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ABSTRACT

The effects of climate and plant phenological changes on herbivorous species are widely recognized, yet less research has focused
on predatory species, even though vegetative components can account for large proportions of their diet. The historical focus on
predation through the lens of simple interactions between obligate carnivores and their prey oversimplifies many species’ roles
within ecological communities and minimizes other, equally important community functions. We used a long-term, individual-
based dataset on an omnivorous species, the brown bear (Ursus arctos), to identify long-term diet patterns and factors contrib-
uting to annual variation in diet. We used carbon and nitrogen stable isotopes measured in hair and Bayesian mixing models to
determine annual diet among three demographic classes and then used linear mixed models to relate diet to indices of food avail-
ability. Variation in both carbon and nitrogen values were explained by bilberry (Vaccinium myrtillus) productivity. Additionally,
even as the moose population increased over time, there was no increase in the proportion of moose in the diet. The variation
in the proportion of moose in the diet slightly decreased throughout the study, while the proportion of bilberry became increas-
ingly more variable. Our results highlight that even though vegetative diet components are typically considered less important
to predator ecology, brown bear diet in Sweden responded to changes in berry availability, regardless of prey availability. It will
be crucial to put more emphasis on the vegetative parts of diets as we predict how species and ecological communities respond to
climate change because predators serve many more functions within their community besides predation alone.

1 | Introduction (McLeod and Leroux 2021; Kondoh 2003). However, natural

systems are rarely at stable equilibrium, and community in-
Food webs have traditionally modeled omnivorous species teractions are naturally variable (Felicetti et al. 2003; Ushio
as static consumers exerting constant pressure on multiple et al. 2018). For instance, primary productivity varies annu-
resources on distinct trophic levels within stable systems ally related to climate and insect or pathogen abundance
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(Bjerke et al. 2014) and organisms can respond to this variation
by changing their diet based on resource availability (Deacy
et al. 2018; Felicetti et al. 2003). Thus, omnivorous species can
rapidly respond to relieve pressure from an exhausted resource
while increasing pressure on another, more abundant resource
(Kondoh 2003), even if the second resource is a less preferred
food (Zhang et al., 2021).

Most mammalian predators eat species from several trophic
levels, with few exceptions (Clauss et al. 2010; Yoshimura
et al. 2021). Yet historically, predators have been studied through
simple interactions between large, charismatic carnivores and
their prey, which oversimplifies many omnivores' roles within
ecological communities (Miller et al. 2001). This likely over-
looks trophic interactions that may be important to community
stability (Kratina et al. 2012) and essential to predict community
shifts in a changing climate (Gutgesell et al. 2022).

Despite the need for a deeper understanding of omnivore species
beyond their roles as predators, measuring all diet components
in wild species and complementary responses to environmen-
tal change is difficult (Davis and Pineda-Munoz 2016). One way
to estimate diet in wildlife is through stable isotope analysis
(Tieszen and Boutton 1989). This method is based on the prin-
ciple that the ratio of naturally occurring stable isotopes varies
across the earth and among different food types, such as C-4 and
C-3 plants or marine and terrestrial animals, and all organisms
must build their tissues from molecules they consume (Tieszen
and Boutton 1989). Thus, the stable isotope value of an organ-
ism's tissue will most closely resemble that of its dominant foods
(Semmens et al. 2009).

In addition to diet estimation, accurate measures of food avail-
ability are difficult to obtain, especially over time periods long
enough to detect change (Davis and Pineda-Munoz 2016). Even
within the same population of a single species, there will be
differences in diet among individuals (Edwards et al. 2011),
demographic classes (Beck et al. 2007), across space (Stern
et al. 2024), and time (Davis and Pineda-Munoz 2016), which
can obscure general patterns. For example, within a species,
different populations may have different responses to changes
in specific resources, such as mast crops (Hertel et al. 2019;
Schwartz et al. 2010). Thus, determining the effect of variation
in resources on the diet of omnivore species is challenging.

