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SEASONAL CONTEXT OF BRISTLY CAVE CRAYFISH CAMBARUS SETOSUS 
HABITAT USE AND LIFE HISTORY
Joshua B. Mouser1, David C. Ashley2, Douglas L. Zentner1, and Shannon K. Brewer3,4,C

Abstract

Cave crayfishes are important members of groundwater communities, but many cave crayfishes are threatened or 
endangered. Unfortunately, we lack basic life history and ecological data that are needed for developing conserva-
tion plans for most cave crayfishes, especially the role of seasonal and annual fluctuations in structuring populations. 
Therefore, we determined the seasonal life history and habitat use of Cambarus setosus in Smallin Civil War Cave, 
Christian County, Missouri, United States. We conducted visual crayfish surveys over a 400 m section of the cave from 
2006 to 2019. We used multinomial logit, multiple linear regression, and logistic regression models to estimate crayfish 
substrate, water depth, and water velocity use, respectively. All models included sex, carapace length, season, dis-
tance into the cave, and interactions between all variables and sex as predictor terms. We also used t-tests to assess 
morphometric differences between male and female crayfish. Six mark-recapture events (2010 to 2019) were used to 
estimate population sizes using a nil-recapture model. We attempted to age eight individuals using gastric mill bands, 
but annual bands were not discernable. We found reproductively active males during all seasons. We captured one 
ovigerous female during the spring, though ovigerous females were observed during show cave tours during spring, 
summer, and autumn. Male C. setosus were more likely to use homogenous and heterogeneous rock substrates and 
shallower and calmer water when compared to females; however, these relationships varied based on distance into the 
cave and season. Females sampled were significantly larger than males, and males regenerated chelae more often. 
Minimum population size estimates ranged from 9 to 159 individuals and indicated the population was relatively stable. 
Our data provide both a baseline population estimate for comparison with future studies and valuable trait information 
that is often lacking but useful for developing conservation efforts. 

INTRODUCTION
There is broad recognition that cave crayfishes play an important role in groundwater ecosystems, and many pop-

ulations are at risk of extinction. Crayfishes are keystone species that shape the structure and function of aquatic 
ecosystems (Paine, 1969). For example, crayfishes serve as aquatic nutrient cyclers (Momot, 1995) and are food for 
many species (e.g., >200 in the Ozark Highlands ecoregion (DiStefano, 2005)). In groundwater systems specifically, 
cave crayfishes are part of stygobiont communities that support clean water that is used for drinking and crop irrigation 
(Danielopol and Griebler, 2008; Boulton et al., 2008; Griebler et al., 2014). Cave crayfishes typically have narrow distri-
butions (Larson and Olden, 2010) and K-selected life histories (e.g., long life span (Venarsky et al., 2012)), resulting in 
an intrinsically high risk of extinction. For example, approximately 70 % of stygobiont crayfishes are at risk of extinction 
(Taylor et al., 2007). The persistence of cave crayfish populations is threatened by water pollution, recreational caving, 
and invasive species (Graening et al., 2006; Mouser et al., 2019). 

Effective conservation and management strategies for cave crayfish populations requires an understanding of their 
life history and habitat use (Moore et al., 2013; DiStefano et al., 2016; Taylor et al., 2019). We lack a basic understand-
ing of both the biology and ecology of many crayfishes, especially cave-dwelling species (Taylor et al. 2019). The lack 
of basic biological and ecological knowledge is a major impediment in developing meaningful conservation efforts for 
subterranean organisms (Mammola et al., 2019). Life history data (e.g., age, fecundity, and recruitment) can be used 
to predict at-risk and invasive crayfish species (Larson and Olden, 2010), to help managers determine appropriate 
sampling techniques (Crandall, 2016), and to develop habitat restoration strategies that target life-stage requirements 
(Dyer et al., 2016). Management decisions also benefit from an understanding of a species’ habitat requirements. For 
example, species-habitat associations are particularly useful to help direct restoration efforts (Smith et al., 1996), to 
control invasive crayfishes (Light, 2003), and to determine potential reintroduction sites (Renai et al., 2006). 

The bristly cave crayfish Cambarus setosus is the most common cave crayfish of the Ozark Highlands ecoregion. 
Cambarus setosus has been documented at 48 sites (i.e., caves, wells, or springs) in Missouri and two sites in Arkan-
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sas with 164 individuals being reported from all sites (Graening et al., 2006). Cambarus setosus is currently listed as 
stable by the American Fisheries Society (Taylor et al., 2007), near threatened by the International Union for Conser-
vation of Nature (DiStefano et al., 2021), and vulnerable by NatureServe (NatureServe, 2009) and by the Missouri De-
partment of Conservation (Missouri Natural Heritage Program, 2021). Gardner (1986) noted that C. setosus was more 
abundant in stream sections characterized by a sandy, muddy substrate with scattered breakdown and abundant bat 
guano. Similarly, Marquart (1979) found C. setosus in silty substrates with rock, gravel, and organic debris. Cambarus 
setosus can reach 120 mm total length (TL); males can be reproductively active (i.e., form I) at 53 mm TL, and there is 
little difference in size between the sexes (Pflieger, 1996). 

The previous studies of C. setosus habitat use and life history provide important insight but are mostly qualitative 
observations or short-term studies limited to a few caves (but see Marquart (1979)). These studies do not capture 
seasonal or annual changes within a cave and these dynamics (e.g., changing water levels or flow) may be quite im-
portant in structuring the life history and ecology of cave organisms (Jegla and Poulson, 1970; DiStefano et al., 2020). 
Therefore, the goal of our paper was to provide basic population information for C. setosus in a seasonal context. We 
specifically focused on basic life history (i.e., reproductive timing and size), habitat use (i.e., substrate, water depth, and 
water flow) and estimating minimum population size of C. setosus. Collectively, these metrics are useful for determining 
growth, mortality, and recruitment (Panfili et al., 2002) and can be used to protect or restore key habitat within caves. 

