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Food source determines stable isotope discrimination
factors �N and �C in tadpoles

Julian Glos∗, Katharina Ruthsatz, Dominik Schröder, Jana C. Riemann

Abstract. Analyses of stable isotope ratios are widely applied in studies on a large variety of aspects in trophic ecology. Most
studies rely on a precise estimation of the relevant discrimination factor � (also called the fractionation factor), that reflects
the fractionation or differences in isotope ratios of a certain element (mainly nitrogen N and carbon C) between an animal’s
diet and its tissue and is used to identify one step in the food web. We experimentally determined �N and �C of two species
of widespread amphibians in Europe, Rana temporaria and Bufo bufo, and tested for the effect of food source (cyanobacteria
Spirulina vs. zooplanktonic Daphnia) on � and for interspecific differences. Our study shows high variation in � in relation
to the food source, but low interspecific differences. Tadpoles that were fed with Spirulina did have considerably lower �N
than tadpoles fed with Daphnia in both species, and lower �C only in R. temporaria. The range of � obtained here can be
a useful baseline for future trophic studies on tadpoles of Rana and Bufo. The strong diet-dependency of �, however, argues
strongly against the use of a fixed discrimination factor in future isotope studies.
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Introduction

Indirect measures constitute the preferential
methods in trophic ecology when direct anal-
yses are either difficult to perform or to quan-
tify (e.g., direct observations, gut content anal-
yses), or are not permitted by national statutes
(e.g., removal experiments) or are in contrast
to rules of good scientific practice (i.e., dissec-
tion). The analysis of stable isotopes is a rather
recent yet well-established and easy-to-perform
method that can be used to assess a variety of
relevant parameters in food web ecology. It has
proven to be a more effective tool than conven-
tional methods (e.g., gut analyses) for interpret-
ing diet relationships as the isotopic signature
of a species’ niche reflects temporally and spa-
tially integrated data, whereas stomach content
data alone reflect rather a temporary snap-shot
of food choice (Winemiller, 1990; Post, 2002;
Winemiller and Layman, 2005; Montana et al.,
2019).
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Stable isotope ratios are seen as “recorders”
that can be used to reconstruct ecological pro-
cesses in a wide variety of organisms (West
et al., 2006; Montana et al., 2019). Most ap-
plications refer to specific energy flow path-
ways leading to one (or a few) species of in-
terest, i.e., they are used to calculate trophic
positions (Vander Zanden et al., 1997; Post,
2002; Layman et al., 2007a), relative contribu-
tion of prey items to consumers (Vander Zanden
and Vadeboncoeur, 2002), niche shifts (Post,
2003; Barnum et al., 2013; Schalk et al., 2017),
and intraspecific diet variability (Bolnick et
al., 2003; Bearhop et al., 2004; Matthews and
Mazumder, 2004). Studies on food web ecol-
ogy in amphibians using stable isotope signa-
tures are just beginning to emerge, and include
the diet and trophic niches of tadpoles (Fenolio
et al., 2006; Unrine et al., 2007; Schiesari et al.,
2009; Schalk et al., 2017; Schmidt et al., 2017),
trophic niche shifts during development (Traki-
mas et al., 2011; Schriever and Williams, 2013;
Glos et al., 2016) or as a reaction to changes in
the species’ environment (e.g., predators, den-
sity, fertilizer application; Jefferson and Russell,
2008; Caut et al., 2012; Arribas et al., 2015)
and the trophic structure of mainly aquatic food

© Koninklijke Brill NV, Leiden, 2020. DOI:10.1163/15685381-bja10020

Heruntergeladen von Brill.com06/21/2020 12:14:31PM
via free access

http://dx.doi.org/10.1163/15685381-bja10020
http://www.brill.com/amphibia-reptilia
mailto:julian.glos@uni-hamburg.de
http://dx.doi.org/10.1163/15685381-bja10020


2 J. Glos et al.

webs (Cogalniceanu et al., 2001; Kupfer et al.,
2006; Verburg et al., 2007; Vences et al., 2016;
Schalk et al., 2017; Schmidt et al., 2017).

