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Abstract

The red fox (Vulpes vulpes) is the most abundant mesopredator in the Central European
region. Detailed knowledge about their feeding behavior is important both from eco-
logical and wildlife management reasons. Food choices of foxes are poorly predictable
in high-biodiversity marshlands. The main aim of our study was to sample parallel
the main food-type abundances in the study area and analyze the diet of fox cubs
and cohabiting adults across 3years during the period of maternal dependence of the
cubs. According to the optimal foraging theory, we predicted that the cubs' diet would
show higher energy content, would be more varied, and the individual prey species
fed to the young would be larger. We analyzed the composition of adult fox and cub
fecal samples collected separately around dens in a marshland of western Hungary,
May 2014, 2017 and 2020, when the abundance values of main food sources dif-
fered. Rodents and waterfowl dominated the diet, but their relative occurrence in
the samples showed yearly variations. We found that vixens follow a dual optimizing
foraging strategy regarding their provisioning of the cubs and their own diet. Adult
foxes optimized their diet according to the actual yearly abundances of their main
food sources. Additionally, they preferred prey items that can be consumed at the
site of capture (large carrion and small individual prey items). Cubs on the other hand
were provisioned with optimal high-energy food, even if those in question became
less abundant in that year. Vixens mostly fed to their young either larger rodents and
waterfowl, or multiple small rodents at a time—these type of prey are both optimal
for transportation as a single load. Providing optimal prey at an early age in a changing

environment may contribute to the ecological success of the red fox.
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1 | INTRODUCTION

The optimal foraging theory (OFT), a behavioral ecology model,
postulates that foragers select food items by finding a compro-
mise between costs and benefits (e.g., finding the net energy gain
optimum where travel distance between two food patches adds
to the cost and energy intake in the next visited food patch rep-
resents the benefit, Cowie, 1977) to maximize their net rates of
energy intake, where optimal net energy intake has a direct asso-
ciation with fitness (Krebs, 1978; MacArthur & Pianka, 1966; Pyke
et al., 1977; Stephens & Krebs, 1986). Based on the OFT, it is also
expected that a generalist forager will increase dietary diversity in
response to a decrease in prey or the availability of its preferred
(primary) prey (Begg et al., 2003; MacArthur & Pianka, 1966; Perry
& Pianka, 1997).

According to the parental investment theory (PIT), one key
component is rearing investment, which is, the time and en-
ergy expenditure connected directly to the raising of offspring
(Geffen et al., 1996; Geffen & MacDonald, 1992; Moehlman, 1986;
Trivers, 1972; Vergara, 2000). In many species, parental investment
includes feeding the offspring that are not yet able to obtain food on
their own. Beyond fulfilling their energetic needs, juvenile terrestrial
carnivores need to recognize and learn about prey species in the en-
vironment based on taste and smell at a young age (Blandford, 1987,
Thornton & Raihani, 2008). Multiple factors determine how ef-
fective predatory behavior arises. One of these factors is the role
of the mother, for example in cats, kittens are stimulated to catch
prey by bringing living prey to them (Ewer, 1969). Presenting a va-
riety of food items to the offspring by the parents influences their
food choice after becoming independent (Altbicker et al., 1995;
Blandford, 1987; Thornton & Raihani, 2008). It is expected, however,
that even in the case of a variable (quantity and composition) food
source, the parent will provide the offspring with the optimal food
that has the highest net energy content.

The prey abundance- and composition-dependent feed-
ing (functional) response (or prey selection), as a behavioral re-
sponse (Holling, 1959; Jeschke et al., 2002; Murdoch, 1969; Randa
et al., 2009) has been less explored in carnivores during the early
stages of progeny rearing, when the offspring are still dependent on
the parent(s). Terrestrial carnivores, such as the species of Felidae,
Mustelidae, and Canidae, have to return to their still-dependent
young with captured prey to feed them. This scenario is very similar
to the well-studied cases of birds where the association between
optimal foraging and optimal parental investment strategies was
thoroughly modeled and analyzed (e.g., Fargallo et al., 2020). In a
nutshell, parents who have to retrieve prey to a central location (i.e.,
to the nest/den where their young are), have to find the optimal
solution that minimizes the cumulative travel distance and provides
the most nutritious prey composition to the offspring (Kacelnik &
Houston, 1984). Additional restrictive factors emerge in the form of
the capturability of the various prey types, the transport cost, and
the potential exposure of the parents to dangers (such as predators,
including humans; Brown, 1999).

The red fox (Vulpes vulpes) is an opportunistic and generalist
predator that responds functionally to seasonal and geographic
fluctuations of prey and plant resources, resulting in a varied diet
composition across their range (e.g., Europe: Diaz-Ruiz et al., 2013;
Lloyd, 1980; Soe et al., 2017; North America: Sargeant et al., 1984;
Australia: Saunders et al., 2010; globally: Castaiieda et al., 2022).
Due to its population size, the red fox is one of the most signifi-
cant mesopredator globally (Doherty et al., 2016; Lloyd, 1980; Soe
et al., 2017).

Due to its ubiquitous presence around the world's cold and
temperate zone habitats and cities (Baker & Harris, 2004; Doherty
et al., 2016; Doncaster et al., 1990; Lloyd, 1980), the red fox can be
an ideal model species for the study of OFT and optimal parental
provisioning behavior in predatory mammals. Red foxes are facul-
tative polygamous canids (Baker et al., 2004; Macdonald, 1979;
Moehlman, 1979; Zabel & Taggart, 1989). Their mating system (mo-
nogamy vs. polygamy; Macdonald, 1979; Zabel & Taggart, 1989)
is strongly influenced by environmental factors, for example, the
abundance of prey and fox density. Similarly, in some instances the
presence of barren (subordinate) vixens were recorded, who took
the role of “helpers” by provisioning the cubs of the higher-ranking
female (Baker et al., 2004; Macdonald, 1979). In Central Europe cubs
are mainly born in April, leaving the den for the first time at 4 weeks
of age (Bekoff et al., 1981; Lloyd, 1980). At 3weeks of age, the con-
sumption of solid food begins and at 4-5weeks of age weaning is
completed (Kolb & Hewson, 1980). Instead of the regurgitated food
typical in the early period of maternal provisioning, the mother pro-
vides the cubs with more or less intact prey items toward the end of
cub-rearing (Nygaard, 1990). Due to their typically small-to-medium
sized, non-dangerous prey items, foxes do not rely on coopera-
tive hunting, thus the young disperse early (depending on habitat,
from 6 months of age; e.g., Harris & Trewhella, 1988; Lloyd, 1980),
and become reproductively active quickly (10-months-of-age;
Baker et al., 1998; Bekoff et al., 1981; Kolb & Hewson, 1980;
Macdonald, 1983).

In comparative studies, the food composition of recently weaned
cubs and adult foxes was different (Artois & Gall, 1988; Weber, 1996),
but the diet of young and adult foxes was similar once the young an-
imals became independent of parental provisioning (Catling, 1988;
Cavallini & Volpi, 1996; Balestrieri et al., 2011; Kolb & Hewson, 1980;
exceptions, Kidawa & Kowalczyk, 2011; Lever, 1959). These results
indicate that fox mothers may actively select prey items that could
be more advantageous from the aspect of parental provisioning. The
prey brought back to the cubs by the parents was usually larger than
the typical prey size of the adult red foxes living in the same area
(Lindstrém, 1994; Lovari & Parigi, 1995; Weber, 1996).

The differences in habitat conditions (originating either from
effects of locality or temporal changes), for example, in prey abun-
dance, are usually well reflected in the diet composition of vertebrate
predators and community dynamics (Balestrieri et al., 2011; Diaz-
Ruiz et al., 2013; Jedrzejewski & Jedrzejewska, 1992; Kjellander &
Nordstréom, 2003; Panzacchi et al., 2008; Soe et al., 2017; but see
methodological limitations: Reynolds & Aebischer, 1991). To get a
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clear picture of the diet of a carnivore, indirect methods are often
used such as assessing particular traces of the consumed prey in-
stead of observing the actual event of predation. Prey species de-
tected in the stomach or feces of carnivores can provide important
insight into feeding habits (Castafieda et al., 2022; Machovsky-
Capuska et al., 2016; Saunders et al., 1993; Soe et al., 2017) and op-
portunity for quantitative analysis of the food consumed (Reynolds
& Aebischer, 1991), in contrast to stable isotopic and DNA barcoding
methods (e.g. De Barba et al., 2014; Newsome et al., 2007) or direct
observation (e.g., Lloyd, 1980; Macdonald, 1977), which are novel
from another aspects.

Compared to drylands and anthropogenic ecosystems (Baker
et al., 2006; Diaz-Ruiz et al., 2013; Soe et al., 2017), marshes con-
sist of specific natural transitional areas of wetlands and terrestrial
habitats (Mitsch & Gosselink, 1986), where little is known about the
behavioral ecological background of prey choice of foxes (Goldyn
et al., 2003; Lanszki, 2005; Leckie et al., 1998; Reynolds, 1979).
Marshlands are ecologically optimal areas of high productivity
and biodiversity and host unique and, contrary to drylands, more
stable prey communities (Dell'Arte et al., 2007; Scott et al., 2008;
Verboom et al., 2006). Although predation on nesting waterfowl or
other species associated with aquatic habitats may be significant in
marshlands (e.g., Purger et al., 2023; Sargeant et al., 1984), there is
an almost complete lack of assessment of OFT-based prey choice
of adult red foxes regarding their self-sustenance and parallel provi-
sioning of dependent cubs (Weber, 1996).

Based on the OFT and earlier findings in red foxes
(Lindstrém, 1994; Weber, 1996), we hypothesize that prey choice of
adults will depend on the relative food availability at a given location
and year. Our first prediction is that adult fox food preferences in a
given year will depend on the general food abundance. Our second
prediction is that prey consumed at the capture site (feeding pref-
erence of adult foxes) and prey brought back to the den for cubs
(food composition of cubs) should be different according to the pre-
dictions of optimized parental provisioning models (i.e., cubs should
be steadily provided with high-energy content prey; prey brought
back from larger distances should be profitable based on the energy
content/cost of transportation). We also expected that the need for
optimal provisioning for their dependent cubs would have a stronger
influence on maternal prey choice than the fluctuating yearly prey
abundance. Therefore, we predicted (third prediction, based on the
interaction of factors) that the differences between adult feeding
patterns and the composition of the cubs' diet will be maintained
across the years. To explore the quality of parental investment via
age- and source-dependent dietary differences, we examined the
food selection of adult red foxes living in natural conditions. We si-
multaneously collected fecal samples of the adults and fox cubs as
well from different years during the cubs' dependency phase, when
they were fed with prey brought back by their mothers. From the
qualitative analysis of fecal samples (composition, prey size and
habitat/zonation, preferences, energy content), we assessed how
flexibly the mother optimized the prey selection for the cubs. We
expected that prey brought back to cubs would be different in
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composition (i.e., predicting higher energy content; and regarding
the marshland habitat, higher proportion of aquatic prey), more var-
ied (thus probably enhancing the effect of gaining experience with
a wider assortment of prey), and the individual prey items would be
larger, depending on the abundance of available food sources.

