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Abstract

Salamanders are potentially important constituents of subterranean ecosystems, but relatively little is known about their 
effects in caves. A common facultative hypogean salamander in the eastern United States is the Cave salamander, 
Eurycea lucifuga (Rafinesque, 1822). Despite being common and widespread, little more than basic information exists 
for this species. Herein, we provide new data concerning open population modeling, demographics, wet-biomass, and 
density estimation for a population in a small Kentucky spring cave. We have found population abundances of this spe-
cies to be much higher than previously reported, and describe low capture probabilities and high survival probabilities. 
Average wet-weight per individual was 2.90 g, and estimated seasonal population wet-biomass peaked at 1426.8 g. 
Mean salamander density and wet-biomass density are 0.08 salamanders m2 and 0.22 g m2, respectively. The data 
we provide indicate that Cave salamanders have important ecological impacts on small spring cave systems.

Introduction
The Cave salamander, Eurycea lucifuga (Rafinesque, 1822), is a facultative cave dweller that is native to the east-

ern United States (Hutchison, 1958; Williams, 1980; Petranka, 1998; Camp et al., 2014). The classification scheme of 
cave-dwelling organisms is in flux due to a lack of consensus for terminology that defines the gradations of dependency 
that organisms have on cave environments. Troglobites, or troglobionts, are wholly dependent upon cave environments 
and cannot persist outside of them. Facultative cave-dwelling organisms may be broadly defined as troglophilic and 
trogloxenic. Troglophiles are able to persist entirely in or outside of caves, whereas trogloxenes are frequently found in 
caves but must leave at some point during their life cycle to obtain one or more epigean resources. Eurycea lucifuga 
must leave caves to obtain sufficient food resources from surface environments, but may otherwise persist in subterra-
nean environments. Under the classical troglobite-troglophile-trogloxene-accidental scheme (e.g., Barr Jr. 1968; Barr 
and Holsinger 1985; Trajano and Carvalho 2017), E. lucifuga is classified as a trogloxene. A slightly different classifica-
tion scheme has been suggested recently: troglobiont-eutroglophile-subtroglophile-trogloxene (e.g., Lanza et al. 2006; 
Sket 2008; Lunghi et al. 2014) according to which E. lucifuga is classified as a subtroglophile. Categories of these two 
classification schemes (classic versus newer) are somewhat synonymous: troglobite is synonymous with troglobiont, 
troglophile is similar to eutroglophile, trogloxene is similar to subtroglophile, and accidental is similar to trogloxene. 
However, there are discrepancies within the two naming systems as to the meaning of troglophile and trogloxene, lead-
ing to confusion of these terms. Therefore, here we simply refer to E. lucifuga as a facultative cave-dwelling organism, 
one that is dependent upon epigean food resources.

Cave salamanders are relatively common, but little more than some natural history, morphology, physiology, taxono-
my, behavior, and basic ecological information exists for this species. Cave salamanders may be important constituents 
of subterranean ecosystems, since salamanders are generally considered to be key ecological components in certain 
ecosystems (Davic and Welsh, 2004; Semlitsch et al., 2014). We collected data on a population of Cave salamanders 
from a Kentucky cave to report basic demographic information, and to calculate seasonal abundance estimates, cap-
ture probabilities, and survival probabilities using open-population models. These abundances were used to estimate 
seasonal wet-biomass, and we estimated wet-biomass density and salamander density from the same cave. This rep-
resents the first approximation of these characteristics for this species.

Population modeling and estimates of biomass and density provide important species information, which facilitates 
a greater understanding of the ecological influence a species has in its ecosystem. This is important because the 
impact of cave-dwelling salamanders on cave ecosystems is poorly understood. Populations of obligate cave species 
(i.e., troglobites) are typically small, due to the lack of available energy within their habitat (Venarsky et al., 2014). How-
ever, facultative cave species, such as Cave salamanders, use the epigean environment, where abundant energy is ac-
cessible, likely supporting larger populations of these organisms. This may have great implications for cave ecosystem 
dynamics. Estimates of population model parameters, biomass, and density of facultative cave-dwelling salamanders 
may provide important insights that can inform cave ecology and conservation.
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Methods
We monitored a population of E. lucifuga in two mostly crawlway-sized passages, 99 m (main passage) and 82.3 m 

(side passage), of Sauerkraut Cave, a small spring cave in E.P. “Tom” Sawyer State Park, Louisville, Kentucky, USA. 
(Specific location details are not given in an effort to reduce potential disturbance and vandalism to the cave, but may 
be obtained upon request from the Kentucky Speleological Survey). This cave was historically used as a springhouse, 
and was modified extensively with the construction of troughs and brick walls that spanned much of the entrance (Ford 
and Ford, 1882). The perennial stream was channelized to the west side of the main passage through a brick trough. 
The water exits the cave, then is immediately routed underground by a pipe. 

