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Abstract

Consumption and removal of buried seeds by granivorous rodents is one of the major prob-
lems when direct seeding is applied for restoration of oak (Quercus robur) and European
beech (Fagus sylvatica) forests. In this laboratory study, the use of four seed treatments to
potentially reduce bank vole (Myodes glareolus) consumption of beech nuts and acorns
and a control was evaluated using a no-choice feeding set-up. The five seed treatments
were: Chili (Capsicum chinense)/coconut fat, citronella (Cymbopogon winterianus)/rape-
seed oils, mink (Mustela vision) excrement, sand coating as a physical barrier and a con-
trol. Seed germination tests were carried out with all the treatments. A total of 40 bank
voles were individually given access to beech nuts or acorns at a rate of one treatment per
day during two sessions. Mink excrement and chili/coconut fat treatments greatly reduced
the consumption of beech nuts, and also reduced touching of beech nuts and acorns. In
contrast, the sand coating treatment increased the consumption of both types of seeds.
Germination of both beech nuts and acorns was reduced by the chilli/coconut fat and cit-
ronella/rapeseed oils treatments. Our results suggest that mink excrement has a potential
as an effective repellent against bank voles when direct seeding is applied. However, fur-
ther studies to determine the best method of application, as well as the efficiency under
field conditions, are needed before definitive recommendations can be given to restoration
managers.
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Introduction

In central Europe and southern Scandinavia the high productivity of conifers such as
Norway Spruce (Picea abies L.) and Scots pine (Pinus sylvestris L.) has been favored by
the forest industry, largely replacing the original mixed broadleaved forest (Madsen and
Lof 2005; Lof et al. 2012; Lindbladh et al. 2014). To adapt forest management to climate
change, lower economic risks and increase biodiversity, the restoration of temperate broad-
leaved forests including Pedunculate oak (Quercus robur L.) and European beech (Fagus
sylvatica L.) has been advocated (Koca et al. 2006; Bolte et al. 2009). However, this is usu-
ally an expensive option. Similar to other restoration situations, expensive plant material
and plantations, and the need to protect young trees from browsing animals leads to very
high costs (Chazdon 2008; Ceccon et al. 2016). Thus, the development of low-cost alterna-
tives for forest restoration is needed.

Direct seeding of beech and oak has the potential to become such a method (Madsen and
Lof 2005). However, the high consumption and removal rates of their seeds by granivorous
rodents (e.g. in Scandinavia the yellow-necked mouse Apodemus flavicollis Melchior, the
wood mouse Apodemus sylvaticus L., and the bank vole Myodes glareolus Schreber) limits
the implementation of direct seeding as a reliable method (Madsen and Lof 2005; Birkedal
et al. 2009; Smit et al. 2009; Gonzélez-Rodriguez and Villar 2012).

Previously, several techniques have been implemented to reduce negative effects of
rodent seed predation. This include the use of rodenticides (Myllymiki 1975) which for
environmental and regulatory reasons often is no longer allowed, mechanical site prepa-
ration of restoration areas (Lof and Birkedal 2009), and diesel submersion of seeds as a
chemical repellent (Baumler et al. 1990; Leverkus et al. 2017). Other methods for example
are spreading of sunflower seeds and oats mixed with seeds of Douglas fir (Pseudotsuga
menziessi (Mirb.) Franco) to satiate seed predators and decrease consumption of the coni-
fer seeds (Sullivan 1979). Planting acorns at different depths has been tried to reduce the
capacity of rodents to find seeds (Nilsson et al. 1996). Moreover, physical protectors for
acorns such as seeding tubes (Madsen and L&f 2005), wire mesh cylinders (Reque and
Martin 2015) and polyethylene seed shelters (Castro et al. 2015) have also been developed
and tried. However, these studies have either not led to satisfactory protection of seeds
or led to reduced germination capacity, or have increased costs in term of environmental
impact, material and time required.

