptive capacity
(ability to adapt to or recover from a stressor). Ultimately, the impact of a stressor (Figure 1)
will depend on these intrinsic factors, determined by biological characteristics, or traits
(Dawson et al. 2011; Butt et al. 2016; Butt & Gallagher 2018), combined with the degree of
exposure to the stressor, an external factor. Thus, even though exposure to a stressor may be
consistent across species, varying sensitivity and adaptive capacity among species means that
vulnerability also varies. Hundreds, if not thousands, of studies have assessed the vulnerability
of species to stressors (both inclusive and exclusive of exposure), but they are focused on

individual populations or particular species and/or rarely consider multiple stressors. We lack
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comprehensive information about the vulnerability of all marine species to the full range of
stressors affecting the ocean (O’Hara et al. 2021). Such comprehensive information will be
critical for assessing and comparing different species, as well as new species as they are

discovered, and in turn enabling strategic and effective management of the ocean.

Although there is a strong foundation for trait-based approaches to assessing species’
vulnerability to a range of stressors, a framework applicable to marine species globally does
not exist. Trait-based vulnerability assessments have been used to estimate extinction risk
(Pearson et al. 2014), to estimate vulnerability of selected taxonomic groups (Foden et al. 2013)
and of nationally listed threatened species (Lee et al. 2015), and for predicting the conservation
status of data-deficient species (Walls & Dulvy 2020). However, these previous assessments
focused on narrow suites of traits (Comte & Olden 2017; Estrada et al. 2016; Gonzalez-Suarez
et al. 2013; Hobday et al. 2011; Juan-Jorda et al. 2012), specific taxa and places (Bender et al.
2013; Chessman 2013; Gallagher et al. 2014; Sunday et al. 2015; Ormseth & Spencer 2011;
Taylor et al. 2014; Stelzenmuller et al. 2010; Laidre et al. 2008; Markovic et al. 2017; Jorgensen
et al. 2015; Certain et al. 2015; Fabri et al. 2014; Maxwell et at. 2013; Williams et al. 1995),

or on terrestrial species (Estrada et al. 2016).

The only global marine vulnerability assessment that has been conducted focuses on habitats
(Halpern et al. 2007), however species respond to stressors differently than do habitats.
Although many habitats have a foundation species at their base (e.g., kelp forests, oyster reefs,
salt marshes), others do not (e.g., rocky reef, beach). Thus, a habitat exposed to a stressor might
persist, but the composition of species and thus ecosystem function might be lost, or vice versa.
Species have often not been considered in global analyses as distribution data are limited, and

most species and the important ecological roles they play have been overlooked in
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management. In addition, previous assessments were often limited as they focused on particular

regions or taxa.

We developed a comprehensive traits-based framework for assessing species vulnerability
(defined here as sensitivity and adaptive capacity) that can be applied across any marine
invertebrate and vertebrate taxonomic group, allowing for broader investigation of the impacts
of anthropogenic stressors; the first such framework to our knowledge. Importantly, the
flexibility and wide applicability of the framework allows for it to be tested and improved. To
develop this framework, we: 1) determined a list of life-history traits relevant for estimating
species’ vulnerability to pressures, based on traits related to species’ sensitivity and adaptive
capacity; 2) assigned life-history traits to more than19,250 species; (more than 33,000 with
gapfilling/extrapolation to higher taxonomic levels) across a wide range of species and
taxonomic groups, and; 3) developed and applied a model to translate these traits into a score

describing the relative vulnerability of these species to a range of stressors.

Methods

There were two primary components to the work (Figure 2). Firstly, we created a framework
for assessing the vulnerability of species to anthropogenic stressors based on life-history traits.
Secondly, we applied the framework to predict the vulnerability of as many species as possible

to anthropogenic stressors.

1. Traits framework
Our framework for assessing species’ vulnerability based on species traits was developed using
expert elicitation, a literature review, and IUCN Red List guidelines. Expert elicitation was

conducted in a working group format, through one-on-one meetings, and over email (Martin et
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al. 2012), where each person had expertise in a particular group of marine species, including
coral, cephalopods and other molluscs (bivalves and gastropods — referred to throughout as
‘molluscs’), echinoderms, seabirds, elasmobranchs, marine arthropods, marine reptiles and a
range of bony fish groups. Expert knowledge, when meticulously collected and applied, can be
as robust as empirical data (Drescher et al. 2013). First, as part of the expert group (coauthors),
we derived an initial list of life-history traits that likely determine a species’ vulnerability to
stressors from multiple anthropogenic activities, either by conferring sensitivity to specific
stressors or limiting adaptive capacity (Butt & Gallagher 2018). In developing this list, we
considered the following trait groups hypothesized to be important factors in determining
species’ vulnerability to stressors (Polidoro et al. 2020; Chessman 2013; Comte & Olden 2017;
Foden et al. 2013; Lee et al. 2015): movement, reproduction, specialization, spatial scale

metrics, and biophysical traits.

The five trait groups are associated with species’ vulnerability in different ways. Movement
traits incorporate dispersal ability and determine a species' adaptive capacity by allowing
individuals to track optimal conditions for growth and survival and shift their distribution in
response to stressors (Comte & Olden 2017; Laidre et al. 2008). Reproductive traits relating to
population turnover, such as fecundity and age to first reproduction, partly determine the
capacity of populations to adapt to or recover from anthropogenic stressors and pressures at
their location. Some species have specializations that make them highly adapted to the specific
habitats they live in, and those with narrowly-defined niches are more likely to be ecological
specialists, with a higher sensitivity to stressors that drive changes in habitat conditions (Slatyer
etal. 2013). Conversely, species with broader niches are more likely to have a lower sensitivity.
Species’ with spatial distributions that are relatively small and/or with low connectivity among

populations have less adaptive capacity, and this trait is often used as a proxy for vulnerability,
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such as extinction risk (Mace et al. 2008). Species with small distributions are more likely to
be at risk from anthropogenic stressors as a large proportion, or even all, of the population
could be impacted by a single stressor; species with broad ranges are more likely to have some
portion of the population unimpacted by the stressor (IUCN 2016). For anthropogenic stressors,
species’ biophysical traits are important indicators of sensitivity. Species that can fly are able
to disperse more easily and widely than those that cannot, but are also vulnerable to stressors
that do not affect species without flight, such as those posed by infrastructure (oil rigs, wind
turbines). Maximum body size, length, or mass is frequently used in assessments of
vulnerability (Gonzalez-Suarez et al. 2013; Jorgensen et al. 2015; Juan-Jorda et al. 2012;
Ormseth & Spencer 2011; Sunday et al. 2015; Chessman 2013; Bender et al. 2013; King &
McFarlane 2003; Taylor et al. 2014). Large-bodied species are generally more vulnerable to
many stressors (Bender et al. 2013, Davidson et al. 2012), although this varies with stressor

and taxon.

To score each trait, we first determined whether it was most appropriately assessed as a
categorical (high/medium/low/none) or binary (yes/no) class, and then defined classes to best
distinguish vulnerability among species (Table 1). We also included ‘NA (not applicable)’.
Assessing a species as NA to a particular trait was important as we aimed to include a wide
range of marine species, and including this category ensured that vulnerability assessment was
not skewed for traits that were not relevant to a species (e.g., salinity in relation to diadromous

fish). Where data were lacking, we used ‘unknown’.

Following the workshop, we identified experts in taxonomic groups not included in the
workshop, including sea snakes, sea spiders, additional bony fish taxa, sponges, plankton,

marine mammals (including cetaceans and pinnipeds), annelid worms, and sea turtles. In
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addition, we consulted with plant and algal taxonomic experts, but omitted these groups from
the final analysis. We elicited information from individual experts over email, calls, or in-
person meetings to refine both the trait list and the categories for each trait. Finally, we
conducted a literature search to collate life-history trait data for each taxonomic group and to
ensure our list of traits was comprehensive. We used the snowball method (Wohlin 2014) to
review the literature, using search terms “marine”, “marine species”, ‘“vulnerability

2% ¢

assessment”, “traits”, “life-history traits” to further support and guide the development of the
framework. In total, 25 marine taxonomic experts covering 38 taxonomic groups (Table S1)
provided data and insight to develop our framework. These experts provided trait information
at various taxonomic ranks when traits were broadly applicable across an entire genus, family,

order, or class; in other cases, experts scored traits for individual species that they considered

broadly representative of their genus, family, or order.

