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Marine bivalves are important components of ecosystems and exploited by
humans for food across the world, but the intrinsic vulnerability of exploited
bivalve species to global changes is poorly known. Here, we expand the list of
shallow-marine bivalves known to be exploited worldwide, with 720 exploited
bivalve species added beyond the 81 in the United Nations FAO Production
Database, and investigate their diversity, distribution and extinction vulner-
ability using a metric based on ecological traits and evolutionary history. The
added species shift the richness hotspot of exploited species from the
northeast Atlantic to the west Pacific, with 55% of bivalve families being
exploited, concentrated mostly in two major clades but all major body plans.
We find that exploited species tend to be larger in size, occur in shallower
waters, and have larger geographic and thermal ranges—the last two traits are
known to confer extinction-resistance in marine bivalves. However, exploited
bivalve species in certain regions such as the tropical east Atlantic and the
temperate northeast and southeast Pacific, are among those with high intrinsic
vulnerability and are a large fraction of regional faunal diversity. Our results
pinpoint regional faunas and specific taxa of likely concern for management
and conservation.

M Check for updates

Knowledge of the diversity, traits and geographic distribution of
marine species harvested for human use is essential for conserving
marine biodiversity and predicting its future under global change'”.
However, comprehensive lists of exploited species and information
about their biology are still lacking for most groups of marine
invertebrates’ . Marine bivalves are important components of marine
ecosystems’ that are increasingly exploited by commercial and arti-
sanal fisheries on a global scale'®™. The United Nations Food and
Agriculture Organization (FAO) tracks the annual catch of seafood taxa
across the world, but data gaps remain for many regions and taxa™ ¢,
including bivalves. Even if those data gaps involve taxa with low total

catch, consideration of their ecology and vulnerability to over-
exploitation is still critical owing to the many ecosystem services
provided by bivalves, ranging from ecosystem engineering to their role
in many marine food webs. Assessing extinction risk in both taxonomic
and biogeographic contexts can strengthen conservation planning and
management”?, and is especially desirable when such species loss
might affect ecosystem function? .

Despite the growing catch of marine bivalves™ ?~°, their vulner-
ability to over-exploitation and other anthropogenic pressures®>* is
poorly understood***?*, and direct evaluations of their population
sizes and/or conservation status are scarce”. For such under-studied
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taxa, vulnerability models based on biological traits correlated with
extinction risk offer a powerful, cost-effective tool for guiding formal
risk assessments®***, The rich fossil record of bivalves provides direct
correlates of their extinction with biological and biogeographic traits,
thus informing predictive models of intrinsic vulnerability for indivi-
dual taxa under environmental changes®>*”**. While some aspects of
anthropogenic global change are unprecedented in geologic history,
these intrinsic vulnerability models can provide a baseline assessment
for identifying geographic regions and phylogenetic clades most sus-
ceptible to environmental and climatic instability?**.

Here, we expand the global list of bivalve species harvested for
human use (here termed exploited species) using an extensive litera-
ture search. We then analyze the phylogenetic distributions, biological
traits, and biogeography of these species to assess their intrinsic vul-
nerabilities to ongoing and future global change. We test for differ-
ences between exploited and nonexploited species across several
traits previously suggested as predictors of extinction-resistance in
marine bivalves and many other clades: body size***’, minimum
bathymetry*®*°, geographic range**~?, thermal range**™, and within-
clade taxonomic turnover measured in the fossil record, i.e., clade
volatility***’. To hypothesize the intrinsic extinction vulnerability of
exploited relative to non-exploited species, geographic and thermal
range sizes were combined with clade volatility into the PERIL metric
(Paleontological Extinction Risk In Lineages), which was defined using
known extinction drivers of bivalves and tested on their young fossil
record (<5 Ma)”.

Following previous studies, we expected that exploited species of
bivalves would be larger-bodied®*® and would occur in shallow subtidal
or intertidal waters; larger geographic and thermal ranges would also
increase their accessibility at regional and global scales. These features
may also be correlated with intrinsic extinction resistance, but how
those traits are associated with other features, including clade volati-
lity, was unclear. We also expected most exploited species to be tro-
pical, given that bivalve species richness peaks in lower latitudes®*,
but the proportion of exploited species might instead relate to areas
with long-standing traditions of extracting marine invertebrates. Our
trait-based approach identifies intrinsically vulnerable bivalve species,
and pinpoints lineages and coastal regions with disproportionally high
fractions of extinction-prone exploited species, helping to prioritize
areas for further survey and conservation effort.

Results

Phylogenetic distribution of exploited species

The literature survey added 720 exploited species (including 490 from
FAO Field and Regional Guides) to the 81 species known from FAO
Production Dataset (Dataset S1 for sources). The total of 801 exploited
species spans 44 of 80 families analyzed here (Fig. 1a), and the
720 species added in this study alter the spatial distribution of
exploited species compared to the FAO Production Dataset (Fig. 2, see
below). Exploited species tend to belong to species-rich families, and
the number of exploited species in a family increases with total species
richness (Fig. 1b, Supplementary Code). The families containing
exploited species tend to be weakly clustered on the phylogeny (phylo-
D =0.64, p = 0.05) but not following strict Brownian motion (p = 0.028;
Fig. 1a; Fig. S1). The proportion of exploited species in a family also
shows a weak phylogenetic signal (1=0.33; K=0.63, p=0.05 com-
pared to random distributions), but the absolute number of exploited
species does not (1< 0.001; Fig. S1).

Biological traits of exploited species

As predicted, exploited species tend to have larger shell sizes than non-
exploited species, as well as shallower minimum bathymetric occur-
rences and larger geographic and thermal ranges (Fig. 3a-d). Shell size
has the strongest relative effect on predicting exploitation, followed
by approximately equivalent effects of geographic range size, thermal

range, and minimum bathymetry (Fig. 3f). Although some differences
in exploitation by functional category appear when considering
bivalves as a whole (Fig. 3e), after accounting for family-level differ-
ences and marginalizing across the continuous traits, only the mode of
attachment shows a credible effect on exploitation (Fig. 3f); attached
species are more likely to be exploited than unattached ones.

Intrinsic vulnerability of exploited species

Families with and without exploited species have similar per-capita
extinction rates during the Cenozoic (g) (Table S1). PERIL scores, which
express variation along trait axes as hypotheses for overall intrinsic
extinction vulnerability, show that exploited species do not follow the
same distribution of scores for non-exploited species (Kolmogorov-
Smirnov test: D =0.20, p <0.001). The modeled probability of exploi-
tation decreases with increasing PERIL scores (Fig. 4a, Fig. S3).
Exploited species do not have exclusively low PERIL scores (Fig. 4a; top
10 listed in Table 1), with 30% of the species reported in the FAO
Production Dataset (24 of 81 species) scoring higher than the global
median, of which 7 species (9%) rank above the global 80% quantile
(species in each vulnerability category had similar levels of exploita-
tion between 1950-2018, Fig. 4b).

Biogeography of exploited species

Exploited bivalve species occur along all major coastlines except
Antarctica (Fig. 2b, but note that the FAO recognizes potentially
exploitable species in these waters®?, too). Mapped in 50 x 50 km grid
cells, the number of exploited species peaks in the tropical west
Pacific, the global hotspot of total bivalve richness (Fig. 2b, c). How-
ever, less than 25% of the species in this region are documented as
exploited (Fig. 2d). The proportion of exploited species tends to be
higher along the eastern margins of ocean basins, where the regional
faunas are less rich than the west Pacific and most western margins
(Fig. 2d, Figs. S4, S5). Comprehensive geographic information of
bivalve exploitation is lacking, but these patterns based on their nat-
ural occurrences reflect the broadest possible spatial impact that
fisheries may have on regional biodiversity.

Although exploited species tend to have lower intrinsic vulner-
ability than non-exploited species at the global scale, exploited species
can have relatively high intrinsic vulnerability within certain regions.
Compared to the tropics, exploited species found along temperate
and north polar coastlines are a larger proportion of the intrinsically
vulnerable species (using the median PERIL scores, i.e. 50% quantile;
Fig. 5a, b, Figs. S7, S8), and these regions also have higher proportions
of vulnerable species being exploited overall (Fig. 5c, d). Greater pro-
portions of highly vulnerable, exploited species are in temperate
regions (Fig. 5g, h, Fig. S9), in terms of raw numbers, but the most
vulnerable exploited bivalves (PERIL score higher than 80% species
globally or regionally) are concentrated on both coasts of Central
America and the west coast of Africa; the pattern remains at both lower
and higher threshold values, see Figs. S10, S11).