Stable isotope ratios in animal tissue derive
from all trophic pathways cumulating in that
individual. Applications of stable isotope ratios
(typically carbon C and nitrogen N) in food
web ecology take advantage of natural variation
in stable isotope ratios. Nitrogen ratios of 15N
to 14N (expressed as δ15N) exhibit stepwise
enrichment with trophic transfers and can be
powerful tools for indicating trophic position
within a food web, whereas δ13C (ratio of 13C
to 12C) can be used to identify major energy
sources (DeNiro and Epstein, 1981; Peterson
and Fry, 1987; Post, 2002). The combination
of both isotope signatures (δ15N and δ13C) is
used to determine the trophic niche of an animal
(Layman et al., 2007a, b).

For most trophic studies it is essential to
know the magnitude of difference in δ15N and
δ13C between food source and focus organism
which indicates one step in the food web, e.g.,
the difference between a pure herbivore and a
carnivore feeding only on pure herbivores. This
difference is called �N and �C, the discrimi-
nation factor or fractionation (Fry, 2006; Sharp,
2007). Often a �N of 3-4� is assumed (Peter-
son and Fry, 1987), but there can be consider-
able variation even within taxa (e.g., in snails
and mussels, �N varies between 0.5 and 5.5 and
�C between –3 and 4; Post, 2002), and can also
depend on tissue and food source (Caut et al.,
2009).

Although studies on amphibians that are ap-
plying stable isotope analyses are emerging,
only a few studies actually have experimen-
tally tested for discrimination factors. The exist-
ing data result in a complicated picture. While
�N in larval wood frogs (Lithobates sylvati-
cus) was determined as about 2� and �C as
1.7� (Schiesari et al., 2009), Caut et al. (2012)
found only small differences between tadpole
species (Pelobates cultripes and Bufo calamita),
but large differences between tadpoles that were

raised on different diets. Here, �N varied be-
tween −2.3� (algae diet), 4.2 to 4.4� (zoo-
plankton diet), and was highest when tadpoles
were fed macrophytes (3.9 to 5.4�). �C varied
between −1.7 and 2.3�.

Most studies on the trophic ecology of am-
phibians using analyses of isotopic signatures
rely on a precise estimation of the relevant dis-
crimination factor, yet many assumptions on
� are still lacking an appropriate experimen-
tal background. Therefore, we aimed to expand
the knowledge on the enrichment of isotopic ra-
tios with one trophic transfer (i.e., planktonic
food to tadpole tissue) by experimentally de-
termining the discrimination factors �N and
�C of two species of widespread amphibians
in Europe, Rana temporaria and Bufo bufo.
Accordingly, we tested for the effect of food
source (cyanobacteria Spirulina vs. zooplank-
tonic Daphnia) on �N and �C, and further
tested for interspecific differences.

Material and methods

Experimental procedure

Eight egg clutches of Rana temporaria were collected
in April 2011 from a natural pond within the city lim-
its of Hamburg, Germany (“Volksdorfer Wald”, 53°6477N,
10°1436E), and eight egg strings of Bufo bufo from a nat-
ural breeding pond (“Teufelsee”) just north of Hamburg
(Bönningstedt; 53°6549N, 9°9268E) and transported to the
laboratory at the University of Hamburg. Each egg clutch
and string, respectively, was kept separately in an aquar-
ium until the embryos hatched and reached developmental
stage 25 (i.e., no more external gills visible, operculum de-
veloped, start of exotrophic feeding; Gosner, 1960). From
each clutch/string 20 tadpoles were randomly selected, and
ten of these tadpoles were randomly assigned to either the
Spirulina or Daphnia treatment and subsequently raised in
sibling groups in aquaria (16.8 cm × 23.9 cm, volume
9.5 l), resulting in a total of 32 aquaria (two species × eight
clutches × two treatments) with ten tadpoles each. The ex-
periment was conducted in a climatized laboratory with an
ambient temperature of 13°C, a light regime of 11 h:13 h
(day:night), using de-chlorinated tap water (pH between 7.0
and 7.5) changed in intervals of four days. To check for
tadpole growth and development, tadpoles were measured
every four days for body length (McDiarmid and Altig,
1999) and developmental stage (Gosner, 1960). When tad-
poles had reached developmental stage 36 (i.e., well devel-
oped external hind legs with five distinguishable toes; Gos-
ner, 1960), one tadpole was randomly selected from each
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Table 1. Interspecific differences (Rt = Rana temporaria vs. Bb = Bufo bufo) of discrimination factors for nitrogen (�N) and
carbon (�C) isotope ratios and different food sources (Spirulina: low quality, Daphnia: high quality); n = averaged values
per specimen (i.e., statistical replicates); T-tests, T = test statistic.