An alternative method to keep rodents away from newly sowed areas is natural repel-
lents developed from the scent of their predators. As a main prey for several mammal
predators and raptors, rodents have evolved many antipredator behaviors (Hansson 1971;
Ylonen et al. 2003). Hence, forest-living voles and mice select habitats with sufficient
ground vegetation, fallen trees and stones suitable for provision of food and shelter (Hans-
son 1971; Olsson et al. 2005; Birkedal et al. 2010). As rodents are mainly nocturnal, their
complex olfactory system plays a key role in foraging, detecting predation risk and iden-
tifying toxic or repellent substances (Vander Wall 1998; Hansen et al. 2015). Substances
in predator odors derived from feces, urine, scent glands, skin or fur are known to repel
rodents (Stoddart 1976; Sullivan et al. 1988; Jedrzejewski et al. 1993; Borowski 1998;
Apfelbach et al. 2005). Moreover, several plant-based repellents have also been shown to
repel rodents (Hansen et al. 2015). For example, capsaicin—one of the principal compo-
nents of chili—creates a burning sensation in mammals’ mouths (Szolcsanyi 1990). Capsa-
icin has previously been tested and found effective as a repellent against rodents (e.g. Nolte
and Barnett 2000; Jensen et al. 2003). Citronella oil is another plant-based substance that
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has been used as an insect repellent (Biswas and Biswas 2006). Only a few studies have,
however, addressed the use of such chemical repellents in order to deter rodents from seed
consumption of European broadleaved trees (Bdumler et al. 1990; Willoughby et al. 2011;
Leverkus et al. 2013; Sunyer et al. 2013; Leverkus et al. 2017).

In this study, we investigated the effects of four different seed protective treatments
against bank vole consumption of beech nuts and acorns, and these treatments’ effect on
seed germination. The four protective treatments were: Seeds treated with chili (Capsicum
chinense Jacq) and coconut fat, citronella (Cymbopogon winterianus Jowitt) with rape-
seed oils, mink (Neovison vison Schreber) excrement and sand coating of the seeds. Sand
coating as a mechanical barrier against feeding on seedling shoots by roe deer (Capreolus
capreolus L.) and on seedling stems by pine weevils (Hylobious abietis L.) has previously
been tested and used successfully (Bergquist and Orlander 1996; Nordlander et al. 2009).
However, such treatment has not previously been evaluated for seed protection against
rodents. Thus, the specific objectives of this study were: (1) to assess the potential repellent
effects of these four seed treatments on bank voles’ consumption of beech nuts and acorns,
(2) to compare differences of bank vole seed consumption between beech nuts and acorns,
and (3) to determine their effect on germination of beech nuts and acorns.

Materials and methods
Vole and seed materials

A total of 40 laboratory-bred bank voles were used in feeding trials at the Astrid Fagraeus
Laboratory, Solna, Sweden in August 2007. Voles were bred at the same laboratory and
were at least 2 months old and none of them had previously experienced other kinds of
experiments. Prior to experiments, all voles weighed between 14.4 and 26.7 g and they had
been kept as same-sex pairs in cages (60x30x40 cm?) at a room temperature of 19 °C
and 88% humidity. Voles were kept with an artificial light regime with 12 h daylight, and
12 h darkness including “lunar light” created by a diode with whitish/bluish light. Pel-
leted mouse food (RM1, Special Diet Services, UK) was supplied between trials and water
ad libitum between and during the feeding experiments.

Different seed lots were used for the feeding experiments and germination tests. For the
feeding experiments, F. sylvatica (Haderslev F.692, Denmark, 2006) and Q. robur (PL-RD
0346, Poland, 2006) were used; these seeds were previously stored at the Statsskovenes
Planteavlsstation nursery, in Humlebaek, Denmark. According to a cut-test, the viability of
these beech nuts and acorns at the start of the experiment was 80%. For the germination
tests, F. sylvatica (Skiralid 083, Sweden 2006) and Q. robur (Flakulla 138, Sweden, 2007)
were used and had been stored at the Ramlosa plantskola nursery in Helsingborg, Sweden.
Beech nuts were pre-treated to break dormancy, and thereafter from the time of delivery
and until start of experiments, all seeds were stored at 4 °C. Otherwise, all seeds had been
stored and handled according to international guidelines (Rao et al. 2006).