Discussion

Expanded global inventory

Humans exploit many more marine bivalve species than suggested by
the current phylogenetic and geographic scope of the FAO Production
Database. Most information in the primary literature on exploited
species is limited to simple characterizations that they are harvested
and/or consumed by humans, but these data now expand the FAO
production inventory from 81 to 801 bivalve species, and from 17 to 44
families—an expansion that is probably still incomplete. Most added
diversity is from the heavily exploited major groups covered by the
FAO: the Imparidentia and Pteriomorphia (Fig. 1a). Still, we recovered
exploited species from unexpected phylogenetic positions: among the
mostly small-bodied and deep-sea Protobranchia and Anom-
alodesmata, and among the mostly small-bodied Archiheterodonta
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Fig. 1| Phylogenetic distribution and species richness of exploited marine
bivalve families. Across the 6127 shallow-marine bivalves evaluated here, exploited
species cluster phylogenetically from '’. Families containing exploited bivalve
species (n =44 out of 80, labeled in red and flagged with ‘(F)’ if recorded in the FAO
Production Database in panel a). These families also tend to be species-rich today
(panel b), and show a positive correlation between the number of exploited species
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Fig. 2 | Global distribution of marine bivalves and their exploited species. The
geographic distribution of exploited bivalve species (b) mirrors the richness dis-
tribution of shallow-marine bivalve species today (c), but does not coincide with (a)
the distribution of exploited species in FAO data, or the proportion of exploited

and total richness (shown by points along the top axis). The violins represent
smoothed density of the data, with white dots representing the medians and thick
black bars representing the 25-75% quantiles. Clade abbreviations: PROTO. Pro-
tobranchia; AH. Archiheterodonta; PA. Palaeoheterodonta. Source data are pro-
vided as a Source Data file.
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species in a 50 x 50 km grid cell. The distributions of exploited species encom-

passes their natural ranges but do not necessarily reflect where they have been
exploited by humans. Source data are provided as a Source Data file.

(Fig. 1a). Thus, for this dataset, humans exploit ~13% of shallow-marine
bivalve species richness, half of its family-level phylogenetic diversity,
and virtually all of its major body plans.

Despite reporting catch data from 58 different countries or
regions (as recognized by the United Nations), the geographic
coverage of the FAO is spatially biased. Between 1950-2018, catch
from only three species was reported in southeast Asia and none
from mainland China—two biodiverse regions (Fig. 2¢c; Fig. S12) with
intensive use of bivalves as food sources****, where other exploi-
ted species in the FAO dataset are known to occur naturally
(Fig. 2b). By comparison, less biodiverse regions such as southern
Europe and the Americas reported more than 20 exploited species

in recent years (Fig. S12). The 720 exploited species added in this
expanded dataset mostly come from the tropical west Pacific fauna
(270 species), the Indian Ocean (247 species) and the temperate
west Pacific fauna (176 species), where the FAO has fewer data
(compare Fig. 2a,b). Many of those species likely represent local or
regional artisanal fisheries that fall beyond the remit of the
FAQP'¢'1865%¢  Monitoring these populations remains important
because their local extinction by overexploitation can have large
impacts on ecosystem health and regional economies®*"¢, Fur-
ther, surveying the extent of exploitation, and its impact on
exploited populations will provide crucial information for sustain-
able management.
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Fig. 3 | Biological traits of exploited species. Relationships between biological
traits and exploitation of 6127 bivalve species. a-d Distributions of exploited (red)
and non-exploited (black) species across the four continuous traits (shell size,
minimum bathymetry, geographic range size, and thermal range). Points and
segments below histograms show the median (point), middle 50% (thicker bar), and
inner 95% (thinner bar) distributions. The ‘D’ and ‘p’ values show results of one-
sided Kolmogorov-Smirnov two-sample test. e The proportion of exploited species
in each functional category (also indicated by points), with lines at the end of the
bars indicating the 95% confidence intervals based on a binomial distribution
(species counts per functional group in Fig. S2). f Estimated effects of traits on

Coefficient estimate [Model 2]

exploitation of species from Model 2 with the mean (points) and 95% credible
intervals (lines, see full model fit in Supplementary Code). Values above zero
indicate a positive correlation between a trait and exploitation, so that the prob-
ability of a species being exploited increases with shell size, and wider thermal and
geographic ranges, and declines with increasing minimum bathymetry. Magnitude
of coefficients reflects relative effect sizes. Differences between functional cate-
gories expressed as differences from the model intercept, so that attached species
have a higher probability of being exploited than unattached ones. Source data are
provided as a Source Data file.
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Fig. 4 | Intrinsic vulnerability of exploited species, and temporal trends in
annual catch (where known). a Exploited species tend to have lower PERIL scores
after accounting for the family membership effect (Model 2), owing to their larger
geographic and thermal ranges (Fig. 3c, d; n =801 out of 6127 species). Panel
description as for Fig. 3a-d, with the ‘D’ and ‘p’ values showing results of one-sided
Kolmogorov-Smirnov two-sample test. b The 81 bivalve species reported by the
FAO Production database through 1950-2018 also include species with PERIL

scores above the global median (orange) and even the 80% quantile (red), but
species in each category have similar mean annual production to species with
lower-PERIL scores (blue). Thick lines represent the median of species annual
production for each PERIL category and the shaded polygons show the 25-75%
quantiles. Years with zero production were excluded in the calculation and one
species, Arca zebra, was only reported to be exploited in Bermuda but without any
production data. Source data are provided as a Source Data file.

Nature Communications | (2023)14:4639



Article

https://doi.org/10.1038/s41467-023-40053-y

Table 1| The 10 most vulnerable exploited bivalve species

Family Species Size MB GRA TR Feeding Attachment Mobility Position PERIL

Ostreidae Crassostrea saidii Wong & Sigwart in ~ 84.9 2 12 25 suspension attached immobile epifaunal 0.901
Sigwart et al. 2021

Pectinidae Euvola marensis (Weisbord 1964) 86.9 25 1,868,127 7.2 suspension unattached mobile infaunal* 0.685

Pectinidae Leopecten stillmani (Dijkstra 1998) 84.6 55 44,344 14.5 suspension unattached mobile epifaunal 0.680

Pectinidae Euvola laurentii (Gmelin 1791) 101.0 3,218,016 9.1 suspension unattached mobile infaunal* 0.654

Ostreidae Saccostrea malabonensis (Faus- 58.0 463,159 71 suspension attached immobile epifaunal 0.643
tino 1932)

Veneridae Ventricoloidea lyra (Hanley 1845) 39.9 1 23,439 5.2 suspension unattached mobile infaunal 0.638

Pectinidae Argopecten purpuratus 1571 [0} 1,384,288 12.8 suspension unattached mobile epifaunal 0.630
(Lamarck 1819)

Pectinidae Annachlamys kuhnholtzi (Ber- 96.7 4 3,099,169 1.8 suspension attached mobile epifaunal 0.626
nardi 1860)

Pectinidae Equichlamys bifrons (Lamarck 1819)  132.5 1 1,009,489 14.6 suspension unattached mobile epifaunal 0.617

Pectinidae Aequipecten flabellum (Gmelin 1791)  74.1 1 3,410,268 12.4 suspension attached mobile epifaunal 0.616

Vulnerability was evaluated based on PERIL score and their biological traits, including shell size (Size, mm), minimum bathymetry (MB, m), geographic range area (GRA, km?), thermal range (TR, °C)
and functional categories. Total ranges for these traits in Fig. 3 and for PERIL in Fig. 4a. The species included in the FAO Production Database is indicated in bold.

*Euvola is a semi-infaunal genus, treated as infaunal for the binary classification used here.

Intrinsically vulnerable clades and traits

Whether a bivalve family contains exploited species is phylogenetically
structured, suggesting that further exploitation is likely to occur within
those families and larger clades, such as the Pteriomorphia, a higher
taxon rich in exploited species in both absolute and relative terms (e.g.
compared to the more diverse Imparidentia). The number of exploited
species within their respective families does not show a phylogenetic
signal, presumably owing to factors such as total species richness and
family-level biogeography. However, improved phylogenetic resolu-
tion in future studies may yield finer-scale phylogenetic signals within
families, e.g. related to body size or bathymetry.