2 | MATERIALS AND METHODS
2.1 | Studyarea

The study area is situated in the western part of Hungary, in the
Kis-Balaton area of Balaton Uplands National Park (Figure 1). Our
investigations were performed within the strictly protected 54 km?
Kis-Balaton marshland (center: 46.63723°N, 17.20938°E). Kis-
Balaton has been a Natura 2000 site (SPA—Special Protection Areas
and PSCI—Proposed Sites for Community Importance) and a Ramsar
site since 1979. The main habitat types in the marshland are the fol-
lowing: open water (10%), swamp vegetation (74%), grasslands (3%),
wooded habitats (12%), built environment (gravel roads, built struc-
tures; <1%) (Balaton Uplands National Park's database). The domi-
nant species of the plant communities in the swamp are common
reed (Phragmites australis), common bulrush (Typha latifolia), lesser
pond-sedge (Carex acutiformis), at higher spatial levels, patches
of groves are formed by willows (Salix alba and S.cinerea), poplars
(Populus sp.), and common alder (Alnus glutinosa).

The shores of the embankments reserved for water-level regu-
lation are suitable for the foxes to dig their dens. These linear infra-
structures offer safe passage between habitat patches at a higher
spatial level (e.g., islands) for foxes in all seasons. At the same time,
these pathways ensure the collection of scat samples for dietary
studies. Human activity within the study area is very low; mostly
involving conservation management and water protection (Lanszki
etal., 2020).

The study area is situated in the continental climatic region,
with some Mediterranean features. During the study periods (2014,
2017, and 2020) in spring (from March to May), no significant differ-
ences were found among the years in mean (+SE) monthly tempera-
ture (11.6+0.9°C; ANOVA, F2‘6=O.05, p=.945) and mean monthly
amount of precipitation (30.9+5.7mm, F2’6=1.76, p=.250; data
source: Hungarian Meteorological Service).

There is a large number of waterfowl nests at Kis-Balaton, and
the area is an important wintering and migration area for birds
and a favorable habitat for amphibians and invertebrates (Lanszki
et al., 2020). Red deer (Cervus elaphus) and wild boar (Sus scrofa)
populations are abundant, while roe deer (Capreous capreolus) and
European brown hare (Lepus europaeus) are rare species here.

2.2 | Sample collection and study species

For the assessment of the diet composition and feeding habits of
the red fox, we collected 265 intact scat (fecal) samples in 3years
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FIGURE 1 Map of the study area. The
year is indicated at the den sites when the
particular site was used for sampling.

Lake Balaton
Hungary e \ i
D/ B
RO \
2014 & \
o—) ,\;;’S \
/
7
/
//
/
//
I/
!l’
2017,2020 /
@ Fox den
— Sampling route
ﬁ Marsh
Open water
|0 1 2 3km| J  Alder forest i
C — | ’/ Meadow/plough land

(Table 1), Y1 (year 1-2014), Y2 (year 2-2017), Y3 (year 3-2020). Scat
samples of cubs and an additional 14 partly consumed prey remains
were collected in the surroundings of inhabited dens with actual on-
going cub-rearing, within a distance of 3-5m from one den with cubs
per year. Scat samples from adult foxes were collected weekly once,
by walking slowly on standard routes designated for carnivore moni-
toring (Figure 1), and all samples stored frozen until analysis. Both
types of scats were collected on several occasions (on average once
a week) during May. The standard monitoring route around the dens
was 1.7km in Y1 and 1.3km in Y2 and Y3. From June, as the cubs
began to switch to independent foraging, the dens were abandoned,
and scat sample collection has been terminated.

The same fox den was studied in Y2 and Y3 and a distant one
(8.9km, measured on embankments) in Y1. We opted for using
the scat samples collected 3years apart because this likely en-
sured that the fox mothers were not the same individuals even
at the same den site. Based on numerous published results (e.g.,
Harris, 1979; Hartova-Nentvichova et al., 2010; Hradsky et al., 2019;
Phillips, 1970) from a wide range of habitats, the ratio of foxes older
than 4years in the population is low to negligible.

Fox scat samples were distinguished from other sympatric
carnivores based on position, odor, size, and shape character-
istics (Castillo et al.,, 2011; Jedrzejewska & Jedrzejewski, 1998;
Lanszki, 2005; Macdonald, 1980). Scats of adult foxes were easily
distinguishable from those of cubs based on their larger size. The
mean (+SE) dry weight of washed and dried scat samples of cubs

were only one-third size of samples from adult foxes (0.61+0.04g
vs. 1.77+0.14g; Mann-Whitney U-test, U=3719.5, n,=153,
n,=112, p<.0001). Based on camera trapping (Y1 and Y3) and oc-
casional observations (Y2), the vixens raised the cubs alone, without
helpers (Macdonald, 1983). The number of cubs was at least three in
Y1 and minimum of two in Y2 and Y3; their age ranged between 4
and 8 weeks during the sample collection.

The relative abundance of potentially reproducing red foxes (in-
dividuals per km survey route) was calculated on the basis of den
number (inhabited fox den x 2) by surveys performed in March (and
afterward checked dens each month in spring), 2010-2020. Thus,
the estimated mean (+SE) red fox abundance index was 0.57 +0.06
fox/km per year (lower quartile: 0.40 fox/km, upper quartile: 0.66
fox/km; J. Lanszki, unpublished data). The yearly values in the se-
lected 3years were medium high, 0.63, 0.42, and 0.63 fox/km,
respectively.

For calculating the food preference indices of the foxes, we used
the small mammal abundance data of the three selected years. We
calculated the abundance (MNA, or minimum number alive/100 trap
nights) of the small mammal (rodents and insectivores) population in
the Kis-Balaton marshland. During these surveys, we followed the
four-night trapping by mark-recapture technique (Krebs, 1989). Live
trapping was conducted yearly in May 2010-2020. The mean (+SE)
small mammal abundance (MNA) was 7.0+ 1.3 individuals/100 trap
nights (lower quartile: 3.7 individuals/100 trap nights, upper quar-
tile: 9.1 individuals/100 trap nights; J. Lanszki, unpublished data).
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According to these abundance data (non-normal data distribution,
Kruskal-Wallis median test, ;(2:25.23, p=.002), the abundance of
small mammals significantly differed across the years (Table S1), it
was the highest in Y1 (15.5 individuals/100 trap nights), medium in
Y2 (4.0 individuals/100 trap nights), and the lowest in Y3 (2.8 indi-
viduals/ 100 trap nights).

Among the birds in the area, the population density of waterfowl|
averaged 10.5+1.3 individuals/km?, based on standard censuses
done by direct binocular and spotting scope counting in April and
May 2010-2020 (lower quartile: 9.6 individuals/km?, upper quartile:
12.6 individuals/km?; source of synchronous bird censuses: Balaton
Uplands National Park Directorate's database). Based on the whole
(10-year) monitoring period, the abundance of waterfowl| was inter-
mediate (10.2 and 11.2 individuals/km?) in Y1 and Y2 and low (4.4 in-
dividuals/km?) in Y3. High predation rates, caused mainly by foxes, in
artificial nest predation tests were found at nest sites of waterfowl
(13%-28%, J. Lanszki, unpublished monitoring data).

All studies within the strictly protected area, including live
trapping of small mammals, were permitted by the Balaton
Uplands National Park Directorate and the local, competent au-
thority (VAV/KTF/1258-8/2015, ZA/KTF/01115-7/2017, ZA/
KTF/02051-8/2020). We followed all applicable international, na-
tional, and/or institutional guidelines for the care and use of animals.

2.3 | Fecal sample analysis

To ensure that the collected fecal samples originated from foxes, due
to the lack of genetic species identification (e.g., Baines et al., 2013),
we rechecked the questionable samples during the laboratory
preparation procedure, for example, based on typical odor (Lanszki
et al., 2020). Additionally, carnivore hairs collected from fecal sam-
ples were morphologically identified (Teerink, 1991; our own refer-
ence hair collection). Samples that remained of questionable origins
(<1%) were excluded from the analysis.

We prepared and analyzed the fecal samples by means of a stan-
dard procedure (Jedrzejewska & Jedrzejewski, 1998). Samples were
soaked in water, washed through a sieve (0.5mm mesh) and dried.
All prey remains were separated, and using a microscope, all feather,
bone, teeth, hair, fish scales, and seed remains were identified to the
lowest possible taxonomic level by using key features (detailed by
Lanszki et al., 2020) and our vertebrate, invertebrate and plant refer-
ence collections. Besides their identification, we also collected prey
frequency data from the individual fecal samples. Small mammals
have paired bone structures (e.g., lower jaws, femurs) that allow an
assessment of the minimum number of individuals in a scat through
the pairing of left and right-sided bones. Based on the processing, we
detected minimum one individual per sample for each prey taxon.

We determined the percentage composition of food items in the
scat samples based on the relative frequency of occurrence (RFO,
proportion of the total number of occurrences of all items in the
sample), frequency of occurrence (FO, proportion of scats contain-
ing a given food item), and biomass consumed (BC, the biomass of a

given food item expressed as a percentage of the total food biomass
consumed). To estimate the fresh mass of food ingested (Reynolds
& Aebischer, 1991), all dry food remains were weighed separately
(measured at 0.01 g accuracy) and the food remains mass data were
multiplied by an appropriate conversion factor (i.e., small mammals
by 23, muskrat and carnivores by 50, wild boar by 118, deer by 15,
birds and bird eggs by 35, reptiles and amphibians by 18, fish by 25,
invertebrates [crayfish, insects, and mollusks] by 5 and plants [fruits,
seeds, and other plant material] by 14, as summarized from literature
data by Jedrzejewska and Jedrzejewski (1998)).

We used the following 12 food categories in the calculations re-
lated to the comparative analysis of the fecal sample composition
and the trophic niche or diversity for the two age groups: 1—small
rodents, 2—insectivores, 3—muskrat, 4—wild ungulates (i.e., carrion),
5—carnivores, 6—birds, 7—bird eggs, 8—reptiles, 9—amphibians,
10—fish, 11—invertebrates and 12—plants (fruits, seeds, and other
plant matter).

