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Abstract  Understanding the functional roles of spe-
cies is invaluable to conservation planning and effec-
tive ecosystem management. We used stable isotope 
analyses to examine the functional role of two pri-
mary burrowing crayfishes from the Piedmont region 
of South Carolina, USA, across both roadside and 
field habitats. Distocambarus youngineri served as 
a secondary consumer in roadside and field habitats, 
with similar trophic positions between habitats, sex, 
and size. Distocambarus youngineri relied heavily 
on primary and secondary consumers, with inverte-
brates contributing up to 82% of their somatic tissue 
growth. Conversely, D. crockeri served as secondary 

consumers in roadside habitats and tertiary consum-
ers in field habitats. In field habitats, D. crockeri 
relied heavily on primary and secondary consumers, 
with invertebrates contributing up to 84% of their 
somatic tissue group. In comparison, D. crockeri in 
roadside habitats relied principally on primary con-
sumers (up to 42% of tissue composition). In fields, 
D. crockeri had higher carbon and nitrogen isotope 
ratios, as well as a larger trophic niche than those in 
roadside habitats. Our models suggest D. crockeri in 
roadside habitats consume more vegetation than pop-
ulations in fields. Our analysis indicated considerable 
variation in trophic position, niche space, and dietary 
contribution between primary burrowing crayfish 
species, highlighting the ecological distinctness of 
primary burrowing crayfishes, occupying similar hab-
itats but serving different roles within their ecosys-
tems. These findings also highlight the important role 
primary burrowing crayfish play in these ecosystems, 
by regulating herbivore numbers, which helps ensure 
ecosystem stability, as well as facilitates energy flow 
to higher trophic levels.
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Introduction

Understanding species resource use and functional 
roles are invaluable in conservation planning and 
effective ecosystem management. Trophic interac-
tions can greatly influence population sizes, com-
munity structure, and ecosystem processes (Estes 
et al., 2011; Frisch et al., 2014); thus, understanding 
these interactions is key to effective ecosystem man-
agement. Resource use and functional roles of spe-
cies are useful in understanding trophic interactions 
because they provide information such as diet and 
trophic level, which gives insight on energy trans-
fer from producer to consumer. This information is 
imperative in understanding species’ roles within 
ecosystems (Ginzberg & Arditi, 2012), as well as the 
plasticity of those roles in different habitats. Despite 
the importance of understanding trophic dynamics, it 
remains poorly understood for many groups, includ-
ing highly imperiled crayfishes.

Crayfish are an important component of freshwater 
and terrestrial ecosystems, often acting as keystone 
species and ecosystem engineers as well as play-
ing a major role in food web dynamics (Creed Jr. & 
Reed 2004; Reynolds et  al., 2013; Richman et  al., 
2015). Crayfish have been described as detritivores, 
omnivores, and carnivores, fulfilling several func-
tional roles (e.g., primary consumers, scavengers, 
and predators; Thoma & Armitage, 2008; Usio & 
Townsend, 2008; Taylor & Soucek, 2010; Stites et al., 
2017). Nonetheless, our understanding of crayfishes 
functional roles is primarily based off of crayfishes 
within lotic habitats, with only two studies assessing 
burrowing crayfish living in semiterrestrial habitats 
(Bloomer et al., 2022; Graham et al., 2022). Compari-
sons between aquatic and terrestrial ecosystems have 
demonstrated clear differences in food web structure, 
with top-down control greater in water than on land 
(Shurin et  al., 2002). Additionally, less herbivory, 
more decomposers, and more detrital accumulation 
often occur in terrestrial than aquatic ecosystems 
(Shurin et al., 2006). Thus, our current understanding 
of stream crayfish trophic roles cannot be extended to 
burrowing crayfishes.

Burrowing crayfish diets have been explored 
through foraging behavior, gut content, and sta-
ble isotope analyses. Foraging studies have found 
reduced vegetation around burrow entrances (Lough-
man et  al., 2015, 2019), plant matter in resting 