If overexploitation drives the decline or extinction of large-bodied
and widespread species, exploitation will likely shift along phyloge-
netic lines towards confamilial species’, which will be smaller-bodied
and narrower-ranging and thus more extinction-prone®*¢4”°%%°_Such
shifts towards the more vulnerable pool of exploited species have been
documented in terrestrial vertebrates' and edible plants®. In bivalves,
scallops and oysters may be on this path, as they have among the
highest proportions of exploited species with high intrinsic vulner-
ability (i.e. in the top 20% PERIL scores: 26 of 62 exploited Pectinidae
species and 9 of 38 exploited Ostreidae; see also Table 1); the two
families thus appear to be clear priorities for further assessment and
monitoring. For example, the pectinid Hinnites corallinus has recently
been flagged as “potentially exploitable””® but is in the top 2% of
bivalve PERIL scores and so is highly vulnerable. Beyond their use as a
human food source, the Ostreidae and Pectinidae are particularly
important components of natural food webs and include ecosystem
engineers that clean the water column by filtering suspended sediment
and microbes””7* and create hard substrata including “reefs” that
reduce shoreline erosion and support higher diversity of commercially
important fishes’. Extinctions or severe declines in the abundance of
such species and other exploited species, including tellinids, whose
siphons are a major food source for exploited demersal fishes such as
flounder®, could have cascading bottom-up effects on marine
biodiversity**”7>’¢, Fossil data indicate that scallops are especially
extinction-prone, with the second highest Cenozoic extinction rate
among bivalve families®, and this may amplify their intrinsic vulner-
ability to exploitation and environmental change today &7,

Perhaps paradoxically, traits associated with the exploitation in
marine species also increase their extinction resistance. Exploited
bivalve species tend to have large thermal ranges (and overall lower
PERIL scores), suggesting a potential for physiological tolerance to
changing temperature and thus lower extinction risk®¢*”°. Exploited

bivalve species also tend to have larger body sizes, which is not sur-
prising as larger bodies provide a higher nutritional return per
specimen’. Large body size also relates to higher fecundity, thus pro-
moting replenishment of exploited populations and extinction-resis-
tant, broad geographic ranges®**2. However, some exploited species
do have narrow geographic ranges and are in families with histories of
high extinction rates, and thus are among the most intrinsically vul-
nerable bivalves (Fig. 3, Table 1). More importantly, even the most
fecund and widespread bivalves—otherwise well suited to cope with
global environmental and climatic changes**®* and even artisanal
harvest®**—cannot withstand intense industrial exploitation®**¢, For
example, the collapse of large-bodied, intertidal and shallow subtidal
Eastern Oysters before the 20th-Century®>*”* shows that exploitation
alone can quickly reduce biological and ecological diversity in regional
faunas.

Biogeography of vulnerability

Exploited bivalve species and their intrinsic vulnerabilities are also
distributed unevenly across geographic regions, and our analyses
provide a global picture of where further monitoring and conservation
efforts would be especially worthwhile. Exploited species comprise a
greater fraction of regional diversity outside of the global marine
biodiversity hotspot, suggesting a disproportionate impact on certain
regional faunas. The high proportion of exploited species on the
southeastern coastlines of the Atlantic and Pacific coincide with high-
intensity upwelling®’, which elevate nutrient availability and, at least in
some bivalve clades, body sizes’®”" (and thus their exploitability,
Fig. 3a); however, we find inconsistent differences in the body sizes of
bivalves in these regions compared to those with lower-intensity
upwelling (Fig. S6). A nonexclusive alternative is that the high pro-
portion of exploited species might result from a drop in total diversity
relative to neighboring regions’?, in combination with the tendency
of exploited species to be widespread, rather than an increase in
numbers of exploited species (cf. Figure 2c, d). Exploited species with
high intrinsic vulnerability do not entirely coincide with these regions
of high proportional exploitation. The two areas overlap along the
temperate southeast Pacific (cf. Figure 2d, Fig. 5h), but intrinsically
vulnerable species also reach high numbers along the northeast Paci-
fic, tropical east Atlantic and tropical to southwest Atlantic (Fig. 5h).
The uneven distribution of intrinsic vulnerabilities may derive from the
narrow thermal and geographic ranges imposed by steep climatic
gradients and narrow coastlines, as seen along the entire east Pacific
and parts of the tropical east Atlantic. Thus, certain regions lacking
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Fig. 5 | Spatial patterns of intrinsic vulnerability in exploited species. Exploited
species occurring in north temperate and polar regions are most prone to extinc-
tion (a, b) and large proportions of the vulnerable species occurring in these

regions are being exploited by humans (c, d). Geographic variation was also found
in the absolute number (e, f) and proportion (g, h) of exploited species among the

highly vulnerable (top 20%). All maps are in 50*50 km grid cells and the distribution
of exploited species do not reflect where the species have been exploited by
humans but rather they naturally occur. Vulnerable species are defined by the
global (a, ¢, e, g) and region-specific (b, d, f, h) thresholds. Source data are pro-
vided as a Source Data file.

high proportional exploitation harbor exploited species having high
intrinsic vulnerability, representing additional areas of potential con-
cern and thus candidates for targeted studies (i.e. the southwest
Atlantic and tropical east Atlantic Fig. 5h).

From vulnerability estimation to risk assessment

Our analyses serve as a first-order assessment of the relative intrinsic
vulnerability of species globally and within regions (i.e. their sensitivity
to perturbation®), which should provide a basis for further assessment
of individual species and regional biotas in the future*’. We emphasize

that our results represent relative measures of vulnerability that should
be used as a starting point for investigating the absolute vulnerabilities
of these species and their intersection with other anthropogenic
stresses’. The IUCN Red List provides a framework for assessing the
absolute extinction risks of species, but fewer than 50 shallow marine
bivalve species have been evaluated so far®>°¢. The PERIL framework
can help to prioritize species where formal risk assessments®” %>
would be beneficial.

The low PERIL value of a species should not promote compla-
cency, let alone intensification of exploitation, as continued
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anthropogenic impacts can undermine the natural intrinsic extinction
resistance of species. Biodiversity management increasingly takes into
account the direct impact of human activity******>?7%—3 strong
component of extinction risk—and applying a trait-based framework to
marine bivalves highlights geographic and phylogenetic areas to
concentrate future, more detailed studies of human impact. As a start,
the exploited species displaying relatively high vulnerability (e.g.
Table 1) are primary targets for quantitative analyses of catch metrics
and stock assessment. In fact, nearly a third of the marine bivalve
species listed by the FAO, which primarily documents sustained and
higher levels of exploitation, have higher-than-average PERIL scores,
i.e. they are intrinsically more vulnerable to extinction. If bivalves are
poised to be a strong component of the Blue Foods movement®,
providing sustainable nutrition for the world’s population, our ana-
lyses show that stronger assessments of their extinction vulnerability
will be critical, especially in light of more general calls (e.g. IPBES
2019’) to rapidly expand our identification of nature’s contributions to
people and the direct threats of anthropogenic pressures to the per-
sistence of species and their ecosystem services. Extensions of our
analyses should include, for example, changes to intrinsic vulnerability
when geographic ranges of species expand due to human introduc-
tions into new areas, and should also investigate why natural popula-
tions often fail to recover when exploitation is reduced or stopped: for
example, are they entirely driven by crossing demographic thresholds
driven by human-stressors, such as habitat conversion and
pollution®#¢?°792 "and/or other ecological interactions such as chan-
ges in food web structure>’>7¢?

Summary

Using a database of exploited bivalve species that is larger by nearly an
order of magnitude than the widely used FAO Production Database, we
highlight the utility of an integrative, trait-based approach to under-
standing the effects of human exploitation and extinction risk in taxa
that have been understudied, yet represent an important component
of global marine biodiversity. The PERIL framework used here draws
on a simple but informative set of variables to compare extinction
vulnerability among species in a globally exploited system, making it a
useful tool for guiding future surveys and monitoring efforts. We
found that bivalve species exploited by humans tend to have intrinsic
characteristics that generally promote resilience to environmental
changes (e.g. larger geographic and thermal ranges). Nonetheless, our
analyses identified a disproportionate number of exploited species
with high intrinsic vulnerability to extinction in several clades, most
notably in Pteriomorphia, and geographic regions, most notably the
tropical east Atlantic and southwest Atlantic and southeast Pacific.
Those species and clades urgently need further assessments of: a) the
current status of population sizes and health, b) the nature and impact
of human exploitation, and c) future vulnerabilities owing to accel-
erating regional warming and ocean acidification. Comprehensive
investigations of the general mechanisms and consequences of bivalve
extinction in a biogeographic framework can help develop effective
management of marine resources and biodiversity. Thus, PERIL scores
can be an element in the development of new strategies in the sea for

“catching and cultivating wisely”®.