2. Traits-stressors matrix

Building on the anthropogenic stressors to marine ecosystems identified in Halpern et al.
(2019), we identified 22 stressors to marine species, and determined if each species trait
conferred vulnerability to individual stressors. The stressors, their explicit pathways, and

drivers are described in Table S3.

We determined whether or not, and quantified how, each trait conferred vulnerability to each
stressor through a literature review and expert knowledge, including experts on particular
stressors. For each trait category-stressor combination (n=2550 individual scores), 3-7 experts
assigned sensitivity and adaptive capacity values based on their knowledge and the literature
(Table S4), and we further consulted experts for specific stressors (e.g., pollution stressors) and

trait categories (e.g. traits relating to calcium carbonate) where required. We compiled these
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and identified any discrepancies across the inputs with cross-checking and calibration (Martin
et al. 2012; McBride et al. 2012). We split the traits into stressor-specific sensitivity, stressor-
specific adaptive capacity, and general adaptive capacity, based on the intrinsic components of

vulnerability (Figure 1). The allocation of traits to the three groups is given in Table S2.

We assigned traits to the general adaptive capacity group when their adaptive capacity is linked
to resilience at the level of population recovery from the impact of a stressor, and not explicitly
linked to individual stressors. For general adaptive capacity, if a species has a large global
population, or many subpopulations, or a large distributional range, or very responsive
reproductive strategies (such as high fecundity, short generation time, and so on), the species
would be expected to be more able to recover from exposure to a regional stressor. For the
general adaptive capacity traits, we assigned a value based on how likely it was to confer

adaptive capacity to each stressor.

The second group included traits relating to specific adaptive capacity, which include traits that
allow an organism or species to avoid or mitigate exposure to a stressor, and are stressor-
specific, as stressors vary in terms of spatial and temporal characteristics. These traits included
adult mobility and planktonic larval duration. When assigning values to these traits, we
assessed whether a particular trait category was likely to confer more adaptive capacity than
another (to each stressor). For example, for adult mobility, horizontal migration and nomadism
confers high adaptive capacity to eutrophication and nutrient pollution, but low adaptive

capacity to entanglement.

The third group comprised traits related to sensitivity, which determine whether, and how, an

organism is physiologically sensitive to a given stressor, largely related to tolerance limits and
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specializations. These traits include thermal and salinity tolerance ranges and several life cycle
specializations and biophysical traits. When assigning values to these traits, we asked whether

a particular trait category was likely to confer more sensitivity than another (to each stressor).

We then used a simple scale and assigned a value of ‘none/NA’, ‘low’, ‘medium’ or ‘high’ to
each trait-stressor combination, in line with previous assessments of species’ vulnerability to
various stressors (e.g., Jorgensen et al. 2013 for marine species’ vulnerability to bottom
trawling; Laidre et al. 2008 for marine mammal vulnerability to climate change; Estrada et al.
2016 for bird and plant vulnerability to climate change; Ormseth & Spencer 2011 for

groundfish vulnerability to overfishing).

Although there are also other types of interactions between stressors and traits, such as the
mechanistic relationship between temperature and salinity, we took the parsimonious approach
of considering only the direct effect of a stressor. For planktonic larval duration (a movement
trait), we assumed that longer larval duration resulted in decreased adaptive capacity due to
increased exposure to potential stressors during the developmental period, rather than assuming
that increased time in the planktonic larval stage gave the organisms more opportunity to

disperse away from the stressor.

3. Vulnerability model
We developed a model to estimate the vulnerability of a given species to a given stressor as a
function of its sensitivity, adaptive capacity, and potential exposure (defined below) based on

species-level traits and habitat preferences.
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As above, sensitivity of a given species to a given stressor is determined by the degree to which
the life history traits of the species make it physiologically sensitive to a given stressor. These
sensitivity-related traits are largely related to tolerance limits and specializations, e.g., thermal
and salinity tolerance ranges, life cycle specializations, or biophysical traits. For each stressor,
we scored each of 85 trait categories (from the 42 traits) as conferring high, medium, low, or
no sensitivity (or NA), which were weighted as 1.00, 0.67, 0.33, and 0 respectively (We also
carried out a sensitivity analysis to test how vulnerability scores changed when the
high/medium/low/none scoring changed — see S2.1). For the specialization trait habitat
dependence, we combined a value of 1 for each ‘within-stage and/or across stage habitat
dependence’ ‘yes’, with the scores for dependent interspecific interactions (0 if ‘no’, 0.33 if
‘yes’), to give an overall sensitivity value. Sensitivity of a given species i to a given stressor j

was calculated as the sum of sensitivity weights based on the species’ trait category k:

sensitivity score S;; = XY Sjxtik (1)

where sj; represents sensitivity to stressor j based on trait &, and ¢ represents the presence (0
or 1) of trait £ in species i. For example, a bony fish would score 1 for trait “respiration
structure- gills” and 0 for “respiration structure-lungs”, while a seabird would score 0 and 1,
respectively.

Adaptive capacity of a given species to a given stressor is determined in a similar manner to
sensitivity. We considered stressor-specific adaptive capacity as the degree to which an
organism or population is able to respond adaptively to a particular stressor, generally by
mitigating exposure or through reproductive or other traits related to population resilience. As
for sensitivity, for each stressor we scored each of 28 trait categories across five traits as
conferring high, medium, low, or no adaptive capacity (weighted 1.00, 0.67, 0.33, and 0

respectively - Table S2; see S2.1 for sensitivity analysis). The specific adaptive capacity of a
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given species i to a given stressor j is the sum of adaptive capacity weights based on the species’
traits:

specific adaptive capacity score A;; = Y Qjxtix 2)
where aj; represents specific adaptive capacity to stressor j based on trait &, and # represents
the presence of trait & in species i.
In addition to stressor-specific adaptive capacity, we considered general adaptive capacity as
traits which broadly improve a species’ resilience at the population level, generally by having
a favorable reproductive strategy, multiple subpopulations or metapopulations, or an extensive
global distribution. General adaptive capacity of a given species i is calculated as the sum of

general adaptive capacity weights based on species’ traits:

general adaptive capacity score G; = Y. Jrtik 3)

where g represents general adaptive capacity (stressor independent) based on trait &, and #;
represents the presence of trait & in species i.

Importantly, vulnerability also depends on potential exposure to a stressor. To ensure sensible
results, we placed a binary constraint (presence/absence) on exposure potential for each
stressor, limiting exposure potential to particular depth zones or ocean zones. For example, a
species that only inhabits the mesopelagic depth zone, below 200 m, will never be exposed to
ship strikes. If a species cannot be found in any of the spatial or depth zones typically associated

with that stressor, exposure potential is zero, eliminating vulnerability:

exposure potential modifier E;; = 1 when ., e;,p;; > 0, otherwise E;; = 0 (4)

where e;; represents possible occurrence of stressor j in zone z, and p;. represents the possible

occurrence of species i in zone z.
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Finally, vulnerability of species i to stressor j depends on its sensitivity S, moderated by its
specific and general adaptive capacity 4; and G, and constrained by its exposure potential £j;.
To account for some stressors having more associated traits, we normalized each component
by the maximum value for that component, for that stressor, observed across all species. For
example, the sensitivity of species i to stressor j is normalized by S;’ = max_{i =1, ..., n}(S;).

Sij/Sjl

vulnerability V;; = ————— X E;
AL 1+G;/Gr+A;j/Aj1 Y

©)

The resulting vulnerability score Vj; € [0, 1] is increasing with sensitivity S;/S;" € [0, 1],
decreasing with adaptive capacity G/G’ and A;/A;” € [0, 1], and constrained by exposure
potential £; € {0, 1}. Scores were normalized to enable comparison across and between taxa

and stressors.

Fishing pressure is treated differently in this analysis because fished species are directly
targeted by humans for reasons that do not necessarily align with intrinsic life history traits:
and humans have the capacity to efficiently exploit any species that has a value. Consequently,
we classified all taxa as sensitive to this stressor, but vulnerability was moderated by traits
related to a species’ general adaptive capacity. For this stressor, sensitivity was set to 1 and
stressor-specific adaptive capacity to 0 for all species, and then vulnerability was calculated

according to equation 5 as for all other stressors.