chambers (Foltz II et  al., 2018; Loughman et  al., 
2019), and remains of small vertebrates in burrows 
(Thoma & Armitage, 2008). Studies also report bur-
rowing crayfish exhibiting sit-and-wait predation at 
the entrance of their burrows (Thoma & Armitage, 
2008; Diehl et  al., 2022; Graham et  al., 2022), with 
prey varying from small worms and ants (Diehl et al., 
2022; Graham et al., 2022) to larger vertebrates (e.g., 
salamanders and frogs; Thoma & Armitage, 2008; 
McCormack & Coughran, 2011). Similarly, stud-
ies assessing gut content and stable isotope analyses 
highlight the importance of invertebrates in crayfish 
diets (Bloomer et  al., 2022; Graham et  al., 2022), 
with crayfish trophic positions similar to other inver-
tebrate primary consumers (Bloomer et  al., 2022). 
Despite these recent gains in understanding burrow-
ing crayfish diets, conducting comprehensive diet 
studies of burrowing crayfishes presents several chal-
lenges, including assessing all prey items, due to the 
small size, heterogeneity, and cryptic nature of some 
prey, and having to take into account the influence of 
seasonal changes, habitat variation, and environmen-
tal stressors. For example, techniques such as gut con-
tent analyses are only able to assess what is currently 
in crayfish guts, and crayfish gastric mills crush food 
items making them unidentifiable or biased toward 
food items that take longer to break down (Vannote 
& Ball, 1972; Lorman & Magnuson, 1978; Momot, 
1995). Stable isotope approaches can help remedy 
some of these issues with comprehensive diet stud-
ies determining the functional trophic role of a given 
crayfish in an ecological system. Specifically, stable 
isotope approaches integrate food sources over time 
and reveal what the animal has assimilated, allowing 
for a more inclusive diet estimation than other tech-
niques. Additionally, most studies assess a limited 
number of sites and habitats; thus, species variation 
within habitats and trophic plasticity based on species 
use of various habitat types has not been assessed.

Past studies have connected the trophic position 
of crayfishes with aspects of trophic ecology theory, 
such as trophic position typically increasing when 
crayfish body size increases (Roth et  al., 2006; Lar-
son et al., 2010, 2017; Kreps et al., 2016; Stites et al., 
2017). In addition, trophic ecology theory predicts 
that a species trophic position will differ when habi-
tat and resources change (Carscallen et  al., 2012; 
Dixon et al., 2012; Sánchez‐Hernández & Amundsen, 
2018). However, no studies have assessed variation in 
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the trophic position of burrowing crayfishes among 
habitats. Burrowing crayfishes occur across many 
habitat types from wetlands that are frequently inun-
dated (e.g., roadside ditches) to semiterrestrial habi-
tats that experience surface water inundation more 
rarely (e.g., prairies), with single species populations 
occurring over a heterogeneous mix of habitats. Many 
crayfish are also omnivores, and most omnivore stud-
ies highlight their flexibility in feeding (Fagan, 1997; 
Lancaster et  al., 2005; Anderson & Cabana, 2007; 
Olsson et al., 2008). Understanding the differences in 
food resources and trophic positions of species utiliz-
ing numerous ecosystem types is a basis for under-
standing food web dynamics and ecosystem function.

We used stable isotope approaches to examine the 
flexibility of nutritional resources, energy pathways, 
and functional role (i.e., trophic position) of two bur-
rowing crayfish across two distinct habitat types. 
The Newberry Burrowing Crayfish, Distocambarus 
youngineri Hobbs & Carlson, 1985 and the Pied-
mont Prairie Burrowing Crayfish, D. crockeri Hobbs 
& Carlson, 1983 are both endemic to the Piedmont 
region of South Carolina, USA. Both species are often 
found in historical prairie habitats, poorly drained 
areas where the ground is saturated during wet parts 
of the year (Eversole & Welch, 2010). However, they 
have distinct ranges, with D. youngineri found only 
in Newberry and Laurens counties, South Carolina, 
within the Southern Outer Piedmont ecoregion and 
D. crockeri found within 5 counties throughout the 
Carolina Slate Belt ecoregion. Burrowing crayfish are 
a critically imperiled group, accounting for 15% of 
the US crayfish species but representing 32% of criti-
cally imperiled crayfish (Welch & Eversole, 2006; 
Bloomer et  al., 2021). Additionally, Distocambarus 
youngineri is ranked as critically imperiled globally 
and subnationally (G1/S1), and at the highest level for 
South Carolina species of greatest conservation needs 
(SGCN). Distocambarus crockeri is ranked as vulner-
able globally and subnationally (G3/S3), and at a high 
level for South Carolina SGCN. Despite their con-
servation status, their nutritional and energetic ecol-
ogy are poorly understood. Understanding the trophic 
position of imperiled species is essential for effec-
tive conservation. These species may occupy unique 
roles in food webs, and changes in their trophic inter-
actions could signal ecosystem instability or other 
threats. By identifying their trophic position, manag-
ers can predict cascading effects of their decline and 

design strategies that maintain ecological balance 
and resilience. Furthermore, there is an urgent need 
to improve management of these species and gain a 
better understanding of their ecological functions to 
guide management actions and preserve or enhance 
semiterrestrial ecosystems.

Materials and methods

Study area/site selection

To select habitat types and sites, we performed sur-
veys of Distocambarus species throughout areas of 
the southern outer piedmont and slate belt ecore-
gions of South Carolina in February–March 2020 
and 2022. Sites were sampled in the late winter/early 
spring due to the water table being highest during this 
time of year (Welch & Eversole, 2006), increasing 
the chances of collecting primary burrowing crayfish 
without causing great destruction to their habitats. 
Our surveys identified D. youngineri and D. crockeri 
within numerous habitat types including fields, vernal 
pools, roadside habitats, and forests. For both species, 
several field and roadside populations were found. 
Thus, sites were selected for isotopic analysis in both 
field and roadside habitats. Field sites included areas 
maintained for powerline rights-of-ways, managed as 
wildlife openings (i.e., agriculture-like lands that are 
plowed and managed to grow crops and/or to attract 
wildlife for hunting), or farmlands. Roadside habitats 
refer to habitats that appear to have been created by 
the construction of roadways (e.g., roadside ditches).