We used a dataset on an omnivore mammal, the brown bear
(Ursus arctos), to estimate annual diet proportions of common
foods as well as identify diet patterns and drivers over 25years.
We used carbon (§'3C) and nitrogen (§'°N) stable isotopes
measured in hair of known individual bears in south-central
Sweden to estimate annual diet among different demographic
classes. We focused on the five primary diet components of
bears in this system: ants (Formnica spp. and Camponotus spp.),
bilberry (Vaccinium myrtillus), crowberry (Empetrum nigrumy),
lingonberry (Vaccinium vitus-vitae), and moose (Alces alces;
Stenset et al. 2016). Berry production in Scandinavia is vari-
able both temporally and spatially (Hertel et al. 2016). Based on
previous stable isotope analyses (Mikkelsen et al. 2023), we ex-
pected bilberry to make up the greatest proportion of the brown
bear diet; however, meat is considered higher quality than ber-
ries (Pritchard and Robbins 1990). Thus, while it accounts for

a small portion of diet, we expected moose availability to have
a disproportionally strong effect on brown bear diet propor-
tions (Hypothesis 1). Specifically, we expected the proportion
of moose in the diet to be positively associated with moose
availability and the proportion of bilberry to be negatively as-
sociated with moose availability. However, diet proportions are
estimates from Bayesian mixing models that have limitations,
assumptions, and uncertainties (Semmens et al. 2009; Stock
et al. 2018). Therefore, we also evaluated variation in the iso-
tope values themselves. §'°N values are used as an indicator of
trophic level, and within our system, an increase in trophic level
(consuming more animal-derived foods) should correspond to
estimated diet changes and have similar relationships with land-
scape variables. Specifically, we considered that each isotope
may be routed through the body differently and reflect different
diet patterns (Hypothesis 2; Podlesak and McWilliams, 2006).
S'°N should be most sensitive to changes in moose availability;
S'5N values should increase in years with greater moose avail-
ability as bears capitalize on the greater availability of a protein
and calorie-dense resource. Meanwhile, berries are abundant
in Scandinavian brown bear diet (Mikkelsen et al. 2023) and
consist predominantly of carbohydrates and sugars. Thus, we
expect §'3C values to be most sensitive to changes in bilberry
availability, as small changes in carbon from an increase in
moose consumption are likely to be overwhelmed by the greater
prevalence of carbon in berries.

2 | Methods
2.1 | Study System

Our study area encompassed ~13,000km? in Givleborg and
Dalarna counties in southcentral Sweden with low human den-
sity and heavily managed forests of Scots pine (Pinus sylvestris)
and Norway spruce (Picea abies). Bears were captured via remote
drugdelivery fromahelicopter (Arnemo and Evans 2017)in spring
soon after den emergence (March-May). All capture procedures
were conducted in accordance with the Swedish Environmental
Protection Agency, Swedish Board of Agriculture, and Swedish
Ethical Committee on Animal Research.

2.2 | Sample Collection

Bear hair samples were collected from between the shoulders
of brown bears during spring captures 1995-2020. Bears molt
annually, beginning in May-June and continuing into October
(Jacoby et al. 1999; Jimbo et al. 2020). There is approximately a
one-month lag between a diet change and total equilibrium in
hair (Hilderbrand et al. 1996; Felicetti et al. 2003), so a diet change
in May would be present in hair cells formed in June. Therefore,
hairs represent the accumulated diet over most of the active sea-
son in the year prior to capture and collection. After collection,
hair samples were placed in individual paper envelopes, labeled
accordingly, and stored dry at room temperature. To estimate
brown bear diet proportions, we also collected brown bear foods
within the study area in 2014 and 2015. We collected hair from be-
tween the shoulder blades of local, wild moose harvested during
the regular hunting season in 2015. Because the moose harvest
in Sweden includes all demographic classes of the population,
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our moose hair sample set includes adults and sub-adults of both
sexes. Wild berries (fruits) of the three primary species consumed
(bilberry, lingonberry and crowberry) were collected from ran-
dom locations within the study area in summer 2014. Ants of the
genera Formica and Camponotus were also collected within the
study area in the summer of 2014. Specimens were mostly adult
workers collected from ant hills (Camponotus) and by sampling
coarse woody debris and tree stumps (Formica) in clearcuts of dif-
ferent age classes at random locations in the study area.