Seed treatments
The amounts and proportions of different ingredients used to prepare the treatments with

beech nuts and acorns for the no-choice experiment and the germination tests are given in
Table 1. The methods of preparing the five seed treatments were as follows:
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Table 1 Contents of repellent substances used for the five seed treatments. Mink excrements were obtained
from a mink farm in southern Sweden. Minks were feed with a diet based on fish protein

Treatment Content Amount (proportion)
Control Water 3000 ml (100%)
Chilli/coconut fat Habanero chili (dry weight) 19 g (1.3%)
Coconut fat 1500 g (98.7%)
Citronella/rapeseed oil Citronella oil, Java 45 ml (1.5%)
Rapeseed oil 3000 ml (97.5%)
Mink excrement Mink excrement (wet weight) 400 g (11.8%)
Water 3000 ml (88.2%)
Sand coating Sand 2500 ml (55.8%)
Water 1600 ml (35.7%)
Potato starch 200 ml (4.5%)
Sugar 180 ml (4.0%)

Control (1)—seeds were soaked in water.

Chili/coconut fat (2)—small pieces of habanero chili peppers were mixed into melted
coconut fat (carrier) and seeds were dipped into the substance when it had cooled down
and before it coagulated. Other pieces of habanero chilies were dried at 60 °C for 24 h to
determine their dry weights.

Citronella/rapeseed oil (3)—seeds were soaked in a mixture of citronella oil (Java,
3-15% citronella, 85-97% geraniol) and rapeseed oil (carrier).

Mink excrement (4)—seeds were soaked in water (carrier) to which mink excrements
(obtained from a mink farm in southern Sweden) was added.

Sand coating (5)—potato starch was boiled in water and stirred until it formed a thick
paste. After removing the paste from the heat, sugar and sand were added, and the seeds
coated by dipping them into the cooled mixture.

Using water as an admixture substance with chili and citronella was not possible. There-
fore, the admixtures were performed with fats as carriers. Following preparation, all seeds
were air-dried and afterwards refrigerated until used in experiments within 1-11 days.

Experimental design and measurements

The no-choice feeding trials were conducted in two sessions of five consecutive days each
using 20 male and 20 female bank voles. For each vole and session, days and treatments
were arranged in a series of 55 Latin Squares in order to control for any possible influ-
ence of the previous day’s treatment. Thus, each vole experienced a different sequence of
treatments from all other voles during each session. However, each vole experienced the
same sequence of treatments in session two as it had in session one.

The bank voles used were divided into two groups: 12 males and 8 females used for
the treatments with beech nuts, and 8 males and 12 females used for the treatments with
acorns. During the feeding trials individual voles were placed in the same types of cages
as they previously were kept in, but cleaned and provided with treated beech nuts or acorns
on the opposite side from the cage entrance. On the floor, all cages contained wood chips
enriched with a paper sheet. The differences in seed size (i.e. volume and surface area)
between acorn and beech nuts were considered. Therefore, twice as many treated beech
nuts (n=10) compared to treated acorns (n=5) were used for each individual vole and
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cage in the behavioral experiments. The allocated treatment was placed on the bottom
of the cage. No other food was available during the seven daytime hours that the trials
lasted. All trials were considered non-harmful to the animals and ethically approved (Dnr
N104/07). Before the no-choice feeding trial two male voles died after fighting with their
cage companions and one escaped from the cage. These individuals were removed from the
dataset.

Treated beech nuts and acorns were weighed in grams before and after each trial. To
avoid an overestimation of seed consumption we also collected and weighed repellent sub-
stance rubbed off from the seeds by the bank voles, or in cases such as in treatments 2 and
5 (Chili/coconut and Sand coating) where these coatings had a tendency to be rubbed off
during the trials. Cages were recorded as O if any of the seeds presented had been handled
by the bank voles, and if all seeds were untouched during the trial the cage was recorded
as 1. As a measure to determine water loss or uptake by the seeds, samples of treated seeds
were placed in open jars in the same room as the trials and weighed before and after trials.

