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Introduction

Behavioural activities of small mammals in forests, 
such as moving soil (ventilation), gnawing vegetation 
(supporting or preventing particular tree species), 
and disturbing plant seeds, are well known (Bäumler 
1989, Kollmann et al. 1998, Li & Zhang 2003). Seeds, 
especially tree seeds, are a large part of the diet of 
small terrestrial forest rodents (Drozdz 1966, Hansson 
1971, Niethammer 1978). Several researchers have 

studied tree seeds as food for small ground rodents 
(Wereszczyńska & Nowakowski 2004, Wereszczyńska 
et al. 2007, Lobo & Millar 2011). Current studies 
include food consumed in terms of substances and 
energy received and the creation of stores (larder 
hoarding) in various spatial arrangements (Lu & 
Zhang 2008, Sunyer et al. 2013, Zwolak & Sih 2020). 
Populations of small terrestrial mammals fluctuate 
in time and space, and thus, the influence mentioned 
above on the ecosystem is due to their behaviour.
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Abstract. The study of personality traits could reveal new links between behaviour and population ecology and 
evolutionary and developmental biology. Our study aimed to broaden the existing research by investigating 
the impact of personality traits on food preferences for forest tree seeds in two rodent species: the bank 
vole (Myodes glareolus) and the yellow-necked mouse (Apodemus flavicollis). Under laboratory conditions, 
behavioural parameters were evaluated in 33 individuals. Using LMM, we calculated the intercepts (considered 
to represent personality trait) for each individual in freezing and exploration duration (latency reaching the 
farthest point of the test box). For the preference test, seeds of several typical forest tree species were selected: 
common hornbeam, European beech, Norway spruce, Scots pine, wild cherry, common oak and small-leaved 
lime. Ivlev’s electivity index (IEI) was calculated for each individual and seed species. The testing day was a 
significant variable in all GLMMs (seven tree seeds). In spruce, pine and lime seeds, the clear positive selection 
at the beginning decreased during the test; in hornbeam and oak, the selection was the opposite. In five 
models, the personality trait (exploration duration), and in two models for oak and lime, rodent species, were 
significant variables. Personality traits can create structured food niches. 
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In the forests of Central Europe, the bank vole 
(Myodes glareolus) and the yellow-necked mouse 
(Apodemus flavicollis) are the most abundant rodent 
species (Niethammer 1978, Viro & Niethammer 1982). 
Jędrzejewska et al. (2004) measured low densities 
of rodents in the spring of years following small 
and failed autumn crops (especially oak, lime and 
hornbeam seeds) and high densities in the summer 
and autumn (up to 160 individuals/ha) in years 
where oak and hornbeam trees had mast years. These 
facts emphasise that tree seeds are an important part 
of the diet (especially in summer and autumn) and 
that the mentioned species (granivores/omnivores) 
must quickly change their feeding habits, suggesting 
that there must be high behavioural plasticity in 
foraging. This observation has been supported by 
several studies investigating diet through stomach 
analyses (Drozdz 1966, Watts 1968, Gębczyńska 
1976). Drozdz (1966) also did feeding experiments 
with the abovementioned species under laboratory 
conditions. For six days, cafeteria tests were carried 
out on three to five seasonal plant foods (herbs, bark of 
shrubs, seeds, and fruits). Both rodents preferred tree 
seeds; however, seed preference was slightly higher 
in the yellow-necked mouse. Beech seeds dominated 
seed food; however, intraspecific variation was not 
thoroughly considered. 

The relatively high intraspecific variability we 
observed in a pilot test gave us the idea of using 
the concept of personality traits to interpret our 
findings (Lantová et al. 2011, Zwolak & Sih 2020, 
Brehm & Mortellitia 2022). Animal personality 
traits are understood as individual behaviour 
differences consistent across time and ecological 
contexts (Réale et al. 2007, 2010). These traits have 
been well-documented in a wide array of species, 
including both vertebrates (Gosling 2001) and 
invertebrates (Mather & Logue 2013), and several 
models explaining how they are maintained have 
been suggested. These models emphasise a variety 
of mechanisms; for example, density dependence, 
life-history trade-offs, sexual selection, and social 
niche specialisation (Tomkins & Brown 2004, Biro & 
Stamps 2008, Bergmüller & Taborsky 2010). Ongoing 
exploration of personality traits continues to unveil 
fresh connections between behaviour and the fields 
of population ecology, evolutionary biology, and 
developmental biology (Stamps & Krishan 2014, 2017, 
Carere et al. 2015, Dingemanse 2017). We focused on 
the seed preference of forest trees, especially on its 
change during a several-week laboratory experiment. 
In two species of forest rodents, we also investigated 

how their intraspecific variation influences this 
selection, which must be considered a part of the 
cognitive processes controlled by taste (Muñoz & 
Bonal 2008, Lobo & Millar 2011).