Prey size was categorized as either large (>0.5kg) or small ani-
mals (<0.5kg) (Lindstrom, 1994; Table S2). Individual fecal samples
were clustered according to whether they contained remains only
from large or small prey animals, or species of both types of prey
sizes. Consumed prey according to their typical habitat (or zona-
tion, characteristic physical stratification where a species is most
active) was classified into characteristically terrestrial and aquatic
(species associated with water) groups (e.g., Biré et al., 2005;
Gittleman, 1985; Table S2). Individual fecal samples were clustered
according to whether they contained only remains from terrestrial,

aquatic, or both types of prey species.

2.4 | Statistical analysis

We used primarily nonparametric statistical tests because the data
of examined variables did not show mostly normal distribution with
the Shapiro-Wilk test. We used a parametric test (one-way analysis
of variance) to explore the differences in meteorological parameters
(mean temperature and precipitation amount of spring months) be-

tween the years.

241 | Evaluation of the diet of cubs and adult foxes

We applied general log-linear analysis on FO data to test for dietary
differences within age groups, that is, between adult foxes and cubs,
and year (3years). The unit of analysis was fecal samples of adult and
cub foxes from each year and the response variable was the pres-
ence or absence of the food item. The model was fitted using age
group and year as categories (independent variables). Owing to the
large number of comparisons (12 food categories), we adjusted the
level of significance to .00417 (p=.05/12) with a Bonferroni correc-
tion (Lanszki et al., 2007).

To test whether the diet composition based on BC data of
individual samples differed between the age groups, we used
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two-way permutational multivariate analysis of variance (two-way
PERMANOVA, 9999 random permutations; e.g., Lanszki et al., 2019)
with age group and year as the two independent factors, and BC
data as dependent factors. Similarity percentage (SIMPER) analy-
sis was applied to highlight which food types contributed most to
the dissimilarity in diet composition between the two age groups.
PERMANOVA and SIMPER results were based on Bray-Curtis dis-
similarity matrices. To visualize the difference in food compositions
(BC data) between groups and years, we used hierarchical cluster
analysis (Ward method).

We used general log-linear analysis on the FO data to test for
prey weight class and separately for prey habitat differences within
age groups and years (we adjusted the significance level to .01666,

namely p=.05/3, after a Bonferroni correction).

2.4.2 | Trophic niche breadth and food
diversity analyses

We calculated the trophic niche breadth (B) as described
by Levins (1968) and standardized (B,; rating from O to 1;
Hurlbert, 1978). We used various indices to express food variabil-
ity. The trophic diversity was calculated using the Shannon-Wiener
index (Krebs, 1989). Prey species richness represents the number
of different animal taxa in samples (e.g., Begg et al., 2003). We used
Wilcoxon signed-rank test on RFO and BC data from each year to
test whether the standardized trophic niche breadth and Shannon
diversity differed between the age groups, and Mann-Whitney U-
test on species richness and on total dry weight per scat samples
(pooled years, adult vs. cub samples).

2.4.3 | Preference calculation

To calculate the small mammal preference (i.e., was there any pre-
ferred sort of small mammal prey from among all small mammals
consumed) of foxes we used the Jacobs index (Jacobs, 1974). This
formula relates relative prey abundance (dominance data from live
trapping [%]); calculated from MNA (minimum number alive) values
(Krebs, 1989) to RFO of food items in scats as the measure of diet. In
the calculation, the minimum number of consumed prey individuals
was considered (in all cases, the known number was one individual
per sample). The Jacobs index varies from -1.0 (maximum avoidance)
to +1.0 (maximum preference). Each mammal prey (carried to and
eaten by cubs) was caught by the fox mother, therefore the small
mammal consumption values of adults and cubs were combined.
The Jacobs index values were calculated for each small mammal
taxa for 3years, and the small mammal abundance values of each
year was compared with the Kruskal-Wallis median test among the
prey taxa. When the median test detected significant differences,
we employed Dunn's post hoc multiple comparisons procedure. To
explore whether there is a difference in “selectivity” that would in-
dicate the quality of parental investment, we compared the small
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mammal preference values derived from fecal samples of adult foxes
and cubs with the Mann-Whitney U-test.

244 | Food energy content estimation

Based on fecal samples, to determine the differences between cal-
culated energetic values of consumed food of adult red foxes and
juvenile diets (prey brought to cubs), a simple energy content calcu-
lation was applied (Lanszki et al., 2006, 2020). Estimation based on
percentage of biomass consumed (BC) in each sample, and metabo-
lizable energy values (KJ/100g wet weight) for food items detailed
in the Table S3. Differences in the calculated energy content of the
consumed food depending on the age group and year were exam-
ined with a two-way PERMANOVA (Bray-Curtis similarity index,
9999 permutations).

A minimum probability level of p<.05 was accepted in all statis-
tical tests, except log-linear analyses. Statistical analyses were per-
formed in the program PAST v. 3.20 (Hammer et al., 2001) and R v.
4.1.2 (R Core Team, 2021).

3 | RESULTS
3.1 | Diet composition

We identified 566 individual food items in the fecal samples.
Among these, small rodents (mainly Microtus species and water
vole Arvicola amphibius) or birds (mainly Anatidae) were the pri-
mary food type of foxes (Table 1, Figure S1). Consumption of musk-
rat (Ondatra zibethicus), invertebrates (mostly beetles Coleoptera),
bird eggs, and wild ungulate carrion (mainly wild boar Sus scrofa)
were also considerable in the majority of years, age groups, and
calculation methods (RFO, BC). In the fecal samples, the occur-
rence of the other six food types was occasional (summarized
8.6%, RFO) or had a low proportion (summarized 2.8%, BC) of con-
sumed biomass (Table S2).

With log-linear analysis of the frequency of occurrence (FO) data
of 12 main food types, we found that cubs consumed birds more
frequently, while adult foxes consumed more frequently ungulates
(Table 2). There were significant differences among years in con-
sumption of small rodents (rarest in Y3), muskrats (most frequent in
Y1), birds (all years differed), and invertebrates (rarest in Y3). The age
group and year-dependent differences were not significant for the
other food types, nor were the interactions.

Based on two-way PERMANOVA analysis of estimated biomass
(BC) data, the diet composition of foxes differed significantly be-
tween age classes (F1Y259=8.14, p=.0002) and years (F2v259=6.73,
p=.0001), and the age class x year interaction was also significant
(F; 559=3.32, p=.0001). Small rodents and birds (both in higher pro-
portions consumed by cubs), together comprised more than 75% of
the difference between diet composition based on age group and
year as well (SIMPER, Table S4). The diet composition of cubs in Y2
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TABLE 2 Results of log-linear models for the frequencies of
occurrence of food types in the scats of red foxes (Vulpes vulpes)
during the cub-rearing period in the Kis-Balaton marshland
(Hungary), for the effect of age group and year, and their
interaction.

Item Effect Df 4 p
Small rodents Age group 1 2.54 11111
Year 2 15.55 .00042
Interaction 2 6.06 .04828
Insectivores Age group 1 0.70 40189
Year 2 1.69 42929
Interaction 2 5.00 .08216
Muskrat Age group 1 0.49 48451
Year 2 11.87 .00042
Interaction 2 5.19 .07457
Ungulates Age group 1 11.60 .00066
Year 2 7.69 .02137
Interaction 2 5.01 .08172
Carnivores Age group 1 0.01 90329
Year 2 0.34 .84252
Interaction 2 4.89 .08652
Birds Age group 1 20.02 .00001
Year 2 12.36 .00207
Interaction 2 4.25 11923
Bird eggs Age group 1 0.40 .52593
Year 2 3.36 18649
Interaction 2 5.17 .07555
Reptiles Age group 1 1.58 .20837
Year 2 1.08 .58264
Interaction 2 5.19 .07453
Amphibians Age group 1 0.86 .35467
Year 2 1.37 .50418
Interaction 2 5.15 .07607
Fish Age group 1 4,22 .03988
Year 2 3.28 19393
Interaction 2 5.01 .08171
Invertebrates Age group 1 490 .02688
Year 2 15.79 .00037
Interaction 2 6.97 .03061
Plants Age group 1 1.14 .28473
Year 2 9.51 .00861
Interaction 2 5.59 .06114

Note: Bolded p-values with Bonferroni corrections indicate significance
at the p<.00417 level.

and Y3, with a high proportion of birds and a low proportion of small
mammals differed from the diets of other groups (Figure 2).

The following prey remains were seen around fox dens in
Y1: the skull of five muskrats, and in Y3: wings and feathers
of three Porzana sp. (Rallidae) individuals, one dabbling duck

Euclidean distance
0 10 20 30 40 50
1

Cub-Y1 —|

Adult-Y1
Adult-Y2
Adult-Y3
Cub-Y2 —
Cub-Y3 —

FIGURE 2 Similarity dendogram of the Euclidean distances
among general diet compositions (percentage biomass consumed)
of adult and cub red foxes (Vulpes vulpes) in the Kis-Balaton
marshland (Hungary). Ward method; 12 main food types; years:
Y1-2014, Y2-2017, Y3-2020.

(Anas sp.), one undetermined small-sized waterfowl, three dab-
bling duck egg shells and scales of one common rudd (Scardinius

erythrophthalmus).

3.2 | Food diversity

No significant differences were detected between age groups
in the values of standardized trophic niche breadth in the 3years
(Table 1; Wilcoxon signed-rank test, RFO: T=1.414, n=3, p=.157,
BC: T=0.000, n=3, p=1.00), the Shannon diversity (Wilcoxon
signed-rank test, RFO: T=0.534, n=3, p=.593, BC: T=1.069, n=3,
p=.285), and prey species richness (Mann-Whitney U-test, U=2.50,
n,=3,n,=3,p=.501).

3.3 | Preysize and habitat

The age group had a significant association only with the consump-
tion of large-sized (>0.5kg) prey. Large preys were consumed more
often by cubs (Figure 3a, Table S5). The frequency of consumption
of all three prey sizes differed over the years. Foxes consumed small
prey significantly more frequently in the Y1, small and large prey to-
gether in the Y2, and large prey in the Y3. The age group x year
interaction was not significant (Table S5).

