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Abstract

Subterranean arthropods are important components of soils and contribute essential food-web functions
and other ecosystem services, however, their diversity and community composition has scarcely been as-
sessed. Subterranean pitfall traps are a commonly used method for sampling soil habitats in Europe but
have never been widely implemented in the Americas. We used subterranean pitfall traps to sample previ-
ously unsurveyed arthropod communities in southwestern Virginia, U.S. Traps were placed in shallow
subterranean habitats (SSHs), underground habitats close to the surface where light does not penetrate,
and more specifically at the interface between the soil and underlying “milieu souterrain superficiel’—a
microhabitat consisting of the air-filled interstitial spaces between rocks (abbreviated MSS). In total,
2,260 arthropod specimens were collected constituting 345 morphospecies from 8 classes, 33 orders, and
94 families. A region of the mitochondrial cytochrome ¢ oxidase subunit I (COI) gene was amplified and
sequenced, and objective sequence clustering of 3% was used to establish molecular operational taxonom-
ic units (mOTUs) to infer observed species richness. In all, 272 COI barcodes representing 256 mOTUs
were documented for rare soil-dwelling arthropod taxa and are published to build a molecular library for
future research in this system. This work is the first taxonomically extensive survey of North American
soil-dwelling arthropods greater than 10 cm below the soil surface.
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Introduction

The need to study and describe global biodiversity has never been more urgent.
Anthropogenic habitat loss has been implicated as the major driver of the currently
ongoing sixth great mass extinction event in geological history (Cowie et al. 2022).
Biodiversity is at greatest risk in highly diverse regions known as biodiversity hotspots
(Myers et al. 2000; Hamilton et al. 2022). The Appalachian Mountains of eastern
North America constitute one such hotspot, and has experienced tremendous habitat
loss from exploitative mineral extraction, timber harvesting, and other land conversion
practices (Stein 2000).

According to a recent review assessing global declines of arthropod diversity and
abundance due to habitat loss and other factors, twice as many species show long-term
population declines as those exhibiting population increases (Sinchez-Bayo and Wyck-
huys 2020). Subterranean arthropods, and other low-mobility invertebrates, are at ele-
vated risk of extinction due to high rates of endemism and physiological constraints on
dispersal (Mammola et al. 2019). Arthropods constitute the most species-rich animal
group on Earth, with an estimated 7 million species, of which 5.5 million belong to
the class Insecta (Santos et al. 2020). The Catalog of Life (2022) documents 1,128,168
species of arthropods, making up only 16% of the species estimated to exist. As such,
arthropods constitute a globally understudied portion of biodiversity at high risk of
species loss and anonymous extinction, a process in which a species is lost before it is
discovered and described (Lobl et al. 2024). In the face of global decline, assessing and
understanding insect and arthropod diversity is of paramount importance.

Research of subterranean organisms in North America has been dominated by
taxonomically narrow studies with singular focal species or groups and have yielded
important discoveries that hint at a significant but yet hidden diversity (e.g. Derkara-
betian et al. 2010; Harden et al. 2024a, 2024b). General sampling and taxonomic
assessment of soil-dwelling arthropods in North America has rarely, if ever, been con-
ducted greater than 10 cm below the soil surface. As a result, little to nothing is known
about the diversity and taxonomic composition of the arthropod communities that oc-
cupy the shallow subterranean habitats (SSH) of North America, and especially those
within the Appalachian biodiversity hotspot. Broadly defined, SSH are underground
habitats close to the surface where light does not penetrate, and at a basic level in-
clude soil and underlying milieu souterrain superficiel (MSS), a microhabitat consist-
ing of the air-filled interstitial spaces between rocks (Mammola et al. 2016). But more
broadly SSH can include underground aquatic interstitial habitats (e.g. hyporheic and
hypotelminorheic zones), lava tubes, epikarst, and calcrete aquifers, which are defined
in Culver and Pipan (2014). These habitats (except for some lava tubes) are typically
close to the surface and are variable in depth but on average extend 0.1-5 meters in
depth and up to 10 m (Culver and Pipan 2014). The arthropods that live the SSH
have morphological and physiological adaptations such as the lack of pigmentation
and eyes, shortened legs and elongate flexible bodies (Marek et al. 2021). SSH can be
considered ecotones as they serve as transitional zones between adjacent epigean (above
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ground) and hypogean habitats (Prous 2004; Novak 2014). The term “hypogean” is of-
ten used to describe taxa or habitats associated with the rocky substrate that lays below
the MSS, including cavernous karst cavities and cave systems distant from the surface
(Prous 2004). Hypogean taxa have partially overlapping morphological adaptations to
those in the SSH such as pigment and eye reduction, but contrast in having elongated
appendages (Deharveng et al. 2024). Establishing tangible distinctions between differ-
ent subterranean habitats is difficult as they exist more as a gradient than as distinct
zones, thereby further contributing to the challenges of characterizing their diversity
(Mammola et al. 2017). For the purposes of this study, SSH is used to refer to aphotic
soil and MSS habitats 10-67 c¢m below the soil surface, but not extending into the
bedrock, bedrock MSS, or into cave systems.

