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ABSTRACT

Species distributions are structured by dispersal potential and responses to vicariance events. Populations of less-vagile species
can become spatially isolated in insularised habitats leading to allopatric speciation. In heavily fragmented aquatic systems, such
species often contribute to high rates of endemism. Sphaeriid clams are a globally distributed, yet vastly understudied, group of
bivalves. They occupy nearly every type of freshwater system, including many isolated water bodies. Studies on sphaeriid diver-
sity in North America suggest many of the species are cosmopolitan. An exception is the Sangre de Cristo peaclam, Pisidium
sanguinichristi, considered endemic to a single lake in New Mexico, USA. However, the taxonomic validity of the species is
debated, incurring significant conservation implications as the species of conservation concern at the state and federal levels.
We examined sphaeriid genetic diversity in New Mexico and Texas to characterise endemicity and test the identity of P. sanguini-
christi. Sequences of the mitochondrial 16S gene and the nuclear 28S gene were compared amongst localities and with sequences
deposited in GenBank. Our results support previous inferences that much of the sphaeriid diversity across this region comprises
a few cosmopolitan species, with some exception. Furthermore, we did not find evidence to support P. sanguinichristi as a unique
species and therefore not a valid taxon. This study implies that sphaeriid clams do not follow the common paradigm of high en-
demism in isolated water bodies shown by many small aquatic species, rather they present a mixed case. The widespread species
of sphaeriids in this region are not of high-conservation priority in contrast to many aquatic invertebrates found throughout arid
western North America.

1 | Introduction on distribution. In species with low vagility, unable to move

amongst patches or across barriers, populations become isolated

Species distributions are determined by historical vicariance
events and the dispersal capabilities of the species. The former
can alter the suitability of a region for a particular species by
transforming a formerly large area of contiguous habitat into a
patchy matrix of suitable and unsuitable habitat (Avise 2000).
The ability of a species to traverse the unsuitable matrix, and
therefore migrate between patches of suitable habitat, de-
termines how much influence a vicariance event can have

from each other and theory predicts the effects of insularisation
(Avise 2000; McKelvy and Burbrink 2017) will drive populations
to diverge along separate evolutionary paths (De Queiroz 2007).
Alleles will be lost in some populations and fixed in others
through either nonadaptive mechanisms, primarily genetic
drift, or adaptive processes such as local selection. Over time,
disjunct populations can become genetically distinct, leading
to allopatric speciation (Pavlova et al. 2017; Adams et al. 2018).
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While dissimilar in many ways, both montane lakes and desert
springs are examples of patchily distributed, insularised habi-
tats embedded in inhospitable landscape. In each system, water
bodies are isolated from one another making dispersal difficult
or impossible for many aquatic species.

Extreme isolation of individual desert waterways and montane
lakes commonly results in unique aquatic communities and
elevated levels of local endemicity (Stanislawczyk et al. 2018).
Hydrobiid snails, for example, are a diverse taxon of minute
gilled snails found across multiple continents and insularised
habitat types (Stagliano 2016; Miller et al. 2018). Although, de-
spite a large distribution of the group, many individual species
have extremely small range sizes such as a single spring (Brown
et al. 2008). Evidence suggests high rates of micro-endemicity
exhibited by hydrobiids are the result of physiology, life history
and biogeographical processes. Many hydrobiid are hypothe-
sised to have become geographically isolated following changes
to ancient waterways and further driven by high susceptibil-
ity to desiccation due to gilled breathing structures plus slow
growth rates that limit population expansion (Hershler and
Liu 2008; Brown et al. 2008). Similar isolating circumstances
have been documented in a variety of small-bodied aquatic
species, including amphipods (Murphy et al. 2013; Walters,
Cannizzaro, et al. 2021; Hou et al. 2022), flat worms (Inoue
et al. 2020) and mites (Blattner et al. 2022). However, the com-
monality of endemic species, particularly small invertebrates,
is often unrecognised in-part due to minimal distinguishing
morphological traits—yet, upon closer scrutiny, single ‘species’
occupying multiple water bodies are revelled to be complexes
composed of cryptic endemic species (Riddle et al. 2011; Funk
et al. 2012; Hellmich et al. 2021; Inoue et al. 2020; Walters,
Taynor, and Berg 2021). Failure to identify such cryptic species
greatly reduces our understanding of biodiversity patterns, un-
derestimates species richness and ultimately decreases the abil-
ity to apply effective conservation measures to these species and
communities (Lopes-Lima et al. 2021). This knowledge gap is
commonly referred to as the Linnean Shortfall, which can lead
to endemic species being lumped together into singular wide-
spread or cosmopolitan species (Lomolino 2004; Trontelj and
FiSer 2009). In some cases, biological processes such as niche
conservatism contribute to the formation of cryptic species com-
plexes (Trontelj and FiSer 2009; Murphy et al. 2015;). In other
cases, under-sampling by researchers is a driving factor (Hortal
et al. 2015).