No significant age-dependent differences while significant year-
dependent differences were found in the log-linear analysis accord-
ing to the prey habitat (Table S5). The consumption of aquatic prey
was significantly more frequent in Y3 than in Y2 (Figure 3b; mean,
66.2% vs. 33.1%) and the combined consumption of aquatic and ter-
restrial prey was more frequent in Y2 than in Y3 (54.3% vs. 22.2%).
The age groupxyear interaction was not significant (Table S5).
Compared with the low proportion of terrestrial habitats (e.g., em-
bankments and islands; 16%), foxes typically consumed relatively
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FIGURE 3 Distribution frequency of prey in fecal samples of red foxes (Vulpes vulpes) based on prey size and prey habitat classes in
the Kis-Balaton marshland (Hungary). (a) Prey size classes, small: <0.5kg, large: >0.5kg. (b) Prey habitat classes: T—terrestrial, A—aquatic,
TA—terrestrial and aquatic together. Years: Y1-2014, Y2-2017, Y3-2020. Asterisks indicate significant difference between groups (for

significance level see Section 2). Bar values denote mean +SE.

higher proportions (BC data) of terrestrial prey (adults: 23.2%-
41.3%, cubs: 29.0%-36.7%, with the exception Y3: 10.0%) and

aquatic species in a relatively smaller proportion (Figure 4, Table S2).

3.4 | Food selection/preference

Based on small mammal captures (Table S6) and consumption data of
combined adult and cub foxes, in addition to Microtus species, foxes
preferred larger-sized species, such as water vole (Arvicola amphibius)
and brown rat (Rattus norvegicus), while they avoided the consump-
tion of smaller-sized rodents and shrews (Figure 5). The difference
between the Jacobs preference values of each small mammal taxon
was significant (Kruskal-Wallis median test, )(25=13.33, p=.020).
There was a significant difference between the preferences of water
vole and Apodemus mice (p=.048), bank vole (p=.012) and shrews

(p=.002), brown rat and shrews (p=.032), Microtus voles and among

100% 1
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60% -
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Proportion
N
3
=
1

O Terrestrial

20% -
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YI Yl Y2 Y2 Y3 Y3
Area Adult Cub Adult Cub Adult Cub

FIGURE 4 Ratio of terrestrial (yellow) and aquatic (blue) habitats
in the Kis-Balaton marshland and prey species in fecal samples

of red foxes (Vulpes vulpes) during the cub-rearing period. The

diet composition calculation based on the estimated biomass of
consumed food.

the preferences of shrews (p=.035). The difference between small
mammal preference index values of adult foxes and cubs was not
significant (Mann-Whitney U-test, U=127.50, n,=16, n,=16,
p=1.00). Foxes consumed a relatively higher percentage of birds and
small mammals even when these showed low population densities
(Figure 6).

3.5 | Food energy content

Estimated energy values calculated from fox diets based on the
scat analysis (Figure 7) did not differ significantly between age
groups (two-way PERMANOVA, Fi259=0.21, p=.714) and years
(F2y259=1.16, p=.290). The interaction between age groups and

years was non-significant (F2y259: 1.63,p=.285).

4 | DISCUSSION

Terrestrial mammalian mesopredators, such as the red fox, face a
two-fold challenge when rearing their young, still-dependent cubs.
The constraints of optimal foraging press them to seek the most
profitable energy-rich prey items for self-sustenance. At the same
time, provisioning for the den-bound cubs with brought back food
items requires optimizing for both the logistically most suitable solu-
tions (i.e., the maximum amount of food carried back with the least
travel distance) and the best nutrition for the cubs. We predicted
that while adult foxes will optimize their own diet according to the
actual prey frequencies and abundances of the given year, paren-
tal provisioning of the cubs will be maintained according to its own
optimal standards, partly independently of the food availabilities.
The specific features of the study area (marshland with an almost
complete lack of anthropogenic factors and with an abundance of
aquatic prey species, especially waterfowl) were expected to add
further possibilities for the fox mothers to optimize their cub pro-

visioning behavior.
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FIGURE 5 Estimated small mammal selection of red fox
(Vulpes vulpes) in the Kis-Balaton marshland (Hungary). Calculated
from capture data (small mammal MNA data) and consumption
frequency (RFO) values (see Section 2). Error bars represent the
standard error of the mean calculated from yearly data.
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FIGURE 6 Abundance and consumption (percentage biomass
consumed) of main prey taxa of red foxes (Vulpes vulpes) in the
Kis-Balaton marshland (Hungary). Small mammal abundance index
is based on minimum number alive (MNA) per 100 trap nights
obtained by mark-recapture technique in May (source of small
mammal MNA data: J. Lanszki). Waterfowl density (individuals/km
data based on direct censuses (direct binocular and spotting scope
counting in April and May, source of synchronous bird censuses:
Balaton Uplands National Park Directorate's database). Y1-2014,
Y2-2017, Y3-2020. Open bars—abundance of small mammals and
waterfowl, solid square—percentage consumption by foxes.
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4.1 | Differences between the diet of the cubs and
adult foxes

In the Kis-Balaton marshland, the presently discovered differ-
ences in dietary patterns among age groups of red foxes as well as
among the years, support the theory of distinguished prey selection
as part of parental investment. As expected (first prediction), the
diet composition of the adult foxes (i.e., prey eaten at the capture
site) and dependent cubs (i.e., prey carried to the breeding den for
cubs) differed, and the dietary patterns reflected on the temporary
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FIGURE 7 Energetic values of adult and juvenile red fox
(Vulpes vulpes) diets during the cub-rearing period in the Kis-
Balaton marshland (Hungary). Estimation based on percentage
biomass consumed (Table 1) and details for metabolizable energy
calculations can be found in Section 2 and in the Table S3. Years:
Y1-2014, Y2-2017, Y3-2020.

and habitat-based differences in natural sources. Depending on
the year (food source), cubs, compared to adult foxes, consumed a
higher proportion of the two most important food types, waterfowl,
and terrestrial small rodents. Our findings at least partly support
the predictions derived from the optimal prey model (Krebs, 1978;
Panzacchi et al., 2008; Pyke et al., 1977; Stephens & Krebs, 1986),
because even if there were fewer available small mammals or birds,
fox mothers still showed a preference toward retrieving these to the
cubs.

Prey abundance fluctuations can induce changes in the pro-
portions of alternative prey consumption (Jeschke et al.,, 2002;
Lindstrom, 1994; Weber, 1996). Importantly, only in the case of
self-sustaining adult foxes we found this behavioral (functional)
response, as they switched from a declining (or low) abundance
prey to an increasing (or high) abundance prey (Kjellander &
Nordstrom, 2003; Weber, 1996), especially if the alternative prey
was also energetically profitable (Carbone et al., 2007; Kruuk, 2006).
In our case, adult foxes prominently chose ungulate carcasses in Y1,
however, in Y2 and Y3 importance of this food source decreased in
the scat samples. Additionally, the proportion of small rodents be-
came larger in the diet of adult foxes, which shows a clear shift of
preference, as Y2 and Y3 otherwise were characterized with lower
small mammal abundances according to the live trapping surveys.
Interestingly, foxes seemingly compensated differently in the case
of provisioning their cubs: in Y2 and especially in Y3, the cubs were
fed more with avian prey, which can indicate a trade-off between
adult self-sustenance (biased toward small mammals) and parental
provisioning (biased toward waterfowl).

The dominance of birds (mostly waterfowl) and lower consump-
tion of other foods in the cub-rearing period, differs from the dietary
patterns experienced in terrestrial habitat types of Central Europe,
where the general dietary dominance of small rodents was described
(e.g., Goszczynski, 1986; Jedrzejewska & Jedrzejewski, 1998;
Kozena, 1988; Lanszki et al., 2019).
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Based on the significant difference between the RFO and BC val-
ues, we can assume that the cubs consumed smaller amounts of the
large prey several times (Lindstrém, 1994). The more frequent occur-
rence of waterfowl and large rodents (muskrat) in the scat samples
of fox cubs can be caused by the fact that once caught, these are not
necessarily consumed at once (Englund, 1969; Lovari & Parigi, 1995;
Soulsbury et al., 2008). This also can explain why these types of prey
occur with similar BC values in both age groups of foxes. Cubs may
also play with the remains of large-sized prey; therefore, it can take
longer (several feeding occasions) until they are fully consumed. All
this, whether it involves already killed or live prey, is part of learn-
ing (Biben, 1979; Fairley, 1970; Vincent & Bekoff, 1978). Partly
consumed prey remains at the den site cannot be unambiguously
assigned to the cubs' diet, however, as adult foxes usually consume
their prey at, or near to the catch site, we can assume that any larger
prey that occurs at the den was intended to be for the provisioning
of the cubs.

The fecal analysis method has limitations, that is, bird egg con-
sumption would be underrepresented (Reynolds & Aebischer, 1991).
Still, bird egg consumption was relatively frequent (around 5%,
RFO) in both age groups compared with other studies reporting
on bird egg consumption in the red fox (2.0%-2.5%, e.g., Jensen &
Sequeira, 1978; Kozena, 1988). The egg consumption of cubs was 3.6
times that of adult foxes (BC calculation). Thus, the behavior of foxes
in our study follows the predictions of central place foraging the-
ory (Castillo et al., 2011; Orians & Pearson, 1979; Schoener, 1979),
namely scavenging from ungulate carcasses on the spot (with low
foraging costs), while large-sized prey (waterfowl, muskrat) and high-
energy content and easy-to-transport bird eggs (Careau et al., 2008)
are brought to the den for the cubs.

Small mammal remains were equally frequent in the samples
from adult foxes and cubs. This indicates the key relevance of this
type of prey for the adults' self-sustenance (local consumption) as
well as for the cubs (transported to the den as provision). In line with
the CPFT (Orians & Pearson, 1979; Schoener, 1979; Weber, 1996),
foxes living in the marshland can be multiple-prey loaders (in the
case of small mammal food; Lloyd, 1980) and single-prey loaders (in
the case of large prey). The body mass of a female mallard is 0.8-1kg,
while that of an Apodemus mouse is 20-30g. According to our study,
depending on the current food supply (prey frequency, prey size),
the fox can follow both strategies for carrying prey (Weber, 1996).
The relatively higher consumption of small-sized terrestrial prey in
terms of habitat type ratio suggests that multiple-prey loader behav-
iors may be typical for fox mothers.