Germination tests

The tests of germination capacity were carried out at the Statsskovenes Planteavlsstation
nursery, in Humlebaek, Denmark between May and August 2008. One sample of 200 seeds
for each species and treatment combination (i.e. two seed species, five treatments including
control), thus in total 2000 seeds were used. Beech nuts were kept in vermiculite at 5 °C for
1 week, and thereafter at 5 °C (8 h)/15 °C (16 h) until germination. After 14 weeks beech
nuts that had not germinated were cut to determine their viability. Acorns were kept in sand
at 4 °C for three weeks and thereafter at 20 °C (8 h)/25 °C (16 h) until germinants (the first
pair of leaves) developed. After 14 weeks the status (alive or dead) of the root was deter-
mined for germinated acorns where no germinant had yet developed.

Statistical analysis

All analyses were performed using R version 3.2.3 (R Core Team 2015). The effects of
repellent treatments on seed consumption were analyzed using generalized linear mixed
models (GLMM) implemented with the function ‘glmer’ in the R package ‘Ime4’ (Bates
et al. 2015). We included grams of seed consumption as the response variable, and the
variables treatment (5 levels), seed species (2 levels), and sex (2 levels) as fixed effects,
and day and vole (nested with Session) as random effects. We specified a lognormal error
distribution, and because the mean of the response variable was <5, we performed the
Laplace approximation in our model (Bolker et al. 2009). Interactions between fixed effects
were tested by an analysis of deviance for unbalanced design (Wald X? Type III). To enable
post hoc comparisons of different repellents across sex (females and males) and seed spe-
cies (acorns and beech nuts), an interaction analysis for estimated marginal means was per-
formed using the R package ‘emmeans’ (Lenth 2018). We assessed overdispersion of the
model using the function ‘overdisp_fun’ (Bolker 2018) and checked model overparameteri-
zation using a leave-one-out cross-validation. This analysis revealed no overdispersion or
overparameterization in the model. Treatment effects on bank vole seed handling (touched
and untouched seeds) was analyzed with a generalized linear model (GLM) with a quasi-
binomial error distribution for overdispersed data (Demétrio et al. 2014). A post analysis of
deviance (Likelihood ratio X? Type III) revealed no significance of sex as predictor variable
(Online resource 3c). Hence we simplified the model with only seed species and treatment
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as predictors. F-tests suitable for unpaired data were used as a post hoc test to compare
the likelihood of voles touching acorns and beechnuts in each treatment. To evaluate the
impacts of treatments on seed germination, a GLM with quasi-binomial error distribution
was carried out. Here we included percentage of germinated seeds as response variable and
treatment and seed species as predictors. Factor effects were significant for this analysis
(Online resource 5c¢). The significance level for all the tests was set at «=0.05.

Results

There was a strong effect of treatment on seed consumption (X>=325.14, Df=4, p>0.01),
and an interaction between treatment and seed species (X>=21.72, Df=1, p>0.01). Fur-
thermore, there was an interaction between treatment and sex (X>=21.76, Df=1, p>0.01)
(Table 2).

In comparison with the control, the mink excrement, chili/coconut fat and citronella/
rapeseed treatments significantly reduced the consumption of beech nuts by both males and
females (Fig. 1, Online Resource 1). Consumption of acorns by males showed the same
trends with the exception for chili/coconut fat and citronella/rapeseed treatments. Addi-
tionally, females consumed less citronella/rapeseed treated acorns when compared with all
other treatments. No differences in consumption for beech nuts and acorns treated with
chili/coconut fat, citronella/rapeseed and mink excrement were found. However, significant
differences were found between the chili/coconut fat and citronella/rapeseed treatments
for acorns consumed by females (Z=3.02, SE=0.22, p=0.02). The sand coating totally
failed as a repellent. In both seed types and for males and females, bank voles consumed
more seed mass (Fig. 1) when coated with sand (mean consumption=4.92 g, standard
deviation=1.74) compared to untreated seeds (mean consumption=1.68, standard devia-
tion=0.83). Seeds treated with sand coating consumed by females (Z=-3.85, SE=0.11

Table 2 Interactions of fixed effects with seed consumption. Main effect interactions were derived a pos-
teriori from generalized linear mixed models with a lognormal error distribution using an analysis of devi-
ance for unbalanced design (Wald X? Type III). Model random effects variance listed at the end of the table