Sphaeriid clams (family Sphaeriidae), known commonly as fin-
gernail, pill or pea clams, are a group of small bivalves (typi-
cally <10mm) distributed across all major continents except
Antarctic. Interestingly, this family includes numerous species
with transcontinental ranges (Lee and Foighil 2003). They
occupy a variety of limnetic habitats such as springs, seeps,
swamps, lakes and temporary pools. In many of these systems,
sphaeriids can be the dominant taxa in the benthos, with densi-
ties reaching 100,000 individuals per m? (Sandusky et al. 1979).
Because of such high biomass, sphaeriids are likely to have im-
portant effects on water quality and they may be useful for bio-
monitoring of ecosystems (Korniushin and Glaubrecht 2002).
However, despite their ubiquitous distribution, high abundance
and ecological relevance, they are poorly studied and the dis-
tribution of many species is uncertain (Halabowski et al. 2024).

The Freshwater Mollusc Conservation Society (FMCS) specif-
ically excludes sphaeriids from its USA National Conservation
Strategy due to lack of data and expertise ((FMCS] Freshwater
Mollusk Conservation Society 2016). Furthermore, Sphaeriid
taxonomic structure remains a point of dispute amongst taxon-
omists. In our article, we will rely upon the most recent taxo-
nomic classifications as described in Bespalaya et al. (2024),
Graf and Cummings (2025) and MolluscaBase (2025).

Many sphaeriid species are considered cosmopolitan, yet it is
also plausible that such inferred distributions are artefacts of
knowledge gaps created by insufficient sampling and study of
this group. Sphaeriids are difficult to distinguish morphologi-
cally due to high levels of intraspecific phenotypic variation,
plastic traits and limited synapomorphies, which may be fur-
ther compounded by niche conservatism (Guralnick 2005;
Schultheif} et al. 2008; Murphy et al. 2015; Rassam et al. 2021a).
Additionally, sphaeriids are excellent dispersers—making reli-
ance of sampling locality for identification purposes unreliable.
As with many small aquatic invertebrates, sphaeriid dispersal
is often associated with passive mechanisms such as epizoo-
chory and endozoochory (Kappes and Haase 2012; Coughlan
et al. 2017; Martin-Vélez et al. 2022). Previous studies on sphae-
riids suggest that some species can survive exposure to drying
terrestrial conditions or the digestive systems of larger verte-
brates, allowing them to utilise a variety of hosts for dispersal
(Mackie 2007). Sphaeriids have been documented attaching
themselves externally to other animals by clamping onto sala-
mander and insect appendages (Wood et al. 2008; Zelaya and
Marinone 2012) and bird feathers (Mackie 2007). Some species
also possess the ability to survive the digestive tracks of both
birds (Mackie 2007) and fishes (Brown 2007). This combina-
tion of factors adds to the uncertainty surrounding sphaeriid
species diversity, contributes to a potential Linnean Shortfall
within the group and adds uncertainty to where spheariids falls
in relation to the high isolation-high endemicity paradigm ob-
served in many other isolated aquatic species. While studies that
focus on desert springs and other arid water bodies are limited,
genetic-based studies of montane species from Asia and Africa
have identified cryptic and endemic taxa (Clewing et al. 2020;
Rassam et al. 2021b; Clewing et al. 2022; Saito et al. 2022).

In western North America, sphaeriid diversity studies are
limited (but see Guralnick 2005) and broader taxonomic stud-
ies, which include Nearctic populations, are often focused on
higher level delineation of genera, subfamilies, or families
(Cooley and Foighil 2000; Park and Foighil 2000; Korniushin
and Glaubrecht 2002; Lee and Foighil 2003). Populations
found in this region are generally considered to be one of a
small number of cosmopolitan species (Guralnick 2005). A
notable exception to this pattern is Pisidium sanguinichristi,
Taylor 1987, the Sangre de Cristo pea clam. The type (and only)
locality known is Middle Fork Lake located in the Sangre de
Cristo Mountain Range of New Mexico, USA (Taylor 1987).
Due to this extremely limited range, the species is listed as
threatened by the State of New Mexico ((NMDGF] New Mexico
Department of Game and Fish 2020) and is a candidate for
listing as threatened or endangered under the US Endangered
Species Act (([USFWS] U.S. Fish and Wildlife Service 2009).
Although, there is debate regarding the taxonomic validity
of the species due to known sphaeriid variation ([USFS] US

