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Four approaches for estimating isotope discrimination factors
produce contrasting dietary estimates for bears
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Abstract: Isotope diet-tissue discrimination factors can significantly influence dietary proportions
estimated with stable isotope mixing models. For bears, for which discrimination factors from controlled
dietary experiments are currently lacking for most tissues and diets, literature reports 3 approaches have
so far been used to compile carbon and nitrogen discrimination factors, and recently one additional
approach has been proposed. We used these 4 approaches to compile carbon and nitrogen discrimination
factors for the brown bear (Ursus arctos) population in Slovenia (southeastern Europe). By performing a
sensitivity analysis of the stable isotope mixing models, we then tested how these different discrimination
factors affected dietary estimates for bears. We found substantial differences in the dietary estimates
among the applied approaches, with the approach that uses discrimination factors from different species
producing most distinct results. Our results suggested that these differences were more pronounced
among approaches with larger differences in discrimination factors and for isotopically less distinct food
sources. We show that the 4 approaches can lead to contrasting conclusions about bear diets, which can
have important ecological and management consequences. Therefore, when using stable isotope mixing
models without experimentally obtained species-, diet-, and tissue-specific discrimination factors, the
choice of the discrimination-factor compilation approach is vital. All 4 approaches have limitations that
must be considered because they can result in erroneous discrimination factors when certain species,
diets, and tissues are used. We review these limitations and provide recommendations about the use of
these approaches in stable isotope dietary studies for bears.
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In one of the earliest studies that set the fundamen-
tals for use of stable isotopes in animal ecology, DeNiro
and Epstein (1981) discovered that animal tissues are en-
riched in nitrogen-15 isotope compared with their diets
(i.e., trophic enrichment). Numerous subsequent studies
have confirmed this finding and further showed differ-
ences between stable isotope composition (hereafter ex-
pressed in δ isotope values, e.g., δ13C and δ15N values)
of diets and consumer tissues for other elements, such as
carbon (see Caut et al. 2009 for review). These differences
are generally referred to as diet-tissue discrimination fac-
tors (�X = δXanimal tissue − δXdiet; Caut et al. 2009) and
are a consequence of an assembly of metabolic pathways

3email: arno.javornik@gmail.com
4Present address: Slovenia Forest Service, Večna pot 2, 1000
Ljubljana, Slovenia

that cause isotope fractionation and routing processes in
an animal (Martínez Del Rio et al. 2009).

Discrimination factors are important input data in
stable isotope mixing models (SIMMs; Hopkins and
Ferguson 2012, Parnell et al. 2013, Stock et al. 2018). Ide-
ally, the discrimination factors used in these models are
obtained from controlled dietary experiments on inves-
tigated species for target tissues and diet types (DeNiro
and Epstein 1981, Vanderklift and Ponsard, 2003, Caut
et al. 2008) because discrimination factors may differ be-
tween species or taxonomic groups, tissue, and diet types
(e.g., Florin et al. 2011, Kurle et al. 2014, Voigt et al.
2014, Wolf et al. 2015, Arostegui et al. 2019). However,
such dietary experiments rarely exist, and when work-
ing with large species (such as bears) it is almost impos-
sible to design a fully controlled experiment (see Rode
et al. 2016 for discussion). As a consequence, in the case
of bears, researchers are often forced to choose the best
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2 ISOTOPE DISCRIMINATION FACTORS FOR BEARS � Javornik et al.

available discrimination factor approximations. This is a
crucial step because it has been shown that inappropri-
ate discrimination factors can introduce significant error
to dietary estimates when SIMMs are used (Bond and
Diamond 2011, Stock and Semmens 2016).

There are �3 general approaches to obtain such dis-
crimination factor approximations: (1) discrimination
factors from the same species (but different diet and/or
tissue types) can be taken from the literature if such
data are available (e.g., Merkle et al. 2017, Deacy et al.
2018), (2) discrimination factors can be obtained from
a model species (ideally closely related) for which fully
controlled experiments are more feasible (e.g., in the case
of bears, laboratory rats [Hopkins and Kurle 2015], or
red fox [Vulpes vulpes; Koizumi and Derocher 2019]),
(3) species-, diet-, and/or tissue-specific discrimination
factors can be estimated using various models. Most
commonly, in such models, measured diet isotope val-
ues are used to predict discrimination factors, based on a
previously experimentally observed relationship between
diet isotope values and corresponding discrimination fac-
tors (Hilderbrand et al. 1996, Caut et al. 2009). In addi-
tion, recently, a different model called “Sider” was devel-
oped, which uses a database of experimentally obtained
discrimination factors and phylogenetic trees to predict
species-, tissue-, and diet-specific carbon and nitrogen
discrimination factors for mammals and birds (Healy
et al. 2018).

All these approaches have limitations connected to the
species, tissues, and diet type in question (see Discussion
for details), which can result in inappropriate discrimi-
nation factors and consequently erroneous dietary esti-
mates. However, in most cases bear biologists, often not
aware of these limitations, select and use one approach,
implicitly assuming that it yields robust results (Phillips
et al. 2014). Therefore, we argue that there is a need for
a critical evaluation of the use of different approaches
in bear studies, which includes (1) a sensitivity analy-
sis showing the magnitude to which different approaches
can influence dietary estimates, and (2) a comprehensive
review and recommendations on how to use these ap-
proaches in bear studies.

Inappropriate discrimination factors may affect dietary
estimates by themselves, but also in interaction with the
mixing space geometry (i.e., mixing polygon; Martínez
Del Rio et al. 2009). Stable isotope mixing models are
compositional data analyses (data analyses of a vector
whose components are the proportion of some whole,
which sums to 1; Parnell et al. 2013), and the mixing
space is defined by the number and position of endmem-
bers (i.e., food sources corrected for discrimination fac-

tors) in a multivariate isotope “space” (Hopkins et al.
2014). It has been shown that when inappropriate dis-
crimination factors are used, the error introduced to di-
etary estimates is proportional to the isotopic difference
between the true and inappropriate discrimination fac-
tors and inversely proportional to the isotopic distance
between endmembers (Post et al. 2007, Martínez Del Rio
et al. 2009).