Surveys were generally conducted weekly from March 2015 to February 2017, but survey dates were modified oc-
casionally due to flooding or scheduling difficulties. In each passage, we searched the walls, floor, ceiling, and standing 
water for terrestrial (adult and juvenile) salamanders using red-filtered light during daylight hours (typical start time 
between 1100 to 1230). Hutchison (1958), Williams (1980), and Briggler and Prather (2006) similarly conducted sur-
veys of this species during daylight hours. We counted all individuals found and used an Olympus TG-4 digital camera 
(Olympus America Inc., Center Valley, Pennsylvania, USA) to photograph the dorsal spot pattern of the head and neck 
of each salamander in plain sight. These images were used for individual identification in the pattern-recognition soft-
ware Interactive Individual Identification System-Spot version 4.0.2 (I3S-S) (van Tienhoven et al., 2007; den Hartog and 
Reijns, 2014). This method of individual identification has been found to be successful for this species (Bradley and Ea-
son, 2018) and closely related E. longicauda longicauda (Jonas et al., 2011; Nazdrowicz, 2015). We also photographed 
the entire dorsal surface of individuals next to metered tape to create scaled images. From these images we measured 
snout-furrow length (SFL), a body metric similar to snout-vent length (SVL) (unpublished data, Bradley), in millimeters (± 
SE) using image analysis software, ImageJ 1.48v (Schneider et al., 2012). We determined gender by secondary sexual 
characteristics (males: swollen mental gland and elongated oral cirri; females: ovaries visible through the body wall) 
that are particularly evident from July to November. Additionally, we estimated age classes (adult and juvenile) by SFL; 
referencing measurements of SVL at sexual maturity, reported by Hutchison (1966) and Carlyle et al. (1998) for Cave 
salamanders, we classified individuals  49 mm SFL as adults. 

Summary statistics are presented as the mean ( SE). A χ2 goodness-of-fit test was conducted using R statistical 
software 3.4.1 (R Core Team, 2017) to determine if the observed sex ratio of this population differed (α = 0.05) from 
the expected 1:1 ratio. We estimated population parameters (i.e., abundance, capture and survival probabilities) using 
recapture histories in open (Jolly–Seber) population models. Open population models allow births, deaths, immigra-
tion and emigration to occur, and are more realistic for long-term studies. The repeated surveys resulted in recapture 
histories for those individuals that were seen and marked (i.e., photographed) more than once. We conducted model 
estimation by season: spring (March to May), summer (June to August), fall (September to November), and winter 
(December to February). Population models were analyzed using Rcapture (Baillargeon and Rivest, 2007) in R. We 
assessed model fit with Akaike Information Criterion and by refitting models with Pearson residuals ≥ 2 (Baillargeon and 
Rivest, 2007; Beck et al., 2013). Estimates for each sampling period within a season were pooled to provide a single 
mean (± SE) value of each parameter for each season.

To estimate salamander population biomass, we modified the equation W  aSVLb (Salvido, 1998; Huntsman et 
al., 2011) by substituting SVL with SFL (i.e., W  aSFLb), to calculate individual salamander weight (W). For estimating 
the constants, a and b, we collected, weighed, and measured salamanders from March to April 2017, after the original 
study period. For these salamanders, we measured SFL as described above using ImageJ. To obtain individuals’ W, 
we directed salamanders by hand, or an aquarium net, into a tared, plastic bag containing a paper towel wetted with 
cave water and then weighed them in grams ( SE) using a Pesola Micro-Line spring scale. We then released them 
at the site of capture. Also, we noted gender during this procedure, using similar sexual characteristics as described 
above; individuals too small to exhibit sexual characteristics were classified as juveniles. Capture and handling followed 
guidelines by Shaffer et al. (1994), HACC (2004), and Stasiak (2015). 