20f 16

Aquatic Conservation: Marine and Freshwater Ecosystems, 2025



Forest Service 2017, 2020). Extensive field surveys and collec-
tion efforts have been performed by various agency biologists
since the 1990s and all have failed to produce a sample that
can be reliably identified as P. sanguinichristi (USFWS 2009;
NMDGF 2002). In a study performed by the New Mexico
Department of Game and Fish, 42 sites within the Sangre de
Cristo Mountains were sampled between 1996 and 1999. Over
750 voucher samples were collected from Middle Fork Lake
alone. After morphological examination, not a single sample
was identified as P. sanguinichristi (NMDGF 2002). This ex-
tensive sample effort highlights an obvious contradiction to
the statement of commonality of P. sanguinichristi in Middle
Fork Lake provided in the original species description, which
was originally noted by Taylor (1987) to be a locally abundant
species. As already stated, conchological studies can be very
difficult to perform in sphaeriid clams, and therefore, we fo-
cused on a genetic approach, which has proved a valuable tool
in delimiting many other cryptic or previously unconfirmed
species (Martinsson and Erséus 2021; Shults et al. 2022;

Mcguire et al. 2023; Cannizzaro and Berg 2024). Genetic in-
formation can help to verify the validity of P. sanguinichristi
as a species so appropriate listing and other conservation ac-
tions can be implemented. In addition, further investigation
of sphaeriids in this region will also increase understanding
of biodiversity patterns and potential conservation status of
other local species.

In this study, we addressed two distinct questions: (1) Do sphae-
riids in the American Southwest follow the pattern of narrow
distribution and high endemism common in other desert and
montane aquatic species and (2) is P. sanguinichristi a valid spe-
cies based on genetic analysis? We hypothesised, based on the
high dispersal potential, that sphaeriids in the isolated water
bodies of the western United States would present an example
counter to most isolated aquatic species by displaying broadly
distributed genetic diversity and not supporting the current rec-
ognition of P. sanguinichristi as a distinct species. The results of
this study will add to our understanding of how aquatic species
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FIGURE1 | Sphaeriid sampling localities. Middle Fork Lake (indicated by blue Star) is the type locality of Pisidium sanguinichristi.
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TABLE1 | NCBIGenBank BLASTnresultsfor the 16s gene. The ‘Haplotype number’ column corresponds to the shared haplotypes in the haplotype
network (Figure 2). The ‘Localities’ column displays collection localities (Figure 1) that share the haplotype, and the ‘Number of individuals’ column
displays how many individuals share the haplotype. The ‘Species identified on NCBI GenBank’ column displays the top three results, in order, along
with accession numbers in parentheses. The three genera identified include Euglesa (Pisidium), Musculium, and Sphaerium. The ‘Percent sequence
identities’ column indicate the sequence identities, in order, for the species displayed in the previous column. When discrepancies in nomenclature
existed between the species name recorded in GenBank and the most recent taxonomic classification we provide both formatted as ‘current name
(name as recorded on GenBank [accession number])’.

Haplotype Number of Percent sequence
number Localities individuals Species identified on NCBI GenBank identities
1 CC, SB, AL 12 E. fallax (P. fallax [AY093561.1]) 99.57 99.31 98.87

E. fallax (P. fallax [AY957816.1]) E.
fallax (P. fallax [AY957824.1])

2 LC, TSH 8 E. fallax (P. fallax [AY957813.1]) 100
P. sp RPG-5[AY957870.1] 97.28 97.28
P. sp RPG-2005¢ [AY957869.1]
3 TSH 1 E. fallax (P. fallax [AY957813.1]) 100
P. sp RPG-5[AY957870.1] 97.28 97.28
P. sp RPG-2005¢ [AY957869.1]
4 LC 1 E. fallax (P. fallax [AY957813.1]) 100
P. sp RPG-5 [AY957870.1] 97.28
P. sp RPG-2005¢ [AY957869.1] 97.28
5 AL 1 E. fallax (P. fallax [AY093561.1]) 99.35
E. fallax (P. fallax [AY957816.1]) 99.31
E. fallax (P. fallax [AY957824.1]) 98.87
6 AL 2 E. fallax (P. fallax [AY093561.1]) 99.57
E. fallax (P. fallax [AY957816.1]) 99.31
E. fallax (P. fallax [AY957824.1]) 98.87
7 FL 1 E. compressa [KY202871.1] 99.78
E. compressa [KY202870.1] 99.77
E. compressa [AY957810.1] 99.77
8 FL, PS 8 E. compressa [KY202871.1] 99.78
E. compressa [KY202870.1] 99.77
E. compressa [AY957810.1] 99.77
9 PLSR 1 P. sp RPG-2005a [AY957814.1] 97.28
P. sp RPG-2005b [AY957815.1] 96.83
P. sp RPG-2005¢ [AY957869.1] 96.83
10 PLSR 19 P. sp RPG-2005a [AY957814.1] 97.51
P. sp RPG-2005b [AY957815.1] 97.06
P. sp RPG-2005¢ [AY957869.1] 97.05
11 PLSR 2 P. sp RPG-2005a [AY957814.1] 97.51
P. sp RPG-2005b [AY957815.1] 97.06
P. sp RPG-2005¢ [AY957869.1] 97.05
12 CcC 4 P. sp RPG-2005a [AY957814.1] 99.55
P. sp RPG-2005b [AY957815.1] 98.87
P. sp RPG-2005¢ [AY957869.1] 98.64
13 MFL 1 E. variabilis (P. variabile [AY957802.1]) 100
E. variabilis (P. variabile [AF152030.1]) 99.78
E. variabilis (P. variabile [AY957803.1]) 99.78
14 MFL, SGL 12 E. variabilis (P. variabile [AY957802.1]) 100
E. variabilis (P. variabile [AF152030.1]) 99.78
E. variabilis (P. variabile [AY957803.1]) 99.77
(Continues)
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TABLE1 | (Continued)