2.3 | Stable Isotope Analysis

When processing hair samples for stable isotope analysis, we
separated as much underfur as possible out of the sample and re-
moved large surface contaminants. Preparatory procedures for
hair followed the protocol for cortisol concentration measure-
ment (Macbeth et al. 2010; Sergiel et al. 2017; Appendix S2). We
washed each sample three times with 40uL HPLC grade meth-
anol per mg hair for 3min per wash to remove other external
contaminants (Sergiel et al. 2020). After the hair had dried for at
least 24 h, it was ground to a fine powder in a mixer mill (Retsch
MM4000; Retsch GmbH, Germany) at 30 Hz and then put into
plastic vials.

Vegetation and insect samples were washed in distilled water,
dried, and powdered prior to stable isotope analyses. 1 mg of the
powder from all samples was measured into precombusted cap-
sules. To measure §'3C and 8N in hair, we followed Koehler
et al. (2019). Powdered samples were combusted at 1030°C in
a Carlo Erba NA1500 or Eurovector 3000 elemental analyzer.
The resulting N, and CO, were separated chromatographically
and introduced to an Elementar Isoprime or a Nu Instruments
Horizon isotope ratio mass spectrometer. We used two reference
materials to normalize the results to VPDB and AIR: BWBIII
keratin (§'3C=-20.18, 8'"N=+14.31 per mil, respectively)
and PRCgel (§'3C=-13.64, "> N=+5.07 per mil, respectively).
Within-run (n = 5) precisions as determined from both reference
and sample duplicate analyses and from QA/QC controls were
+0.1 per mil for both §'3C and 6™>N.

We corrected §'3C values for the anthropogenic depletion of 13C
in the atmosphere by applying a —0.022%. correction per year
(Chamberlain et al. 2005) and used results from published feed-
ing experiments on ursids (Felicetti et al. 2003; Hilderbrand
et al. 1996; Rode et al. 2016) to estimate the isotopic discrimina-
tion factors (TDFs) between bear hair and bear serum (Appendix
Sl.a). We used a similar procedure to estimate TDFs between
moose hair and moose meat and offal (Appendix S1.b).

2.4 | Statistical Analysis

To answer our hypotheses stated above, we did two separate
analyses. First, we used stable isotopes and Bayesian mixing
models to estimate annual dietary proportions among three
different bear demographic classes (females with dependent off-
spring, solitary females, and solitary males) to estimate annual
dietary proportions of five foods over the 25-year study period.
Because we had an unusually large dataset (almost 700 records)
the Bayesian mixing models using the full data size resulted in

prohibitively long run times (over 2weeks and 5 million itera-
tions without conversion). Therefore, when estimating diet pro-
portions, we subset the data by reproductive class and estimated
diet for each class separately.

Second, we used linear mixed models to explain annual vari-
ation in dietary proportions and stable isotopes relative to in-
dices of annual food availability. Sample size was not an issue
for running these models, so all three reproductive classes were
included in the same model when modeling variance in isotope
values. We tested for trends in diet components and focused on
longitudinal trends in the proportions of moose and bilberry in
brown bear diet because these were the only foods we had in-
dicators of availability for. Thus, while we cannot account for
the availability of all five foods used to estimate brown bear
diet, we begin by focusing on the two most prominent foods in
Scandinavian brown bear diets.

2.4.1 | Dietary Proportion Estimation

Based on previous research, we expected brown bear dietary pro-
portions to vary among the demographic classes of independent
(no longer dependent on their mother) bears in our population
(Steyaert et al. 2013; Swenson et al. 2007).We subset the stable
isotope data by demographic classes (females with dependent off-
spring, solitary females, and solitary males) and ran three separate
diet estimation models using year and bearID as random effects.
We used previous diet estimates for our population (Mikkelsen
et al. 2023) to derive informative priors for our models. We re-
moved six outliers that had particularly high §'3C values and fell
outside the mixing polygon. This is standard procedure for mix-
ing models because points outside the mixing polygon cannot be
accurately estimated. Points landing outside the mixing polygon
also indicate that these consumers were likely eating a food not
included in the model. Each model was run with three chains
with 3,000,000 iterations, a burn-in of 1,500,000, and a thin rate
of 500. We used graphical output as well as fit statistics to de-
termine if each model had run for a sufficient time to converge
and to ensure proper chain mixing (Semmens et al. 2009; Stock
et al. 2018). All analysis was completed in R (R Core Team 2024)
using package MixSIAR (Stock and Semmens 2013).