Eight D. youngineri sites (4 field and 4 roadside 
habitats) were selected within Newberry County, 
SC based on accessibility and abundance of target 
species (Fig.  1, Online Resource 1). Two field sites 
were farmlands actively managed for agriculture (D. 
youngineri Field 2 and 3), and two field sites were 
managed powerline right-of-way. Surface water was 
not observed at the roadside habitats, all of which 
were actively maintained by mowing. Ten D. crockeri 
sites (5 field and 5 roadside habitats) were selected 
within Edgefield, McCormick, Greenwood, and 
Saluda counties, SC based on accessibility and abun-
dance of the target species (Fig. 1, Online Resource 
1). All field sites were managed as wildlife openings 
and all roadside habitats were managed as roadside 
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ditches, retaining water during the winter and spring 
months and during heavy rains events.

Stable isotope sampling

Distocambarus crockeri and D. youngineri sites were 
sampled for stable isotope collections March 2021 
and March 2022, respectively. Mean temperature and 
rainfall data were check from the National Oceanic 
and Atmospheric Administration, National Weather 
Service (https://​www.​weath​er.​gov/​wrh/​Clima​te), and 
were similar in both sampling years, indicating that 
data from the two years should be comparable with 
regard to interannual variations in weather. Cray-
fish collection occurred via burrow excavation at all 
D. youngineri sites and all D. crockeri field sites. 
Crayfish were collected with dipnets at D. crockeri 

roadside habitat sites because all D. crockeri roadside 
sites were ditches filled with water. Target species 
were the only or most abundant crayfish species col-
lected at each site. At each site, 6–12 adult (total cara-
pace length [CL] ≥ 15 mm) crayfish of the target spe-
cies were captured, with a minimum of 3 individuals 
of each sex (Online Resource 1, 2). Carapace length 
was measured for most collected D. youngineri and 
D. crockeri. Samples of potential food sources such 
as the dominant live vegetation (grasses, Plantago 
major  L., Solidago spp., Taraxacum officinale  F.H. 
Wigg), detrital leaves (Quercus spp., Carya spp., 
Nyssa spp., etc.), and terrestrial invertebrates (Carabi-
dae, Hymenoptera, Isopoda, Lycosidae, Oligochaeta, 
etc.) were also collected from the same sites. Samples 
of all potential food sources were made by hand at all 
D. youngineri sites and all D. crockeri field sites. At 

Fig. 1   Map of Distocambarus youngineri and D. crockeri field and roadside habitat sampling sites

https://www.weather.gov/wrh/Climate
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D. crockeri roadside habitat sites, vegetation was col-
lected by hand and all other food sources were col-
lected with dipnets. We classified all invertebrate into 
primary and secondary consumer groups. All herbi-
vore invertebrates were classified as primary consum-
ers, and all carnivore or omnivore invertebrates were 
classified as secondary consumers. All crayfish and 
food sources were kept on ice in the field and frozen 
for later analysis.

Laboratory analysis

Samples were prepared for stable isotope analysis at 
the US Forest Service, Southern Research Station, 
Center for Bottomland Hardwoods Research, Aquatic 
Conservation and Ecology Team lab (Oxford, MS). 
At least 10  mg of each sample was dried at 60  °C 
for at least 48  h. Abdomen tissue samples from tail 
muscle were used from individual crayfish. Vegeta-
tion and detritus were rinsed to remove debris before 
drying, while guts of large invertebrates (e.g., crickets 
and grasshoppers) were removed to avoid gut con-
tamination. Whole bodies of small invertebrates (e.g., 
isopods) were used in analyses. Numerous inverte-
brates were grouped in one sample to meet the 10 mg 
required weight. After drying, samples were shipped 
to Washington State University Stable Isotope Core 
Laboratory (Pullman, WA) for stable isotope meas-
urements of carbon and nitrogen isotopic ratios. Sam-
ples were ground to homogenous consistency, and 
approximately 2 and 3 mg of animal and plant tissue, 
respectively, were used in analyses.

