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Abstract Stable isotope analysis has been broadly
used to study food webs, but often relies on inaccu-
rate assumptions of trophic isotopic discriminations,
which could lead to misinterpretation of obtained
results. While many taxa exhibit similar trophic dis-
crimination factors (TDFs), crayfish, exhibit omnivo-
rous feeding strategies, yet TDFs are missing. In this
study, we determined TDFs and tissue biokinetic
parameters of the marbled crayfish Procambarus vir-
ginalis as a model species. Moreover, we compared
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commonly used TDFs and those determined from this
study and applied them across species and ecosystems
as a first attempt to compare the effect of species-spe-
cific TDFs in Bayesian trophic mixing models. Our
results revealed differences between the TDFs of dif-
ferent tissues and biokinetic parameters of crayfish.
Our result also revealed TDFs differences between
crayfish relying mostly on plants versus those rely-
ing on an animal diet. We found differences of TDF
suitability among species and ecosystems, highlight-
ing the need for specific TDFs for different crayfish
species. This study improves our understanding and
the need for species-calibrated TDFs for robust sta-
tistical analysis of stable isotope data. Our approach
is widely applicable across taxa and ecosystems to

P. J. Haubrock

CAMB, Center for Applied Mathematics

and Bioinformatics, Gulf University for Science
and Technology, Hawally, Kuwait

M. Glon

Department of Evolution, Ecology and Organismal
Biology, The Ohio State University, 318 W. 12th Avenue,
300 Aronoff Laboratory, Columbus, OH 43210, USA

F. Ercoli - H. Himéldinen

Department of Biological and Environmental Science,
University of Jyviskyld, P.O. Box 35, 40014 Jyvaskyla,
Finland

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-024-05513-6&domain=pdf
http://orcid.org/0000-0002-0886-4298
https://doi.org/10.1007/s10750-024-05513-6
https://doi.org/10.1007/s10750-024-05513-6

Hydrobiologia

reduce the bias introduced by using unspecific TDFs
in Bayesian mixing models.

Keywords Procambarus virginalis - Stable
isotopes - Carbon - Nitrogen - Bayesian mixing
models - Trophic discrimination factors - Food web -
Biokinetic

Introduction

Stable isotope analyses (SIA) provide an essential
step toward a better understanding of trophic ecol-
ogy, yet their statistical analysis relies on assump-
tions which, if inaccurate, can lead to biases in their
interpretation (Nielsen et al., 2018). One of the most
important problems related to the analysis of food
source utilization when applying SIA is the imple-
mentation of trophic discrimination factors (TDFs;
Post, 2002; Bond & Diamond, 2011) which represent
the isotopic enrichment between two trophic levels
(i.e., from the food source to the consumer’s tissue;
Martinez del Rio et al., 2009; Nielsen et al., 2018).
The most common way to measure TDFs is the use
of diet-switching experiments. In these experiments, a
group of individuals belonging to one species are ini-
tially fed by a single diet to reach stable isotope equi-
librium in their tissues (Boecklen et al., 2011). Then,
animals are fed by another diet and are continuously
sampled to reveal both TDF and isotopic turnover rate
and half-life (Hesslein et al., 1993; Fry, 2007). Iso-
topic metabolic turnover rates provide the time when
a tissue reaches an isotopic equilibrium from a new
food source (i.e., the time required by a given tissue
to completely reflect the isotopic composition of the
new food source) and the isotopic half-life (i.e., the
half-time for metabolic replacement of a given iso-
tope in a given tissue). Both parameters are strongly
linked to internal biokinetic processes, which are
tissue and species dependent (Fry, 2007; Caut et al.,
2009). Furthermore, TDFs should be considered as a
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difference among the stable isotope values of the food
source and the consumer’s tissue at equilibrium (Hes-
slein et al., 1993; Glon et al., 2016). The Bayesian
mixing models, used to reconstruct a consumer’s diet,
can account for the uncertainty associated with multi-
ple food sources and TDFs, which slightly decreases
biases in data interpretation (Moore & Semmens,
2008; Stock & Semmens, 2016). However, accurate
TDF:s still remain crucial elements for reliable Bayes-
ian mixing models outputs (Nielsen et al., 2018).

Concomitantly, the accuracy of SIA depends on
correctly chosen putative food sources of the con-
sumer (collected at the right time and place) and the
use of appropriate TDFs (Fry, 2007). The former
mostly relies on the knowledge about the consumer
species’ biology and the ability to collect all putative
food sources during sampling. The second factor can
be determined in controlled laboratory settings, but it
may not completely mirror natural conditions because
of numerous environmental factors. Additionally,
laboratory studies typically only consider TDFs from
single food sources, whereas in natural settings, con-
sumers rely on multiple sources (Bondar et al., 2005;
Carolan et al., 2012; Jussila et al., 2015; Glon et al.,
2016; Mazumder et al., 2018). However, obtaining
TDFs to decrease bias of stable isotope mixing mod-
els’ outputs remains the best option, underlining the
need to develop an approach allowing researchers to
test the performance of TDFs under different condi-
tions encountered in nature.

