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Abstract

Knowledge on the mating system of a species is central to understand population dynamics and development. Special attention
has been paid to the investigation of monogamous species and evolutionary causes and advantages of this mating system.
However, social monogamy does not necessarily imply also genetic monogamy. Given the rarity of genetic monogamy in
mammal species and the uncertain conclusions regarding multiple paternity in Eurasian beavers (Castor fiber), here, we
undertake a further attempt to clarify the genetic monogamy of Eurasian beavers studying an Austrian beaver population
by genotyping of gestating females and their foetuses at 19 microsatellite loci. Microsatellite analysis of mother—offspring
groups suggest the occurrence of multiple paternity at a low level: two out of 42 litters (4.8%) were sired by two different
males. We discuss the occurrence of extra-pair mating and potential drivers of multiple paternity in the light of beaver biol-
ogy, population densities, territory characteristics and resulting activity ranges during reproduction period. Especially in the
context of increasing beaver population densities in recovering populations and related increase of human-wildlife conflicts,
sound knowledge on breeding biology, including species-specific reproduction tactics and their general applicability, is
important for population monitoring.
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Introduction

Studying and understanding the mating system of a species
is crucial to understand population dynamics and develop-
ment—also in the context of applied nature conservation.
However, the investigation of mating systems in natural,
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marcia.sittenthaler@nhm-wien.ac.at consuming. Here, genetic techniques have proven excellent
tools for studying mating systems and paternity in a broad
range of species and have become common practice in wild-
life research (Jones and Ardren 2003).
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certain costs for males (giving up chances of increasing
reproductive success by mating with multiple females; Krebs
and Davies 2009) and females (less genetic variation among
offspring; Yasui 1998; Jennions and Petrie 2000). Hence,
genetic studies have revealed that extra-pair copulations and
consequently, extra-pair paternity are widespread among
socially monogamous animals. In a review Griffith et al.
(2002) found that less than 25% of socially monogamous
bird species are also genetically monogamous. For mam-
mals, strict genetic monogamy seems to be extremely rare,
as it is documented only for a handful of mammalian species
(e. g., in oldfield mice Peromyscus polionotus: Foltz 1981,
dik-diks Madoqua kirkii: Brotherton et al. 1997, coppery
titi monkeys Plecturocebus cupreus: Dolotovskaya et al.
2020). However, the proportion of strict genetic monogamy
in mammals is vague, as data sets for socially monogamous
living mammals often comprise inadequate sample sizes
to exclude the possibility of extra-pair paternity. Hence, in
mammalian research there is still a gap of knowledge to bet-
ter understand mating systems, especially for monogamous
living mammals.

The two beaver species, the Eurasian beaver (Castor fiber)
and the North American beaver (C. canadensis) were tradi-
tionally considered to be socially and genetically monoga-
mous (Busher 2007). Beavers are herbivorous, semi-aquatic,
mainly nocturnal rodents, living in family groups consist-
ing of one adult (reproductive) pair, offspring of the current
year, and sexually immature subadults from the previous
breeding season. Their mating period is strictly seasonally
(from January to March/April; Rosell and Campbell-Palmer
2022) with females having two to four oestrus cycles, each
with a short conception window of only 12-24 h (Dobo-
szynska and Zurowski 1983, cited by Sun 2003), favouring
genetic monogamy. In addition to this short fertility time
slot in a season where beaver movements and food resources
are naturally limited by low (water) temperatures and early
vegetation period, beavers show many behaviours and char-
acteristics being typical for monogamy, e. g. (i) biparental
care: both sexes invest the same amount of time and energy
rearing the offspring, (ii) strict territoriality and low toler-
ance to same-sex adults: adults defend territories through
aggression and scent marking and both sexes are engaged in
territory defence, (iii) long-term pair-bonding, (iv) reduction
of sexual dimorphism in morphology, behaviour and space
use, (v) mate guarding behaviour (Kleiman 1977; Herr and
Rosell 2004; Rosell and Campbell-Palmer 2022). However,
even if these factors are unfavourable for polygamous mat-
ing, mating systems can show a certain plasticity. There is
no guarantee that extra-pair mating does not take place in
beavers under particular socioecological circumstances,
which reverse the cost-benefit ratio of monogamy for beaver
individuals (Sun 2003).
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In a study by Crawford et al. (2008b) on the North Ameri-
can beaver, paternity analyses of hunted and trapped indi-
viduals revealed that 56% of all litters examined had been
sired by two or more males. Previous studies on multiple
paternity in the Eurasian beaver led to the following results:
while a Russian study reported no evidence of multiple
paternity (Syrdckova et al. 2015), in Norway (in a study not
yet peer reviewed) Nimje et al. (2019) showed that extra-
pair paternity also occurs in Eurasian beavers—at least at a
low level: 7% of litter contained a minimum of one extra-
pair young. Nimje et al. (2019) indicated that differences
in population density and/or small sample sizes (Crawford
et al. 2008b: N=9; Syrtickova et al. 2015: N=9; Nimje et al.
2019: N=100) could explain the contradicting results.