For carbon 13:12 and nitrogen 15:14 isotopic anal-
yses, samples were converted to N2 and CO2 with an 
elemental analyzer (ECS 4010, Costech Analytical, 
Valencia, CA). These gases were separated with a 3 m 
gas chromatography column and analyzed with a con-
tinuous flow isotope ratio mass spectrometer (IRMS) 
(Delta PlusXP, Thermofinnigan, Bremen) (Brenna 
et al., 1997; Qi et al., 2003). Isotopic reference mate-
rials were interspersed with samples for calibration. 
Contribution of 17O was corrected by the IRMS soft-
ware using the Santrock correction (Santrock et  al., 
1985). Quality control was performed using reference 
materials with similar composition to samples and 
interspersed with samples in all analytical sequences. 
Reference materials of NIST1547, a peach leaf, and 
NIST1577b, a bovine liver, were used to assure both 
repeatability and reproducibility of isotope results 

and element compositions. Analytical precision for 
samples was less than 0.3 parts per mil.

Data analysis

Isotope signatures were used to calculate crayfish 
trophic positions (TP) using the equation:

where base refers to invertebrate primary consum-
ers (Post, 2002), TPbase = 2, and ẟ15Nbase refers to the 
average ẟ15N of primary consumers at the site. The 
∆N was set at 3.40 based on an established average 
fractionation rate (Vander Zanden & Rasmussen, 
2001; Post, 2002). Taxa groups were combined into 
categories: detritus, live vegetation, invertebrate pri-
mary consumers (e.g., Hymenoptera, Isopoda, Euryu-
ridae, Lumbricidae, Gastropoda, and Oligochaeta), 
and invertebrate secondary consumers (e.g., Carabi-
dae, Lycosidae, Geophilidae, and Pisauridae), as well 
as male and female crayfishes shown separately.

To assess if D. youngineri and D. crockeri within 
field and roadside habitats share a similar trophic 
niche, we assessed the percentage of stable isotope 
niche overlap among groups. We calculated standard 
ellipse areas corrected for small sample sizes (SEAc) 
as a measure of the stable isotope niche size for each 
species within each habitat type using the Stable Iso-
tope Bayesian Ellipses (SIBER) R package (Jackson 
et  al., 2011). Standard ellipses contain ~ 40% of the 
individuals in the stable isotope space (Jackson et al., 
2011). The degree of stable isotope niche overlap 
(percentage of standard ellipse overlapped) between 
field and roadside habitats for D. youngineri and D. 
crockeri, separately, was calculated as the proportion 
of the non-overlapping area between the two standard 
ellipses.

To assess if crayfish resource use differed between 
habitat types or sex, we used linear mixed-effect 
(lme) models for D. youngineri and D. crockeri sepa-
rately. In each model, trophic position or ẟ13C was the 
response variable, habitat and sex were fixed effects, 
and site was the random effect. In addition, we used 
lme models to assess if there were shifts in crayfish 
resource use with size. In each model, trophic posi-
tion or ẟ13C was response variables, crayfish size 
was the predictor variable, and site was the repeated 
measure. Because we did not measure the CL of all 

TPcrayfish = TPbase +
(

�
15Ncrayfish − �

15Nbase

)

∕△ N
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crayfish collected, models assessed the subset of the 
specimens measured. Crayfish trophic positions and 
sizes were log-transformed so that data were normally 
distributed. All tests were conducted using the lmer 
package in R (Kuznetsova et al., 2015). Tukey’s post 
hoc analysis was used to assess which habitat type or 
sex differed for any significant (P < 0.05) results.

To determine relative contribution of resources 
(detritus, vegetation, and other invertebrate) to cray-
fish diets, we used Bayesian mixing models in R 
package simmr (Parnell & Inger, 2016) for D. young-
ineri and D. crockeri separately. Models were run 
with unconverted ẟ13C and ẟ15N values of individual 
crayfish in mixing models. We used corrected values 
of 2.4‰ for ẟ15N and 0.40‰ for ẟ13C for vegetation 
(McCutchan Jr. et al., 2003) and 3.23‰ for ẟ15N and 
0.47‰ for ẟ13C for invertebrates (Vander Zanden 
& Rasmussen, 2001). Values of food sources must 
be corrected before being used in mixing models to 
account for differences in isotope ratios between a 
consumer and its food source due to metabolic pro-
cesses (Ben-David et al., 1997; Phillips 2012). Using 
corrected values ensures more accurate interpretation 
of the data.

Results

In total, 92 and 75 D. youngineri and D. crockeri 
were collected, respectively (Table 1). For D. young-
ineri, 40 males and 52 females were collected, with 
47 and 45 specimens collected from fields and road-
side habitats, respectively. For D. crockeri, 37 males 
and 38 females were collected, with 34 and 41 speci-
mens collected from fields and roadside habitats, 
respectively. We collected detritus, live vegetations, 
primary consumers, and secondary consumers from 
each of our study sites (Online Resource 2and 4). 
Mean ẟ13C and ẟ15N values for Distocambarus spp. 
varied among sites (Figs.  2 and 3; Table  1; Online 
Resource 3 and 5), indicative of consumption of a 
range of carbon and nitrogen sources.  