Based on published data, we began the presented 
study with the following hypothesis: selectivity will 
not be firmly fixed but will change over time according 
to the species’ food strategy and seed supply, as well 
as according to personality traits associated with 
search or movement activity. We tested the following 
assumptions: i) At the beginning of the experiments, 
seed consumption mirrors experience with the 
food on offer at the trapping location. During the 
experiment, seed preferences will change according 
to the best-tasting food (basic nutrients) because the 
animals will not suffer from a lack of food. ii) The 
yellow-necked mouse is a more pronounced seed 
specialist; therefore, in this species, the differences 
between the start and end of the experiment will be 
lower (more conservative) than in the omnivorous 
bank vole. iii) This will also correspond to a greater 
intraspecific variation and influence of personality 
traits in the bank vole.

Material and Methods

Material
The animals were caught in a mixed broad-leaved 
forest at the edge of České Budějovice, Czech 
Republic (N 48°58’41’’, E 14°25’42’’) in September 
and October 2011-2012 (see Table S1). In the forest, 
Norway spruce (Picea abies) was most abundant, 
pedunculate oak (Quercus robur) was common, Scots 
pine (Pinus sylvestris) and European beech (Fagus 
sylvatica) were infrequent. In the mentioned years, the 
population density ranged between 5-10 animals per 
100 trap nights. Nineteen individuals (eight M and 
11 F) of the yellow-necked mouse and 14 individuals 
(seven M, seven F) of the bank vole were used for the 
food tests. The animals were housed individually in 
wooden cages of 100 × 60 × 80 cm (L, W, H) covered 
with a wire grid at the top. The floor of the cage was 
filled with fine sand. The layer was about 2 cm in 
depth. In the period between catching and starting 
the experiments as well as between the tests (from 
day two up to day 21), the animals were fed pellets 
for mice and rats and for guinea pigs and rabbits 
(Velaz Prague Ltd., Czech Republic). In addition, 
all tested seeds were also provided, and carrots and 
potatoes were added once a week. All food and water 
were provided ad libitum. Hay and a plastic pipe were 
provided for building a nest.
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Methods
Behavioural parameters in the test arena 
One week elapsed between the capture of each animal 
and the first behavioural observation, along with 
the first offering of seeds for the test. To determine 
personality traits, we observed the behaviour of 
both rodent species for the first five minutes when 
they were first placed in the wooden cage. Further 
monitoring took place after each complete removal 
of the sand for the purpose of determining uneaten 
remains of seeds and subsequent pouring of 
completely new sand, i.e., after the first and second 
day and then at the end of the test on the 21st and 22nd 
day. During individual test days, the testing order 
of the rodents was randomised. The duration of the 
following parameters was determined: locomotion – 
duration of locomotor activity; scanning – exploratory 
activity involving head orientation and sniffing or 
gnawing on something; grooming – self-grooming of 
the fur; freezing – animal immobile; shelter – hidden 
in the shelter; exploration – activity/ability (latency) 
in reaching the most distant point in the test box 
(diagonally opposite corner to the insertion point); 
jumping – trying to test the test-box walls (in yellow-
necked mice only). 

Seed preference 
On day 0 of the experiment, a ‘Cafeteria’ test was 
prepared for the individuals of both species, with 
food placed on Petri dishes. We used an indirect 
approach, like measuring the giving-up density 

(GUD), which is the amount of food left when 
individuals stop foraging (Pickett et al. 2005). The 
remaining seeds were detected each morning, and 
a new seed set was subsequently offered. For this 
experiment, seeds of seven tree species, typical for 
forests in Central Europe and the trapping site, were 
offered. The mix contained four grams of oak seeds 
(acorns) and one gram each from the other seed 
species: common beech, Norway spruce, Scots pine, 
small-leaved lime (Tilia cordata), common hornbeam 
(Carpinus betulus), and wild cherry (Prunus avium). 
The seeds were collected near the experiment site 
or bought from the Czech State Forests (spruce 
seeds) and Lower Saxony State Forests, Germany 
(beech nuts). Seed consumption was calculated from 
food remains removed by thoroughly sifting the 
sand. This consumption evaluation was done from 
day zero to day one and from day one to day two. 
The same analysis was done from day 20 to day 21 
and from 21 to day 22 (end of the test). Based on 
seed residues from the thoroughly sifted sand, the 
Ivlev’s electivity index was calculated according 
to the following relationship: E i = (ri  – pi)/(ri + pi) 
(1) where ‘r’ is the amount consumed and ‘p’ is the   
food offered. 