Given the rarity of social and genetic monogamy in
mammal species and particularly, the uncertain conclusions
regarding multiple paternity in Eurasian beavers, we under-
take a further attempt to clarify the genetic monogamy of
Eurasian beavers studying an Austrian beaver population.

As in many other countries in Europe, in Austria the
Eurasian beaver was exterminated in the 1860s (Sieber and
Bauer 2001). During the years 1976 and 1990 within a rein-
troduction programme 42 beavers (i. e., 27 Castor fiber and
15 Castor canadensis) from Poland, Belarus and Sweden
were released in the Austrian Danube watershed (Kollar
and Seiter 1990) and the population started to recover (Sie-
ber and Bauer 2001). In 2018 the total population size of
beavers in Austria was estimated to be about 7100-7800
individuals (European Commission 2019, FFH report, Art.
17). Although individuals of both beaver species had been
released in our study region in the province of Lower Aus-
tria, in a previous study by Kropf et al. (2013) only Eurasian
beaver individuals were detected—Ieading to the conclu-
sion that the current beaver population consists of Eurasian
beavers only.

Munclinger et al. (2022) showed that while in relict Eur-
asian beaver populations (e. g., Norway) genetic diversity
is very low, in reestablished populations based on multi-
ple translocations from different origins and due to natu-
ral expansion, genetic diversity could be restored in many
places across Europe and levels of polymorphisms are at
least moderate.

Because of the population expansion and increasing
population density over the recent years, increasing con-
flicts with human land use have led to the implementation
of a beaver management in the province of Lower Austria
(followed by other regions in Austria). The federal beaver
management includes prevention and repellent measures and
since winter 2006/2007 derogations given by the respective
state administration authorities allow also trapping and kill-
ing of beavers under controlled conditions where prevention
measures cannot be implemented or are ineffective.
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Tissue samples of trapped and killed gestating beaver
females and their uteri containing the foetuses were used
in our study to investigate the genetic mating system in a
population of Eurasian beavers in the province of Lower
Austria covering regional (sub-)populations still in expan-
sion compared to populations with already filled territories.
Specifically, we aim to elucidate the occurrence of multiple
paternity (i. e., a pregnant female carries a litter sired by
more than one male) by applying established and published
polymorphic microsatellite markers to genotype gestating
females and their foetuses. Further, we will discuss the
occurrence of extra-pair mating in the light of beaver popu-
lation densities, territory characteristics and resulting activ-
ity ranges during the reproduction.

Material and methods
Study area and sample material

Within the federal beaver management measures of the Aus-
trian province of Lower Austria between 2008 and 2017 tis-
sue samples of trapped and killed gestating beaver females
and their uteri containing the foetuses were collected dur-
ing necropsies and stored deep-frozen for further research.

