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Abstract

:

Non-native crayfish invasion is a major threat to many stream fauna; however, invasions in subterranean habitats are rarely documented. Our study objectives were to examine demographics and morphological and life-history traits of a gapped ringed crayfish Faxonius neglectus chaenodactylus population that invaded Tumbling Creek Cave and determine the effects of removal on the population. Crayfish were found throughout the cave though fewer individuals were observed upstream of an installed weir. Fecund females were collected in nearly all months, but were prevalent during spring (February–June). Males and females were of similar sizes. Males had larger chelae and chelae that were regenerated slightly more often than females. Removal of >4000 crayfish since 2011 resulted in reduced abundances, but the population persisted. Age estimates from counting bands on gastric mills indicated crayfish within the cave lived longer than populations in nearby Big Creek (6 vs. 4 years). Recent efforts to prevent upstream cave migrations included a barrier installation and since installation, few crayfish have been located upstream. We show that exploitation of new environments may lead to trait changes (i.e., reproduction and longevity). We also demonstrate that barriers reduce the spread of invasion at a comparable cost to removal. We hypothesize that increased reservoir elevation inundates springs hydrologically connected to the cave and this may be the invasion source.
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1. Introduction


The introduction of nonindigenous species is considered one of the greatest threats to aquatic ecosystems [1,2] and crayfishes are among the most harmful invasive aquatic species [3]. Crayfishes are keystone species [4]; therefore, invasive crayfishes can have drastic effects on the native community. For example, invasive crayfishes can result in the reduction of macrophytes [5], macroinvertebrates [6], fishes [7], amphibians [8], and native crayfishes [9]. The effects of invasive crayfishes on surface waters have been well documented, but invasions in subterranean streams are less common or undocumented (but see [10]).



Subterranean invasions are of particular concern due to the delicate nature of karst ecosystems, and the role of stygobionts as indicators of good water quality. Stygobionts (i.e., organisms adapted for life in groundwater) have a high risk of extinction because they are often narrow-range endemics [11], slow growing, long lived, and have few young, [12]. The presence of stygobionts is often indicative of good groundwater quality [13]; therefore, they are beneficial to humans as biomonitoring targets. Many societies rely on groundwater because it comprises 95% of the world’s available freshwater [14]. Additionally, groundwater benefits economies because it is used as the primary source of irrigation water where 40% of the world’s food is grown [14].



The ringed crayfish Faxonius neglectus is a problematic invader across the United States, a common inhabitant of caves, and a potential threat to groundwater ecosystems. Areas invaded by ringed crayfish include New York [15], Oregon [16], and catchments in Missouri that are outside of its native range [17]. The ringed crayfish has been reported in at least 71 caves in Arkansas and Missouri and it is considered a stygophile [18], or styoxene [19]. Styogophiles are aquatic organisms that can complete their life cycles either inside or outside caves, whereas stygoxenes must obtain some of their living requirements from the surface [20]. In some cases, the term invasive species may be appropriate for ringed crayfish occupying caves because their movement into caves can be linked to anthropogenic activities and they may harm native cave species. For example, the ringed crayfish is considered an invasive species within Tumbling Creek Cave in Missouri, USA, because increased reservoir elevation is thought to have facilitated movement into the cave, which threatens the native community.



The ringed crayfish is a potential threat to the native species of Tumbling Creek Cave and, therefore, has been the subject of targeted removal from Tumbling Creek Cave since 2011. The non-native crayfish is considered especially problematic for the federally endangered Tumbling Creek cavesnail Antrobia culveri, which could be a potential food source for crayfish. Studies have shown that intensive trapping of invasive crayfish can reduce the population and increase native organisms such as fish and macrophytes [21]. We hypothesize that the removal of the ringed crayfish will reduce the population abundance thereby helping to protect the native species of Tumbling Creek Cave. Our study objectives were to examine population demographics of a ringed crayfish population occupying a cave, and determine the effects of systematic removal on the crayfish over a 7-yr period. We provide demographic and trait data (i.e., reproductive timing and longevity) on populations occupying the cave because these data are useful for developing population models and making predictions about removal success or invasion potential. This study provides a useful assessment of different removal approaches and the cost and effort required. Case studies such as this are needed to improve our efforts of removing non-native and invasive species.