Methods

Bivalve exploitation, biogeography, traits, and fossils

We compiled a dataset of exploited intertidal and shelf-depth (<200
meters) marine bivalve species from the FAO Global Statistical Col-
lections and an extensive literature survey (see the workflow for
compilation in the Supplementary Methods and references in Dataset
S1). The FAOQ list of exploited species was based on the production data
for Bivalvia from the Global Capture Production dataset (annual pro-
duction during 1950 to 2018 by country, with Bivalvia listed as an
“order”: https://www.fao.org/fishery/en/statistics, accessed on August

6th, 2020). From the primary literature, we included all marine bivalve
species that have been reported as a food source. Most species are
simply listed as being consumed by humans, without further infor-
mation on catch or habitat (e.g. Divalinga quadrisulcata listed as
“edible” in Huber'®®), but some are investigated in detail (e.g. Anadara
tuberculosa, whose fishery was studied in ref. 104). Species names were
standardized using a global bivalve diversity database®'® with updates
primarily based on'**'°¢,

Of the 100 currently recognized marine bivalve families in Mol-
luscaBase (as of Nov. 1, 2021), 80 families were analyzed here because
they could be placed in the phylogeny'”’ (further details in Supple-
mentary Methods). Global marine bivalve occurrence data on species
occurring from the intertidal zone to the 200 m isobath were analyzed
using a global bivalve diversity database®'® with updates primarily
following Huber'® and von Cosel & Gofas®'°® (77,190 point occur-
rences across 7,410 localities and 6,127 species). These natural geo-
graphic occurrences of bivalve species are unrelated to whether or not
the species is fished at a given locality. For each species, a convex hull
of all point occurrences were intersected with an equal-area grid of the
continental shelf (50kmx50km; -0.5° latitude-longitude at the
equator in a Lambert cylindrical equal-area projection; Dataset S2). To
minimize false occurrences derived from misidentifications and mis-
prints of locality names or coordinates, the two-dimensional species’
distributions were critically checked against primary literature sour-
ces, synoptic regional global revisions, and global datasets'®>0¢108109,
The finer details of the species’ geographic ranges are subject to fur-
ther revision given continued discovery and taxonomic revision, but
this dataset is expected to be robust to regional-scale sampling
biases®.

Species traits were compiled from multiple sources, as outlined
below and in Dataset S1. Following Collins et al.”’, a geographic range
size (km?) was calculated as the area of the convex hull of each species’
point occurrences, and the thermal range (C°) was the range of
satellite-derived sea surface temperatures from MARSPEC"™ encom-
passed by the species’ grid cell occurrences (MARSPEC derives climate
data from both NOAA’s World Ocean Atlas™ and NASA’s Ocean Color
Web'™). A large geographic range calculated in this way affords a
species a greater chance of surviving a local or regional perturbation,
providing the reach of that event is smaller than the range of the
species; this overall range extent relative to potential perturbations
effectively views extinction risk in terms of spatial autocorrelation of
environmental stresses (see ref. 37). Species known only from a single
point occurrence (580 species) were operationally assigned a range
size of 10x10 km (100 km?), but some single-occurrence species
retained the area of their known limited range, e.g. from a single
estuary”. Species body size (mm) was measured as the geometric
mean of the shell length (from the anterior to posterior margin) and
height (from the dorsal to ventral margin) of the largest specimen
found in the literature™ (with data sourced from Berke et al.™* and
updated from Huber'®). The largest specimen represents the potential
size for organisms with indeterminate growth such as marine bivalves,
reptiles and amphibians and is a typical species body size measure for
comparative studies on these taxa’*'". The minimum bathymetry (m)
was based on the reported bathymetric range in the literature (sourced
from'®). For 191 species lacking precise bathymetric data, we used an
estimated minimum bathymetry of 5m for “subtidal” or “sublittoral”
species and 10 m for species in “shallow water”; analyses excluding
these species produced consistent results (Supplementary Code). The
feeding type, living position, substratum attachment, and mobility of
species were from®. The intrinsic turnover rate of species was char-
acterized by the per-taxon extinction rate of genera within their family
through the Cenozoic (data from™); these rates were determined using
the first and last stratigraphic occurrences of bivalve genera, which are
considered to be more robustly sampled than species but share similar
macroevolutionary properties®*’"' (further discussion in ref. 37). All
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variables have 100% coverage in our dataset except minimum bathy-
metry (95.7% data coverage, missing for 265 non-exploited plus 2
exploited species).

Phylogenetic distribution of exploited species

The distribution of exploited taxa across the time-scaled family-level
bivalve phylogeny'”” was analyzed in two ways: first, as the presence
or absence of any exploited species in a family using phylo-D
(for a binary trait)"V, and second as the proportion of exploited
species in a family (i.e. a continuous variable) using Pagel's A
(for a continuous trait)"5",

To assess whether exploited species occur in more diverse
families, we assessed exploitation in relation to the total species rich-
ness in a family using a Bayesian, hierarchical regression model (spe-
cified in Supplementary Code): exploitation ~ richness + (1 | family
phylogeny). The exploitation term was modeled separately as either a
binary indicator of the family containing exploited species or as the
number of exploited species in a family. Potential phylogenetic effects
were accounted for by modeling the variance-covariance matrix of the
family phylogeny'?°™>,

Biological traits of exploited species

Using Bayesian hierarchical regression models (specified in Supple-
mentary Code), we compared four continuous biological traits
between exploited and non-exploited bivalve species (geographic
range size, thermal range, body size, and minimum bathymetry) and
four categorical functional traits (position, mobility, attachment,
feeding). Potential phylogenetic effects were accounted for by mod-
eling two group-level (random) effects: (a) family membership (as
“family” below) and (b) the variance-covariance matrix of a time-scaled
family phylogeny (as “family phylogeny” below):

* Model 1: exploitation ~ trait; + ... + trait,,;

* Model 2: exploitation ~ trait; +... + trait,, + (1/ffamily);

* Model 3: exploitation ~ trait; + ... + trait, + (1/family phylogeny);
where “trait,” is one of the eight species traits defined above. Con-
tinuous trait values were z-standardized to better compare their
effect sizes. Each model was run for five chains of 15000 iterations,
discarding the first 5000 iterations as burnin, resulting in 50000
posterior samples. In all models, we used the default priors and
sampling algorithms (Hamiltonian MCMC) provided in the package
‘brms”*12*_ All credible intervals of fit parameters were defined as the
2.5-97.5% quantiles of the posterior samples. Expected log pointwise
predictive density (ELPD) from leave-one-out cross-validations was
used to compare the fits across all three models, and leave-one-
group-out cross-validation was used to compare the fits of models 2
and 3 given the different structure of their random effects
(following'>).

For all the species-level traits, Model 2 and 3 performed similarly
(AELPD <2), both significantly better than Model 1 (AELPD >10;
see Supplementary Code for details), and so results were interpreted
with respect to Model 2 where family membership was the only group-
level effect. Thus, exploitation covaries with species’ traits among
families, but the phylogenetic relationships of those families does not
predict additional covariance, possibly owing to the similarity of spe-
cies’ traits across families separated by more than 100 Myr of evolu-
tionary time'”’ (Fig. 1a).

Intrinsic vulnerability of exploited species
The relationship between exploitation and historical extinction g was
assessed at the family level, accounting for phylogeny: exploitation ~
g+ (1| family phylogeny) (Supplementary Code, similar to models of
species richness above). The exploitation term was modeled as a bin-
ary indicator of whether a family contains exploited species.

We combined geographic range size and thermal ranges with
family extinction history in a composite metric, PERILY, to assess the

intrinsic vulnerability of exploited species to ongoing and future
environmental changes:

N 1 1
=g+ —+ = 1
PERIL=¢q nr T @

where ¢ is the genus-level per-capita extinction rate of each target
species’ family through the Cenozoic®****°, and T is the realized
thermal range within the species’ geographic range r. Geographic and
thermal ranges are inverted so that larger ranges are associated with
lower extinction risk (the metric was validated via survivorship
analyses in the Pliocene fossil record”). Both the geographic and
thermal ranges are informative because widespread species are not
necessarily eurythermal (Fig. S13); many widespread species track a
narrow range of sea-surface temperature across the large tropical or
polar areas'”. To equalize each variable’s contribution to the PERIL
score, g,r, and T are rescaled from their respective ranges across the
dataset to between O and 1. Thus, the PERIL score reflects a relative
estimate of intrinsic vulnerability among analyzed species®. Data for
both g and PERIL scores are included in the species trait dataset
(Dataset S1).

We compared the PERIL scores of exploited and non-exploited
species using the same modeling framework as for the continuous
species traits above (Bayesian, phylogenetic hierarchical regression
models, see Supplementary Code). Model comparisons indicated
limited effect of family phylogeny, and results were interpreted with
respect to Model 2 where family membership was the only group-level
effect.

Biogeography of exploited species

Spatial patterns of exploited and non-exploited species richness, and
their intrinsic vulnerability (based on the PERIL scores), were quanti-
fied using their occurrences on the global 50 x 50 km grid intersected
with the continental shelf. These geographic ranges reflect the known,
natural extents of species, and do not include human-introduced
occurrences via aquaculture or unintentional introductions (following
the protocol for other studies of model systems in macroecology, e.g.
birds and mammals'**'?°), Natural geographic ranges are likely to be
the reservoirs for genetic variation within the species and so are of
particular interest for conservation. Because initial analyses showed
higher proportions of exploited species along east margins of major
ocean basins, and that body size was the best predictor of species
exploitation, we also tested for differences in the distributions of body
sizes of species among regions (defined by the intersection of major
climatic zones and coastlines in Fig. S4, following°"*?) using Wilcoxon
rank-sum tests.