METHODS
Study Area

We focused our study on Cambarus setosus within Smallin Civil War Cave (Smallin Cave), Christian County, Mis-
souri, US. Smallin Cave is a show cave located within the Ozark Highlands ecoregion. The Ozark Highlands ecoregion 
is characterized by karst topography (Unklesbay and Vineyard, 1992), moderate climate (e.g., rainfall of 97–122 cm 
and average temperature of 13–16 °C (Adamski, 2000)), and mixed forest interspersed with lowland agricultural use 
(Woods et al., 2005). Smallin Cave has a handicap-accessible tour route elevated 1–2 m above the cave floor, which 
extends approximately 200 m into the cave from the entrance. From the end of the tour route, the cave extends an 
additional 700 m. A shallow stream with occasional pools meanders along the floor of the cave. Smallin Cave is home 
to one of the largest known populations of C. setosus with at least 47 individuals (Graening et al., 2006) and a relatively 
small population of bats (D.C. Ashley, personal observation).
Crayfish and Habitat Surveys 

We conducted 38 visual surveys from November 19, 2006 to June 6, 2019, and we also report some opportunis-
tic observations that were noted during cave tours in 2010. We sampled during spring (March–May, n = 18 surveys), 
summer (June–August, n = 8), autumn (September–November, n = 5), and winter (December–February, n = 7). Each 
survey covered approximately 400 m of the cave and consisted of 2 to 6 observers walking slowly from the cave en-
trance to the end of the study area visually searching for crayfish on the substrate. The remaining cave passage beyond 
the study area is a tight crawl passage and was not surveyed. We captured crayfish via hand nets, recorded distance 
into the cave from the dripline (i.e., cave entrance), and placed a 900 cm2 frame at the capture location to estimate 
microhabitat use. Water depth (±1.0 cm) was measured in the center of each occupied grid and water velocity was vi-
sually estimated as: calm (n = 161), slow flow (n = 51), moderate flow (n = 17), or fast flow (n = 4). We combined slow, 
moderate, and fast flows into a single category (flowing) because these data were naturally bimodal when compared 
to calm water. Substrate was visually estimated as the proportion of the quadrat comprising mud/silt (particle diameter 
<0.01 cm), sand (0.01–0.2 cm), pebble (>0.2–6 cm), cobble (>6–20 cm), large rock (>20–26 cm), or bedrock (>26 cm). 
For each crayfish, we measured carapace length (±1.0 mm) and length of both chelae (±1.0 mm) using a ruler. We also 
recorded sex and whether crayfish were reproductively active (i.e., form I males or ovigerous females) or not (i.e., form 
II males or non-ovigerous females) using visual observation. Males were considered form I if the tip of the gonopod 
was corneous and pointed, and females were considered ovigerous if they were carrying eggs on their telson. The 
cave manager also recorded ovigerous females during show cave tours in 2010. On six surveys, a permanent marker 
was used to label the carapace with a unique number and a repeat survey was conducted 2–3 days later to count the 
number of marked and unmarked individuals (Table 1). We chose to use permanent marker because it is effective and 
safe for short-term recapture events (Ramalho et al., 2010) while being cheaper than other methods. Distance into the 
cave, habitat data, and crayfish morphometrics were not collected during most of the six repeat surveys. 

We condensed the substrate estimates into four categories that we hypothesized to be ecologically relevant. We 
classified quadrats comprising 100 % bedrock, sand, silt, or clay as “bedrock/fine” because they serve as poor shelter 
for a crayfish (i.e., crayfish cannot burrow into bedrock and too much fine substrate results in suffocation; (Dyer et al., 
2015)). Quadrats comprising a mixture of fines and other substrates were categorized as heterogeneous fine because 
excess fine substrates can suffocate crayfish (Dyer et al., 2015); however, this substrate would present usable shelter, 
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and C. setosus has been shown to use this habitat (Marquart, 1979; Gardner, 1986). All substrate mixtures containing 
size distributions larger than sand, but excluding bedrock, were classified as “homogenous rock.” Lastly, we classified 
quadrats with a mix of bedrock and homogenous rock as “heterogenous rock.” 
Analyses

We chose variables hypothesized to influence habitat use as predictor terms in our models (described in the next 
three paragraphs). Crayfish habitat use often differs depending on sex and season (e.g., DiStefano et al., 2013) and 
size (e.g., Dyer et al., 2016). Therefore, we hypothesized C. setosus habitat use depended on sex (female or male), size 
(i.e., carapace length (CL)), and season (i.e., spring, summer, autumn, or winter). Distance into the cave was included 
as a predictor term because habitat visibly changed throughout the cave. Lastly, we included interaction terms between 
sex and all other variables to account for possible differences in habitat use between males and females. Our analyses 
were conducted using the statistical software R (R Core Team, 2020), and α ≤ 0.1 was chosen a priori as our cutoff for 
significance.

We built a multinomial logit model to estimate the probability that crayfish were found in each of our four substrate 
categories (i.e., bedrock/fine, heterogeneous rock, homogenous rock, and heterogeneous fine). Sex, CL, season, dis-
tance into the cave, and interactions between sex and all other variables were included as predictor terms. Sex and 
season were treated as categorical variables with female and spring as reference categories. Our response variable 
was the probability that crayfish were found in each of the four substrate categories. We used the multinom function 
within the nnet package (Venables and Ripley, 2002) to fit our model as described by Faraway (2005). We started with 
the full model and removed predictor terms one at a time that most decreased Akaike information criterion adjusted for 
a small sample size (AICc; Burnham and Anderson, 2001) until removing terms no longer decreased AICc (Faraway 
2005). We assessed model fit using a χ2 test to compare the observed probability that crayfish were found in each sub-
strate category to the probability predicted by the model (Yau, 2013). 

We built a multiple linear regression model to predict water depth used by bristly cave crayfish. Sex, CL, season, 
distance into the cave, and interactions between sex and the other variables were included as predictor terms in the 
model. Sex and season were treated as categorical variables with female and spring as reference categories. Our re-
sponse variable was water depth used by the crayfish. Water depth was natural-log transformed due to a right-skewed 
distribution (Zar, 1999). Two crayfish were found out of the water and those data were removed due to high influence on 
the model (i.e., Cook’s distance > 0.5). We selected the best model using the same approach described above. Model 
assumptions and fit were determined via visual analysis of the quantile-quantile plot (Q-Q plot) and plotting residual 
versus predicted values (Freund and Wilson, 2003). 

We built a logistic regression model to determine whether crayfish were more likely to be found in calm or flowing 
water. Sex, CL, season, distance into the cave, and interactions between sex and the other predictor variables were 
included in the model. Sex and season were treated as categorical variables with female and spring as reference 
categories. Our response variable was calm (0) or flowing water (1). We selected the best model using the selection 
approach previously described. We assessed model fit using binned residual plots because traditional residual plots 
are uninformative for models with binary response variables (Gelman and Hill, 2007). 

We assessed morphometric and gender differences using t-tests (α ≤ 0.1). We used Welch’s t-tests to compare 
groups with unequal variances as indicated by an F-test. We used unpaired t-tests to determine if there were significant 
differences in male and female crayfish for both average CL and average left and right chelae size divided by CL (i.e., 
adjusted for overall size). We hypothesized that a larger difference in left and right chelae size would reflect loss and 
partial chela regeneration resulting from aggressive behavior. Therefore, we also compared the left and right chelae 
size via paired t-tests for both males and females. 