Model estimates of the dietary proportions of moose in males
had a distinct bimodal distribution, which may arise from the
model failing to converge on a single estimate, or from the pop-
ulation having two different diets among males in our sample
(i.e., two different possible solutions to the equation). Larger,
older males may be more predatory than younger bears (Welch
et al. 1997), thus the bimodal distribution may represent the pro-
portion of moose in the diet for subadult males vs. adult males.
To test this, we included an additional model for males with an
adult and subadult categorical variable as a fixed effect to deter-
mine whether this resolved the bimodal distribution.

2.4.2 | Annual Variability in Food Availability
Bilberries. We used berry inventory information from the

Siljansfors Experimental Forest, which is adjacent to the bear
monitoring area, to estimate the annual productivity of bilberry.
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Each year, berry production on 54-60 0.25m? circular plots
was inventoried 2006-2020. The number of ripe bilberries were
counted between July and the end of August. Following Hertel
et al. (2018), we calculated an annual berry production index as
the annual deviation of berry abundance from the 14-year av-
erage for each plot. We then created a model to predict berry
production, with year as a fixed effect, and predicted the annual
deviation of berries produced. This was scaled between 0 and
1, with indices approaching 0 denoting years of lower-than-
average berry production and indices approaching 1 denoting
years of higher-than-average berry production (Figure 1A;
Hertel et al. 2018).

Moose. Moose harvest and observation data for 2006-2020 was
downloaded from Statistik dlgdata (https://algdata-apps.lanss
tyrelsen.se/algdata-apps-stat; Singh et al. 2014) for the coun-
ties of Gévleborg and Dalarna. Data in this system are citizen-
reported moose observations in the first 7days of the hunting
season (October) adjusted by observer effort/observation hours.
In Sweden, reporting harvested moose is required by law
(Singh et al. 2014). The moose observation database also re-
cords the sex, age (calves and adults) and the number of calves
with an observed female (singles vs. twins), which indicates the
overall moose population size, as well as the annual recruit-
ment rate of calves surviving from birth in spring to the fall
(Kalén et al. 2022). We used the annual number of total moose
observed and harvested 2006-2020 after accounting for hunter
effort (Singh et al. 2014) as an indicator of moose population
size. We also used the total number of calves observed as an in-
dicator of annual calf production because calves represent the
age class most preyed on by bears in the study area (Figure 1B;
Swenson et al. 2007).

1.00 A

0.751

0.501

0.251

Annual Bilberry production Index

0.001

Number of hunter reported moose calves

2006 2008 2010 2012 2014 2016 2018 2020

Year

2.4.3 | Linear Mixed Modeling and Model Selection

We used mixed-effects linear regression models with the Ime4
package (Bates et al. 2014) in R (R Core Team 2024) to explain
variation and trends in diet proportions, 6'3C, and §'>N values
within our population based on a priori hypotheses (Table S2).
We used individual ID and demographic class (females with
dependent offspring, solitary males, and solitary females) as
random effects to explain variation in stable isotope values.
We did not include individual ID as a random effect in models
explaining variation in dietary proportions because diet was
estimated by year and demographic class, not at the individ-
ual level, so all members of a reproductive category have the
same estimated diet proportion for each of the five foods for
each year in the study. We used a build-up modeling strategy
in which we began by determining the best relationship for
each covariate considered (linear, log-linear, or quadratic),
and then retained that structure throughout modeling. We
used bear age, sex, and annual indices of food availability as
fixed effects. All models were compared to the null model to
determine whether fixed effects explained more variation than
the intercept only, and variables that performed better than
the intercept only were used to build more complex models
that included additive effects and two-way interactions. We
used an information-theoretic criterion for small sample sizes
(AIC) and the relative differences between models (AAIC)
when determining the model with the best fit given the data
for final inferences (Burnham and Anderson 2002). For mod-
els with similar AIC, values, we compared beta estimates, the
95% confidence intervals around the beta estimates, and model
variance to select the most parsimonious model (Burnham and
Anderson 2002).