In addition, the number of endmembers in a mix-
ing space will also likely contribute to the error on di-
etary estimates when inappropriate discrimination fac-
tors are used. New generation SIMMs, which are built
in a Bayesian framework, also allow the estimation of
posterior distributions of food-source dietary proportion
(hereafter referred to as dietary estimates) in underdeter-
mined mixing spaces (systems with n isotopes and more
than n + 1 endmembers, for which there is >1 mathe-
matically feasible solution; Parnell et al. 2010, Phillips
et al. 2014). However, in such systems, the dietary esti-
mates can be fairly uncertain (Robinson et al. 2018, Stock
et al. 2018), which could potentially mask the effect of
inappropriate discrimination factors.

In this study we investigated the effect of (1) 4 differ-
ent carbon and nitrogen discrimination factor (hereafter
referred to as �13C and �15N values) compilation ap-
proaches (see Methods for details), and (2) the mixing
space geometry (position and number [underdetermined
vs. determined system] of endmembers) on the dietary es-
timates for bears. We tested the sensitivity of the dietary
estimates to different �13C and �15N values in a case
study on the Slovenian brown bear (Ursus arctos) using
our stable isotope measurements of bear liver and bear
food sources. Finally, we review and discuss the appli-
cation of the different approaches for bears and propose
recommendations for their future use. The purpose of our
research was not to study brown bear diet in Slovenia;
therefore, our results should not be interpreted as such.

Study area
We conducted this study in the Dinaric Mountains

of southern Slovenia in the Core Bear Protected Area
(45°25′–45°47′N, 14°15′–14°50′E, elevation range from
400 to 1,800 m above sea level [asl]). The climate is
temperate, with mean annual temperatures ranging from
8.8°C (meteorological station Kočevje, 461 m asl) in
the lowlands to around 4–6°C in the upper plateaus of
the mountain ranges (elevation of the mountain plateaus
is mostly 800–1,000 m asl). Mean annual precipitation
is approximately 1,600 mm. The area is predominately
covered with mountainous European beech (Fagus
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ISOTOPE DISCRIMINATION FACTORS FOR BEARS � Javornik et al. 3

sylvatica) forests (Nagel et al. 2019) that are intersected
by cultivated lands and many small settlements.

The density of brown bears in the study area is high,
on average 13 individuals/100 km2 (Jerina et al. 2013).
Artificial feeding (on average 1 artificial feeding site/2.7
km2; Krofel and Jerina 2016) of bears and other target and
non-target species (mostly red deer [Cervus elaphus] and
wild boar [Sus scrofa]) is a regular management practice
in this area. Feeding sites are supplied mostly with corn
(maize). Occasionally feeding sites are supplied also with
apples, sugar beet, wild ungulate carrion, and other an-
thropogenic food (e.g., baked products, fruit candy bars
and processed meat products; personal field observations;
Fležar et al. 2019). Foods are provided to artificial feed-
ing sites throughout the year. In winter, during denning
period this is done mainly for hunting purposes (bait-
ing bears). The intense winter artificial feeding supports
a much shorter brown bear denning period in Slovenia
(average 82 days for females and 52 day for males) than
for other bear populations at similar latitudes (expected
denning period for such latitudes are 149 days for fe-
males and 123 days for males; Krofel et al. 2016); and
moreover, bears regularly abandon their dens to feed at
artificial feeding sites during their denning period (Krofel
et al. 2016).

The diet of bears in the study area is diverse and consists
of various wild plants, insects, hard and soft mast, wild
vertebrates, and anthropogenic foods such as corn, do-
mestic fruits, crops, processed foods (e.g., baked goods),
and domestic animals (Große et al. 2003, Kavčič et al.
2015). Based on scat analysis, Kavčič et al. (2015) esti-
mated that the main food categories (together contributing
>80% of annual dietary energy content) for bears in the
study area are corn, insects, hard mast, and various fruits.

Methods
Sample collection

We used liver samples from 44 brown bears in this
study. All sampled bears were either harvested by hunters
based on yearly harvest plans issued by the Ministry of
Environment and Spatial Planning of Slovenia (for de-
tails see Krofel et al. 2012) or killed by vehicles between
mid-March and the end of May in 2004 (N = 29), 2006
(N = 3), and 2016 (N = 12). We chose liver samples be-
cause this is the most commonly collected tissue from
dead bears in Slovenia and comprises the majority of tis-
sue samples in the bear tissue database of the Biotech-
nical Faculty (University of Ljubljana). Trained person-
nel of the Slovenia Forest Service collected liver samples
(∼20 g) within a few hours after the death of the bears, and

stored samples in 96% (v/v) ethanol at −20°C. Our pre-
viously conducted study showed that ethanol storage of
bear liver has no biologically significant effect on the δ13C
and δ15N values for bears (Javornik et al. 2019). Brown
bear livers are expected to have a relatively long carbon
and nitrogen isotopic turnover rate (estimated turnover
rate for brown bear liver can be ∼130 days; Sponheimer
et al. 2006, Vander Zanden et al. 2015), so the δ13C and
δ15N values of the sampled livers are likely affected by
hibernation (Polischuk et al. 2001, Whiteman et al. 2012,
Rode et al. 2016), but according to the specific behavior
of Slovenian bears during winter (described above), we
expect the hibernation effect to be smaller compared with
other bear populations. In any case, the study presented
here is not meant as an actual dietary study of Slovenian
brown bears; therefore, the potential effects of hiberna-
tion can be neglected because they do not affect the results
of our main research question.

