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Abstract

Genetic diversity is not only necessary for evolutionary processes but also for ecosystem
functioning and population stability. This is particularly true for ecosystem engineers that
contribute broadly to function and food webs in the habitats in which they are found. In this
study, we assessed the global patterns of extinction risk, range size, and genetic diversity,
specifically focusing on two large invertebrate clades: Mollusca and Arthropoda. We collected
data from the International Union for Conservation of Nature (IUCN) and also conducted a
systematic, quantitative review of existing Mollusca and Arthropoda nuclear and mitochondrial
data. In total we considered 4075 species evaluated by the [IUCN as well as 2452 populations
with genetic data. We found that range size is significantly smaller in critically endangered
species compared to least concern species, but that genetic diversity did not vary significantly
between extinction risk categories. However, when we considered the variability in genetic
diversity between populations within a species, we found that mollusks are significantly more
variable than arthropods in the nuclear genome but not the mitochondrial genome. Combined,
this suggests that future efforts aimed at identifying extinction risk using genetic data will need
to consider taxonomic biases when applying population-level assessments to species-level

determinations.
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Understanding extinction risk in aquatic invertebrates using range size and genetic

diversity

Abstract

Genetic diversity is not only necessary for evolutionary processes but also for ecosystem
functioning and population stability. However, the broad patterns of baseline genetic diversity
across many species, particularly invertebrates, with varied extinction risks remain unknown
because summarizing across these species has not yet occurred. In this study, we assessed the
global patterns of extinction risk, range size, and genetic diversity, specifically focusing on two
large invertebrate clades: Mollusca and Arthropoda. We collected data from the International
Union for Conservation of Nature (IUCN) and also conducted a systematic, quantitative review
of existing Mollusca and Arthropoda nuclear and mitochondrial data. In total we considered
4,075 species evaluated by the [IUCN as well as 2,452 populations with genetic data. Range size
was significantly smaller in critically endangered species compared to least concern species, but
genetic diversity did not vary significantly between extinction risk categories. We also found
that mollusks are significantly more variable than arthropods in the nuclear genome but not the
mitochondrial genome when evaluating variability in genetic diversity between populations
within a species. Combined, our results suggests that future efforts aimed at identifying
extinction risk using genetic data will need to consider taxonomic biases when applying

population-level assessments to species-level determinations.



Introduction

Conserving biodiversity requires consideration of ecosystems, species, and genetic diversity to
achieve a sustainable pattern of use of our natural resources (Convention on Biodiversity 2004).
Consideration of ecosystem diversity requires protecting both terrestrial and aquatic habitats as
well as the abiotic properties associated with various habitats, whereas conservation species
diversity focuses on the number and function of species that live in particular ecosystems (Pimm
et al, 1995). Because genetic variety across the genome supplies the raw materials for adaptation
to shifting environmental conditions, genetic diversity conservation is crucial for enabling
evolutionary change. Increasing mobility (e.g., by creating movement corridors or translocations)
and reducing threats to population size can conserve genetic diversity in threatened species by
halting the loss of genetic variation in the present population (Meffe 1996; Prior et al. 1997).
Importantly, these three facets of biodiversity often change in tandem. For example, when an
ecosystem loses critical functions, this may lead to the loss of some species outright and may
also cause populations of some species to shrink, likely reducing genetic diversity. For example,
some algae depend on substrate provided by mussels so, when these mussel populations are
disturbed, dependent algae decrease, and the entire ecosystem can collapse (Collier et al. 2016).
Because of the linkage across these areas of biodiversity, conservation across multiple facets is

typically required in effective conservation efforts (Bangert et al., 2004).

Globally, Mollusca and Arthropoda are the largest and most specious invertebrate phyla.
Mollusca, which include such species as octopuses, mussels, squid, and snails. Mollusks are
found in a variety of marine habitats, including intertidal zones, rocky shores, coral reefs, and
deep-sea environments (Ruppert et al., 2004) and they also inhabit freshwater habitats, including

rivers, lakes, and wetlands (Dillon R.T 2000). Likewise, Arthropoda occupy a similar breadth of
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habitats, and many are found across diverse aquatic habitats, although the majority of these
aquatic species are free-living, detritus-feeding species (Dehghani R et al, 2015). In both groups,
approximately half of evaluated species are considered threatened by the International Union for

Conservation of Nature (IUCN 2021), largely due to habitat loss (Collen et al., 2014).

Mollusk and arthropod conservation is important because these species often have greater than
average effects on ecosystems and serve important indicator roles. For example, community
structure is strongly influenced by these species, as they have the capacity to create, maintain,
modify, or destroy their habitats (Jones et al., 1994). In particular, mollusks such as snails and
clams play a significant role in nutrient cycling and sedimentation processes, while others, such
as octopuses and squid, are important predators in marine food webs (Ruppert et al., 2004) (Guay
and Himmelman, 2004; Gutiérrez et al., 2003; Hubbard, 2016; Hill C, 1991; Kracuter et al.,
2003). For example, mussel beds change the structure of the environment (Jones et al., 1994),
providing important habitat for algae that are usually unable to attach to rocks (Albrecht and
Reise 1994, Buschbaum 2001). These species are also valuable as bioindicators. For example,
ghost shrimp accumulate contaminants over the course of their life and can be analyzed and used
as an indicator of habitat contamination (4moozadeh E et al. 2014). As an assemblage, mollusks
and arthropods alter the aquatic ecosystems in ways that are important to survival of other
species and provide critical insight into ecosystem function as bioindicators (McGeoch 1998,

Weisser and Siemann 2004).