Analysis of the seed nutrients 
All tested seeds were completely dried (30 °C, 48 h), 
decorticated (testa removal) and crushed to powder 
biomass. For each type of seed, 100 g of biomass 
was used for the chemical analysis. Determination 
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Fig. 1. PCA ordination graphs for the behavioural parameters in the bank vole and yellow-necked mouse. Explained cumulative variation 
according to axes 1 and 2 were in bank vole 40 and 60%, and in yellow-necked mouse 27 and 50%, respectively. To determine personality 
traits using LMM, the behavioural parameter freezing duration and exploration – activity/ability (latency) in reaching the most distant 
point in the test box were selected.    
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of basic nutrients, i.e. proteins (nitrogen content – 
N), starch, glucose, lipids and cellulose, was carried 
out by AGRO-LA Comp. Ltd. (Jindřichův Hradec, 
Czech Republic http://eagri.cz/public/web/ukzuz/
portal). The following methods were used: nitrogen – 
Kjeldahl method and coulometric determination; 
starch – Ewers polarimetric method; glucose – 
extraction with ethanol, titration by the Luff-Schoorl 
method; lipids – extraction with hydrochloric acid; 
cellulose – oxidative hydrolysis and gravimetry. 

Statistical evaluation
Selection of the best parameter for personality assessment
A principal component analysis (PCA) was performed 
as an initial evaluation to obtain an overview of the 
relationships among behavioural traits (Budaev 
2010). Behavioural traits were analysed using Canoco 
v.5.0 software for the multivariate analysis (Ter Braak 
& Šmilauer 2018). Based on this analysis, we chose 
two behavioural parameters: freezing duration and 
exploration duration (distant point latency), see 
Fig.  1. These two non-correlated parameters were 
selected for personality trait assessment using a 
linear mixed-effects model (LMM) (Table 1).

Personality trait assessment 
The definition of personality traits implies that these 
are elements of behaviour that repeat over time 
and under different conditions (Réale et al. 2007  
2010). When repeated tests are available, then LMM 
processing just makes it possible to isolate the stable 
individual part of behaviour in repeated tests, i.e. 
random intercept (considered personality trait). In 
addition, the slope (behavioural plasticity) associated 
with time is also generated by the model. In our 
study, LMMs were used to estimate the variation 
in the random intercepts for the two behavioural 
parameters (freezing, exploration) using four 

measurements (i.e. the four different time points) for 
each individual (see Nicolaus et al. 2013). We used 
the lmer function in the statistical software R v.3.5.2 
(R Core Team 2018) using the lme4 package (Bates 
et al. 2015) to build mixed effect models for the two 
mentioned behavioural parameters (e.g. Schaeffer 
2004, Bates et al. 2015). Statistical significance 
for fixed and random (individual – id) effects 
was obtained using a likelihood-ratio test, which 
compared a particular model with the null model 
(Table 1). Random intercepts have already been used 
as a proxy for personality traits, e.g. in the common 
vole (Urbánková et al. 2020).   

Determination of Ivlev’s electivity index in chosen seed 
species
For the mixture of seven seed species, Ivlev’s 
electivity index (Ivlev 1961) was calculated using 
the ratio of each consumed seed species to the total 
amount in the mixture (1). This index ranges from –1 
(total avoidance of food) to +1 (highest preference of 
food) (Krebs 1989). Ivlev’s indices were calculated 
for all seven tree seed species on days one and two, 
and days 21 and 22 (end of the test). Values from the 
first two days and the last two days were averaged 
for further analyses and graphs. Ivlev’s electivity 
index of the tested seed species and their chemical 
composition (nitrogen, starch, glucose, lipids and 
cellulose) were evaluated by redundancy analysis 
(RDA). Calculations for RDA were performed using 
the above-mentioned Canoco v.5.0 program. Some 
calculations were performed using a test implemented 
within STATISTICA v.13.2 (Dell Inc. 2016). 

Influence of selected independent variables on Ivlev’s 
electivity index
The influence of selected independent variables 
on Ivlev’s electivity index was analysed using a 

Table 1. Description of LMM for the selected behavioural parameters for estimation of the random effects of intercepts as personality traits.  
 

