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Abstract: Isotopic signatures of carbon and nitrogen are widely used for analysis of the structure of
food webs in aquatic ecosystems. The study of animals raises a number of methodological questions,
including choice of representative tissues and organs for sampling as well as storage of the studied
organisms. Furthermore, the impacts of preservation methods can be tissue-specific, age-specific,
and even taxon-specific; thus, studies of these impacts on particular taxa are necessary. We focused
on the C and N isotope composition of the common toad (Bufo bufo), one of the most widespread
European anuran amphibians. We hypothesized that its different tissues and organs may vary in
isotopic composition, and ethanol and freezing may have different effects on isotopic values. Our
results showed that both “tissue” and “storage method” factors significantly affected the δ13C values
of tadpoles and postmetamorphic juveniles, whereas only the “tissue” factor had a significant effect
on the δ15N values. The two stages, tadpoles and postmetamorphs, should be analyzed separately
despite the brief postmetamorphic period of the juveniles. The skin, legs, muscles, and tail in
tadpoles and legs, muscles and heart in juveniles can be used for δ13C and δ15N analysis regardless
of the method of storage. The results will serve for the optimization of future study designs in
isotopic ecology.

Keywords: ethanol storage; isotopic ecology; lake Glubokoe; trophic discrimination factors;
trophic ecology

1. Introduction

Isotopic signatures of carbon and nitrogen are widely used for analysis of the structure
of food webs in both aquatic and terrestrial ecosystems [1–3]. The carbon 13C/12C ratio
(usually expressed as δ13C) allows tracing basal carbon sources [4,5], whereas 15N/14N
ratio (δ15N) increases as nitrogen passes from one consumer to another, indicating the
trophic level of an animal in the trophic chain [6]. These phenomena make stable isotope
analysis (SIA) a suitable tool for solving a wide range of questions in trophic ecology [7,8].
The unique isotope composition (“isotopic signature”) of an animal reflects its diet over
time with a certain (sometimes significant) delay. In this case, carbon and nitrogen of
different tissues and functional systems of the body are updated at different rates [9–11].

In small-sized animals of terrestrial and aquatic taxa (e.g., collembolans, mites, micro-
crustaceans), the isotopic composition can be measured in the whole organism without
selection of a representative tissue or organ [12–14]. The use of a whole organism of large-
sized animals is not possible and raises a number of methodological questions. The isotopic
composition of different organic compounds that make up the tissues of organisms is not
the same. For example, lipids are depleted in 13C and 15N in comparison with proteins
and sugars [15,16]. Different tissues and body parts of animals differ significantly in the
mass content of proteins, lipids, and may contain bones (vertebrates) or chitin (inverte-
brates). These differences determine the variation in the isotopic composition of various
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tissues and organs [14,17]. Indeed, a significant variation in the isotopic composition
of carbon (δ13C) and nitrogen (δ15N) within one organism was shown for a number of
invertebrates and vertebrates, including diplopods [18], orthopterans [19], aphids [20],
fishes [21], reptiles [22,23], birds [24] and mammals [25–27]. However, we know little about
such differences between tissues in amphibian [28–30], which play an important role in
trophic webs of both aquatic (in larval stage) and terrestrial (as adults) ecosystems.

Muscles are considered the most convenient tissue for stable isotope study of an animal
because structural elements are assumed to have lower rates of isotopic incorporation
than splanchnic tissues and organs [31]. Muscles have been often used in studies on
vertebrates [21], including amphibians [29,32]. However, the extraction of muscle tissue
from the legs of tadpoles is possible only in the final developmental stages. The extraction
of muscles from the legs of juveniles can also be difficult due to the small sizes of the
specimens. However, the use of a homogenized individual for isotopic analysis may
result in an incorrect assessment due to the possible chemical differences between tissues
and organs.

Another important question relates to the methods of material preservation prior
to isotopic analysis. Freeze drying and subsequent dry storage is considered the most
convenient conservation method [33], which does not affect the isotopic composition of the
material [34–36]. However, the use of a freeze-dryer for the preservation of samples during
field studies is very difficult, since this is a piece of stationary laboratory equipment that
is difficult to transport to the field. Under these conditions, samples can be frozen in the
freezer of a household or mobile refrigerator (usually at −18 ◦C) or fixed with preservative
liquids, among which ethanol is most frequently used [37]. However, ethanol is known
to alter stable isotope ratios in samples [27,36,38]. Furthermore, the impacts of storage
methods are taxon-specific, age-specific (see e.g., [33,39,40]) and can even be tissue-specific.
Thus, studies on the impacts of these storage methods on particular taxa are necessary.