Trophic positions

Distocambarus youngineri had a broad trophic posi-
tion (Table  1; Fig.  2), ranging from 1.89 to 4.25. 
Distocambarus youngineri trophic niche was similar 
within fields and roadside habitats for both the carbon 

and nitrogen stable isotope axes (Fig.  4). There was 
little variation in niche size between habitat types 
(SEAc: field = 24.47; roadside habitat = 27.82), 
with 38% overlap observed between D. youngineri 
trophic niche in each habitat (Fig.  4). There was no 
variation in D. youngineri trophic position between 
sex (Fig. 2; lme model: F1,89 = 0.06, P = 0.80), habi-
tat type (lme model: F1,89 = 0.67, P = 0.44), or size 
(F1,90 = 1.29, P = 0.26). Additionally, there was no 
variation in D. youngineri ẟ13C levels between sex 
(Fig.  2; lme model: F1,89 = 0.18, P = 0.68), habi-
tat type (F1,89 = 0.24, P = 0.64), or size (lme model: 
F1,90 = 0.00, P = 0.99). We observed similar struc-
ture among sites, with male and female D. young-
ineri ẟ15N levels similar to secondary consumers in 
both field and roadside habitat sites (Fig.  2; Online 
Resource 2, 3).

Distocambarus crockeri had a broad trophic posi-
tion (Table 1; Fig. 3), ranging from 1.47 to 4.80. Dis-
tocambarus crockeri trophic niche differed between 
field and roadside habitats along both the carbon and 
nitrogen stable isotopes axis (Fig. 4), with D. crock-
eri in fields having more enriched carbon and nitro-
gen levels. Distocambarus crockeri trophic niche 
size was also larger in fields than roadside habitats 
(SEAc: field = 17.36; roadside habitat = 6.85). Simi-
larly, D. crockeri trophic position and ẟ13C levels in 
fields were higher than those from roadside habitats 
(lme model of TP: F1,69 = 9.36. P = 0.02; lme model 
of ẟ13C: F1,69 = 27.50. P < 0.001) (Fig. 4). Distocamb-
arus crockeri within fields had ẟ15N levels above our 
sampled secondary consumers in 40% of field sites, 
indicating that they can serve as tertiary consumers 
in field habitats (Fig. 3; Online Resource 4, 5). Disto-
cambarus crockeri within roadside habitats had ẟ15N 
levels with similar values as secondary consumers 
(Fig, 3; Online Resource 4, 5). There was no varia-
tion between male and female D. crockeri trophic 
positions (lme model: F1,69 = 0.09, P = 0.76) or ẟ13C 
levels (lme model: F1,69 = 0.99, P = 0.32) (Fig.  3; 
Online Resource 4, 5). There was also no relationship 
between D. crockeri size and trophic position (lme 
model: F1,69 = 1.19, P = 0.28).

Food resources

Our Bayesian mixing models suggested that inverte-
brates contributed up to 82% of the tissue composi-
tion of D. youngineri, ranging from 77 to 82% among 
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males and females in fields and roadside habitats 
(Table 2). Results indicated that D. youngineri relied 
heavily on primary (e.g., Euryuridae, Lumbricidae, 
Gastropoda) and secondary consumers (e.g., Carabi-
dae, Geophilidae, Pisauridae), attributing up to 43% 
and 38% of their tissue composition, respectively. 
Mixing models also indicated that detritus and veg-
etation contributed up to 13 and 17% of crayfish tis-
sue, respectively.

Our Bayesian mixing models suggested that inver-
tebrates contributed up to 84% and 59% of D. crock-
eri tissue composition within fields and roadside 
habitats, respectively (Table 2). Results indicated that 
D. crockeri within field habitats relied heavily on sec-
ondary and primary consumers, attributing up to 50% 
and 34% of their tissue composition, respectively. 
Conversely, D. crockeri within roadside habitats 
relied primarily on primary consumers (up to 42% 
of tissue composition), with all other groups (e.g., 
secondary consumers, vegetation, detritus) contribut-
ing evenly (~ 20%) to its tissue composition. Mixing 
models also indicated that detritus and vegetation are 

a more important part of the tissue composition of D. 
crockeri in roadside habitats (up to 42%) than those in 
fields (up to 21%).