2. Materials and Methods


2.1. Study Area


Tumbling Creek Cave is located in the biologically-diverse Ozark Highlands of southern Missouri, USA (Figure 1). The Ozark Highland ecoregion is relatively humid (annual rainfall: 104–125 cm) and typified by rugged hills, clear-flowing streams, and karst topography [22]. The recharge area of Tumbling Creek Cave is 2,336 ha, with 75% of that area under private land ownership. Tumbling Creek exits the cave as an intermittent stream and the channel meets the confluence with Big Creek about 1200-m downstream. The cave entrance is gated and an exclusion screen (i.e., metal flashing) approximately 30-cm tall is attached to the base. The exclusion screen was erected to keep crayfishes and fishes from entering the cave when the stream has water, but was never evaluated because that section of stream is often dry. The water levels and flow patterns of Tumbling and Big creeks are affected by water levels of a downstream reservoir.



The elevation of the downstream reservoir inundates springs and nearby creeks that are hydrologically connected to Tumbling Creek Cave. The cave entrance is approximately 3500-m upstream of Bull Shoals Reservoir (Figure 1), but only approximately 400 m when the flood pool of the reservoir is maximized at approximately 212 m. The reservoir inundates several of the springs that drain to the cave at approximately 200-m in elevation (Figure 2). The elevation of the lowest spring (unnamed) draining Tumbling Creek Cave is 204.5 m and the highest spring (perennial, Powerline Spring) is 207.5 m. Powerline Spring is situated on Big Creek and groundwater traces indicate that this spring drains Tumbling Creek Cave (Aley, unpublished data). There is a karst window located about 366 m from the cave entrance (Figure 1). The karst window is approximately 520 m to the lowest unnamed spring and 457 m to Powerline Spring.



Tumbling Creek Cave contains 118 species, including several stygobionts found within Tumbling Creek and the ringed crayfish Faxonius neglectus neglectus ([19]; Aley, unpublished data). More recent molecular work determined the ringed crayfish located in the Tumbling Creek catchment was previously misidentified and is actually the gapped ringed crayfish Faxonius neglectus chaenodactylus [23]. The gapped ringed crayfish is native to the surface streams of the catchment, but is non-native to karst environments. However, the federally-endangered Tumbling Creek cavesnail is endemic to the cave [24]. In addition, several other native members of the aquatic community are considered species of conservation concern including an isopod Caecidotea antricola, two species of amphipods, Stygobromus onondagaensis and S. ozarkensis [25] and the larval stages of an Ozark endemic salamander Eurycea nerea [26]. The authors have also noted possible sightings of stygobiotic crayfish throughout the years, but have never captured a specimen for identification. Six stygobiotic crayfish species, however, have been verified through collections in other cave systems located within 100 km of Tumbling Creek Cave.




2.2. Crayfish Surveys and Morphometric Traits


Initial catch-and-release crayfish trapping in Tumbling Creek Cave began in March 2001. Our trapping efforts were conducted with the goal of acquiring a specimen to determine the identity of the cave-adapted species previously observed in the cave. Before our initial efforts, we noticed occasional epigean crayfish in the cave stream, but did not know how abundant they were in the cave system.



We set traps in the cave stream (Tumbling Creek) where we were conducting an extensive biological survey. This area was located in the cave approximately 457 m from the natural entrance (Figure 1). The study area was approximately 82-m long. Upstream of the study area, the stream extended for approximately 91 m to a very low crawl area that was too difficult to negotiate for biological sampling. Originally (16 March 2001), we set ten traps approximately 5–20 m apart at each sampling event (see below), but beginning in 2011 (19 February 2011), we added five additional traps on each subsequent survey trip. The additional traps were placed upstream of the original sample area with the most upstream trap near the very low crawl space described above (i.e., the additional traps were similarly spaced in proximity of one another compared to the original 10 traps). The traps were set at approximately the same location (e.g., same pool) on each sample trip.