The sample set consists of 190 samples from 42 gravid
females and their litters (i. e., up to six offspring per female)
stemming from the Danube watershed including northern
and southern tributaries in the province of Lower Austria

(Fig. 1).
Molecular genetic analyses

Genomic DNA was extracted from tissue samples using
the Maxwell® RSC Tissue DNA Kit with a Maxwell®
Instrument (Promega, United States of America) follow-
ing the manufacturer’s protocol. After DNA extraction
DNA concentration was measured with a photometer
(BioPhotometer D30, Eppendorf, Germany) and standard-
ised for all samples to 20 ng/ul. For paternity analyses the
samples were genotyped at all 25 public available micros-
atellite loci developed and optimised for C. fiber (Frosch
et al. 2011; Syrickova et al. 2015) and for C. canadensis
(Crawford et al. 2008a; Pelz-Serrano et al. 2009) except
for five loci developed for the North American beaver,
which are known to be either monomorphic or not ampli-
fiable in Eurasian beavers (see Tab 1). Further, a sexing
marker (SRY gene, Kiihn et al. 2002) was used for sex
identification. The markers were amplified in four multi-
plex reactions (set A: Ccal8, CF31, CF32, Cca8, CF17,

Austria

B Gestating beaver females

O Multiple paternity cases

Fig. 1 Locations of trapped and killed gestating beaver (Castor fiber) females (red squares, N=42) in the Province of Lower Austria between
2008 and 2017. Green circles indicate multiple paternity cases. Blue lines show larger rivers flowing into the Danube system (thick blue line)
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Table 1 Summary statistics for

o : al Locus A H,, H,, PI 7 PIC  NE-IP  NE-2P HWE

9 microsatellite loci in 42 adult

Eurasian beaver samples Ccal8 2 040 047 039 0.62 036  0.89 0.82 NS
Cca8 5 033 036 043 0.68 034 093 0.79 NS
CF17 3 046 0.54 028 0.55 047 085 0.73 NS
CF31 4 062 058 024 0.52 051  0.83 0.68 NS
CF32 5 067 074 0.11 0.41 0.69 0.67 0.50 NS
Ccal3 3 031 036 045 0.68 032 094 0.83 NS
Cca56 4 054 054 027 0.55 048  0.85 0.70 NS
Cca92 3 050 047 037 0.61 038  0.89 0.79 NS
CF07 2 0.06 006 0.88 0.94 0.06  0.40 0.97 NS
CF33 5 056 065 0.8 0.47 059 0.76 0.60 NS
Ccad 5 056 068 0.16 0.46 061 075 0.59 NS
CF05 2 035 032 052 0.72 027 0.95 0.87 NS
CF18 2 029 043 042 0.64 034 091 0.83 NS
CF44 5 062 060 022 0.51 054 081 0.65 NS
Ccal9 3 006 025 0.59 0.77 022 097 0.88 *
Cca5 2 008 0.12 079 0.89 0.11 099 0.94 NS
Cca62 4 065 0.63 022 0.49 0.55 0.80 0.66 NS
CF06 3 048 055 031 0.56 044 085 0.75 NS
CF19 4 050 067 0.18 0.46 0.60 0.77 0.61 NS
Overall 3.47 042 048 3.84x10'" 4.63x10° 042 0.06 3.00x107° -

A=number of alleles, H,,

=observed heterozygosity, H,

=expected heterozygosity, PI=probability

Xp

of identity, PI, =probability of identity for siblings, PIC=polymorphic information content, NE-1P/
NE-2P =non-exclusion probabilities, HWE = deviation of Hardy Weinberg equilibrium (NS not significant,
* =significant deviation after Bonferroni correction, a=0.05)

CF30, CF49; set B: Ccal3, CF33, CF07, Cca56, Cca92,
CF48, sexing marker; set C: CF05, CF44, Cca4, Cca76,
CF18; set D: CF06, CF19, CF41, Ccal9, Cca62, Ccal,
CF21). The reactions contained 1 pl template DNA, 5 ul
of QIAGEN Multiplex PCR Kit (Qiagen, Germany), 1
pl of primer mix (2 uM of each primer; forward primer
labelled with a fluorescent dye) and 3 ul of nuclease-free
water. Amplifications were done using an initial denatura-
tion for 15 min at 95 °C followed by 30 cycles of 30 s at
94 °C, 90 s at annealing temperature (multiplex set A, C,
D: 57 °C; multiplex set B: 61 °C), 60 s at 72 °C, and a
final extension step for 30 min at 72 °C.

To prevent genotyping errors in the data set and ensure
accuracy of scoring for each sample two replicates were
analysed.