Sampling subterranean habitats is physically challenging, contributing to our lack
of taxonomic and ecological knowledge in these systems. Although the number of
studies focusing on subterranean arthropod communities has increased in recent dec-
ades, subterranean taxa continue to remain underrepresented in most biodiversity sur-
veys due to difficulties associated with sampling the vertically distinct and ecologically
important soil and MSS layers. Most studies focusing on soil invertebrate biota have
taken place in the tropical and subtropical areas of the world and have focused on
sampling ants (Wong and Guénard 2017) while most MSS studies have taken place in
Europe, Japan, and Australia (Mammola et al. 2016; Ledesma et al. 2019; Halse and
Pearson 2014). To our knowledge, SSHs have never been generally sampled in North
America using ad hoc subterranean sampling.

Due in part to this lack of study, North American subterranean arthropods are vastly
understudied. Essential research on them such as species descriptions, identification, and
the assessment of biodiversity currently suffer from taxonomic shortcomings in which
time, labor, and specialized expertise are direly required (Hebert et al. 2003; Ball and Arm-
strong 2011; Meierotto et al. 2019). Consequently, they are underrepresented in faunistic
and ecological studies, and in major genetic repositories such as the National Center for
Biotechnology Information (NCBI) and the Barcode of Life Data System (BOLD). The
use of DNA barcodes, when coupled with traditional, morphology-based taxonomy, may
help to partially overcome these shortcomings by streamlining identification and biodi-
versity assessment (Blaxter 2004). However, the taxonomic potential of DNA barcoding
cannot be reached for North American soil-dwelling arthropods without the fuller repre-
sentation of NCBI with expertly identified vouchers representing these taxa.

The aim of this study was to survey the subterranean arthropod communities of
previously unexplored SSH in southwestern Virginia, U.S. This work also sought to
generate high quality DNA barcodes for the sampled taxa in order to expand a mo-
lecular foundation for future research in North American subterranean systems. The
COI barcodes generated from this study will contribute to the representation of sub-
terranean arthropod genetic data at NCBI, Ecdysis, Global Biodiversity Information
Facility (GBIF) and other biodiversity data repositories, and will serve as a tool for
future work in characterizing and understanding subterranean arthropod communities
of Appalachia and North America more generally.
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Materials and methods

Sampling design and study sites

The subterranean pitfall traps (hereafter subterranean traps, or traps) used in this study
follow the design of Lépez and Oromi (2010), which was selected due to its efficiency
in sampling subterranean arthropods, and the semi-permanent nature of the instal-
lation. The main outer shell of the trap is constructed of a polyvinyl chloride (PVC)
pipe perforated with holes for entry of subterranean arthropods. The trap can remain
in place, while an internal collecting receptacle itself is removable (Fig. 1). This allows
for repetitive sampling without removal of the entire trap and lessens disturbance to
the habitat between sampling events, thus reducing the impact of installation on the
communities being sampled. The collecting receptacle is composed of a thinner plastic
(polypropylene) cup with a smaller plastic (polyethylene) bait chamber secured in the
center (Fig 1). Small rubber gaskets, stainless steel washers, and small bolt-nut com-
binations were used to stabilize the bait chamber within the center of the collecting
receptacle. The bait chamber is capped with a perforated lid to allow the bait odors
to disperse. Three strings are attached to the collecting receptacle, allowing it to be
lowered to the bottom of the trap and then retrieved during collecting events. The per-
forations in the main outer shell (d = 7.95 mm) allow individuals to enter the trap, but
restrict the entrance of vertebrates (e.g., small mammals, reptiles), and begin 10 cm be-
low the soil surface to decrease the likelihood of epigean individuals entering the traps.
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Figure 1. Design of the subterranean pitfall traps used in this study A subterranean pitfall trap main