We collected main food sources consumed by brown
bears in our study area during winter and spring (Große
et al. 2003, Kavčič et al. 2015). To insure that our diet
samples represented the maximal isotopic variability of
individual food sources, we collected them in winter and
spring of 2017 at random supplementary feeding sites,
forests, forest edges, cultivated meadows, and local stores
or butcheries evenly distributed throughout the study area
and elevation range. We froze and stored all food samples
at −20°C within a few hours after collection.

For the purpose of further analyses, we grouped the
food samples into 6 food-source categories, based on their
management significance to the bears diet (e.g., anthro-
pogenic vs. natural foods), macronutrient composition
(animal vs. plant matter foods), and distinct stable iso-
tope values (e.g., corn vs. other anthropogenic foods).
The 6 food-source categories are: Corn (corn from feed-
ing sites [N = 20]), Domestic Animals (beef, pork, sheep,
and horse meat [N = 11]), Other Anthropogenic Food
(sugar beet, walnuts, baked products from bakeries, and
other processed foods, e.g., potato chips and fruit candy
bars [N = 21]), Wild Animals (meat and internal organs of
red deer, roe deer [Capreolus capreolus], wild boar, and
various species of rodents [N = 31]), Wild Plants (green
parts and roots of wild plants [N = 31]), and Insects (ant
adults and larvae, wasps, and domesticated honey bees
[N = 33]).

Sample preparation and stable isotope analysis
Each liver sample was rinsed with distilled water,

freeze-dried for 48 hours, and ground into a fine pow-
der using a ball mill (TissueLyserLT, Qiagen, Hilden,
Germany). We did not extract lipids from our samples
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because lipid extraction has no effect on bear livers for
our specific case (Javornik et al. 2019). We prepared each
food sample as follows: each sample was cut into smaller
pieces, freeze-dried for 48 hours, and, after any visible
impurities were removed (e.g., soil particles), ground (ho-
mogenized). We ground corn, walnuts, fruit candy bars,
and ant larvae samples using a mortar and pestle with the
addition of liquid nitrogen. We ground all other samples
using a ball mill (TissueLyserLT).

For the carbon and nitrogen stable isotope and ele-
mental analysis, we weighed 0.7 ± 0.05 mg of animal
tissues and 2.0–3.5 ± 0.05 mg of plant material into tin
cups (OEA Labs Limited, Cornwall, UK) and sent them
to the Slovenian Forestry Institute Stable Isotope Labo-
ratory in Ljubljana for simultaneous carbon and nitrogen
stable isotope and elemental analysis. The analysis was
performed using an Isoprime 100 continuous-flow iso-
tope ratio mass spectrometer (Isoprime Ltd., UK, now
Elementar GmbH, Hamburg, Germany), coupled with a
Vario Pyro Cube elemental analyzer (Elementar GmbH).
All stable isotope values are expressed in δ notation as
follows: δj/iX = (jX/iX)sample / (jX/iX)international standard −
1, where δj/iX is the δ13C or δ15N value, jX is the heavier
isotope (13C or 15N) and iX is the lighter isotope (12C
or 14N). We report all δ values versus international stan-
dards (Vienna Peedee belemnite for carbon and air for
nitrogen) in per mil units (‰). The elemental composi-
tion of carbon and nitrogen was analyzed as the weight
percent carbon and nitrogen concentration, reported as
%C and %N in percent units (%). The precision of mea-
surements was better than 0.2‰ for the δ13C values, 0.3‰
for δ15N values, 0.3% for %C, and 0.2% for %N, based
on the repeated analysis of certified standards (USGS-
40, USGS-41, and casein for stable isotope analysis and
USGS-40 for elemental analysis—all Elemental Micro-
analysis Ltd., Okehampton, United Kingdom).

Discrimination-factor compilation approaches
To learn which �13C and �15N values have been

used in previous studies of bear diets using SIMMs,
we first conducted a literature survey in the Scopus
database (www.scopus.com) using the search terms “bear
diet” AND [“stable isotopes” OR “stable isotope mixing
model”]. We limited our search to recently published re-
search in the period 1 January 2015–31 April 2019 and
to omnivorous bear species (we excluded papers on the
giant panda [Ailuropoda melanoleuca]).

We found 16 studies (Table S1, Supplemental mate-
rial) that had been conducted on brown bear (N = 9),
American black bear (Ursus americanus; N = 9), or po-
lar bear (U. maritimus; N = 2). Based on the discrim-

ination factors used in these studies, we could assign
most of the studies (with the exception of 2 studies; see
Table S1) to 1 of the 3 discrimination-factor compila-
tion approaches. We named these approaches as follows:
(1) Bear-specific approach, (2) Model Species approach,
and (3) Diet Isotope Value approach (Table S1). Later,
we used these approaches as a basis to derive the �13C
and �15N values used in this study. In addition, we also
used a fourth approach called Sider, which is a package in
Program R that is an interesting new tool for estimating
�13C and �15N values for mammals and birds (Healy
et al. 2018). All 4 approaches are described in detail
below.

Bear-specific approach. In this approach �13C
and �15N values are compiled from controlled dietary ex-
periments conducted on various bear species. Five studies
on bears recently used this approach (Table S1). In this
study, we decided to use the available experimental data
on bear diet-plasma �13C and �15N values (Table S2,
Supplemental material), assuming, based on the current
knowledge (Vanderklift and Ponsard 2003, Caut et al.
2009), that there is no difference between bear plasma
and liver in �13C and �15N values. We chose plasma
because (1) these data are reported for most studies, and
(2) based on experiment durations, we were confident
that the plasma reached equilibrium with the diet (see
Rode et al. [2016] for details about isotopic incorpora-
tion and diet-tissue equilibrium). Following the proposed
best practices for using literature-derived discrimination
factors in SIMMs (Phillips et al. 2014), we calculated
the mean and the range of all available plasma-diet �13C
and �15N values. We then used this mean and range (di-
vided by 2, representing a proxy for standard deviation
[SD]) as a figure in our modeling and thus incorporated
all possible literature variation (Inger et al. 2010, Phillips
et al. 2014). Like Deacy et al. (2018), we derived a single
�13C figure for all food sources, but calculated different
�15N figures for plant and animal food sources, based on
the broad consensus in the literature that �15N values are
higher for plant than for animal (meat) diets (Table S2;
Perga and Grey 2010, Florin et al. 2011).