The consumption of other food types was of marginal importance
or showed a stronger dependency of the year. In the marshland,
local consumption of ungulates (scavenging) was characteristic for
adult foxes. In contrast, in forested and cultivated areas, fox mothers
reportedly carry large animals or their remains (lamb, roe deer fawn,
and wild boar) to the cubs (Kolb & Hewson, 1980; Lindstrom, 1994;
Panzacchi et al., 2008; Sidorovich et al., 2015). Differences between
the various terrains' suitability for transporting heavier loads by
foxes might explain this (Soulsbury et al., 2008).
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In our study, domestic animals and human garbage were not
present in the samples. Although, according to many publications,
Lagomorphs represent a main food source for foxes at various lo-
cations (e.g., Castaiieda et al., 2022), in marshlands, their relevance
may be lower as prey. Invertebrates occurred twice as often in the
samples of adult foxes, than in the cubs' samples, but their quanti-
tative proportion was low. Due to their small size and low individual
energy content, invertebrates may not be optimal for the fox moth-
ers as transportable food to the cubs (Castillo et al., 2011; Kidawa &
Kowalczyk, 2011), despite their high dry matter and protein content.
In turn, their consumption by cubs indicates the first independent
prey captures (Soulsbury et al., 2008). The low share of plants in
the diet may indicate the general and steady abundance of available
prey and low availability of profitable plant-based foods (e.g., fruits)

during the cub-rearing period in this particular area.

4.2 | Diverse food for cubs

We found highly diverse diets, adult foxes consumed at minimum
61, cubs 53 different food taxa, but their trophic niche was relatively
narrow due to the predominance of the two main food types (birds
or small rodents) in the diet. Therefore, we did not find differences
between age groups in their dietary diversity and could not support
our second prediction. The narrow trophic niche of foxes found in
this present study could indicate a stable food source in the habi-
tat (Lesser et al., 2020; Ruiz-Olmo & Jiménez, 2009). This would fit
both with the OFT, which states that the generalist consumer would
narrow down its food diversity (here trophic niche breadth) in the
period of high food abundances (Perry & Pianka, 1997); and with
MacArthur's (1955) hypothesis about ecosystem stability, which

states that dietary diversity is lower when the habitat is more stable.

4.3 | Dietary optimization based on prey size,
mobility, and habitat

In the marshland, the foxes consumed larger prey more often than
small-sized prey during the cub-rearing period, but their prey choice
based on prey size classes differed each year. This suggests that the
female, to provide the cubs with food of optimal prey size, adjusts its
preference to the changing supply according to the prey size. In line
with our third prediction, we also found that the fox prefers larger
prey over smaller ones, even if these were less abundant according
to the population survey done in the area. This result fits the pre-
dictions of the OFT about the more favorable energy gain/handling
time balance in the case of larger prey items (Carbone et al., 2007;
Kruuk, 2006).

Red foxes preferred slower-moving Microtus species, bank vole
and brown rat, and avoided Apodemus mice, which are fast-moving,
very agile species that are difficult to catch, and foul-smelling shrews
(Jedrzejewski & Jedrzejewska, 1992). Similar preferences have been
found experimentally (Macdonald, 1977), in terrestrial habitats
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(Lanszki et al., 2007) and also in marshes (Lanszki, 2005). We did not
find age-related differences in the occurrence of small mammal spe-
cies in the samples, which suggests that the mother does not choose
specifically among these for the cubs.

Although the foxes consumed mostly aquatic prey, the relative
occurrence of terrestrial species (by taking into consideration the
much smaller ratio of terrestrial habitats) was still almost twice as
high. In this particular marshland, the terrestrial habitats are wedged
between wetlands (proximity); thus, terrestrial species are easily ac-
cessible to the fox. With the decrease in the availability of terrestrial
prey (Y3), the foxes switched even more toward the consumption of

waterfowl.

4.4 | Above average energy content of fox diets is
independent of the age in the marshland

Analyzing the fecal samples, we did not find significant differences
in the total energy content of the food depending on age and year.
Our study confirms that foxes compensate by changing/selecting
the alternative prey to the optimal energy content of their food and
that of their cubs. Despite the food composition variability, the fe-
male maintains a balance of supplying herself and her cubs in a natu-
ral, diverse environment. Due to the dominance of high-energy food
items (rodents, birds, and bird eggs), the energy content of the fox
diets in the studied marshland in May was higher than that of the
average energy content of annual diet composition (713.4KJ/100g
vs. 623.2 KJ/100g) in Southwest Hungary (Lanszki et al., 2019). It
is difficult to determine the optimal value, but the fox can survive
and reproduce in less ideal habitats dominated by humans, where
food with a much lower specific energy content is typical (e.g., fruit-
dominated diet, seasonal mean: 420.3KJ/100g; Lanszki et al., 2020).

4.5 | Limitations

The limitation of our study is that the capture probabilities of dif-
ferent small mammal taxa could have been different, which could
have influenced the calculated preference values. We did not cap-
ture brown rats and water voles. Still, at the same time, we detected
the presence of these species with camera traps near the water-
front (where the small mammal survey also took place) and their
consumption in the current and a previous study in the area (Lanszki
et al., 2020). The box traps used in the marsh area can capture black
rat (Rattus rattus) individuals of different ages, as was experienced in
other areas (Lanszki et al., 2016); thus, same traps are probably suc-
cessful in surveys also on the brown rat.

The detection of the water vole with box traps was occasional
in other years. Still, at the same time, it was a particularly com-
mon species in the marshland with lower water levels in the Kis-
Balaton (Horvath et al., 2012) in a survey based on the use of box
traps. Horvath et al. (2012) used slightly (20 mm) wider plastic box
traps (75mmx 95 mm x 180 mm) than we used and baited traps with

cereals as we did. The number of traps used per sampling unit (on
five transects n=>50 traps per transect) could have been minimally
limiting compared with the low numbers of catches (Table S1). Due
to the expected limitations of the trappability of large-sized water
vole individuals, the preference index value can be lower than +1.

5 | CONCLUSION

We found parallel optimizing foraging strategies: adult foxes op-
timized their diet according to the temporal (yearly) fluctuation of
the abundance of main prey types; meanwhile, fox mothers kept
provisioning their cubs with optimal size and energy content prey
types even if they became less abundant. According to this, for self-
sustenance, adult foxes consumed small mammals and ungulate car-
rion in times of relative abundance; but kept on carrying home large
numbers of small mammals at a time even in those years when these
were less abundant. Additionally, adult fox scats show a preference
for prey items that are consumed at the site of finding it (large car-
rion and small individual prey, such as invertebrates), but cubs were
provisioned with prey that has a more optimal energy content/carry-
ing cost balance (such as waterfowl and muskrat, plus multiple small
mammals in one load).

The specific features of marshland habitat are characterized by
the lack of domestic animals, human-originated garbage and crops
and Lagomorphs that otherwise would be typical as food for foxes.
In turn, the abundance of waterfowl and muskrat offers an optimal
choice for provisioning the fox cubs, providing both an energy-rich
choice for fox mothers and a potential source of learning how to
handle prey for the cubs.

AUTHOR CONTRIBUTIONS

Jozsef Lanszki: Conceptualization (equal); data curation (lead); formal
analysis (lead); methodology (equal); writing - original draft (equal);
writing - review and editing (equal). Zsolt Bende: Conceptualization
(supporting); formal analysis (supporting); methodology (equal);
writing - review and editing (supporting). Nikolett Nagyapati:
Conceptualization (supporting); data curation (supporting); writ-
ing - review and editing (supporting). Zso6fia Lanszki: Data curation
(supporting); visualization (lead); writing - review and editing (sup-
porting). Péter Pongracz: Conceptualization (equal); formal analysis
(supporting); supervision (lead); writing - original draft (equal); writ-

ing - review and editing (equal).

ACKNOWLEDGMENTS

Péter Pongracz was supported by the Hungarian National Research,
Development, and Innovation Office (NKFIH, Grant # K143077)
and Jozsef Lanszki by the RRF-2.3.1-21-2022-00014 (National
Multidisciplinary Laboratory for Climate Change). We thank Balaton
Uplands National Park Directorate for supporting surveys in the
strictly protected area and the anonymous reviewers for their con-
structive comments, and we are grateful to Celeste R. Pongracz for
proofreading the manuscript.

85U8017 SUOLLLIOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile VO ‘8sn Jo se|ni o} Akeld 8uluO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1M Ae.q||BU JUO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/70/02] U0 Areiqiauluo A8 ‘ArbunH sueiyooD Aq ££00T €899/200T 0T/I0P/W0d™ A8 1M Aleiq Ul |Uo//Sdny Wi} papeojumod ‘ ‘€202 ‘85.LSH0Z



LANSZKI ET AL.

CONFLICT OF INTEREST STATEMENT

The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
Raw dataset is available at: https://doi.org/10.5061/dryad.
cfxpnvx9r.

ORCID

Jozsef Lanszki "2 https://orcid.org/0000-0002-2067-6601

Péter Pongrdcz "= https://orcid.org/0000-0001-5126-299X

REFERENCES

Altbicker, V., Hudson, R., & Bilko, A. (1995). Rabbit-mothers' diet influ-
ences pups' later food choice. Ethology, 99, 107-116. https://doi.
org/10.1111/j.1439-0310.1995.tb01092.x

Artois, M., & Gall, A. (1988). Le renard. Hatier.

Baines, D., Aebischer, N., Macleod, A., & Woods, J. (2013). Pine
marten Martes martes and red fox Vulpes vulpes sign indices in
Scottish forests: Population change and reliability of field iden-
tification of scats. Wildlife Biology, 19, 490-496. https://doi.
org/10.2981/13-030

Baker, P., Furlong, M., Southern, S., & Harris, S. (2006). The potential
impact of red fox Vulpes vulpes predation in agricultural land-
scapes in lowland Britain. Wildlife Biology, 12, 39-50. https://doi.
org/10.2981/0909-6396(2006)12[39:TPIORF]2.0.CO;2

Baker, P. J., Funk, S. M., Bruford, M. W., & Harris, S. (2004). Polygynandry
in a red fox population: Implications for the evolution of group
living in canids? Behavioral Ecology, 15, 766-778. https://doi.
org/10.1093/beheco/arh077

Baker, P. J., & Harris, S. (2004). Red foxes. In D. W. Macdonald & C.
Sillero-Zubiri (Eds.), The behavioural ecology of red foxes in urban
Bristol. Biology and conservation of wild canids (pp. 207-216). Oxford
University Press.