propylene glycol

outer shell (left) and collecting receptacle (right) with dimensions in centimeters (cm) and inches (in).
ID = inside diameter. OD = outside diameter B main outer shell € buried trap with clean out cap visible
above the soil D collecting receptacle with bait, Limburger cheese, prior to filling with preservative. (Both
metric and imperial measurements provided for some dimensions due to U.S. sourcing of materials, e.g.,

PVC pipe and 5/16 in. drill bit.).
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The trap design allows for sampling within a range of 10-67 cm below the soil surface.
The bait chamber receptacle was baited with Limburger cheese and the trap collecting
receptacle filled with propylene glycol for specimen preservation. Limburger cheese
was selected as bait due to its strong odor and propensity for attracting arthropods
(Schneider and Culver 2004). Propylene glycol was selected due to its DNA preserva-
tion, thermal, and moisture buffering qualities (Lépez and Oromi 2010).

A total of 20 subterranean pitfall traps were installed across three sites in southwest-
ern Virginia (Table 1). Each site was forested, and traps were installed where evidence
of frequent human disturbance was absent. Traps 1-5 were installed near the univer-
sity’s dolomite quarry (“Quarry”; Table 1) and traps 6-10 were installed on university
land near Blacksburg (“Fallam”; Table 1). These sites are located within the Ridge and
Valley ecoregion of Virginia where the rock substrate is mainly composed of sedimen-
tary rock (Omernik 1995; U.S. Geologic Survey 2021). Dolomite was the rock type
most frequently encountered while installing these traps. Traps 11-20 were installed in
Floyd County, Virginia (“Starroot”; Table 1). This site is located within the Blue Ridge
ecoregion of Virginia with the rock substrate heavily composed of metamorphic rock
(U.S. Geologic Survey 2021). Quartzite was the rock type most frequently encountered
while installing the Starroot traps. All sites were located within mixed forests dominat-
ed by oaks (Quercus spp.), with occasional pines (Pinus spp.), American beech (Fagus
grandifolia Ehrh.), and maples (Acer spp.) scattered throughout (Virginia Department
of Conservation and Recreation 2021). All sites were selected because they offered a
topographical variety and evidence of an underlying rocky substrate consistent with the
MSS that aligned with the optimal conditions described by Lépez and Oromi (2010).

Table |. Summary information of the study sites and traps.

Site Trap # Latitude, Longitude Elevation (m) County GPS Accuracy (m)
Quarry 1 37.2231, -80.3832 631 Montgomery 3
2 37.2229, -80.3799 610 Montgomery 6
3 37.2228, -80.3818 639 Montgomery 5
4 37.2225, -80.3875 667 Montgomery 9
5 37.2232, -80.3836 619 Montgomery 2
Fallam 6 37.2124, -80.6093 560 Montgomery 3
7 37.2127, -80.6085 558 Montgomery 34
8 37.2132, -80.6054 600 Montgomery 3
9 37.2133, -80.6049 592 Montgomery 3
10 37.2119, -80.6090 559 Montgomery 4
Starroot 11 36.9656, -80.4185 751 Floyd 6
12 36.9663, -80.4177 773 Floyd 3
13 36.9685, -80.4171 771 Floyd 9
14 36.9684, -80.4176 778 Floyd 3
15 36.9673, -80.4170 780 Floyd 3
16 36.9670, -80.4171 783 Floyd 5
17 36.9668, -80.4172 781 Floyd 3
18 36.9657, -80.4189 776 Floyd 3
19 36.9651, -80.4186 790 Floyd 3
20 36.9639, -80.4184 772 Floyd 3
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There was slight variation in soil and rock composition between sites as well as within
sites. Traps were placed in MSS microhabitats with varying sizes and quantities of
rocks. Each trap was loaded with bait and preservative and operated for two weeks
before the specimens were collected. A handheld Garmin eTrex 10 global position-
ing system (GPS) was used to record the geographical coordinates of the traps with
positional accuracy recorded in meters. Traps were set on 28 December 2021 (winter)
and again on 1 June 2022 (spring) for a total of four weeks of baited collection time.