Model Species approach. Here we used the
tissue- and diet-specific�13C and�15N values developed
for rats (Rattus norvegicus; Kurle et al. 2014), following
the approach of Hopkins and Kurle (2015). Such tissue-
and diet-specific (plant vs. meat foods) discrimination
factors were recently used in 5 bear dietary studies (Table
S1). For the purpose of this study, we obtained the mean
�13C and �15N values from liver data from rats fed either
with a “wheat diet” (representing plant-based foods) or
“fish diet” (representing animal-based foods; Kurle et al.
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2014). We used the same variation (SD) around the mean
as did Hopkins and Kurle (2015).

Diet Isotope Value approach. Hilderbrand et al.
(1996; for American black bear) and Felliceti et al. (2003;
for brown bear) found a relationship between the δ13C and
δ15N values of the diet and bear plasma, which can be de-
scribed with a simple linear regression model (a separate
model for δ13C and δ15N values). The δ13C and δ15N val-
ues of diets are normally measured and known for a spe-
cific stable isotope dietary study; therefore, these models
(with diet δ13C or δ15N values as a response variable) are
used to estimate diet-specific discrimination factors for
bears (Table S1). To compile �15N values using this ap-
proach, we used linear regression models from Felliceti
et al. (2003) for brown bear, following the methodology
described in Mowat et al. (2017; see for more detail).
Briefly, we calculated the mean �15N value for each of
our food sources, based on its mean δ15N value. We used
the Bear-specific approach (Table S2) to obtain the mean
�13C value on account of a weak relationship between
δ13C values of plasma and diets (discussed in details by
Mowat et al. 2017). We set the same variation (SD) around
the mean �13C and �15N value that was used by Ditmer
et al. (2016) and Mowat et al. (2017); 0.2‰ and 0.5‰ for
�13C and �15N values, respectively.

Sider approach. Lastly, we used the SIDER pack-
age (version 1.0.0.0; Healy et al. 2018) in Program R to
estimate tissue- (liver), and diet- (plant vs. meat foods)
specific �13C and �15N values for brown bears. The
SIDER package uses phylogenetic regression models,
based on a compiled data set to estimate species-, tissue-,
and diet-specific �13C and �15N DTDFs for a consumer
in a Bayesian inference (for detail see Healy et al. 2018).
Briefly, in the SIDER package we used the recipeSider
and prepareSider function to prepare each �13C or �15N
model. In the recipeSider function, species was set to
“Ursus arctos,” habitat to “terrestrial,” taxonomic.class
to “mammalia,” tissue to “liver,” and diet.type either to
“herbivore” for plant-based food categories or “carni-
vore” for animal-based food categories. Diet.type and
habitat were specified as fixed factors and species and
tissue as random effects, which are the default settings
in the SIDER package (Healy et al. 2018). We ran the
model with imputeSider function with 2 Markov chain
Monte Carlo (MCMC) chains of 1,200,000 iterations, a
burn-in of 200,000 and a thinning interval of 50. We used
uninformative priors proposed by Healy et al. (2018) and
checked the model convergence with Rhat value <1.1 cri-
teria (Gelman et al. 2014). Finally, we used the mean and
SD of the �13C and �15N value posterior distribution in
our further analyses.

Data analyses
Discrimination factor effects in an underde-

termined system. To study the effect of discrimina-
tion factors derived with the 4 different approaches on the
dietary estimates in an underdetermined system, we con-
structed 4 Bayesian SIMM models (Bear-specific, Model
Species, Diet Isotope Value, and Sider approach) using
stable isotope data of individual bears and of all 6 food-
source categories. The models differed only in the �13C
and �15N values, based on the approach used. We in-
cluded food source %C and %N concentration depen-
dency, corrected for digestibility (see Table S3 [Supple-
mental material] for details). We used the “Simmr” pack-
age version 0.4 in Program R (Parnell 2016) to build and
run our models. For all models, we ran 4 MCMC chains
with 200,000 iterations, a burn-in of 20.000, thinning in-
terval of 200, and uninformative priors for the dietary
estimates parameters. These MCMC settings were suffi-
cient to achieve model convergence because Rhat val-
ues for all parameters were below 1.1 (Gelman et al.
2014).

We ran the models with all 6 food-source categories
and considered combining them with an a posteriori ap-
proach, as suggested by Phillips et al. (2014). Following
this approach, we inspected the correlation matrix plots
after running each model for large negative correlations
among food-source dietary estimates (which indicate the
inability of the model to distinguish among sources) and
then combined the negatively correlated sources using
a function to a posteriori combine sources in “simmr”
(Parnell et al. 2013, Phillips et al. 2014). For each food-
source dietary estimate distribution in each model, we
report the following parameters: mean, modus, and 50%
and 95% Bayesian credible interval (hereafter referred to
as 50% or 95% CI).

Discrimination factor effects in a determined
system. We had concerns that an underdetermined sys-
tem could mask the effects of different discrimination
factors on dietary estimates (see Introduction); therefore,
we tested the discrimination factor effect in a determined
system. We first constructed a “theoretical” (unrealistic)
determined mixing space. For our system with 2 isotope
tracers (n = 2), we selected 3 (n + 1) of our isotopically
most distinct food-source categories (Corn, Other An-
thropogenic Food, and Wild Plants). We ran our 4 models
following the same procedure as described in the under-
determined system models.