The IUCN employs an array of metrics for understanding species extinction risk and assigning
conservation status, including population and species-specific data, number of mature adults

alive in a given time frame, the extent of occurrence or area of occupancy, and estimates of



population viability (IUCN 2021). Although the IUCN criteria were designed to support
consistent assessment of species, many are unsuitable for assessing extinction risk in species that
are difficult to sample, including mollusks and arthropods (Cardoso et al. 2011). As a result,
invertebrate species assessment groups that are responsible for determining extinction risk rely
extensively on criteria related to the extent of occurrence and area of occupancy, as these can
often be assessed without the extensive time and resources required to repeatedly collect
specimens. However, it is not yet known to what extent the efficiency of conserving biodiversity
in these clades and other taxonomic groups is limited by reliance on range size alone

(Possingham at al., 1999).

In addition to currently recognized IUCN determinants for assessing extinction risk, many
conservationists agree that maintaining genetic diversity is of high conservation concern
(DeWoody et al. 2021, Garcia Dorado and Caballero, 2021). Across taxa generally, a decrease in
population size is related to a decrease in genetic diversity and fitness (Allendorf et al, 2012).
Typically, the reduced fitness occurs when inbreeding, which increases in frequency when
population size decreases in size, results in the expression of recessive deleterious alleles (Reed
et al. 2003). In addition, genetically diverse populations can tolerate environmental changes
more effectively than those populations that are genetically depauperate because the increased
genetic variability at protein-coding genes helps populations evolve more quickly (Hughes and
Stachowicz, 2004). Because genetic diversity can be closely related to survival probability and
population adaptability, maintaining genetic diversity is important, and identifying populations
with very little genetic diversity can be a conservation priority (Willoughby et al. 2015, Kardos
et al. 2021). For example, molecular data suggests that restoring corridors across black-tailed

prairie dog (Cynomys ludovicianus) habitats will support the persistence of these populations
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even in the face of on-going disease threats (Sackett et al. 2012). Because the behavior of this
species changes the landscape substantially, black-tailed prairie dog extirpation is likely to result
in the loss of other species that are adapted to the prairie-dog modified landscape (Baker et al.
2013). Similarly, in aquatic habitats, heavy anthropogenic pressures have resulted in the rapid
extirpation of aquatic invertebrates (Maehr et al., 2006), many of which were important

contributors to ecosystem function (Commito et al. 2005).

Despite the importance of genetic diversity in maintaining population stability in many systems,
predicting how genetic diversity is distributed across populations and species can be difficult.
For example, increasing conservation need can be related to species genetic diversity when
population sizes across the species are small or declining, but some endangered species do not
show reduced genetic variation (Doyle et al. 2015). This variability may be because the current
methods for identifying and ranking conservation need neither include genetic diversity nor
systematically target species with reduced genetic diversity (Willoughby et al. 2015).
Additionally, some species’ phylogenetic history may mean that whole clades have reduced
genetic variation with no observable effect on fitness (Wiens et al. 2015), further complicating
the relationship among conservation need/population trends and-genetic diversity (Gonzalez et
al. 2018). Across aquatic invertebrate species specifically, the baseline pattern of genetic
diversity has not been summarized. This lack of information has the potential to significantly
hinder management options because it is unclear the extent to which populations and species
require intervention related to reduced genetic variability, and how best to supply that

intervention.
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Given the problems with applying IUCN criteria to taxa, our goal is to understand how extinction
risk and range size of aquatic invertebrate species interacts with patterns of nuclear and
mitochondrial genetic diversity. To address this goal, we sought to test the following hypotheses.
First, we hypothesized that species more at risk for extinction would have smaller range sizes
than species less at risk of extinction. Second, we hypothesized that species classified as
increasing would have larger range sizes than species classified as decreasing because smaller
populations tend to have less genetic diversity. Third, we hypothesized that species more at risk
for extinction would have more nuclear diversity than species less at risk of extinction because
high extinction risk species typically have small populations. Fourth, we hypothesized that
Mollusca would be more variable than Arthropoda due to their reliance on host species for
breeding, which we expect would sometimes decrease population sizes. Testing these hypotheses
will provide a baseline understanding of underlying global patterns that are important for

informing future conservation and management in these declining taxa.

Materials and Methods

Data collection

To understand how extinction risk, range size, and genetic diversity are related in aquatic
invertebrates, we focused on invertebrate taxonomic groups that had have the most extinction
risk evaluations completed by IUCN: Mollusca and Arthropoda. We started our analyses by
downloading and combining the [IUCN’s spatial range size and extinction risk data and identified
5,887 unique species with complete records (i.e., these species had range maps available and had
TUCN records; IUCN 2021). We used these data to calculate the percentage of these invertebrate

taxa from the [UCN database that were listed under the following extinction risk categories:
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Critically Endangered (CR), Endangered (EN), and Vulnerable (VU), all of which are considered
threatened by the IUCN, as well as Near Threatened (NT), and Least Concern. We also extracted
the [UCN-determined population stability category value, which includes declining, increasing,

or stable for each species that has been evaluated in this way.

To supplement the IUCN data, we collected genetic diversity estimates from the primary
literature. We identified relevant literature using the ISI (Institute of Scientific Information) Web
of Science and Google Scholar using two different search approaches in April 2021. First, we
conducted a systematic literature review using the search terms “gen* diversity” and “Mollusca,”
as well as using “gen* diversity” and “Arthropoda” as search terms. In our second search, we
supplemented these searches using species names and “gen* diversity” or “SNP” or “microsat”
or “genome” or “gene” or “allozyme” for species that were not found in the original sets of
records but were included in our IUCN data. All searches were limited to published and peer
reviewed literature. We identified articles that focused on at least one population and contained
either nuclear or mitochondrial genetic data. Following the initial screening, we noted the genus
and specific epithet of the population under study, the number of genotyped loci, and the number

of individuals for the population under study.