A nil-recapture model was used to estimate the minimum expected population size of bristly cave crayfish in Smallin 
Cave. The nil-recapture model was selected because recaptures during each event ranged from 0 to 2 and because 
Smallin Cave can be classified as an environment that is difficult to sample (Bell, 1974; Friedenberg et al., 2018). Using 
Bayesian methods improves the interpretation of the resulting model by allowing statements about the probability that 
abundance exceeds some lower bound. Because spatial data were not available, the spatial distribution of crayfish was 
assumed uniform and population estimates were obtained from the posterior gamma distribution where the shape and 
rate parameters were defined using:

a 5 a0 1 R

β 5 β0 1∑      cimi
i 5 I
t 5 1

where α is the shape parameter defining gamma distribution, α0 is the prior for the shape parameter, R is the total num-
ber of recaptured individuals, β0 is the rate parameter defining gamma distribution, ci is the prior for the rate parameter,  
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is the number of individuals captured in sample event i, mi is the estimated number of individuals marked during sample 
event i, and I is the maximum number of sample events (Friedenberg et al., 2018).

This formulation of the nil-recapture model allows an estimate of minimum expected population size (Edwards, 1974) 
at various probability levels using the reciprocal obtained from the gamma quantile function. To provide a range of min-
imum expected population size, we a priori selected probability levels of 0.99, 0.95, and 0.75. This allowed us to be 99 
%, 95 %, and 75 % confident, respectively, that the actual population was greater than or equal to our estimates. Every 
estimate was obtained using both uniform and Jefferys  priors as they are convenient priors that produce equivalent 
estimates to lower bounds from frequentist and likelihood approaches, respectively. The use of two different priors also 
allowed us to better understand the effect of prior choice on our minimum expected population size estimates given our 
limited number of recaptures (Friedenberg et al., 2018). 
Crayfish aging

We attempted to age C. setosus via the gastric mill to determine the longevity of the species following Mouser et al. 
(2020). Eight C. setosus that died naturally in Smallin Cave during summer 2018 were collected. We extracted the gas-
tric mills, thinly sectioned them, and mounted them on microscope slides. We aged sections from multiple ossicles for 
each crayfish because the recovered crayfish were in various states of decomposition and not all of the ossicles could 
be located. The best section from each zygocardiac ossicle and pterocardiac ossicle, and the two best sections from 
the mesocardiac ossicle were mounted on each slide. Two readers attempted to age the slides together. 

RESULTS
Cambarus setosus CLs ranged 3.0–45.0 mm (n = 399, mean = 22.7 ± 7.2 mm) and were captured during all seasons 

from a variety of habitats (Table 1). Location of capture ranged between 23–420 m from the dripline. Both male (n = 167, 
mean CL = 22.0 ± 6.0 mm) and female (n = 133, mean CL = 24.7 ± 7.5 mm) crayfish were collected during all seasons. 
Reproductively active males were collected during spring (n = 8), summer (n = 6), autumn (n = 5), and winter (n = 7), 
whereas a single ovigerous female was captured during the spring; all other crayfish collected were not reproductively 
active. However, ovigerous females were observed during cave tours in May, June, July, and November. The smallest 
form I male had an 18 mm CL and the smallest ovigerous female had a 30 mm CL. Crayfish were observed using a va-
riety of microhabitats characterized by different substrate compositions: bedrock/fine substrate (n = 31), heterogeneous 
fine (n = 31), heterogeneous rock (n = 28), and homogenous rock (n = 142). Crayfish were found in 0–106 cm of water 
(mean = 20.4 ± 17.8 cm) and more often in calm water (n = 161) than flowing water (n = 72).

The results of the multinomial model indicated that distance into cave and sex were predictors of substrate use 
(Fig. 1 and Table 2). Male C. setosus were more likely to use homogenous and heterogeneous rock substrates than 
females, whereas female C. setosus were more likely to use bedrock/fine substrate than males. The magnitude of the 
difference was greater near the entrance of the cave for bedrock/fine and homogenous rock substrates. Results of the 
χ2 goodness-of-fit test indicated multinomial model fit was appropriate (χ2

6 = 8, p = 0.24). 
The results of the multiple linear regression model indicated that water depth use was related to season and dis-

tance into the cave, depending on sex (Fig. 2 and Table 3). Male C. setosus were more likely to use deeper water than 
females near the entrance of the cave, but more likely to use shallower water than females farther in the cave. Crayfish 
were found in shallower water more often in autumn compared to spring. The Q-Q plot and the residual plot showed no 
concerning trends, suggesting adequate linear model fit.

Similar to the multiple linear regression model, the results of the logistic regression model indicated that water depth 
use was related to season and distance into the cave depending on sex Fig. 3 and Table 4). Males were more likely 
than females to use flowing water near the entrance and less likely to use flowing water farther in the cave compared 
to females. Crayfish were less likely to use flowing water in the summer and autumn (i.e., negative relationship) com-
pared to spring, when high flows are more common. The binned residual plot indicated good generalized linear model 
fit because 95 % of the binned residual were contained in theoretical error bounds, and the plot did not reveal any 
concerning trends.

We also found morphological differences between male and female C. setosus. Female crayfish were significantly 
larger than males (t243.69 = 3.29, p < 0.01). There was not a significant difference between male and female crayfish che-
lae size when adjusted for carapace length (t286 = 0.31, p = 0.76). Right and left chelae were not significantly different for 
male (t157 = 1.09, p = 0.60) or female crayfish (t129 = -0.41, p = 0.68).  Although more males had regenerated or missing 
chelae (n = 37) than females (n = 29), this represented 22 %.

Our minimum population estimates of C. setosus were generally low but appear relatively stable through time (Fig. 4). 
The largest variability in minimum population size estimates was observed when a Jeffreys prior and a probability of 
0.75 were used to estimate the minimum population size (range = 32–159). The smallest variability in minimum popu-
lation size estimates was observed when a uniform prior and a probability of 0.99 was used to estimate the minimum 
population size (range = 9–23). The Jeffreys and uniform priors gave similar minimum population size estimates when 
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using a probability of 0.95 (Jeffreys = 17–55, uniform = 13–35) or 0.99 (Jeffrey’s = 12–32, uniform = 9–23). The range 
of minimum population estimates (i.e., 10–32) during the initial mark-recapture period (May 2010) overlapped with the 
range of minimum population estimates (19–47) in the final mark-recapture period (June 2019), demonstrating relative 
stability through time. 

Table 1. Crayfish counts from visual surveys in Smallin Civil War Cave, Christian County, Missouri, United States. Female crayfish 
(Fem; n = 133) captured ranged from a minimum (Min) carapace length of 7 mm to a maximum (Max) of 40 mm. Male crayfish (n = 167) 
ranged from 8–45 mm. Sex and length were not determined (ND) for some crayfish (Unknown, n = 91).