Response var. model  df AIC BIC logLik deviance Chisq df Pr(>Chisq)
bank vole                  
freezing ~ day   3 1,195.77 1,203.46 –594.88  1,189.77      
freezing ~ day + (1|id) 4 1,139.77 1,150.03 –565.89  1,131.77 57.997 1 < 0.0001
exploration ~ day 3 1,128.69 1,136.38 –561.34 1,122.69
exploration ~ day + (1|id) 4 1,118.47 1,128.72 –555.23 1,110.47 12.219 1    0.0005
yellow-necked mouse
freezing ~ day   3 1,182.75 1,190.44 –588.38 1,176.75      
freezing ~ day + (1|id) 4 1,164.19 1,174.45 –578.10 1,156.19 20.559 1 < 0.0001
exploration ~ day 3 1,128.83 1,136.52 –561.41 1,122.83
exploration ~ day + (1|id) 4 1,109.51 1,119.76 –550.75 1,101.51 21.323 1 < 0.0001
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generalised linear mixed-effect model (GLMM). 
Statistical significance for day, species, sex, personality 
traits, body weight, and random (individual – id) 
effects were obtained using a likelihood-ratio test, 
which compared a particular model with the null 
model. We used the statistical software R v.3.5.2 
(R Core Team 2018) and the software package lme4 
(Bates et al. 2015) for the calculations. Results are 
shown also graphically using ANOVA and Tukey 
HSD post-hoc test.

Results

Selection of behavioural parameters and 
personality traits
PCA was used to obtain an overview of the 
relationships among the observed behavioural 
parameters. The parameters freezing duration and 
exploration duration (latency in reaching the most 
distant point (Fig. 1)) were selected for bank voles 
and yellow-necked mice because of their relationship 

to each other and to PCA axes. In both species, the 
intercepts were highly significant as determined 
by the random effects of the LMMs (Table 1). The 
freezing and exploration behaviours of the bank vole 
and the yellow-necked mouse were highly significant 
(P < 0.001). In further calculations, the intercepts of 
these random effects were used as personality traits.   

Selection of individual seed species  
Table 2, an excerpt from Table S2 from the 
supplementary material for the case of spruce seeds, 
gives an example of the tested models and their level 
of significance. For the seeds of hornbeam, beech, 
spruce, pine, and cherry, the best models included, 
besides the test day predictor, the exploration 
personality trait. For the oak and lime seeds, besides 
the test day predictor, the predictor species was 
included amongst the best models (see Fig. S1). This 
inclusion indicates that the selectivity of oak and 
lime seeds was species-specific. Table 3 lists the fixed 
effects of the GLMMs based on the best models; the 

Table 2. Excerpt from Table S2 for the case of spruce seeds. Selection of the best GLMM for Ivlev’s electivity index response variables 
with different fixed factors (day, species, sex, personality trait, locomotor activity, body weight). All models used (day|id) specification 
as their random effects. Presented likelihood-ratio tests compare the particular model with a reduced model of the ~ +day + (day|id).
 

Response 
variable Model AIC BIC logLik    P

spruce ~ +1 + (1|id) 72.17 80.82 –33.09
~ +day + (day|id) 65.21 82.51 –26.60 0.005
~ +day + species + (day|id) 66.23 86.41 –26.12 0.322
~ +day + sex + (day|id) 64.81 84.99 –25.40 0.121
~ +day + freezing + (day|id) 66.79 86.97 –26.40 0.520
~ +day + exploration + (day|id) 58.42 78.60 –22.21 0.003
~ +day + weight + (day|id) + (weight|id) 66.22 95.04 –23.11 0.136

Table 3. Fixed effect estimates of the best GLMM for individual Ivlev’s index of electivity extracted from R calculation of models shown 
in Table S2.
 

Response variable      LMM estimated fixed effects                                                             

Seeds Intercept 
(electivity index) ± SE Slope (day–1) ± SE

Species in O, L
± SEPersonality in 

S, P, B, C, H
Oak (O) –0.0868 0.0647   0.0068 0.0037 –0.5045 0.0623
Lime (L)   0.2814 0.0441 –0.0041 0.0024   0.1480 0.0432
Spruce (S)   0.3495 0.0440 –0.0050 0.0034 –0.0009 0.0003
Pine (P)   0.3180 0.0460 –0.0035 0.0035 –0.0008 0.0003
Beech (B)   0.0708 0.0840   0.0063 0.0044   0.0007 0.0004
Cherry (C) –0.4297 0.0923 –0.0051 0.0040 –0.0020 0.0009
Hornbeam (H) –0.8968 0.0472   0.0053 0.0025   0.0011 0.0005
SE – standard error, slope – increase or decrease over the course of a day.
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Fig. 2. Comparison of Ivlev’s electivity index of acorns according to the tested species at the beginning and after 
20 days under laboratory conditions (F(3, 54) = 26.866, P < 0.001; post-hoc test V-M: P < 0.001, V-V20: P = 0.001, 
M-M20: P = 0.819, V20-M20: P = 0.006). Concerning the lime seeds (F(3, 62) = 4.369, P = 0.007; post-hoc test V-M: 
P = 0.303, V-V20: P = 0.911, M-M20: P = 0.318, V20-M20: P = 0.050).