Fixed effects/interactions 7 Df** xera)
Treatment 325.14 4 <0.01
Seed species 1.18 1 0.28
Sex 0.50 1 0.48
Treatment*seed species 21.72 4 <0.01
Treatment*sex 22.76 4 <0.01
Seed species*sex 1.22 1 0.27
Treatment*seed species*sex 22.71 4 <0.01
Random effects Variance SD***
Session: vole 0.02 0.15
Vole 0.03 0.16
Day 0.01 0.07
Residual 0.46 0.68

*Chi square; **Degrees of freedom; ***Standard deviation
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Fig. 1 Consumption of beech nuts and acorns by bank voles under different repellent treatments between
males and females. Different letters indicate significant differences (p <0.05) between treatments within sex
and seed species combination. Black color represents beech nuts and gray color acorns. Asterisks indicate
significant differences between beech nuts and acorns. Error bars represent the standard deviation of seed
consumption of bank voles per treatment

p=<0.01), and the control seeds in both males (Z=-2.48, SE=0.15, p=0.01) and
females (Z=-3.09, SE=0.16, p=<0.01) were the only two treatments where significant
differences between beech nuts and acorns were found (Online Resource 2). Significant
differences were detected between males and females only in acorn consumption for cit-
ronella/rapeseed (Z=—2.56, SE=0.25, p=0.01) and sand coating (Z=-3.96, SE=0.11,
p=<0.01).

The chili/coconut fat and mink excrement treatments significantly reduced the percent-
age of cages containing beech nuts that were touched compared with the other treatments
(Fig. 2, Online Resource 3). In the other treatments almost all cages contained touched
beech nuts. All beech nuts with sand coating were moved from their original position. For
acorns, chili/coconut and mink excrement treated seeds reduced bank vole handling. The
other three treatments showed the same proportion of cages with touched acorns (i.e. ca
75-100%). Except for the mink excrement treatment, bank voles were more likely to touch
beech nuts than acorns for all the other treatments (Fig. 2, Online Resource 4).

The germination capacity of beech nuts was significantly reduced by all repellent treat-
ments, except for sand coating (Table 3, Online Resource 5). Most reduction occurred with
the chili/coconut fat and citronella/rapeseed treatments. The same trends were found for
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Fig.2 Percentage of cages with seeds touched by bank voles in each repellent treatment and seed type.
Black bars and gray bars represent cages with beech nuts and acorns, respectively. Different letters indi-
cate significant differences (p <0.05) between treatments over both sessions. Asterisks indicate differences
between beech nuts and acorns

acorns. The reduction in germination capacity was, however, less pronounced compared
to beech nuts after the chili/coconut fat and citronella/rapeseed treatments (Table 3). Both
beech nuts and acorns retained a relatively high germination capacity after the mink excre-
ment treatment. However, the percentage of germinated beech nuts after the mink excre-
ment was significantly reduced when compared to the control treatment. The formation of
beech germinants was unsuccessful since roots seemed to dry out after germination. Very
few of the beech nuts that had not germinated after 14 weeks were viable. Contrarily, most
germinated acorns that were still alive had developed a germinant.

Discussion

In our no-choice laboratory feeding study, the use of mink excrement was the most suc-
cessful treatment as a repellent to deter bank voles from handling and eating beech nuts
and acorns. The effects of various predator odors on many species of rodents have previ-
ously been described. (Apfelbach et al. 2005, 2015 and references therein). For exam-
ple, sulfurous metabolites derived from meat ingestion were described to have a greater
repellent effect in several prey species (Nolte et al. 1994; Apfelbach et al. 2005). Addi-
tionally, different prey behavioral responses have been observed when odors are from a
predator with a vegetarian based diet (Apfelbach et al. 2015) or from “alien predators”
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Table 3 Results of the germination tests after 14 weeks. Sample size was 200 seeds per tree species/treat-
ment combination. The ‘P’ column indicates significant differences within species at p <0.05 within tree
species. After 14 weeks no germinants (with the first pair of leaves) of beech nuts were observed since roots
tended to dry out in the vermiculite (acorns were kept in sand)