The influence of preservation methodology on stable isotope ratios has also been
investigated in various taxa, such as terrestrial invertebrates [33,41], birds [42] and mam-
mals [27], as well as aquatic microorganisms [39,43], invertebrates [36,44], fishes [45], and
mammals [46]. Nevertheless, the influence of the storage method on the ratio of stable
isotopes of such an important taxon as amphibians is not clear. Amphibian larvae occupy
basal trophic niches, can reach significant seasonal biomass in fresh water bodies, and,
after metamorphosis, move a great volume of organic matter to land, linking aquatic
and terrestrial ecosystems [47,48]. After metamorphosis, anuran amphibians change their
feeding habits from omnivorous to predatory [48]. The same is true for toads (Bufonidae)
which are periodically the object of ecological studies with stable isotope analysis [49,50].
Moreover, there is practically no data on the effect of the storage method on different
tissues of toads, as fixation with ethanol can alter the isotopic values of one tissue, but not
affect the other [27]. Thus, in addition to choosing a particular tissue for isotope analysis, it
is necessary to compare the methods of its preservation.

In our study, we focused on isotope composition of the common toad (Bufo bufo), one
of the most widespread European anuran species. We hypothesized that different tissues
may differ in isotopic composition, and ethanol may affect the isotopic values of C and N,
and formulated the following tasks: (i) to assess the differences in the C and N isotopic
composition of tissues and organs within the same developmental stages for tadpoles and
separately for juveniles; (ii) to test the impact of the most common preservation method
(ethanol) on isotope composition of different tissues. Additionally, we compared isotopic
values of the same tissues and organs of larval (“tadpoles”) and newly-metamorphosed
juvenile (hereafter referred to as “juveniles”) toads.

2. Materials and Methods
2.1. Experimental Design and Sampling

We collected B. bufo samples at the Lake Glubokoe Hydrobiological Station (N 55◦45′;
E 36◦30′) of the A.N. Severtsov Ecology and Evolution Institute, the Russian Academy of
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Sciences, located 70 km west from the center of Moscow [51]. Toads of two ages (tadpoles
and juveniles; hereafter the factor is referred to as “stage”) were caught simultaneously on
19 June 2019. The Glubokoe lake has a 60 m wide nearshore shallow waters, overgrown by
macrophytes with a domination of water horsetail Equisetum fluviatile L., 1753, common
reed Phragmites australis (Cav.) Trin. ex Steud., 1871, and broadleaf cattail Typha latifolia L.
(1753). The lake and surroundings belong to Glubokoe Lake Nature Reserve. There
are no significant anthropogenic local pollutants, such as sewage, which can potentially
affect isotopic composition of basal food of tadpoles in the studied lake. The region is
characterized by warm summers and moderately cold winters, with the mean monthly
temperatures ranging from −10 ◦C (January) to +17 ◦C (July) and an average annual
precipitation of about 700 mm [52].

Tadpoles were collected close to the shoreline and newly-metamorphosed juve-
niles were collected on the bank near the shoreline. The collected tadpoles were at
Gosner’s (1960) stage 37.4 ± 0.9 (mean ± standard error is presented here and below)
with sizes: L = 33.6 ± 0.3 mm; m = 441.6 ± 10.1 mg; n = 10. All the collected juveniles
(L = 12.3 ± 0.3 mm; m = 181.6 ± 9.0 mg; n = 10) completed metamorphosis and had re-
sorbed their tail. After collection, tadpoles and juveniles were left starving in separate
containers without food for two days to evacuate the digestive tract. The studied specimens
were sacrificed by immersion in ethyl 3-aminobenzoate methanesulfonate (Sigma-Aldrich).
This anesthetic does not have significant influence on isotope ratios of tissues [30]. Half
of the caught specimens were placed in a freezer and stored at −18 ◦C, other half of the
samples were fixed in 96% ethanol (hereafter the factor is referred to as “storage method”).
We used the same quality and quantity of ethanol for all the samples. The samples were
processed in February 2020, with a duration of storage of 8 months. Furthermore, the
tissues and organs were extracted from each specimen (hereafter the factor is referred to
as “tissue”). The replicate of each tissue or organ was five (from five different specimens).
Thus, we used 10 larval individuals (5 for analysis of frozen and 5 for analysis of ethanol-
stored tissues) as well as 10 juveniles (5 for analysis of frozen and 5 for ethanol-stored
tissues). Additionally, 10 larval specimens were homogenized as a whole for analysis of
freezing and ethanol storage effects (5 and 5, respectively) and 10 juvenile specimens were
used as a whole to study freezing and ethanol storage effects (5 and 5, respectively). The
following tissues and organs were analyzed in tadpoles: muscles from back, hind legs, skin,
heart, tail, digestive tract including intestines, and larval stomach, the manicotto glandulare,
(hereafter referred to as “muscles”, “legs”, “skin”, “heart”, “tail” and “guts”, respectively)
and the whole homogenized specimens (hereafter referred to as “whole organism”). Unfor-
tunately, we were not able to analyze heart samples from tadpoles after freezing because
of destruction of this organ upon thawing. Thus, heart was excluded from some pairwise
comparisons. The following tissues and organs were analyzed in juveniles after freezing
and separated after ethanol fixation: muscles, legs, skin, heart, digestive tract (including
guts and well-developed stomach) and whole homogenized specimens (hereafter referred
to as “muscles”, “legs”, “skin”, “heart”, “guts” and “whole organism”, respectively). The
collection and processing of the organisms are in line with all current regulations of the
Russian Federation and approved by the Animal Care and Use Committee of the A.N.
Severtsov Ecology and Evolution Institute, the Russian Academy of Sciences (permit # 12
from 14 May 2018).

