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Abstract

The Alabama Cave Shrimp Palaemonias alabamae Smalley, 1961 is a federally endangered cave shrimp
endemic to just four cave systems within and near the greater Huntsville metropolitan area in Madison
County, Alabama USA. It is one of two described atyid cave shrimp in the Interior Low Plateau karst
region. Here we report the discovery of a new population of P alabamae from the Fern Cave system in
western Jackson County, Alabama. We observed four cave shrimp in August 2018 in an isolated pool in
the base-level stream passage of the longest cave system in Alabama. Two cave shrimp were observed dur-
ing a subsequent survey in July 2019: one in the same isolated pool and a second shrimp in a pool in the
main stream passage. Morphological and genetic analyses confirm that this population is closely allied
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with other populations in Madison County. This new population expands the known distribution of the
species into a new county and watershed (Lower Paint Rock River). The potential exists to discover ad-
ditional populations in Paint Rock River valley and other nearby regions.
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Introduction

In the United States, over 1,350 troglobionts and stygobionts (i.e., terrestrial and
aquatic cave-obligate species) have been described, and many additional taxa await for-
mal description (Niemiller et al. 2019). However, our knowledge on the distribution,
abundance, life history, and ecology of most subterranean biodiversity is grossly inad-
equate (Mammola et al. 2019). These biodiversity knowledge shortfalls are especially
pronounced for invertebrate species (e.g., Cardoso et al. 2011; Niemiller et al. 2018),
severely hampering our ability to accurately assess, manage, and conserve this unique
fauna. For example, the Wallacan shortfall refers to the lack of knowledge regarding
the geographical distribution of species (Lomolino 2004). Our knowledge on species’
distributions is intimately correlated with spatial and temporal variation in surveying
effort (Hortal et al. 2008, 2015; Boakes et al. 2010). Such variation is widespread
in subterranean environments where some regions, such as Mammoth Cave system
in central Kentucky and cave systems in the Valley and Ridge of Virginia and West
Virginia, have received considerably more attention from biospeleologists than many
other regions (e.g., Holsinger et al. 1976, 2013; Holsinger and Culver 1988; Fong et
al. 2007; Culver and Hobbs III 2017).

Most cave systems have not been adequately surveyed or studied, and many regions
have been grossly underrepresented. For example, less than 7% of caves in Tennessee,
the most cave-rich state in United States, have been surveyed for biological resources
and even fewer have been repeatedly and comprehensively bioinventoried (Niemiller
and Zigler 2013). Moreover, most troglobionts and stygobionts are endemic to a single
site or known from very few (<5) cave systems (Christman et al. 2005; Deharveng et al.
2009; Niemiller and Zigler 2013) in a small geographical region (i.e., short-range en-
demism; Harvey 2002) and inherently assumed to be at higher extinction risk. How-
ever, uncertainly often exists whether such species are truly rare or if presumed rarity
reflects inadequate surveying effort historically.

The Alabama Cave Shrimp, Palaemonias alabamae Smalley, 1961, is a stygobitic
atyid shrimp endemic to just four cave systems (six caves) in and around the greater
Huntsville area in Madison County, Alabama, USA (Figure 1). It is one of two de-
scribed stygobitic shrimp in the Interior Low Plateau karst region in the eastern United
States; the other is the Kentucky Cave Shrimp, 2 ganteri Hay, 1902, from the Mam-
moth Cave system in central Kentucky. Palaemonias alabamae was officially listed as
endangered under the authority of the Endangered Species Act of 1973 in 1988 (US-
FWS 1988) but critical habitat has not been designated to date. A recovery plan for
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Figure . Distribution of the Alabama Cave Shrimp (Palaemonias alabamae) in Madison and Jackson coun-
ties, Alabama, USA. Carbonate strata are depicted in gray. Alabama Cave Shrimp sites are shown as blue dots.

the species was published in 1997 (USFWS 1997), and the last 5-year review was pub-
lished in 2016 (USFWS 2016). Palaemonias alabamae is State Protected in Alabama
under 22-2-.98 (Invertebrate Species Regulation) and a Priority 1 Species (Highest
Conservation Concern) under the State Wildlife Action Plan (Alabama Department
of Conservation and Natural Resources 2015). This cave shrimp has been assessed
as Endangered Blab(iii) on the IUCN Red List (De Grave and Rogers 2013) and
Imperiled-Vulnerable (G2G3) (Ciritically Imperiled [S1] in Alabama) by NatureServe
(NatureServe 2019).