12000

9000

60001

30001, r v v v v T v
2006 2008 2010 2012 2014 2016 2018 2020

Year

FIGURE1 | Annual estimates of brown bear food availability for bilberry (A) and moose calves (B) 2006-2020. Bilberry production (A) was esti-
mated from inventory information from the Siljansfors experimental forest in Sweden and a production index < 0.5 indicates fewer berries than aver-

age while years with a production index > 0.5 indicated years of above average berry production. Moose calf estimates (B) in Gévleborg and Dalarna

counties in Sweden reported in the fall by civilians as part of the nationwide hunter collected data program (Statistik dlgdata (https://algdata-apps.

lansstyrelsen.se). This system accounts for surveyor effort, i.e., annual estimates are corrected for observer hours.
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Although we had bear data from 1995 to 2020, our annual food
availability data was limited to 2006-2020, restricting our infer-
ence regarding the drivers of variation in §'3C and §"°N to this
14-year period. Prior to analysis, we compared the demographic
composition, means, medians, and standard errors of our sub-
set data (2006-2020) to the full dataset (1995-2020) to ensure
there were no obvious differences in the data (Supporting
Information S3).

In addition to models related to our central hypotheses, we also
include 6 a posteriori models (Table S2) that tested for a trend
in the variation in the annual estimated proportions of bilberry
and moose in brown bear diets. For each demographic category,
we calculated a mean proportion of bilberry and moose for all
years estimated. Then we used the absolute value of the differ-
ence between the annual estimate and the cross-year mean as an
indicator of annual variation:

Varp, = | ﬂ(pmpfd) — Dropygg |

Where d is a given demographic class, fis a given food source,
and ¢ is the year.

We used the absolute value of the difference because we were
not concerned whether the annual proportion was more than
or less than the mean across all years. We then used linear re-
gression analysis with the annual variance as the response vari-
able and year as a continuous variable and demographic class as
explanatory variables. We tested for additive effects as well as
an interaction between sex and year. The additive only model
and the interaction model were compared to the intercept only
model using AICc values and model weight (Burnham and
Anderson 2002).

3 | Results

To estimate annual diet proportions over a 25-year period, 1995-
2020, we had a total of 680 records of 278 bears: 190 records
from 71 females with dependent offspring (aged 4-24, median
number of bears per year =7, SD=2.5), 239 records from 118 sol-
itary females (aged 1-21, median number of bears per year=9.5,
SD=5.0), and 251 records from 120 solitary males (aged 1-29,
median number of bears per year=10, SD=5.6). Despite the
isotopic similarities between two berry species (lingonberry
and crowberry) as well as ants and moose, the Bayesian mix-
ing models produced good estimates for these foods (Supporting
Information S2, Figure S3). For the linear mixed models explain-
ing variation in diet proportions and isotope values 2006-2020,
we had 410 records of 177 bears (aged 1-19); 110 records for fe-
males with dependent offspring (aged 4-18), 167 solitary females
(aged 1-19), and 133 solitary males (aged 1-19).

3.1 | Patterns of Diet Composition

Posterior estimates for the three demographic classes indicated
that there was annual variation in brown bear diet propor-
tions, but bilberries made up the greatest proportion of the diet
(0.53-0.70) and higher trophic foods (moose and ants) made up
small proportions (0.03-0.07; Figure 2) of the diet. For solitary

males, moose made up a larger proportion than ants in all years,
while the opposite was true for both female classes. Diet among
the three demographic classes fluctuated independently; there
were no consistent peaks in either moose or ants in a specific
year across all classes. There were 2years in which we had no
samples from solitary males (2014 & 2015), so we could not make
diet estimates for these years, and thus trends in diet proportions
are confounded for solitary males.