2.2. Stable Isotope Analysis

All tissue samples were separately oven-dried at 50 ◦C for 3 days. To assess the
mean isotopic values of whole specimen, we homogenized samples after drying us-
ing a ball mill (Retsch MM200, Retsch GmbH, Haan, Germany). Then, samples were
weighed (approx. 300 µg) and wrapped in tin foil. Their isotopic compositions were
determined using a Thermo-Finnigan Delta V Plus continuous-flow mass spectrome-
ter (Thermo Electron GmbH, Bremen, Germany) coupled with an elemental analyzer
(Thermo Flash 1112, Thermo Electron) at the Joint Usage Center “Instrumental Meth-
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ods in Ecology” at the IEE RAS. The isotopic composition of N and C was expressed in
the δ-notation relative to the international standards (atmospheric nitrogen and VPDB):
δX(‰) = [(Rsample/Rstandard) − 1] × 1000, where R is the molar ratio of the heavier isotope
to the lighter isotope. Samples were analyzed with reference gases calibrated against IAEA
(Vienna, Austria), reference materials USGS 40 and USGS 41. The drift was corrected using
an internal laboratory standard (casein). The standard deviation of δ15N and δ13C values
in the reference material was <0.15‰ (n = 8). Along with stable isotope composition, the
average mass values of nitrogen and carbon (%) were determined. A total of 125 samples
and 20 internal laboratory standards (casein) were analyzed for δ13C, δ15N, C and N.

2.3. Data Analysis

Thus, the experiment had a factorial design with the three following treatments: the
factors “stage”, “tissue”, and “storage method”, the influence of which was tested on carbon
and nitrogen isotopic values, as well as on C/N ratios. To assess the effect of the factors
“tissue”, “storage method”, and their interaction (shown as “Storage method × Tissue”) on
the δ13C, δ15N and C/N values of tadpoles and juveniles separately (n = 60 with exception
of 5 frozen heart samples and n = 60 samples, respectively), we applied general linear
modelling (GLM) with the forward stepwise predictor selection method which permutes
combinations of variables to find the best model built from variables with significant
effects [53].

To estimate differences between δ13C and δ15N values of B. bufo tadpoles and ju-
veniles, we applied GLM, forward stepwise predictor selection method, with factors
“stage”, “tissue”, and their interaction (shown as “Stage × Tissue”). For this aim we used
100 samples in total, of which 50 were frozen and 50 were ethanol-fixed. The analyses were
provided separately for frozen (n = 50) and ethanol-fixed (n = 50) samples. The comparison
was made for samples of muscles, skin, guts, and legs taken from amphibians of both
stages and whole specimens were used.

Before analyses, for assessing homogeneity and normality of the selected model, the
data were tested using the Statistica residuals tool. All dependent variables were also
checked for normal distribution with the Shapiro-Wilk test and showed to be normally
distributed and homogenous and required no transformation, which allows us to apply
GLM. After GLM, the significance of differences between means was assessed using Tukey’s
HSD test. All statistical hypotheses were tested at the p < 0.05 significance level. Data
processing was performed using Statistica 13.3 (TIBCO Software, Palo Alto, CA, USA).