We developed regressions (predictor variable = SFL; response variable  W) for males (n  36), females (n  20), 
and juveniles (n  4), using log-transformed data for preliminary comparisons to determine whether there were differ-
ences in regressions between males vs. females and adults vs. juveniles. We analyzed these comparisons using AN-
COVA in R. Since no significant differences in the relationship between SFL and W were detected among groups (see 
Results), one common regression equation was developed using non-log-transformed data. We used that equation and 
SFL measurements acquired from March 2015 to February 2017 to estimate individuals’ W for the study population. 
Next, we calculated the mean individual W, then multiplied the mean W by seasonal abundances to estimate seasonal 
wet-biomass, following Salvidio (1998) and Crawford and Peterman (2013). We estimated mean ( SE) wet-biomass 
density (g m–2) by first multiplying mean W by the mean salamander count, then dividing this number by the available 
surface area of the walls and floor of the cave. Subsequently, we estimated mean (± SE) salamander density (salaman-
ders m2) by dividing the mean salamander count by the same available cave surface area.
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Results
The mean salamander count per survey was 66.10  4.00 (range: 10 to 245; n  73) and the mean number of 

salamanders photographed per survey was 38.40  2.97 (range: 0 to 172; n  72), with a total of 1127 individual sala-
manders identified. The numbers of individuals identified as males and females were 97 and 106, respectively. The sex 
ratio is 1:1.1, which does not deviate significantly from a 1:1 ratio (χ2  0.40, df  1, p  0.528). Mean SFL was 55.26 
 0.41 mm (range: 25.84 to 74.77; n  380) in study year one (March 2015 to February 2016), with 80.3% of captured 
individuals sexually mature ( 49 mm SFL). Similarly, mean SFL was 56.82  0.37 mm (range: 35.95 to 73.91; n  364) 
in study year two (March 2016 to February 2017), with 81.6%  49 mm SFL. Open population models revealed that 
salamander abundance was highest in spring 2016, with the maximum abundance estimated at 492  77.2 individuals 
(Table 1, Fig. 1).

Capture probabilities (Table 1) were correspondingly low in spring 2016 (0.04  0.01 probability); the probability 
of being captured in the cave was also relatively low in summer (0.13 in 2015 and 2016), but higher in fall and win-

ter (range: 0.20 
to 0.29). Prob-
ability of sur-
vival was high 
in spring and 
summer 2015 
and spring 2016 
(range: 0.92 to 
0.96) and low-
est in fall (0.71 
and 0.73 for 
2015 and 2016, 
respectively).

Regressions 
of SFL and W 
showed that 
the relationship 
between length 
and weight did 
not differ signifi-
cantly in either 
males vs. fe-
males or adults 
vs. juveniles (F 
 0.37, df  1, p 
 0.55 for males 
vs. females; F  
1.58, df  1, p  
0.21 for adults 
vs. juveniles). 
Thus, we used a 
common regres-
sion line for all 
individuals, W  
0.0155(SFL)3.0042 
(Fig. 2). Mean 
calculated W 
for salamanders 
with measured 

SFL from March 2015 to February 2017 was 2.90  0.042 g (range: 0.27 to 6.31 g; n  649). Estimates of seasonal wet-bio-
mass (Table 2) showed high biomass in spring 2016 and relatively low biomass in fall and winter, as would be expected given 
the numbers of salamanders seen during respective surveys.

The total available surface area of walls and floor in Sauerkraut Cave is 853.4 m2 (main passage: 468.8 m2; side 
passage: 384.6 m2). Mean wet-biomass density was 0.22  0.014 g m2 (range: 0.03 to 0.83; n  73). Mean sal-

Table 1. Parameters calculated in open population models in the Rcapture package of R. Values are 
presented as the mean  SE.