Haplotype Number of Percent sequence
number Localities individuals Species identified on NCBI GenBank identities
15 MFL 1 E. variabilis (P. variabile [AY957802.1]) 99.77
E. variabilis (P. variabile [AF152030.1]) 99.57
E. variabilis (P. variabile [AY957803.1]) 99.55
16 MFL, PL 5 E. casertana [KY126452.1] 100
E. casertana [KY126458.1] 99.79
E. casertana [AY957788.1] 99.79
17 TL 3 E. casertana [AY957796.1] 99.32
E. casertana [AY957795.1] 99.32
E. casertana [AY957785.1] 99.32
18 GL, PL 3 E. casertana [KY126452.1] 99.15
E. casertana [KY126455.1] 99.15
E. casertana [KY126457.1] 99.15
19 SGL 2 E. casertana [AY957792.1] 99.77
E. casertana [AY957791.1] 99.55
E. casertana [AY957789.1] 99.09
20 PL 1 E. casertana [AY957796.1] 99.77
E. casertana [AY957795.1] 99.77
P. sp CC-2104 [KF483282.1] 99.56
21 PL 2 E. casertana [AY957796.1] 99.55
E. casertana [AY957795.1] 99.55
E. atkinsoniana (P. atkinsonianum 99.35
[KF483307.1])

22 PL 1 E. casertana [AY957796.1] 99.32
E. casertana [AY957795.1] 99.32
P. sp CC-2104 [KF483282.1] 99.12
23 MC 3 S. lacustre (M. lacustre [AY093551.1]) 97.41
S. occidentale [AF152046.1] 97.41
S. lacustre (M. lacustre [AF152035.1]) 97.41

Note: Identified samples without species epithets were collected in either Colorado, USA (‘RPGxxxxx’ see Guralnick 2005), or Tibet (‘P. sp CC-xxxxx’, see Clewing

et al. 2013).

are restricted by, or able to overcome, dispersal barriers across
inhospitable landscapes. Furthermore, it will aid in resolving
the conservation status of P. sanguinichristi.

2 | Methods

We collected whole body samples from sites of various habitat
types spanning New Mexico and west Texas, which included
the type locality of P. sanguinichristi, Middle Fork Lake in
Taos County, New Mexico (Figure 1). Sphaeriids were col-
lected by sifting through aquatic sediments by hand or with
aquarium nets to expose the clams. Whole specimens were
preserved in 95%-100% ethanol and stored at —80°C. We at-
tempted multiple methods of DNA extraction to determine the
best protocol for obtaining sufficient high-quality DNA, while
preserving the very delicate valves for future morphological
work. Tissue preservation is known to be particularly prob-
lematic in sphaeriids (Frankiewicz 2018); however, we found
a standard CTAB extraction followed by ethanol precipitation
to be the most effective for maximising yield of high-quality

DNA (Maroof et al. 1984). We selected two genes commonly
utilised during sphaeriid phylogenetic studies: the mitochon-
drial 16S ribosomal subunit gene (16S; Cooley & O Foighil
2000; Lee and Foighil 2003) and the nuclear 28S ribosomal
subunit gene (28S; Bofineck et al. 2016). Both genes were se-
quenced following previously described methods (Clewing
et al. 2013). Samples were sequenced at Miami University's
Center for Bioinformatics and Functional Genomics on an
Applied Biosystems 3730 DNA Analyser (Thermo Fisher
Scientific, Waltham, MA) following a Big Dye terminator and
cycle sequencing protocol (available at http://miamioh.edu/
cas/academics/centers/cbfg/tools-protocols/index.html). Both
forward and reverse sequencing products were visualised,
curated and combined into a single consensus strand using
CLC Genomics Workbench v 21.0.3 (https://digitalinsights.
giagen.com/). We used the National Center for Biotechnology
Information's (NCBI) BLASTn tool to compare our sample
sequences to those published in the GenBank sequence re-
pository. This allowed us to determine sequence identity and
establish how similar the samples from amongst the collection
localities were to each other, as well as to species identified on
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TABLE 2 | NCBI GenBank BLASTn results for the 28S gene. The ‘Haplotype number’ column corresponds to the shared haplotypes in the
haplotype network (Figure 3). The ‘Localities’ column displays collection localities (Figure 1) that share the haplotype, and the ‘Number of
individuals’ column displays how many individuals share the haplotype. The ‘Species identified on NCBI GenBank’ column displays the top three