Morphospecies

Specimens were removed from the propylene glycol with a sieve and pooled by order for
each trap, stored in 8.0 mL Sarstedt vials with 100% ethanol, and subsequently identi-
fied to morphospecies using a Leica M125 stereomicroscope (Leica, Wetzlar, Germa-
ny). Morphospecies are operational taxonomic units identified by examination of eas-
ily observable morphological characters (Derraik et al. 2010). Because morphospecies
are determined solely based on morphology, different life stages of a holometabolous
insect species can be designated as separate morphospecies. One to two specimens were
selected as representatives of each morphospecies. An individual of each morphospe-
cies was photographed in ethanol in a Z-stack of 7—12 focal planes with a Canon EOS
6D SLR camera equipped with a Canon MP-E 65 mm macro lens and mounted on a
Visionary Digital Passport portable imaging system (Canon, Tokyo, Japan; Visionary
Digital, Charlottesville, Virginia). Helicon Focus (HeliconSoft, Kharkiv, Ukraine) was
used to integrate the focal stacks into a single high resolution composite image. Each
morphospecies was imaged from dorsal, ventral, and lateral views. Where appropriate,
laterally compressed or coiled specimens were imaged only from lateral perspectives
(e.g., some Diplopoda and Chilopoda).

Morphospecies from different sites, even those suspected to be the same species
based on morphological similarity, were treated as distinct and unique in order to
capture potential cryptic species. Each morphospecies was identified to at least the
family level using various resources (Stehr 1991; Goulet and Huber 1993; Arnett and
Thomas 2000; Arnett et al. 2002; Government of Canada 2002a, b; Triplehorn et al.
2005; Whitfield et al. 2014). Exceptions included immature mite, dipteran, coleop-
teran, and hemipteran specimens for which morphological identification resources do
not exist, or were not accessible. Identifications of these morphospecies were retained
at the order level.

DNA sequencing, barcode generation and analysis

DNA was extracted from each morphospecies using a DNeasy (Qiagen) Blood & Tis-
sue extraction kit. The extraction protocol was modified to be less destructive, keep-
ing specimens largely intact for morphological identification, deposition as vouchers,
and potential species description (Gilbert et al. 2007). Rather than homogenizing the
specimen by grinding body parts in buffer, a single puncture was made in the cuticle
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with a flame-sterilized pin and the specimen transferred to the microcentrifuge tube
along with the buffer solution. This puncture allows the Qiagen lysis buffer to ac-
cess the softer tissues within the body without grinding the specimen. The specimen
was then recovered from the DNeasy minicolumn following the final buffer wash and
stored in an 8.0 mL Sarstedt vials with 100% ethanol. Specimens are deposited in the
Virginia Tech Insect Collection (https://collection.ento.vt.edu) under the specimen
codes provided in Suppl. material 1: table 1.