Generally, TDFs can be influenced by many vari-
ables such as temperature, taxonomic group, tissue
analyzed, and/or food source quality (McCutchan
Jr et al., 2003; Fry, 2007; Martinez del Rio et al.,
2009). For example, Canseco et al. (2021) found
that increasing temperatures led to a decrease of
nitrogen TDFs in Teleostei fish. Similarly, Madi-
gan et al. (2012) found differences in stable isotope
values and metabolic turnover rate among white
muscle and liver in Bluefin tuna [Thunnus thyn-
nus (Linnaeus, 1758)]. Additionally, Malpica-Cruz
et al. (2012) found differences in TDF among tis-
sues in leopard shark (Triakis semifasciata Girard,
1855). In addition, consumers that rely on either
plant or animal diets can have different TDFs,
making it particularly difficult to obtain correct
TDFs for omnivorous taxa with varying ratios of
herbivory and carnivory (Vander Zanden & Ras-
mussen, 2001; Del Rio & Wolf, 2005; Caut et al.,
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2009). Brauns et al. (2018) suggested that food
source C:N:P ratio together with consumer-resource
differences in C:N:P ratio might be a good pre-
dictor for TDFs, because the type of utilized food
and food source quality might affect the range of
TDFs (Bond & Diamond, 2011). In the case of low
food source quality (i.e., nutritional value as deter-
mined by its biochemical composition and the com-
pounds required for physiological processes such
as somatic growth, survival, and fecundity; Miiller-
Navarra et al., 2000), organisms with the capabil-
ity of de novo fatty acids synthesis might produce
such compounds from precursors (Arts et al., 2009).
Organisms without such ability will support critical
organs and tissues, while others might be depleted.
In addition, starvation causes the catabolism of
internal reserves (Haubert et al., 2005). All these
processes affect stable isotope values as well as
metabolic turnover rates and finally affect meas-
ured TDFs, while concomitantly, biokinetic param-
eters such as isotope half-lives, metabolic turnover
rates, and TDFs can vary enormously among tissues
(Tieszen et al., 1983; Fry, 2007; Arts et al., 2009;
Vander Zanden et al., 2015). Such variation may be
due to different rates of anabolism and catabolism
among consumer tissues, which reflects their dif-
ferent metabolic activities (Martinez del Rio et al.,
2009; Boecklen et al., 2011). Despite these differ-
ences, muscle is the most commonly used tissue
for SIA involving crayfish, and other tissues remain
understudied (Yokoyama et al., 2005; Stenroth
et al., 2006; Mazumder et al., 2018; Viozzi et al.,

2021). Therefore, a mechanistic understanding of
biotic and abiotic factors and their combination
influencing TDFs is needed.

Crayfish (Decapoda: Astacidea) are a diverse and
prominent taxonomic group in freshwater ecosystems
occupying all continents except for Antarctica (Kozak
et al., 2015). Crayfish are omnivores with a central
position in ecosystems (Grey & Jackson, 2012; Ercoli
et al., 2014; Liptak et al., 2019; Vesely et al., 2020),
with large feeding plasticity including detritus, algae,
macrophytes, zoobenthos, dead fish, and conspecif-
ics (Twardochleb et al., 2013) as well as diverse ter-
restrial sources (Grey & Jackson, 2012). Their food
preferences might further change during ontogeny
(Momot, 1995; Vesely et al., 2020), while mediating
nutrient and energy flows within and among ecosys-
tems by feeding on species belonging to both lower
and higher trophic levels (Grey & Jackson, 2012; Lip-
tak et al., 2019).

Despite the importance of crayfish in aquatic food
webs, specific TDFs have only been established for a
small number of them (Table 1), whereas the few pre-
vious studies that focused on crayfish biokinetics have
shown that the isotopic incorporation rate and TDFs
vary greatly across species (Carolan et al., 2012;
Jussila et al., 2015; Glon et al., 2016; Mazumder
et al., 2018). The uncertainty of trophic interactions
of crayfish is a continuing problem despite attempts
to unravel them by established methods such as gut
content or SIA (Whitledge & Rabeni, 1997; Rudnick
& Resh, 2005). To date, most SIA studies on crayfish
have relied on general TDFs, like those estimated by

Table 1 Comparison of trophic discrimination factors (TDFs) in muscle tissue from crayfish and other taxa for reference

References Species Diet TDF Life stage Temperature
C N ()

Vander Zanden & Fish Animal 0.47+1.23 3.23+0.41 NA NA

Rasmussen (2001) Plant 0.4+0.28 24042
Glon et al., (2016) Faxonius rusticus and Animal 0.8+0.99 1.2+1.26 Juvenile 21

F virilis Plant 1.57£0.98 2.94+1.12 crayfish
Carolan et al., (2012 Cherax destructor Mixture diet 3.1+0.5 1.5+1 Adult 25+1
Mazumder et al., (2018) C. destructor Mixture diet 2.22+0.15 1.67+0.66 Adult 22+1
Present study Procambarus virginalis ~ Animal 3.87+3.07 —194+2.33 Sub-adult 20+0.2
Plant 8.13+0.79 2+1.46