Finally, to compare the dietary estimates between
discrimination factor approaches for both the under-
determined and determined system, we calculated the
coefficient (proportion) of overlap (hereafter referred to
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6 ISOTOPE DISCRIMINATION FACTORS FOR BEARS � Javornik et al.

Table 1. Brown bear (Ursus arctos) carbon (�13C) and nitrogen (�15N) isotope diet-tissue discrimination factors
(mean ± SD) compiled with the 4 different compilation approaches used in our discrimination-factor sensitivity
analyses (see Methods for details).

Discrimination-factor compilation approach

Food-source category Bear-specific (‰) Model species (‰) Diet isotope value (‰) Sider (‰)a

Corn �13C = +2.6 ± 2.3 �13C = +1.2 ± 0.5 �13C = +2.6 ± 0.2 �13C = +1.9 ± 1.3
�15N = +5.4 ± 0.8 �15N = +3.1 ± 0.2 �15N = +4.7 ± 0.5 �15N = +5.1 ± 1.1

Domestic animals �13C = +2.6 ± 2.3 �13C = +0.7 ± 0.3 �13C = +2.6 ± 0.2 �13C = +2.7 ± 1.2
�15N = +3.3 ± 0.8 �15N = +3.1 ± 0.4 �15N = +4.7 ± 0.5 �15N = +4.8 ± 1.1

Other anthropogenic foods �13C = +2.6 ± 2.3 �13C = +1.2 ± 0.5 �13C = +2.6 ± 0.2 �13C = +1.9 ± 1.3
�15N = +5.4 ± 0.8 �15N = +3.1 ± 0.2 �15N = +4.9 ± 0.5 �15N = +5.1 ± 1.1

Wild animals �13C = +2.6 ± 2.3 �13C = +0.7 ± 0.3 �13C = +2.6 ± 0.2 �13C = +2.7 ± 1.2
�15N = +3.3 ± 0.8 �15N = +3.1 ± 0.4 �15N = +4.9 ± 0.5 �15N = +4.8 ± 1.1

Wild plants �13C = +2.6 ± 2.3 �13C = +1.2 ± 0.5 �13C = +2.6 ± 0.2 �13C = +1.9 ± 1.3
�15N = +5.4 ± 0.8 �15N = +3.1 ± 0.2 �15N = +5.6 ± 0.5 �15N = +5.1 ± 1.1

Insects �13C = +2.6 ± 2.3 �13C = +0.7 ± 0.3 �13C = +2.6 ± 0.2 �13C = +2.7 ± 1.2
�15N = +3.3 ± 0.8 �15N = +3.1 ± 0.4 �15N = +5.1 ± 0.5 �15N = +4.8 ± 1.1

a�15N values compiled with the Sider approach should be taken with caution as a result of incorrect data included in the SIDER
package database (see Discussion for details).

as CO; Bennett 1976) between pairs of dietary estimate
distributions for each food-source category using the
“overlap” package version 0.3.2 in R (Meredith and Rid-
out 2018). The CO is defined as: CO(f,g) = � min{f(x),
g(x)} dx, where f(x) and g(x) are dietary estimate distri-
bution density functions. The CO ranges from 0 to 1 and
indicates the probability that 2 dietary estimate distribu-
tions are the same. In addition, we also examined whether
the 95% CI of the dietary estimate distributions for each
food-source category overlap between the discrimination
factor approaches.

We conducted all statistical analyses in Program R
(version 3.5.0; R Core Team 2018) using RStudio (ver-
sion 1.1.453; RStudio Team 2018), the above-mentioned
packages, and “ggplot2” (version 3.2.0.; Wickham et al.
2019) and “gridExtra” (version 2.3.; Auguie and Antonov
2017) to code the figures presented in this study.

Results
For all food-source categories, the Model Species ap-

proach resulted in most distinct (lowest) �13C values,
especially for animal-based food-source categories (Do-
mestic Animals, Wild Animals, and Insects; Table 1),
whereas the other 3 approaches (the Bear-specific, Diet
Isotope Value, and Sider) resulted in similar �13C values
(but with different variation around the mean, expressed
in SD). In the case of �15N values, the Model Species
approach also yielded lower �15N values for plant-based
food sources (Corn, Other Anthropogenic Foods, and
Wild Plants) compared with other approaches. On the

other hand, for the animal-based food sources (Domes-
tic Animals, Wild Animals, and Insects), the �15N val-
ues were similar for the Bear-specific and Model Species
approach (lower �15N values) and for the Diet Isotope
Value and Sider approach (higher �15N values; Table 1),
respectively. It is also important to note that, regardless
of the approach used, our consumer (bears) isotope val-
ues always fell within the mixing space polygon, which
is one of the basic assumptions for a SIMM analysis
(Figs. 1 and 2; Phillips et al. 2014).

By inspecting the correlation matrix plots for
the 4 underdetermined system models, we found
negative correlations between Corn and Domestic
Animals and between Wild Plants and Insects in some
models (Fig. S1, Supplemental material); therefore, we a
posteriori combined the respective categories to a Com-
bined Corn and Domestic Animals category and to a
Combined Wild Plants and Insects category. We report di-
etary estimate distribution parameters for all food-source
categories in Table S4 ([Supplemental material] under-
determined system models) and Table S5 ([Supplemental
material] determined system models).

For the underdetermined mixing-space models, our
comparison with CO revealed differences among most
of the approaches. We observed the largest differences
between the Model Species and Diet Isotope Value,
and the Model Species and Sider approaches. We ob-
served the smallest differences between the Diet Iso-
tope Value and Sider approaches (Table 2). When focus-
ing on individual food-source categories, we found very
similar dietary estimates between approaches for Other
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ISOTOPE DISCRIMINATION FACTORS FOR BEARS � Javornik et al. 7

Fig. 1. Carbon (δ13C) and nitrogen (δ15N) stable isotope bi-plots of the Slovenian brown bear (Ursus arctos,
gray dots; from 2004 [N = 29], 2006 [N = 3], and 2016 [N = 12]) and its food-source categories (underde-
termined system, n = 6; mean ± SD; from 2017) collected in the Dinaric Mountains of southern Slovenia and
corrected for 4-carbon (�13C) and nitrogen (�15N) diet-tissue discrimination factors, compiled using 4 different
approaches.