Bank voles (V) and yellow-necked mice (M) 
and after 20 days (V-20, M-20)
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Fig. 3. Comparison of Ivlev’s electivity index of spruce seeds according to the higher (H) and lower (L) exploratory 
personality traits on the beginning and after 20 days under laboratory conditions (F(3, 62) = 3.171, P = 0.030; post-
hoc test H-L: P = 0.141, H-H20: P = 0.962, L-L20: P = 0.161, H20-L20: P = 0.792). Concerning the beech seeds 
(F(3, 62) = 3.711, P = 0.016; post-hoc test H-L: P = 1.000, H-H20: P = 0.040, L-L20: P = 0.932, H20-L20: P = 0.059).
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intercepts represent the underlying/fundamental 
Ivlev’s electivity indices for individual seeds.

As shown (for all seeds) in Table 3, acorns were 
avoided slightly (E = –0.087); nevertheless, generally, 
their selection increased among days (0.007 day–1). 
However, bank voles avoided them much more 
than yellow-necked mice (coeff. = –0.505). Lime 
seeds were preferred (E = 0.281), but their selection 
decreased among days (–0.004 day–1). These seeds 
were more preferred by bank voles (coeff. = 0.148). 
Spruce seeds were preferred (E = 0.350), but their 
selection decreased among days (–0.005 day–1). Also, 
in the exploration duration personality trait (s), the 
selection decreased slightly (–0.0009 s–1). Similarly, 
pine seeds were selected (E = 0.318), and among 
days, their preference decreased (–0.004 day–1). In 
the exploration duration personality trait (s), the 
selection decreased slightly (–0.0008 s–1). Beech seeds 
were preferred slightly only (E = 0.071); however, 
the seed selection during the days increased (0.006 
day–1). In the exploration duration personality trait 
(s), the seed selection also increased slightly (0.0007 
s–1). Hornbeam seeds were generally strongly 
avoided (E = –0.897), but among days, their selection 

increased (0.005 day–1). Also, selection increased 
slightly positively in the exploration personality trait 
(s) (0.001 s–1). Cherry seeds were avoided (E = –0.430), 
and among days, their preference further decreased 
(–0.005 day–1). In the exploration personality trait 
(s), their selection decreased (–0.002 s–1). These 
results obtained using GLMM (Table 3) were further 
supplemented by ANOVA calculations and graphical 
visualisation. 

Initially, the selectivity of acorns by the yellow-
necked mouse (M) was around zero; significantly 
higher than in the bank vole (V) (post-hoc test V-M: 
P < 0.001). After 20 days, the selectivity in the bank 
voles increased significantly, but stayed significantly 
lower than in the yellow-necked mouse (post-hoc test 
V20-M20: P = 0.006, Fig. 2). Selectivity of lime seeds 
was high overall; at the beginning, selectivity in the 
yellow-necked mouse was lower than in the bank 
vole and after 20 days this difference was significant 
(post-hoc test V20-M20: P = 0.050, Fig. 2).

The selection of spruce seeds was high overall, and 
differences between groups with high and low 
exploratory intensity were not significant after 

Fig. 4. Comparison of Ivlev’s electivity index of hornbeam seeds according to the higher (H) and lower (L) 
exploratory personality traits on the beginning and after 20 days under laboratory conditions (F(3, 62) = 5.053, 
P = 0.003; post-hoc test H-L: P = 0.793, H-H20: P = 0.068, L-L20: P = 0.899, H20-L20: P = 0.013). Concerning the 
cherry seeds (F(3, 62) = 2.893, P = 0.042; post-hoc test H-L: P = 0.092, H-H20: P = 0.999, L-L20: P = 0.613, H20-L20: 
P = 0.499).

Two exploration trait groups - high (H), low (L) intensity 
and after 20 days (V-20, M-20)
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20 days (Fig. 3). Similar results were obtained in the 
pine seeds (Fig. S1). Initially, the selection of beech 
seeds was low. However, selection of these seeds 
increased significantly after 20 days in individuals 
with higher exploration intensity (post-hoc test L-L20: 
P = 0.040, see Fig. 3).

Hornbeam seeds were avoided; however, after 20 
days, the avoidance in individuals with higher 
exploration intensity was weaker, and the difference 

to lower exploration individuals was significant (post-
hoc test H20-L20: P = 0.013, Fig. 4). Selection of cherry 
seeds was overall low, and differences between 
groups with high and low exploratory intensity were 
not significant nor after 20 days (Fig. 4). 