4. Gap filling

To enable the representation of as many species as possible, we used trait data to ‘gap fill’ up
to the family level for the taxa included in our analysis. We calculated means and standard
deviations for known species’ traits, and then applied those values to impute vulnerability of

congeneric and confamiliar species, allowing us to expand our representation from 30,712 to
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44,116 species. We were then able to identify which traits/categories are related to a species’
vulnerability to particular stressors, and identify patterns of vulnerability across taxonomic
groups and stressors. In addition, we carried out a cross-validation analysis to assess how well

the gap filling process worked in terms of predicting vulnerability (S2.2).

Analyses were carried out using R statistical software version 4.0.4 (R core team, 2021) and
the tidyverse R package version 1.3.0 (Wickham et al. 2019). We accessed the World Register
of Marine Species database (WoRMS: www.marinespecies.org) using taxize R package

(Chamberlain & Szocs 2013).

Results

1. Traits framework

We compiled data on 42 traits related to movement, reproduction, specialization, spatial scale,
and biophysical information (Table 1) across 12 broad taxonomic groups. The experts provided
data for both individual species and genus- and higher-level trait values, with thermal
preference data from Aquamaps, resulting in a total species count for direct matches (matches
driven by traits at a representative rank), as well as those driven by denoting certain species to
be representative of a higher rank, of 30712. In total, the trait data represented: cephalopods
(n=810 species), corals (n=319 species), echinoderms (n=7901 species), elasmobranchs
(n=1243 species), marine arthropods (n=2094 species), marine mammals (n=122 species),
molluscs (n=184 species), polychaetes (n=2008 species), sponges (n=7718 species), reptiles
(n=91 species), bony fishes (n=7886 species), and seabirds (n=336 species). With subsequent
gapfilling and species matching using WoRMS we were able to cover more than 44,000 species

across these taxonomic groups.
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Movement traits

We identified two key movement categories: adult mobility and planktonic larval duration
(PLD), both associated with the ability for high range shift velocity. Species with a limited
movement capacity will likely be more vulnerable to locally acting stressors as they cannot
move to avoid the stressor. Species were allocated into seven categories of movement, from
sessile to nomadic (Table 1). Sedentary species include those that remain in place but can right
themselves after disturbance, such as after being overturned by a wave, or dig themselves out
of sediment. Passive species include those who move in an undirected manner, such as some
groups of jellyfish and planktonic larvae. Vertical residents are those species that move up and
down through the water column but remain in one location (such as some species of squid,
plankton, and larvae). Species with a shorter PLD will likely be less vulnerable to local
stressors, while more vulnerable to global stressors, in terms of sensitivity, as they lack adult
levels of protection from stressors such as high temperature or UV exposure (Hernandez

Moresino & Helbling 2010; Hobday et al. 2006).

Reproductive traits

We identified eleven reproductive traits that relate to population turnover, which partly
determines species’ ability to respond to anthropogenic pressures at their location (Table 1).
Reproductive traits important for adaptive capacity include: 1) reproductive strategy (Juan-
Jordé et al. 2012; Sunday et al. 2015; Stelzenmuller et al. 2010; Bender et al. 2013; Ormseth &
Spencer 2011); 2) fecundity (King & McFarlane 2003; Gallagher et al. 2014; Juan-Jorda et al.
2012; Ormseth & Spencer 2011; Williams et al. 1995; Gonzélez-Sudarez et al. 2013), defined
as the number of offspring per year, where species with fewer offspring would be expected to
be more vulnerable (Chessman 2013); 3) lifetime reproductive opportunities (Taylor et al.

2014; Juan-Jorda et al. 2012; Ormseth & Spencer 2011; King & McFarlane 2003), as species
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that reproduce only once or rarely within their lifetimes are considered less resilient to
disturbances; 4) maximum age, as species with longer-life spans are slower to recover from
disturbance, as turnover rates are slower than for shorter-lived species (Mace et al. 2008); 5)
age at maturity/first reproduction, generation length, following IUCN Red List categories,
known to be an important trait for predicting reproductive capacity (Chessman 2013; Taylor et
al. 2014; Gallagher et al. 2014; Gonzélez-Suarez et al. 2013; Juan-Jorda et al. 2012; Ormseth

& Spencer 2011).

Species with shorter generation lengths (time to maturity) are expected to have a faster
population turnover and therefore more opportunities for evolutionary or epigenetic changes in
response to stressors (Bush et al. 2016). Conversely, species that reproduce late (e.g., orange
roughy fish) would be considered to be more vulnerable to certain stressors than those that
reproduce early due to reduced adaptive capacity; 6) parental investment, in terms of type of
birth and parental care; 7) post birth/hatching parental dependence, in terms of the length of
this care, as species requiring post birth care, or with high maternal dependence, are more likely
to be vulnerable to some stressors than those with no such requirement (Chessman 2013; King
& McFarlane 2003); 8) population size, following IUCN Red List categories, where smaller
populations tend to be more vulnerable to stressors; 9) number of (geographically defined) sub-
populations known to be linked to adaptive capacity, where low numbers are associated with
greater vulnerability (Comte & Olden 2017; Williams et al. 1995; Fabri et al. 2014), and; 10)
feeding larva (post-hatching metamorphosis) as related to a species’ sensitivity, especially in

terms of whether larvae are calcifiers or non-calcifiers (Byrne et al. 2018).

Specialization traits
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To assess the vulnerability of species in relation to their habitat specialization and sensitivity,
we identified a range of traits important for sensitivity relating to physiological tolerance
breadths, including: thermal range (Chessman et al. 2013; Comte & Olden 2017) based on sea

surface temperatures, salinity, pH, dissolved oxygen, and sensitivity to wave energy (Table 1).

Habitat dependence and condition (Williams et al. 1995; Laidre et al. 2008; Markovic et al.
2017; Jorgensen et al. 2015; Gonzalez-Sudrez et al. 2013), accounting for both within one life-
stage (e.g., adult) and across all life-stage (e.g., larvae through to adult) requirements, was also
selected. As different habitats are likely to have varying levels of vulnerability to different
stressors themselves (cf. Halpern et al. 2015), a species’ vulnerability will also likely vary
across habitats, differentially according to life-stage. Whether species live at the air-sea
interface, and have both terrestrial and marine life stages, informs both sensitivity and exposure
and thus vulnerability to stressors that operate at these interfaces: for example, species in
intertidal habitats have a higher potential to be impacted by land-based pollution or shore-line
alteration. Diet breadth (Laidre et al. 2008; Stelzenmuller et al. 2010; Sunday et al. 2015;
Gonzalez-Suarez et al. 2013; Bender et al. 2013), and interspecific interactions (Bender et al.
2013; Markovic et al. 2017) also provide information on specialization. Breeding and foraging
ranges, which relate to a species adaptive capacity, are measured using number of sites,
following ITUCN Red List categories, and whether or not a population is dependent on a

particular site (Laidre et al. 2008).

Spatial scale traits
We selected spatial range metrics (Laidre et al. 2008; Stelzenmuller et al. 2010; Fabir et al.
2014; Markovic et al. 2017), based on those used in [IUCN Red List assessments, as well as

five depth and habitat zones. In general, species with distributions <100 km? and those living
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in the intertidal zone or coastal estuaries will be more vulnerable than species with larger
distributions away from the coast, as they will have a limited capacity to move away from
potential stressors. Small ranges may also be linked to high habitat specificity, and intertidal

and coastal habitats are often discontinuous and relatively small.

Biophysical traits

We based our size categories on broad definitions for microfauna (<0.4 mm), macrofauna (0.5-
49 mm) and megafauna (>50 mm) (Watling 2019), and added a larger category (>1000 mm).
Calcium carbonate, CaCQOs, is a critical component of many species’ bodies and life cycles.
Species with external CaCOs structures, and those that have them at both larvae and adult stages
are more sensitive to certain stressors, such as ocean acidification (OA). Biomineral
vulnerability is related to OA, and different biomineral compositions will confer different
vulnerabilities: species with high-Mg calcite structures are more sensitive due to higher
solubility than aragonite and calcite-based structures (Morse et al. 2007; Byrne & Fitzer 2020;
Fitzer et al. 2019). Disruptions to sound, light, or magnetic fields will affect species that use
them for communication or navigation, and pressure wave sensitivity is important for species’
sensitivity (Carroll et al. 2017; Peng et al. 2015). We determined six main categories of

respiration structures (Table 1), which confer sensitivity according to the specific stressor.