Baker, P. J., Robertson, C. P, Funk, S. M., & Harris, S. (1998). Potential
fitness benefits of group living in the red fox, Vulpes vulpes. Animal
Behaviour, 56, 1411-1424. https://doi.org/10.1006/anbe.1998.0950

Balestrieri, A., Remonti, L., & Prigioni, C. (2011). Assessing carnivore diet
by faecal samples and stomach contents: A case study with alpine
red foxes. Central European Journal of Biology, 6, 283-292. https://
doi.org/10.2478/s11535-010-0106-1

Begg, C. M., Begg, K. S., Du Toit, J. T., & Mills, M. G. L. (2003). Sexual and
seasonal variation in the diet and foraging behaviour of a sexually
dimorphic carnivore, the honey badger (Mellivora capensis). Journal
of Zoology, 260, 301-316. https://doi.org/10.1017/5S095283690
3003789

Bekoff, M., Diamond, J., & Mitton, J. B. (1981). Life-history patterns and
sociality in canids: Body size, reproduction, and behavior. Oecologia,
50, 386-390. https://doi.org/10.1007/BF00344981

Biben, M. (1979). Predation and predatory play behaviour of do-
mestic cats. Animal Behaviour, 27, 81-94. https://doi.
org/10.1016/0003-3472(79)90129-5

Bird, Z., Lanszki, J., Szemethy, L., Heltai, M., & Randi, E. (2005). Feeding
habits of feral domestic cats (Felis catus), wild cats (Felis silves-
tris) and their hybrids: Trophic niche overlap among cat groups in
Hungary. Journal of Zoology, 266, 187-196. https://doi.org/10.1017/
50952836905006771

Blandford, P.R. S. (1987). Biology of the polecat Mustela putorius: A litera-
ture review. Mammal Review, 17, 155-198. https://doi.org/10.1111/
j.1365-2907.1987.tb00282.x

Brown, J. S. (1999). Vigilance, patch use and habitat selection: Foraging
under predation risk. Evolutionary Ecology Research, 1, 49-71.

Ecology and Evolution 13 0f 15
=t e W1 LEY- 2o

Carbone, C., Teacher, A., & Rowcliffe, J. M. (2007). The costs of carnivory.
PLoS Biology, 5,e22. https://doi.org/10.1371/journal.pbio.0050022

Careau, V., Giroux, J. F., Gauthier, G., & Berteaux, D. (2008). Surviving
on cached foods—The energetics of egg-caching by arctic
foxes. Canadian Journal of Zoology, 86, 1217-1223. https://doi.
org/10.1139/Z08-102

Castafneda, |., Doherty, T. S., Fleming, P. A, Stobo-Wilson, A. M,
Woinarski, J. C., & Newsome, T. M. (2022). Variation in red fox
Vulpes vulpes diet in five continents. Mammal Review, 52, 328-342.
https://doi.org/10.1111/mam.12292

Castillo, D. F., Birochio, D. E., Lucherini, M., & Casanave, E. B. (2011). Diet
of adults and cubs of Lycalopex gymnocercus in pampas grassland: A
validation of the optimal foraging theory? Annales Zoologici Fennici,
48, 251-256. https://doi.org/10.5735/086.048.0406

Catling, P. C. (1988). Similarities and contrasts in the diets of foxes, Vulpes
vulpes, and cats, Felis catus, relative to fluctuating prey populations
and drought. Australian Wildlife Research, 15, 307-317. https://doi.
org/10.1071/WR9880307

Cavallini, P., & Volpi, T. (1996). Variation in the diet of the red fox in a
Mediterranean area. Revue d’ Ecologie - La Terre et la Vie, 51,
173-189.

Cowie, R. J. (1977). Optimal foraging in great tits (Parus major). Nature,
268, 137-139.

De Barba, M., Miquel, C., Boyer, F., Mercier, C., Rioux, D., Coissac, E.,
& Taberlet, P. (2014). DNA metabarcoding multiplexing and valida-
tion of data accuracy for diet assessment: Application to omniv-
orous diet. Molecular Ecology Resources, 14, 306-323. https://doi.
org/10.1111/1755-0998.12188

Dell'Arte, G. L., Laaksonen, T., Norrdahl, K., & Korpimaki, E. (2007).
Variation in the diet composition of a generalist predator, the red
fox, in relation to season and density of main prey. Acta Oecologica,
31, 276-281. https://doi.org/10.1016/j.actao.2006.12.007

Diaz-Ruiz, F., Delibes-Mateos, M., Garcia-Moreno, J. L., Lopez-Martin,
J. M., Ferreira, C., & Ferreras, P. (2013). Biogeographical patterns
in the diet of an opportunistic predator: The red fox Vulpes vulpes
in the Iberian Peninsula. Mammal Review, 43, 59-70. https://doi.
org/10.1111/j.1365-2907.2011.00206.x

Doherty, T. S, Glen, A. S., Nimmo, D. G, Ritchie, E. G., & Dickman, C. R.
(2016). Invasive predators and global biodiversity loss. Proceedings
of the National Academy of Sciences of the United States of America,
113, 11261-11265. https://doi.org/10.1073/pnas.1602480113

Doncaster, C. P.,, Dickman, C.R., & Macdonald, D. W. (1990). Feeding ecol-
ogy of red foxes (Vulpes vulpes) in the city of Oxford, England. Journal
of Mammalogy, 71, 188-194. https://doi.org/10.2307/1382166

Englund, J. (1969). The diet of fox cubs (Vulpes vulpes) in Sweden. Viltrevy,
6, 1-39.

Ewer, R. (1969). The “instinct to teach”. Nature, 222, 698. https://doi.
org/10.1038/222698a0

Fairley, J. S. (1970). The food, reproduction, form, growth and develop-
ment of the fox Vulpes vulpes (L.) in north-East Ireland. Proceedings
of the Royal Irish Academy. Section B: Biological, Geological, and
Chemical Science, 69, 103-137.

Fargallo, J. A., Navarro-Lépez, J., Palma-Granados, P., & Nieto, R. M.
(2020). Foraging strategy of a carnivorous-insectivorous raptor
species based on prey size, capturability and nutritional compo-
nents. Scientific Reports, 10, 1-12. https://doi.org/10.1038/s4159
8-020-64504-4

Geffen, E., Gompper, M. E., Gittleman, J. L., Luh, H. K., Macdonald, D.
W., & Wayne, R. K. (1996). Size, life-history traits, and social or-
ganization in the Canidae: A reevaluation. The American Naturalist,
147, 140-160.

Geffen, E., & MacDonald, D. W. (1992). Small size and monogamy: Spatial
organization of Blanford's foxes, Vulpes cana. Animal Behaviour, 44,
1123-1130. https://doi.org/10.1016/S0003-3472(05)80324-0

85U8017 SUOLLLIOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile VO ‘8sn Jo se|ni o} Akeld 8uluO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1M Ae.q||BU JUO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/70/02] U0 Areiqiauluo A8 ‘ArbunH sueiyooD Aq ££00T €899/200T 0T/I0P/W0d™ A8 1M Aleiq Ul |Uo//Sdny Wi} papeojumod ‘ ‘€202 ‘85.LSH0Z


https://doi.org/10.5061/dryad.cfxpnvx9r
https://doi.org/10.5061/dryad.cfxpnvx9r
https://orcid.org/0000-0002-2067-6601
https://orcid.org/0000-0002-2067-6601
https://orcid.org/0000-0001-5126-299X
https://orcid.org/0000-0001-5126-299X
https://doi.org/10.1111/j.1439-0310.1995.tb01092.x
https://doi.org/10.1111/j.1439-0310.1995.tb01092.x
https://doi.org/10.2981/13-030
https://doi.org/10.2981/13-030
https://doi.org/10.2981/0909-6396(2006)12%5B39:TPIORF%5D2.0.CO;2
https://doi.org/10.2981/0909-6396(2006)12%5B39:TPIORF%5D2.0.CO;2
https://doi.org/10.1093/beheco/arh077
https://doi.org/10.1093/beheco/arh077
https://doi.org/10.1006/anbe.1998.0950
https://doi.org/10.2478/s11535-010-0106-1
https://doi.org/10.2478/s11535-010-0106-1
https://doi.org/10.1017/S0952836903003789
https://doi.org/10.1017/S0952836903003789
https://doi.org/10.1007/BF00344981
https://doi.org/10.1016/0003-3472(79)90129-5
https://doi.org/10.1016/0003-3472(79)90129-5
https://doi.org/10.1017/S0952836905006771
https://doi.org/10.1017/S0952836905006771
https://doi.org/10.1111/j.1365-2907.1987.tb00282.x
https://doi.org/10.1111/j.1365-2907.1987.tb00282.x
https://doi.org/10.1371/journal.pbio.0050022
https://doi.org/10.1139/Z08-102
https://doi.org/10.1139/Z08-102
https://doi.org/10.1111/mam.12292
https://doi.org/10.5735/086.048.0406
https://doi.org/10.1071/WR9880307
https://doi.org/10.1071/WR9880307
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1016/j.actao.2006.12.007
https://doi.org/10.1111/j.1365-2907.2011.00206.x
https://doi.org/10.1111/j.1365-2907.2011.00206.x
https://doi.org/10.1073/pnas.1602480113
https://doi.org/10.2307/1382166
https://doi.org/10.1038/222698a0
https://doi.org/10.1038/222698a0
https://doi.org/10.1038/s41598-020-64504-4
https://doi.org/10.1038/s41598-020-64504-4
https://doi.org/10.1016/S0003-3472(05)80324-0

LANSZKI ET AL.

14 of 15 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Gittleman, J. L. (1985). Carnivore body size: Ecological and taxonomic
correlates. Oecologia, 67, 540-554. https://doi.org/10.1007/BF007
90026

Goldyn, B., Hromada, M., Surmacki, A., & Tryjanowski, P. (2003). Habitat
use and diet of the red fox Vulpes vulpes in an agricultural landscape
in Poland. Zeitschrift fiir Jagdwissenschaft, 49, 191-200. https://doi.
org/10.1007/BF02189737

Goszczynski, J. (1986). Diet of foxes and martens in Central Poland. Acta
Theriologica, 31, 491-506.

Hammer, @., Harper, D. A. T., & Ryan, P. D. (2001). PAST: Palaeontological
statistics software package for education and data analysis.
Palaeontologia Electronica, 4, 1-9.

Harris, S. (1979). Age-related fertility and productivity in red foxes,
Vulpes vulpes, in suburban London. Journal of Zoology, 187, 195-199.
https://doi.org/10.1111/j.1469-7998.1979.tb03943.x

Harris, S., & Trewhella, W. J. (1988). An analysis of some of the factors af-
fecting dispersal in an urban fox (Vulpes vulpes) population. Journal
of Applied Ecology, 25, 409-422.

Hartova-Nentvichova, M., Andéra, M., & Hart, V. (2010). Cranial ontoge-
netic variability, sex ratio and age structure of the red fox. Central
European Journal of Biology, 5, 894-907. https://doi.org/10.2478/
s11535-010-0093-2

Holling, C. S. (1959). The components of predation as revealed by a
study of small-mammal predation of the European pine sawfly.
The Canadian Entomologist, 91, 293-320. https://doi.org/10.4039/
Ent91293-5

Horvath, G. F,, Horvath, B., Sali, N., & Herczeg, R. (2012). Community-
level response to different human disturbances and land use of
small mammals in two marshland habitat patches in Hungary.
Archives of Biological Sciences, 64, 613-628.