Isotope Food Rana temporaria Bufo bufo T P

�N (�) Spirulina 3.0 ± 0.2 (n = 8) 2.8 ± 0.4 (n = 7) 1.52 0.15
Daphnia 5.2 ± 0.2 (n = 8) 4.5 ± 0.6 (n = 4) 2.11 0.12

�C (�) Spirulina 2.0 ± 0.5 (n = 8) 1.9 ± 0.1 (n = 7) 0.24 0.82
Daphnia 2.5 ± 0.3 (n = 8) 1.6 ± 0.2 (n = 4) 5.33 <0.01

aquarium, euthanized by immersion in MS222 solution and
subsequently stored in 70% ethanol. BL (body length) from
each specimen was measured according to the definition of
McDiarmid and Altig (1999) to test whether food source af-
fected body size. Only one tadpole per aquarium was mea-
sured to ensure independence of the data.

Experimental treatments

Tadpoles were raised either with Spirulina algae (cyanobac-
teria) (JBL Premium flakes, JBL GmbH & Co. KG, 67141
Neuhofen, Germany) ad libitum or with Daphnia pulex
(Tetra Delica Daphnien, Tetra GmbH, 49304 Melle, Ger-
many) ad libitum as sole food. Prior to the experiments, both
food types were powdered to provide an identical mechani-
cal texture of food, i.e., restrict the differences between food
types to their chemical composition. Both food types are
common planktonic food for tadpoles in their natural habi-
tat, with Daphnia supposedly being of higher quality regard-
ing protein, nitrogen and energy contents. To verify differ-
ences between food sources, nitrogen content was quantita-
tively analysed by the Kjeldahl method, and was converted
accordingly to protein content N-factor 6.25. Energy con-
tent was analysed by bomb calorimetry (6200 Isoperobol
Calorimeter, Parr Instruments, Moline, Illinois). Analyses
were done at a laboratory for chemical analyses at Univer-
sity of Hamburg.

Isotope analyses

Prior to analysis, tail muscle tissue samples were taken from
all tadpole specimens. All samples (i.e., powdered Spirulina
and Daphnia, Rana and Bufo muscle tissue) were dried in
an oven at 60°C for three days to eliminate any remaining
moisture and to avoid any artefacts on C-isotope signatures
by remaining alcohol on tadpole samples. An average of
0.6 mg material of each sample was placed in 4 × 6 mm
tin cups (HEKAtech, Germany). If sufficient muscle tissue
was available, two (or three, in rare cases) samples from
the same tadpole specimen were analyzed. Not all isotope
analyses were successful, leading to a lower than expected
number of samples and replicates for the analysis. In total,
104 tadpole tissue samples were analyzed, resulting in 54
statistical replicates (i.e., means of samples from the same
individual). Additionally, the food sources Spirulina (n =
12) and Daphnia (n = 11) were analyzed.

Isotope analysis was conducted in the isotope labora-
tory of C. Reisdorff at the Biozentrum Klein Flottbek of the
University of Hamburg, Germany. Isotope ratios are given

in δ notation (�) relative to atmospheric nitrogen (AIR)
for δ15N, and to PeeDee Belemnite (PDB) for δ13C (In-
ternational reference standards; Fry, 2006). Samples were
combusted in a mass spectrometer (EURO-EA 3000, Euro
Vector, Italy). BBOT (2, 5-bis (5-tert-butyl-2-benzoxazol-2-
yl) thiophene (6.51% N; 72.52% C; HEKAtech, Germany),
KNO3, and caffeine were used as internal standards.

Statistical analysis

All statistical analyses were run with the average of multiple
samples per specimen as one replicate (ntotal = 54 for tad-
pole tissues; table 1). The discrimination factor �N for each
tadpole individual was calculated as �N = δ15Nfood source
(average of replicates) − δ15Nindividual (average of repli-
cates per specimen), and correspondingly for �C. We
checked a priori for homogeneity of variances among the
two treatment groups (Spirulina, Daphnia) and performed
relevant parametric statistics (T-tests) using SPSS software
(IBM® SPPS® Statistics Version 23).