results, in order, along with accession numbers in parentheses. The three genera identified include Pisidium, Musculium, and Sphaerium. The

‘Percent sequence identities’ indicates the sequence identities, in order, for the top three identified species displayed in the previous column. When

discrepancies in nomenclature existed between the species name recorded in Genbank and the most recent taxonomic classification we provide both

formatted as ‘current name (name as recorded on GenBank [accession number])’.

Haplotype Number of Percent sequence
number Localities individuals Species identified on NCBI GenBank identities
1 ccC 2 P. walkeri (P. walkeri [KX713421.1]) 99.84
E. floresiana (P. floresianum 99.68
[MN913632.1]) 99.68
E. casertana (P. casertanum
[KF483338.1])
2 SGL, TL, AL, FL, GL, 34 E. floresiana (P. floresianum 100
MFL, PL, PLSR, PS [MN913632.1]) 100
E. casertana (P. castertanum 99.84
[KF483338.1])
E. subtruncata (P. subtruncatum
[MN913651.1])
3 LC 1 E. floresiana (P. floresianum 99.68
[MN913632.1]) 99.68
E. casertana (P. castertanum 99.52
[KF483338.1])
E. subtruncata (P. subtruncatum
[MN913651.1])
4 AL, CC, SB 7 E. floresiana (P. floresianum 99.84
[MN913632.1]) 99.84
E. casertana (P. castertanum 99.68
[KF483338.1])
E. subtruncata (P. subtruncatum
[MN913651.1])
5 CcC 1 E. floresiana (P. floresianum 99.68
[MN913632.1]) 99.68
E. casertana (P. castertanum 99.52
[KF483338.1])
E. subtruncata (P. subtruncatum
[MN913651.1])
6 TSH, LC 3 E. floresiana (P. floresianum 99.68
[MN913632.1]) 99.68
E. casertana (P. castertanum 99.52
[KF483338.1])
E. subtruncata (P. subtruncatum
[MN913651.1])
7 SGL, MFL 14 P. sp [KF483324.1] 99.84
E. floresiana (P. floresianum 99.68
[MN913632.1]) 99.68
E. casertana (P. casertanum
[KF483338.1])
(Continues)
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TABLE 2 | (Continued)
Haplotype Number of Percent sequence
number Localities individuals Species identified on NCBI GenBank identities
8 SGL 1 E. floresiana (P. floresianum 99.84
[MN913632.1]) 99.84
E. casertana (P. castertanum 99.68
[KF483338.1])
E. subtruncata (P. subtruncatum
[MN913651.1]
9 MC 1 S. sp [KY513183.1] 99.52
. indicum (M. indicum [KF483345.1]) 99.52
S. lacustre [AM779712.1] 99.52
10 MC 1 S. sp [KY513183.1] 99.36
. indicum (M. indicum [KF483345.1]) 99.36
S. lacustre [AM779712.1] 99.36

GenBank. Using MEGAX (Kumar et al. 2018), sequences were
aligned by MUSCLE (Edgar 2004) for each gene individually.
In PopART (Bandelt et al. 1999; Leigh and Bryant 2015), we
built minimum spanning haplotype networks to visualise se-
quence similarities and shared haplotypes amongst samples
for each gene.

For samples in which both genes were successfully sequenced,
we used SequenceMatrix (Vaidya et al. 2011) to generate a con-
catenated sequence matrix. A maximum-likelihood phylogeny
was generated in IQtree v 1.6.12 (Nguyen et al. 2015) from these
concatenated sequences. Prior to conducting the phylogenetic
analysis, we determined the best-fit evolutionary model and par-
titioning scheme also using IQtree. Node support was assessed
using 10,000 ultrafast bootstraps (Hoang et al. 2018) and an SH-
aLRT test (Guindon et al. 2010).

3 | Results

We successfully collected and sequenced samples from 14 loca-
tions across west Texas and New Mexico (Figure 1), including
samples from Middle Fork Lake. A total of 94 and 64 samples
were sequenced for 16S and 28S, respectively (Tables 1 and 2).
Final sequence lengths, after processing, resulted in 471bp for
16S and 629 bp for 28S.