No-template controls were included throughout the
extraction procedure and PCR amplifications to check
for possible contaminations. Fragment length analysis
was performed on an ABI 3730 XL automated capillary
sequencer (Applied Biosystems, United States of Amer-
ica) by a commercial provider (Microsynth, Switzerland).
Alleles were scored with the GeneMapper 5.0 software
(Applied Biosystems, United States of America).
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Basic genetic parameters and genetic variability

Deviations from Hardy—Weinberg equilibrium (HWE) for
each locus were tested with Genepop 4.2 (Raymond and
Rousset 1995; Rousset 2008) applying the default Markov
chain parameters (1000 step dememorization, 100 batches,
1000 iterations per batch), followed by a Bonferroni correc-
tion for multiple testing for the significance level (a=0.05).
For population genetic analysis that require high accuracy in
genotyping, such as parentage analysis, even rare null alleles
can confound results and any loci with strong evidence of
null alleles should be excluded. Thus, maternal null alleles
were identified through the observation of non-Mendelian
segregation of maternal alleles in the progeny array. Further,
we used Micro-Checker 2.2.2 (Van Oosterhout et al. 2004) to
check our microsatellite data set for presence of null alleles,
stuttering, and large allelic dropout.

To gather basic information on genetic variability for the
local beaver population, we computed allele frequencies,
number of alleles, observed and expected heterozygosity
for 42 adult, female beavers using the software GenAIEx
6.5 (Peakall and Smouse 2006, 2012). Further, to estimate
the resolution power of our microsatellite data using the
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software Cervus 3.0.7 (Marshall et al. 1998; Kalinowski
et al. 2007) we calculated (1) the probability of identity
(PID) and the probability of identity for siblings (PID,;,),
which is a more conservative upper bound for the probabil-
ity that two individuals share the same genotype (Taberlet
and Luikart 1999; Waits et al. 2001), (2) the polymorphism
information content (PIC), and (3) the non-exclusion prob-
abilities (VE-1P, NE-2P) referring to the average probability
that a given set of loci fail to exclude one or a pair of unre-
lated candidate parents from parentage of an arbitrary off-
spring. Here, NE-1P is the average non-exclusion probability
for one candidate parent when both parents were unknown,
NE-2P means the average non-exclusion probability for one
candidate parent given the genotype of a known parent.

Multiple paternity detection

To reveal the power of the loci used for detecting multiple
paternity in our data set, we performed simulations using the
programme PrDM (Neff and Pitcher 2002). The programme
computes the probability of detecting multiple sires depend-
ing on (1) the allele frequencies in the adult population, (2)
litter sizes, and (3) paternity rates within a litter. Simulations
were performed across the range of litter sizes in our study,
using allele frequencies estimated from the beaver mothers,
and assuming an equal likely paternity of two fathers.

To identify cases of multiple paternity microsatellite
profiles of each beaver mother and her offspring allowed a
visual reconstruction by hand of the minimum number of
paternal genotypes based on Mendelian rules of inheritance.
Multiple paternity was inferred if more than two paternal
alleles were observed at one or more loci.

In addition to the manual allele counting, based on the
microsatellite profiles from the mothers and respective

offspring, we estimated the minimum number of sires
required to produce the respective set of alleles in each lit-
ter using the programme GERUD 2.0 (Jones 2005). Further,
all possible multilocus genotypes of fathers were recon-
structed by the programme, and the most probable solution
was selected. As recommended by Jones (2005), GERUD
analysis was conducted with the five microsatellite loci
showing the highest variability and lowest non-exclusion
probabilities. Here, we used the loci CF31, CF32, CF33,
Cca4, Cca62 (Table 2).

To further assess multiple paternity, we used COLONY
2.0.6.8 (Jones and Wang 2010) which infers sibship among
offspring and parentage applying a full-pedigree likelihood
method. For the COLONY analysis, two marker subsets
were used: (i) all 19 loci, (ii) the five loci used in GERUD
analysis.

Results
Amplification success and marker suitability

All 190 samples amplified at all loci, leading to an amplifi-
cation success rate of 100% for both runs. Moreover, both
runs showed coherent results after scoring of alleles. The
extremely high data quality of this study is an essential pre-
requisite for the interpretation of the results.