Brauns et al (2018) Freshwater invertebrates ~Mixture diet 1.84+2.14 0.63+1.89 NA 18

TDFs are presented as mean =+ standard deviation (SD), combining data sourced from the literature with findings from the current

study
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Vander Zanden & Rasmussen (2001). However, the
growing interest in the trophic ecology of crayfish,
particularly of non-native species (Nilsson et al.,
2012; Marufu et al., 2018; Vesely et al., 2021), high-
lights the urgent need to determine species-specific
TDFs to increase the accuracy of applied models and
ultimately minimize the effect of biased analyses.
Hence, to compare the suitability of specific TDFs in
Bayesian models across species and ecosystems, we
used the marbled crayfish Procambarus virginalis
Lyko, 2017 as a model organism and analyzed the
biokinetics and TDFs of its different tissues. We then
compared the performance of the obtained TDFs with
the TDFs reported for other crayfish species and eco-
systems available in the literature. We hypothesized
that (i) biokinetic parameters (metabolic turnover
rate, isotopic value of tissue at the equilibrium with
the diet, and isotopic half-life [i.e., the time when a
given tissue reaches 50% equilibrium with a new
diet]) will vary across tissues and diets of marbled
crayfish, (ii)) TDFs will be species-specific, and (iii)
TDFs will vary intraspecifically across localities.

Materials and methods
Study design

This study was divided into two parts. The first,
experimental part, dealt with establishing new TDFs
for marbled crayfish under controlled conditions and
investigating the effect of food type on biokinetic
parameters in different crayfish tissues. In the sec-
ond part, commonly used TDFs as well as crayfish-
specific TDFs from the literature and TDFs obtained
from our experiment were collected and applied
to different species and ecosystems to assess their
suitability.

Controlled feeding experiment

Our experiment was conducted between April and
September of 2020 at the Research Institute of Fish
Culture and Hydrobiology in Vodiiany, FFPW USB,
Czech Republic. No specific permissions were
required for the locations and activities involved in
this study. As an experimental animal, we used mar-
bled crayfish Procambarus virginalis. This originally
North American species has been popular in the pet

@ Springer

trade (Liptak et al., 2023) and later established numer-
ous wild populations elsewhere. Especially European
populations are numerous and span from Sweden
and Estonia in the north to Sardinia and Malta in the
south, as well as the Netherlands and France in the
west to Ukraine in the east (Kouba et al., 2014; Mar-
morkrebs.org). Nowadays, this crayfish is considered
an invasive crayfish of European Union concern (Ves-
ely et al., 2021).

To identify new and robust TDFs for this species
and to determine the time needed for specific tissues
to incorporate the isotopic signal of new diets, we
started the experimental trial with juveniles in the 3rd
developmental stage (i.e., when the species becomes
independent from the mother and begins exogenous
feeding; Kouba et al., 2021). We first held experi-
mental crayfish for 90 days in a 100 I aquarium with
overly abundant shelters to minimize cannibalism and
fed them exclusively with the sewage worm [7Tubifex
tubifex (Miiller, 1774)] to equalize their stable isotope
values. At the end of this period, we randomly sam-
pled six individuals to be used as a baseline in further
calculations.

For the actual experiment, we divided the cray-
fish equally into three 100 1 aquaria (23 individuals
each) and fed them with three different single diets
for 12 weeks as follows: carrots (Daucus carota
L.), catfish (Silurus glanis Linnaeus, 1758) dorsal
muscle, and sewage worms as a control. To keep
sources’ stable isotopes values (Table S1) constant
during the experiment, each diet was previously pre-
pared and frozen at —20 °C to be only defrosted 1 h
before feeding. Thus, the very same diet was used
throughout the experiment. Crayfish were always fed
ad libitum to avoid cannibalism and to maximize tis-
sue assimilation. To further minimize aggression
and cannibalism, we placed three fired clay bricks
(6.5%28.5x13.5 cm), each with 39 cross holes (26
and 13 holes with a profile of 1 X3 cm and 1 X1 cm,
respectively) in each aquarium to serve as shelter
(Vesely et al., 2017). After 1 month, three additional
shelters with greater dimensions (29X 14X 6.5 cm)
with a 1 X3 cm hole profile were added as individu-
als grew (Kouba et al., 2011). The water tempera-
ture was set to 20+0.2 °C with a light:dark regime
of 12L:12D. Every 3 weeks, we measured carapace
length (CL) and weighed all crayfish to the nearest
0.1 mm and 0.1 g, respectively (Table S1). At these
occasions, four specimens per group were randomly
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selected and euthanized by short-term freezing at
—20 °C, followed by dissection for specific tis-
sues (muscle, carapace—only hard shell, gill, and
hepatopancreas). Additionally, three samples of each
presented diet were collected, and all samples were
stored frozen at —20 °C until further processing.