Discussion

Understanding the trophic position of imperiled 
species is essential for effective conservation and 
management to maintain ecological balance and 
resilience within ecosystems. Thus, our goal was 
to understand the trophic and nutritional ecology 
of two imperiled crayfishes, D. youngineri and D. 
crockeri, within two habitat types. Results of our 
stable isotope analyses show a high degree of flexi-
bility in nutritional resources, energy pathways, and 
trophic position for two burrowing crayfishes. As 
one of the first isotopic analyses performed on pri-
mary burrowing crayfishes, our results indicate that 
burrowing crayfish may operate at higher trophic 
levels than expected, with previous studies indicat-
ing that while crayfish are omnivores they prefer 
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Fig. 2   ẟ15N and ẟ15C isotopic signatures for Distocambarus youngineri male and females captured in all field and roadside sites. 
Error bars show the standard deviation of isotope signatures of all individuals and vegetative samples
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Fig. 4   Stable isotope 
values of Distocambarus 
youngineri and D. crockeri 
with associated isotopic 
niche (correct standard 
ellipses (SEAc)) for field 
and roadside habitat popu-
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eating vegetation and serve similar roles are primary 
consumers or levels between primary and secondary 
consumers (Gherardi et  al., 2004; Johnston et  al., 
2011). While D. youngineri and D. crockeri have 
omnivorous diets, invertebrates comprise a large 
portion of their energetic and nutritional needs and 
both species appear to serve as secondary or tertiary 
consumers within their ecosystems. Omnivory is 
advantageous because it provides flexibility to feed 
at both lower and higher trophic levels, allowing 
individuals to survive periods when high-quality 
food is not available, but consuming higher-qual-
ity food when it is available (Diehl,  2003; Kratina 
et  al.,  2010; France,  2012; Wootton, 2017).  In the 
current study, up to 84% of Distocambarus spp. 
tissue originated from invertebrate prey and up to 
40% of Distocambarus spp. diets included vegeta-
tion and detritus. Burrowing crayfish are known to 
exhibit predatory behaviors (Loughman, 2010; Gra-
ham et  al., 2022) and, combined with our results, 
suggest that D. youngineri and D. crockeri actively 
target primary and secondary consumers when 
foraging for food. Variability in feeding activity 
likely has implications for crayfish roles in control-
ling invertebrate populations (Ushio & Townsend, 
2004, 2008) and detrital processing (Momot, 1995; 
Usio, 2000). Historically, crayfishes were thought to 
have an opportunistic omnivore lifestyle, sustaining 
themselves on plant material and, if the opportunity 
arises, consuming animals (Momot, 1995; Bloomer 
et  al., 2022). Our results highlight that energy and 
nutrition for burrowing crayfish are derived mainly 
from invertebrate food sources, although plant 

matter and detritus are still an important component 
of their diets.

In the current study, differences were observed 
between habitats for both isotopes, with higher iso-
topic values and larger trophic niche breadth detected 
for D. crockeri in fields (wildlife openings) than road-
side habitats (roadside ditches). Differences in D. 
crockeri ẟ13C and ẟ15N levels are likely due to a wider 
variety of plants (i.e., C3 and C4 plants) and inver-
tebrates available in fields. The average ẟ13C levels 
of D. crockeri in fields (mean ẟ13C levels = − 16‰) 
were higher than most C3 vegetation ẟ13C levels 
(mean ẟ13C levels = − 27‰). C4 plants (i.e., millet, 
and corn) generally have higher ẟ13C values (i.e., 
− 13‰; Fry, 2006) and were planted in field sites 
during spring and summer months. Due to our sam-
pling timing, these vegetation sources were not pre-
sent and thus not collected and used in data analyses. 
Nonetheless, high ẟ13C levels indicate C4 vegetation 
may be an essential diet attribute of D. crockeri in 
fields. Similarly, differences in ẟ15N levels are likely 
due to differences in invertebrate diversity present 
within each habitat type, with at least 7 and 4 inverte-
brate families present within field and roadside habi-
tats, respectively (Online Resource 3). While inver-
tebrate abundance was not formally accessed, there 
appeared to be more secondary consumers present at 
field than roadside sites, which may impact crayfish 
feeding strategies.

Trophic position and niche differences were 
detected between field and roadside habitats for D. 
crockeri, but not for D. youngineri. Differences in 
trophic position and niche of the same species may 

Table 2   Distocambarus 
species proportional 
contribution of food 
sources (± SD) for males 
and females at field and 
roadside habitats