3. Results
3.1. “Tissue” and “Storage Method” Factors in Tadpoles

Both “tissue” and “storage method” factors significantly affected the δ13C values of
tadpoles (Table 1), but not the interaction of these factors. Fixation in ethanol increased
δ13C values as compared to frozen tadpoles by an average of 0.4‰ (Figure 1A). However,
pairwise comparison of different tissues and organs showed significant differences only
for comparisons of the digestive tract. Fixation with ethanol of other tissues and organs
did not affect δ13C values (Figure 1A). The range of δ13C mean values between different
tadpole organs and tissues averaged about 1.5‰. The digestive tract was significantly
depleted in 13C relative to the other organs (Figure 1A).

Only the “tissue” factor had a significant effect on the δ15N values of tadpoles (Table 1).
The highest δ15N values were observed in tail, muscles, and the whole body (Figure 1B).
The lowest δ15N values were in the digestive tract, which on average differed from the tail,
muscles and the whole homogenized organism by 1.2‰, 0.7‰, and 0.7‰, respectively.

Storage of the sample in ethanol significantly reduced the C/N ratio in the tis-
sues of the digestive tract, muscles, legs, tail, and the whole organism, but not in the
skin (Figure 1C).
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Table 1. Results of GLM (forward stepwise selection of factors) for mean δ13C, δ15N and C/N values of Bufo bufo tadpoles
and juveniles. Heart values were removed from the “tadpole” dataset. “SS”—sums of the squares, “p”—probability levels,
“Error” refers to the total unexplained variance remaining in the model. “n.s.” indicates lack of significant results (p > 0.05).

Factors
δ13C δ15N C/N

SS p SS p SS p

Tadpoles

Storage method 2.42 0.037 n.s. 3.28 <0.0001
Tissue 10.3 0.0044 11.78 <0.0001 9.68 <0.0001

Storage method × Tissue n.s. n.s. 0.80 0.0084
Error 28.05 12.8 2.16

Model R2 0.31 0.479 0.864
Model p 0.0022 <0.0001 <0.0001

Juveniles

Storage method 6.99 0.0004 n.s. 3.2 <0.0001
Tissue 7.48 0.016 6.3 0.0001 2.67 <0.0001

Storage method × Tissue n.s. n.s. 1.37 <0.0001
Error 22.5 1.01

Model R2 0.386 9.2 0.878
Model p 0.00057 0.406 0.0001 <0.0001
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3.2. “Tissue” and “Storage Method” Factors in Juveniles

Both factors “tissue” and “storage method” significantly influenced the δ13C values in
juveniles (Table 1), but not the interaction of the factors. Storage of samples in ethanol on
average increased the δ13C values by 0.68‰. The highest difference between frozen and
ethanol-fixed samples was in the digestive tract (Figure 1D). Mean δ13C values of different
tissues varied in the range of 1‰, but only δ13C values of digestive tract (about −24.1‰)
and legs (about −23.1‰) differed significantly (Figure 1D).

The δ15N values were influenced only by the “tissue” factor (Table 1). The mean δ15N
values were significantly lower in the skin than in the digestive tract, legs, muscles, and
the whole organism (Figure 1E), with the spread of mean values about 0.97‰.

The juvenile C/N ratio significantly depended on the interaction of factors “tissue”
and “storage method” (Table 1). As in tadpole tissues fixed with ethanol, the C/N ratios
of ethanol-fixing tissues of juveniles were significantly lower compared to frozen ones,
including skin but not legs and whole homogenized organism (Figure 1F).

3.3. The Tissue Isotope Composition and Effect of Ethanol: Tadpoles vs. Juveniles

The δ13C values significantly differed (factor “stage”) in both frozen and ethanol-
fixed tadpoles and juveniles (Table 2). In general, juveniles had higher δ13C values as
compared to tadpoles (Figure S1A,C). The muscles, legs, and whole organisms showed
lower δ13C values in frozen tadpoles compared to frozen juveniles (Figure S1A). The
digestive tract and whole organism of individuals fixed with ethanol were also significantly
different (Figure S1C). The skin did not differ significantly between stages for any of the
fixation methods.

Table 2. Results of δ13C and δ15N values comparison between the same tissues of B. bufo tadpoles and juveniles using GLM
(forward stepwise selection of factors). “n.s.” indicates lack of significant results (p > 0.05).