2. Species vulnerability

Across all 12 taxonomic groups, the stressor associated with the highest vulnerability scores
was biomass removal, followed by organic pollution, and inorganic pollution and
sedimentation (Figure 3). In terms of relative vulnerability across taxa, elasmobranchs had the

highest vulnerability to biomass removal, (non-cephalopod) molluscs to organic pollution,
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marine mammals and reptiles to bycatch (defined as non-targeted biomass removal and

discard), and molluscs and echinoderms had the highest vulnerability to inorganic pollution.

Across all stressors, the taxa with the highest vulnerability were molluscs, corals and
echinoderms, which were highly sensitive to ocean acidification due to their calcium carbonate
structures. Seabirds also had high vulnerability scores, as they are affected by both land-based
and ocean-based stressors. While all groups were sensitive to most stressors; polychaetes were

more robust on average and thus had the lowest vulnerability scores overall (Fig 3).

For larger, mobile marine vertebrates (elasmobranchs, bony fish, marine mammals, and
reptiles), after biomass removal, bycatch, entanglement, and organic pollution were important
stressors. Small, sessile invertebrates (corals, echinoderms, sponges, polychaetes) had the
highest vulnerability to eutrophication and microplastic pollution, while more mobile
invertebrates (marine arthropods and molluscs) were most vulnerable to ocean acidification,

organic and inorganic pollution, and eutrophication (Table S6; Figure 3; Figure 4).

Vulnerability to anthropogenic stressors varied according to broad trait groups. Biophysical
trait categories (within each of the traits) were linked to sensitivity to 16 of the 22 stressors.
Specialization trait categories were linked to sensitivity and general adaptive capacity to 18 of
the 22 stressors. Reproduction trait categories were linked to 13 of the stressors, mostly through
the general adaptive capacity pathway (but some cases of sensitivity and specific adaptive
capacity). Both traits in the movement group (adult mobility and planktonic larval duration)
were linked to specific adaptive capacity; the three traits in the spatial scale trait were linked
to specific adaptive capacity and general adaptive capacity (depth and zone, and range,

respectively).
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For the two largest stressor categories (climate change and pollution), many trait categories
conferred sensitivity to water temperature (n=33) and air temperature (#=26), and inorganic
(n=41) and organic pollution (n=31) (Figure 5). The key traits conferring vulnerability to
climate change-related stressors are related to the presence of calcium carbonate structures,
larval feeding traits, thermal sensitivity, and whether a species exists across the interface of
marine and other realms. For pollution-related stressors, planktonic state, size and respiration
traits were most important. Combined with limited adaptive capacity in terms of mobility, small

invertebrates were most vulnerable to this group of stressors.

Species’ vulnerability to bycatch and entanglement was related to body size (with large animals
being more vulnerable) and whether a species was found at the air-sea interface. Eutrophication
can cause coastal acidification, a function of freshwater runoff, which reduces the pH of
seawater. Traits associated with vulnerability to this stressor were mainly related to
physiological tolerance (to salinity, pH and dissolved oxygen) and biophysical (calcium

carbonate and respiration structures).

Discussion

Solutions to sustainable ocean management are typically informed by data on the distribution
of habitats (e.g., coral reefs) and human activities (e.g., fishing, pollution). Cumulative impact
maps, for example, have been a critical source of information for answering a diverse array of
ocean conservation questions, including: what is the state of our ocean and how is it changing?
(Jones et al. 2018; Halpern et al. 2015; 2019); where are the most effective places for
implementing area-based management? (Klein et al. 2013; Halpern et al. 2007); and in which

places are land-based conservation measures more effective than marine-based conservation
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measures at protecting marine biodiversity? (Klein et al. 2010; Halpern et al. 2009). However,
cumulative impact mapping efforts based on habitat data rather than species data pose
important limitations when applied to many classes of conservation problems because stressors

impact species differently than habitats.

As there has been rapid growth in the availability of species range maps (www.aquamaps.org),
we have a unique opportunity to assess the vulnerability of marine species to human activities.
Our framework for assessing the vulnerability of marine species is a first critical step towards
generating cumulative human impact maps focused on species, rather than habitats alone. One
of the advantages of evaluating sensitivity and adaptive capacity separate from exposure is that
it allows for much clearer assessment and understanding of what causes vulnerability, and easy

updating when stressor location, magnitudes, and other, characteristics change.

Our analysis of marine species’ vulnerability provides assessment of potential impacts from
human activities at the species level. As the results are independent of exposure to a stressor,
they can predict impacts when severity or duration of exposure increases, thus setting the
context for targeted management intervention. Where vulnerability is greatest, avoiding or
reducing exposure for a species will have a greater conservation outcome than for a species

with lower vulnerability and the same exposure.

It is important to note that increased vulnerability does not always directly transfer to increased
impact. To clarify the difference between vulnerability and impact, for example, biomass
removal scored highest in terms of vulnerability for marine mammals, but that is not currently
the greatest threat to their persistence, as they are not exposed (targeted) to this stressor to the

degree that sea cucumbers are, for example. When marine mammals were previously exposed
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to extensive biomass removal, populations of many species were devastated and some are only

now recovering (e.g., Wedekin et al. 2017).

Our results show that, contingent on exposure to these stressors, fishing-, climate change- and
pollution-related stressors are those with the greatest potential impact (i.e., they score the
highest for vulnerability across the taxa). Stressors related to climate change will become more
of a problem over time in relation to species’ distributions, and in turn their population
dynamics, interspecific interactions and dependencies, and so on. Species distribution shifts
are already happening in response to temperature increase (Pecl et al. 2017). Larger, mobile
vertebrates (elasmobranchs, marine mammals, reptiles and bony fish) were potentially most at
risk from fishing-related stressors (including bycatch and entanglement), and seabirds were
also especially potentially vulnerable to these stressors. Incidental capture of non-target taxa
such as elasmobranchs, marine mammals, reptiles and seabirds is a large threat to many
populations of conservation concern, and understanding when and where this is likely to occur
can guide management actions such as fisheries regulations, monitoring programs and

moveable protected areas, or reserves, in time and space.

Our finding that terrestrial invasive species and biomass removal are the stressors with the
lowest associated response capacities in seabirds (Figure 3) reflect those from a previous global
analysis (Dias et al. 2019). Assuming exposure, seabirds are vulnerable to human pressures
related to fishing, resource consumption and human-associated invasive species due to a
reliance on both land and sea habitats. While their high mobility and large geographic range
moderate their exposure to stressors in some cases, their navigation and communication

requirements mean that they are also sensitive to noise pollution and storm disturbance, and
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that they nest on land makes them, along with reptiles, more sensitive to light pollution and sea

level rise than other groups.

As the current assessment does not incorporate the geographic extent or severity of stressor
exposures, the next step for future research is to combine the spatial distribution of stressors
and species with our framework. Doing so will additionally enable us to take into account
endemism, phylogenetic uniqueness, diversity and species rarity, especially within the context
of risk of extinction. Recently, there has been rapid growth in mapping species ranges (over
33,000 marine species have been mapped, and the number is rapidly growing through use of
computer algorithms and machine learning), creating a unique opportunity to drastically
improve our ability to inform conservation problems. Creating these maps will enable us to
address questions such as how much of the ocean will be required to achieve international
marine conservation goals (e.g., Convention on Biological Diversity and United Nation’s
Sustainable Development Goals), and which conservation actions will most effectively achieve

these goals.

Our framework and analysis can help conservation planners and managers, policy makers, and
stakeholders identify and assess how various stressors act differently across taxa and can thus
help inform more effective management decisions. While previous ocean impact assessments
were used to inform protected area design (Jones et al. 2020; Klein et al. 2013) and guide
decision-making around which management activities were most cost-effective (Klein et al.
2010), trait-based vulnerability assessments can provide improved information for species-
level conservation, which is often the scale at which managers operate. For example, such
assessments will be critical for prioritising actions for species conservation, whether focused

on a species that has different and multiple stressors operating at different life-history stage

26



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

(Hazlitt et al. 2010; Hamilton et al. 2017; Klein et al. 2017), or on determining which

management actions would secure the most threatened species (Joseph et al. 2009).