Of the 25 primer pairs initially used in the amplifi-
cation, two loci (CF41 and CF48) showed ambiguous
bands impeding reliable scoring of alleles. Another four
loci showed to be monomorphic (CF30, CF49, Cca76,
CF21). Thus, these six loci were excluded from further
analyses. The remaining 19 loci were polymorphic with
allele numbers ranging from 2 to 5 and a mean number of

Table 2 Multiple paternity

N X Litter Locus CF31 Locus CF32 Locus CF33 Locus Cca4 Locus Cca62

cases in Eurasian beavers

represented by microsatellite 7/360/17

genotypes (the five most Mother 216/222 154/ 160 214/216 384/384 228 /234

variable loci) of gravid beaver

females and their foetuses, and F1 222/222 154/ 160 214/214 384 /392 228 /236

paternal alleles (underlined) F2 222/222 154 /154 214 /220 384 /392 228 /228

inferred by GERUD software; F3* 216/216 150/ 154 216/216 3847392 2287236

offspring assigned to a second Paternal alleles 216, 222 150, 154 214,216,220 392 228,236

father are marked with an

asterisk Z/369/17
Mother 222/222 150/ 154 216 /220 384 /388 228 /228
F1 214/222 150/ 154 216/216 388 /396 228 /228
F2 214/222 150/ 154 220/220 388 /396 228 /234
F3%* 214/222 150/ 154 214/216 388 /388 228 /228
F4 220/222 150/ 154 220/220 384 /396 228 /228
F5 220/222 154 /154 216/216 388 /388 228 /228
F6* 220/222 150/ 154 214 /220 384 /388 228 /228
Paternal alleles 214,220 150, 154 214, 216, 220 388, 396 228,234
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alleles per locus of 3.47. All alleles observed in offspring
genotypes were already observed in the adult population,
hence, there was no indication of new mutation within
the data set. Across all loci, observed and expected het-
erozygosity for mothers resulted in 0.42 and 0.48, respec-
tively. Neither a large allele dropout, nor stuttering were
detected in the data set. However, Micro-Checker software
detected the possible presence of null alleles at one locus
(Ccal9). For the same microsatellite locus deviations from
Hardy—Weinberg equilibrium were detected after correct-
ing for multiple testing. As shown below, the omittance of
this locus (data set including five loci) did not change the
conclusions of the results of paternity analyses. Moreover,
a complete concordance of mother—offspring genotypes at
all loci indicates Mendelian inheritance of maternal alleles
in the progeny array, i. e. no maternal null alleles were
identified.

With a probability of identity (PI) of 3.84x107'% and a
probability of identity for siblings (PI;,,) of 4.63 X 1073,
our resulting set of 19 microsatellites had enough power
to distinguish between closely related beaver individuals.
Moderate polymorphism (PIC=0.42) and low combined
non-exclusion probabilities (NE-1P, NE-2P) of 0.06 and
3.00%x 1073, respectively, further indicate that resolution
power of our marker set is suitable for parentage analysis.

PrDM simulations indicated that in the most scenarios
evidence of multiple paternity would have been detected
with our study design. As expected, detection probability
increased with litter size (from 40.2% for three embryos to
87.7% for six embryos).

Multiple paternity

In two of the 42 beaver uteri multiple paternity was detected
by both manual allele counting and software packages
(GERUD, COLONY) for both data sets (five and 19 loci).
All other progeny arrays could be explained with a single,
unique paternal genotype by all three methods. For the mul-
tiple paternity cases (i. e., litters Z/360/17 and Z/369/17; see
Table 2) analyses indicated that a maximum of two fathers
contributed to each litter. In litter Z/360/17 one of three pups
(F3) was assigned to a second father based on one locus
(CF33). Although the pup was homozygous at this locus
with an allele matching with its mother, the chance that it
is a result of allelic dropout is close to zero, as we rerun
each sample and worked with fresh tissue material. In lit-
ter Z/369/17 two pups (F3 and F6) out of six foetuses were
assigned to a second father, again based on locus CF33.
Here, both pups were heterozygous at the respective locus.
Electropherograms showing the allelic profile at locus CF33
for all beaver individuals of the respective litters are pro-
vided in Online Resource 1 (Fig S1-S11).
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Discussion