The BLASTn results displayed high sequence identities at both
the 16S and 28S genes when comparing the individuals sampled
in this study with other described and undescribed species of
sphaeriids (Tables 1 and 2). The previously described species
identified by 16S include Euglesa fallax, E. compressa, E. vari-
abilis, E. casertana, Sphaerium lacustre and S. occidentale. The
two non-Euglesa species were only found in Madera Creek in
west Texas. However, these samples shared equal 16S sequence
identity (97.41%) with both S. lacustre and S. occidentale, casting
doubt on the reliability of this identification (Table 1). The un-
described species identified by 16S include individuals mostly
identified from a previous study of sphaeriid diversity in the state
of Colorado, USA (see Guralnick 2005) The described species
identified by 28S include E. walkeri, E. floresiana, E. casertana,
E. subtruncata, S. indicum and S. lacustre. The non-Euglesa

samples identified by 28S are the same samples from Madera
Creek identified by 16S as either S. lacustre or S. occidentale.
Using 28S, the samples from Madera Creek were identified as
either S. indicum or S. lacustre.

Identical haplotypes were shared broadly across the region.
For example, the same haplotypes are shared between a small
spring near Marathon, Texas and Fenton Lake in north-
ern New Mexico, sites located over 700 km apart across arid
landscapes with no physical water connections (Figures 1,
2 and 3). Furthermore, we did not find support for the pea
clams collected at Middle Fork Lake being an endemic spe-
cies (Figures 4, 5 and 6). The ‘P. sanguinichristi’ 16S haplo-
types collected from this site were identical to those from San
Gregorio Lake and Pioneer Lake (Figures 2 and 5), localities
that are approximately 150 and 10 km from Middle Fork Lake,
respectively. While these distances may not seem large, other
similarly sized desert aquatic invertebrates show population
and species divergences at much smaller distances (Walters
et al. 2022). We also found that 28S haplotypes were shared
between Middle Fork Lake and eight other locations broadly
distributed across the region (Figures 3 and 6). The GenBank
results based on mtDNA indicate that the samples collected
from Middle Fork Lake are either E. variabilis or E. casertana,
with 99%-100% sequence identities (Table 1). The nDNA indi-
cates that the samples from Middle Fork Lake are either E. flo-
resiana, E. casertana or E. subtruncata, again with 99%-100%
sequence identities (Table 2).

A similar result is displayed by the maximum-likelihood tree.
There are multiple well-supported clades but only one mono-
phyletic locality: Perch Lake, NM (Figure 4). These sam-
ples were also identified by the mtDNA GenBank analysis
to be most closely related to the undescribed species noted by
Guralnick (2005), albeit less strongly, with only 96.83%-97.51%
sequence identity (Table 1), while the nDNA samples were iden-
tified as either E. floresiana, E. casertana or E. subtruncata
(Table 2) with 99%-100% sequence identity. Most of the other
clades found in the tree are composed of samples from multiple
localities. The samples from Middle Fork Lake are found in two
well-supported clades that also include individuals collected at
San Gregorio Lake or Pioneer Lake.
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FIGURE 2 | Minimum-spanning haplotype network for the 16S gene. Coloured circles represent unique haplotypes shared amongst locations.
The size of circle is proportional to total number of individuals sharing the haplotype. Black dots represent ancestral or unsampled haplotypes. Hash
marks represent the number of nucleotide substitutions between haplotypes. Numbers next to haplotypes indicate haplotype numbers that corre-

spond to Table 1.

4 | Discussion

Species distributions are commonly explained by the inter-
play of two fundamental concepts in biogeography: vicariance
and dispersal (Zink et al. 2000). Major geographical changes

associated with climatic shifts (Heimburger et al. 2022), chang-
ing hydrological patterns (Adams et al. 2018) and the creation of
geological barriers (Frantz et al. 2018) can disrupt dispersal and
fragment populations, leading to allopatric speciation. Highly
isolated waterbodies, such as desert springs and mountain
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lakes, are well known for harbouring especially high numbers
of endemic aquatic species with extremely limited ranges (Davis
et al. 2006; Seidel et al. 2009; McKelvey et al. 2020; Work 2023).
Endemic species or populations that have been isolated due to
historic vicariance event are characterised by unique haplotypes
and increased genetic dissimilarity compared with other pop-
ulations (Hein et al. 2024). In the western United States, this
pattern is both common and well-documented across a breadth
of aquatic species that lack terrestrial life stages (Hershler
et al. 2014; Morningstar et al. 2014; Culumber et al. 2016; Saglam
et al. 2016; Cannizzaro et al. 2017; Stevens et al. 2020; Walters,
Trujillo and Berg 2022). For example, Ancient hydrographic
connections, that have long since been altered, are hypothesised
to be a driving factor in initial distributions and subsequent
isolation of multiple aquatic invertebrate species. For example,
in the American West, shifts in rivers and lake systems during
the Miocene, Pliocene and Pleistocene contributed to increases
in diversity amongst the hydrobiid snails (Hershler et al. 1994;
Hershler and Liu 2008). Looking even further back in biogeo-
graphical history, during the late-Cretaceous, the western
United States was submerged under an inland sea. The retreat
of this sea is considered a primary driving factor to the dispersal
and subsequent isolation of many recently described amphipod
species (Adams et al. 2018). Our results suggest relatively high
dispersal amongst sphaeriid populations based on shared DNA
sequences. Therefore, it is harder to make the connection be-
tween contemporary genetic diversity in sphaeriids. Although,
we do find at least one population that harbours unique genetic
variation, which may have resulted from historical hydrogeo-
graphic changes.