Palaemonias alabamae was first discovered at Shelta Cave (Alabama Cave Survey no.
AMDA4) in northwestern Huntsville, Madison County, Alabama by Thomas Poulson in
1958 and described by Smalley (1961). It was not until 1973 that 2 alabamae were dis-
covered at a second cave system when William Torode observed shrimp at Bobcat Cave
(AMD1283) located 13.3 km southwest of Shelta Cave on Redstone Arsenal, a mili-
tary installation operated by the U.S. Army (Cooper and Cooper 1974; Torode 1974).
Another two decades passed before an additional population was discovered in the
Hering-Glover-Brazelton cave system (Alabama Cave Survey nos. AMDG6, AMD54,
and AMD337, respectively) located 24.0 km southeast of Shelta Cave in southeastern
Madison County (Rheams et al. 1992, 1994; McGregor et al. 1994). Finally, a fourth
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population was discovered in November 2005, when a single cave shrimp was collected
by Bernie Kuhajda and confirmed by DNA analysis from Muddy Cave (AMD1095) in
southern Madison County (USFWS 2016). More recent surveys have confirmed that
all but the Shelta Cave population are extant (McGregor et al. 2015; USEWS 2016;
Niemiller et al., unpublished data). Cave shrimp have not been observed at Shelta
Cave since 1973 despite periodic surveys since then (e.g., Lee 1987; Hobbs and Bagley
1989; Moser and Rheams 1992; Rheams et al. 1992; McGregor et al. 1994; Cooper
and Cooper 2011; USFWS 2016; Niemiller et al. unpublished data).

Here, we report on the discovery of a population of P alabamae from the Fern Cave
system (AJK597) located in the Paint Rock River watershed in western Jackson County,
Alabama. This discovery represents the first new locality for this federally endangered
cave shrimp in 14 years and just the fifth population discovered to date, extending the
geographic range of P alabamae into a new hydrological basin. In addition, this new
discovery suggests that this endangered species may be found in other cave systems in
the Paint Rock watershed and perhaps further east along the Tennessee River.

Methods
Study site

The Fern Cave system is located along the eastern edge of the Paint Rock River Val-
ley on Nat Mountain in western Jackson County between the cities of Huntsville and
Scottsboro. It is the largest cave system in Alabama with over 25 km of passages devel-
oped primarily in the Mississippian-aged Bangor and Monteagle Limestone formations
(Pinkley 2014). Seven entrances are known, four of which are located on the 199-acre
Fern Cave National Wildlife Refuge. The other entrances are owned by the Southeast-
ern Cave Conservancy, Inc. The largest winter colony of federally endangered Gray Bats
Myotis grisescens (Howell, 1909) hibernate in portions of Fern Cave (Martin 2007).

Biological survey

As part of a two-year study implemented by the Inventory & Monitoring Branch
of the U.S. Fish & Wildlife Service to biologically inventory the Fern Cave system
comprehensively, four of us (MLN, BJ, JL, and NM) on 25 August 2018 entered the
Davidson Entrance (aka Sump Entrance) located at the base of Nat Mountain at an
elevation of ca. 187.5 m (615 ft). The Davidson Entrance directly accesses the “Bottom
Cave” section of the Fern Cave system. For much of the year, this section of the cave is
inaccessible or only accessible via cave diving due to high water levels. During our visit,
water levels were low enough to permit entry through a low airspace swim and crawl for
ca. 40 m leading to the main stream passage that can be traversed for several hundred
meters to a sump. We searched aquatic habitats using time-constrained visual surveys
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with headlamps and recorded all fauna observed. A cave shrimp was captured using a
handheld dipnet in a shallow, isolated pool in the hands-and-knees crawl between the
low-airspace pool near the entrance and the main stream passage. The retained speci-
men was photographed and then preserved in 100% ethanol for morphological and
genetic analyses. We returned the following summer and conducted a second survey
on 13 July 2019.