We deployed our crayfish traps (modified IPC YellowJacket Traps, Sterling International, Spokane) at night and retrieved them the following morning. Our traps were plastic cylinders (22-cm long by 8-cm diameter). A string attached to a perforated plastic lid was used to anchor the upstream end of the trap in the streambed. The downstream end of the trap consisted of a perforated funnel which projected into the trap. The point of this funnel was trimmed to a 3-cm diameter (i.e., large enough to allow a crayfish to enter). The funnel was secured in the trap by screwing a lid (Mason jar) on the downstream end of the trap. We baited our traps with a piece of raw chicken wing. Traps would typically be in the cave 10–15 h before they were examined for crayfish. Occasionally, the presence of federally-endangered gray bats Myotis grisescens would prevent us from entering the area where the last five traps were intended to be set.



As we conducted the stream biota survey, we collected the traps, and processed and released or retained the specimens. Any crayfish trapped were placed into a separate container for processing. Specimens were processed by recording gender, female reproductive state (non-reproductive females or females carrying embryos), measured (1.0 mm) for a variety of morphometric traits (total length [TL], carapace length [CL], head length, body width, left chela length, right chela length), and weighed (0.1 g). Prior to 22 June 2011, crayfish captured were released near the location where they were trapped post processing. After we initiated a removal plan (22 June 2011), trapped crayfish were always removed from the cave and euthanized via freezing.




2.3. Crayfish Removal


Crayfish removal began June 2011 with the goal of reducing the number of gapped ringed crayfish found in Tumbling Creek Cave. Initial trapping efforts were limited due to available funding, but increased over time. Traps were similar to those used for the biological surveys and left in the stream permanently. If possible, the traps were emptied once a week and rebaited with hotdogs. In 2011 and most of 2012, only the lower biological survey area was trapped (number of traps ≈ 10). At the end of 2012, the trapping area was expanded to include the upper portion of the biological survey area and the area down to where the dam would eventually be constructed (number of traps ≈ 25). During that time, many lower reaches (i.e., near the exclusion barrier, Figure 1) were not trapped from late March through early November due to the presence of clusters of gray bats. After 2014, trapping was conducted throughout the year with the exception of when the bats were birthing (≈mid-May through mid-June). Trapping effort was increased at the end of 2014 (N ≈ 35 traps), partway through 2015 (N ≈ 45), and again at the end of 2017 (N ≈ 55). Crayfish (N = 22) were retained from the removal event on 5 September 2018 to age via the gastric mill.




2.4. Statistical Analysis


We used t-tests and linear regression relationships (α ≤ 0.05) to examine variation in population demographics between male and female crayfish and population trends. We compared the difference between CL, weight, and chelae size between male and female crayfish using t-tests. We met the assumptions of linearity, homogeneity of variances, and normality. Until 25 October 2005, CL was not recorded, so we developed a linear regression equation between TL and CL to estimate CL for earlier years (due to CL most often being reported for crayfishes). Additionally, we developed a simple linear regression relationship between the size of the left and right chelae to determine level of aggression between the sexes. Because crayfish use chelae for defense against predators and in social interactions among individuals (see [27] for an overview), a size comparison between chelae should reflect aggressive behavior. Both male and female crayfish are known to display fighting behaviors, particularly during reproductive periods [27]. We have no information to suggest that either males or females would show more aggressive behavior in karst systems. Finally, we averaged the annual crayfish catch per trap from both biological surveys and removal efforts and developed a simple regression between average crayfish per trap over time. All analyses were conducted using SPSS (IBM-SPSS Statistics Version 23).




2.5. Age Comparison of Surface and Subterranean Populations


We conducted surveys of epigean crayfish in the same catchment as Tumbling Creek to provide an age comparison to the subterranean population. We sampled crayfish over a 2-day period during September 2018. Sampling was completed using seining, and visual search and capture by hand. Using a combination of techniques is required to meet the assumptions associated with length-frequency histograms [28]. The seine was quickly pulled downstream for approximately 10 meters or held at the base of riffles while a third person dislodged the upstream substrate. We also spent time at each stream searching a variety of wadeable habitats and capturing all located crayfish by hand or using nets. Rocks and other cover were gently moved during our searches to capture crayfish of a variety of sizes. All crayfish captured were measured (CL, 1.0 mm) and most were returned to the stream. A subset of 45 crayfish that were representative of the sizes captured (20 crayfish: 11–20 mm, 20 crayfish: 21–30 mm, and 5 crayfish: 31+ mm) was retained to age via the gastric mill.