Stable isotope analysis (SIA)

Stable isotopes of carbon and nitrogen were analyzed
at the University of Jyviskyld, Finland, using a Carlo
Erba Flash EA1112 elemental analyzer connected to
a Thermo Finnigan DELTAplus Advantage continu-
ous flow stable isotope-ratio mass spectrometry (CF-
IRMS). For this, all collected samples were dried at
40 °C for 48 h and then homogenized. Results are
expressed using the standard & notation as parts per
thousand (%o) difference from international stand-
ards: 8°°C or 8" N = [((Ryympie/Retandara) — 1) X 10001,
where R is 3C/'2C or ’N/™N ratios, and the stand-
ards are Vienna Pee Dee belemnite (for carbon) and
atmospheric N, (for nitrogen). Dried pike (Esox
lucius, Linnaeus, 1758) white muscle (animals), and
birch (Betula sp.) leaves (plants) were used as inter-
nal working standards, and two replicates were run
repeatedly after every five samples in each sequence.
Standard deviations within reference samples in
each sequence were less than 0.08%o for carbon and
0.15%¢ for nitrogen in pike samples and less than
0.08%o for carbon and 0.19%o for nitrogen in birch
leaf samples.

Data analysis

Following the approach described by Glon et al.
(2016), we estimated 8'3C, 8"°N, and the metabolic
rate of each crayfish tissue at equilibrium () with
their respective diets, using the growth-based model
of Hesslein et al. (1993) based on Nonlinear Least
Squares method:

8, =8 + (5, — 5p)e " 1)

where 6, is the 8'3C or 8"°N value of specific cray-
fish tissues at time 7. Consequently, &, is the estimated
8'3C or 8'°N of crayfish tissues when reaching an
equilibrium with their new diet, while §; is the initial
8'13C or 8N of the tissue, m the metabolic turnover

rate, and k the growth rate, that in turn can be calcu-
lated as

. ln(%>’ )

where W, is the weight of the individual crayfish at
the time of the sampling (f), and W,, the initial weight.
We used this equation as it allowed us to separate the
relative contributions of crayfish growth and meta-
bolic tissue replacement to our isotope values, i.e., to
quantify the half-life of stable isotopes in each tissue
(Fry & Arnold, 1982).

For each tissue, we further calculated the TDF
(ABC and AN), which reflects the difference
between the crayfish 6 values at the time they reach
equilibrium (&) and that of their diet (5,) as

A =6 =8y 3)

We also estimated stable isotopes half-life, follow-
ing the growth-based model of Hesslein et al. (1993)
modified by Glon et al. (2016), by setting 6, equal to
the mid-point between the measured §; and the model
estimate &y and then solving for 7:

In(Z=%)
= — 7 “
—(k +m)

where 0, 6f, k, and m are the parameters mentioned
above.

Finally, for each tissue, we ran generalized linear
models (GLMs, with Gaussian distribution) with
8'3C or 8"°N as response variable and diet, time and
their interaction as predictors. Tukey’s post hoc tests
were subsequently applied to test for significant dif-
ferences among the treatments.

Comparison of TDF performance

To compare the obtained TDFs from our study to
those already known, we collected information from
previously published studies on crayfish. Using a
series of keywords (i.e., trophic discrimination factor,
fractionation factor, crayfish, biokinetic) in Google
Scholar, we identified only three suitable studies that
dealt with TDFs in crayfish (Table 1). Additionally,
for both 8'3C and 8N, we added commonly used
(general) TDFs from Vander Zanden & Rasmussen

@ Springer
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(2001), the calculated mean value of all TDFs found
(i.e., those from the literature as well as those esti-
mated by our study) and the study of Brauns et al.
(2018), suggesting C:N:P ratio as a good predictor of
TDFs.

To test and compare our TDF performance, we
collected stable isotope data from four species: the
marbled crayfish, the spiny-cheek crayfish [Faxonius
limosus (Rafinesque, 1817)] the signal crayfish [Paci-
fastacus leniusculus (Dana, 1852)], and the noble
crayfish [Astacus astacus (Linnaeus, 1758)] across
seven localities of four European countries (Czech
Republic, Slovakia, Hungary, and Finland; Table 2).

Table 2 Localities and crayfish species used for TDF comparison

Using the collected TDFs from the literature (six
values; Table 1), we ran Bayesian models using the
MixSIAR R package (Stock et al., 2018), employing
different TDFs for each site/species (Fig. 1). Specifi-
cally, in the case of this study, the single consumer-
resource data obtained from a given locality were
loaded into the Bayesian model with a single TDF
obtained from literature/experiment. Mentioned sin-
gle consumer-resource data from a given locality
were then also separately loaded with other TDFs in
single Bayesian models. Thus, we generated seven
independent Bayesian models with the same single
consumer-resource data from a given locality but with

References Location Country Ecosystem type Crayfish species Putative food sources

Vesely et al., (2021) Barat stream Hungary Lotic Faxonius limosus Detritus, Macrophytes,
and Procambarus Algae, Zoobenthos
virginalis

Liptak et al., (2019) Leopoldov gravel pit Slovakia Lentic P. virginalis Allochthonous detritus,

Vesely et al., (2020) Nyrsko reservoir

Ercoli et al., (2014) Kallajéarvi Lake Finland Lentic
Suurimieloo Lake Finland Lentic
Syvéjarvi Lake Finland Lentic
Karikkoselkd Lake  Finland Lentic