Trip Date
Female Male Unknown

TotalCount Min Max Count Min Max Count Min Max
  1 19 Nov 2006 6 12 33 2 11 20 2 10 12 10

  2 28 Jan 2007 4 7 21 5 15 24 2 ND ND 11

  3 18 May 2007 2 18 19 4 19 34 0 ∙∙∙ ∙∙∙ 6

  4 18 Nov 2007 2 19 27 6 14 30 3 3 ND 11

  5 29 May 2008 3 27 40 3 12 30 0 ∙∙∙ ∙∙∙ 6

  6 20 Jul 2008 4 23 40 1 26 26 2 ND ND 7

  7 02 Nov 2008 5 21 28 4 28 35 2 ND ND 11

  8 15 Feb 2009 3 24 31 0 ∙∙∙ ∙∙∙ 0 ∙∙∙ ∙∙∙ 3

  9 28 May 2009 5 23 40 1 33 33 0 ∙∙∙ ∙∙∙ 6

10a 24 May 2010 5 20 28 3 26 30 4 ND ND 12 (11)

11b 27 May 2010 3 22 35 2 10 13 3 ND ND 8 (6,1)

12 28 May 2010 3 31 35 5 19 30 0 ND ND 8

13 14 Aug 2010 4 7 19 6 12 30 2 ND ND 12

14 14 Nov 2010 1 26 26 1 19 19 2 ND ND 4

15 30 May 2011 0 ∙∙∙ ∙∙∙ 1 19 19 0 ∙∙∙ ∙∙∙ 1

16 19 Dec 2011 2 24 25 4 21 38 2 ND ND 8

17a 23 May 2012 7 7 27 14 10 43 5 ND ND 26 (26)

18b 25 May 2012 2 ND ND 4 ND ND 0 ∙∙∙ ∙∙∙ 6 (6,1)

19 03 Jan 2013 4 15 33 4 15 24 1 15 15 9

20a 22 May 2013 7 25 35 1 35 35 0 ∙∙∙ ∙∙∙ 8 (8)

21b 24 May 2013 0 ∙∙∙ ∙∙∙ 4 20 25 1 ND ND 5 (5,0)

22 21 May 2014 6 10 30 5 16 29 2 ND ND 13

23 24 Jul 2014 5 12 26 9 14 25 5 ND ND 19

24 16 Jan 2015 0 ∙∙∙ ∙∙∙ 5 14 29 2 ND ND 7

25 18 Jan 2015 2 22 25 2 19 33 3 ND ND 7

26a 20 May 2015 7 15 30 8 12 30 2 ND ND 17 (15)

27b 22 May 2015 1 ND ND 5 ND ND 4 ∙∙∙ ∙∙∙ 10 (7,0)

28 25 Ma. 2016 4 25 32 4 16 27 4 ND ND 12

29a 16 May 2016 4 20 34 6 20 26 0 ∙∙∙ ∙∙∙ 10 (10)

30b 18 May 2016 1 37 37 0 ∙∙∙ ∙∙∙ 12 ND ND 13 (13,1)

31 26 Aug 2016 7 13 40 9 8 26 1 ND ND 17

32 27 Feb 2017 3 29 32 8 12 30 0 ∙∙∙ ∙∙∙ 11

33 24 May 2017 1 16 16 1 30 30 0 ∙∙∙ ∙∙∙ 2

34 02 Aug 2017 8 17 29 5 21 30 1 ND ND 14

35 26 June 2018 5 19 30 9 16 30 9 ND ND 23

36 27 Nov 2018 4 11 20 7 18 28 7 ND ND 18

37a 04 Jun 2019 3 18 45 9 16 29 3 ND ND 15 (12)

38b 06 Jun 2019 0 ∙∙∙ ∙∙∙ 0 ∙∙∙ ∙∙∙ 13 ND ND 13 (13,2)
 1 Crayfish were marked on this trip. Number in parentheses indicate the number marked.
 2 Crayfish were recaptured on this trip. Numbers in parentheses indicate the number of crayfish captured (first number) and how many of those were previously marked (if a second number 
is provided).
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We used gastric mill sections in an attempt to age eight C. seto-
sus, but our results were inconclusive. The carapace length of the 
aged crayfish ranged from 13.0–31.0 mm (mean = 19.1 ± 5.7 mm). 
None of the crayfish displayed clear yearly growth bands (Fig. 5). 
However, many gastric mills displayed hypothesized sub-yearly 
bands (Fig. 5). 

DISCUSSION
In this study, we provide detailed information on the seasonal 

habitat use and life history of C. setosus. Caves are relatively stable 
environments in some ways (e.g., temperature); however, they can 
also be quite dynamic (e.g., flooding) (Simon, 2012). Many studies 
have shown that seasonal dynamics are important for structuring 
how cave ecosystems function (e.g., food flux during floods (Poul-
son, 2012), controlling life history of stygobionts (DiStefano et al., 
2020)). Despite this knowledge, most data for C. setosus are lim-
ited to a short time frame. We found that seasonal dynamics are 
important for the reproduction and habitat use of C. setosus and 
may affect the formation of gastric mill bands. 

Cambarus setosus reproduction appears to follow seasonal pat-
terns, but shifts in seasonal patterns (e.g., rainfall) may alter repro-
duction timing. We found that crayfish reproduction in Smallin Cave 
occurred primarily in the spring and early summer (i.e., when the 
majority of ovigerous females were found); however, form-I males 
were found during all seasons. These results are similar to repro-

ductive patterns found for surface crayfishes and other 
cave crayfishes. For example, many species of lotic cray-
fish in the Ozark Highlands ecoregion molt twice annually 
for reproductive purposes and lay eggs during the spring 
(Pflieger, 1996). Less is known about the reproductive hab-
its of cave crayfishes; however, it appears cave crayfish 
or surface-dwelling crayfish that invade caves may repro-
duce more often under some circumstances and chang-
es in seasonal patterns may shift reproductive timing. For 
example, Mouser et al. (2019) found that surface crayfish 
reproduced all year in a cave; however, most reproduc-
tion occurred during spring. Jegla (1966) observed that 
Orconectes pellucidus inermis also followed reproductive 
patterns similar to surface species; however, flood events 
were noted by Jegla and Poulson (1970) to shift repro-
ductive timing. Similarly, DiStefano et al. (2020) observed 
ovigerous O. stygocaneyi in August a few months after 
heavy rainfall. Shifts in seasonal environmental patterns 
may explain why we found reproductively active crayfish 
during seasons not typically associated with reproduction.

We did not observe hypothesized yearly bands on C. 
setosus gastric mills, which is contrary to work on Fax-
onius neglectus found in surface streams (Mouser et al., 
2020) and caves (Mouser et al., 2019). Although the mech-

anism is unknown, the lack of yearly bands may be due to the absence of seasonal changes in temperature that typ-
ically influence the formation of growth marks on hard structures (Wright et al., 2002), including gastric mills (Leland 
et al., 2015; Mouser et al., 2020). Caves have relatively stable temperatures; therefore, the absence of yearly bands 
may be due to constant growth in those systems or extremely limited growth occurring over much shorter intervals. 
Limited growth over shorter intervals may also explain the presence of sub-yearly bands, as sub-yearly rings have been 
observed on fish otoliths due to feeding changes (Wright et al., 2002). In contrast to our findings, Mouser et al. (2019) 
found that epigean F. neglectus in caves still displayed bands that seemed to reflect annual conditions, but crayfish 

Figure 1. Predicted probabilities from our multinomial 
model of bristly cave crayfish Cambarus setosus using 
different substrate types in Smallin Civil War Cave, Chris-
tian County, Missouri, United States. A significant inter-
action between sex and distance into the cave indicates 
that male (dashed line) and female (solid line) crayfish 
have differing habitat uses depending on location within 
the cave.