Anthropogenic Foods and Insects (Table 2; Fig. 3). For
Corn, dietary estimates were also similar among ap-
proaches (Table 2), with the Bear-specific approach pro-
ducing on average about 10% lower estimates, but with
a high overlap in confidence intervals and COs (Fig. 3;
Table 2; Table S4). However, for Combined Corn and
Domestic Animals food-source category this was not the
case, because larger differences were observed between
the Model Species and all other approaches (COs lower
than 0.3).We found large differences in dietary estimates
and consequently low COs between approaches also for
Wild Plants, Combined Wild Plants and Insects, and Do-
mestic Animals (Table 2). For example, dietary estimates
of the Diet Isotope Value and the Sider approach for Com-
bined Wild Plants and Insects were 45% (95% CI = 35–
57%), whereas dietary estimates for the same food source
for the Bear-specific approach were 30% (95% CI = 14–

43%) and only 16% (95% CI = 6–27%) for the Model
Species approach, resulting in COs below 0.5 (Fig. 3;
Table 2; Table S4).

For the determined mixing-space models, our CO anal-
ysis showed an even stronger effect of different ap-
proaches (Table 3). We found that there was no over-
lap in dietary estimates (COs <10%) between the Model
Species and all other approaches for Other Anthropogenic
Foods and Wild Plants food-source categories (Table 3;
Fig. 4). The dietary estimates of the Model Species ap-
proach for Other Anthropogenic Foods were 53% (95%
CI = 47–59%), whereas estimates of all other approaches
for this food source were much lower, ∼30% (∼95% CI =
20–44%; Table S5). For Wild Plants, the dietary esti-
mates of the Model Species approach were very low,
5% (95% CI = 2–8%), whereas the dietary estimates of
all other approaches were much higher, ∼26% (∼95%
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8 ISOTOPE DISCRIMINATION FACTORS FOR BEARS � Javornik et al.

Fig. 2. Carbon (δ13C) and nitrogen (δ15N) stable isotope biplots of the Slovenian brown bear (Ursus arctos,
gray dots; from 2004 [N = 29], 2006 [N = 3], and 2016 [N = 12]) and its “theoretical” food-source categories
(determined system, n = 3; mean ± SD; from 2017) collected in the Dinaric Mountains of southern Slovenia and
corrected for 4-carbon (�13C) and nitrogen (�15N) diet-tissue discrimination factors, compiled using 4 different
approaches.

CI = 21–34%; Table S5). On the other hand, we found
that the dietary estimates for Corn were fairly similar for
all approaches (Fig. 4; Table S5). It is also noteworthy that
we found almost no difference between the Bear-specific,
Diet Isotope Value, and Sider approaches. However, we
believe this is because the difference in compiled �13C
and �15N values were small for the 3 food sources used
in our specific case.

Discussion
The effect of different approaches on dietary
estimates

The main finding of our study is that discrimination
factors (with their corresponding variation expressed as
SD) used can have strong effects on the dietary esti-

mates for bears. In fact, if our study would have been
a dietary study, the different approaches would have led
to contrasting conclusions about the bear diet. For in-
stance, the Model Species approach, and to a lesser ex-
tent the Bear-specific approach, suggested that anthro-
pogenic food sources (i.e., Combined Corn and Domes-
tic Animals) were preferred over natural food sources
(i.e., Combined Wild Plants and Insects). In contrast, both
Diet Isotope Value and Sider approaches suggested that
these food sources were of the same importance in the
diet of Slovenian brown bears. Our findings therefore
clearly suggest that choosing appropriate discrimination
factors is vital to estimate reliable dietary estimates. Fail-
ing to do so will likely result in erroneous conclusions
about the bears’ diet. This is even more important when
management actions are evaluated based on such dietary
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Table 2. Proportion of overlap (CO) among the brown bear (Ursus arctos) food-source category dietary esti-
mates for the underdetermined mixing-space system for Slovenian brown bear from the Dinaric Mountains.
CO ranges from 0 (no overlap) to 1 (total overlap) and represents the probability that 2 dietary estimates are
the same. CO values of <0.5, which indicate <50% probability that the compared estimates are the same, are
indicated with an asterisk.

Proportion of overlap (CO) of the models

Food-source category

Bear-specific
vs. Model
species

Bear-specific
vs. Diet isotope

value

Bear-
specific vs.

Sider

Model species
vs. Diet isotope

value

Model
species vs.

Sider

Diet isotope
value vs.

Sider

Corn 0.42* 0.44* 0.41* 0.88 0.92 0.82
Domestic animals 0.72 0.40* 0.37* 0.24* 0.23* 0.95
Other anthropogenic foods 0.92 0.75 0.70 0.75 0.70 0.94
Wild animals 0.88 0.42* 0.46* 0.50 0.55 0.91
Wild plants 0.71 0.26* 0.41* 0.10* 0.20* 0.74
Insects 0.60 0.75 0.83 0.79 0.64 0.84
Combined corn and domestic animalsa 0.32* 0.83 0.86 0.20* 0.27* 0.84
Combined wild plants and insectsa 0.40* 0.28* 0.34* 0.03* 0.04* 0.89

aA posteriori combined food sources due to a negative correlation observed, indicating inability of the model to distinguish between
them (Fig. S1).

conclusion (e.g., reducing the feeding of bears with an-
thropogenic food sources; Černe et al. 2017).