Czech Republic Lentic

Autochthonous detritus,
Macrophytes, Algae,
Zoobenthos

Astacus astacus Detritus, Macrophytes,
Algae, Zoobenthos,

Crayfish, Zooplankton

A. astacus Detritus, Macrophytes,
A. astacus Periphyton, Zoobenthos
P. leniusculus

P. leniusculus

Fig. 1 Scheme of TDF
performance comparison o=
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different TDFs. Then, we compared these models
(using the compare_models function) using Leave-
one-out cross-validation (LOO) and widely applica-
ble information criterion (WAIC; Stock & Semmens,
2016). Both methods estimate pointwise out-of-sam-
ple prediction accuracy from a fitted Bayesian model
using the log-likelihood evaluated at the posterior
simulations of the parameter value. Significant differ-
ences among models were assumed when ALOO or
AWAIC was>0.5. If LOO and WAIC provided dif-
fering results, we considered LOO a more robust and
appropriate method due to the model weight based on
Akaike information criterion (AIC).

To test if the consumers’ isotope values fell within
the resource isotope space, we applied the approach
of Smith et al. (2013), using the trophic niche to vali-
date our models. For this, we plotted the mean iso-
topic signatures of all sources enriched by the TDF
together with the isotopic signatures of all individuals
of the consumer. If the whole consumer’s niche fell
within the polygon area defined by the sources, then
the model was considered valid, while an intersection
would indicate the opposite (see Table S3).

Results
Controlled feeding experiment

For all four tissues, there was a significant effect of
time, diet, and the interaction of the two factors on
8'°C and 8'°N (Figs. 1, 2; Supplementary Figs. SI,
S2; Table 3). With the exception of carbon stable iso-
topes in hepatopancreas in animals fed by catfish diet,
all combinations of diet and tissues reached an equi-
librium in both isotopes (Table 4).

Crayfish fed with carrots had the most depleted
values of 8'°C and 8'N compared to crayfish pro-
vided with the other diets, regardless of the tissue
(Figs. 2, 3). Hepatopancreas was the most depleted
tissue in terms of 8'3C, while the most enriched tis-
sue was the carapace. Carapace was the most depleted
tissue for 8'°N, while the most enriched was muscle.

The estimated mean half-life of §'°C differed
among diets and tissues (Table 2). The estimated
mean half-life of 8'3C in muscle and hepatopancreas
was longer for carrot than for catfish diet. Carapace
and gill tissues showed an opposite trend, with cray-
fish fed with carrots incorporating carbon from the

new diet faster than crayfish provided with catfish. In
muscle, carapace, and hepatopancreas, the estimated
mean half-life of §'°N was shorter in crayfish fed with
carrots than in those fed with catfish. On the other
hand, gills from crayfish fed with carrots required a
longer time to incorporate nitrogen from the new diet
than crayfish fed with catfish. However, it should be
noted that, for some diet and tissue combinations, the
metabolic turnover rate was not at equilibrium (see
Table 4). Thus, although the computed values are
reported for comparisons, the isotopic half-life is less
reliable compared to other estimations.

Trophic discrimination factors also differed among
diets and tissues. TDFs of 8'°N for all tissues were
higher in crayfish fed with carrots than in those fed
with catfish. Similarly, 8'*C TDFs were higher in all
tissues of crayfish fed with carrots except for gills,
which showed a higher TDF in crayfish fed with
catfish. A consistent §'°C TDF pattern was found
among tissues regardless of the diet, with the lowest
value in the hepatopancreas, followed by gill, mus-
cle, and carapace samples. Such a consistent pattern
was not found for 8'°N TDF (Table 4). Anyway, it
should be noted that for some tissues other than mus-
cle, for some diet treatments, the isotopic value did
not reach equilibrium (see Table 4). For these cases,
we reported the computed TDFs for comparison with
other studies, but these TDFs should be taken with
caution, since they are less reliable.

Comparison of TDF performance

The applied models identified differences in the
performance of the different TDFs across studies
(Table 5). In the Barat stream occupied by the spiny-
cheek crayfish and/or marbled crayfish, a cluster of
TDFs suggested by Glon et al. (2016) and Vander
Zanden & Rasmussen (2001) were significantly more
accurate than others. In the Leopoldov gravel pit lake
occupied by marbled crayfish, the TDFs suggested by
Glon et al. (2016) were significantly more accurate
than others. On the other hand, in the Nyrsko reser-
voir, which was occupied by noble crayfish, TDFs
reported by Vander Zanden & Rasmussen (2001) per-
formed significantly better than others. Interestingly,
there were no significant differences in performance
among TDFs for the Finnish lakes, which were occu-
pied by the noble and signal crayfish.
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given diet (carrot=small letters in italic, catfish=capital let-