Table 2. Mean and standard error (SE) estimates for variables 
included in the top multinomial model used to predict the 
probability of substrate category used by bristly cave crayfish 
Cambarus setosus in Smallin Civil War Cave, Christian County, 
Missouri, United States. Sex and season were treated as 
categorical variables with female, and spring as reference 
categories, respectively. Distance (±1 m) was a continuous 
variable representing the distance a sample was taken from 
the cave entrance. Probability of substrate use was modeled 
with respect to bedrock/fine substrate and parameter estimates 
of the environmental variables are given for each of the other 
categories.

Parameter Mean SE
Heterogenous fine-intercept −0.88 0.91

Heterogenous rock-intercept   0.11 0.99

Homogenous rock-intercept   0.86 0.79

Heterogenous fine-male   1.05 0.72

Heterogenous rock-male   1.44 0.73

Homogenous rock-male   1.27 0.62

Heterogenous fine-distance   5.72 × 10−3 4.92 × 10−3

Heterogenous rock-distance −2.03 × 10−3 5.71 × 10−3

Homogenous rock-distance   3.38 × 10−3 4.48 × 10−3
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movement out of the cave or food fluctuations derived from maternal colonies of gray bats Myotis grisescens may be 
contributing factors. Using the gastric mill to age cave crayfish could be valuable because it is difficult to determine the 
longevity of cave crayfish through traditional methods (Venarsky et al., 2012). However, this technique might not be 
useful for populations with low abundances unless natural mortality is observed. Further, more laboratory work needs 
to be completed on band formation before the technique could be considered for subterranean crayfishes. 

Male and female C. setosus are found in different habitats depending on the location within the cave. The observed 
differences in habitat use between the sexes could be explained by more dominant males excluding females from ideal 
habitats (Fero and Moore, 2008). However, chelae size was not significantly different in male and female crayfish, but 
other forms of behavior (e.g., pheromone releases (Schneider et al., 1999)) may cause females to avoid males. Fe-
males were typically larger than male crayfish, and body size can influence cover use (Streissl and Hödl, 2002; Dyer et 

Figure 2. Relationship between water depth use by bristly cave 
crayfish Cambarus setosus and distance into Smallin Civil War 
Cave, Christian County, Missouri, United States. A significant inter-
action between sex and distance into the cave indicates that male 
(dashed line) and female (solid line) crayfish have differing habitat 
uses depending on location within the cave.

Table 3. Mean and standard error (SE) estimates along with p 
values for variables included in the top multiple linear regression 
model used to determine the association between bristly cave 
crayfish Cambarus setosus and water depth in Smallin Civil 
War Cave, Christian County, Missouri, United States. Sex 
and season were treated as categorical variables with female 
and spring as reference categories. Distance (±1 m) was a 
continuous variable representing the distance of the sample 
from the cave entrance.

Parameter Mean SE p value
Intercept   2.52 0.28 <0.01

Male   0.45 0.34   0.19

Distance   1.71 × 10−3 1.42 × 10−3   0.23

Summer   0.10 0.17   0.53

Autumn −0.42 0.22   0.06

Winter −0.29 0.21   0.18

Male × distance −3.50 × 10−3 1.88 × 10−3   0.06

Figure 3. Predicted probability of flowing water use by bristly cave 
crayfish Cambarus setosus in Smallin Civil War Cave, Christian 
County, Missouri, United States. A significant interaction between 
sex and distance into the cave indicates that male (dashed line) and 
female (solid line) crayfish have differing habitat uses depending on 
location within the cave.

Table 4. Mean and standard error (SE) estimates along with p 
values for variables included in the top logistic regression model 
used to predict the association between bristly cave crayfish 
Cambarus setosus and flowing water in Small Civil War Cave, 
Christian County, Mi ssouri, United States. Sex and season 
were treated as categorical variables with female and spring as 
reference categories. Distance (±1 m) was a continuous variable 
representing the distance of the sample from the cave entrance.

Parameter Mean SE p value
Intercept −1.29 0.72 0.07

Male   1.41 1.07 0.19

Distance   5.69 × 10−3 3.68 × 10−3 0.12

Summer −0.96 0.49 0.05

Autumn −2.28 1.08 0.04

Winter   0.14 0.50 0.29

Male × distance −0.01 6.79 × 10−3 0.03



92 • Journal of Cave and Karst Studies, September 2022

Mouser, Ashley, Zentner, and Brewer

al., 2016). For example, male C. setosus may avoid 
faster water because smaller crayfish are more likely 
to be swept downstream (Hobbs, 1978; Caine, 1978). 
Female crayfish could be associated with bedrock 
because they are too large to take refuge under oth-
er substrates and crevices in the bedrock that may 
provide cover.

Our minimum population size estimate of C. se-
tosus fluctuated over the 6 mark-recapture events. 
Our observed fluctuations were greater than the min-
imum population estimates; thus, our results suggest 
the population may be vulnerable to extirpation given catastrophic events. However, vulnerability is common when 
populations are isolated (Bland, 2017). Despite the general fragility of isolated populations, our minimum population 
size in 2010 overlapped with our estimate from 2019 suggesting some population stability that has been demonstrated 
in other cave-dwelling populations (e.g., Hobbs, 1978). Seasonal variation in the relative abundance of cave organisms 
is typical (Barr, 1967) and high numbers of individuals can be difficult to obtain (Cooper and Cooper, 1997; Miller and 
Niemiller, 2008), making longer term studies of cave species valuable. If future population estimates are desired for 
comparison to our estimates, studies would benefit from the increasing array of diminutive tags available for recapture 
studies over longer time periods (e.g., passive integrated transponders (Musselman et al., 2017), visible implant elas-
tomer tags (Bolland et al., 2009; Venarsky et al., 2012), and p-Chips (Tenczar et al., 2014; Moore and Brewer, 2021)). 
Moreover, quantitative advancements that facilitate more robust mark-recapture designs would be beneficial to improv-
ing our understanding of population fluctuations (e.g., Royle-Nichols (Nakashima, 2020)). Lastly, estimating detection 
bias in population estimates would be desirable (Royle, 2004), but we were unable to do so because habitat was not 
measured on most of the repeat surveys. 