Results

The protein content of Spirulina food was 35%,
and of Daphnia 54%. Nitrogen content of Spir-
ulina was 5.6% vs. 8.6% of Daphnia. En-
ergy content was 1256 kJ/100 g (Spirulina) and
1503 kJ/100 g (Daphnia). For both species, tad-
poles that were fed Spirulina food did not sig-
nificantly differ in body length to tadpoles fed
Daphnia (R. temporaria: Mann-Whitney U-test:
Z = −0.52, p = 0.64, n = 16; B. bufo Z =
−1.55, p = 0.33, n = 16).

Isotopic signatures and discrimination factors

The isotopic ratios of the Spirulina food source
were 7.5 ± 0.2� for δ15N and −23.1 ± 0.3�
for δ13C (n = 12), and 12.9 ± 0.5� for δ15N
and −21.5 ± 0.3� for δ13C (n = 11) for Daph-
nia. In tadpole muscle tissues, variation in both
δ15N and δ13C and for both species was very
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Figure 1. Stable isotope ratios δ15N (A, B) and δ13C (C, D) (in�) for tadpole food sources Spirulina and Daphnia and
muscle tissues of Rana temporaria and Bufo bufo tadpoles fed on Spirulina (A, C) and Daphnia (B, D). Dots indicate means,
whiskers are ± 1 SD, N = nitrogen, C = carbon.

low (fig. 1). The isotopic ratios with Spirulina
as food source were 10.5 ± 0.2� for δ15N and
−21.1 ± 0.5� for δ13C for Rana, and 10.3 ±
0.4� for δ15N and −21.2 ± 0.1� for δ13C for
Bufo. The isotopic ratios with Daphnia as food
source were 18.1 ± 0.2� for δ15N and −18.9 ±
0.3 � for δ13C for Rana, and 17.4 ± 0.6 � for
δ15N and −19.9 ± 0.2� for δ13C for Bufo. The
discrimination factors of all treatments varied
between 2.8 and 5.3 in �N, and 1.6 and 2.5 in
�C (means). In R. temporaria, �N and �C dif-
fered significantly between tadpoles that were
raised on Spirulina (i.e., low quality food) and
Daphnia (i.e., high quality) food (table 1; fig. 1;
T-tests: for δ15N, T = −22.7, p < 0.001, for
δ13C, T = −2.5, p < 0.05). Likewise, both �N
and �C differed significantly between the Spir-
ulina and Daphnia feeding treatment in B. bufo

(table 1; fig. 1; T-tests: for δ15N, T = −5.6, p <

0.001, for δ13C, T = 4.5, p = 0.001).

Interspecific differences in �N and �C

The discrimination factor �N did not differ
between R. temporaria (3.0 ± 0.2 for Spirulina,
5.2 ± 0.2 for Daphnia) and B. bufo (2.8 ± 0.4
for Spirulina, 4.5 ± 0.6 for Daphnia). Also, �C
of tadpoles fed on Spirulina food did not differ
between species, however, �C of tadpoles fed
on Daphnia food was significantly higher in R.
temporaria than in B. bufo (table 1, fig. 1).

Discussion

Analyses of stable isotope ratios are widely ap-
plied in studies on a large variety of aspects
in trophic ecology. Either as a standing alone
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analysis, or in combination with direct studies
such as direct observations of feeding or gut
analyses, isotope ratios indicate trophic position
within a food web (δ15N) or identify major en-
ergy sources (δ13C) (DeNiro and Epstein, 1981;
Peterson and Fry, 1987; Post, 2002; Montana et
al., 2019). One essential factor in these studies
is the discrimination factor � (also called the
fractionation factor), that reflects the fractiona-
tion or differences in isotope ratios of a certain
element between an animal’s diet and its tissue.
In early trophic isotope studies often a fixed �

was used across taxa and food sources. More
recent studies, however, revealed considerable
differences in � among taxonomic groups (e.g.,
in �C; Caut et al., 2009), animal tissue (Caut
et al., 2008, of rats; Caut et al., 2009, of differ-
ent vertebrate taxa), and food source (e.g., Caut
et al., 2012 for tadpoles). These differences be-
tween food sources can be caused by differences
in protein quality, lipid content, type of food and
diet isotopic ratio (see Post et al., 2007; Caut et
al., 2008, 2009).