Where habitats or ecosystems are the focus of protection, they may persist while ecosystem
function is lost, or individual species populations decline severely (Hamilton et al. 2017). The
implications of coarse habitat-level data include poor location-specific management actions to
mitigate certain stressors that cause uneven and varied pressures within an ecosystem. While
protected area design based on ecosystem vulnerability (Jones et al. 2020; Trew et al. 2019;
Klein et al. 2010) can offer broad habitat protection, using trait-based species assessments can
allow for much more precise targeting of protection, thus avoiding potential conflicts over
where to locate conservation areas while still balancing human dependence on marine

resources that are sustainable.

Similarly, where stressors cross ecosystem and political boundaries, such as land-based run-
off, species-level assessments can guide co-management of stressors in relation to particular
species that are affected. For example, molluscs, echinoderms and marine arthropods showed
the highest vulnerability to sedimentation, eutrophication and nutrient pollution, in coastal or
littoral areas. Conservation actions aimed at promoting the persistence of species populations

of these groups can target management of runoff to reduce its impacts on these taxa.

While we developed our framework to be as flexible and broadly applicable as possible, it does
not capture temporal aspects of a species’ vulnerability — it is not able to differentiate between
ongoing or temporary sensitivity, or cumulative sensitivity, nor capture the relative severity or
spatial extent of stressors to which species may be exposed. It is possible therefore that ongoing

stressors, such as those related to climate change, for example increasing ocean temperature
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and ocean acidification, may be underestimated in comparison with one-time factors, such as
entanglement. The ongoing stressors are likely to increase over time and cause more deaths, in
marine mammals for instance, compared to other more temporary stressors. This may confound
understanding of which stressors are more important to address in some cases. For example,
although biomass removal may be the most prominent stressor impacting a marine species now,
climate change may have long-term impacts that have not yet affected that species’
vulnerability and overall impact (e.g., Beaugrand et al. 2003). Similarly, we could not capture
how vulnerability to a stressor may vary with life stage, so a temporary stressor may not have
an impact on adults, for example, but may affect larval stages, which may display different life
history traits to adults, such as in relation to which oceanic zone they inhabit (e.g., Hamilton et

al. 2017).

While we were able to collate and analyse data for a broad range of invertebrate and vertebrate
taxa, there are more than 237,000 marine species listed in WoRMS, and inevitably it was not
possible to include everything. Although we were able to generalize the available species-level
datasets to higher taxonomic levels to represent more species/groups, the current analysis does
not cover marine plants, algae, and phytoplankton, and these could be promising targets for
future trait-based research. We included plants and algae early on in the process, however
deriving universal response capacities for plants and animals was problematic with some traits.
For example, body size in animals and in plants confer completely different response capacities
to the same type of stressor: plants could therefore not be meaningfully included in the current
analysis. However, there are macroalgal traits that may confer comparable response potential
to a stressor, for instance, in the case of ocean acidification and biomineralization, where
calcifying (coralline) red algae with high-Mg calcite skeletons are quite sensitive to low

seawater pH (Diaz-Pulido et al 2012). Similarly, temperate and cold-water kelp species that
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have restricted habitat distributions are more vulnerable than species with larger distributions

(Wernberg et al., 2016).

Our vulnerability assessment framework is ambitious, in that it was designed to apply to any
marine invertebrate or vertebrate species. This generality is important, as new species are
increasingly discovered and the use of computer algorithms and machine learning has increased
our capacity to accurately map the distribution of more species: the framework can be tested
and improved as new data are available. While this assessment allows us to measure relative
vulnerability among taxonomic groups, anthropogenic stressors are complex, and the selected
traits are necessarily broad: it is not possible to capture all nuances and details at all levels (e.g.,
indirect impacts such as stressors impacting a target species’ food species were not accounted
for), but represents a reasonable trade-off between tractability, data availability, and accuracy.
Given data limitations in most situations, and especially in our rapidly changing world, realistic
approaches to assessments of vulnerability are needed, and our framework represents such an

approach.

Species are exposed to multiple threats, but extinction risk is not linearly related to the number
of threats they face: it is not a simple question of a species being more at risk the more threats
it faces (Greenville et al. 2020). Our novel global trait framework captures adaptive capacity
and sensitivity for a species, and allows us to identify patterns across traits and taxa, providing
knowledge of species’ vulnerability to a range of anthropogenic stressors, which can guide
effective conservation management action, especially in the absence of comprehensive
information on the direct impact of stressors on the vast majority of marine organisms. In
particular, our framework will be useful for conducting a range of global marine assessments

used to inform international conservation policies and agreements (e.g., Convention on
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Biological Diversity, UN Sustainable Development Goals), which form the foundation for

many national conservation and management actions.

The most prevalent 11 of our 22 anthropogenic stressors are linked with either removal
(targeted fishing and bycatch), substance pollution (nutrient, inorganic, organic, microplastic,
poisons, sedimentation), or global heating (ocean acidification, salinity, water temperature).
Thus, management of these stressors in particular can protect the greatest number of marine
species. Trait-based vulnerability assessments can provide improved information for species-
level conservation, which is often the scale at which managers operate, and our novel
framework can be applied to specific taxa, management units, regions, or threats. Such
assessments will be critical for prioritising actions for species conservation, whether focused
on a species that has different and multiple stressors operating at different life-history stage, or
on determining which management actions would best protect marine biodiversity. In the
absence of species-based vulnerability data, decision makers are forced to use poor and
outdated information, leading to potentially ineffective or inadequate responses to threats to
protect marine biodiversity.

Acknowledgements

Funders: US National Philanthropic Trust. CJK was funded by an ARC Future Fellowship
(FT200100314). We are grateful for advice, data, and expert feedback from: Milani Chaloupka,
Jessica Cheadle, Sandie Degnan, Daphne Fautin, Catherine Lovelock, Thomas Munroe, David
Pollard, Dan Reed, Anthony Richardson, Leslie Roberson, Barry Russell, Abby Smith, John

Spicer.

30



711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727  References
728

729  Anderson RC, Herrera M, Ilangakoon AD, Koya KM, Moazzam M, Mustika PL, Sutaria DN.

730 2020. Cetacean bycatch in Indian Ocean tuna gillnet fisheries. Endangered Species
731 Research 41: 39-53. doi.org/10.3354/esr01008
732

733  Beaugrand G, Brander KM, Lindley JA, Souissi S, Reid PC. 2003. Plankton effect on cod
734 recruitment in the North Sea. Nature 426: 661-664.

735

31



736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

Bender MG, Floeter SR, Mayer FP, Vila-Nova DA, Longo GO, Hanazaki N, Carvalho-Filho
A, Ferreira CEL. 2013. Biological attributes and major threats as predictors of the

vulnerability of species: a case study with Brazilian reef fishes. Oryx 47: 259-265.

doi:10.1017/S003060531100144X

Brooker RM, Munday PL, Brandl SJ, Jones GP. 2014. Local extinction of a coral reef fish

explained by inflexible prey choice. Coral Reefs. 33: 891-6.

Bush A, Mokany K, Catullo R et al. 2016. Incorporating evolutionary adaptation in species
distribution modelling reduces projected vulnerability to climate change. Ecology Letters

19:1468—-1478.

Butt N, Possingham HP, De Los Rios C, Maggini R, Fuller RA, Maxwell SL, Watson JEM.
2016. Challenges in assessing the vulnerability of species to climate change to inform

conservation actions. Biological Conservation.199: 10-15.

Butt N, Gallagher RV, 2018. Using species traits to guide conservation decisions under climate

change. Climatic Change. 151: 317-332. doi.org/10.1007/s10584-018-2294-z

Byrne M, Fitzer S. 2020. The impact of environmental acidification on the microstructure and
mechanical integrity of marine invertebrate skeletons. Conservation Physiology 7: coz062.

doi.org/10.1093/conphys/coz062

Byrne M, Ross PM, Dworjanyn SA, Parker L. 2018. Larval ecology in the face of changing

climate—impacts of ocean warming and ocean acidification. In: Carrier TJ, Reitzel AM,

32



761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

Heyland A. (Eds.) Evolutionary Ecology of Marine Invertebrate Larvae. Oxford

University Press. doi: 10.1093/0s0/9780198786962.003.0017

Carroll AG, Przeslawski R, Duncan A, Gunning M, Bruce B. 2017. A critical review of the
potential impacts of marine seismic surveys on fish and invertebrates. Marine Pollution

Bulletin. doi.org/10.1016/j.marpolbul.2016.11.038

Certain G, Jorgensen LL, Christel I, Planque B, Bretagnolle V. 2015. Mapping the vulnerability
of animal community to pressure in marine systems: disentangling pressure types and
integrating their impact from the individual to community level. ICES Journal of Marine

Science 72: 1470-1482. doi:10.1093/icesyms/fsv003

Chamberlain SA and Szocs E. 2013. taxize: taxonomic search and retrieval in R [version 2;

peer review: 3 approved]. F1000Research 2:191 doi.org/10.12688/f1000research.2-

191.v2

Chessman BC. 2013. Identifying species at risk from climate change: Traits predict the

vulnerability of freshwater fishes. Biological Conservation 160: 40-49

Comte L, Olden JD. 2017. Climatic vulnerability of the world’s freshwater and marine fish.