We also recorded genetic diversity estimates generated in each of the studies we identified.
Microsatellites are non-coding and neutral nuclear markers and are the most common types of
markers used to quantify a population’s genetic diversity (Coltman and Slate, 2003). However,
mitochondrial loci are also informative as these can provide more insight into historical
demographic events that alter population structure and evolution (Jenyfer Fernandez-Perez et al.,

2017). Because of these differences in marker types and data insights, we collected both
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microsatellite assessments of population genetic diversity and mitochondrial sequence data for
mollusks and arthropods. From each study and for each population included in the study, we
recorded measures of genetic diversity, type and number of genetic markers used, and depending
on the type of genetic assessment conducted, we recorded observed heterozygosity, expected
heterozygosity and number of alleles (for microsatellite assessments) as well as nucleotide

diversity and haplotype diversity (for mitochondrial sequencing assessments).

Statistical analyses

In our first model, we used a linear regression to understand how range size is distributed
amongst extinction risk categories in Mollusca and Arthropoda. Specifically, we used the log
transformed range size estimate as the response variable and IUCN extinction risk category as
the predictor variable. We interpreted non-overlapping 95% confidence intervals of the
coefficient estimates as indicating significant differences in range sizes between extinction risk

groups and analyzed mollusks and arthropods independently.

In our second regression model, we were interested in how range sizes differed between species
with different population trajectories (decreasing, increasing, or stable) in Mollusca and
Arthropoda. We tested whether population trend status predicted range size, using log-
transformed range size as the response variable and a means parametrized regression model.

Again, mollusks and arthropods were analyzed in two different regression analyses.

To address our hypothesis related to extinction risk and genetic diversity, we used a phylogenetic
least square regression (PGLS). We used nuclear and mitochondrial genetic metrics as response
variables and [TUCN extinction risk and the taxonomic relationships between species, estimated

using Class, Order, Family, and Genus and setting all branch lengths to one, were used as
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predictors. We created our phylogenetic object in R using the multi2di function in the ape
package (Paradis E et al., 2019) and ran our regression model using the “gls” function available
in the “nlme” package (Pinheiro J et al., 2022). We assumed Brownian evolutionary patterns and
fit our means parameterized model using maximum likelihood. We considered our estimates of
genetic diversity (heterozygosity, number of alleles, nucleotide diversity, haplotype diversity) as
response variables in independent models, where estimates from multiple populations were
averaged to generate a single estimate for each species/genetic diversity metric combination. We
also compared the 95% confidence intervals around the coefficient estimates from this model
between the IUCN extinction risk groups to understand how genetic diversity varied between

these groups.

Finally, we considered how variation among populations (but within a species) was different
between mollusks and arthropods. For species with more than one population-level estimate of
genetic diversity, we calculated the coefficient of variation (standard deviation/mean) for each of
the genetic diversity estimates we considered. We then calculated the mean coefficient of
variation, and 95% confidence interval around this mean, for each of the genetic variation
metrics within Mollusca and Arthropoda. We assessed significant differences between these

taxonomic groups by comparing the 95% confidence intervals.

Results

We identified 4,075 species where extinction risk and range size had been evaluated by the
TUCN. These species included 1,685 Arthropods, all from the order Decapoda and 2,390
Mollusks from 15 different orders: Allogastropoda (17 species), Architaenioglossa (88 species),

Arcoida (4 species), Cycloneritida (49 species), Ellobiida (24 species), Hygrophila (236 species),
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Littorinimorpha (236 species), Mytiloida (3 species), Neogastropoda (546 species), Ostreoida (1
species), Pylopulmonata (4 species), Sorbeoconcha (179 species), Unionida (266 species) and
Yenerida (129 species). Despite having somewhat large group sizes, these data were not
distributed equally over extinction risk categories. For example, 70% percent of arthropods and

60% of mollusks included in this dataset were listed as least concern (Table 1).

Table 1. Number of Arthropoda and Mollusca species for each IUCN extinction risk category.
All of these species also had range size estimates generated by the [UCN.

TUCN extinction risk Arthropoda species Mollusca species

Least concern 1,186 1,431
Near threatened 66 182
Vulnerable 216 323
Endangered 120 199
Critically endangered 91 232

We found limited information about population stability for arthropod species (1 species noted as
stable) as well as mollusk species (14 decreasing, 4 increasing, and 10 stable species). Although
we report our comparisons between these population trend categories for mollusks, we caution
against over interpretation of this set of data due to this limited dataset size (Table 2).

Table 2. Number of Arthropoda and Mollusca species for each of the [IUCN determined

categories of population trajectory. All of these species also had range size estimates generated
by the IUCN.

Population trajectory Arthropoda species Mollusca species
Decreasing 55 257
Increasing 3 18
Stable 365 275
Unknown 1,262 1,840

We used the set of [IUCN-evaluated species as targets for our genetic diversity data collection

efforts and supplemented this list with species not yet evaluated by the [IUCN. In total, we
16



collected genetic diversity data from 2,452 populations (365 Arthropoda and 2390 Mollusca
populations) that included 242 species (32 Arthropoda and 210 Mollusca). We found similar
biases in these data as we did in the larger, [IUCN evaluated list of species: genetic diversity data
were non-uniformly distributed over species in different extinction risk categories, such that
100% of the genetic diversity estimates collected from arthropods evaluated by IUCN was from

least concern species, as was 66% of genetic diversity estimates collected for mollusks.