It is important to note, however, that the sensitivity
of dietary estimates to different discrimination factors is
case-specific (Martínez del Rio et al. 2009, Bond and Di-
amond 2011). For instance, other case studies also have
found substantial sensitivity of dietary estimates to differ-
ent discrimination factors applied (e.g., Voigt et al. 2014,
Healy et al. 2018), whereas others have not (e.g., Der-
bridge et al. 2015, Bastos et al. 2017). The result of our
case study should therefore be treated as a new evidence
indicating the potential effects of discrimination factors
on dietary estimates for bears, but cannot be transferred
to every bear dietary study (e.g., in a different ecosys-
tem with corresponding consumers and endmembers).

Instead, we strongly suggest that researchers consider the
sensitivity of the dietary estimates to assumed discrimi-
nation factors in their particular research problem.

Our study also confirmed previous findings that differ-
ences in discrimination factors alone strongly influence
the error made on dietary estimates (Bond and Diamond
2011), but also in interaction with mixing space geom-
etry (Martínez del Rio et al. 2009). The Model Species
approach produced the most distinct �13C and �15N val-
ues and dietary estimates in both the underdetermined and
determined system. This discrepancy between the Model
Species approach and other approaches is an important
finding because this approach is commonly used in gen-
eral (approx. 60% of all studies using SIMMs [Caut et al.
2009], as well as in bear studies, >30% of all studies

Table 3. Proportion of overlap (CO) among brown bear (Ursus arctos) food-source category dietary estimates
for the “theoretical” determined mixing-space system for Slovenian brown bear from the Dinaric Mountains.
CO ranges from 0 (no overlap) to 1 (total overlap) and represents the probability that 2 dietary estimates are
the same. CO values of <0.5, which indicate <50% probability that the compared estimates are the same, are
indicated with an asterisk.

Proportion of overlap (CO) of the models

Food-source category

Bear-specific
vs. Model
species

Bear-specific
vs. Diet isotope

value
Bear-specific

vs. Sider

Model species
vs. Diet isotope

value

Model
species vs.

Sider

Diet isotope
value vs.

Sider

Corn 0.65 0.94 0.53 0.60 0.83 0.47*
Other anthropogenic foods 0.03* 0.84 0.87 0.06* 0.01* 0.70
Wild plants 0.00* 0.78 0.76 0.00* 0.00* 0.96
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10 ISOTOPE DISCRIMINATION FACTORS FOR BEARS � Javornik et al.

Fig. 3. Dietary estimates and Bayesian 95% credible interval (horizontal line segments) obtained from 4 diet-
tissue discrimination-factor compilation approaches (Bear-specific, Model Species, Diet Isotope Value, and
Sider) for Slovenian brown bears (Ursus arctos) from the Dinaric Moutains of southern Slovenia in an under-
determined mixing-space system. Results are shown separately for each food-source category.

[this review]). According to Bond and Diamond (2011),
larger differences between discrimination factors gener-
ate larger differences in dietary estimates, and our results
fit this pattern. It is noteworthy that differences between
approaches for Corn dietary estimates were negligible in
the determined system and also fairly small in the under-
determined system. We attribute this to the large isotopic
distance (∼10–19‰) between Corn and the other food-
source categories in the mixing space (Post et al. 2007,
Martínez del Rio et al. 2009).

The differences in dietary estimates among the differ-
ent approaches in a determined system were more evident
(lower CO values and 95% CI overlap) compared with the
underdetermined system. We assume that this is because
of the larger uncertainty in the dietary estimates in the
underdetermined system (Parnell et al. 2010, Brett 2014,

Phillips et al. 2014). Moreover, researchers dealing with
underdetermined systems typically combine food sources
a posteriori (Phillips et al. 2014). Therefore, it is note-
worthy to point out that the a posteriori combining of
food sources in our analysis resulted in larger differences
(lower COs and 95% CI overlap) among approaches. This
suggests that the a posteriori combining of food-source
categories in an underdetermined system can enhance dif-
ferences in dietary estimates among the approaches.

Review of the limitations of the 4 approaches
for bears

Bear-specific approach. An important limitation
of this approach is the assumption that �13C and �15N
values of bear plasma can be transferred to other tissues.
This is not always true because �13C and �15N values
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Fig. 4. Dietary estimates and Bayesian 95% credible interval (horizontal line segments) obtained from 4 diet-
tissue discrimination-factor compilation approaches (Bear-specific, Model Species, Diet Isotope Value, and
Sider) for Slovenian brown bear (Ursus arctos) from the Dinaric Moutains of southern Slovenia in a determined
mixing-space system. Results are shown separately for each food-source category.

can vary significantly among tissues (Caut et al. 2009).
Therefore, if tissues other than bear plasma are used, this
must be considered. For instance, in the case of �13C val-
ues, it can be expected that, compared with bear plasma,
hair (keratin) will have higher �13C values (Koch 2007,
Caut et al. 2009, Kurle et al. 2014) and adipose tissue
lower �13C values (e.g., Hilderbrand et al. 1996). For this
reason, researchers working with bear hair usually use a
correction factor of +1–2‰ when generating �13C val-
ues from bear plasma data (see Mowat and Heard 2006
and Mowat et al. 2017). In terms of �15N values, kid-
neys have been reported to differ significantly from other
tissues (including plasma) in mammals (Vanderklift and
Ponsard 2003). In addition, we want to note that Kurle
et al. (2014) reported that �15N values of laboratory rats
differ also between plasma (serum) and liver. However,

the same relationship between plasma and liver �15N val-
ues was not found for other mammals (Vanderklift and
Ponsard 2003, Caut et al. 2009) and therefore we assumed
in our study that there was no difference in �15N values
between bear plasma and livers. However, there is little
empirical evidence of these relationships in the literature
and further studies investigating the isotope discrimina-
tion among different tissues clearly are needed.

Model Species approach. The assumption of this
approach is that the discrimination factors for a model
species (obtained in a controlled diet experiment) can
be transferred to other species (e.g., from rat to bear).
Some studies showed that this is not always the case be-
cause discrimination factors can vary considerably, even
for closely related species (e.g., between the cheetah [Aci-
nonyx jubatus] and other felid species; Voigt et al. 2014).
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12 ISOTOPE DISCRIMINATION FACTORS FOR BEARS � Javornik et al.