Spatial variation in the extinction risk of exploited species was
analyzed at two scales. We calculated both the number and proportion
of exploited species in a grid cell with PERIL scores above the global
median (globally vulnerable species) or above the median within a
region, i.e. the intersection of coastlines with polar, temperate, and
tropical climate zones (regionally vulnerable species). We further
identified highly vulnerable species as those with PERIL scores in the
top 20% globally or regionally (see additional cutoffs shown in
Figs. S10, S11). Using thresholds to define species with high risk of
extinction is analogous to the large body of literature studying
“threatened species” in mammals and amphibians™™>, for which
direct evidence on threats is more readily available for global assess-
ments (e.g. by the IUCN).

All data were processed and analyzed in R 4.2.2"° with the
packages ‘tidyverse™, ‘Hmisc™® and ‘ggtree™* for dataset visuali-
zation and transformation, ‘sf’** for spatial analyses, ‘ape™,
‘phytools™* and ‘caper™ for phylogenetic analyses, and ‘brms™*'*
and ‘loo™ for Bayesian multilevel regression analyses and model
comparison.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used in this study are provided in Supplementary Information,
Supplementary Data 1, 2. Source data for all figures are provided with
the paper. The posterior samples from Bayesian models generated in
this study and the shapefile of the global equal-area grids are deposited
at Figshare'’ (https://doi.org/10.6084/m9.figshare.22696279). Source
data are provided with this paper.

Code availability

All analytical code is provided in Supplementary Code. The code for
producing all figures and tables is deposited at Figshare' (https://doi.
org/10.6084/m9.figshare.22696279).

References

1 Scheffers, B. R., Oliveira, B. F., Lamb, |. & Edwards, D. P. Global
wildlife trade across the tree of life. Science 366, 71-76 (2019).

2. Pauly, D., Christensen, V., Dalsgaard, J., Froese, R. & Torres, F. Jr.
Fishing down marine food webs. Science 279, 860-863 (1998).

3. Jackson, J. B. C. et al. Historical overfishing and the recent col-
lapse of coastal ecosystems. Science 293, 629-637 (2001).

4. Cantwell-Jones, A. et al. Global plant diversity as a reservoir of
micronutrients for humanity. Nat. Plants 8, 225-232 (2022).

5. Fenberg, P. B. & Roy, K. Ecological and evolutionary con-
sequences of size-selective harvesting: how much do we know?
Mol. Ecol. 17, 209-220 (2008).

6. Hodapp, D. et al. Climate change disrupts core habitats of marine
species. Glob. Change Biol. 29, 3304-3317 (2023).

7. Diaz, S. et al. (eds.). Summary for policymakers of the global
assessment report on biodiversity and ecosystem services of the
Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services. 56 pages. (IPBES secretariat, Bonn, Ger-
many, 2019).

8. Collier, K. J., Probert, P. K. & Jeffries, M. Conservation of aquatic
invertebrates: concerns, challenges and conundrums. Aquat.
Conserv.: Mar. Freshwat. Ecosyst. 26, 817-837 (2016).

9. Vaughn, C. C. & Hoellein, T. J. Bivalve impacts in freshwater and
marine ecosystems. Annu. Rev. Ecol. Evol. 49, 183-208 (2018).

10. Krause, G., Buck, B. H. & Breckwoldt, A. Socio-economic aspects
of marine bivalve production. in Goods and Services of Marine
Bivalves (eds. Ferreira, A.C. S. G., Grant, J., Petersen, J. K. & Strand,
@.) 317-334. https://doi.org/10.1007/978-3-319-96776-9_17
(Springer, 2019).

1. Wijsman, J. W. M., Troost, K., Fang, J. & Roncarati, A. Global pro-
duction of marine bivalves. Trends and challenges. in Goods and
Services of Marine Bivalves (eds. Ferreira, A. C. S. G., Grant, J.,
Petersen, J. K. & Strand, @.) 7-26. https://doi.org/10.1007/978-3-
319-96776-9_2 (Springer International Publishing, 2019).

12.  Tan, K., Ma, H,, Li, S. & Zheng, H. Bivalves as future source of
sustainable natural omega-3 polyunsaturated fatty acids. Food
Chem. 311, 125907 (2020).

13.  Naylor, R. L. et al. A 20-year retrospective review of global aqua-
culture. Nature 591, 551-563 (2021).

14. Gephart, J. A. et al. Environmental performance of blue foods.
Nature 597, 360-365 (2021).

15.  Pauly, D. & Zeller, D. Catch reconstructions reveal that global
marine fisheries catches are higher than reported and declining.
Nat. Commun. 7, 10244 (2016).

16. Ye, Y. et al. FAO's statistic data and sustainability of fisheries and
aquaculture: Comments on Pauly and Zeller (2017). Mar. Policy 81,
401-405 (2017).

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sala, E. et al. The economics of fishing the high seas. Sci. Adv. 4,
eaat2504 (2018).

Garibaldi, L. The FAO global capture production database: A six-
decade effort to catch the trend. Mar. Policy 36, 760-768 (2012).
Lee, T. M. & Jetz, W. Future battlegrounds for conservation under
global change. Proc. R. Soc. B 275, 1261-1270 (2008).

Harnik, P. G. et al. Extinctions in ancient and modern seas. Trends
Ecol. Evol. 27, 608-617 (2012).

Purvis, A., Gittleman, J. L., Cowlishaw, G. & Mace, G. M. Predicting
extinction risk in declining species. Proc. R. Soc. B 267,
1947-1952 (2000).

Paine, R. T. Food web complexity and species diversity. Am. Nat.
100, 65-75 (1966).

Anderson, S. H., Kelly, D., Ladley, J. J., Molloy, S. & Terry, J. Cas-
cading effects of bird functional extinction reduce pollination and
plant density. Science 331, 1068-1071 (2011).

Huang, S., Davies, T. J. & Gittleman, J. L. How global extinctions
impact regional biodiversity in mammals. Biol. Lett. 8,

222-225 (2012).

Worm, B. et al. Impacts of biodiversity loss on ocean ecosystem
services. Science 314, 787-790 (2006).

Dame, R. F. Ecology of Marine Bivalves: An Ecosystem Approach,
Second Edition. https://doi.org/10.1201/b11220 (CRC Press, 2011).
Peterson, C. H. Recruitment overfishing in a bivalve mollusc fish-
ery: hard clams (Mercenaria mercenaria) in North Carolina. Can. J.
Fish. Aquat. Sci. 59, 96-104 (2002).

Costello, C. et al. The future of food from the sea. Nature 588,
95-100 (2020).

Jacquet, J., Sebo, J. & Elder, M. Seafood in the future: bivalves are
better. Solutions 8, 27-32 (2017).

Anderson, S. C., Flemming, J. M., Watson, R. & Lotze, H. K. Rapid
global expansion of invertebrate fisheries: Trends, drivers, and
ecosystem effects. Plos One 6, 14735 (2011).

Strayer, D. L. & Dudgeon, D. Freshwater biodiversity conservation:
recent progress and future challenges. J. N. Am. Benthol. Soc. 29,
344-358 (2010).

Haag, W. R. & Williams, J. D. Biodiversity on the brink: an assess-
ment of conservation strategies for North American freshwater
mussels. Hydrobiologia 735, 45-60 (2014).

Rick, T. C. et al. Millennial-scale sustainability of the Chesapeake
Bay Native American oyster fishery. Proc. Natl Acad. Sci. USA. 113,
6568-6573 (2016).

Timbs, J. R., Powell, E. N. & Mann, R. Assessment of the relation-
ship of stock and recruitment in the Atlantic surfclam Spisula
solidissima in the northwestern Atlantic Ocean. J. Shellfish Res. 37,
965-978, 14 (2018).

Dirzo, R. et al. Defaunation in the Anthropocene. Science 345,
401-406 (2014).

McCauley, D. J. et al. Marine defaunation: Animal loss in the global
ocean. Science 347, 1255641 (2015).

Collins, K. S., Edie, S. M., Hunt, G., Roy, K. & Jablonski, D. Extinction
risk in extant marine species integrating palaeontological and
biodistributional data. Proc. R. Soc. B 285, 20181698 (2018).
Kotiaho, J. S., Kaitala, V., Komonen, A. & Péivinen, J. Predicting the
risk of extinction from shared ecological characteristics. Proc. Natl
Acad. Sci. USA. 102, 1963-1967 (2005).

Bland, L. M. et al. Cost-effective assessment of extinction risk with
limited information. J. Appl. Ecol. 52, 861-870 (2015).