Table 3. Number of Arthropoda and Mollusca populations for which we collected genetic
diversity data. The number of species is noted in parentheses.

TUCN extinction risk Arthropoda species  Mollusca species

Least concern 56 (5) 365 (32)
Near threatened 0 (0) 31 (1)
Vulnerable 0 (0) 62 (5)
Endangered 0(0) 50 (5)
Critically endangered 0(0) 46 (3)
Not evaluated 309 (27) 1,533 (164)

In our first regression analysis, we found that as extinction risk increased, range size significantly
decreased in arthropods and mollusks (Table 4, Figure 1). For example, the 95% confidence
interval for the range size coefficient in least concern arthropods was significantly greater than
all extinction risk groups, and the coefficient for critically endangered arthropod species was
significantly less than all of the other extinction risk groups. This same pattern was observed in
Mollusks (Table 4). However, in arthropods and mollusks range size coefficient confidence
intervals overlapped in the vulnerable and endangered species groups, suggesting that there are
important characteristics of mid-range sized species that are important predictors of extinction
risk in these groups. Furthermore, there is substantial overlap in the range size values (Figure 1),

again indicating that factors other than range size are important to understanding extinction risks.
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Table 4. Coefficient (beta) estimates and 95% confidence interval (CI) around these estimates
where range size was compared between IUCN categories.

IUCN Categories Estimate (95% CI)
Least concern 3.45(3.32,3.58)
Near Threatened -0.23 (-0.61, 0.13)
Mollusca Vulnerable -0.99 (-1.27,-0.17)
Endangered -1.32 (-1.67, -0.96)
Critically Endangered  -2.47 (-2.80, -2.13)
Least concern 2.28 (2.16,2.41)
Near Threatened 0.44 (-0.08, 0.98)
Arthropoda  yyperable -0.85 (-1.15, -0.56)
Endangered -0.89 (-1.29, -0.50)
Critically Endangered  -2.00 (-2.46, -1.54)

Range size (log)
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Figure 1. The distribution of range size, shown here as the log of range size, varies significantly
between extinction risk categories in Arthropoda (A) and Mollusca (B). (See Table 4 for
regression results). Range size estimates were made in square kilometers, and each dot represents
a different species. As shown in Table 1, there is a signficant decrease in range size as extinction
risk increases, and this trend exists for all category comparisons other than vulnerable and
endangered where range size is equal.
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In terms of how population stability trends may be a predictor of species range size we found
that in arthropods range size was not significantly different between species with decreasing,
increasing, or stable populations (Figure 2, Table 5). However, for Mollusca species, we found
that stable populations have significantly smaller range sizes compared to species with increasing
populations (Figure 2, Table 5). Considering both Arthropods and Mollusks, we also found that
there was less variation in range size in stable species compared to either decreasing or
increasing population size species. However, our sample size in these comparisons is limited so

this may, at least partially, explain this outcome (Table 5).

Table 5. Coefficient estimates and 95% confidence interval (CI) around these estimates where
range size was compared between population trend categories.

Population trends Estimate p-value

Decreasing 3.76 (2.68, 4.84) <0.001

Mollusca Increasing 5.24 (3.80, 6.68) <0.001
Stable 2.79 (2.40, 3.18) <0.001

Decreasing 2.08 (0.69, 3.48) 0.003

Arthropoda  Increasing 4.51(2.23,6.78) <0.001
Stable 2.83 (2.62,3.04) <0.001
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Figure 2. Population stability is largely unrelated to range size in Arthropods (A) and Mollusks
(B). We used a linear regression where the log of range size was our response variable and the
categorical population trend variable was our predictor. Within each Phylum, all population trend
groupings had overlapping 95% confidence intervals, displayed by the error bars, except for the
comparison between increasing and stable populations Mollusca (B).

In terms of how extinction risk relates to genetic diversity measures our PGLS analyses
suggested that that genetic diversity was significantly correlated with taxonomy; nuclear genetic
diversity estimate correlations averaged 0.84 (observed heterozygosity = 0.82, expected
heterozygosity = 0.86, number of alleles = 0.88) and mitochondrial genetic diversity estimate
correlations averaged 0.55 (nucleotide diversity = 0.49 and haplotype diversity = 0.61). When we
included taxonomic relationships in our analyses, we found no significant differences in nuclear
(Figure 3, Table 6) or mitochondrial (Figure 4) genetic diversity estimates between any
extinction risk categories. This lack of differences suggests that future efforts to understand

extinction risks related to genetic diversity should consider taxonomic variables explicitly since
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there may be evolution-related causes of high or low genetic diversity that may be unrelated to

population stability and viability.

Table 6. Coefficient estimates and 95% confidence intervals around these estimates of species
genetic diversity for each [IUCN extinction risk category. These were estimated using a
phylogenetic least squares regression using Mollusca (denoted as M) and Arthropoda (denoted as
A) species.