Nutritional composition of the used seeds
The determined levels of the main nutritional 
substances and Ivlev’s electivity indexes in the used 
seeds are presented in Table 4. Preference in both 

Table 4. Fixed effect estimates of the best GLMM for individual Ivlev’s index of electivity extracted from R calculation of models shown 
in Table S2 and the nutritional composition of the tested seeds.

  Percentage 
Seed Electivity 
Species Index Proteins (n) Lipids Glucose Starch Cellulose
Oak –0.0868 0.89   2.12 16.6 52.0    2.70
Lime   0.2814 4.35 26.9   5.89   5.47    9.15
Spruce   0.3495 3.52 40.3   2.61   1.15 14.7
Pine   0.3180 5.97 32.0   3.99   0.58 11.5
Beech   0.0708 4.02 48.2   5.21   4.63     2.86
Cherry –0.4297 4.63 42.2 12.4   4.56     3.87
Hornbeam –0.8968 0.79   1.93   0.30   0.60   35.0

Fig. 5. Redundant analysis RDA of the data from Table 4. Explained cumulative variation: axis 1 – 18.1 %, 
axis 2 – 67.3 %. The graph shows that seed selection correlates positively with proteins and lipids.
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rodent species for the most nutritious seeds was 
similar. Seeds of beech, spruce, pine and lime were 
chosen most often (Table 4, Fig. 5). Generally, they 
had the highest levels of proteins and lipids. On 
the other hand, seeds of hornbeam and oak were 
consumed the least: seeds of hornbeam contain less-
digestible cellulose and were not eaten much by 
either rodent species (Fig. 4); acorns, which contain a 
lot of digestible glucose and starch were avoided by 
the bank vole, but consumed by the yellow-necked 
mouse moderately (Fig. 2). The highly nutritious 
cherry seeds were not eaten much, probably because 
of the hard seed coat (Fig. 4). 

Discussion

Nutritional composition of the used seeds
The nutritional quality of seeds is of fundamental 
importance for small terrestrial rodents, which 
have high-intensity metabolism (Wereszczyńska et 
al. 2007). Beech seeds can provide house mice with 
both the energy and protein required for growth 
and reproduction (Ruscoe et al. 2005). Under 
conditions of higher population density, mice and 
voles consumed food richer in nitrogen (Jánová et 
al. 2005). The rapid growth of rodent densities in 
the forests of Central Europe is associated with mast 
seasons of deciduous trees, mainly oak and beech 
(Wereszczyńska & Nowakowski 2004). Bilberry seed 
production seems to be a causal driver of bank vole 
fluctuations; however, it remains to be seen to what 
extent the chemical composition of bilberry plants 
influences vole performance (Selås et al. 2021). Reil 
et al. (2015) examined the dependence of bank vole 
abundance on beech fructification and found a tight 
correlation. Red-backed voles (Myodes gapperi) and 
deer mice (Peromyscus maniculatus) decreased in body 
mass in a long-term test. Plant secondary metabolites 
likely played a major role in the deterioration of the 
body condition of voles fed subalpine fir and white 
spruce seeds. These results indicate that conifer seeds 
are a sufficient food resource for mice but cannot be 
used by primarily herbivorous voles as a major/sole 
food source (Lobo & Millar 2011). 

In this study, seed selectivity was related to proteins 
and lipids content (Fig. 5). The three most abundant 
compounds, i.e. carbohydrates: 16.7 kJ g–1; proteins: 
18.8 kJ g–1; lipids: 39.7 kJ g–1 are very different in their 
caloric values (Eckert et al. 2000) and can be digested 
in several ways by rodents (Pflumm 1989). Grodziński 
& Sawicka-Kapusta (1970) revealed that beech seeds 
have the most energy (29 kJ g–1), followed by lime, pine 
and spruce seeds (about 25 kJ g–1). Levels in acorns 

are around 17 kJ g–1. Seeds of hornbeam, which were 
eaten only in small quantities (because of the large 
amount of hard digestible cellulose), proved to have 
a lot of energy. These energy data correspond to the 
calculations of energy content from the actual share 
of nutritional compounds content (Table 4) and the 
published caloric values (Eckert et al. 2000). 