DNA extraction, PCR, and sequencing

We extracted genomic DNA from three pleopods using the Qiagen DNEasy Blood &
Tissue Extraction Kit following the manufacturer’s protocol. A 539-bp fragment of the
mitochondrial 16S ribosomal DNA locus was amplified via PCR using primers /6Sar
and 76567 (Simon et al. 1991). This marker exhibits significant genetic variation and
has been used in past phylogenetic and population genetic studies of crustaceans (e.g.,
Zaksek et al. 2007; von Rintelen et al. 2012). In addition, 16S sequences are available
on GenBank for 2 alabamae and the undescribed species in Colbert and Lauderdale
counties for comparison (GenBank accession nos. FN995378-FN995383). PCR am-
plicons were visualized via gel electrophoresis and then sent to Eurofins, Inc. (Louis-
ville, Kentucky) for Sanger sequencing in both directions. The 16S sequence generated
in this study was accessioned into GenBank (GenBank accession no. MN097157).

Phylogenetic analyses

Forward and reverse sequences were trimmed at the ends based on quality and assem-
bled into contigs in ChromasPro v2.1.8 (Technelysium Pty Ltd, South Brisbane, Aus-
tralia) then aligned using MUSCLE (Edgar 2004) in MEGA X version 10.0.5 (Kumar
et al. 2018). We constructed a 16S gene genealogy using Bayesian analysis in MrBayes
v3.2.7 (Ronquist and Huelsenbeck 2003). The best-fit model of nucleotide substitu-
tion was determined using corrected Akaike’s Information Criterion (AICc) imple-
mented in the R package phangorn v2.5.3 using the function ‘modelTest’ (Schliep
2011). Outgroup taxa included the atyid shrimp Azyaephyra desmarestii (Millet, 1831)
(JX469087), Dugastella marocana Bouvier, 1912 (FN995363), and D. valentina (Fer-
rer Galdiano, 1924) (FN995365) (von Rintelen et al. 2012). Posterior probabilities
were estimated using two independent runs, six Markov chains, and temperature pro-
files at the default setting of 0.2 for 10 million generations, sampling every 1,000 gen-
erations. Random trees were employed at the beginning of each Markov chain, and a
molecular clock was not enforced. Stationarity was determined by examining the aver-
age standard deviations. We assumed stationarity was achieved if the average standard
deviation was < 0.005. The first 25% of trees (5,000 trees) of each run were discarded
as burn-in. The remaining trees from the stationarity distribution were sampled to
generate a 50% majority-rule consensus tree.
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Geographic range size determination

We calculated two measures of geographic range size for P alabamae in the web-based
program GeoCAT (Bachman et al. 2011; available at http://geocat.kew.org/): extent
of occurrence (EOQ, also referred to as range extent) and area of occupancy (AOO).
Both metrics are used in TUCN Red List and NatureServe conservation assessments.
EOO was calculated as a minimum convex hull, while a grid size of 2 km (4 km?) was
used to estimate AOO (Faber-Langendoen et al. 2009; IUCN 2010).

Results and discussion

After wading and swimming through the low-airspace pool and passage near the Da-
vidson entrance of the Fern Cave system for ca. 40m on 25 August 2018, we climbed
onto a mudbank in a passage that leads to the main cave stream. We searched an iso-
lated pool measuring ca. 5 m long, 2 m at its widest point, and water depth up to 25
cm, with mud/silt substrate and a few larger rocks. We encountered a substantial di-
versity of life in this pool, including a large cave shrimp (Palaemonias sp.). The shrimp
was observed at the edge of the pool in 4 cm of water. This cave shrimp was captured
and retained as a voucher by recommendation of USFWS personnel to confirm spe-
cies identification (Figure 2). Although shallow, visibility throughout much of the pool
was poor due to silt suspended in the water column. This section of the cave is flooded
during most of the year. Aquatic life in this and other pools likely were stranded when
water levels receded. We surveyed the remainder of aquatic habitat along the main
stream passage until reaching the sump but did not encounter additional shrimp. On
our exit of the cave, we stopped and searched again at this pool (Figure 3) and observed
three additional cave shrimp ca. 12—-18 mm total length measured from the rostrum to
end of the uropod. These shrimp were photographed only and not captured.

Two cave shrimp were observed during a return trip the following summer
on 13 July 2019. One shrimp was observed in the same isolated pool, which was
slightly larger in surface area (ca. 6 m long and 2.5 m wide) due to higher water lev-
els. A second shrimp was observed in a quiet pool ca. 0.4 m in depth with silt/sand
substrate and scattered cobble in the cave stream. This pool is just downstream of
the junction of the passage with the previously referenced isolated pool and the
main cave stream.