Genetic metric IUCN categories Coefficients p-value
Least concern (M) 0.52 (0.44,0.59) <0.001
Near threatened (M)
Observed Vulnerable (M) 0.54 (0.38, 0.70) <0.001
Heterozygosity =~ Endangered (M) 0.36 (0.18, 0.54) <0.001
Critically endangered (M) 0.57 (0.38, 0.75) <0.001
Least Concern (A) 0.49 (0.29, 0.69) <0.001
Least Concern (M) 0.60 (0.52, 0.68) <0.001
Near threatened (M) <0.001
Expected Vulnerable (M) 0.54 (0.38, 0.70) <0.001
Heterozygosity ~ Endangered (M) 0.40 (0.22, 0.58) <0.001
Critically endangered (M) 0.66 (0.47, 0.80) <0.001
Least concern (A) 0.58 (0.37, 0.50) <0.001
Least concern (M) 7.90 (5.86, 9.94) <0.001
Near Threatened (M)
Number of alleles  Vulnerable (M) 3.68 (-1.73,9.11) 0.180
Endangered (M) 5.08 (0.69, 9.47) 0.023
Critically Endangered (M) 11.76 (6.09, 17.43) <0.001
Least concern (M) 0.004 (0.003, 0.005) <0.001
Near threatened (M) 0.001 (-0.001, 0.004) 0.443
Nucleotide Vulnerable (M) 0.003 (0.0001, 0.006) 0.004
diversity Endangered (M) 0.003 (-0.0005, 0.005) 0.105
Critically endangered (M) 0.001 (-0.001, 0.003) 0.261
Least Concern (A) 0.007 (0.004, 0.001) <0.001
Least concern (M) 0.58 (0.53, 0.63) <0.001
Near Threatened (M) 0.47 (0.33,0.62) <0.001
Haplotype
diversity Vulnerable (M) 0.71 (0.45,0.97) <0.001
Endangered (M) 0.45 (0.28, 0.62) <0.001
Critically endangered (M) 0.41 (0.29,0.53) <0.001
Least concern (A) 0.93 (0.76, 1.09) <0.001
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Figure 3. When including taxonomic information, there is no significant difference in the
nuclear genetic diversity across different extinction risk categories. We specifically compared
observed heterozygosity (A), expected heterozygosity (B), and the number of alleles (C) in
Arthropods and Mollusks.
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Figure 4. When including taxonomic information, there is no significant difference in the
mitochondrial genetic diversity across different extinction risk categories. We specifically
compared nucleotide diversity (A) and haplotype diversity (B) in arthropods and mollusks.
When considering genetic diversity in the nuclear genome, we found that Arthropods always had
significantly smaller variation in measures of heterozygosity (observed and expected) and
number of alleles compared to Mollusks (Figure 5, Table 7). However, this was not the case for
mitochondrial diversity; we found that Arthropods had significantly more variation in measures
of nucleotide diversity and both taxa had similar measures of variation in haplotype diversity
(Figure 5, Table 7). This suggests that nuclear estimates of genetic diversity made for some
populations of Arthropods may be more accurate indicators of genetic diversity in other
populations than similar inferences made for mollusks. This is particularly relevant to

considerations for using genetic diversity when considering extinction risks in these species.
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Table 7. Comparison of the variability of Mollusca and Arthropoda populations, within species.
The coefficient of variation for each genetic diversity estimate calculated across same species
populations was compared between Mollusca and Arthropoda using the 95% confidence interval
is defined by the Lower and Upper limit columns.

Genetic metric Mean Lower limit Upper limit
Observed heterozygosity 0.294 0.239 0.349
Mollusca  Expected heterozygosity 0.289 0.2304 0.348
Number of alleles 0.245 0.212 0.278
Nucleotide diversity 0.723 0.673 0.772
Haplotype diversity 0.408 0.365 0.452
Observed heterozygosity 0.154 0.104 0.204
Expected heterozygosity 0.113 0.0671 0.159
Arthropoda Number of alleles 0.106 0.0894 0.123
Nucleotide diversity 1.173 0.903 1.443
Haplotype diversity 0.282 0.182 0.382
" [ Mollusca . s

152

— [ Arthropoda

Mean coefficient of variation
(across populations)
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|

* * "
o — | ﬂ |
= I I [ I I
Observed Expected Number Nucleotide Haplotype
heterozygosity = heterozygosity of alleles diversity diversity

Figure 5. Variation of genetic diversity within Mollusca and Arthropoda populations, within
species. Coefficient of variations are calculated from means of nuclear and mitochondrial
diversity and bars are the standard deviations of the estimates. In the nuclear genome (estimated
via heterozygosity and number of alleles), Mollusca species are more variable between
populations compared to Arthropoda populations. However, this was not true for the
mitochondrial genome, where nucleotide diversity was more variable between Arthropoda
populations and haplotype diversity was equal between these groups.
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Discussion

In this study, we combined assessments of extinction risk, range size estimates, and genetic
diversity data to broadly understand the various threats to aquatic invertebrate population
persistence. Our findings supported the initial hypothesis that species classified as critically
endangered exhibited considerably smaller range sizes compared to all other categories defined
by the IUCN. Contrary to our hypothesis, our results revealed that species with stable population
trends exhibited larger range sizes compared to those with increased population trends. Our
results did not support the hypothesis that species with higher extinction risk exhibit lower
genetic diversity, despite our examination of available genetic diversity measures across a large
number of species. However, we did find that the variation in genetic diversity among Mollusca

populations (within species) was greater than the variation among Arthropoda populations.

Range size assessments

We assessed the differences in range size for species in the different [UCN extinction risk
categories (Figure 1, Table 4). Because determining extinction risk in insects can be limited by
data availability, many species specialist groups rely heavily on range size to make these
determinations (Cardoso et al. 2011). Accordingly, we expected to find a steadily decreasing
range size as extinction risk increased. We found support for the first hypothesis that critically
endangered species had significantly smaller range sizes than any other [IUCN category, which
supports the idea that small ranges and high regional endemism make species with poor dispersal
ability especially vulnerable to extinction risk. For instance, when lineages with limited dispersal
have greater speciation rates and these give rise to species with naturally smaller geographical

ranges, dispersal may affect range sizes and gene flow between populations and consequently
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speciation rates (Lester et al., 2007), potentially decreasing species’ abilities to adapt to new

environmental conditions.