Our results reflect the life history and basic ecology of a single population of C. setosus but adds to the growing body 
of literature necessary to conserve cave crayfishes and overcome our limited knowledge of species traits (Mammola et 
al., 2019). It is important to recognize that populations have genetic differences, which may translate into phenotypic or 
life history differences. Therefore, it is beneficial if future studies consider investigating cave crayfish population traits 
to assess generalizations that can be extended to other cave systems. We found that males can reproduce when their 
CLs reach 18 mm, and these data can be used in population models to predict changes when different management 
options are applied (e.g., Crouse et al., 1987). Conservation efforts focused on maintaining the natural habitat within 

Figure 4. Minimum expected population estimates from 
our nil-recapture model for the bristly cave crayfish Cam-
barus setosus in Smallin Civil War Cave, Christian Coun-
ty, Missouri, United States. Points represent the minimum 
population estimate when there is a 75 %, 95 %, or 99 % 
chance that the true population is greater than or equal 
to the population estimate when using a Jefferys (gray 
shapes) or uniform (black shapes) prior.

Figure 5. Photomicrograph of a bristly cave crayfish Cambarus setosus 
gastric mill section from a 30 mm carapace length individual collected 
from Smallin Civil War Cave, Christian County, Missouri, United States. 
No clear yearly bands are visible; however, faint bands can be seen and 
are denoted by the arrow. We hypothesize that these bands are sub-year-
ly in nature and may represent unidentified cycles such as feeding or 
temperature (Wright et al., 2002; Mouser et al., 2020).



Journal of Cave and Karst Studies, September 2022 • 93

Mouser, Ashley, Zentner, and Brewer

the cave would be advantageous given the crayfish appear to use many different habitat components depending on 
their sex, the time of year, and location within the cave. Knowing the reproduction timing of crayfish can also aid in 
management decisions. For example, environmental DNA surveys would be most effective when they coincide with 
reproductive periods (e.g., de Souza et al., 2016). In contrast, it may be beneficial to avoid recreational caving during 
reproduction to avoid crushing crayfish which is a significant source of mortality (Graening et al., 2006).

ACKNOWLEDGEMENTS
This research was a contribution of the Oklahoma Cooperative Fish and Wildlife Research Unit (U.S. Geological 

Survey, Oklahoma Department of Wildlife Conservation, Oklahoma State University, and Wildlife Management Institute 
cooperating). Project funding was provided by the U.S. Fish and Wildlife Service (G15AC00021). Any use of trade, firm, 
or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government. We would 
like to thank Kevin Bright for his continued support and enthusiasm for the project. Kevin provided access to Smallin 
Cave, assisted during several surveys, and shared photographs and anecdotal comments relevant to our understand-
ing of the natural history of bristly cave crayfish Cambarus setosus. We would also like to acknowledge Jon Beard, 
members of the Springfield Plateau Grotto, Robert Mollenhauer, and students from Missouri Western State University, 
Reis Biological Station, and Oklahoma State University, who all provided technical assistance. 

REFERENCES
Adamski, J.C., 2000, Geochemistry of the Springfield Plateau aquifer of the Ozark Plateaus Province in Arkansas, Kansas, Missouri and Oklaho-

ma, USA: Hydrological Processes, v. 14, p. 849–866. https://doi.org/10.1002/(SICI)1099-1085(20000415)14:5<849::AID-HYP973>3.0.CO;2-7
Barr, T.C., Jr., 1967, Observations on the ecology of caves: The American Naturalist, v. 101, p. 475–491. https://doi.org/10.1086/282512
Bell, G., 1974, Population estimates from recapture studies in which no recaptures have been made: Nature, v. 248, p. 616. https://doi.

org/10.1038/248616a0
Bland, L.M., 2017, Global correlates of extinction risk in freshwater crayfish: Animal Conservation, v. 20, p. 532–542. https://doi.org/10.1111/

acv.12350
Bolland, J.D., Cowx, I.G., and Lucas, M.C., 2009, Evaluation of VIE and PIT tagging methods for juvenile cyprinid fishes: Journal of Applied 

Ichthyology, v 25, p. 381–386. https://doi.org/10.1111/j.1439-0426.2009.01261.x
Boulton, A.J., Fenwick, G.D., Hancock, P.J., and Harvey, M.S., 2008, Biodiversity, functional roles and ecosystem services of groundwater inver-

tebrates: Invertebrate Systematics v. 22, p. 103–116. https://doi.org/10.1071/IS07024
Burnham, K.P., and Anderson, D.R., 2001, Kullback–Leibler information as a basis for strong inference in ecological studies: Wildlife Research, 

v. 28, p. 111–119. https://doi.org/10.1071/WR99107
Caine, E., 1978, Comparative ecology of epigean and hypogean crayfish (Crustacea: Cambaridae) from northwestern Florida: The American 

Midland Naturalist15, v. 99, p. 315–329. https://doi.org/10.2307/2424809
Cooper, J.E., and Cooper, M.R., 1997, A new species of crayfish of the genus Orconectes, subgenus Orconectes (Decapoda: Cambaridae), 

endemic to Shelta Cave, Huntsville, Alabama: Journal of Cave and Karst Studies, v. 59, p. 119–127.
Crandall, K.A., 2016, Collecting and processing freshwater crayfishes: Journal of Crustacean Biology, v. 36, p. 761–766. https://doi.

org/10.1163/1937240X-00002466
Crouse, D.T., Crowder, L.B., and Caswell H., 1987, A stage-based population model for loggerhead sea turtles and implications for conservation: 

Ecology, v. 68, p. 1412–1423. https://doi.org/10.2307/1939225
Danielopol, D.L., and Griebler, C., 2008, Changing paradigms in groundwater ecology – from the ‘living fossils’ tradition to the ‘new groundwater 

ecology’: International Review of Hydrobiology, v. 93, p. 565–577. https://doi.org/10.1002/iroh.200711045
de Souza, L.S., Godwin, J.C., Renshaw, M.A., and Larson, E., 2016, Environmental DNA (eDNA) detection probability is influenced by seasonal 

activity of organisms: PLoS ONE, v. 11, e0165273. https://doi.org/10.1371/journal.pone.0165273
DiStefano, R.J., 2005, Trophic interactions between Missouri Ozarks stream crayfish communities and sport fish predators: increased abun-

dance and size structure of predators cause little change in crayfish community densities: Missouri Department of Conservation Dingell-John-
son Project F-1-R-054, Study S-41, Job 4, Final Report. 