Ants and moose were consumed in similar proportions
across years (Figure 2 A(ii), B(ii), and c(ii))., but there was
evidence for a slight decline inAthe proportion of moose over
time ”(PmpMoose) = ﬂO + ﬂ(Year); ﬁ(Moose.Year) = - 0'02’ SE = 0'002;
Table S2); the model that accounted for a trend in diet had all
of the model weight (w;=1.00) and the 95% confidence inter-
val did not contain zero. Meanwhile, there was weak evidence
that the proportion of bAilberry slightly increased over time
(M((PropBilberry)) = ﬂO + ﬂ(Year); ﬂ(Bilberry.Year) =0.01,5E = O'OOS;Table SZ),
the intercept only model had considerably more weight than the
model that accounted for a linear trend (Intercept w, =0.94) but
the 95% confidence interval around the beta estimate did not
contain zero. The beta estimates of trends in moose and bilberry
translate to changes of less than 1% per year, thus while they
have statistical support, their biological relevance is unknown.

The proportion of bilberry in the diet was not correlated with
either the bilberry production index or moose availability; the
intercept only model had much more support in the data than
the model that accounted for bilberry and moose availability
(M (propBitberry) = BoxAAIC .=19.33; Table S2). There was strong ev-
idence for small, negative correlations between the proportion of
moose in the diet and both moose availability and bi\lberry pro-

duCtion (M(ProportianMoose) = ﬂ 0 + ﬁ (MooseHarvest) + ﬂ (Bilberry); ﬂ (MooseHarvest)
= —0.0023,95%CI = —0.0032 to—0.0015; f giperryy = —0.0018, 95%
CI= -0.0026 to—0.001). The model explaining variation in the
proportion of moose in the diet that accounted for resource
availability had more support in the data than the intercept only
model (AAIC,_=32.5; Table S3). Thus, while availability did not
seem the affect the proportion of bilberry, it did affect the pro-
portion of moose in the diet; the proportion of moose in the diet
decreased with increasing availability of bilberry and decreased
in years with greater moose availability.

3.2 | Patterns in Stable Isotope Values

Among foods included in the diet analysis, moose and ants had
the highest §'3C values, crowberry and lingonberry had median
values, and bilberry had the lowest §3C values. Variation in
brown bear §'3C values was best described by a log-linear rela-
tionship with bilberry production and the number of moose
calves observed in the year in which hair was grown
(H(s5¢) = Po + Bgitberry) + P(canes; Table S2). Brown bear §'*C val-

ues were lower (more similar to bilberries) in years with greater
bilberry production (8, giseryy = — 0.21,95%CI = —0.30 to — 0.12).
They were also lower (more similar to bilberry) in years
with  greater numbers of observed moose calves
(B aoosecatves) = — 0-25,95%CI = — 0.35 to — 0.14). Though well
supported, the relationship between §'3C values and bilberry
was small (Figure 3A). We evaluated the strength of the effect of
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bilberry by removing it from the model and comparing the re-
sulting model performance metrics to the model that included
the effect of bilberry. The model that accounted for bilberry pro-
duction had a AAIC, 14.1units lower and a model weight over
1000x greater (0.9979 vs. 0.0009) than the model without the
effect of bilberry production. The high statistical significance
but small beta estimate may be related to the overall small dif-
ference among §'3C values in the foods included in this study.

815N were highest in moose and ants, followed by bilberry,
lingonberry, and crowberry had the lowest &N values.
Variation in 6'°N was best described (w;=0.9) by the model
that accounted for bilberry production with a one-year time
lag (berry production in ¢ affecting stable isotope values in
t+ 1), bear age and sex, and an interaction between age and sex
(M(615N) = ﬁO + ﬂ(Age) + ﬁ(Sex) + ﬁ(Bilberry(lawd)) + ﬂ(Age*Sex); Table S2,
Figure 4A,B). The next best model was identical, except it also
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accounted for the number of moose harvested, but the effect of
moose had little to no support; the moose model had less sup-
port in the data (AAIC,=4.3, w;=0.1) and the beta estimate
for moose overlapped zero by 13% (Figure S4).