We identified the specimen from Fern Cave morphologically as Palaemonias ala-
bamae by the presence of degenerate eyes, lack of pigmentation, and a long rostrum
with eight dorsal and one ventral spine. In the original description of 2 alabamae
by Smalley (1961), the merus of the third pereiopod lacks a distal spine; however,
this spine is present in the Fern Cave specimen. The female specimen measured
29.9 mm in total length (tip of rostrum to end of uropod). The specimen was
cataloged into the Auburn University Museum of Natural History (AUM 45503).
Molecular analysis confirmed that the Fern Cave population was closely related
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Figure 2. Photographs of the cave shrimp from Fern Cave, Jackson County, Alabama in life: dorsal (A)
and lateral views (B).

to other populations of P alabamae in Madison County (i.e., Hering and Bobcat

caves), with 0.4-0.6% uncorrected sequence divergence at the 16S locus between

Fern Cave and these two caves (Figure 4).
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Figure 3. Joe Lamb and Bradley Jones searching for cave shrimp in an isolated pool near the Davidson
Entrance to Fern Cave system on 25 August 2018.

Ecological associates

Palaemonias alabamae co-occurs with several other species at Fern Cave, includ-
ing Southern Cave Crayfish Orconectes australis Rhoades, 1941, Caecidotea bicre-
nata (Steeves, 1963), Southern Cavefish Tjphlichthys subterraneus Girard, 1859,
Cavespring Crayfish Cambarus tenebrosus Hay, 1902, and Banded Sculpin Cortus
carolinae Gill, 1861. Typhlichthys subterraneus is thought to be a significant predator
of P alabamae (Cooper and Cooper 2011) based on an observation in Shelta Cave
in 1966 when a large 7 subterraneus regurgitated an adult cave shrimp (Cooper
1974, 1975; Cooper and Cooper 1974). Cottus carolinae are seasonably abundant
in many cave systems in the Interior Low Plateau and Appalachian Valley (Poly and
Boucher 1996; Niemiller et al. 2006, 2016) and have been documented to feed on
stygobitic prey (e.g., Caecidotea isopods in Mammoth Cave, Lisowski 1983), but no
reports of predation on P alabamae are known. Another potential predator of cave
shrimp is the Tennessee Cave Salamander Gyrinophilus pallencus McCrady, 1954,
a large stygobitic, neotenic salamander endemic to the Interior Low Plateau karst
region of central Tennessee, northern Alabama, and northwestern Georgia (Cooper
1968, Cooper and Cooper 1968; Miller and Niemiller 2008, 2012; Huntsman et al.
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2011). Gyrinophilus palleucus are generalist predators that co-occur with P alabamae
at Shelta and Bobcat caves (Cooper and Cooper 2011) but are yet to be reported
from the Hering-Glover-Brazelton and Fern cave systems.

Distribution and range size

At the time of federal listing in 1988, P alabamae was known from two cave systems
in Madison County (USFWS 1988): Shelta (type locality) and Bobcat caves (Table 1;
Figure 1). Both caves are located in the Indian Creek watershed (USGS HUC10
0603000205) on the Tennessee River basin. Rheams et al. (1992, 1994) extended
the distribution 24 km to the southeast into the Lower Flint River watershed (USGS
HUCI10 0603000204) when cave shrimp were discovered in October 1991 in Glover
and Hering caves. Hering Cave is located at the base of Keel Mountain, an outlier
of the Cumberland Plateau, in southeastern Madison County. The stream that issues
from the spring entrance of Hering Cave flows on the surface for ca. 180-m into the
upper entrance of Glover Cave during higher-flow conditions. Cave shrimp also were
observed in nearby Brazelton Cave in November 1991 (Rheams et al. 1992, 1994)
and later confirmed in November 1994 by McGregor et al. (1994). All three caves are
hydrologically connected (Jones and Varnedoe 1968; Graham 1969; Rheams et al.
1992, 1994). Bernie Kuhajda discovered the fourth population at Muddy Cave located
18.4 km south of Shelta Cave in southern Madison County near the banks of the Ten-
nessee River (USGS HUC10 0603000209) (USFWS 2016). Cave shrimp have not
been observed from the type locality at Shelta Cave since 1973 (Cooper and Cooper
2011; USFWS 2016). We observed cave shrimp at Fern, Hering, and Bobcat caves in
2018-2019 (this study; Niemiller et al., unpublished data).