Small range sizes may also lead to small population sizes that increase the strength of genetic
drift and decrease heterozygosity through inbreeding, leading to increased extinction risk
(Vandewoestijne et al. 2008). Generally, low genetic diversity increases the risk of extinction
due to the accumulation of genetic load (DeWoody et al. 2021), increasing the probability of
extinction by decreases in reproduction and survival (Frankham 1995, Bijlsma et al. 1999). This
greater local extinction risk from smaller-ranged species might contribute to shifts in species
composition and the scale-dependent patterns of genetic diversity change that other studies report
with long-term data (Boakes et al., 2018). This emphasizes the significance of targeted
conservation efforts for these species and the ecosystems they occupy because ecosystem
services that influence health and well-being of human populations can also be affected by

changes in species composition.

Large-ranged species may also have a greater chance of colonizing effectively and systematically
displacing small-ranged species if species with narrow ranges are preferentially declining
(Pelletier et al. 2017). For example, the distribution and abundance of mayfly species
(Ephemeroptera) are impacted by the size of their ranges; mayfly species with small range sizes
are more constrained in their distribution and abundance compared to those with larger range
sizes that are more numerous and extensive throughout a single stream network (Boyero et al
2012). This pattern illustrates how aquatic invertebrate species with larger range sizes may be
better able to colonize and persist in degraded areas, which may result in the systematic

displacement of species with smaller range sizes that are more vulnerable to habitat degradation.
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For mollusks and arthropods specifically, this supports considering range size as an important

predictor of extinction risk.

We found that species in the least concern category had significantly larger range sizes than
species in the other [IUCN categories, but that species in the near threatened, vulnerable, and
endangered groups had similar range sizes (Figure 1). Finding overlapping ranges was
unexpected because range size is relied upon heavily when making extinction risk determinations
in insects (Cardoso et al. 2011). Despite this reliance, variables other than range size that affect
the target species are also important to understanding threat status. For example, for unionid
mussels that rely on host species for dispersal, movement restrictions on host fishes such as those
imposed by dams can alter their distributions and abundances (Harding Mann 2000; Schwalb et
al. 2011). This pattern can be seen in the mandatory and host-specific parasitic stage of
Margartifera margaritifera (Salonen and Taskinen 2017) that live in the gills of Atlantic salmon
(Salmo salar) or brown trout (S. trutta) (Salonen et al. 2017). This reliance means threats to these
hosts will also have negative effects on the symbiotic marine invertebrates that depend on these
hosts (Stampar et al. 2010;Wood et al. 2012). However, it is not clear how current [IUCN risk
assessment categories can incorporate these peculiarities into the extinction risk categories

systematically.

In contrast to populations of mussels that only use salmon as hosts, Geist et al. (2018) discovered
that populations of mussels that solely use trout as hosts had extremely high levels of genetic
divergence, suggesting that host species can influence and alter genetic diversity patterns.
Studies of adaptations by local freshwater mussels to their fish hosts by Douda et al. (2017)

highlighted the significance of geographical scale and the potential for host counter-adaptation.
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Therefore, the effectiveness of conservation activities using mussels may be significantly
impacted by local adaptation and population-level changes in freshwater mussel host
compatibility with regard to fish host populations. To improve the success of freshwater mussel
conservation, these characteristics should be further studied in order to account for any

association-specific changes.

Direct genetic diversity assessments must be used in conjunction with well-validated proxies or
indicators of genetic variability in order to determine a species’ susceptibility to different factors
that are affecting genetic diversity (Hanson et al. 2017; Hoban et al. 2020). We assessed the
predictability of range size using the three population trend categories used by IUCN (increasing,
decreasing, or stable population size; Figure 2, Table 5). Trends in species’ populations, whether
increasing, stable, or declining, are a key factor in assessing extinction risk. We found no
significant differences in range size between Arthropoda categorized into the different
population trend groups. However, our sample sizes for this analysis were somewhat limited and

so these results may require additional investigation.

Genetic diversity assessments

We evaluated genetic diversity of Mollusca species as potential indicators of IUCN extinction
using a phylogenetic approach because these methods can reveal the patterns and processes of
speciation as well as the critical natural-history related predictors of data trends (Martinez et al.
2018). For example, the mode of reproduction in mollusks means that mitochondrial information
can be passed from female and male parents, influencing patterns of mitochondrial diversity in
these species. Another factor that can influence genetic diversity in these groups is their history

of geographic and ecological isolation over evolutionary time scales (Avice 2000). In the case of
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the marine snail genus Nerita, current patterns of genetic variation were influenced by historical
barriers, resulting in extreme divergence within the group even though similar levels of genetic
diversity might be expected (Klunzinger et al. 2020). Importantly, these historic events can
interact with contemporary events, such as habitat fragmentation, leading to newer patterns of
genetic diversity loss through genetic drift (Vanhove et al. 2020). Interpreting these patterns
responsibly requires phylogenetic inferences for understanding how evolutionary processes and
contemporary influences have resulted in the patterns of genetic diversity observed, which is

important because understanding evolution is critical for understanding ecology.

While we considered genetic diversity measures that were available in a large number of species
we found no relationships between these measures and extinction risk. We predicted that species
with increased extinction risk would have lesser genetic diversity due to bottleneck effects,
where rapid decreases in population size results in loss of genetic variants due to sampling errors.
However, these effects can be absent in some cases when species have very large initial
population size or long generation times because these natural history characteristics will buffer
against the loss of alleles (Frankham et al. 2014). Accordingly, some threatened and endangered
species will not necessarily have less genetic diversity than non-threatened species due to their
evolutionary histories (Frankham 2010). Species with large historical population sizes are more
likely to have higher genetic diversity, even if they have recent declines in populations, because
the large ancestral population has contributed to a diverse gene pool (Allendorf et al., 2012). The
findings of our study indicate that low genetic diversity should not be automatically assumed as
the primary constraint for mollusk species recovery. Species that exhibit genetic diversity levels
outside the typical range observed should be carefully considered, taking into account additional

factors and considerations (see below). Furthermore, identifying genetic factors that accurately
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predict extinction in some species, or that could serve as early warnings signs of extinction risk,

would be ideal for proactively mitigating the effects of stressors on various species.