In contrast to species or populations that have been isolated for
extended periods of time, populations with shared haplotypes
and low genetic dissimilarity likely experienced either recent
or continuing gene flow (Du et al. 2020). The greater a species’
dispersal ability, the greater the genetic similarity amongst
geographically distant populations (Krauss et al. 2004; Lv
et al. 2019). Our results show that the majority of sphaeriid 16S
haplotypes are shared across multiple locations and that they are
either identical to, or very similar to, sequences from described

species previously deposited in GenBank. This includes the
cosmopolitan species E. casertana (P. casertanum), considered
the most widely distributed mollusc in the world (Mackie 2007;
Bespalaya et al. 2019). The other species identified by 16S as
inhabiting Middle Fork Lake was E. variabilis (P. variable), an-
other species found throughout much of North America. The
additional species identified by 16S were E. compressa and E.
fallax, even though E. fallax is typically found at the higher lat-
itudes of southern Canada and the Great Lakes (Mackie 2007)
but is also found at more southerly portions of the United States
such as the state of Alabama. Individuals collected at Perch Lake
contained Euglesa (Pisidium) 16S haplotypes found nowhere else
and not matching any species on GenBank. However, further in-
vestigation is required to determine if these samples potentially
represent an undescribed species. The samples collected from
Madera Creek were the only samples not identified as Pisidium
on GenBank. The identity of these samples remains unclear as
they were all equally identified (97.41%) as either S. lacustre or
S. occidentale.

The degree of diversity amongst the 28S sequences was low
and inconsistent with information from 16S. We found a sin-
gle haplotype accounting for 52% of the samples. Interestingly,
this haplotype is associated with three separate species show-
ing 99.84%-100% sequence identity on GenBank: E. casertana,
E. floresiana and E. subtruncata. Only E. casertanais consid-
ered native to North America; the latter two species are na-
tive to Europe, Africa or Asia (Korniushin 2000; Mackie 2007;
Clewing et al. 2020; Rassam et al. 2020). Another 22% of the
28S samples were of a haplotype identified as either E. caser-
tana or E. floresiana. These two widely distributed 28S haplo-
types were also the only haplotypes found in Middle Fork Lake.
Consistent with results for 16S, the only non-Pisidium samples
identified by 28S were from Madera Creek and were identified
as a species of Sphaerium. Nuclear gene sequences are often con-
served and provide relatively low resolution amongst species in
invertebrate taxa (Zhang and Hewitt 2003; Adams et al. 2018;
Kocot-Zalewska et al. 2021), and it is possible that the same is
true for sphaeriids. The increased genetic distances between
the Madera Creek populations, which are not Pisidium, and all
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FIGURE4 | Maximum-likelihood phylogeny for concatenated 28S and 16S sequences. Support is displayed for both SH-aLRT (left) and ultra-fast
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other populations suggest that 28S does however provide resolu- given the minimal resolution provided by 28S sequences.
tion at higher taxonomic levels.

Samples from Perch Lake (PLSR) form a monophyletic clade not
closely related to any species documented on GenBank, suggest-

The phylogeny based on concatenated sequences displays results ing that this locality potentially contains a different species than
similar to the 16S haplotype network, which is unsurprising other sites or that this species has not been previously sequenced,
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FIGURE 5 | Maximum likelihood phylogeny for 16S sequences including GenBank samples referenced in Table 1. GenBank samples are display
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as percentages, are displayed for both SH-aLRT and ultra-fast bootstrap (ufBoots). Support values less than 70 are not displayed. Arrows highlight

samples collected at Middle Fork Lake (i.e., putative Pisidium sanguinichristi samples).

but this hypothesis requires further investigation. All other lo-
cations, including Middle Fork Lake (P. sanguinichristi holotype
locality), contain at least two clades. Overall, the high degree
of shared haplotypes amongst sphaeriid populations indicates
that gene flow remains relatively high despite physical isolation
of the waterbodies. In other regions of the world, authors have
described multiple endemic species of sphaeriids that likely have
low dispersal capabilities (Korniushin 2000; Boineck et al. 2016;
Clewing et al. 2020, 2022; Saito et al. 2022). However, in the
western United States, the distribution of many sphaeriids is
consistent with extensive ranges and high dispersal capabilities.