Our discovery at Fern Cave extends the distribution of P alabamae into the Lower
Paint Rock River watershed (USGS HUC10 0603000202) and into western Jackson
County, 9.7 km to the northeast of the nearest population (Hering-Glover-Brazelton
cave system) (Figure 1). The Fern Cave system is developed in the carbonate strata
along the western escarpment of Nat Mountain. Including the new population at Fern
Cave, the EOO of P alabamae is expanded from 251.8 km? to 363.2 km? and AOO
from 24 km? to 28 km?. However, if Shelta Cave is presumed to be extirpated (Cooper
and Cooper 2011; USFWS 2016), then EOO and AOO are estimated at 195.4 km?
and 24 km?, respectively. Although estimated range size is larger, no change in conser-
vation status is recommended; P alabamae was last assessed as Endangered Blab(iii)
under [UCN Red List criteria (De Grave and Rogers 2013).

There are a few possible explanations as to why so few populations of P alabamae
have been reported even though the species has been known to science for almost
60 years and is distributed within and adjacent to a major metropolitan area with ex-
tremely high recreational and scientific caving activity. First, £ alabamae may in fact be
quite rare with an extremely restricted distribution. Many troglobionts and stygobionts
are considered short-range endemics (sensu Harvey 2002) with small ranges and re-
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Table |. Confirmed occurrences of Palaemonias alabamae in Madison and Jackson counties, Alabama.

Cave ACSno. County Geological formation Watershed First Last
observed observed
Shelta Cave AMD4* Madison Tuscumbia Limestone Indian Creek 1958 1973

and Fort Payne Chert
undifferentiated

Bobcat Cave  AMD1283 Madison Tuscumbia Limestone Indian Creek 1973 2019
Hering Cave AMDG* Madison Monteagle Limestone Lower Flint River 1991 2018
Glover Cave AMD54* Madison Monteagle Limestone Lower Flint River 1991 1998
Brazelton Cave  AMD337" Madison Monteagle Limestone Lower Flint River 1991 1998
Muddy Cave  AMD1095 Madison Tuscumbia Limestone Tennessee River-Wheeler Lake 2005 2012
Fern Cave AJK597  Jackson Monteagle Limestone Lower Paint Rock 2018 2019
* type locality;

* hydrologically connected.

ported from a single or few cave systems (Christman et al. 2005; Niemiller and Zigler
2013; Niemiller et al. 2017). In Alabama alone, several species have more restricted
ranges than P alabamae, such as three cave crayfishes (Cooper and Cooper 1997a,b;
Buhay and Crandall 2009), a cavefish (Cooper and Kuehne 1974), and several cave
pseudoscorpions (Muchmore and Chamberlain 1995; Muchmore 1996) that are all
single-site endemics.

Another hypothesis to explain the low number of P alabamae occurrences relates
to detectability. Caves and groundwater ecosystems are extremely difficult for humans
to access, survey, and study. Caves that are large enough to permit human entry and
exploration as well as sinkholes, springs, and wells represent mere windows into a more
expansive subterranean realm. And while many caves, springs, and other points of
survey of subterranean biology exist within and near the distribution of P alabamae
in northern Alabama, most of these sites have not been adequately sampled. An unde-
scribed species of cave shrimp closely related to P alabamae is known from three caves
to the west along the Tennessee River in Colbert and Lauderdale counties (Kuhajda
and Mayden 2001; USFWS 2016; B. Kuhajda, pers. comm.). Palaemonias alabamae
exhibits 1.7-2.3% divergence from populations of this undescribed species (Figure 4).
Caves in this region of the Highland Rim have not received the attention by cave biolo-
gists historically as cave systems to the east in Jackson, Madison, and Marshall counties.