Although our data were largely focused on assessments of a few to tens of loci per population,
increases in the use of genome-wide data may support conservation endeavors in the future
(DeWoody et al. 2022). We surveyed results primarily generated from microsatellite markers, as
these types of data represent most of the population genetic datasets. While higher density,
whole-genome data are becoming more popular in conservation genetics studies, there are not
yet enough data points to test broad conclusions for those data types. However, we know that
whole-genome data from a population can give us insights into recent demographic changes in
that population, and for species or populations of concern, these higher-density types of data may
be better suited for determining extinction risk than microsatellite or other lower-density data.
For example, genome-wide measures of genetic diversity may be more sensitive to population
declines, and variation in coding regions may provide predictive insights, particularly when
considering the effects of selection due to habitat changes (Gomulkiewicz and Holt 1997). This
is because multi-marker tests of association can be used to maximize power to understand
species associations with different demographic and environmental factors that are reflective of
their populations at the gene or regional level (Wang et al. 2015). Because genome-wide studies
might provide us with different perspective of population history, targeting these kinds of data in
the future across a diversity of taxa will allow us to assess the viability of these data for this kind

of extinction risk assessment.

Genetic metrics that provide insight into genetic diversity changes over time, such as genetic

erosion, may provide utility in assessing conservation risk (Schmidt et al. 2023). For example, in
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general, identifying long runs of homozygosity in genome data suggests that there has been
widespread inbreeding in recent generations and, when these long runs of homozygosity are
common, indicates that widespread genetic diversity losses are occurring and additional
conservation protections may be warranted (Briiniche-Olsen et al. 2018). Combining these
genetic insights with other known data may also be important. For example, populations with
large estimates of genetic diversity (or a large effective population size, Garner et al. 2020), but
small populations sizes, are likely to be highly affected by genetic drift, resulting in lost genetic
variants over short time periods (Peart et al. 2020). Since low genetic diversity or high rates of
genetic diversity loss can be mitigated by increasing population size and gene flow, relating
genetic diversity estimates and demographic information to extinction risk provides an
opportunity to prevent extinction (Vitorino et al. 2019). By relating genetic diversity estimates
and demographic information to extinction risk, we can identify species that are at risk of
extinction and develop strategies to prevent genetic diversity loss and increase population size
(Frankham 2010). This outcome could be accomplished by increasing connectivity, because

fragmented populations tend to lose more genetic variants (Ralls et al. 2020).

One alternative to considering whole genome diversity is focusing on variation at specific loci
that affect fitness when assessing extinction risk and management of vulnerable populations.
This method is based on the idea that these loci are vital for defining an organism’s ability to
survive and reproduce in a changing environment. For instance, a study on the freshwater mussel
Elliptio complanata found that variation in genes associated to heat tolerance greatly influenced
both individual fitness and population persistence (Fritts et al. 2018). Concentrating on important
loci can also help with the creation of targeted management plans for populations of aquatic

invertebrate species that are at risk. However, breeding with respect to a single genetic variant or
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phenotype will result in loss of genetic diversity elsewhere in the genome, meaning that this
strategy can have unintended effects (Willoughby et al. 2017). Hence, to manage and protect
vulnerable aquatic invertebrate populations, a thorough strategy that takes into account both
specific loci and whole genome diversity is advised, and locus-specific approaches should be

used sparingly.

Species-specific trends and recommendations

The relationship between species’ genetic diversity and extinction risk can be masked by
variation in response to local and contemporaneous environmental changes. Species with
historically low abundance or small ranges may have low genetic diversity compared to larger
populations, but this difference will not substantially affect population fitness or stability
(Charlesworth et al. 2010). For example, some populations of Nodularia douglasiae, a species of
least concern, have low mitochondrial diversity compared to other least concern species in our
dataset (Table 4). While not the only explanation of this trend, lower than expected genetic
diversity suggests that this species may be subject to pressures that are limiting the population.
This species is found in a relatively large range that includes parts of China, Japan, Korea,
Mongolia, Russia, Taiwan, and Vietnam, suggesting that habitat destruction or fragmentation
may be limiting factors because overall range size is large. For many aquatic species, habitat loss
and pollution can lead to population isolation, increasing the rate that alleles are lost via genetic
drift and inbreeding, and reducing long-term population viability (Vandewoestijne et al. 2008).
Therefore, considering species data across taxa can aid identification of species on the brink,
even when they are not identified by current [IUCN methodology. Although we have not assessed
the natural history and background of each species, here we identify species listed as least

concern but that have genetic diversity estimates in the lower 5% of all population estimates in
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our database (Table 8). We suggest that these species may warrant additional investigations to

understand these contradicting trends.

Table 8. Species identified with the lowest genetic diversity compared to other species in our
database despite being at low risk of extinction. These species are listed as Least Concern for
extinction by the [UCN but that fell in the lowest 5% of all population-level estimates of genetic
diversity. We suggest that these species may warrant further investigation and, potentially,
increased conservation concern and protections.