Hradsky, B. A, Kelly, L. T., Robley, A., & Wintle, B. A. (2019). FoxNet: An
individual-based model framework to support management of an
invasive predator, the red fox. Journal of Applied Ecology, 56, 1460~
1470. https://doi.org/10.1111/1365-2664.13374

Hurlbert, S. H. (1978). The measurement of niche overlap and some rela-
tives. Ecology, 59, 67-77. https://doi.org/10.2307/1936632

Jacobs, J. (1974). Quantitative measurement of food selection - A mod-
ification of the forage ratio and Ivlev's electivity index. Oecologia,
14, 413-417. https://doi.org/10.1007/BF00384581

Jedrzejewska, B., & Jedrzejewski, W. (1998). Predation in vertebrate
communities. The Bialowieza Primeval Forest as a case study.
Springer-Verlag.

Jedrzejewski, W., & Jedrzejewska, B. (1992). Foraging and diet of the
red fox Vulpes vulpes in relation to variable food resources in
Biatowieza National Park, Poland. Ecography, 15, 212-220. https://
doi.org/10.1111/j.1600-0587.1992.tb00027.x

Jensen, B., & Sequeira, D. M. (1978). The diet of the red fox (Vulpes vulpes
L.) in Denmark. Danish Review of Game Biology, 10, 1-16.

Jeschke, J. M., Kopp, M., & Tollrian, R. (2002). Predator functional re-
sponses: Discriminating between handling and digesting prey.
Ecological Monographs, 72, 95-112. https://doi.org/10.1890/0012-
9615(2002)072[0095:PFRDBH]2.0.C0O;2

Kacelnik, A., & Houston, A. I. (1984). Some effects of energy costs on
foraging strategies. Animal Behaviour, 32, 609-614. https://doi.
org/10.1016/S0003-3472(84)80298-5

Kidawa, D., & Kowalczyk, R. (2011). The effects of sex, age, season and
habitat on diet of the red fox Vulpes vulpes in Northeastern Poland.
Acta Theriologica, 56, 209-218. https://doi.org/10.1007/s1336
4-011-0031-3

Kjellander, P., & Nordstrém, J. (2003). Cyclic voles, prey switch-
ing in red fox, and roe deer dynamics-a test of the alter-
native prey hypothesis. Oikos, 101, 338-344. https://doi.
org/10.1034/j.1600-0706.2003.11986.x

Kolb, H. H., & Hewson, R. (1980). The diet and growth of fox cubs in two
regions of Scotland. Acta Theriologica, 25, 325-331.

Open Access,

Kozena, I. (1988). Diet of the red fox (Vulpes vulpes) in agrocoenoses
in southern Moravia. Acta Scientiarum Naturalium Academiae
Scientiarum Bohemoslovacae, 22, 1-24.

Krebs, C. J. (1989). Ecological methodology. Harper Collins Publishers.

Krebs, J. R. (1978). Optimal foraging: Decision rules for predators. In J.
R. Krebs & N. B. Davies (Eds.), Behavioural ecology: An evolutionary
approach (pp. 23-63). Blackwell Scientific Publications.

Kruuk, H. (2006). Otters. Ecology, behaviour and conservation. Oxford
University Press.

Lanszki, J. (2005). Diet composition of red fox during rearing in a moor: A
case study. Folia Zoologica, 54, 213-216.

Lanszki, J., Heltai, M., Kovér, G., & Zalewski, A. (2019). Non-linear re-
lationship between body size of terrestrial carnivores and their
trophic niche breadth and overlap. Basic and Applied Ecology, 38,
36-46. https://doi.org/10.1016/j.baae.2019.06.004

Lanszki, J., Kletecki, E., Trocsanyi, B., Muzini¢, J., Széles, G. L., & Purger,
J. J. (2016). Feeding habits of house and feral cats (Felis catus) on
small Adriatic islands (Croatia). North-Western Journal of Zoology, 12,
336-348.

Lanszki, J., Molnar, M., & Molnéar, T. (2006). Factors affecting the
predation of otter (Lutra lutra) on European pond turtle (Emys
orbicularis). Journal of Zoology, 270, 219-226. https://doi.
org/10.1111/j.1469-7998.2006.00132.x

Lanszki, J., Zalewski, A., & Horvath, G. (2007). Comparison of red fox
Vulpes vulpes and pine marten Martes martes food habits in a decid-
uous forest in Hungary. Wildlife Biology, 13, 258-271. https://doi.
org/10.2981/0909-6396(2007)13[258:CORFVV]2.0.CO;2

Lanszki, Z., Horvath, G. F., Bende, Z., & Lanszki, J. (2020). Differences in
the diet and trophic niche of three sympatric carnivores in a marsh-
land. Mammal Research, 65, 93-104. https://doi.org/10.1007/s1336
4-019-00456-z

Leckie, F. M., Thirgood, S. J., May, R., & Redpath, S. M. (1998). Variation
in the diet of red foxes on Scottish moorland in relation to prey
abundance. Ecography, 21, 599-604. https://doi.org/10.1111/
j.1600-0587.1998.tb00552.x

Lesser, J. S., James, W. R., Stallings, C. D., Wilson, R. M., & Nelson, J.
A. (2020). Trophic niche size and overlap decreases with increas-
ing ecosystem productivity. Oikos, 129, 1303-1313. https://doi.
org/10.1111/0ik.07026

Lever, J. A. W. (1959). The diet of the fox since myxomatosis. Journal of
Animal Ecology, 28, 359-375. https://doi.org/10.2307/2089

Levins, R. (1968). Evolution in changing environments. Some theoretical ex-
plorations. Princeton University Press.

Lindstrom, E. R. (1994). Large prey for small cubs - On crucial resources
of a boreal red fox population. Ecography, 17, 17-22. https://doi.
org/10.1111/j.1600-0587.1994.tb00073.x

Lloyd, H. G. (1980). The red fox. Batsford Ltd.

Lovari, S., & Parigi, L. (1995). The red fox as a gamebird killer or a consid-
erate parent? Mammalia, 59, 455-459.

MacArthur, R. (1955). Fluctuations of animal populations and a measure
of community stability. Ecology, 36, 533-536.

MacArthur, R. H., & Pianka, E. R. (1966). On optimal use of a patchy envi-
ronment. The American Naturalist, 100, 603-609.

Macdonald, D. W. (1977). On food preference in the red fox. Mammal
Review, 7, 7-23. https://doi.org/10.1111/j.1365-2907.1977.tb00359.x

Macdonald, D. W. (1979). The flexible social system of the golden jackal,
Canis aureus. Behavioral Ecology and Sociobiology, 5, 17-38. https://
doi.org/10.1007/BF00302692

Macdonald, D. W. (1980). Patterns of scent marking with urine and fae-
ces amongst carnivore communities. Symposium Zoological Society
London, 45, 107-139.

Macdonald, D. W. (1983). The ecology of carnivore social behaviour.
Nature, 301, 379-384. https://doi.org/10.1038/301379a0

Machovsky-Capuska, G. E., Senior, A. M., Simpson, S. J., & Raubenheimer,
D. (2016). The multidimensional nutritional niche. Trends in

85U8017 SUOLLLIOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile VO ‘8sn Jo se|ni o} Akeld 8uluO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1M Ae.q||BU JUO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/70/02] U0 Areiqiauluo A8 ‘ArbunH sueiyooD Aq ££00T €899/200T 0T/I0P/W0d™ A8 1M Aleiq Ul |Uo//Sdny Wi} papeojumod ‘ ‘€202 ‘85.LSH0Z


https://doi.org/10.1007/BF00790026
https://doi.org/10.1007/BF00790026
https://doi.org/10.1007/BF02189737
https://doi.org/10.1007/BF02189737
https://doi.org/10.1111/j.1469-7998.1979.tb03943.x
https://doi.org/10.2478/s11535-010-0093-2
https://doi.org/10.2478/s11535-010-0093-2
https://doi.org/10.4039/Ent91293-5
https://doi.org/10.4039/Ent91293-5
https://doi.org/10.1111/1365-2664.13374
https://doi.org/10.2307/1936632
https://doi.org/10.1007/BF00384581
https://doi.org/10.1111/j.1600-0587.1992.tb00027.x
https://doi.org/10.1111/j.1600-0587.1992.tb00027.x
https://doi.org/10.1890/0012-9615(2002)072%5B0095:PFRDBH%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2002)072%5B0095:PFRDBH%5D2.0.CO;2
https://doi.org/10.1016/S0003-3472(84)80298-5
https://doi.org/10.1016/S0003-3472(84)80298-5
https://doi.org/10.1007/s13364-011-0031-3
https://doi.org/10.1007/s13364-011-0031-3
https://doi.org/10.1034/j.1600-0706.2003.11986.x
https://doi.org/10.1034/j.1600-0706.2003.11986.x
https://doi.org/10.1016/j.baae.2019.06.004
https://doi.org/10.1111/j.1469-7998.2006.00132.x
https://doi.org/10.1111/j.1469-7998.2006.00132.x
https://doi.org/10.2981/0909-6396(2007)13%5B258:CORFVV%5D2.0.CO;2
https://doi.org/10.2981/0909-6396(2007)13%5B258:CORFVV%5D2.0.CO;2
https://doi.org/10.1007/s13364-019-00456-z
https://doi.org/10.1007/s13364-019-00456-z
https://doi.org/10.1111/j.1600-0587.1998.tb00552.x
https://doi.org/10.1111/j.1600-0587.1998.tb00552.x
https://doi.org/10.1111/oik.07026
https://doi.org/10.1111/oik.07026
https://doi.org/10.2307/2089
https://doi.org/10.1111/j.1600-0587.1994.tb00073.x
https://doi.org/10.1111/j.1600-0587.1994.tb00073.x
https://doi.org/10.1111/j.1365-2907.1977.tb00359.x
https://doi.org/10.1007/BF00302692
https://doi.org/10.1007/BF00302692
https://doi.org/10.1038/301379a0

LANSZKI ET AL.

Ecology and Evolution, 31, 355-365. https://doi.org/10.1016/j.
tree.2016.02.009

Mitsch, W. J., & Gosselink, J. G. (1986). Wetlands. Van Nostrand Reinhold.