Our study showed an overall high variation
in discrimination factors in larvae of frogs R.
temporaria and toads B. bufo, and that diet-
dependent variation in � within amphibian
species can be greater than differences among
species. The discrimination factors for our two
study species are within the range of discrimi-
nation factors found for other tadpole species,
Lithobathes sylvaticus (Schiesari et al., 2009)
and Pelobates cultripes and Bufo calamita (Caut
et al., 2012), considering mean values and the
diet-dependent high variability of �N and �C.
Intra- and interspecific differences in �N and
�C that were revealed in our study, however,
showed important factors that have to be con-
sidered in stable isotope studies. Tadpoles that
were fed with Spirulina cyanobacteria did have
considerably lower �N than tadpoles fed with
Daphnia in both species. A reverse pattern was
found in �C. Rana temporaria tadpoles fed
on Spirulina had lower �C values than those
fed on Daphnia, and in contrast, B. bufo tad-
poles fed on Spirulina had higher �C values

than those fed on Daphnia. Furthermore, we
found no differences in �N among species,
but diet-dependent interspecific differences in
�C (only for Daphnia food). Generally, � is
known to vary among major taxonomic groups
(mammals, birds, fish, invertebrates; Caut et
al., 2009). This study on two (within the order
Anura) only very distantly related species (Rana
and Bufo), together with a study by Caut et al.
(2012) that found no differences between Pelo-
bates cultripes (Pelobatidae) and Bufo calamita
(Bufonidae), indicates that there is no strong
difference of �N between species or families
within larval amphibians. On the contrary, vari-
ation in �C may be greater between different
amphibian taxa and depends greatly on the ani-
mal’s diet.

To deal with the overall strong diet-
dependency of �, (Caut et al., 2008, 2009)
proposed a calibration of � for different food
sources (i.e., using a “diet-dependent discrim-
ination factor”). In a multi-taxon review (on
mammals, birds, fishes, invertebrates) they
found a significant negative relationship be-
tween the discrimination factors �N and �C
and the isotopic ratios δ15N and δ13C of the
food sources. Accordingly, � could be calcu-
lated from this relationship when δ of the re-
spective food source is known. In R. temporaria
and B. bufo, we also found that �N and �C dif-
fered with the respective δ. However, for nitro-
gen isotopes in both species � was greater when
δ of the food source was higher and thus, the re-
lationship was rather positive, while carbon iso-
topes showed an opposing �-δ-relationship in
our two study species. Our results suggest there-
fore that �-δ-dependencies might be different
in larval amphibians and the use of a calibration
factor needs further studies.

Beside the need for practicable solutions to
deal with the diet-dependency of � in applied
studies, it is important to investigate and un-
derstand its cause. The biochemical mechanism
leading to considerable higher �N values of
tadpoles that were fed with Daphnia compared
to those fed with Spirulina cyanobacteria in
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both species remains speculative, but might be
caused by the higher protein content of Daph-
nia, higher protein quality, lipid content, or
other chemical properties of the food (see Caut
et al., 2008, 2009; Post et al., 2007).

Conclusions

The range of discrimination factors obtained
here provides a useful baseline for future trophic
studies on tadpoles of the two most-widespread
amphibian species in Europe, R. temporaria
and B. bufo. Also, in accordance with Caut et
al. (2012), our data indicates that the trans-
fer of nitrogen discrimination factors to other
larval amphibian species (using the same food
source) might be generally possible, although
this needs further validation by studies on a
wider spectrum of amphibian taxa. The strong
diet-dependency of �, however, argues strongly
against the use of a fixed discrimination fac-
tor for a variety of applications (e.g., diet re-
construction, identification of trophic level and
niche) when different food sources are con-
sumed. Therefore, we recommend to experi-
mentally assess � for any potential food source
when reconstructing diets using isotope ratios.
Also, isotopic analyses in trophic studies on
larval amphibian communities should be inter-
preted cautiously. Differences in food sources
between species can translate into differences in
δ15N and δ13C between species within one com-
munity. Due to the strong diet-dependency of �,
however, these interspecific differences do not
necessarily indicate differences in the relative
trophic position within this community, e.g.,
that a species with higher δ15N is a consumer of
higher order than a species with lower δ15N. Fi-
nally, for the development of future approaches
of stable isotope analyses and applications it
will be essential to understand the mechanisms
causing the strong diet-dependency of �.
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