Luiz, O. J., Woods, R. M., Madin, E. M. P. & Madin, J. S. Predicting
IUCN extinction risk categories for the world’s data deficient
groupers (Teleostei: Epinephelidae). Conserv. Lett. 9,

342-350 (2016).

Kindsvater, H. K. et al. Overcoming the data crisis in biodiversity
conservation. Trends Ecol. Evol. 33, 676-688 (2018).

Nature Communications | (2023)14:4639


https://doi.org/10.6084/m9.figshare.22696279
https://doi.org/10.6084/m9.figshare.22696279
https://doi.org/10.6084/m9.figshare.22696279
https://doi.org/10.1007/978-3-319-96776-9_17
https://doi.org/10.1007/978-3-319-96776-9_2
https://doi.org/10.1007/978-3-319-96776-9_2
https://doi.org/10.1201/b11220

Article

https://doi.org/10.1038/s41467-023-40053-y

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Miatta, M., Bates, A. E. & Snelgrove, P. V. R. Incorporating biolo-
gical traits into conservation strategies. Annu. Rev. Mar. Sci. 13,
1-22 (2020).

Dinnage, R., Skeels, A. & Cardillo, M. Spatiophylogenetic model-
ling of extinction risk reveals evolutionary distinctiveness and brief
flowering period as threats in a hotspot plant genus. Proc. R. Soc.
B 287, 20192817 (2020).

Yasuhara, M. et al. Past and future decline of tropical pelagic
biodiversity. Proc. Natl Acad. Sci. USA. 117, 12891-12896 (2020).
Finnegan, S. et al. Paleontological baselines for evaluating extinc-
tion risk in the modern oceans. Science 348, 567-570 (2015).

Roy, K., Jablonski, D. & Valentine, J. W. Climate change, species
range limits and body size in marine bivalves. Ecol. Lett. 4,
366-370 (2001).

Nawrot, R., Albano, P. G., Chattopadhyay, D. & Zuschin, M. Climate
change and body size shift in Mediterranean bivalve assemblages:
unexpected role of biological invasions. Proc. R. Soc. B 284,
20170357 (2017).

Jackson, J. B. C. Biogeographic consequences of eurytopy and
stenotopy among marine bivalves and their evolutionary sig-
nificance. Am. Nat. 108, 541-560 (1974).

Purcell, S. W., Polidoro, B. A., Hamel, J.-F., Gamboa, R. U. & Mer-
cier, A. The cost of being valuable: predictors of extinction risk in
marine invertebrates exploited as luxury seafood. Proc. R. Soc. B
281, 20133296 (2014).

Purvis, A., Agapow, P.-M., Gittleman, J. L. & Mace, G. M. Nonran-
dom extinction and the loss of evolutionary history. Science 288,
328-330 (2000).

Jablonski, D. Approaches to macroevolution: 2. Sorting of varia-
tion, some overarching issues, and general conclusions. Evol. Biol.
44, 451-475 (2017).

Harnik, P. G., Simpson, C. & Payne, J. L. Long-term differences in
extinction risk among the seven forms of rarity. Proc. R. Soc. B 279,
4969-4976 (2012).

Burrows, M. T. et al. The pace of shifting climate in marine and
terrestrial ecosystems. Science 334, 652-655 (2011).

Saupe, E. E. et al. Extinction intensity during Ordovician and
Cenozoic glaciations explained by cooling and palaeogeography.
Nat. Geosci. 13, 65-70 (2020).

Reddin, C. J., Natscher, P. S., Kocsis, A. T., Pértner, H.-O. & Kies-
sling, W. Marine clade sensitivities to climate change conform
across timescales. Nat. Clim. Change 10, 249-253 (2020).

Roy, K., Hunt, G. & Jablonski, D. Phylogenetic conservatism of
extinctions in marine bivalves. Science 325, 733-737 (2009).
Huang, S., Roy, K. & Jablonski, D. Do past climate states influence
diversity dynamics and the present-day latitudinal diversity gra-
dient? Glob. Ecol. Biogeogr. 23, 530-540 (2014).

McClenachan, L., Cooper, A. B. & Dulvy, N. K. Rethinking trade-
driven extinction risk in marine and terrestrial megafauna. Curr.
Biol. 26, 1640-1646 (2016).

Edie, S. M., Huang, S., Collins, K. S., Roy, K. & Jablonski, D. Loss of
biodiversity dimensions through shifting climates and ancient
mass extinctions. Integr. Comp. Biol. 58, 1179-1190 (2018).

Edie, S. M., Smits, P. D. & Jablonski, D. Probabilistic models of
species discovery and biodiversity comparisons. Proc. Natl Acad.
Sci. USA. 114, 3666-3671 (2017).

Schumm, M. et al. Common latitudinal gradients in functional
richness and functional evenness across marine and terrestrial
systems. Proc. R. Soc. B 286, 20190745 (2019).

Fischer, W. & Hureau, J. C. (eds). Fiches FAO d'identification des
especes pour les besoins de la péche. Océan Austral (Zones de
péche 48,58 et 880) (Zone de la Convention CCAMLR). Publica-
tion préparée et publiée avec ['aide de la Commission pour la
conservation de la faune et de la flore marines de '’Antarctique 1,
234 (1985).

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Mao, Y. et al. Bivalve production in China. in Goods and Services of
Marine Bivalves (eds. Smaal, A. C., Ferreira, J. G., Grant, J., Peter-
sen, J. K. & Strand, @.) 51-72. https://doi.org/10.1007/978-3-319-
96776-9_4 (Springer International Publishing, 2019).

Naylor, R. L. et al. Blue food demand across geographic and
temporal scales. Nat. Commun. 12, 5413 (2021).

Knowlton, N. Ocean optimism: Moving beyond the obituaries in
marine conservation. Annu. Rev. Mar. Sci. 13, 479-499 (2021).
Defeo, O. et al. Co-management in Latin American small-scale
shellfisheries: assessment from long-term case studies. Fish Fish
17, 176-192 (2016).

Valiente-Banuet, A. et al. Beyond species loss: the extinction of
ecological interactions in a changing world. Funct. Ecol. 29,
299-307 (2015).

Cardinale, B. J. et al. Biodiversity loss and its impact on humanity.
Nature 486, 59-67 (2012).

Jablonski, D., Huang, S., Roy, K. & Valentine, J. W. Shaping the
latitudinal diversity gradient: New perspectives from a synthesis of
paleobiology and biogeography. Am. Nat. 189, 1-12 (2017).
Carpenter, K. E. & Angelis, N. D. (eds). The living marine resources
of the Eastern Central Atlantic. Volume 2: Bivalves, gastropods,
hagdfishes, sharks, batoid fishes, and chimaeras. (FAO, 2016).
Coleman, F. C. & Williams, S. L. Overexploiting marine ecosystem
engineers: Potential consequences for biodiversity. Trends Ecol.
Evol. 17, 40-44 (2002).

Gutiérrez, N. & Defeo, O. Development of a new scallop Zygo-
chlamys patagonica fishery in Uruguay: latitudinal and bathy-
metric patterns in biomass and population structure. Fish. Res 62,
21-36 (2003).

Schulte, D. M., Burke, R. P. & Lipcius, R. N. Unprecedented
restoration of a native oyster metapopulation. Science 325,
1124-1128 (2009).

Dumbauld, B. R., Ruesink, J. L. & Rumrill, S. S. The ecological role
of bivalve shellfish aquaculture in the estuarine environment: A
review with application to oyster and clam culture in West Coast
(USA) estuaries. Aquaculture 290, 196-223 (2009).

Mendonga, V., Madeira, C., Dias, M., Flores, A. & Vinagre, C.
Robustness of temperate versus tropical food webs: comparing
species trait-based sequential deletions. Mar. Ecol. Prog. Ser. 691,
19-28 (2022).

Avila-Thieme, M. I. et al. Alteration of coastal productivity and
artisanal fisheries interact to affect a marine food web. Sci. Rep. 11,
1765 (2021).

Jonasson, J. P., Thorarinsdottir, G., Eiriksson, H., Solmundsson, J. &
Marteinsdottir, G. Collapse of the fishery for Iceland scallop
(Chlamys islandica) in Breidafjordur, West Iceland. ICES J. Mar. Sci.
64, 298-308 (2007).

Rheuban, J. E., Doney, S. C., Cooley, S. R. & Hart, D. R. Projected
impacts of future climate change, ocean acidification, and man-
agement on the US Atlantic sea scallop (Placopecten magellani-
cus) fishery. Plos One 13, e0203536 (2018).

Penn, J. L. & Deutsch, C. Avoiding ocean mass extinction from
climate warming. Science 376, 524-526 (2022).