Factor

Freezing Ethanol

δ13C δ15N δ13C δ15N

SS p SS p SS p SS p

Stage 9.26 0.000015 2.165 0.000293 18.49 0.000001 1.292 0.044
Tissue 8.96 0.000807 4.378 0.000087 6.79 0.030980 n.s.

Stage × Tissue 4.68 0.025843 3.258 0.000784 n.s. n.s.
Error 13.84 5.011 25.44 14.54

Model R2 0.61 0.66 0.498 0.082
Model p 0.00002 0.000002 0.000008 0.044

The δ15N values significantly differed (factor “stage”) in both frozen and ethanol-fixed
tadpoles and juveniles (Table 2). The δ15N difference between the tissues of tadpoles
and juveniles showed a similar trend in both frozen and ethanol-fixed animals (Figure
S1B,D). Significant δ15N differences between frozen tadpoles and juveniles were found in
the digestive tracts and legs (Figure S1B).

4. Discussion
4.1. Differences in Stable Isotope Signatures of Tissues/Organs and Influence of Storage Methods
4.1.1. Tissues/Organs

The results show differences in stable isotope signatures of some tissues/organs of the
common toad at both age stages. The digestive tract of tadpoles was significantly depleted
in 13C relative to other organs and depleted in 15N relative to the muscles and tail; the
digestive tract of juveniles was significantly depleted in 13C relative to the legs and enriched
in 15N relative to the skin (Figure 1A,B,D,E). These differences in isotope compositions can
most likely be caused by the remains of food or presence of parasites and symbionts in the
digestive tract (as special cleaning procedures were not performed for this isotope analysis).
Indeed, we noted that the digestive tract of all tadpole and some juvenile individuals
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contained the remains of food despite the 2-day forced starving period. Tadpoles could
repeatedly consume faeces due to caprophagy [48] from the bottom of containers and
juveniles could most likely digest slowly or hunt small flying invertebrates. In amphibian
studies, gut contents are often analyzed separately to assess the isotopic composition of
their food [54]. The differences between consumer’s tissues and its food are common
phenomenon conditioned by diet-tissue discrimination factors [55]. Moreover, there is
no comprehensive information about the possible influence of symbiotic intestinal macro-
and microorganisms and microbial fermentation processes in tadpole intestines [56–59]
on isotope assimilation by an organism and on whole gut content chemical composition.
Theoretically, parasites, symbionts and microbial intestinal components may affect the
resulting isotope signature of gut content.

Earlier, Cloyed et al. [29] assessed tissue-specific trophic discrimination factors in
the adult green frog Lithobates clamitans (Latreille, 1801) and found that bone collagen is
the most affected tissue, compared to the skin and whole blood. However, we could not
compare our results with those of Cloyed et al. [29] because taking of blood and bone
collagen samples is rather difficult in small-sized amphibians.

4.1.2. Storage Method

We compared the two common storage methods that may be useful in absence of the
freeze-drying device. As a whole, preservation of samples with ethanol can increase δ13C
values but not δ15N values relative to freezing samples. Despite that freezing is the more
preferable method for investigation of δ13C values [41], the choice of tissue preservation
method is less important for analysis of δ15N signature in tadpoles and juveniles: both
methods provide similar results and are well applicable. The greater impact of ethanol
on the 13C value may be conditioned by presence, in this preservative, of carbon with its
own specific isotopic signature, which can alter the isotope ratios of the analyzed tissues by
dissolving and extracting lipids, which have lower 13C content relative to carbohydrates
and proteins [33].

Importantly, we studied samples after a comparatively long storage period (8 months).
Earlier, investigations of samples after a brief (5 days) storage did not reveal any impact
of the ethanol method upon neither δ13C nor δ15N of tissues (e.g., [41]). Additionally,
the effect of preservation methods on stable isotope composition may depend on storage
duration [38,60].

In our study, storage of samples in ethanol significantly reduced the C/N ratio in the
tissues of separate organs and the whole organism, but not in the skin of tadpoles and legs
of juveniles (Figure 1C,D). Obviously, these organs contain a minimal amount of fat [61]
resulting in a non-significant impact of ethanol. Similar to the above-discussed impact to
δ13C value, this is apparently associated with the destruction of lipids and adsorption of C
from fat-containing tissues [33].