The data mentioned above indicate that small 
mammals trying to optimise their diets so that on the 
one hand valuable nutrients (such as fats and proteins) 
are preferred and on the other hand indigestible food 
(such as fibres, cellulose or poisonous substances) 
are avoided (Harju & Hakkarainen 1997, Heroldová 
et al. 2008). Seeds with high lipids and protein 
(nitrogen) content from trees such as beech, spruce, 
pine, and lime were positively selected by bank voles 
and yellow-necked mice (Tables 3, 4), but the highly 
nutritious seeds of cherry were not. One reason could 
be the hard coat around the edible core, which was 
not sufficiently attractive to crack compared with 
other food, which was easier to obtain in higher 
quantities. Another reason for the low palatability 
could be the presence of plant secondary metabolites 
(PSM) such as tannins and polyphenols, which are 
known from acorns and chestnuts. Their effects on 
rodents and other mammals were investigated by 
Lindroth & Batzli (1984), Bryant et al. (1991), and Xiao 
et al. (2008). PSM can influence the metabolism in 
various ways. Gollig (2008) found some polyphenols 
(chlorogenic acid, gallic acid, ellagic acid) in acorns 
and detected metabolites of polyphenols in the urine 
of pigs just a few hours after consumption. Shimada 
& Saitoh (2003) found in experiments lasting 15 days 
with Apodemus speciosus (fed with acorns of Quercus 
serrata, Quercus mongolicus and a tannin-free control 
diet) that tannins (contained in acorns) can strongly 
influence body weight, nitrogen digestibility and 
even kill the animals (six of 16 animals). Independent 
of the high concentrations of PSM in seeds, preference 
in rodents was influenced by the quality of the food, 
namely the content of nutrients (Pucek et al. 1993, 
Verhagen et al. 2000, Čermák & Ježek 2005).

Changes in the electivity index during the test 
Learning strongly shapes rodent seed choices and 
may be advantageous over inherited behaviours in 
unpredictable situations, such as acorn infestation 
rates that vary substantially among years and trees 
(Muñoz & Bonal 2008). During the test, variable 
selection of tree seeds was observed, probably due to 
the different taste experience of the rodents. Despite 
the yellow-necked mouse being a more pronounced 
granivorous rodent, species affiliation was not the 
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dominant factor. Both tested species are known as 
more or less omnivores with ecological and trophic 
preferences and adaptations (Niethammer 1978, 
Viro & Niethammer 1982) and can adapt quickly 
to new situations in nature and in experiments as 
well. Although the day of testing always played a 
significant role in the models, seed selection showed 
a non-uniform pattern over time. In spruce, pine 
and lime seeds, the clear positive selection at the 
beginning decreased during the test. On the other 
hand, the seeds of hornbeam and oak, which were 
avoided, showed an increase during the test. Separate 
categories showed a preference for beech seeds with 
a subsequent further increase in interest; on the 
contrary, cherry pits were avoided, with interest then 
falling even further. These results correspond with 
observations under natural conditions showing that 
beech seeds, spruce, and pine are important food and 
energy sources (Drozdz 1966, Grodziński & Sawicka-
Kapusta 1970). On the other hand, despite being full 
of high-quality biomass inside the seed, cherry seeds 
are not easily accessible to small rodents (see chapter 
above). It is vital to mention that a lack of food did 
not influence selectivity under laboratory conditions, 
as is often the case in nature. We can conclude that the 
presented increase or decrease in selectivity mirrors 
fine cognitive processes using taste to evaluate the 
food on offer (e.g., Lobo & Millar 2011).      

The role of personality trait
In exploring personality traits (latency of reaching 
the most distant point), the electivity index decreased 
in spruce, pine and cherry. The index increased in 
the other two seed species, beech and hornbeam. 
The pattern is not uniform it is possible to state that 
animals that search more carefully learn to consume 
beech and hornbeam seeds. Traits associated with 
diet choice may be important targets for selection, 
and secondary metabolites can act in carefully 
searching animals. Behavioural selection could play 
a role in defining the trophic niche of individuals 
(Hämäläinen et al. 2021). Animal personality can 
generate context dependence in plant-animal 
interactions and suggests that behavioural diversity 
may have important consequences for the functioning 
of mutualisms (Brehm & Mortellitia 2022). Consistent 
differences between animal individuals can explain 
most of the variance in seed management variables, 
such as dispersal distance and seed size selection. 
Feldman et al. (2019) highlight the importance of 
considering the individual component of behaviour 
in scatter-hoarding rodents. Both the tested rodents 
are able to create this type of store.

Intrinsic traits of seed dispersers provide an 
alternative way of making sense of the enormous 
variation in seed fates (Zwolak 2018). The overview 
by Zwolak & Sih (2020) shows the impact of various 
personality traits on consumption, seed dispersal 
and natural forest renewal. One is gross behavioural 
activity, which we also worked with in the form of 
latency in reaching the furthest point. In the model 
we present, this personality trait (latency of reaching 
the furthest point) is often a more critical factor than 
species; however, it depends on the type of seed. 
Zwolak & Sih (2020) suppose that higher activity 
(short latency) requires a higher energy income.