Seed Treatment Germinated (%) P  Germinants (%) P Viable at cut-
test® (%)
Beech nuts  Control 79.0 a - 2
Chilli/coconut fat 18.0 c - 2
Citronella/rapeseed oils 5.5 d - 4
Mink excrement 61.0 b - 1
Sand coating 70.5 ab - 1
Seed Treatment Germinated (%) P  Germinants (%) P Live root’ (%)
Acorns Control 73.5 a 61.5 a 3
Chilli/Coconut fat 51.5 b 36.0 be 6
Citronella/Rapeseed oils ~ 51.5 b 27.5 b 8
Mink excrement 70.5 a 55.0 ac 3
Sand coating 62.5 ab 49.0 abc 3

#Viable but still ungerminated after 14 weeks

®Germinated and with living root but no germinant formed after 14 weeks

(Carthey et al. 2017). Moreover a field study from Sunyer et al. (2013) shows a sig-
nificant reduction of acorn removal and predation when excrement scent of the common
genet (Gnetta gnetta L.) was sprayed directly on acorns. However, the effect of mink
excrement on consumption when applied to seeds has—to the best of our knowledge—
not formerly been documented; neither has the influence of any predator excrements
on germination capacity been reported in the literature. In this study, mink excrement
slightly reduced germination capacity of beech nuts but had no significant impact on
acorns.

The desired effect of a repellent for direct seeding is to completely prevent rodents
from interfering with the seeds without reducing germination capacity. If it only stops the
rodents from consuming seeds, not from removing and caching, the usefulness of the repel-
lent could be completely lost, depending on where and how the seeds are cached. Simi-
larly, the usefulness of a repellent is lost if it deters rodents but reduces seed germination.
Therefore, the combined results of mink excrement for reduction of seed handling and seed
consumption without reducing germination capacity highlights further recommendation for
its applicability.

In general, rodents do not transport seeds long distances from where they find them
(Wang and Chen 2008). Short dispersal distances indicate that the seeds may not leave the
regeneration area during direct seeding, and that caching therefore is not a problem. How-
ever, the distribution of the emerging seedlings could be patchy especially if rodents cache
seeds under logs, rocks and bushes, which are not suitable habitat for newly germinated
seedlings due to increased seed consumption (Takahashi et al. 2006). In addition, even if
germination is not reduced by caching, few of the cached seeds may survive long enough to
produce seedlings if the rodents consume them after dispersal. Therefore, successful repel-
lents need to have a proper durability of their active compounds for at least 3 to up to
4 months in order to protect the seeds until the first shoots emerge (Birkedal et al. 2010).
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The other treatments (chili/coconut fat, citronella/rapeseed and sand coating) in this
study showed disadvantages as potential repellents. Treatments with chili/coconut fat and
citronella/rapeseed showed a clear trade-off between reducing bank vole consumption of
beech nuts and also the germination capacity. The citronella treatment did not decrease the
handling of seeds as showed by the chili/coconut treatment. Hence, as they were applied in
this study, these two treatments cannot be recommended as repellents to deter rodents. The
results were also unfavorable for sand coating since this treatment increased seed consump-
tion. This could be because the sand did not create the desired barrier, the application of
the coating was unsatisfactory, or because the paste holding the sand contained palatable
and nutritious ingredients, namely potato starch and sugar.

Contrasting results have previously been found when capsaicin has been tested together
with various seeds as a repellent. Nolte and Barnett (2000), Jensen et al. (2003) and Wil-
loughby et al. (2011) found positive effects against rodents, whereas Leverkus et al. (2013)
found no effect on seed predation but a reduction of seed germination. However, the ger-
mination capacity of seeds treated with capsaicin has shown different results depending on
the concentration used (Barnett 1998; Gosling and Baker 2004). In accordance with our
results, others have also found a reduction in germination rate when seeds were mixed with
citronella (Biswas and Biswas 2006).

For both the chili/coconut fat and the citronella/rapeseed oil treatments, further work
is needed to determine if repellent effects were due to the repellent or the fatty carrier. In
addition, the low germination rates in these two treatments may have resulted from the
coconut fat and rapeseed oil which may have prevented re-hydration of the seeds or crea-
tion of anaerobic conditions (Lamond and Levert 1980). To be able to separate the effects
of the fatty carriers from the effects of the intended repellent substances further germina-
tion tests, where seeds are treated with coconut fat or rapeseed oil only, are required. Fur-
thermore, since seeds in these two treatments were not soaked in a water-based mixture,
the poor germination rates might also be linked to a lower initial level of re-hydration than
occurred in the other treatments.