DiStefano, R.J., Black, T.R., Herleth-King, S.S., Kanno, Y., and Mattingly H.L., 2013, Life histories of two populations of the imperiled crayfish 
Orconectes (Procericambarus) williamsi (Decapoda: Cambaridae) in Southwestern Missouri, U.S.A: Journal of Crustacean Biology, v. 33, p. 
15–24. https://doi.org/10.1163/1937240X-00002109

DiStefano, R.J., Westhoff, J.T., Ames, C.W., and Rosenberger, A.E., 2016, Life history of the vulnerable endemic crayfish Cambarus (Erebicam-
barus) maculatus Hobbs and Pflieger, 1988 (Decapoda: Astacoidea: Cambaridae) in Missouri, USA: Journal of Crustacean Biology, v. 36, p. 
615–627. https://doi.org/10.1163/1937240X-00002472

DiStefano, R.J., Ashley, D., Brewer, S.K., Mouser, J.B., and Niemiller, M.L., 2020, Preliminary investigation of the critically imperiled Caney 
Mountain cave crayfish Orconectes stygocaneyi Hobbs III, 2001 (Decapoda: Camabridae) in Missouri, USA: Freshwater Crayfish, v. 25, p. 
47–57. https://doi.org/10.5869/fc.2020.v25-1.047

DiStefano, R., Thoma, R.F., and Cordeiro, J, 2021, Cambarus setosus (amended version of 2010 assessment). The IUCN Red List of Threatened 
Species 2021: https://dx.doi.org/10.2305/IUCN.UK.2021-2.RLTS.T153995A198269186.en.

Dyer, J.J., Worthington, T.A., and Brewer, S.K., 2015, Response of crayfish to hyporheic water availability and excess sedimentation: Hydrobiolo-
gia, v. 747, p. 147–157. https://doi.org/10.1007/s10750-014-2126-8

Dyer, J.J., Mouser, J., and Brewer S.K., 2016, Habitat use and growth of the western painted crayfish Orconectes palmeri longimanus (Faxon, 
1898) (Decapoda: Cambaridae): Journal of Crustacean Biology, v. 36, p. 172–179. https://doi.org/10.1163/1937240X-00002417

Edwards, A.W., 1974, Population estimates from recapture studies: Nature, v. 252, p. 509–510. https://doi.org/10.1038/248616a0
Faraway, J.J., 2005, Extending the Linear Model with R: Generalized Linear, Mixed Effects and Nonparametric Regression Models: Boca Raton, 

CRC Press. 
Fero, K., and Moore, P.A., 2008, Social spacing of crayfish in natural habitats: what role does dominance play?: Behavioral Ecology and Sociobi-

ology, v. 62, p. 1119–1125. https://doi.org/10.1007/s00265-007-0540-x



94 • Journal of Cave and Karst Studies, September 2022

Mouser, Ashley, Zentner, and Brewer

Freund, R.J., and Wilson, W.J., 2003, Statistical Methods (second edition): San Diego, Academic Press. 
Friedenberg, N.A., Hoover, J.J., Boysen, K., and Killgore, K.J., 2018, Estimating abundance without recaptures of marked pallid sturgeon in the 

Mississippi River: Conservation Biology, v. 32, p. 457–465. https://doi.org/10.1111/cobi.12972
Gardner, J.E., 1986, Invertebrate Fauna from Missouri Caves and Springs: Jefferson City Missouri Department of Conservation. 
Gelman, A., and Hill, J., 2007, Data Analysis Using Regression and Multilevel/Hierarchical Models: Cambridge, UK, Cambridge University Press.
Graening, G.O., Horton, H.H., III, Slay, M.E., Elliott, W.R., and Brown, A.V., 2006, Status update for bristly cave crayfish, Cambarus se-

tosus (Decapoda: Cambaridae), and range extension into Arkansas: The Southwestern Naturalist, v. 51, p. 382–392. https://doi.
org/10.1894/0038-4909(2006)51[382:SUFBCC]2.0.CO;2

Griebler, C., Malard, F., and Lefébure, T., 2014, Current developments in groundwater ecology from biodiversity to ecosystem function and ser-
vices: Current Opinion in Biotechnology, v. 27, p. 159–167. https://doi.org/10.1016/j.copbio.2014.01.018

Hobbs, H.H., III, 1978, Studies of the cave crayfish, Orconectes inermis inermis Cope (Decapoda, Cambaridae). Part IV: Mark-recapture 
procedures for estimating population size and movements of individuals: International Journal of Speleology, v. 10, p. 303–322. http://dx.doi.
org/10.5038/1827-806X.10.3.7

Jegla, T.C., 1966., Reproductive and molting cycles in cave crayfish: Biological Bulletin, v. 130, p. 345–358. https://doi.org/10.2307/1539741
Jegla, T.C., and Poulson, T.L., 1970, Circannian rhythms—I. Reproduction in the cave crayfish, Orconectes pellucidus inermis: Comparative 

Biochemistry and Physiology, v. 33, p. 347–355. https://doi.org/10.1016/0010-406X(70)90355-5
Larson, E.R., and Olden, J.D., 2010, Latent extinction and invasion risk of crayfishes in the southeastern United States: Conservation Biology, v. 

24, p. 1099–1110. https://doi.org/10.1111/j.1523-1739.2010.01462.x
Leland, J.C., Bucher, D.J., and Coughran, J., 2015, Direct age determination of a subtropical freshwater crayfish (Redclaw, Cherax quadricarina-

tus) using ossicular growth marks: PLoS ONE, v. 10, e0134966. https://doi.org/10.1371/journal.pone.0134966
Light, T., 2003, Success and failure in a lotic crayfish invasion: the roles of hydrologic variability and habitat alteration: Freshwater Biology, v. 48, 

p. 1886–1897. https://doi.org/10.1046/j.1365-2427.2003.01122.x
Mammola, S., et al., 2019, Scientists’ warning on the conservation of subterranean ecosystems: BioScience, v. 69, p. 641–650. https://doi.

org/10.1093/biosci/biz064
Marquart, D., 1979, The troglobitic crayfish of Missouri [M.S. thesis]: Warrensburg, Central Missouri State University. 
Miller, B.T., and Niemiller, M.L., 2008, Distribution and relative abundance of Tennessee cave salamanders (Gyrinophilus palleucus and Gyrino-

philus gulolineatus) with an emphasis on Tennessee populations: Herpetological Conservation and Biology, v. 3, p. 1–20.
Missouri Department of Conservation, 2021, Missouri Species and Communities of Conservation Concern Checklist: Jefferson City Missouri, 

Missouri Department of Conservation.
Momot, W.T., 1995, Redefining the role of crayfish in aquatic ecosystems: Reviews in Fisheries Science, v. 3, p. 33–63. https://doi.