We estimated epigean crayfish age using both length-frequency histograms and the gastric mill. Length-frequency histograms are useful for aging young crayfish [29], but using the gastric mill to age larger individuals is more informative about longevity [30]. We developed length-frequency histograms using CL data from all of the sampled crayfish. We used the Bhattacharya method to identify age classes from the length-frequency histograms [31] using the R package TropFishR [32]. The Bhattacharya method is a modal progression analysis that infers growth from the shift of modes in length-frequency histograms [33]. Crayfish gastric mills were processed and aged following the methods of [30]. Briefly, gastric mills were extracted from the crayfish, the tissue was removed using forceps, the zygocardiac ossicles were mounted individually in epoxy resin, and then sectioned. We retained the clearest section from each of the zygocardiac ossicles, which were all mounted on one slide. Each slide was aged independently by two different readers and if ages were not in agreement, we came to a consensus age. Age estimates via the length-frequency histogram were compared to age estimates obtained via the gastric mill.




2.6. Barrier Installations


Both a v-notch weir and a crayfish barrier (i.e., a dam that allowed some water to pass through) were constructed in the cave portion of Tumbling Creek. A v-notch weir was installed within the cave in 1968 (Figure 1). The purpose of the weir was to measure streamflow rather than prevent crayfish or other organisms from moving throughout the stream. The barrier was installed in spring 2018 (i.e., after funding was acquired and the project was approved) specifically for the purpose of deterring or preventing upstream migration by crayfish. Total height of the barrier was 29 cm and the top 9.5 cm of this wall overhung the bottom portion on the downstream side by 2.5 cm (Figure 3).





3. Results


3.1. Crayfish Surveys and Morphometric Traits


The biological surveys provide the first detailed morphometrics for epigean crayfish in caves. We captured and examined morphological traits on 646 gapped ringed crayfish resulting from 39 trapping events from March 2001 to September 2018. No other crayfish species were captured. We captured a broad range of crayfish sizes from within the cave (Figure 4). Captured females and males were of similar CL (female mean CL = 28.8 ± 5.6 mm, N = 366; male mean CL = 28.1 ± 5.0 mm, N = 243; t = 1.646, df = 607, P = 0.09) and weights were also not significantly different (male mean mass = 7.6 ± 3.9 g, N = 213; female mean mass = 7.6 ± 3.8 g, N = 320; t = −0.211, df = 531, P = 0.83). Captured males had significantly larger chelae (mean chelae length = 20.7 ± 7.1 mm) than females (mean chelae length 17.1 mm ± 5.2; t = −6.366, df = 343.9, P < 0.001). Linear relationships between the left versus right chela lengths of male (Y = 0.89X + 2.23; R2 = 0.69) and female crayfish (Y = 0.92X + 1.18; R2 = 0.81) suggest males regenerate their chelae slightly more often than females (Figure 5).



Reproduction by gapped ringed crayfish appeared to occur regularly within Tumbling Creek Cave. We collected gravid females (N = 44) during many months of the year except January, July, and September. Most gravid females were collected during the spring (February–June, N = 35) but 1–3 individuals were captured regularly in August, and October through December. Gravid females were recorded every year except 2004, 2007, 2009, 2010, 2013, 2014, and 2017, with the most being recorded in 2015 (N = 13). Thus far, we collected 7 gravid females in 2018.