A fragment of the cytochrome ¢ oxidase subunit I (COI) mitochondrial gene re-
gion was amplified utilizing polymerase chain reaction (PCR) employing the primers
LCO1490 and HCO2198 (Folmer et al. 1994). These primers were selected as they have
been shown to be useful for the amplification of the same COI gene region from a broad
diversity of arthropods (Folmer et al. 1994; Elbrecht et al. 2019). In addition, the region
corresponds to the often-used barcode region that is ubiquitous in genetic databases
such as NCBI and BOLD. The PCR protocol was conducted according to Means et al.
(2021a, b). Cleaning, quantification, normalization, and sequencing of amplicons on an
Applied Biosystems ABI 3730 capillary sequencer was carried out by Arizona Genetics
Core (University of Arizona). The raw forward and reverse chromatograms were assem-
bled into consensus sequences in Mesquite (Version 3.61) by base calling, trimming, and
quality assessment using the sequence analysis module Chromaseq (Version 1.52) with
the software PHRED and PHRAP (Ewing et al. 1998; Maddison and Maddison 2009;
Maddison and Maddison 2021). Sequence quality control and assembly was carried
out according to the methods outlined in Vasquez-Valverde and Marek (2022) and a
consensus COI sequence approximately 500—600 base-pairs in length was generated for
each morphospecies. For the chromatograms that did not contig in Mesquite, additional
assembly attempts were made using Geneious and various assembler algorithms (Ge-
neious Version 2022.1.1, Build 2022-03-15). No additional contigs were retrievable. To
generate the completed DNA barcodes, the consensus sequences were put in the correct
reading frame within Mesquite using the sequence processing tools Reading Frame and
Codon Position and aligned within Geneious using MAFFT (Version 7.490; Katoh and
Standley 2013). Absence of stop codons were confirmed by visual inspection of chroma-
tograms and examination of any erroneous single nucleotides in Mesquite, followed by
designation of the proper reading frame orientation after each nucleotide check.

The barcodes were matched with existing records using GBIF’s sequence-id engine
querying BOLD (GBIF 2023). An additional local Basic Local Alignment Search Tool
(BLAST) analysis was conducted by downloading all arthropod COI sequence data up-
loaded to NCBI as of 7 March 2023 and utilizing the custom batch BLAST feature in
Geneious. BLAST hits with a percent identity match of > 97% were accepted as molec-
ular identifications at the species level. Hits with a percent identity match below 97%,
but > 95%, were accepted at the genus level (Srivathsan et al. 2022). Searches with no
matches at these thresholds were left with morphological identifications at the family
level. Sequences were then clustered at 3% dissimilarity (97% similarity by nucleotide
identity) using objective clustering to establish molecular operational taxonomic units
(mOTUs) for species binning (Meier et al. 2006; Srivathsan 2022). The divergence
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threshold of 3% was employed in accordance with the original methods for objective
clustering as well as similar arthropod diversity studies employing objective clustering
(Hebert et al. 2003; Smith et al. 2005; Meier et al. 2006; Srivathsan et al. 2022).

Sampling completeness

Sample completeness curves with 95% confidence intervals were generated for each of
the three sites in INEXT Online (Hsich et al. 2016) employing 1,000 bootstrap replicates
to analyze the relationship between sample coverage and sample size. INEXT Online em-
ploys Hill numbers calculated from species richness and evenness. Hill numbers estimate
sample coverage through rarefaction and to extrapolate the effect of additional sampling
on sample coverage (Chao et al. 2014). They represent a standardized method to equita-
bly compare diversity across data sets even when samples originate from highly disparate
natural assemblages or various techniques that they were sampled (Hsieh et al. 2016).
The sample completeness curves were estimated from Hill number q = 1, or the exponen-
tial of the Shannon diversity index for each site (Shannon 1948; Hill 1973; Ellison 2010;
Hsieh et al. 2016). This metric is also referred to as effective number of species (ENS).
Additional sample completeness curves were generated for other Hill numbers, but are
not reported here as there were no significant differences from the ENS-based curves. The
two collection periods (i.e., winter and spring) were combined for the analysis.

The Starroot site was sampled with ten subterranean traps for four weeks of total
collection time, while the Fallam and Quarry sites were sampled with five traps each
for four weeks of total collection time, constituting equal sampling times but half the
sampling effort employed at the Starroot site. To account for the unequal sampling
effort across sites, extrapolated coverage estimates for double the sample size were esti-
mated for each of the sites.

Taxonomic composition and abundance

Observed species richness and abundance were used to characterize the taxonomic
composition of the samples and sites. Relative proportions of species richness by class
across the three sites were analyzed as hierarchical data and visualized by treemaps in
JMP Pro 16 (SAS Institute Inc., Cary, NC). Observed abundance is reported by order
and includes all orders.