Roy, K., Jablonski, D. & Valentine, J. W. Body size and invasion
success in marine bivalves. Ecol. Lett. 5, 163-167 (2002).
Jablonski, D. Body size and macroevolution. in Evolutionary
Paleobiology (eds. Jablonski, D., Erwin, D. H. & Lipps, J. H.)
256-289 (University of Chicago Press, 1996).

Capdevila, P. et al. Life history mediates the trade-offs among
different components of demographic resilience. Ecol. Lett. 25,
1566-1579 (2022).

Branch, T. A., Lobo, A. S. & Purcell, S. W. Opportunistic exploita-
tion: an overlooked pathway to extinction. Trends Ecol. Evol. 28,
409-413 (2013).

Nature Communications | (2023)14:4639

10


https://doi.org/10.1007/978-3-319-96776-9_4
https://doi.org/10.1007/978-3-319-96776-9_4

Article

https://doi.org/10.1038/s41467-023-40053-y

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Reeder-Myers, L. et al. Indigenous oyster fisheries persisted for
millennia and should inform future management. Nat. Commun.
13, 2383 (2022).

Mackenzie, C. L. Causes underlying the historical decline in east-
ern oyster (Crassostrea virginica Gmelin, 1791) landings. J. Shellfish
Res. 26, 927-938 (2007).

Oreska, M. P. J., Truitt, B., Orth, R. J. & Luckenbach, M. W. The bay
scallop (Argopecten irradians) industry collapse in Virginia and its
implications for the successful management of scallop-seagrass
habitats. Mar. Policy 75, 116-124 (2017).

Lockwood, R. & Mann, R. A conservation palaeobiological per-
spective on Chesapeake Bay oysters. Philos. Trans. R. Soc. Lond. B
374, 20190209 (2019).

Rothschild, B., Ault, J., Goulletquer, P. & Héral, M. Decline of the
Chesapeake Bay oyster population: a century of habitat destruc-
tion and overfishing. Mar. Ecol. Prog. Ser. 111, 29-39 (1994).
Kampf, J. & Chapman, P. Upwelling Systems of the World, A Sci-
entific Journey to the Most Productive Marine Ecosystems. https://
doi.org/10.1007/978-3-319-42524-5 (Springer, 2016).

Vermeij, G. J. The evolution of gigantism on temperate seashores.
Biol. J. Linn. Soc. 106, 776-793 (2012).

Edelman-Furstenberg, Y. & Kidwell, S. M. Chemosymbiont-
dominated seafloor communities in modern and Cretaceous
upwelling systems support a new, high-productivity variant of
standard low-oxygen models. Geology 43, 975-978 (2015).
Sakko, A. L. The influence of the Benguela upwelling system on
Namibia’s marine biodiversity. Biodivers. Conserv. 7,

419-433 (1998).

Crofts, R. et al. Guidelines for geoconservation in protected and
conserved areas. Best Practice Protected Area Guidelines, Inter-
national Union for Conservation of Nature (IUCN) https://doi.org/
10.2305/iucn.ch.2020.pag.31.en (2020).

O'Hara, C. C., Frazier, M. & Halpern, B. S. At-risk marine biodi-
versity faces extensive, expanding, and intensifying human
impacts. Science 372, 84-87 (2021).

The IUCN Red List of Threatened Species. Version 2020-2. http://
www.iucnredlist.org. ISSN 2307-8235 (2019).

Cowie, R. H., Bouchet, P. & Fontaine, B. The Sixth Mass Extinction:
fact, fiction or speculation? Biol. Rev. 97, 640-663 (2022).
Marco, M. D., Venter, O., Possingham, H. P. & Watson, J. E. M.
Changes in human footprint drive changes in species extinction
risk. Nat. Commun. 9, 4621 (2018).

Tucker, M. A. et al. Moving in the Anthropocene: Global reductions
in terrestrial mammalian movements. Science 359, 466-469 (2018).
Sussarelly, R. et al. Oyster reproduction is affected by exposure to
polystyrene microplastics. Proc. Natl Acad. Sci. USA. 113,
2430-2435 (2016).

Islam, Md. S. & Tanaka, M. Impacts of pollution on coastal and
marine ecosystems including coastal and marine fisheries and
approach for management: a review and synthesis. Mar. Pollut.
Bull. 48, 624-649 (2004).

Pezzuto, P. R. & Borzone, C. A. The collapse of the scallop Euvola
ziczac (Linnaeus, 1758) (Bivalvia: Pectinidae) fishery in Brazil:
changes in distribution and relative abundance after 23 years of
exploitation. Braz. J. Oceanogr. 52, 225-236 (2004).

Huber, M. Compendium of Bivalves 2. A full-color guide to the
remaining seven families. A systematic listing of 8’500 bivalve
species and 10’500 synonyms. (Harxheim: ConchBooks, 2015).
Lucero, C., Cantera, J. & Neira, R. Pesqueria y crecimiento de la
piangua (Arcoida: Arcidae) Anadara tuberculosa en la Bahia de
Malaga del Pacifico colombiano, 2005-2007. Rev. Biol. Trop. 60,
203-217 (2012).

Baeta, M., Breton, F., Ubach, R. & Ariza, E. A socio-ecological
approach to the declining Catalan clam fisheries. Ocean Coast
Manag. 154, 143-154 (2018).

105.

106.

107.

108.

109.

10.

m.

12.

13.

14.

115.

116.

17.

8.

19.

120.

121.

122.

123.

124.

125.

Jablonski, D. et al. Out of the tropics, but how? Fossils, bridge
species, and thermal ranges in the dynamics of the marine lati-
tudinal diversity gradient. Proc. Natl Acad. Sci. USA. 110,
10487-10494 (2013).

von Cosel, R. & Gofas, S. Marine bivalves of tropical west Africa:
from Rio de Oro to southern Angola. (Muséum National d'Histoire
Naturelle, Paris, 2019).

Crouch, N. M. A,, Edie, S. M., Collins, K. S., Bieler, R. & Jablonski, D.
Calibrating phylogenies assuming bifurcation or budding alters
inferred macroevolutionary dynamics in a densely sampled phy-
logeny of bivalve families. Proc. R. Soc. B 288, 20212178 (2021).
Coan, E. V. & Valentich-Scott, P. Bivalve seashells of tropical west
America. vol. 6 (Santa Barbara Museum of Natural History Mono-
graph, 2012).

Coan, E. V., Valentich-Scott, P. & Bernard, F. R. Bivalve seashells of
western North America. Marine bivalve mollusks from arctic Alaska
to Baja California. (Santa Barbara Museum of Natural History, 2000).
Sbrocco, E. J. & Barber, P. H. MARSPEC: Ocean climate layers for
marine spatial ecology. Ecology 94, 979-979 (2013).

Boyer, T. P. et al. World Ocean Atlas 2018. NOAA National Centers
for Environmental Information. Dataset. https://www.ncei.noaa.
gov/archive/accession/NCEI-WOA18 (2018).

SeaWiFS Mission page. NASA Ocean Biology Processing Group,
Greenbelt, MD, USA. https://doi.org/10.5067/ORBVIEW-2/
SEAWIFS/L2/0C/2018. Maintained by NASA Ocean Biology Dis-
tributed Active Archive Center (OB.DAAC), Goddard Space Flight
Center, Greenbelt MD (2019).

Kosnik, M. A., Jablonski, D., Lockwood, R. & Novack-Gottshall, P. M.
Quantifying molluscan body size in evolutionary and ecological
analyses: Maximizing the return on data-collection efforts. Palaios
21, 588-597 (2006).

Berke, S. K., Jablonski, D., Krug, A. Z., Roy, K. & Tomasovych, A.
Beyond Bergmann'’s rule: Size-latitude relationships in marine
Bivalvia world-wide. Glob. Ecol. Biogeogr. 22, 173-183 (2013).
Olalla-Tarraga, M. A., Rodriguez, M. A. & Hawkins, B. A. Broad-
scale patterns of body size in squamate reptiles of Europe and
North America. J. Biogeogr. 33, 781-793 (2006).

Kidwell, S. M. Shell composition has no net impact on large-scale
evolutionary patterns in mollusks. Science 307, 914-917 (2005).
Fritz, S. A. & Purvis, A. Selectivity in mammalian extinction risk and
threat types: a new measure of phylogenetic signal strength in
binary traits. Conserv. Biol. 24, 1042-1051 (2010).

Pagel, M. Inferring evolutionary processes from phylogenies. Zool.
Scr. 26, 331-348 (1997).

Pagel, M. Inferring the historical patterns of biological evolution.
Nature 401, 877-884 (1999).

Housworth, E. A., Martins, E. P. & Lynch, M. The Phylogenetic
mixed model. Am. Nat. 163, 84-96 (2004).