3.2. Crayfish Removal


Removal efforts have been effective at reducing the population abundance of gapped ringed crayfish. A total of 4881 crayfish were captured and removed from the cave from June 2011 to September 2018 across 283 removal events. Before removal began, 20 crayfish were typically captured at each sampling event (≈1.7 per trap). After removal, about 18 crayfish were captured per sampling event (≈0.5 per trap). Crayfish numbers standardized by trap reflect a general decline over time (Figure 6) though effort also increased over time. Average standardized crayfish catch per year reflected a negative trend over time (Y = −0.10X + 198.60; R2 = 0.45). Of the crayfish removed, 280 were coarsely classified as large (>6.4-cm TL), 2077 as medium (3.8–6.4-cm TL), 1042 as small (1.3–3.7-cm TL), and 302 as very small (<1.3-cm TL). Each round of removal trapping costs approximately $200 USD in labor and supplies.




3.3. Age Comparison of Surface and Subterranean Populations


Cave populations of gapped ringed crayfish lived longer than the populations in the nearby surface stream. The length-frequency histogram we developed reflected four age classes present in the surface population (Table 1; Figure 7). Surface crayfish aged via the gastric mill ranged from 0–4 years. Age estimates provided using the gastric mill generally agreed with the length-frequency histograms, but as expected, the gastric mills suggest the population lives longer than reflected by the histogram (see discussion). Crayfish collected from the cave ranged from 0–6 years, and there was a greater abundance of the 30-mm + CL (i.e., older) individuals in the cave population (17 vs. 5).




3.4. Barrier Installations


Barriers may prove useful in reducing upstream migration by crayfish entering the cave system, but they are costly. The v-notch weir placed to measure discharge in 1968 seemed to have inadvertently reduced upstream migrations by the gapped ring crayfish. Biological surveys removed only 9 crayfish from above the weir. As of 20 February 2015, 1875 crayfish were removed from the cave through removal efforts (i.e., not biological sampling) and only one crayfish was captured upstream of the weir though less sampling effort was also placed in that area. Based on our limited data collected thus far, the barrier installed in spring 2018 reduced crayfish. Since the barrier was completed, only a few crayfish have been removed from above the barrier. Total cost of installing the barrier was $6500 USD in labor and material.





4. Discussion


Our data suggest that gapped ringed crayfish may act as an invasive species in caves such as described for Tumbling Creek Cave. It is unclear what has led the gapped ringed crayfish to invade Tumbling Creek Cave, but current hypotheses suggest rising reservoir levels and perhaps climate change are concerns. High water levels in the nearby Bull Shoals Reservoir inundates the springs that drain to the cave, which may facilitate movement of gapped ringed crayfish into the cave. Climate change is predicted to change the range of many fish species [34,35] and it is possible that the changing climate may have driven gapped ringed crayfish to seek the more stable and cooler thermal refuge of Tumbling Creek Cave. Regardless of why they entered the cave, gapped ringed crayfish are capable of establishing populations relatively high in abundance that warrant substantial financial efforts to reduce. This is especially important in areas where predation risk on federally threated and endangered species may be heightened, as is the case for the endangered Tumbling Creek cavesnail. Future efforts to identify non-native crayfish routes into cave systems via mark-recapture would aide decisions about locations to install barriers. Further, determining the thermal tolerances and habitat needs of native epigean crayfish would be beneficial to predicting possible karst invaders based on these requirements (i.e., will warmer water temperatures of streams and reservoirs push epigean crayfish into caves to seek refuge?).



Gapped ringed crayfish invasions into the cave and subsequent human pressure appear to have caused a shift in their life-history traits. For example, we found that gapped ringed crayfish residing in the cave were often larger, lived longer, and reproduced most months of the years. Despite intensive seining and hand capture of crayfish in the surface stream, we were only able to locate five crayfish that were larger than 30-mm CL. Alternatively, in our most recent removal trapping within the cave, 17 crayfish larger than 30-mm CL were captured. Additionally, the surface crayfish only had a longevity of 4 years, whereas the cave population lived to at least age 6. Life-history shifts are often noted for species that are introduced to novel environments. For example, Trinidadian guppies Poecilia reticulata that moved from low to high predation streams matured at larger sizes and reproduced more slowly [36]. Cave ecosystems have relatively stable temperatures and fewer predators compared to surface environments [37], which may allow gapped ringed crayfish to live longer and reproduce more often. Although we found gapped ringed crayfish to reproduce during all seasons in the cave, data from surface streams suggest females produce eggs from March through June, with later egg production occurring in spring-fed streams with cooler water temperatures [38]. Human pressure from trapping may have also caused gapped ringed crayfish to increase reproduction [39].