In our no-choice laboratory feeding study, more beech nuts tended to be consumed, and
they were moved around more than acorns. This is in accordance with previous labora-
tory research where bank voles prefer beech nuts to acorns (Jensen 1985), and with field-
based direct-seeding experiments which indicate that beech nuts may be removed more
rapidly than acorns (Birkedal et al. 2010). An average bank vole requires an energy intake
of approximately 54 kJ per day during the summer (Grodzinski 1985), which corresponds
to about 19 beech nuts or 2 acorns (Jensen 1985). This may explain, at least partly, why a
much greater proportion of the beech nuts was consumed, since the bank voles in this study
had access to more biomass of acorns, but less biomass of beech nuts than they needed to
eat in 1 day.

A decrease in consumption, from males to females, was only found for acorns when
treated with citronella/rapeseed oil and sand coating. This sex difference in acorn con-
sumption may partly be in accordance with Hansen et al. (2016); and Shumake and Hakim
(2000). Both suggested different responses of rodent females and males to secondary plant
metabolites. Unfortunately, most of the scientific efforts are focusing on female responses
rather than sex-specific responses to plant-based or predator-based repellents (Apfelbach
et al. 2005; Hansen et al. 2016).

Voles’ previous diet influences their food choices (Hansson 1993), and using wild-
caught animals with an unknown dietary history might bias results. Laboratory-bred
animals, with identical previous experiences, are therefore preferred in these types of
test. Bank voles are furthermore easily maintained and handled in captivity, and since
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laboratory-bred animals are accustomed to the study environment, they are less stressed by
the experimental conditions than wild-caught animals. This, however, does not mean that
our no-choice feeding study is without objections from a methodological point of view.
For example, any habituation effects were tested in the study by exposing the voles twice
to each of the treatments. For a better understanding of habituation by rodents, longer-term
trials may be useful. However, longer no-choice trials may not be appropriate for animal
welfare reasons. Therefore, a multiple choice setup trial would be more desirable where the
rodents have access to different food and smell sources, and natural conditions may also be
better simulated using such cafeteria trials since wild-living rodents normally have access
to many different food sources. On the other hand, a no-choice trial gives a strong indica-
tion of the potential of a substance since the rodent only has two options—handle the sub-
stance or not eating. Hence, we recommend the use of both multiple choice and no-choice
set-ups in further studies.

In order to verify the consistency of our results, more tests including other rodent spe-
cies are needed. In addition, experiments on consumption and germination capacity of
beech nuts and acorns should also be tested in the field since the repellent effect can be
affected by climatic conditions or other factors in situ (Gosling and Baker 2004; Wil-
loughby et al. 2011).

Conclusions

In this no-choice feeding study, mink excrement showed potential as a repellent against
bank voles. This treatment of seeds led to about a halving of losses of beech nuts, which
were more preferred than acorns, compared to the control. To further reduce rodent impact
during direct seeding this potential repellent could be used in combination with other meas-
ures to avoid rodent consumption such as covering the seed with soil, sowing in May rather
than July, use mounding as site preparation technique, and/or sowing in large open regen-
eration areas with little cover for rodents (Birkedal et al. 2010). However, further studies to
determine the best way of application, as well as the efficiency under field conditions, are
needed before definitive recommendations can be given to restoration managers. Addition-
ally, we strongly recommend further research on the application of excrements from more
prey specific predators such as the least weasel (Mustela nivalis L.) or the stoat (Mustela
erminea L.). The other seed treatments in this study, chili/coconut fat, citronella/rapeseed
oil and sand coating, either reduced the germination capacity or increased the consumption
of seeds by bank voles. However, the formula of these substances complicates the inter-
pretation of the rodent consumption and germination results. Therefore, controls for the
carriers or alternative ways of application are recommended for further studies on these
potential repellents.
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