Our study is limited to the selection of seeds, i.e., 
the beginning of the entire process of consumption, 
propagation and forest natural renewal. In the 
mentioned process, for example, chemosensory 
information on predators and conspecifics influences 
the foraging decisions of seed-gathering rodents 
over short spatial and temporal scales. In sites where 
rodents perceive the risk of predation to be high, 
inefficient foraging behaviour may result in less 
successful seed dispersal. Conversely, the detection 
of conspecific scents may increase dispersal efficiency 
and seedling recruitment (Sunyer et al. 2013). Under 
different predation pressures and seed availability, 
different personality traits may play a role at the 
population level (Burgos et al. 2022). 

The species difference
It appears that differences between species in preferred 
food may not be profound enough to contribute to 
contrasting ecological niches. For example, heteromyids 
of different genera and sizes have similar preferences for 
wheat particles of various sizes and for commercially 
available seed species that differ considerably in 
nutritional and morphological characteristics (Price 
1983). Drozdz (1966) compared the stomach content of 
free-living yellow-necked mice with those of bank voles 
and found only slight differences in the consumption 
of tree seeds, but there were significant differences 
between the seasons. Drozdz (1966) could not find any 
significant distinctions between the yellow-necked 
mouse and bank vole in the consumption of beech, 
hornbeam, pine, lime, and oak seeds. Our laboratory 
experiments showed similar observations, except for 
lime and oak. Bank voles selected fewer oak seeds and 
more lime seeds out of the two seed species. Selection 
for the other seed species, cherry and spruce, was the 
same. To make more reliable predictions regarding 
the food preferences of these two rodents, data from 
long-term feeding experiments, both in the wild and 
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laboratory, as well as data from stomach content 
analysis, should be considered.

Differences between species become apparent when 
their food strategies are clearly different. Lu & Zhang 
(2008) mentioned that the observed rodents (David’s 
rock squirrel, white-bellied rat, large field mouse) 
showed larder hoarding of certain seeds (Liaodong 
oak, wild apricot, wild walnut, cultivated walnut) but 
not other seeds. The large field mouse was observed 
scatter-hoarding wild apricots, and David’s rock 
squirrel scatter-hoarding Liaodong oak acorns and 
wild walnuts. Liaodong oak acorns, which have a 
soft seed hull, were more often eaten in situ, whereas 
wild walnuts, which have a hard seed hull and more 
tannin, were less hoarded by all rodent species. 

In our tested rodents, we found different selectivity 
only in two seed species. A higher selectivity of the 
acorn in the yellow-necked mouse, where the index 
hovered around zero and in the bank vole near –1. For 
the voles, the low nutritional quality and secondary 
metabolites of acorns were probably decisive factors. 
A less pronounced but still significant difference was 
found for the lime seeds. Here, selectivity was more 
pronounced in the bank voles. 

Based on these primary results, some more general 
conclusions can be drawn. As might be expected, 
spruce forest rodents preferred spruce seeds and 
pine seeds, which look quite similar and had a very 
similar composition of major nutrients. The suitable 
but probably unfamiliar beech seeds were initially 
preferred somewhat less. This result changed during 
the test, especially in more exploratory individuals. 
Although there were a few oaks in the forest of 
capture, their attractiveness for mice was small, and 
voles even avoided them. Of course, the low nutrient 
content is a possible explanation. On the other hand, 
high preference is probably related to the high 
nutrient content; however, exclusive preference for 
seeds of a particular species (+1) was not observed. 
This finding indicates that preference did not lead 
to the consumption of a mono diet. For the natural 

regeneration of the forest, it is crucial that even the 
most preferred seeds are not consumed exclusively, 
and some of them are left. When differentiating 
individuals into higher and lower exploratory 
intensity individuals, differences in their preferences 
and changes during the test were revealed. Although 
certain seeds had a high nutrient content (cherry, 
lime, beech), the animals had to learn to eat them, and 
there was a difference in how the higher and lower 
exploratory intensity individuals mastered it. 
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Supplementary online material

Table S1. Overview of trapped and tested animals.

Table S2. Selection of the best GLMM for Ivlev’s electivity index response variables with different fixed factors 
(day, species, sex, personality trait, locomotor activity, body weight). All models used (day|id) specification 
as their random effects. Presented likelihood-ratio tests compare the particular model with a reduced model 
of the ~ +day + (day|id).

Fig. S1. Comparison of Ivlev’s electivity index of pine seeds according to the higher and lower exploratory 
personality traits on the beginning and after 20 days under laboratory conditions (F(3, 62) = 3.052, P = 0.035; post-
hoc test L-H: P = 0.077, H-H20: P = 0.999, L-L20: P = 0.287, H20-L20: P = 0.756).

(https://www.ivb.cz/wp-content/uploads/JVB-vol.-73-2024-MuhlbockP.-SeraB.-SedlacekF.-Tables-S1-S2-
Fig.-S1.pdf)
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