It was not surprising that aging gapped ring crayfish using the gastric mill reflected increased longevity within the population when compared to our length-frequency histograms. Typically, there are fewer larger individuals within a population, thereby increasing the difficulty of discerning older age classes using length-frequency data [28]. Although length-frequency histograms are the most common approach for discerning estimated ages of crayfishes [40], the approach can also be hindered by individuals in a population that grow at different rates [29]. Similar observations of discrepancies between estimated ages of the ringed crayfish (i.e., the other subspecies) using the gastric mill and length-frequency histograms has been noted (e.g., Faxonius neglectus neglectus; [30]).



It is surprising that the population of epigean crayfish seems to be stable deep within Tumbling Creek Cave. Cave biologists usually consider caves to be nutrient-poor habitats with lower biodiversity and lower population levels than occur in surface habitats [41]. The top consumers in cave trophic interactions are usually small salamanders, cavefishes, and/or crayfishes. Surface crayfishes often visit the twilight zone of caves, but often do not do well (i.e., lack of food or inability to reproduce) in the deeper reaches. There are few reports of gravid surface crayfish in caves [42]. A major factor that contributes to the biodiversity of Tumbling Creek Cave is the presence of a maternity colony of gray bats. This colony imports nutrients as guano piles that increase the food base in the cave’s decomposer-based food web [43,44,45]. We hypothesize the gapped ringed crayfish has been able to thrive in Tumbling Creek Cave because of this extensive food base.



Intensive manual removal of crayfish from Tumbling Creek Cave has effectively reduced the population (i.e., numbers observed or trapped), but the population persists. Despite increased removal effort throughout the years (i.e., traps placed weekly increased from 10 to 55), the population remains; however, removal activities have substantially reduced the crayfish population in the reaches of the cave stream where the endangered cavesnail is found. Even though invasive populations typically cannot be eliminated, intensive removal can have positive results that meet conservation goals [39]. For example, removal of red swamp crayfish Procambarus clarkii from a stream in California allowed California newt Taricha torosa to reproduce [46] and removal of rusty crayfish Faxonius rusticus has led to the recovery of native macrophytes and fishes in Wisconsin [21].



The addition of barriers within the cave have reduced the upstream movement by gapped ringed crayfish, but may have unintended consequences. Kerby et al. [47] showed that barriers can limit the spread of red swamp crayfish in California. Unfortunately, the addition of barriers in stream ecosystems may alter the flow regime, the temperature, and inhibit movement of organisms in stream ecosystems [48]. In our study, highly mobile stream-dwelling species are not common downstream of where the barrier was placed and it was designed to allow water to flow semi-naturally. We have never captured a cave crayfish or cavefish within the cave, but if they occur within the system, they are seemingly rare and may occupy sections of the cave that are difficult to access. However, future monitoring is advised to ensure barriers do not have unintended consequences on cave-adapted species (e.g., gene flow) or those species that traverse both the subterranean and epigean environments (e.g., cave salamander Eurycea lucifuga; [49]). However, knowledge of the dispersal abilities of native cave organisms might alleviate some of the more obvious concerns for species that traverse the subterranean-epigean environments. Avoiding critical locations where movements are anticipated, such as the twilight zone, might alleviate some concerns; however, consideration of each organism’s life history and metapopulation dynamics seems prudent prior to barrier installation in any karst environment.