Field Roadside

Females Males females Males

D. youngineri
 Secondary consumer 36.9 (14.5) 37.0 (15.4) 37.7 (20.5) 31.6 (17.8)
 Primary consumer 39.8 (19.5) 35.0 (20.1) 43.8 (24.0) 43.4 (22.1)
 Vegetation 13.6 (9.0) 16.5 (11.0) 9.0 (6.6) 12.0 (8.2)
 Detritus 9.7 (6.0) 11.5 (6.9) 9.5 (6.2) 13.1 (7.7)
D. crockeri
 Secondary consumer 50.0 (14.7) 47.4 (17.7) 18.5 (7.6) 17.9 (7.9)
 Primary consumer 34.1 (17.3) 31.4 (19.6) 40.3 (13.7) 41.7 (13.1)
 Vegetation 9.9 (6.8) 12.9 (8.9) 19.8 (10.5) 20.3 (11.3)
 Detritus 5.9 (3.7) 8.3 (5.2) 21.5 (10.9) 20.1 (10.6)
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result from differences in types of food consumed, 
food chain length, or environmental and ecological 
conditions (Parkyn et  al.  2001;  Beatty, 2006; Ols-
son et  al., 2008; Sánchez‐Hernández & Amundsen, 
2018). Field and roadside ditch management can 
directly impact vegetation and invertebrate compo-
sition, changing the ecosystems’ trophic structure 
(Wilson et al., 2005; Dollinger et al., 2017; Jakobsson 
et  al., 2018). For example, herbicide use can reduce 
the diversity and abundance of plants and inverte-
brates within habitats (Haughton et al., 1999; Sullivan 
& Sullivan, 2003; Wilson et  al., 2005), while plant-
ing crops may increase food type availability if both 
naturally occurring and planted vegetation are pre-
sent within the system. Food availability also shifts 
throughout the year. Food may be limited in habitats 
where food is clumped or patchily distributed (Fero 
et al., 2007), as well as in managed fields where her-
bicide use and agricultural practices may remove 
large portions of vegetation and invertebrates dur-
ing periods of the year (House, 1989; Brust, 1990; 
Haughton et  al., 1999; Sullivan & Sullivan, 2003). 
Unlike D. crockeri roadside habitats, which were 
often ditches inundated with water during portions of 
the year, D. youngineri roadside habitats were more 
like fields (i.e., grassy open areas without a trench). 
Thus, differences between species may be due to 
environmental and community composition differ-
ences among sampling sites, and not species-specific 
traits. Because species ranges do not overlap, we 
could not assess sites with both species to understand 
if differences are due to species-specific traits or site 
composition.

Competition can also cause shifts in diets and 
trophic positions, with a reduction in niche size often 
occurring (Harrington et  al., 2009; Jackson & Brit-
ton 2014; Baudry et al., 2024). Cambarus latimanus 
(LeConte, 1856)  co-occurred with D. crockeri at all 
roadside sites, but D. crockeri was the only crayfish 
collected from all field sites. Additionally, D. crock-
eri had a smaller trophic niche in roadside than field 
sites. Conversely, D. youngineri co-occurred with C. 
latimanus at roadside sites, yet, trophic position and 
stable isotope analysis support that D. youngineri 
could target invertebrates as its main food sources 
and operate as secondary consumers in both habitat 
types. Because we did not collect large numbers of C. 
latimanus from each site, we did not include them in 
our analyses. Nonetheless, the shift in D. crockeri’s 

diet from field to roadside sites may be due to niche 
partitioning (Stites et al., 2017). Similarly, Stites et al. 
(2017) showed that Barbicambarus cornutus (Faxon, 
1884) and B. simmonsi Taylor & Schuster, 2010 occu-
pied a higher trophic level than co-occurring cray-
fish species in the same habitat. Barbicambarus spp. 
were secondary consumers or predators, while co-
occurring crayfish species were primary consumers. 
Furthermore, competition for food sources could be 
occurring at sites where D. crockeri and C. latimanus 
are both present, with D. crockeri shifting to a lower 
trophic level and C. latimanus potentially occupying 
the higher tertiary consumer level. Further analyses 
of these sites are required to determine the effect of 
C. latimanus on D. crockeri diet and trophic position.

Even though secondary consumers were present in 
both field and roadside habitats, D. crockeri popula-
tions in roadside habitats relied more on detrital and 
vegetation sources than secondary consumers. This 
could be due to crayfish foraging style (Bloomer & 
Taylor, 2022; Diehl et al., 2022; Graham et al., 2022). 
Distocambarus crockeri within fields may exhibit 
predatory behavior, similar to the Little Brown 
Mudbug (Lacunicambarus thomai  Jezerinac, 1993; 
Graham et  al., 2022), while those in roadside habi-
tats may exhibit an opportunistic foraging behavior, 
similar to the Slenderwrist Burrowing Crayfish (Fal-
licambarus petilicarpus  Hobbs & Robison, 1989; 
Bloomer et  al., 2022). Foraging behavioral differ-
ences may be impacted by the presence of predators 
(Pecor & Hazlett, 2003; Diehl et  al., 2022; Graham 
et al., 2022). Crayfish in fields without surface water 
may have higher predation risks, exhibiting more anti-
predator behavior and less foraging, eating mostly 
plants and animals near their burrow, while crayfish 
in roadside habitats with surface water may have less 
predation risks and thus, spend more time foraging. 
These factors may also explain why field crayfishes 
had a larger trophic niche.