Hadfield, J. D. & Nakagawa, S. General quantitative genetic
methods for comparative biology: phylogenies, taxonomies and
multi-trait models for continuous and categorical characters. J.
Evol. Biol. 23, 494-508 (2010).

Villemereuil, P. de & Nakagawa, S. Modern phylogenetic com-
parative methods and their application in evolutionary biology,
concepts and practice. in Modern Phylogenetic Comparative
Methods and Their Application in Evolutionary Biology (ed. Gar-
amszedi, L. Z.) 287-303. https://doi.org/10.1007/978-3-662-
43550-2_11 (Springer Berlin Heidelberg, 2014).

Burkner, P.-C. Advanced Bayesian multilevel modeling with the R
package brms. R. J. 10, 395-411 (2018).

Burkner, P.-C. brms: An R package for Bayesian multilevel models
using Stan. J. Stat. Softw. 80, 28 (2017).

Roberts, D. R. et al. Cross-validation strategies for data with tem-
poral, spatial, hierarchical, or phylogenetic structure. Ecography
40, 913-929 (2017).

Nature Communications | (2023)14:4639


https://doi.org/10.1007/978-3-319-42524-5
https://doi.org/10.1007/978-3-319-42524-5
https://doi.org/10.2305/iucn.ch.2020.pag.31.en
https://doi.org/10.2305/iucn.ch.2020.pag.31.en
http://www.iucnredlist.org
http://www.iucnredlist.org
https://www.ncei.noaa.gov/archive/accession/NCEI-WOA18
https://www.ncei.noaa.gov/archive/accession/NCEI-WOA18
https://doi.org/10.5067/ORBVIEW-2/SEAWIFS/L2/OC/2018.
https://doi.org/10.5067/ORBVIEW-2/SEAWIFS/L2/OC/2018.
https://doi.org/10.1007/978-3-662-43550-2_11
https://doi.org/10.1007/978-3-662-43550-2_11

Article

https://doi.org/10.1038/s41467-023-40053-y

126. Foote, M. Origination and extinction components of taxonomic
diversity: General problems. Paleobiology 26, 74-102 (2000).

127. Tomasovych, A., Jablonski, D., Berke, S. K., Krug, A. Z. & Valentine,
J. W. Nonlinear thermal gradients shape broad-scale patterns in
geographic range size and can reverse Rapoport’s rule. Glob. Ecol.
Biogeogr. 24, 157-167 (2015).

128. Schipper, J. et al. The status of the world’s land and marine
mammials: Diversity, threat, and knowledge. Science 322,
225-230 (2008).

129. Cox, N. et al. A global reptile assessment highlights shared con-

servation needs of tetrapods. Nature 605, 285-290 (2022).

Belanger, C. L. et al. Global environmental predictors of benthic

marine biogeographic structure. Proc. Natl Acad. Sci. USA. 109,

14046-14051 (2012).

131. Spalding, M. D. et al. Marine ecoregions of the world: A bior-
egionalization of coastal and shelf areas. Bioscience 57,
573-583 (2007).

132. Valentine, J. W. Evolutionary paleoecology of the marine bio-
sphere. (Englewood Cliffs, NJ: Prentice-Hall, 1973).

130.

133. Davies, R. G. et al. Human impacts and the global distribution of
extinction risk. Proc. R. Soc. B 273, 2127-2133 (2006).
134. Cardillo, M., Gittleman, J. L. & Purvis, A. Global patterns in the

phylogenetic structure of island mammal assemblages. Proc. R.
Soc. B 275, 1549-1556 (2008).
135. Ripple, W. J. et al. Extinction risk is most acute for the world’s
largest and smallest vertebrates. Proc. Natl Acad. Sci. USA. 114,
10678-10683 (2017).
Team, R Development Core. R: A language and environment for
statistical computing. (R Foundation for Statistical Comput-
ing, 2021).
137. Wickham, H. et al. Welcome to the Tidyverse. J. Open Source
Softw. 4, 1686 (2019).
Harrell, F. E. Jr. & Dupont, C. Hmisc: Harrell Miscellaneous. https://
CRAN.R-project.org/package=Hmisc (2020).
Yu, G., Smith, D. K., Zhu, H., Guan, Y. & Lam, T. T.-Y. ggtree: an r
package for visualization and annotation of phylogenetic trees
with their covariates and other associated data. Methods Ecol.
Evol. 8, 28-36 (2017).
Yu, G., Lam, T. T.-Y., Zhu, H. & Guan, Y. Two methods for mapping
and visualizing associated data on phylogeny using ggtree. Mol.
Biol. Evol. 35, 3041-3043 (2018).
141.  Yu, G. Using ggtree to visualize data on tree-like structures. Curr.
Protoc. Bioinforma. 69, €96 (2020).
142. Pebesma, E. Simple Features for R: Standardized support for
spatial vector data. R. J. 10, 439-446 (2018).

136.

138.

139.

140.

143. Paradis, E., Claude, J. & Strimmer, K. APE: analyses of phyloge-
netics and evolution in R language. Bioinformatics 20,
289-290 (2004).

144. Revell, L. J. phytools: an R package for phylogenetic
comparative biology (and other things). Methods Ecol. Evol. 3,
217-223 (2012).

145. Orme, D. The caper package: comparative analysis of phyloge-
netics and evolution in R. https://CRAN.R-project.org/package=
caper (2012).

146. Vehtari, A., Gelman, A. & Gabry, J. loo: Efficient leave-one-out

cross-validation and WAIC for Bayesian models. https://CRAN.R-
project.org/package=loo (2016).

147. Huang, S. & Edie, S. M. Data and code for "Diversity,
distribution and intrinsic extinction vulnerability of exploited
marine bivalves". Figshare. https://doi.org/10.6084/m9.figshare.
22696279 (2023).

Acknowledgements

We thank I. Romanucci, H. Richter, and S. Chiang for assistance in
compiling biogeographic data and M. Aberhan, L. C. Anderson, K.
Amano, A. G. Beu, R. Bieler, D. C. Campbell, J. G. Carter, E. Clites, T.
Coffer, R. von Cosel, J. S. Crampton, E. V. Coan, T. A. Darragh, H. H.
Dijkstra, A. Froese-Stoddard, L.T. Groves, E. M. Harper, C. S. Hickman, M.
Huber, S. Kiel, K. Lam, K. Lamprell, K. A. Lutaenko, N. Malchus, T. Mat-
subara, P. A. Maxwell, P. Middelfart, P. M. Mikkelsen, N. J. Morris, J. Nagel-
Myers, G. Paulay, J.G.M. Raven, A. F. Sartori, F. Scarabino, J. A. Schnei-
der, J. D. Slapcinsky, P. Valentich-Scott, J. T. Smith, E. E. Strong, J. D.
Taylor, J. J. ter Poorten, J. D. Todd, T. R. Waller, L. Ward, A. Warén, and F.
P. Wesselingh for taxonomic advice, assistance, and/or access to col-
lections in their care. We thank the Jablonski, Kidwell and Price Labs for
discussion. SH was supported by the German Research Foundation (DFG
HU 2748/1-1). DJ and NMAC were supported by the National Aeronautics
and Space Administration (NNX16AJ34G) and the National Science
Foundation (EAR-0922156, EAR-2049627).

Author contributions

K.R., D.J.,K.S.C., S.M.E., S.H. designed the study; K.R., K.S.C., D.J., S.M.E.
conducted literature surveys to compile the list of exploited species and
synthesized the data; S.H., K.S.C., S.M.E. performed analyses; N.C.
provided the family phylogeny and analytical suggestions; S.H., S.M.E.,
and D.J. drafted the manuscript with input from all authors on inter-
pretation of the results.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-40053-y.

Correspondence and requests for materials should be addressed to
Shan Huang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:4639

12


https://CRAN.R-project.org/package=Hmisc
https://CRAN.R-project.org/package=Hmisc
https://CRAN.R-project.org/package=caper
https://CRAN.R-project.org/package=caper
https://CRAN.R-project.org/package=loo
https://CRAN.R-project.org/package=loo
https://doi.org/10.6084/m9.figshare.22696279
https://doi.org/10.6084/m9.figshare.22696279
https://doi.org/10.1038/s41467-023-40053-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Diversity, distribution and intrinsic extinction vulnerability of exploited marine bivalves
	Results
	Phylogenetic distribution of exploited species
	Biological traits of exploited species
	Intrinsic vulnerability of exploited species
	Biogeography of exploited species

	Discussion
	Expanded global inventory
	Intrinsically vulnerable clades and traits
	Biogeography of vulnerability
	From vulnerability estimation to risk assessment
	Summary

	Methods
	Bivalve exploitation, biogeography, traits, and fossils
	Phylogenetic distribution of exploited species
	Biological traits of exploited species
	Intrinsic vulnerability of exploited species
	Biogeography of exploited species
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