Season Year Abundance Capture Probability Survival Probability
Spring 2015 118  46.5 0.068  0.029 0.923  0.095

Summer 2015 229  109 0.126  0.063 0.961  0.352

Fall 2015 154  31.8 0.204  0.048 0.709  0.063

Winter 2015 – 16 158  22.6 0.227  0.032 0.858  0.043

Spring 2016 492  77.2 0.038  0.010 0.930  0.024

Summer 2016 204  31.1 0.127  0.024 0.798  0.040

Fall 2016 123  11.8 0.292  0.038 0.730  0.037

Winter 2016 – 17 134  17.8 0.208  0.029 0.850  0.026

Figure 1.  Seasonal estimates of the population size ( SE) of Cave salamanders in Sauerkraut Cave in from 2015 
to 2017.
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amander den-
sity was 0.08 
 0.005 sala-
manders m2 
(range: 0.01 to 
0.29; n  73). 
Mean wet-bio-
mass density 
and salaman-
der density for 
each passage 
separately are 
shown in Table 
3.

Discussion
The sex ra-

tio is near the 
expected 1:1, 
which is near 
the estima-
tion of 1.125:1 
(male:female) 
by Williams 
(1980) for an-
other popula-
tion of this spe-
cies. Hutchison 

(1958) found that males were more dominant in his study with a ratio 
of 1.6:1, mentioning there was no apparent reason for this deviation. 
He suggested that gravid females may become less active and/or 
more secluded than males during the breeding season to explain 
part of this bias. However, Hutchison (1958) sampled 11 months 
out of one year and consistently found more males than females 
regardless of season. No evidence was found in this study to sup-
port Hutchison’s suggestion. Mean snout-furrow length (SFL) for 
this population of Cave salamanders is similar to snout-vent length 
measures reported by Hutchison (1958), Williams (1980), Carlyle 
et al. (1998) and Juterbock (2005) for other Cave salamander pop-
ulations. Mean SFL and the proportion of salamanders  49 mm 
SFL indicates adults are numerically dominant in this population 
with a relatively low presence of juveniles (19.7 % in study year 

one and 
18.4 % 
in study 
year two). 
Juveniles 
c o m -
p o s e d 
11.35 % 
of marked 
indiv idu -

als in Hutchison (1958), and Nazdrowicz (2015) found that juveniles of E. l. longicauda comprised 11 to 35 % of total 
populations. This pattern is characteristic of other plethodontid salamanders as well (Hairston Sr., 1987). 

To our knowledge, this study provides the first estimates of abundance using open population models for E. lucifuga, 
and the first account of capture and survival probabilities for this species. Previously, Hutchison (1958) provided esti-

Figure 2.  Scatterplot and power trendline, W  0.0155(SFL)3.0042, for the relationship between SFL and W for male, 
female, and juvenile Cave salamanders. 

Table 2. Estimates of seasonal population 
wet-weight biomass for Cave salamanders at 
Sauerkraut Cave.

Season Year
Wet-Weight
Biomass, g

Spring 2015   342.2

Summer 2015   664.1

Fall 2015   446.6

Winter 2015 – 16   458.2

Spring 2016 1426.8

Summer 2016   591.6

Fall 2016   356.7

Winter 2016 – 17   388.6

Table 3. Wet-weight biomass density and salamander density of Cave salamanders in Sauerkraut Cave.
Passage n Wet-Weight Biomass Density

(g m2)
Salamander Density

(individuals m2)
Mean SE Range Mean SE Range

Main 76 0.34 0.022 0.04 – 1.37 0.12 0.007 0.01 – 0.47

Side 73 0.09 0.007 0.00 – 0.38 0.03 0.003 0.00 – 0.13

Total 73 0.22 0.014 0.03 – 0.83 0.08 0.005 0.01 – 0.29
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mates of population size for E. lucifuga using a closed (Lincoln-Peterson) population model. His estimates of population 
size (36 to 63 individuals from four caves in Virginia, USA) are low compared to ours, likely because he only sampled 
from the twilight zone of his study caves. Eurycea lucifuga is known to inhabit both the dark and twilight zones of caves 
(Green et al., 1967), and population distribution patterns change seasonally within these zones (Hutchison, 1958; 
Williams, 1980; Camp et al., 2014). Our observations in the dark zone of Sauerkraut Cave indicated that a substantial 
proportion of the population occurs there depending upon the time of year. Hutchison (1958) also pooled counts and 
recaptures for his entire study year. This practice violates the assumption of closure and, thus, results in poor model 
estimation. He acknowledged the inadequacies of using this model, suggesting rough estimates at best. We have found 
that population size estimates for cave-inhabiting E. lucifuga may be much larger, and probably more accurate, when 
individuals from both the dark and twilight zones are included in open population modeling. We believe our estimates 
are reasonable because they are within range of estimates for other species of salamanders occupying caves (Hunts-
man et al., 2011; Fenolio et al., 2014; Taylor et al., 2015) or similar habitats, i.e., springhouses (Nazdrowicz, 2015) and 
wet rock faces (Salvidio, 1998; Crawford and Peterman, 2013) (Table 4). 