The overlap between model-based simulations
of mixing regions of food sources and their con-
sumers provides a generally similar picture as with
the above model comparison method of the relative
performance of the TDFs. However, both method
outcomes provided a slightly different picture (Sup-
plementary Figs. S3—-S10, Table S3): In the marbled
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ters, sewage worm=small letter) and tissue. Significant differ-
ences between diet within each time are marked by asterisks,
non-significant ones by ‘NS’. A muscle, B carapace, C gill, D
hepatopancreases

and spiny-cheek crayfish from Barat stream, consum-
ers were within the polygons of their food sources in
each model with TDF of Vander Zanden & Rasmus-
sen (2001) and Brauns et al. (2018) (Supplementary
Figs. S3, S5, Table S3). Similarly, situation was in the
Nyrsko reservoir, where models with TDF of Vander
Zanden & Rasmussen (2001) and Brauns et al. (2018)
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Table 3 Summary of the most parsimonious model for nitro-
gen (8"N) and carbon (8'3C) in different tissues

df 8N 8l*C
F Pvalue F P value

Muscle

Diet 2 140.561 <0.001 47.171 <0.001

Time 1 20.998 <0.001 35.097 <0.001

Dietxtime 2 54.615 <0.001 12.271 <0.001
Carapace

Diet 2 25.575 <0.001 25.328 <0.001

Time 1 12.464 <0.001 4.088 0.047

Dietxtime 2 19.253 <0.001 4.942 0.011
Gill

Diet 2 223.289 <0.001 44.998 <0.001

Time 1 21.073 <0.001 16.745 <0.001

Dietxtime 2 87.800 <0.001 12.237 <0.001
Hepatopancreases

Diet 2 128.906 <0.001 54.79 <0.001

Time 1 12.415 <0.001 20.692 <0.001

Dietxtime 2 46.053 <0.001 12.834 <0.001

Significant values (P <0.05) in bold
df degrees of freedom

and Carolan were most suitable (Supplementary Fig.
S6, Table S3). The simulation of the mixing region
for the Leopoldov gravel pit lake suggested that the
TDFs proposed by Brauns et al. (2018) was the most
suitable for marbled crayfish (Supplementary Fig.
S4, Table S3). An opposite situation was found for
Finnish lakes. In Karikoselkd and Syvijdarvi Lake,
occupied by signal crayfish, none TDF can be con-
sider as a suitable, only Brauns et al. (2018) resulted
in the consumer falling within the source polygons
with exception of one specimen in both lakes. On the
other hand, in Suurimieloo Lake, occupied by noble
crayfish, TDF suggested by Brauns et al. (2018) was
considered suitable. In Kallajiarvi Lake, inhabited by
noble crayfish, TDF suggested by Vander Zanden &
Rasmussen (2001) and Brauns et al. (2018) consider
as a suitable, resulted in the consumer falling within
the source polygons.

Discussion

Over the last several decades, the use of SIA has been
of paramount importance to ecologists interested in

understanding food webs and trophic interactions
(Post, 2002; Nielsen et al., 2018). However, limited
availability or the use of incorrect TDFs remains
important limitations for SIA (Nielsen et al., 2018;
Stock et al., 2018). Establishing species- or tissue-
specific TDFs using a laboratory experiment requires
considerable effort, and laboratory-derived TDFs
may not accurately reflect natural conditions (Bondar
et al., 2005; Jussila et al., 2015; Glon et al., 2016).
In this study, we demonstrated that biokinetics vary
among tissues and diets of marbled crayfish, in
accordance with our first hypothesis. Furthermore,
this study revealed species-specific and ecosystem
differences in the performance of TDFs, in accord-
ance with our second and third hypotheses, respec-
tively. Moreover, we propose a novel approach for
assessing TDF suitability for a given consumer which
may be widely applicable across consumers and
ecosystems.

Controlled feeding experiment

No study to date has examined the growth of tissues
or organs in crustaceans, which limits the application
of the Hesslein model (Hesslein et al., 1993) that is
based on known relationships between body size and
growth rates, introducing biases into data interpreta-
tion. It is also well known that biokinetic parameters
also strongly vary among species (Boecklen et al.,
2011; Glon et al., 2016). Therefore, the assump-
tion that isotope half-lives, metabolic turnover rates,
or TDFs obtained from one species can be used for
another one is misleading. In crustaceans, differ-
ences in biokinetic parameters between species can
be found even when only the muscle tissue is con-
sidered. Suring & Wing (2009) estimated the isotope
half-life (8'3C and 8"°N) of red rock lobster [Jasus
edwardsii (Hutton, 1875)] muscle to be 147 days,
whereas for a freshwater shrimp Macrobrachium
borellii (Nobily, 1896) it was much shorter for both
8'3C and 8"°N (75 and 40 days, respectively; Viozzi
et al., 2021). These results differ from Glon et al.
(2016), who estimated isotope half-lives of two Faxo-
nius species [F. rusticus (Girard, 1852) and F. virilis
(Hagen, 1870)]. Their results for 8'°N (28-30 days)
were similar to ours. On the other hand, the results for
8'C were substantially longer (33-36 days) for both
species compared to ours. Similarly, in the common
yabby (Cherax destructor Clark, 1936), 8N isotope