Genetic diversity metric 5% cutoff value Species

Nuclear genome
Observed
heterozygosity
Expected
heterozygosity

0.044 Sepia officinalis

0.1052 Pseudosuccinea columella, Sepia officinalis

Number of alleles 1.545 Sepia officinalis

Mitochondrial genome

Anodonta anatine, Amphioctopus fangsiao,
Amphioctopus neglectus, Cistopus indicus,
Galba truncatula, Haliotis asinine, Nodularia
douglasiae, Radix auricularia,

Nucleotide diversity 0.0005925

Amphioctopus fangsiao, Amphioctopus
neglectus, Anodonta anatina, Cistopus indicus,
Galba truncatula, Haliotis asinina, Nodularia
douglasiae, Radix auricularia

Haplotype diversity ~ 0.2444

Generally, populations with a restricted distribution or populations that are small and isolated
tend to have low levels of genetic diversity due to the effects of inbreeding and drift (Frankham
2005). However, we identified some species with higher-than-expected genetic diversity. For
example, the endangered species Unio foucauldianus has shown high variation in nuclear genetic
diversity when compared to other species. This high genetic diversity is likely due to a
combination of factors, such as historical population fragmentation, poor dispersion capacity,

and the existence of several refugia throughout climatic variations (Lopes-Lima et al. 2017).
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Generally speaking, genetic diversity is important because it can enhance a species' capacity for
adaptation, enabling it to respond to environmental challenges more effectively and increase
persistence probability. Moreover, we suggest that Unio foucauldianus and other species that
have larger than expected genetic diversity might be used as a model species to comprehend the
genetic processes driving species resilience. Research on this species and others with higher than
expected genetic diversity (Table 9) could provide insight into how genetic diversity is

maintained in isolated and fragmented populations.

Table 9. Species identified with the highest genetic diversity compared to other species in our
database despite being at high risk of extinction. Species are listed as Critically Endangered for
extinction by the [UCN but that fell in the highest 5% of all population-level estimates of genetic
diversity. We suggest that these species may provide insight into species characteristics that
result in retention of genetic diversity in wild populations despite demographic indicators of
extinction risk.

Genetic diversity metric 5% cutoff value  Species

Nuclear genome
Observed _ 0.833 Bulimulus reibischi, Pinna nobilis,
heterozygosity Posidonia oceanica, Unio foucauldianus
Expected . 0.898 Bulimulus reibischi, Pinna nobilis,
heterozygosity Posidonia oceanica, Unio foucauldianus
Number of alleles 18.265 Bulimulus reibischi, Pinna nobilis
Mitochondrial genome
Nucleotide diversity 0.106 Posidonia oceanica, Unio foucauldianus
Haplotype diversity 0.999 Posidonia oceanica, Unio foucauldianus

Future use of genetic diversity in Mollusca and Arthropoda assessments

We advocate for continued assessment of the use of genomic data in understanding extinction
risk across different taxonomic groups, and our data suggest that there are important taxon-level
differences to consider when doing so. We compared, within species, the variation in genetic
diversity among populations and found that Mollusca populations tend to be more variable than
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Arthropoda populations (Figure 5; Table 7). This difference means that population-level
assessments of nuclear genome diversity patterns in Mollusca may be less likely to be
representative of species-level genome patterns compared to population-level assessments in
Arthropoda. As habitats change, we predict that these differences between populations in a
species will increase due to differential ability for populations to adapt to these new conditions
and increased isolation of some populations (Mori and Takamura 2000). These variations in
genetic diversity could have been due to factors like habitat fragmentation and host dependency.
For example, the endangered freshwater pearl mussel (Margaritifera margaritifera) requires
brown trout or Atlantic salmon as a host to complete its life cycle, and trout-mussel populations
have significantly more genetic diversity than the salmon-mussel populations (Karlsson et al.
2014). This suggests that population-specific factors are important considerations when
interpreting genetic diversity in these species. Taken together, this means that collecting
estimates of genome diversity in multiple populations may be warranted when using genetic data

to predict extinction risks for an entire species.

Although microsatellite and mitochondrial sequences do not seem very well suited for assessing
extinction risk in mollusks and arthropods, understanding recent population size change through
genetic diversity is appealing for some species due to its relative ease and increased information
content compared to other approaches. In particular, Hoban et al. (2020) suggest using estimates
of effective population size, which reflects the rate at which genetic diversity is expected to be
lost (Hare et al. 2011), when developing conservation action plans. This approach suggests
comparing the number of populations within a species that have effective population sizes above
500 to those who have effective population sizes below 500 to gauge species-wide concerns

relative to population-specific concerns. There are several ways that effective population size can
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be estimated, but new and efficient methods involve analyzing whole-genome sequencing data
for populations. While this effort is likely to be costly compared to microsatellite analyses,
sequencing costs are constantly declining and the ability to assess these populations on the brink

of extinction would certainly, in our view, warrant this level of financial investment.

Conclusions

We found that least concern species have significantly larger range size which suggests that these
species are more widespread, and this may provide important ecological buffers to these species.
We also found that critically endangered species have significantly smaller range sizes compared
to other IUCN categories, which supports additional conservation protections since these species
may be more vulnerable to stochastic environmental events. Range size did not relate to genetic
diversity and genetic diversity was similar across all [UCN rankings. Combined, this suggests
that even small-ranged species may have the necessary genetic variants to support on-going
adaptation recovery of these species. However, we found that population-wide genetic diversity
compared among mollusk populations (within species) is significantly larger than the same
measure in arthropods. Making species-level decisions from data originating from a single
population may be viable in some aquatic invertebrates but inadvisable in others. Rapid habitat
change will present species with new hurdles as anthropogenic impacts continue to occur. While
we focused on putatively neutral genetic markers here, genome-wide genetic diversity measures

may provide greater insight into the survival of populations confronting environmental change.
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