4.2. Practical Recommendations Concerning Choice of Tissues/Organs and Preservation Methods
(Freezing vs. Ethanol) for Stable Isotope Analysis

In tadpoles, any organ other than the digestive tract can be used for δ13C analysis,
regardless of the method of storage, because the digestive tract of tadpoles and whole
homogenized specimens have reduced δ13C relative to muscles, which are most commonly
used in isotopic analysis. Excluding the digestive tract from the stable isotope analyses
avoids the potential problems associated with cleaning the digestive tract from food
residues, parasites, symbionts, and microbes. When analyzing tadpoles for δ15N values,
we can disregard the method of fixation. However, deleting the digestive tract is necessary
because it may significantly differ in 15N relative to other organs and, in particular, muscles.
Additionally, the heart is not a convenient organ for analysis of samples after freezing
because of post-freezing decomposition. The most popular tadpole tissues in stable isotope
studies are muscles from the tail [62–64], but small-sized tadpoles are often used as a whole
but without the digestive tract [62] or after a gut clearing period [65]. Our results showed
that the above-listed approaches are appropriate for stable isotope analysis, however



Water 2021, 13, 2544 8 of 11

special attention should be given to gut clearing procedures because caprophagy is typical
for many larval amphibians [48] and symbionts, parasites and microbes may have the
potential to impact the resulting isotope signature.

In juveniles, any organs other than the digestive tract or whole organism may be used
for δ13C analysis regardless of the method of fixation. Any organs of juveniles may be also
used for δ15N analysis regardless of the method of storage, but it is better to avoid analysis
of the skin, which is depleted in 15N relative to other organs. Restriction concerning
usage of the digestive tract for isotope analysis in tadpoles is also important for juveniles.
Our results suggest that the traditional usage of muscle tissue in stable isotope studies of
amphibian juveniles (e.g., [37]) is quite a convenient method.

The results also showed that different developmental stages have to be analyzed
separately as these stages differ significantly in both studied isotope values. Addition-
ally, significant δ15N differences between frozen tadpoles and juveniles were found in
the digestive tracts and legs. The guts of tadpoles and juveniles could contain remains
of principally different food objects, as tadpoles are omnivorous, whereas juveniles are
obligatory predators [48,66]. This also provides some restrictions for using the whole
organism samples. Legs present as rudiments in larval amphibians but rapidly develop
and grow during metamorphosis and in early juveniles [48]; so these organs undergo a
faster incorporation of chemical elements and their isotopic composition does not reflect
averaged food assimilation during entire larval period.

In general, we do not recommend the usage of the digestive tract in the analysis of both
tadpoles and juveniles, even after a starvation period. The usage of whole homogenized
organisms should be avoided, as the digestive tract or internal fat can significantly affect
mean δ13C values. The use of muscle tissues may be most accurate for analysis in tadpoles
and juveniles but some non-muscle organs are also well suited for analysis. Our experience
suggests that the most convenient or easiest method would be using the muscle tissues
from back part (closely to vertebral column) of tadpoles or juveniles because this body part
is not transformed drastically during metamorphosis [61].

Importantly, non-lethal sampling of tissues for stable isotope analysis (small pieces of
fins for larvae or fingers for adults) is possible and preferable for large-sized specimens of
amphibians [30,54] because this group of vertebrates is recognized to be declining since the
second half of 20th century [67]. However, when sampling small-sized larvae or juveniles
it is difficult to adhere to this guidance. Therefore, we hope our findings will serve for
optimization of future study designs in trophic ecology and hence will decrease the number
of used amphibian individuals.

5. Conclusions

In tadpoles, skin, legs, muscle and tail can be used for joint 13C and 15N analysis regard-
less of the method of storage. Whole homogenized individuals may also somewhat differ
in 13C and 15N from muscle tissues due to the large proportion of the digestive tract relative
to the whole body. It is likely that, for small-sized larvae and newly-metamorphosed
juveniles of anuran amphibians, one of the optimal approaches is to remove the digestive
tract (or all viscera), homogenize the remaining organism and then use it to estimate δ13C
and δ15N isotope values.

In the absence of a freeze-dryer, the most convenient method is freezing of amphibian
samples for storage before stable isotope analysis. Ethanol is also an appropriate storage
method for some of the above-listed tissues and organs, or a whole organism after deletion
of the digestive tract, however, long-term storage in ethanol may slightly affect δ13C.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13182544/s1, Figure S1: Stable isotope composition (δ13C and δ15N values) of B. bufo tadpoles
and juveniles after freezing (A and B) and ethanol-fixation (C and D). Asterisks indicate significant
differences between tadpoles and juveniles according to the Tukey HSD test after GLM, p < 0.05.
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