Results
Sampling, morphospecies, and barcode analysis
Our sampling resulted in 2,260 arthropod specimens representing 345 morphospecies

(Suppl. material 1: table 1). Select morphospecies images are included in Suppl. material
1: figs 1-39, and all 717 high resolution composite images taken are deposited at Ecdysis
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(https://ecdysis.org/, URLs to records in Suppl. material 1: table 2) and in the Virginia
Tech Data Repository. Of the 345 morphospecies, 320 successfully amplified with COI
primers, and from those amplicons, 272 successfully assembled into barcode sequences.
Objective clustering revealed 256 total molecular clusters, or molecularly distinct spe-
cies bins (mOTUs). Sequence dissimilarity was greater than 3% for 16 morphospecies
clusters, indicating that each constituted multiple species. Each of these 16 clusters repre-
sented 2—4 species, thereby collapsing the 272 sequenced morphospecies to 256 molecu-
larly distinct species bins. The 71 specimens that did not successfully sequence were left
as morphospecies with morphological identifications only. COI barcodes were generated
for the 272 sequenced specimens and deposited in NCBI (Suppl. material 1: table 1). Se-
quence matching via GBIF’s sequence-id engine yielded 142 acceptable molecular iden-
tifications (percent identity match > 95%) with 59 at the species, 40 at the genus, and 36
at the family level. One specimen first identified as an arthropod was later determined to
be a pot worm (Annelida, Enchytraeidae) based on COI barcode (SPT-00078). Annelids
were very abundant in the samples but only arthropods were analyzed for this study.

Sampling completeness

The sample completeness curve was highest for the Starroot site where sampling effort
was double that of the other sites (Fig. 2). The asymptotic shape of the rarefied curve
is indicative of the high sample coverage observed at this site (Table 2). Similarly high
sample coverages were also observed for the remaining sites. The effective number of
species was highest for the Quarry site and lowest for the Fallam site (Table 2). ENS
was comparable between the Quarry and Starroot sites, but the observed sample com-
pleteness was higher for the Starroot site.
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Figure 2. Sample completeness curves, with associated 95% confidence intervals, for the study sites.
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Table 2. Effective number of species (ENS), Hill number q = 1, and observed and extrapolated sample
coverage for each site.

Site Quarry Fallam Starroot
ENS 39.485 26.882 37.691
Observed Coverage 0.903 0.919 0.949
Extrapolated Coverage 0.947 0.932 0.967

Taxonomic composition

In total, eight classes (Malacostraca, Entognatha, Insecta, Chilopoda, Diplopoda,
Pauropoda, Symphyla, and Arachnida) from four arthropod subphyla (Crustacea,
Hexapoda, Myriapoda, Chelicerata) were observed across all samples. Observed spe-
cies richness by class was similar across the three sites (Fig. 3). The three most species
rich classes across all sites were Insecta, Arachnida, and Entognatha, followed by Di-
plopoda, Chilopoda, and Malacostraca. Images of representative individuals from each
arthropod subphylum are presented in Fig. 4 and those of each molecularly distinct
species and morphospecies observed are included in Suppl. material 1: figs 1-39 [717
high resolution composite images taken are deposited at Ecdysis (https://ecdysis.org/,
URL: to records in Suppl. material 1: table 2) and in the Virginia Tech Data Reposi-
tory, DOI: 10.7294/26397688]. The number of morphospecies by trap, site, and col-
lecting event are shown in Fig. 5.

Malacostraca
3

Fallam

Symphyla
1

Starroot
Pauropoda
1

Figure 3. Observed arthropod species richness by class (reported as a percentage) across sites.
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0.5 mm

Figure 4. Representative arthropod specimens observed from each subphylum, including two from class
Entognatha A Crustacea; dorsal view of Cylisticus convexus, individual SPT-0001 B Hexapoda; lateral
view of Chionea scita, individual SPT-0020 € Myriapoda; lateral view of Abacion sp., individual SPT-
00119 D Chelicerata; dorsal view of Bdellidae, individual SPT-00191 E Entognatha; lateral view of
Sminthuridae, individual SPT-0067 F Entognatha; dorsal view of Japygidae, individual SPT-0061.