@ Springer
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Table 5 Comparison
of Bayesian models

with different trophic
discrimination factor

TDF ALOO Weight AWAIC Weight
Barit stream, Hungary—marbled crayfish
Vander Zanden & Rasmussen (2001) 0.3 0.262 0.4 0.267
Glon et al. (2016) 0.0 0.226 0.0 0.218
Carolan et al. (2012) 3.6 0.043 3.6 0.044
Mazumder et al. (2018) 1.5 0.124 1.5 0.126
Brauns et al. (2018) 0.2 0.238 1.9 0.103
Present study 1.8 0.107 0.2 0.241
Leopoldov gravel pit, Slovakia—marbled crayfish
Vander Zanden & Rasmussen (2001) 1.7 0.121 0.9 0.168
Glon et al. (2016) 0.0 0.284 0.0 0.263
Carolan et al. (2012) 2.0 0.105 1.4 0.130
Mazumder et al. (2018) 0.3 0.245 0.5 0.205
Brauns et al. (2018) 1.1 0.164 1.1 0.152
Present study 2.5 0.081 2.3 0.083
Bariét stream, Hungary—spiny-cheek crayfish
Vander Zanden & Rasmussen (2001) 0.2 0.264 0.3 0.256
Glon et al. (2016) 0.0 0.292 0.0 0.298
Carolan et al. (2012) 2.6 0.080 2.8 0.073
Mazumder et al. (2018) 1.0 0.177 1.1 0.172
Brauns et al. (2018) 0.9 0.186 0.8 0.199
Present study 10.2 0.002 10.3 0.002
Karikkoselk#a lake, Finland—signal crayfish
Vander Zanden & Rasmussen (2001) 1.6 0.091 1.8 0.084
Glon et al. (2016) 0.1 0.192 0.2 0.186
Carolan et al. (2012) 0.6 0.150 0.4 0.169
Mazumder et al. (2018) 0.0 0.202 0.0 0.206
Brauns et al. (2018) 0.2 0.183 0.4 0.169
Present study 0.2 0.183 0.2 0.186
Syvéjarvi lake, Finland—signal crayfish
Vander Zanden & Rasmussen (2001) 0.0 0.202 0.0 0.187
Glon et al. (2016) 0.5 0.157 0.3 0.161
Carolan et al. (2012) 0.7 0.142 0.2 0.169
Mazumder et al. (2018) 0.1 0.192 0.2 0.169
Brauns et al. (2018) 0.5 0.157 0.4 0.153
Current study 0.6 0.150 0.3 0.161
Suurimieloo lake, Finland—noble crayfish
Vander Zanden & Rasmussen (2001) 0.2 0.161 0.2 0.160
Glon et al. (2016) 0.1 0.169 0.1 0.168
Carolan et al. (2012) 0.1 0.169 0.1 0.168
Mazumder et al. (2018) 0.3 0.153 0.3 0.152
Brauns et al. (2018) 0.0 0.178 0.0 0.176
Present study 0.1 0.169 0.0 0.176
Kallajérvi lake, Finland—noble crayfish
Vander Zanden & Rasmussen (2001) 0.2 0.174 0.2 0.173
Glon et al. (2016) 0.1 0.183 0.1 0.182
Carolan et al. (2012) 0.4 0.158 0.3 0.164
Mazumder et al. (2018) 0.4 0.158 0.4 0.156
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Table S (continued) TDF ALOO Weight AWAIC Weight
Brauns et al. (2018) 0.7 0.136 0.7 0.134
Present study 0.0 0.192 0.0 0.191
Nyrsko reservoir, Czech Republic—noble crayfish
Vander Zanden & Rasmussen (2001) 0.0 0.960 0.0 0.958
Glon et al. (2016) 6.8 0.032 6.7 0.034
Carolan et al. (2012) 12.7 0.002 12.7 0.002
Mazumder et al. (2018) 10.6 0.005 10.5 0.005
Brauns et al. (2018) 14.1 0.001 14.1 0.001
Present study 14.5 0.001 14.8 0.001

Leave-one-out cross-validation (ALOO) and widely applicable information criterion (AWAIC)
denote differences among the models within a given ecosystem. Significant values (ALOO or
AWAIC > 0.5) in bold. Weight =model weight based on Akaike criterion, ALOO differences
among models in Leave-one-out cross-validation method, AWAIC =differences among models
widely applicable information criterion method

half-life was estimated as 19 days, while for §'°C it
could not be established (Carolan et al., 2012). Such
observed differences are not unequivocally species-
specific but may be related to uncontrolled external
biotic and abiotic factors such as temperature, salin-
ity, ecosystem type, species origin, or ontogeny. For
example, Barnes et al. (2007) reported that tempera-
ture can modify TDFs in European sea bass [Dicen-
trarchus labrax (Linnaeus, 1758)].

It is also known that TDFs vary depending on
other factors, such as diet composition or species
(Caut et al., 2009; Auerswald et al., 2010; Perga &
Grey, 2010). Indeed, herbivores generally show
higher TDFs than carnivores (Vander Zanden & Ras-
mussen, 2001; Del Rio & Wolf, 2005). Yet, few stud-
ies investigating the trophic ecology of crayfish have
examined the isotopic incorporation and TDFs of dif-
ferent tissues (Stenroth et al., 2006; Mazumder et al.,
2018). In line with this expectation and in accordance
with the findings from Mazumder et al. (2018), we
found lower TDFs in almost all tissues from crayfish
fed with catfish compared to those fed with carrots.
The only exception to this pattern was the §'°C TDF
for gills. Further, omnivorous animals, like crayfish,
assimilate the isotopic signatures of their food sources
differently depending on the proportion of plant and
animal material ingested. Therefore, it is likely that
TDFs of omnivores are intermediate between those of
herbivores and carnivores (Bastos et al., 2017). As a
result, it is crucial not to consider a single (averaged)

@ Springer

TDF, but instead the potential TDF range or prefer-
ably species-specific TDFs whenever possible.