Our highest seasonal abundance estimates, which occurred in spring 2016, followed by summer of both years, gen-
erally reflect trends that others have found for E. lucifuga, with monthly (May to June: Hutchison, 1958; May: Williams, 
1980) or seasonal (spring: Camp et al., 2014; summer: Briggler and Prather, 2006) highest counts and average counts 
similarly reported at these times. These earlier authors studied Cave salamanders in the twilight zone of their study 
caves, and given that Cave salamanders predominantly reside in this area of caves in spring and summer (Hutchison, 
1958; Williams, 1980) it is unsurprising that their studies found highest abundance then.

In our study, the lowest seasonal abundance occurred in spring 2015, which is probably atypical for the spring sea-
son. Two factors, flooding and temperature, may account for this discrepancy. A substantial flood (ca. 17.3 cm rainfall 
in two days) occurred in 
April 2015 that likely ex-
plains the low counts of 
salamanders in subse-
quent surveys that month 
(Fig. 3) because sala-
manders probably re-
treated to other areas of 
the cave or were flushed 
out; this, undoubtedly, 
affected abundance es-
timates for spring 2015. 
Furthermore, average 
temperature in February 
and March of 2015 (3.2 
and 6.9 °C, respectively) 
for Louisville, Kentucky 
was lower than the cen-
tral state average (3.4 
and 8.2 °C, respectively), 
and lower that year than 
in 2016 (3.9 and 11 °C, 
respectively) (UKAWC, 

Table 4. Population estimates and densities of salamander species that inhabit caves or similar habitat (i.e., springhouses 
and rock faces).

Source Species Population Estimate Density (salamanders m–2)
Salvido (1998) Hydromantes [Speleomantes] strinatii 155 0.8

Huntsman et al. (2011) Gyrinophilus palleucus 109, 215 0.03 & 0.10

Crawford and Peterman (2013) Desmognathus spp. 496 14.69

Fenolio et al. (2014) Eurycea spelaea 342, 507 0.04 & 0.12
(larvae & adults)

Nazdrowicz (2015) Eurycea longicauda 29–1410 ∙∙∙

Taylor et al. (2015) Plethodon albagula 157 0.61–1.14

Figure 3.  Mean counts (± SE) of Cave salamanders in Sauerkraut Cave in April 2015, when there was a 
substantial flood, and April 2016, when there was no substantial flood.
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2017). This may have influenced the distribution and activity of Cave salamanders within the cave, especially in the 
twilight zone, where surface environmental fluctuations are most apparent. Our next lowest abundance estimate was 
in fall 2016. In two studies that focused on the twilight zone, the lowest counts for this species were reported in winter 
(Hutchison, 1958; Camp et al., 2014); Cave salamanders are rarely found in the twilight zone of caves during winter 
because the population has moved to the dark zone to escape the inhospitable (i.e., cold and dry) environment near the 
cave entrance (Hutchison, 1958; Williams, 1980). In a third study that also found the lowest counts in winter, Briggler 
and Prather (2006) likely surveyed the dark zone of some study caves, but it is unclear how many of their study caves 
included the dark zone or how far they penetrated. It is uncertain why low abundance occurred in fall in our study, but 
this result may be associated with low survival probabilities (discussed below). 

Capture probabilities for salamanders are generally low due to reduced levels of detectability (O’Donnell and Sem-
litsch, 2015) and have been shown to vary temporally for both epigean (Bailey et al., 2004; Price et al., 2012; Muncy 
et al., 2014) and hypogean (Fenolio et al., 2014) species. As expected, capture probabilities in our study were also low 
and variable, being lowest in spring 2015 and 2016. Cave salamanders often leave caves in spring to explore adjacent 
epigean habitats for foraging or may emigrate (Petranka, 1998), thus being unavailable for capture in the cave. High 
capture probability occurred in fall and winter of 2015 and was highest in fall 2016. Cave salamanders reinvade deeper 
portions of the twilight zone for courtship and/or to escape approaching inhospitable climate at these times of year 
(Hutchison, 1958; Williams, 1980; Petranka, 1998), making them relatively accessible for capture in the cave. 