Nature Climate Change 7: 718-723. DOI:10.1038/NCLIMATE3382

Dawson, T.P., Jackon, S.T., House, J.I., Prentice, [.C., Mace, G.M., 2011. Beyond predictions:

biodiversity conservation in a changing climate. Science 332, 53.

33



786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

Davidson AD, Boyer AG, Kim H, Pompa-Mansilla S, Hamilton MJ, Costa DP, Ceballos G,
Brown JH. 2012. Drivers and hotspots of extinction risk in marine mammals. Proceedings

of the National Academy of Sciences 109: 3395-3400.

Dias MP, Martin R, Pearmain EJ, Burfield 1J, Small C, Phillips RA, Yates O, Lascelles B,
Borboroglu PG, Croxall JP. 2019. Threats to Seabirds: A Global Assessment. Biological

Conservation 237: 525-537

Diaz-Pulido G, Anthony KRN, Kline DI, Dove S, Hoegh-Guldberg O. 2012. Interactions
between ocean acidification and warming on the mortality and dissolution of coralline

algae. Journal of Phycology 48: 32-39.

Drescher M, Perea AH, Johnson CJ, Buse LJ, Drew CA, Burgman MA. 2013. Toward rigorous

use of expert knowledge in ecological research. Ecosphere 4: art83

Estrada A, Morales-Castilla I, Caplat P, Early R. 2016. Usefulness of Species Traits in
Predicting Range Shifts. Trends in Ecology and Evolution 13: 190-203.

http://dx.doi.org/10.1016/j.tree.2015.12.014

Fabri M-C, Pedel L, Beuck L, Galgani F, Hebbeln D, Freiwald A. 2014. Megafauna of
vulnerable marine ecosystems in French Mediterranean submarine canyons: Spatial

distribution and anthropogenic impacts. Deep Sea Research Part II: Topical Studies in

Oceanography 104: 184-207. doi.org/10.1016/j.dsr2.2013.06.016

34


https://www.sciencedirect.com/science/journal/09670645
https://www.sciencedirect.com/science/journal/09670645

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

Fitzer SC, Chan VBS, Meng Y, Rajan LC, Suzuki M, Not C, Toyofuko T, Falkenberg L, Byrne
M, Harvey BP, De Wit P, Cusack M, Gao KS, Taylor P. Dupont S, Hall-Spencer JM,
Thiyagarajan V. 2019. Established and emerging techniques for characterising the
formation, structure and performance of calcified structures under ocean acidification.

In: Oceanography and Marine Biology: An Annual Review 57: 89-126.

Foden WB, Butchart SHM, Stuart SN, ef al. 2013. Identifying the world's most climate change
vulnerable species: a systematic trait-based assessment of all birds, amphibians and corals.

PLoS One, 8: €65427

Gallagher AJ, Orbesen ES, Hammerschlag N, Serafy JE. 2014. Vulnerability of oceanic sharks

as pelagic longline bycatch. Global Ecology and Conservation 1: 50-59.

Gonzalez-Suarez M, Gomez A, Revilla E. 2013. Which intrinsic traits predict vulnerability to

extinction depends on the actual threatening processes. Ecosphere 4: article 76

Greenville AC, Newsome TM, Wardle GM, Dickman CR, Ripple WJ, Murray, BR. 2021.
Simultaneously operating threats cannot predict extinction risk. Conservation Letters. 14:

e12758. https://doi.org/10.1111/conl. 12758

Halpern BS, Selkoe KA, Micheli F, Kappel CV. 2007. Evaluating and Ranking the

Vulnerability of Global Marine Ecosystems to Anthropogenic Threats. Conservation

Biology 21: 1301-1315. https://doi.org/10.1111/5.1523-1739.2007.00752.x

35



834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

Halpern BS, Ebert CM, Kappel CV, Madin EM, Micheli F, Perry M, Selkoe KA, Walbridge S.
2009. Global priority areas for incorporating land—sea connections in marine conservation.

Conservation Letters 2: 189-196. https://doi.org/10.1111/1.1755-263X.2009.00060.x

Halpern BS, Frazier M, Potapenko J, Casey KS, Koenig K, Longo C, Lowndes JS, Rockwood
RC, Selig ER, Selkoe KA, Walbridge S. 2015. Spatial and temporal changes in cumulative

human impacts on the world’s ocean. Nature Communications 6: 7615

doi.org/10.1038/ncomms8615

Halpern BS, Frazier M, Afflerbach J, Lowndes JS, Micheli F, O’Hara C, Scarborough C,
Selkoe KA. 2019. Recent pace of change in human impact on the world’s ocean. Scientific

Reports 9:11609.

Hamilton RJ, Almany GR, Brown CJ, Pita J, Peterson NA, Choat JH. 2017. Logging degrades
nursery habitat for an iconic coral reef fish. Biological Conservation, 210A: 273-280

doi.org/10.1016/j.biocon.2017.04.024.

Hazlitt S, Martin TG, Sampson L, Arcese P. 2010. The effects of including marine ecological
values in terrestrial reserve planning for a forest-nesting seabird. Biological Conservation

143: 1299-1303.

Hobday AJ, Smith A, Stobutzki I, Bulman C, Daley R, Dambacher J, Deng R, Dowdney J,

Fuller M, Furlani D, Griffiths S, Johnson D, Kenyon R, Knuckey I, Ling S, Pitcher R,

Sainsbury K, Sporcic M, Smith T, Turnbull C, Walker T, Wayte S, Webb H, Williams A,

36



858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

Wise B, Zhou S. 2011. Ecological risk assessment for the effects of fishing. Fisheries

Research 108: 372-384.

IUCN Standards and Petitions Subcommittee. 2016. Guidelines for using the IUCN red list
categories and criteria. Version 12. Prepared by the Standards and Petitions Subcommittee

http://www.iucnredlist. org/documents/RedListGuidelines.pdf

Jones KR, Klein CJ, Halpern BS, Venter O, Grantham HS, Kuempel CD, Shumway N,
Friedlander AM, Possingham HP, Watson JEM. 2018. The Location and Protection Status
of Earth’s Diminishing Marine Wilderness. Current Biology 28: 2506-2512.e3

DOI: 10.1016/j.cub.2018.06.010

Jones Kr, Klein CJ, Grantham HS, Possingham HP, Halpern BS, Burgess ND, Butchart SHM,
Robinson JG, Kingston N, Bhola N, Watson JEM. 2020. Area Requirements to Safeguard

Earth's Marine Species. One Earth 2: 188-196 doi.org/10.1016/j.oneear.2020.01.010

Jorgensen LL, Planque B, Thangstad TH, Certain G. 2015. Vulnerability of megabenthic
species to trawling in the Barents Sea. ICES Journal of Marine Science 73: 184-197.

doi:10.1093/icesjms/fsv10

Joseph LN, Maloney, RF, Possingham HP. 2009. Optimal Allocation of Resources among

Threatened Species: a Project Prioritization Protocol. Conservation Biology 23: 328-

338. https://doi.org/10.1111/5.1523-1739.2008.01124 x

37



882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

Juan-Jordd MJ, Mosqueira I, Freire J, Dulvy NK. 2012. Life history correlates of marine
fisheries vulnerability: a review and a test with tunas and mackerel species. CIESM
workshop monograph no. 45—marine extinctions—patterns and processes, 188 p (ed. &

Briand F), pp. 113—128. Monaco: CIESM Publisher.