Abundance

Overall, the samples were dominated by hexapods and chelicerates with the orders Ento-
mobryomorpha, Sarcoptiformes, Diptera, Hymenoptera, and Coleoptera being among
the most abundant across all sites (Fig. 6). Insecta was predominantly represented by
members of Diptera (40.13%), Hymenoptera (15.58%) and Coleoptera (33.12%);
Arachnida by the subclass Acari or mites (66.67%); and Entognatha by the subclass
Collembola (86.15%). The order Hymenoptera was predominantly represented by ants
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Figure 5. Number of morphospecies by trap, site, and collecting event. Data underlying this figure are
in Suppl. material 1: table 3.

(Formicidae; 84.91%) across all sites. While the high abundance of springtails, mites,
ants, and beetles in the collected samples is not surprising, the relatively high abundance
of Diptera at the study sites can be explained by the high number of early instar larvae of
the family Phoridae collected in single traps at the Quarry and Fallam sites.

Discussion

This study is the first taxonomically extensive survey of soil-dwelling arthropods in
North America, and the first in the Appalachian Mountains, to employ subterranean
pitfall traps capable of sampling to a depth of up to 67 cm below the soil surface. In all,
2,260 individual arthropod specimens were collected constituting 345 morphospecies
and 257 molecularly distinct species (mOTUs) representing 8 classes, 33 orders, and
94 families. In total, 272 COI barcodes were sequenced and are published at NCBI.
Of these, 102 constitute mOTUs that are new to the NCBI and BOLD databases.
Many of the taxa recovered during the study represent new records and have not, or
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have only rarely, been documented in the region. We suspect that a number of the
morphospecies recovered are undescribed.

Several morphospecies exhibited hypogean/SSH adaptations: i.e., depigmentation,
reduction of eyes and appendage lengthening (hypogean taxa) or shortening (SSH taxa)
suggesting that they may be obligate subterranean inhabitants (Deharveng and Bedos
2018; Deharveng et al. 2024). These morphospecies included several species of ants
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(Hymenoptera: Formicidae—o6 out of 13 morphospecies), beetles (Coleoptera—15
of 53), flies (Diptera—18 of 62), springtails (Collembola—18 of 56), two-pronged
bristletails (Diplura: Japygidae—=6 of 7), spiders (Arachnida: Araneae—7 of 19), and
mites (Arachnida: Mesostigmata, Sarcoptiformes, Trombidiformes—21 of 62). How-
ever, most individuals displayed morphology associated with epigean origin, which is
consistent with the findings of similar studies outside North America that have shown
that SSH are commonly dominated by epigean taxa (Coiffait 1958; Mammola et al.
2017). This dominance of epigean taxa might have contributed to the lower observed
richness in winter as the richness and abundance of epigean arthropods, especially
insects, in subterranean systems are significantly impacted by seasonality due to sur-
face temperature influencing SSH temperature to some extent. This is not the case for
hypogean taxa as climatic stability tends to increase as depth from the surface increases
(Mammola et al. 2017). Alternatively, the lower observed richness in the winter may
be associated with the decreased mobility of arthropods during cold and dry periods
when many are in a winter diapause, or in immobile pupal stages.