Moehlman, P. D. (1979). Jackal helpers and pup survival. Nature, 277,
382-383. https://doi.org/10.1038/277382a0

Moehlman, P. D. (1986). Ecology of cooperation in canids. In D. I.
Rubenstein & R. W. Wrangham (Eds.), Ecological aspects of social
evolution (pp. 282-302). Princeton University Press.

Murdoch, W. W. (1969). Switching in general predators: Experiments
on predator specificity and stability of prey populations. Ecological
Monographs, 39, 336-354. https://doi.org/10.2307/1942352

Newsome, S. D., Martinez del Rio, C., Bearhop, S., & Phillips, D. L. (2007).
A niche forisotopic ecology. Frontiers in Ecology and the Environment,
5,429-436. https://doi.org/10.1890/060150.1

Nygaard, S. C. W. (1990). Adult-pup and intralitter interactions at three red
fox prairie dens. Doctoral dissertation, Wayne State University.

Orians, G. H., & Pearson, N. E. (1979). On the theory of central place
foraging. In D. J. Horn, R. Mitchell, & G. R. Stair (Eds.), Analysis of
ecological systems (pp. 155-177). Ohio State University Press.

Panzacchi, M., Linnell, J. D., Serrao, G., Eie, S., Odden, M., Odden, J.,
& Andersen, R. (2008). Evaluation of the importance of roe deer
fawns in the spring-summer diet of red foxes in southeastern
Norway. Ecological Research, 23,889-896. https://doi.org/10.1007/
$11284-007-0452-2

Perry, G., & Pianka, E. R. (1997). Animal foraging: Past, present and fu-
ture. Trends in Ecology and Evolution, 12, 360-364. https://doi.
org/10.1016/50169-5347(97)01097-5

Phillips, R. L. (1970). Age ratios of lowa foxes. The Journal of Wildlife
Management, 34, 52-56. https://doi.org/10.2307/3799491

Purger, J. J., Molnar, T. G., Lanszki, Z., & Lanszki, J. (2023). European pond
turtle (emys orbicularis) nest predation: A study with artificial nests.
Biology, 12(3), 342. https://doi.org/10.3390/biology12030342

Pyke, G. H., Pulliam, H. R., & Charnov, E. L. (1977). Optimal foraging:
A selective review of theory and tests. The Quarterly Review of
Biology, 52, 137-154.

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Randa, L. A., Cooper, D. M., Meserve, P. L., & Yunger, J. A. (2009).
Prey switching of sympatric canids in response to variable prey
abundance. Journal of Mammalogy, 90, 594-603. https://doi.
org/10.1644/08-MAMM-A-092R1.1

Reynolds, J. C., & Aebischer, N. J. (1991). Comparison and quantification
of carnivore diet by faecal analysis: A critique, with recommenda-
tions, based on a study of the fox Vulpes vulpes. Mammal Review,
21, 97-122. https://doi.org/10.1111/j.1365-2907.1991.tb00113.x

Reynolds, P. (1979). Preliminary observations on the food of the fox
(Vulpes vulpes L.) in the Camargue, with special reference to rab-
bit (Oryctolagus cuniculus L.) predation. Mammalia, 43, 295-308.
https://doi.org/10.1515/mamm.1979.43.3.295

Ruiz-Olmo, J., & Jiménez, J. (2009). Diet diversity and breeding of top pred-
ators are determined by habitat stability and structure: A case study
with the Eurasian otter (Lutra lutra L.). European Journal of Wildlife
Research, 55, 133-144. https://doi.org/10.1007/s10344-008-0226-3

Sargeant, A. B., Allen, S. H., & Eberhardt, R. T. (1984). Red fox preda-
tion on breeding ducks in midcontinent North America. Wildlife
Monographs, 89, 3-41.

Saunders, G., White, P. C. L., Harris, S., & Rayner, J. M. V. (1993). Urban
foxes (Vulpes vulpes): Food acquisition, time and energy budget-
ing of a generalized predator. Symposia of the Zoological Society of
London, 65, 215-234.

Saunders, G. R., Gentle, M. N., & Dickman, C. R. (2010). The impacts and
management of foxes Vulpes vulpes in Australia. Mammal Review,
40, 181-211. https://doi.org/10.1111/j.1365-2907.2010.00159.x

Ecology and Evolution 150f 15
=t e W1 LEY- 2o

Schoener, T. W. (1979). Generality of the size-distance relation in models
of optimal feeding. The American Naturalist, 114, 902-914.

Scott, D. M., Joyce, C. B., & Burnside, N. G. (2008). The influence of hab-
itat and landscape on small mammals in Estonian coastal wetlands.
Estonian Journal of Ecology, 57, 279-295. https://doi.org/10.3176/
ec0.2008.4.05

Sidorovich, A. A., Sidorovich, V. E., Yanovskiy, A. A., & Solovej, I. A.
(2015). Diet of red fox (Vulpes vulpes L.) cubs in relation to species
litter distribution in Central Western Belarus. Zoology and Ecology,
25, 8-18. https://doi.org/10.1080/21658005.2014.997996

Soe, E., Davison, J., Sild, K., Valdmann, H., Laurimaa, L., & Saarma, U.
(2017). Europe-wide biogeographical patterns in the diet of an eco-
logically and epidemiologically important mesopredator, the red
fox Vulpes vulpes: A quantitative review. Mammal Review, 47, 198-
211. https://doi.org/10.1111/mam.12092

Soulsbury, C. D, lossa, G., Baker, P. J., & Harris, S. (2008). Environmental
variation at the onset of independent foraging affects full-grown
body mass in the red fox. Proceedings of the Royal Society B: Biological
Sciences, 275,2411-2418. https://doi.org/10.1098/rspb.2008.0705

Stephens, D. W., & Krebs, J. R. (1986). “Foraging theory”. 1st ed.
Monographs in Behavior and Ecology. Princeton University Press.

Teerink, B. J. (1991). Hair of west-European mammals. Cambridge
University Press.

Thornton, A., & Raihani, N. J. (2008). The evolution of teaching. Animal
Behaviour, 75, 1823-1836. https://doi.org/10.1016/j.anbeh
av.2007.12.014

Trivers, R. L. (1972). Parental investment and sexual selection. In B.
Campbell (Ed.), Sexual selection and the descent of man 1871-1971
(pp. 136-179). Aldine.

Verboom, J., Alkemade, R., Klijn, J., Metzger, M. J., & Reijnen, R. (2006).
Combining biodiversity modelling with political and economic de-
velopment scenarios for 25 EU countries. Ecological Economics, 62,
267-276. https://doi.org/10.1016/j.ecolecon.2006.04.009

Vergara, V. (2000). Comparison of parental roles in male and female red
foxes, Vulpes vulpes, in southern Ontario, Canada. Canadian Field
Naturalist, 115, 22-33.

Vincent, L. E., & Bekoff, M. (1978). Quantitative analyses of the ontogeny
of predatory behaviour in coyotes, Canis latrans. Animal Behaviour,
26,225-231. https://doi.org/10.1016/0003-3472(78)90022-2

Weber, J. M. (1996). Food selection by adult red foxes Vulpes vulpes
during a water vole decline. Wildlife Biology, 2, 283-288. https://
doi.org/10.2981/wlb.1996.032

Zabel, C. J., & Taggart, S. J. (1989). Shift in red fox, Vulpes vulpes, mating
system associated with El Nino in the Bering Sea. Animal Behaviour,
38, 830-838. https://doi.org/10.1016/S0003-3472(89)80114-9

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Lanszki, J., Bende, Z., Nagyapati, N.,
Lanszki, Z., & Pongracz, P. (2023). Optimal prey for red fox
cubs—An example of dual optimizing foraging strategy in
foxes from a dynamic wetland habitat. Ecology and Evolution,
13, e10033. https://doi.org/10.1002/ece3.10033

85U8017 SUOLLLIOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile VO ‘8sn Jo se|ni o} Akeld 8uluO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1M Ae.q||BU JUO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/70/02] U0 Areiqiauluo A8 ‘ArbunH sueiyooD Aq ££00T €899/200T 0T/I0P/W0d™ A8 1M Aleiq Ul |Uo//Sdny Wi} papeojumod ‘ ‘€202 ‘85.LSH0Z


https://doi.org/10.1016/j.tree.2016.02.009
https://doi.org/10.1016/j.tree.2016.02.009
https://doi.org/10.1038/277382a0
https://doi.org/10.2307/1942352
https://doi.org/10.1890/060150.1
https://doi.org/10.1007/s11284-007-0452-2
https://doi.org/10.1007/s11284-007-0452-2
https://doi.org/10.1016/S0169-5347(97)01097-5
https://doi.org/10.1016/S0169-5347(97)01097-5
https://doi.org/10.2307/3799491
https://doi.org/10.3390/biology12030342
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1644/08-MAMM-A-092R1.1
https://doi.org/10.1644/08-MAMM-A-092R1.1
https://doi.org/10.1111/j.1365-2907.1991.tb00113.x
https://doi.org/10.1515/mamm.1979.43.3.295
https://doi.org/10.1007/s10344-008-0226-3
https://doi.org/10.1111/j.1365-2907.2010.00159.x
https://doi.org/10.3176/eco.2008.4.05
https://doi.org/10.3176/eco.2008.4.05
https://doi.org/10.1080/21658005.2014.997996
https://doi.org/10.1111/mam.12092
https://doi.org/10.1098/rspb.2008.0705
https://doi.org/10.1016/j.anbehav.2007.12.014
https://doi.org/10.1016/j.anbehav.2007.12.014
https://doi.org/10.1016/j.ecolecon.2006.04.009
https://doi.org/10.1016/0003-3472(78)90022-2
https://doi.org/10.2981/wlb.1996.032
https://doi.org/10.2981/wlb.1996.032
https://doi.org/10.1016/S0003-3472(89)80114-9
https://doi.org/10.1002/ece3.10033

	Optimal prey for red fox cubs—­An example of dual optimizing foraging strategy in foxes from a dynamic wetland habitat
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Sample collection and study species
	2.3|Fecal sample analysis
	2.4|Statistical analysis
	2.4.1|Evaluation of the diet of cubs and adult foxes
	2.4.2|Trophic niche breadth and food diversity analyses
	2.4.3|Preference calculation
	2.4.4|Food energy content estimation


	3|RESULTS
	3.1|Diet composition
	3.2|Food diversity
	3.3|Prey size and habitat
	3.4|Food selection/preference
	3.5|Food energy content

	4|DISCUSSION
	4.1|Differences between the diet of the cubs and adult foxes
	4.2|Diverse food for cubs
	4.3|Dietary optimization based on prey size, mobility, and habitat
	4.4|Above average energy content of fox diets is independent of the age in the marshland
	4.5|Limitations

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