Our estimates of survival probability are generally similar to those reported for other plethodontids (Price et al., 2012; 
Fenolio et al., 2014; Muncy et al., 2014). The low probabilities of survival we observed during the fall of both study years 
may be due to decreasing food availability as salamanders move farther back into the dark zone and to movement 
of potential predators into the cave for eventual torpor (e.g., Black rat snakes [Pantherophis (Elaphe) obsoleta] and 
Green frogs [Rana (Aquarana) clamitans] were seen in Sauerkraut Cave in fall). We observed an anecdotal increase in 
individual tail loss in this season, which may have been a result of interactions with these potential predators. Highest 
survival probability occurred in spring and summer 2015 and in spring 2016, in seasons when epigean and twilight zone 
climates are equitable and food is readily available. 

Total biomass and biomass density of cave-inhabiting salamanders have seldom been reported. Huntsman et al. 
(2011) reported biomass density for a troglobitic species as 0.18 g m2 and 0.03 g m2 ash-free dry mass in two 
caves in Alabama, USA. Salvidio (1998) reports average total wet-biomass and wet-biomass density for a facultative 
cave-dwelling salamander in Liguria, Italy as 238.48 g and 1.25 g m2, respectively. An assemblage of Desmognathus 
spp. at a wet rock face (a similar habitat to caves, albeit likely having higher food densities), had estimated wet-biomass 
of 916.56 g and wet-biomass density of 27.16 g m2 (Crawford and Peterman, 2013), respectively, in North Carolina, 
USA. Our study indicates seasonally variable wet-biomass in this population of Cave salamanders, which likely has 
important implications for energy distribution within the cave. Dead individuals were rarely observed (nine in total for the 
study period), but those that were seen were occupied by invertebrates, and all but vertebrae were gone the following 
survey one week later. Given this short amount of time that dead individuals may be visible before being consumed, 
and that we could not survey the entire cave, it is likely that more individuals died in the cave without being noticed. 
This may represent an important pulse nutrient resource for cave-inhabiting organisms. Salamanders may also supply 
energy through fecal deposition (Bohonak and Whiteman, 1999; Lilleskov and Bruns, 2005) in caves, and we regularly 
observed salamander feces in Sauerkraut Cave in spring. This contribution may be substantial with greater levels of 
population biomass.

Salamander densities have been reported for troglobites (Huntsman et al., 2011; Fenolio et al., 2014) and facultati-
ve cave dwellers (Salvidio, 1998; Crawford and Peterman, 2013; Taylor et al., 2015) (Table 4). Our densities are most 
similar to densities reported for troglobitic species (Huntsman et al., 2011; Fenolio et al., 2014), likely because our study 
took place exclusively within a cave system. Although Taylor et al. (2015) similarly investigated a population of faculta-
tive cave-dwelling salamanders in a cave system, they mention that individuals often congregated in a pit, which may 
have inflated density estimates; our highest density estimate (0.47 m2) approaches their lowest (0.61 m2). Densities of 
those populations studied at rock faces (Salvidio, 1998; Crawford and Peterman, 2013) were higher than our estimates, 
which may be due to the limited surface area and probable higher food abundance of this habitat compared to a cave 
system. Rock outcrops are important habitat for many fauna (Fitzsimons and Michael, 2017) and may provide an ac-
cessible, safer refuge than what can be found on the ground, making this ideal habitat for salamanders. Likewise, many 
individuals may utilize this habitat, trading off space for safety, which may explain increased densities at rock faces.

Conclusion
There is much yet to be learned about the natural history and ecology of Eurycea lucifuga, and facultative cave-dwell-

ing salamanders in general. It is likely, though not well established, that these cave inhabitants play important ecolog-
ical roles in cave ecosystems. This is an important consideration as caves, and the organisms restricted to them, are 
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often of conservation concern. Unraveling the ecological dynamics of facultative cave-dwelling salamanders will surely 
provide valuable information that can be used to manage and conserve these fascinating habitats.
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