King JR, McFarlane GA. 2003. Marine fish life history strategies: applications to fishery

management. Fisheries Management and Ecology 10: 249-264.

Klein CJ, Beher J, Chaloupka M, Hamann M, Limpus C, Possingham HP. 2017. Prioritization
of Marine Turtle Management Projects: A Protocol that Accounts for Threats to Different

Life History Stages. Conservation Letters 10: 547-554. https://doi.org/10.1111/conl.12324

Klein CJ, Tulloch VI, Halpern BS, Selkoe KA, Watts ME, Steinback C, Scholz A, Possingham,
HP. 2013. Tradeoffs in marine reserve design: habitat condition, representation, and

socioeconomic costs. Conservation Letters, 6: 324-332 doi.org/10.1111/conl.12005

Klein CJ, Ban NC, Halpern BS, Beger M, Game ET, Grantham HS, Green A, Klein TJ,
Kininmonth S, Treml E, Wilson K, Possingham HP. 2010. Prioritizing land and sea
conservation investments to protect coral reefs. PLoS One. 5(8):e12431. doi:

10.1371/journal.pone.0012431. PMID: 20814570; PMCID: PMC2930002.

Laidre K, Stirling I, Lowry LF, Wiig O, Heide- Jorgensen MP, Ferguson SH. 2008. Quantifying

the sensitivity of Arctic marine mammals to climate-induced habitat change. Ecological

Applications 18: 97-125.

38


https://doi.org/10.1111/conl.12324

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

Laist DW. 1997. Impacts of Marine Debris: Entanglement of Marine Life in Marine Debris
Including a Comprehensive List of Species with Entanglement and Ingestion Records.
In: Coe JM, Rogers DB (Eds.). Marine Debris: Sources, Impacts, and Solutions. New

York, NY: Springer New York. p. 99-139.

Lee JR, Maggini R, Taylor MFJ, Fuller RA. 2015. Mapping the drivers of climate change

vulnerability for Australia's threatened species. PLoS ONE 10: 0124766

Mace GM, Collar NJ, Gaston KJ et al. 2008. Quantification of extinction risk: [UCN's system

for classifying threatened species. Conservation Biology 22:1424—1442.

Markovic D, Carrizo SF, Kédrcher O, Walz A, David INW. 2017. Vulnerability of European
freshwater catchments to climate change. Global Change Biology 23: 3567-3580.

https://doi.org/10.1111/gcb. 13657

Martin TG, Burgman MA, Fidler F, Kuhnert PM, Low-Choy S, McBride M, Mengersen K.

2012. Eliciting expert knowledge in conservation science. Conservation Biology 26:29-38

Maxwell, S., Hazen, E., Bograd, S.ef al 2013. Cumulative human impacts on marine

predators. Nature Communications 4, 2688. doi.org/10.1038/ncomms3688

McBride MF, Garnett ST, Szabo JK. et al. 2012. Structured elicitation of expert judgments for

threatened species assessment: a case study on a continental scale using email. Methods in

Ecology and Evolution. 3: 906-920.

39



932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

Morse JW, Arvidson RS, Lu'ttge A. 2007.Calcium carbonate formation and

dissolution. Chemical Reviews 107: 342-381

O’Hara CC, Frazier M, Haplern BS. 2021. At-risk marine biodiversity faces extensive,
expanding, and  intensifying  human  impacts. Science  372: 84-87

doi:10.1126/science.abe6731

Olden JD, Hogan ZS, Vander Zanden MJ. 2007. Small fish, big fish, red fish, blue fish: size-
biased extinction risk of the world's freshwater and marine fishes. Global Ecology and

Biogeography. 16: 694-701.

Ormseth OA, Spencer PD. 2011. An assessment of vulnerability in Alaska groundfish.

Fisheries Research 112: 127-133. doi:10.1016/j.fishres.2011.02.010

Pearson RG, Phillips SJ, Loranty MM, Beck PSA, Damoulas T, Knight SJ, Goetz SJ. 2103.
Shifts in Arctic vegetation and associated feedbacks under climate change. Nature Climate

Change 3: 673-677

Pecl GT, Araujo MB, Bell JD, Blanchard J, Bonebrake T, Chen IC, ... Williams SE. 2017.

Biodiversity redistribution under climate change: Impacts on ecosystems and human well-

being. Science 355: 1- 9

Peng C, Zhao X, Liu G. 2015. Noise in the Sea and Its Impacts on Marine Organisms. Int J

Environ Res Public Health. 12; 12304-23.

40



957  Polidoro B, Matson CW, Ottinger MA, Renegar DA, Romero IC, Schlenk D, Wise JP,

958 Gonzalez JB, Bruns P, Carpenter KE, Cobian Rojas D, Collier TK, Duda TF, Gonzalez-
959 Diaz P, Di Giulio R, Grubbs RD, Haney JC, Incardona JP, Horta-Puga G, Linardich C,
960 Moore JA, Pech D, Perera Valderrama S, Ralph GM, Strongin K, Ringwood AH, Wiirsig
961 B. 2020. A Multi-taxonomic Framework for Assessing Relative Petrochemical
962 Vulnerability of Marine Biodiversity in the Gulf of Mexico. Science Total Environ 2020:
963 142986

964

965 R Core Team (2021). R: A language and environment for statistical computing. R Foundation
966 for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

967

968  Slatyer RA, Hirst M, Sexton JP. 2013. Niche breadth predicts geographical range size: a
969 general ecological pattern. Ecology Letters 16:1104—-1114

970

971  Stelfox M, Hudgins J, Sweet M.2016. A review of ghost gear entanglement amongst marine
972 mammals, reptiles and elasmobranchs. Marine Pollution Bulletin 111: 6-17.

973

974  Stelzenmiiller V, Ellis JR, Rogers SI. 2010 Towards a spatially explicit risk assessment for

975 marine management: Assessing the vulnerability of fish to aggregate extraction. Biological
976 Conservation 143: 230-238. doi.org/10.1016/j.biocon.2009.10.007
977

978  Sunday JM, Pecl GT, Frusher S, Hobday AJ, Hill N, Holbrook NJ, et al. 2015. Species traits

979 and climate velocity explain geographic range shifts in an ocean-warming
980 hotspot. Ecology Letters 18: 944-953. doi: 10.1111/ele.12474 doi: 10.1111/ele.12474
981

41



982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

Taylor BM, Houk P, Russ GR, Choat JH. 2014. Life histories predict vulnerability to
overexploitation in parrotfishes. Coral Reefs 33: 869-878. doi:10.1007/s00338-014-1187-

5

Trew BT, Grantham HS, Barrientos C, Collins T, Doherty PD., Formia A, Godley BJ, Maxwell
SM, Parnell RJ, Pikesley SK, Tilley D, Witt MJ, Metcalfe K. 2019. Using Cumulative

Impact Mapping to Prioritize Marine Conservation Efforts in Equatorial Guinea. Frontiers

in Marine Science 6: 717 doi.org/10.3389/fmars.2019.00717

Vaquer-Sunyer R, Duarte CM. 2008. Thresholds of hypoxia for marine biodiversity.

Proceedings of the National Academy of Sciences 105: 15452-7.

Walls RHL, Dulvy NK. 2020. Eliminating the dark matter of data deficiency by predicting the
conservation status of Northeast Atlantic and Mediterranean Sea sharks and rays.

Biological Conservation 246: 108459

Watling L. 2019. Macrofauna. In: Cochran K, Bokuniewicz HJ, Yager PL. (Eds.)
Encyclopaedia of Ocean Sciences (Third Edition). Academic Press. pp728-734.

doi.org/10.1016/B978-0-12-409548-9.11069-3

Waycott M, Duarte CM, Carruthers TJB, Orth RJ, Dennison WC, Olyarnik S, Calladine A,
Forqurean JW, Heck KL, Hughes AR, Kendrick GA, Kenworthy WJ, Short FT, Williams

SL. 2009. Accelerating loss of seagrasses across the globe threatens coastal ecosystems.

Proceedings of the National Academy of Sciences USA 106: 12377— 12381.