SN values were lower (more similar to bilberry val-
ues) in years with greater bilberry production
(Brivery = — 0.18,95%CI = —0.24t0—0.12) and &N values
increased with bear age, but the effect differed between the
sexXes (g, =0.14,95%CI=0.02 t0 0.26; Bsyyry) =1.21,95%CI=0.61 to

1.81; Bageusexqar) =0.57, 95%CI = 0.38 to. 075)-

3.3 | Trends in Variance of Diet

A posteriori models of the variance of the dietary proportions
of bilberry and moose revealed strong support for trends in
both food sources (Figure 5 and Table S2). Throughout the
study, variance in the annual proportion of bilberry in the
diet increased by more than three times the starting variance
(Bear.pitverryy = 0003, 95%CI=0.002-0.004). Unlike bilberry,
the annual variation in moose declined over time (8 yeqr poose)=
—0.0001, 95%CI=-0.00016 to —0.00004). The beta estimates
around moose variation are very small because (1) moose con-
stituted a small proportion of brown bear diets and (2) varied
little among years. However, there is still evidence that variation
in moose declined.

4 | Discussion

Predator population dynamics, behavior, and diet are typ-
ically associated with changes in prey populations, which
means that predation and prey interactions tend to be the
primary concerns when designing conservation and manage-
ment programs or even understanding the general ecology of
predatory species. Our results suggest that the opposite can be

true—even for a large apex predator. Brown bear diet changed
in response to berry productivity, regardless of moose avail-
ability, indicating that landscape changes that affect berry pro-
duction will have larger impacts on bears than changes in prey
populations. Both moose calves and berries are temporarily
available food resources (Stenset et al. 2016), but berries are
available for a longer period and are the primary food source
during hyperphagia (Deacy et al., 2018; Hertel et al. 2018).
Thus, based on the overwhelming contribution of berries to
bear diet (Mikkelsen et al. 2023) it should not be surprising
that berry availability has a stronger influence on brown bear
diet than moose availability.

Brown bear hair §'°N values were closely related to the propor-
tion of moose in the diet, but neither 6'°N values nor estimated
diet proportions of moose were related to indices of moose
availability. Rather, both §"°N values and dietary proportions of
moose were explained by bilberry availability. Meanwhile, the
dietary proportion of bilberry was unrelated to either moose or
bilberry availability. Variation in 6'3C values was also explained
by bilberry availability, though some variation in 6'3C was also
explained by annual moose calf production.

The unintuitive relationship in which §'3C values are more sim-
ilar to plant-derived foods in years with high moose calf obser-
vations and more similar to animal-derived foods during years
of low moose observations may be an artifact of timing. Bears
tend to predate moose neonates in the spring soon after calv-
ing (Swenson et al. 2007), while calf observations are reported
by the public in October. Brown bears can be a substantial
source of mortality for moose calves in Sweden (~25%; Swenson
et al. 2007), and so this relationship may arise from bears pre-
dating (and eating) more moose calves in the spring, resulting
in fewer calves to be counted in the fall. However, due to the
overall size of the moose population (Jensen et al., 2020) we are
uncertain whether bear predation could have this strong of an
effect on reported moose numbers.
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Prior to 2011, annual moose calves in the study area fluctuated
around 3000-4000, then rapidly increased until numbers restabi-
lized in 2014 around 13,000 (Statistik dlgdata). As a species with a
diverse diet, we expect brown bear to rapidly respond to changes
in resource availability, particularly a preferred food source like
moose (Deacy et al., 2018; Felicetti et al. 2003). Yet, the propor-
tion of moose in the diet did not increase with calf observations;
rather, it appears to be stable or decrease through time. This may
be a result of the brief temporal window in which moose calves
are vulnerable to brown bear predation (Swenson et al. 2007),
and even at the lowest calf numbers documented in this study, the
bear population may have been saturated and could not consume
any more moose (Charnov 1976). The variability associated with
the proportion of moose declined through time, which may also

be related to diet saturation. If bears are saturated by the number
of moose calves on the landscape, then we expect the proportion
of moose in the diet to be dictated by handling time alone, which
is likely less variable than both search and handling time.