In much of our study region, availability of amphibians or fishes
to act as passive dispersers is unlikely due to a combination of
arid environments and physical isolation of habitats. Birds or
even flying insects are more likely to serve as vectors. While we
were unable to locate any studies from the immediate region,
in other areas of the western United States, the distribution
of a widespread snail is associated with waterfowl migration

flyways (Martin et al. 2020). The location of our study is within
the Central Flyway, which could explain the movement of clams
amongst disparate locations. In addition to natural dispersal
mechanisms, humans may also serve as a means of dispersal
for sphaeriids in this region. Human-mediated movement of
sphaeriids has been well documented, including the introduc-
tion of multiple invasive species across continents (Grigorovich
et al. 2000; Mouthon et al. 2018). None of the species identified
in this study are known invasive species, but the majority of the
sampling locations serve as recreational fishing and/or swim-
ming areas. We cannot rule out that humans have unintention-
ally moved sphaeriids between locations.

4.1 | Conservation Implications
The Linnean Shortfall exists because much biodiversity remains

undescribed. This underestimation of species diversity typically
limits the ability to accurately assess species needs and to pursue
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appropriate conservation actions (Bini et al. 2006). Because con-
servation resources in the forms of capital assets, labour, con-
sumables and other expenses are limited, allocation of those
resources needs to be prioritised (Joseph et al. 2009; Gerber
et al. 2018; Pienkowski et al. 2021; Wiedenfeld et al. 2021). It is
equally important from an investment perspective to assess the
potential impacts of overestimation of biodiversity in develop-
ing cost-effective conservation decisions (Folt et al. 2019; Chan
et al. 2022). There are a variety of logistical, cultural and soci-
etal factors that must be considered when allocating resources
towards setting conservation priorities, including minimising
extinction risk (Miller et al. 2006). In taxa that are widespread
and with high dispersal capabilities, extinction risk is likely

relatively low compared with narrow endemic species and those
that are poor dispersers. While this study provides insight into
sphaeriid biodiversity, it is also important to point out two poten-
tial shortfalls. First, the geographic extent of sampling is limited
and there may yet still be undiscovered diversity in the western
United States. For instance, sphaeriids from Perch Lake, New
Mexico, require more investigation to determine whether they
are an undescribed endemic species. Secondly, while sampling
efforts at Middle Fork Lake were extensive during our study pe-
riod and multiple large scale efforts have been made previously
to collect the species ((NMDGF] New Mexico Department of
Game and Fish 2002; [USFS] U.S. Forest Service 2020), it is still
possible that P. sanguinichristi is present and was simply missed
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in the collecting process. However, in the original species de-
scription, Taylor (1987) suggests that P. sanguinichristi is found
‘in quantity’ so the potential of missing individuals is highly
unlikely.

When cosmopolitan species are more deeply investigated, a
typical result is to find cryptic diversity which serves to de-
crease the Linnean Shortfall (McLeod 2010; Scherz et al. 2019;
Nori et al. 2022). While this is a common pattern, there are
exceptions (Morningstar et al. 2018; Chan et al. 2022).
Sphaeriids present a mixed case—where both endemic and
cosmopolitan species are commonplace (Clewing et al. 2022;
Saito et al. 2022). We found that many sphaeriids in the
American Southwest are widely distributed; however, we do
find some exception, which is consistent with the results of
Guralnick (2005).

Conservation is subjected to resource availability. Therefore,
widely distributed species that appear also to be abundant
should have a lower priority compared with less abundant and/
or minimally distributed species when allocating these limited
conservation resources. This is an especially important conclu-
sion in the case of ‘P. sanguinichristi.” Our results are consistent
with the presence of only widely distributed and previously de-
scribed sphaeriid species inhabiting Middle Fork Lake. We found
no evidence of an endemic sphaeriid taxon at this locality, nor
did we find evidence of a unique species of sphaeriid anywhere
that should be considered P. sanguinichristi. Consequently, our
genetic study, taken in combination with previous morpholog-
ical based studies (see [NMDGF]| New Mexico Department of
Game and Fish 2002), does not support the existence of P. san-
guinichristi as a valid taxon. Furthermore, this suggests that
conservation of the Middle Fork Lake population of sphaeriids,
which appears to be comprised of species genetically identified
as lineages of either E. casertanaor or E. variabilis, should not
be a high priority action. While this study does not draw many
of the typical conservation conclusions, our findings are still
equally important for informing strategic implementation of
limited conservation resources.
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