Our study results can help inform future conservation and management decisions concerning crayfish invasions in caves, especially with the gapped ringed crayfish. We lack basic information on crayfish traits specific to species and populations, an impediment for developing useful management strategies [50]. Trait data, for example, has been used to predict crayfish species that were hypothesized to become invasive or extinct [51]. Further, the trait data reported in this study will help develop a foundation for examining how human pressures or exploitation of new environments might lead to altered trait characteristics (e.g., longevity). Developing databases of trait data would be beneficial to determining how these invasive populations cope with the physicochemical and biological challenges of occupying different environments. Finally, we show that barriers may be an effective strategy for reducing invasive crayfish populations and the cost is comparable to the long-term costs of regular removal efforts.
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Figure 1. Location of Tumbling Creek Cave in Missouri, USA. The star represents the location of Tumbling Creek Cave at the headwaters of Tumbling Creek of the Ozark Highlands ecoregion. A crayfish barrier (solid black line) was installed in 2018 and a weir (triangle) was installed in 1968. 
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Figure 2. Elevation of Bull Shoals Reservoir from January 2000–October 2018 (coinciding with our biological surveys). One invasion hypothesis is that the reservoir elevation facilitates movement of gapped ringed crayfish Faxonius neglectus chaenodactylus into Tumbling Creek Cave. Several of the springs that drain to the cave are inundated when the reservoir elevation reaches 204–207 m (shown by line). 
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Figure 3. Barrier installed in Tumbling Creek to stop movement of gapped ringed crayfish Faxonius neglectus chaenodactylus to upstream reaches of the cave. Total height of the barrier is 29 cm and the top 9.5 cm of this wall overhangs the bottom portion on the downstream side by 2.5 cm. Since the barrier was completed, only a few crayfish have been found and removed from above the barrier (not as part of a biological survey 
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Figure 4. Carapace length (1.0 mm) of (a) female and (b) male gapped ringed crayfish Faxonius neglectus chaenodactylus sampled in Tumbling Creek Cave during biological surveys. Mean CL of females and males were 28.8 mm and 28.1 mm, respectively. 






Figure 4. Carapace length (1.0 mm) of (a) female and (b) male gapped ringed crayfish Faxonius neglectus chaenodactylus sampled in Tumbling Creek Cave during biological surveys. Mean CL of females and males were 28.8 mm and 28.1 mm, respectively.



[image: Diversity 11 00003 g004]







[image: Diversity 11 00003 g005 550] 





Figure 5. Comparison of the right and left chela length for both males (triangles) and females (circles). Males had significantly larger chelae (20.7 vs. 17.7 mm) and a greater difference between right and left chela (Y = 0.89X + 2.23; R2 = 0.69) than did female crayfish (Y = 0.92X + 1.18; R2 = 0.81). 
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Figure 6. The trend in number of gapped ringed crayfish Faxonius neglectus chaenodactylus captured in Tumbling Creek Cave (17 March 2001–05 September 2018). The number of crayfish capture per trap (a) has greatly been reduced since trapping began and can be best represented as (b) average crayfish per trap, per year, over time (Y = −0.10X + 198.60; R2 = 0.45). 
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Figure 7. Length-frequency histogram of gapped ringed crayfish Faxonius neglectus chaenodactylus collected from Big Creek near the confluence of Tumbling Creek. Crayfish were collected via seining and hand searching and collection. The black curves represent age classes determined via the Bhattacharya method. 






Figure 7. Length-frequency histogram of gapped ringed crayfish Faxonius neglectus chaenodactylus collected from Big Creek near the confluence of Tumbling Creek. Crayfish were collected via seining and hand searching and collection. The black curves represent age classes determined via the Bhattacharya method.



[image: Diversity 11 00003 g007]







[image: Table] 





Table 1. The carapace length (CL) range, mean (± standard deviation), and separation index (SI) of age classes are reported for gapped ringed crayfish Faxonius neglectus chaenodactylus sampled from Big Creek near the confluence of Tumbling Creek. The separation index describes the degree of separation between age classes (i.e., a SI of <2 describes a cohort that cannot be distinguished from other cohorts). Data were generated using the Bhattacharya method and compared to age estimates from counting bands on the gastric mills.
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	Age
	CL range (mm)
	Mean (mm)
	SI





	0
	12–23
	16.9 ± 2.7
	3.9



	1
	21–26
	22.9 ± 1.2
	17.2



	2
	24–31
	27.6 ± 1.5
	10.8



	3
	31–36
	34.3 ± 2.1
	NA
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