Because brown bears did not change their diet in response to
increasing moose availability, it may indicate that brown bears
did not evolve to be dependent on animal-derived foods. In
aquatic systems, predators often have a stronger preference for
higher-trophic foods but get most of their energy from an abun-
dance of lower trophic foods (Zheng et al. 2021). This may also
be true for terrestrial systems. While bears may prefer higher
trophic foods when given a free choice with no searching or
handling times, they likely evolved feeding heavily on lower
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trophic foods and exploiting higher trophic foods less often
(Robbins et al. 2022; Rode et al. 2021).

As climate continues to change in the arctic, bears may become
less dependent on moose calves. Areas in and near the arctic
are projected to be much warmer with a longer growing season
(Box et al. 2019; Inouye 2022), and brown bear's trophic position
tends to decrease with greater primary productivity (Albrecht
et al. 2024; Bojarska and Selva 2012). This effect may be partic-
ularly strong if lower trophic foods become available earlier in
the season and overlap with moose calving, incentivizing bears
to spend less time on calf predation for more time foraging on
plant-based foods, as has been seen in North America (Deacy
et al., 2018). However, community responses to climate change
are complex and difficult to predict, and there was a large in-
crease in the variance of the proportion of bilberry in the diet
through time. Whether this is an indicator of bears switching to
an alternative food source not considered in this analysis or an
indication of bilberry availability becoming increasingly vari-
able annually requires further study.

It must be noted that this study considers a simplified subset
of the larger community by focusing on only a few interactions
(brown bears, moose, ants, and 3 berry species) and attempts
to place it within the larger framework of foraging and com-
munity ecology theories. We used five foods that have previ-
ously been identified as important for bears in Scandinavia
(Mikkelsen et al. 2023; Stenset et al. 2016) to estimate diet, but
we may have inadvertently excluded foods such as domestic
oats (Avena sativa) that could contribute to variation in brown
bear diet. Further, we only had data on the annual availability
of two food sources, so this analysis cannot account for other
landscape availability factors that may contribute to changes in
brown bear diet. Additionally, we only collected food samples
during a single year; thus, we cannot account for annual vari-
ation in isotopic values of the food sources we used to estimate
bear diet. For instance, we applied a correction to account for
the Suess effect in bear samples (Chamberlain et al. 2005), but
this same phenomenon would also affect the '3C values of all
members within the community. Therefore, the slight decline
in the proportion of moose and ants could be attributed to the
assumption that food samples collected in 2014 and 2015 were
representative of each year within the study.

However, our results add to the growing body of evidence that
meat may be overemphasized in the diets of some omnivorous spe-
cies (Deacy et al. 2017; Robbins et al. 2022; Rode et al. 2021), which
minimizes the other roles these species play, such as nutrient cy-
clers and seed dispersers (Borchert and Tyler 2011; Harrer and
Levi 2018; Reimchen 2017). Beyond ursid species, modern moni-
toring tools, such as DNA metabarcoding, camera traps, and stable
isotope analysis, have documented “novel” foraging behaviors in
a wide variety of predators, such as bonnethead sharks (Sphyrna
tiburo) eating seagrasses (Leigh et al. 2018), crocodilians (order
Crocodilia) eating fruit and dispersing seeds (Platt et al. 2013), or
wolves (Canis lupus) foraging on berries (Homkes et al. 2020).

It is unclear how many other omnivorous species are sensi-
tive to changes in primary production. While much work has
been done on trophic cascades via top-down effects, more re-
search is needed on trophic transcendence via bottom-up

effects. For example, within Scandinavia, annual weather pat-
terns explain little variation in annual berry production (Hertel
et al. 2018; Selds 2000). This is because fruit production may
be negatively affected by short but extreme weather events or
a complex interaction of conditions over the full growing sea-
son (Orsenigo et al. 2014). Additionally, human modifications
to the landscape, such as the conversion of wildlands to agri-
culture or timber production, change the structure of ecological
communities and can interact with climate change to exacerbate
changes in resource availability (Pirotta et al. 2022). Ultimately,
omnivorous species may be doubly affected by changes in plant
phenology and productivity, once through a direct change
in plant-based resource availability as a food source (Deacy
et al. 2017; Hertel et al. 2018), then again as prey species also re-
spond to changes in primary production (Kobayashi et al. 2012).
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