org/10.1080/10641269509388566
Moore, D., and Brewer, S.K., 2021, Evaluation of VIE, PIT, and p-Chip tagging methods in small bodied minnow species: North American Journal 

of Fisheries Management, v. 41, p. 1066–1078. https://doi.org/10.1002/nafm.10607
Moore, M.J., DiStefano, R.J., and Larson, E.R., 2013, An assessment of life-history studies for USA and Canadian crayfishes: Identifying biases 

and knowledge gaps to improve conservation and management: Freshwater Science, v. 32, p. 1276–1287. https://doi.org/10.1899/12-158.1
Mouser, J.M., Ashley, D.C., Aley, T., and Brewer, S.K., 2019, Subterranean invasion by gapped ringed crayfish: Effectiveness of a removal effort 

and barrier installation: Diversity, v. 11, 3. https://doi.org/10.3390/d11010003
Mouser, J.M., Glover, J., and Brewer, S.K., 2020, Gastric mill age estimates for North American crayfish and the influence of temperature: Fresh-

water Crayfish, v. 25, p. 59–67. https://doi.org/10.5869/fc.2020.v25-1.059
Musselman, W.C., Worthington, T.A., Mouser, J., Williams, D.M., and Brewer S.K., 2017, Passive integrated transponder tags: review of 

studies on warmwater fishes with notes on additional species: Journal of Fish and Wildlife Management, v. 8, p. 353–364. https://doi.
org/10.3996/122016-JFWM-091

Nakashima, Y., 2020, Potentiality and limitations of N-mixture and Royle-Nichols models to estimate animal abundance based on noninstanta-
neous point surveys: Population Ecology, v. 62, p. 151–157. https://doi.org/10.1002/1438-390X.12028

NatureServe, 2009, Bristly cave crayfish Cambarus setosus: https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.116048/Cambarus_
setosus (visited July 2022)

Paine, R.T., 1969, A note on trophic complexity and community stability: The American Naturalist, v. 103, p. 91–93. https://doi.
org/10.1086/282586

Panfili, J., de Pontual, H., Troadec, H., and Wright, P.J., 2002. Manual of Fish Sclerochronology: Best, France, Ifremer.
Pflieger, W.L., 1996, The Crayfishes of Missouri: Jefferson City, Missouri Department of Conservation.
Poulson, T.L., 2012, Cave ecosystems, in White, W.B., and Culver, D.C., eds., Encyclopedia of Caves (second edition): Cambridge, Academic 

Press, p. 323–334.
R Core Team, 2020, R: A language and environment for statistical computing: Foundation for Statistical Computing: https://cran.r-project.org/

doc/manuals/r-release/fullrefman.pdf (accessed July 2022).
Ramalho, R.O., McClain, W.R., and Anastácio, P.M., 2010, An effective and simple method of temporarily marking crayfish: Freshwater Crayfish, 

v 17, p. 57–60. https://doi.org/10.5869/fc.2010.v17.57
Renai, B., Bertocchi, S., Brusconi, S., Gherardi, F., Grandjean, F., Lebboroni, M., Parinet, B., Grosset, C.S., and Trouilhe, M.C., 2006, Ecological 

characterisation of streams in Tuscany (Italy) for the management of the threatened crayfish Austropotamobius pallipes complex: Bulletin 
Français de la Pêche et de la Pisciculture, v. 380381, p. 1095–1114. https://doi.org/10.1051/kmae:2006013

Royle, J.A., 2004, N-mixture models for estimating population size from spatially replicated counts: Biometrics, v. 60, p. 108–115. https://doi.
org/10.1111/j.0006-341X.2004.00142.x

Schneider, R.A.Z., Schneider, R.W.S., and Moore, P.A., 1999, Recognition of dominance status by chemoreception in the red swamp crayfish, 
Procambarus clarkia: Journal of Chemical Ecology, v. 25, p. 781–794. https://doi.org/10.1023/A:1020888532513

Simon, K.S., 2012, Cave ecosystems, in White, W.B., and Culver, D.C., eds., Encyclopedia of Caves (second edition): Cambridge, Academic 
Press, p. 99–102.

Smith, G.R.T., Learner, M.A., Slater, F.M., and Foster, J., 1996, Habitat features important for the conservation of the native crayfish Austropota-
mobius pallipes in Britain: Biological Conservation, v. 75, p. 239–246. https://doi.org/10.1016/0006-3207(95)00073-9

Streissl, F., and Hödl, W., 2002, Habitat and shelter requirements of the stone crayfish, Austropotamobius torrentium Schrank: Hydrobiologia, v. 
477, p. 195–199. https://doi.org/10.1023/A:1021094309738



Journal of Cave and Karst Studies, September 2022 • 95

Mouser, Ashley, Zentner, and Brewer

Taylor, C.A., Schuster, G.A., Cooper, J.E., DiStefano, R.J., Eversole, A.G., Hamr, P., Hobbs, H.H., III, Robinson, H.W., Skelton, C.E., and Thoma, 
R.F., 2007, A reassessment of the conservation status of crayfishes in the United States and Canada after 10+ years of increased awareness: 
Fisheries, v. 32, p. 372–389. https://doi.org/10.1577/1548-8446(2007)32[372:AROTCS]2.0.CO;2

Taylor, C.A., DiStefano, R.J., Larson, E.R., and Stoeckel, J., 2019, Towards a cohesive strategy for the conservation of the United States’ diverse 
and highly endemic crayfish fauna: Hydrobiologia, v. 846, p. 39–58. https://doi.org/10.1007/s10750-019-04066-3

Tenczar, P., Lutz, C.C., Rao, V.D., Goldenfeld, N., and Robinson, G.E., 2014, Automated monitoring reveals extreme interindividual variation and 
plasticity in honeybee foraging activity levels: Animal Behaviour, v. 95, p 41–48. https://doi.org/10.1016/j.anbehav.2014.06.006

Unklesbay, A.G, and Vineyard, J.D. 1992. Missouri Geology: Three Billion Years of Volcanoes, Seas, Sediments, and Erosion: Missouri, Univer-
sity of Missouri Press. 

Venables, W.N., and Ripley, B.D., 2002, Modern Applied Statistics with S (fourth edition): New York, Springer.
Venarsky, M.P., Huryn, A.D., and Benstead, J.P., 2012, Re-examining extreme longevity of the cave crayfish Orconectes australis using 

new mark–recapture data: A lesson on the limitations of iterative size-at-age models: Freshwater Biology, v. 57, p. 1471–1481. https://doi.
org/10.1111/j.1365-2427.2012.02812.x

Woods, A.J., Omernik, J.M., Butler, D.R., Ford, J.G., Henley, J.E., Hoagland, B.W., Arndt, D.S., and Moran B.C., 2005, Ecoregions of Oklahoma 
(color poster with map, descriptive text, summary tables, and photographs): Virginia, U.S. Geological Survey.

Wright, P.J., Panfili, J., Morales-Nin, B., and Geffen, A.J, 2002, Types of calcified structures: Otoliths, in Panfili J. de Pontual H., Troadec H., and 
Wright, P.J. eds., Manual of Fish Sclerochronology: Best, Ifremer, p. 31–56.

Yau, C., 2013, Multinomial goodness of fit: http://www.r-tutor.com/elementary- statistics/goodness-fit/multinomial-goodness-fit (accessed Octo-
ber 2020).

Zar, J.H., 1999, Biostatistical Analysis (fourth edition): Upper Saddle River, Prentice Hall. 