Although differences were not detected between 
D. youngineri trophic positions or niches in field and 
roadside habitats, management of sites did impact 
them. Distocambarus youngineri in farmed fields 
(Field 2 and 3) had higher nitrogen levels than non-
farmed fields, likely due to the fertilization of these 
fields. Both isotopic niche and dietary contribu-
tions of Procambarus clarkii (Girard, 1852)  were 
affected by the introduction of fertilizers in rice–cray-
fish coculture systems (Sun et  al., 2023). Because 
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vegetation was nitrogen-enriched due to fertiliza-
tion, crayfish isotopic signatures showed high levels 
of nitrogen similar to levels that would be present if 
high amounts of invertebrates were eaten. Nonethe-
less, dietary contribution analysis indicated that cray-
fish in fertilized fields did not consume more animal 
material, but rather they consumed more particulate 
organic matter (POM). Furthermore, increased ẟ15N 
values in D. youngineri habitats may explain why 
analyses showed similar ẟ15N values between all D. 
youngineri and field D. crockeri but consumptions of 
more vegetative food sources by D. youngineri.

Contrasting results of the relationship between 
body size and trophic position have been documented 
for crayfishes, with most studies assessing differ-
ences between juveniles and adults (Roth et al., 2006; 
Taylor & Soucek, 2010; Larson et  al., 2017; Stites 
et al., 2017), and no studies assessing burrowing spe-
cies. We did not see any correlations between size 
(range, D. crockeri = 16–29  mm CL; D. youngineri 
16–35 mm CL) and trophic position. Similar to Sten-
roth et al. (2006), larger crayfishes were just as reliant 
on animal tissue as smaller crayfishes, with crayfish 
potentially obtaining their carbon and nitrogen from 
different sources (i.e., consuming other invertebrate 
for nitrogen and detritus for carbon). We considered 
all Distocambarus species used in our study adults 
(CL ≥ 16  mm), based on the smallest form 1 Disto-
cambarus species (D. carlsoni Hobbs,1983) collected 
having a 16  mm CL (unpublished data). Thus, we 
were not able to assess if diets changed between juve-
nile and adult Distocambarus spp. Including smaller 
individuals in future isotopic analyses could provide 
a better insight into diet changes, as juveniles were 
more commonly found occupying surface water of 
both roadside ditches and fields.

While isotopic analyses can integrate food sources 
over several months to years, dietary contribution and 
trophic positions are dependent on samples from our 
single collection. Thus, our dietary contribution and 
trophic positions analyses are limited to only food 
available during our March collections. For exam-
ple, our isotopic analyses identify that C4 plants were 
a key vegetation source for crayfish diets, but they 
were not represented at most sites. In addition, other 
key resources (i.e., primary and secondary consum-
ers) that were present outside of our sampling win-
dow may not be represented in our dataset. Nonethe-
less, D. youngineri and D. crockeri are often in their 

burrows (average depth of D. crockeri burrows 1.5 m; 
Welch & Eversole, 2006) during summer and fall 
months when rainfall is reduced and the water table 
is low (Eversole & Welch, 2010, 2013). Thus, our 
sampling likely represents most of the resources these 
species would encounter when foraging. Additionally, 
yearly differences were not observed for crayfishes or 
food sources available within sites, and precipitation 
and temperatures were similar between years, reduc-
ing the likelihood of interannual differences between 
species collected in 2021 and 2022. Trophic posi-
tion can also be impacted by the baseline δ15N values 
used in trophic analyses. Because we did not collect 
primary consumers from the same family at every 
sampling site, δ15N values of all primary consumers 
collected from a sight were averaged to assess trophic 
positions. Primary consumers collected were graz-
ers that may present a certain degree of omnivory, 
and thus, may have a TP higher than 2 (Vander 
Zanden & Fetzer 2007). This discrepancy could lead 
to higher than normal TP values for our target spe-
cies. Nonetheless, Letourneur et al. (2024) points out 
that a weakness of TP estimates is the use of a single 
baseline value, while we still used a single baseline 
value averaging multiple types of primary consumers 
allows us to incorporate different sources of nitrogen 
within a system. Additionally, average C:N biplots 
show that primary consumer δ15N values fell between 
detritus and secondary consumers at all sites.

Despite the gain in understanding of the trophic 
interactions of burrowing crayfish, comprehensive 
food resource studies of burrowing crayfishes remain 
limited. Results of our analysis indicate there may 
be considerable variation in trophic position, niche 
space, and dietary contribution among primary bur-
rowing crayfish species. Further, our analysis indi-
cate the ecological distinctness of primary burrow-
ing crayfishes, occupying similar habitats but serving 
different roles within their ecosystems. Studies have 
shown that primary burrowing crayfish often act as 
omnivores feeding on invertebrates, vegetation, and 
detritus, but the extent of species’ reliance on these 
food sources and how habitat, competition, or preda-
tors impact food selection is poorly understood. Our 
findings highlight the important role primary burrow-
ing crayfishes play in these ecosystems, by regulating 
herbivore numbers, which helps ensure ecosystem 
stability, as well as facilitates energy flow to higher 
trophic levels. Further, understanding a species’ food 
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source and factors impacting food sources will allow 
conservationists to identify threats to the species’ sur-
vival, protect and restore necessary habitats and food 
sources, and ensure ecosystem stability.
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