Moreover, cave systems that have been repeatedly visited by biologists may harbor
P alabamae populations that are not consistently observed each trip. For example,
Muddy Cave had been visited on several occasions previously without reliable cave
shrimp observations (Kuhajda 2004; USFWS 2016). Both Hering and Glover caves
are well-known caves that had been visited periodically for decades by cave biologists
before the species was discovered in the early 1990s (e.g., Rhoades 1941; Woods and
Inger 1957; Hobbs and Barr 1960; Peck 1983, 1986). Dr. John Cooper, who studied
P alabamae at Shelta Cave (Cooper 1975) and coauthored the most comprehensive
paper on the ecology and life history of the species (Cooper and Cooper 2011), did not
observe cave shrimp at Hering and Glover caves during the 1960s (Cooper and Cooper
2011; J. Cooper, pers. comm.).
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P. sp. nov. McKinney Pit Cave (ACE629)
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P. sp. nov. Elbow Cave (ACE1054)

= P alabamae Hering Cave (AMDB6)
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Figure 4. Bayesian phylogram showing the relationships among the new Fern Cave population and other
populations of P alabamae and P sp. nov. in Alabama inferred from the mitochondrial 16S ribosomal
RNA locus. Posterior probabilities are to the left of the corresponding node.

Low detection may be related to population dynamics or temporal variation of
groundwater habitat extent, quality, and accessibility for surveys where P alabamae
occurs. Population dynamics of P alabamae are unknown; however, some caves, such
as Muddy Cave where very few shrimp have ever been observed, may represent sinks
that are periodically extirpated but recolonized from currently unknown or inacces-
sible (to humans) source populations. Water levels in all caves where P alabamae has
been reported are highly variable. For example, aquatic habitat at Shelta Cave largely
is reduced to shallow pools during summer and autumn but can fill to 6-8 m or more
with higher precipitation during late winter and spring months restricting access to up-
per levels of the cave only (Cooper 1975; Hobbs and Bagley 1989). Likewise, passages
where cave shrimp have been observed are inaccessible during high-water periods at
Bobcat Cave, the Hering-Glover-Brazelton cave system, Muddy Cave, and Fern Cave.
Consequently, almost all observations of cave shrimp have occurred during periods
of low precipitation and low water levels (Cooper 1975; Rheams et al. 1992, 1994;
McGregor et al. 1994, 2015; Cooper and Cooper 2011).
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The dynamic hydrology of these cave systems has made it difficult to effectively as-
sess and characterize P alabamae habitat. At most sites, cave shrimp are observed in silt
or mud-bottomed, isolated pools with little to no flow that persist through dry seasons
or remain once the water table has lowered after late winter-spring rainfall (Rheams
et al. 1992, 1994; McGregor et al. 1994; Cooper and Cooper 2011). Palaemonias
alabamae also has been observed in shallow, lotic pools ranging from silt and mud to
gravel and cobble substrate in the main stream at Hering Cave (Rheams et al. 1992,
1994; McGregor et al. 1994; Cooper and Cooper 2011; Niemiller et al., unpublished
data). In Fern Cave, cave shrimp were observed in the isolated pool perched above the
main stream but also in a shallow pool in the main stream. We searched several addi-
tional pools in the main cave stream similar in depth and substrate to those in Hering
Cave but did not observe any additional cave shrimp. Based on observations of mud
stains and debris on passage walls, water levels in the passage where cave shrimp were
observed can fluctuate at least 3 m above the water levels observed during our 2018
and 2019 surveys. In those instances, the pool where cave shrimp were observed is
hydrologically connected with the main stream. We anticipate additional cave shrimp
will be observed in the main cave stream leading up to the sump and in isolated pools
and main cave stream beyond the sump. Cave shrimp habitat beyond the sump is only
accessible through cave diving the sump or by accessing “Bottom Cave” through highly
technical, vertical passages from upper level entrances.

The discoveries of 2 alabamae at Muddy Cave in 2005 and at Fern Cave renew
optimism that additional populations may be discovered in the future. The recovery
plan for P alabamae identified two criteria for downlisting the species from endan-
gered to threatened (USFWS 1997): identification and protection of reproductively
viable populations in five groundwater basins (or aquifers) and demonstratable repro-
ductive viability for all five populations over a 20-year period. Reproductively viable
populations are known from just two cave systems (Bobcat and Hering-Glover-Bra-
zelton) and potentially Fern Cave. The Shelta Cave population has been extirpated,
and the status of the Muddy Cave population is unknown. However, several caves
that are developed in the same geological formation with permanent or seasonal pools
near the local water table exist in the Flint and Paint Rock river watersheds. Many
of these caves have not been comprehensively surveyed for biological resources. We
recommend a new survey initiative of caves that have not been surveyed in the past
as well as revisiting Muddy and Fern caves to determine if these populations are re-
productively viable.
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