42



1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

Wedekin LL, Engel MH, Andriolo A, Prado PI, Zerbini AN, Marcondes MMC, Kinas PG,
Simdes-Lopes PC. 2017. Running fast in the slow lane: rapid population growth of

humpback whales after exploitation. Marine Ecology Progress Series 575:195-

206. https://doi.org/10.3354/meps12211

Wernberg T, Bennett S, Babcock RC, De Bettignies T, Cure K, Depczynski M, Dufois F,
Fromont J, Fulton CJ, Hovey RK, Harvey ES, Holmes TH, Kendrick GA, Radford B,
Santana-Garcon J, Saunders BJ, Smale DA, Thomsen MS, Tuckett CA. Tuya F,
Vanderklift MA, Wilson S. 2016. Climate-Driven Regime Shift of a Temperate Marine

Ecosystem. Science 353: 169-172.

Wickham H, Averick M. Bryan J, Chang W, McGowan LD, Frangois R, Grolemund G, Hayes
A, Henry L, Hester J, Kuhn M, Pedersen TL, Miller E, Bache SM, Miiller K, Ooms J,
Robinson D, Seidel DP, Spinu V., ... Yutani, H. 2019. Welcome to the tidyverse. Journal

of Open Source Software 4: 1686. doi.org/10.21105/joss.01686

Williams JM, Tasker ML, Carter IC, Webb A. 1995. A method of assessing seabird
vulnerability to surface pollutants. Ibis 137: S147-S152 doi/epdf/10.1111/j.1474-

919X.1995.tb08435.x

Wohlin C. 2014. Guidelines for snowballing in systematic literature studies and a replication
in software engineering. EASE 14: Proceedings of the 18th International Conference on

Evaluation @ and  Assessment  in Software Engineering 38: 1-10

doi.org/10.1145/2601248.2601268

43



1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

WoRMS Editorial Board (2021). World Register of Marine Species. Available from

https://www.marinespecies.org at VLIZ. Accessed 2021-04-22. doi:10.14284/170

Table 1: Species traits used for assessing the vulnerability of any marine species to stressors,
as related to sensitivity and adaptive capacity. For each trait, we list categories used in the
assessment. See Table S2 for full category definitions and summaries for sensitivity and
vulnerability in relation to the trait, details on the habitat types, depth and zones.

Trait category/units

Movement (Range shift velocity)

adult mobility sessile; sedentary; passive; vertical migrator; mobile resident; horizontal migrator; nomadic

planktonic larval duration (PLD) log scale (<1 day; <1 week; <1 month; <4 months; 4 months -1yr; >1yr; no larvae)

R (Reproductive Traits)

reproductive strategy sexual dioecious; sexual hermaphrodite; asexual; colonial

fecundity <l/per year; 1-2; 2-5; 5-10; 10-20; 20-50; 50-100; 100-1000; 1000-10,000; >10,000
number of lifetime reproductive opportunities 1;2-10; 11-25;26-50; 51-100; 100+

age to 1st reproduction/generation time >20yrs; 10-20yrs; 5-10yrs; 1-5yrs; <lyr

max age >100yrs; 20-100yrs; 10-20yrs; 5-10yrs; 1-5yrs; 3months-1yr; <3months
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parental investment

post-birth/hatching parental dependence
global population size

Are there sub-populations?

feeding larva (post-hatching metamorphosis)

can the sex ratio be altered by temperature?

Specialization

physiological tolerance breadths

thermal — preferred tolerance range (°C)

thermal - sensitivity to heat spikes/heat waves

Salinity
pH

dissolved oxygen (changes in)

sensitivity to wave energy (physical forcing)

photosynthetic

air-sea interface

dependent habitats + condition
habitat forming

terrestrial and marine life stages

extreme diet specialization

live birth/ egg care; spawner; egg-layer (unattended)
>year; month-year; week-month; <week; NA
<1000; 1K-10K; 10K-100K; 100K-1M; >1M

yes; no

Larval type: feeding; non-feeding; no larva; NA

yes; no

0-2.5;2.5-5;5-7.5;7.5-10; 10-15;>15

yes; no

stenohaline; euryhaline; NA

<7.4;7.5-7.7;7.8-8.2 pH categories - use change over the year to derive tolerance
low tolerance; medium tolerance; high tolerance; air breathers
sensitive; not sensitive; NA (e.g. sea grass/limpet/whale)

yes; no

floating; yes; no

yes; no (across and within stage)

yes; no

yes; no

specialist; generalist; NA

dependent interspecific interactions yes; no

breeding/nesting range/number of spawning aggregations (fish) one; few; many; does not aggregate; NA
sub-population dependence on particular sites yes; no

foraging range no. of sites, incl. terrestrial wetlands one; few; many; NA
sub-population dependence on particular sites yes; no

Spatial Scale of species

Extent of Occurrence (EOO) (range) <99km?; 100-4999; 5000-19,999 >20,000

depth (min/max) air, epipelagic; mesopelagic; bathypelagic; abyssopelagic; hadopelagic
zone intertidal; neritic; oceanic; demersal; benthic

Biophysical Traits

adult body mass/body size >1000 mm; 50 mm-999 mm; 0.5-49 mm; <0.4 mm

calcium carbonate structure location none; internal; external with a cover; external; in external; protein matrix/in cellulose cell wa
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1048
1049

calcium carbonate structure stages

biomineral

flight

communication requirement (sound)

navigation requirements (sound or light, or magnetic)
extreme pressure wave sensitive structures

respiration structures

none; larvae; adult; both

aragonite; High-Mg calcite; calcite; chitin/CaCO; mix; silicate; other

yes; no
yes; no

Light; sound; magnetic; none
high; medium; low sensitivity

lungs; gills; skin; diffusion; pneumatophores; filter feeders
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Figure legends

Figure 1: A species’ vulnerability to a stressor is made up of its sensitivity and adaptive
capacity (intrinsic factors, determined by biological characteristics, or traits), which combine
with exposure (to the threat, an external factor), to give the overall impact of the stressor

(Source: Butt et al. 2016).

Figure 2: Overview of the different steps in the analysis, including expert elicitation to develop
the traits framework (left), and development of the traits-stressor matrix from which the

vulnerability scores were derived (right).

Figure 3: Relative vulnerability scores across all stressors and taxa. Boxplot mid-line indicates
median; red point indicates mean; boxes are the interquartile range and whiskers indicate the
furthest point within 1.5x interquartile range; dots represent outliers outside that distribution.
The taxa are grouped into vertebrates and invertebrates, ordered by decreasing overall
vulnerability. The stressors are ordered by decreasing impact: biomass removal; organic
pollution; inorganic pollution; sedimentation; microplastic pollution; poisons & toxins;
eutrophication & nutrient pollution; bycatch; increasing water temperature; changes in salinity;
ocean acidification; habitat loss & degradation; light pollution; increasing storm disturbance;
oceanographic processes; macroplastic pollution; increasing ultraviolet radiation; sea level

rise; increasing air temperature; noise pollution; wildlife strike; invasive species.

Figure 4: Mean vulnerability for the top three stressors for each broad threat (pollution, fishing,

climate change), and the top four vulnerable taxa.
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Figure 5: Proportion of trait categories conferring sensitivity to a) pollution-related stressors

(top, in dark blue), and b) climate change-related stressors (bottom, in turquoise).
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Supplementary Information Section 1

Table S1: Taxonomic groups used to develop trait framework

Table S2: Species traits used for assessing the vulnerability of any marine species to stressors,
as related to sensitivity and adaptive capacity, including full category definitions and
summaries for sensitivity and vulnerability in relation to the trait, details on the habitat types,
depth and zones. For each trait, we indicate which categorical or binary category was used in

the assessment.

Table S3: 22 anthropogenic stressors used in the analysis: explicit pathways, activities, and

drivers.

Table S4: Reference database for literature used inform vulnerability values, listing stressors

and trait categories.

Table S5: Full references for Table S4.

Table S6: Vulnerability scores for each taxon and stressor.
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Supplementary Information Section 2

S2.1. Sensitivity testing of scaling and ranking of vulnerability

Figure S2.1. Sensitivity testing of scaling and ranking of vulnerability

Figure S2.1.2: Distribution of vulnerability scores by taxon for three scoring functions.

Distributions represent average vulnerability across all stressors.

Figure S2.1.3: RMS shift in normalized rank by stressor, across all assessed species.

Figure S2.1.4: RMS shift in normalized rank across all stressors, by taxon.

S2.2 Gap-filling sensitivity analysis

Figure S2.2.1: RMSE of imputed vulnerability score using leave-one-out cross-validation, for

each stressor and taxon at various taxonomic ranks.
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