The taxonomic composition of our samples is comparable to that of SSH studies in
the Canary Islands (Pipan et al. 2011), Italy (Mammola et al. 2017), mainland Spain
(Gilgado et al. 2014), Bulgaria (Langourov et al. 2014), and France (Juberthie 2000)
with arthropods and annelids being the most abundant groups. Annelids were very
abundant in our samples and were mainly represented by potworms (Enchytraeidae).
Our findings differ in the detection of mollusks and crustaceans (Isopoda: Oniscidea).
We only collected a single mollusk and only a few terrestrial isopods, while both groups
were commonly encountered in the studies mentioned above. Our results regarding
insect abundance by order align with those of Mammola et al. (2017) in that Dip-
tera, Hymenoptera, and Coleoptera were among the most abundant groups across
sites. Our findings are consistent with those of Moldenke and Lattin (1990) in that
the families Phoridae, Cecidomyiidae, and Sciaridae were among the most common
dipterans encountered. Diptera abundance was highly variable across sites due to, in
part, the relatively large numbers of early instar Phoridae larvae observed in single
traps at the Quarry and Fallam sites. Ants dominated specific traps at all sites which is
consistent with the findings of Mammola et al. (2017). Where ants dominated a trap,
relatively few other insects were found, and rarely were two or more ant species found
in the same trap. Regarding Coleoptera richness by family, our findings are consistent
with those of Moldovan (2005) who reported ground beetles (Carabidae; 14.3% of
total abundance in our samples) to be less common than round fungus beetles (Leio-
didae; 18.4%). This is in contrast with the study of Mammola et al. (2017), in which
carabids were largely observed as larvae with only a single mature specimen collected.
In contrast to the studies mentioned above, rove beetles (Staphylinidae; 24.5%) were
the most species rich beetle group present in our samples. Hemipterans were rare,
consistent with the findings of Langourov et al. (2014). This may be due to bait-bias
as phytophagous hemipterans are likely less attracted to protein-based bait than their
coleopteran equivalents. Bait-bias has been shown to influence the abundance and
richness of taxa recovered in previous surveys of arthropods (Checa et al. 2019). Or-
thoptera was among the most abundant insect orders at the Starroot site, largely due to
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the relatively high abundance of the locally common Ceuzhophilus gustulosus, F. Walker,
1869 (Orthoptera, Raphidophoridae).

Little overlap in molecularly distinct species was observed between the different
sites with the Quarry and Fallam sites sharing two species (Hymenoptera: Stenamma
schmittii Wheeler, 1903; Diptera: Triphleba aequalis Schmitz, 1919), and the Quarry
and Starroot sites sharing two species (Hymenoptera: Stenamma schmittii Wheeler,
1903; Araneae: Cicurina pallida Keyserling, 1887). The ant species Stenamma schmittii
Wheeler, 1903 was observed across all sites. This lack of pronounced species overlap
is consistent with Lamoncha (1994) who recorded minimal overlap of oribatid mites
between nearby subterranean sites in North and South Carolina, U.S. This trend is
consistent with the notion that subterranean arthropod communities are often highly
specific to the individual habitats they occupy (Menta and Remelli 2020). That said,
these patterns may be a byproduct of insufficient sampling and further work is needed
to support these trends, especially for sites with lower sampling effort.

The high sample coverage at the Starroot site suggests that future surveys of similar
experimental design should employ > 10 subterranean traps per site and > 4 weeks
total of baited-collection time. Further studies are needed to optimize the application
of subterranean pitfall traps in North America. Subsequent investigations may also
address other factors including presence or choice of baits, duration of sampling, and
digging-in effects. Previous work has shown taxon bias associated with baits (Checa
et al. 2019) and recency of placement (Mammola et al. 2017). Prior work has shown
that baited subterranean traps preponderantly select for epigean taxa such as ants and
phorid flies (Mammola et al. 2017). Similarly, epigean taxa may be more abundant in
freshly excavated traps and these digging-in effects have been shown in aboveground
pitfall traps but not demonstrated in subterranean traps. Future studies without baits
and/or including a post excavation and installation settling period may reduce epigean
bias and narrow sampling to hypogean (broadly defined) taxa.

Conclusions

Our findings suggest that the understudied SSH arthropod communities of the Appala-
chian Mountains, and North America, are highly diverse and warrant further study. This
is consistent with the findings of several studies showing high arthropod diversity within
subterranean assemblages both more broadly and specifically within particular groups
such as beetles, spiders, and mites (Lamoncha 1994; Christman et al. 2005; Mammola et
al. 2017; Ledesma et al. 2019). The close, but not quite-asymptotic nature of the sample
completeness curves for each of our sites indicate that more species remain undocu-
mented, and additional sampling is needed to better characterize subterranean arthropod
diversity of southwestern Virginia and the Appalachian region. We still lack solid taxo-
nomic, ecological, and molecular foundations for our understanding of the arthropod
communities that inhabit the North American SSH. It is our hope that the primary
taxonomic and barcode data generated through this work will serve as a foundation upon
which future studies of North American subterranean systems may build upon.
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