Researchers that used rat discrimination factors from
Kurle et al. (2014) for bears assumed that rats and bears
discriminate similar food in similar ways because they are
both monogastric omnivores (Hopkins and Kurle 2015).
However, to the best of our knowledge, this assumption
has not been tested experimentally. What is known is that
(1) the difference in �13C and �15N values between rat
serum (no data on plasma; Kurle et al. 2014) and bear
plasma are significant (up to ∼2‰ for �13C and ∼1.5‰
for �15N values) and (2) the majority of �13C values re-
ported for bears are also significantly higher than values
for most mammals (average �13C values for mammals
∼0.5‰; Caut et al. 2009). Therefore, we would advise
caution and not recommend using �13C (especially) and
�15N values from other (model) species for bears without
further experimental research.

Diet Isotope Value approach. This approach has
recently received substantial criticism and is generally not
recommended (see Perga and Grey 2010, Hopkins and
Ferguson 2012). Firstly, it should not be used for calculat-
ing �13C values because, to date, there is no empirical ba-
sis on which to explain the food-source δ13C–�13C value
relationships (Perga and Grey 2010). On the other hand,
there is a mechanistic explanation for such a relationship
in the case of �15N values. Namely, �15N values are
negatively correlated to food protein content and quality
(Florin et al. 2011). Protein-rich foods (e.g., meat) in gen-
eral also have higher δ15N values than protein-poor foods
(e.g., fruits), so this could explain the negative diet δ15N–
�15N value relationships observed by many authors (see
Perga and Grey 2010 for review). However, �15N values
are linked to the protein content of the food source rather
directly to their δ15N values, so caution is needed when
applying these models. For example, in this study the
Diet Isotope Value approach �15N values compiled for
Wild Animals and Insects were relatively high because of
their “low” δ15N values. However, these �15N values do
not correlate with the high protein content of these food-
source categories and are most likely incorrect (Florin
et al. 2011). Based on this, we would recommend using
this approach only to compile �15N values for bears in
cases where food-source categories are similar (in terms
of their δ15N values and protein content) to those used in
Hilderbrand et al. (1996) or Felliceti et al. (2003). Lastly,
diet δ15N–�15N value relationships for bears are calcu-
lated for plasma (Hilderbrand et al. 1996, Felicetti et al.
2003): therefore, the same assumptions regarding their
usage for other tissues apply as for the Bear-specific ap-
proach.

Sider approach. Although this is not a general lim-
itation of the SIDER model because it only applies to bear

studies, we find it important to report that during our re-
view of the published bear isotope literature, we found
that the SIDER package database includes some incor-
rect data on �15N values, which are used (together with
�15N values from other species) as a basis for calculat-
ing �15N values for bears. In its database, the SIDER
package uses �13C and �15N values reported in Caut
et al. (2009; Healy et al. 2018), and this study reports
bear �13C and �15N values for 10 experimental foods
from Hilderbrand et al. (1996; American black bear) and
Felicetti et al. (2003; brown bear). However, we found
that �15N values for 3 of the 10 food sources (6.3‰ for
apples, 6.2‰ for commercial bear chow, and 6.3‰ for
pellet chow with 15.4% protein) are inconsistent with
the results of Felicetti et al. (2003) and unusually high
(Florin et al. 2011). The authors of the original paper
later confirmed this inconsistency and sent us their ac-
tual data (5.8‰, 4.3‰, and 4.3‰ for apples, commercial
bear chow, and pellet chow with 15.4% protein, respec-
tively; C.T. Robbins, Washington State University Bear
Center, personal communication). It is unclear to what ex-
tent these incorrect data used by the SIDER package may
influence its �15N value estimates for bears. Therefore,
the Sider approach results for bear �15N values should
be treated with caution, and until this issue is resolved,
the use of the Sider approach to calculate �15N values
for bear tissues is not recommended.

Recommendations for the use of discrimination
factors in bear dietary studies

If discrimination factors from specific controlled di-
etary experiment are not available, we would recommend
researchers to use the Bear-specific approach to derive
discrimination factors for bears because this approach
incorporates most of the current knowledge on isotope
discrimination in bears. However, much is still unknown
regarding isotope discrimination in bears, including dis-
crimination factor differences among tissues and bear
species, and further studies on these topics are clearly
necessary. Therefore, caution is needed also when apply-
ing the Bear-specific approach, especially when tissues
other than plasma are used. In such situations more dis-
crimination factor values often are possible and, if this is
the case, we would advise to conduct a sensitivity anal-
ysis using the different discrimination factors to investi-
gate whether and how they affect the dietary estimates
(also see Inger et al. 2010, Phillips et al. 2014, Rogers
et al. 2015). As we showed in this study, such sensitivity
analyses are of particular importance in systems with
small isotopic differences among food sources.
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Table S1. Carbon (�13C) and nitrogen (�15N)

discrimination-factor compilation approaches used in
studies researching bear diets with stable isotope mix-
ing models, published in the period 1 January 2015 to
31 April 2019.

Table S2. Carbon and nitrogen diet-plasma dis-
crimination factors for bear species from controlled
dietary experiments.

Table S3. δ13C and δ15N values, %C and %N, di-
gested dry matter (DM), assimilated nitrogen (ass. N),
and digestible %C and %N for food-source categories
used in our study.

Table S4. Dietary estimates for food-source cate-
gories in the underdetermined system, estimated us-
ing 4 discrimination-factor compilation approaches.

Table S5. Dietary estimates for food-source cate-
gories in the determined system, estimated using 4
discrimination-factor compilation approaches.

Fig. S1. Correlation matrix plots between food-
source categories for the 4 undetermined mixing-
space system models used.
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