In their review, Caut et al. (2009) found that
8!°N TDFs ranged from 0.7 to 5.2%o in freshwater
invertebrates. More recent studies on 8'°N TDF of
freshwater crayfish muscle found values ranging
between 0.1 and 3.7%o (Glon et al., 2016; Mazum-
der et al., 2018) or a mean value of 1.5%¢ (Carolan
et al., 2012). Viozzi et al. (2021) found 8"°N TDF in
the muscle of Macrobrachium borellii ranging from
3.18 to 4.02%o. The current study found lower val-
ues for the 8N range, underlining the food source
dependency. In our study, the muscle 8'3C TDF was
higher compared to those reported in the literature
(Mazumder et al., 2018: —1.4 to 2.3%0; Carolan
et al., 2012: — 1.1 %o; Viozzi et al., 2021: —0.93 to
0.73%0), while our estimated hepatopancreas TDF
ranged lower for both 8'°C and 8"°N when com-
pared to those reported for a freshwater shrimp
(from 0.34 to 1.06%0 and from 1.27 to 2.13%o,
respectively; Viozzi et al., 2021). Our carapace
TDF ranges were considerably higher for both §'3C
and 8'°N than those reported for Cherax destructor
(Mazumder et al., 2018). These results suggest alto-
gether a strong TDF species and tissue dependency.

Comparison of TDF performance

Stable isotope mixing models and estimates of trophic
positions can be highly affected by the choices of
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TDFs, reflecting the taxonomic group and tissue type
as well as the diet of the studied consumers (Healy
et al., 2017). While previous studies reported specific
TDFs for given species (fish, mammals), there is no
consensus regarding which TDFs should be used for
crayfish. Nonetheless, many previous studies have

sue. Significant differences between diet within each time are
marked by asterisks, non-significant ones by ‘NS’. A Muscle,
B carapace, C gill, D hepatopancreases

used the values of Vander Zanden & Rasmussen
(2001). However, such an approach might be mislead-
ing, strongly affecting results due to species-specific
TDF dependency. The versatility of observed TDFs
and their variability among species examined argu-
ably substantiates this need, especially when abiotic

@ Springer



Hydrobiologia

factors (such as temperature, salinity, etc.) might have
differential effects on carbon and nitrogen stable iso-
tope fractionation in a given environment.

Although crayfish are considered omnivorous
(Momot, 1995), dietary differences can be observed
among species, with some species preferring plant
sources, while others tend to be more carnivorous
(Vesely et al., 2021). For example, for marbled cray-
fish and spiny-cheek crayfish, both considerably her-
bivorous, the outputs of model comparison revealed
the TDFs suggested by Glon et al. (2016) as the most
suitable. In contrast, the TDFs reported by Vander
Zanden & Rasmussen (2001) were most suitable for
the noble crayfish, which relies more on high protein
foods (Ackefors et al., 1992).Our results also sug-
gested the latitude as a factor affecting TDFs. Yang
et al. (2009, 2011) found differences in deuterium
TDFs in high latitude terrestrial plants. Similarly,
Sternberg & Ellsworth (2011) suggested that differ-
ences in oxygen TDFs cannot be explained by tem-
perature variation but rather biochemical fraction-
alization. However, we are not aware of any study
examining TDFs for animals across latitude. It should
be noted, however, that we have a limited number of
sites to support our evidence, and that such differ-
ences can be caused by missing food sources or spa-
tial variability in the isotope values of the sources
(Syvaranta et al., 2006) or strong seasonality in high
latitudes (Vincent et al., 2008). The current version
of the Bayesian mixing model is robust and accounts
for the uncertainty associated with multiple sources,
fractionation factors, and isotope signatures, which
decrease biases in data interpretation (Moore &
Semmens, 2008; Stock & Semmens, 2016). Thus, it
is likely that another factor, such as latitude, which
affects temperature and light regime at a given local-
ity, may play a role.

Conclusions

In this study, we demonstrated that the accuracy of
TDFs for crayfish strongly depends on the tissue,
species, and site. Further studies on crayfish species
from other genera and families under strictly con-
trolled conditions are needed to better determine the
most appropriate TDFs. More broadly, we proposed
a new approach to identify specific TDFs for a given
consumer. Our statistical approach cannot define new
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TDFs but it can be a guideline to find suitable TDFs
for specific consumers. While we are aware that even
such a methodological approach might have some
limitations, we feel that this is currently the best solu-
tion for robust analysis of stable isotope data. We,
therefore, recommend the application of our approach
to other taxa and ecosystems to develop a broader
understanding of TDFs.
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