Based on ecological studies on behaviour and dispersal,
the traditional general assumption was that beavers have
a socially and genetically monogamous mating system
(Busher 2007). However, in addition to former studies by
Crawford et al. (2008b) on the North American beaver and
by Nimje et al. (2019) on Eurasian beavers, in this study we
provide results that further question the former assumption
of exclusively, genetically monogamous beavers in Europe.
In our notable data set based on 42 uteri of gravid females,
microsatellite analyses of mother—offspring groups suggest
the occurrence of multiple paternity in Eurasian beavers in
Austria. Two out of 42 litters (4.8%) were sired by two dif-
ferent males. This is a low rate compared to Crawford et al.
(2008b) for North American beavers (56% rate of multiple
paternity; N=09 litters), but similar to the study by Nimje
et al. (2019), who found a multiple paternity rate of 7% for
Eurasian beavers in Norway (N =100 litters).

Unfortunately, our results are based on a single locus
(CF33; see Online Resource 1) only and might still be
interpreted as monogamy when assuming a genotyping
error. We would argue against this, since due to our con-
servative and thoroughly analytical approach including
two independent runs of each sample and comprehensive
error checking statistics, we can make it credible that
alleles indicating multiple paternity are not the result of
incorrectly scored artefacts or other scoring errors. Moreo-
ver, mutations could be responsible for falsely assumed
additional paternal alleles. However, here we would have
detected two independent mutations at the same locus, at
the same time at two different localities, which is a theo-
retically possible, but very unlikely scenario.

The detection probability of multiple paternity in a pop-
ulation may be limited if allelic diversity is low (Sefc and
Koblmiiller 2009). Here, the maximum number of paternal
alleles observed at a locus was three. That means that at
least one of the two fathers has an allele common with the
mother. Thus, multiple paternity may be underestimated
if fathers share too many alleles to be differentiated within
the progeny array. In our study observed heterozygosity
across all loci was low to moderate, ranging from 0.1 to
0.7 (average H ,, 0.4) and multiple paternity cases in our
study are based on one locus only (CF33). Although the
levels of heterozygosity and polymorphism is comparable
to other populations of beavers in Europe using the same
microsatellite loci (Frosch et al. 2014; Syrdckova et al.
2015; Iso-Touru et al. 2020; Fedorca et al. 2021), it is pos-
sible that the level of multiple paternity has been under-
estimated. Furthermore, detection of extra-pair paternity
might be even more difficult in cases where females mate
with closely related males (e. g., their sons).
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The power of detection increases also with litter size and
will be further hampered if the putative father is missing in
the data set (Neff and Pitcher 2002). However, given the fact
that we detected multiple paternity also in a litter of three
offspring, shows that our set of microsatellite loci generally
had the power to detect multiple paternity cases (also in
small litters). To which degree we probably underestimated
the rate, remains unknown. However, we used almost all
microsatellite loci established and published for the two bea-
ver species (Crawford et al. 2008a; Pelz-Serrano et al. 2009;
Frosch et al. 2011; Syrackova et al. 2015), resulting in a
comparatively large initial number (25) of loci, with 19 loci
left being suitable for parentage analyses. Although the loci
used here show relatively low to moderate levels of polymor-
phisms, the probabilities of identity and the non-exclusion
probabilities were low. This may be due to the sufficiently
high number of loci used in this study. Although it is com-
monly agreed that polymorphism is important to assess
paternity from offspring genotypes (Sefc and Koblmiiller
2009), the number of loci may have a more significant effect
on the power of parentage analysis than expected (Goossens
et al. 1998; Weng et al. 2021).

Beavers in our study area originated from reintroductions
from various source populations and hence, express higher
levels of genetic diversity compared to relict beaver popula-
tions (Senn et al. 2014; Munclinger et al. 2022). Neverthe-
less, the recent beaver population in Austria (comprising
7,100 to 7,800 individuals, European Commission 2019,
FFH report, Art. 17) is mainly based on only 27 Castor
fiber founder individuals released in the Austrian Danube
watershed within a reintroduction programme from 1976
to 1990 (Kollar and Seiter 1990; Sieber and Bauer 2001).
Consequently, inbreeding (at least for the first years after
reintroductions), and genetic bottlenecks may have occurred,
leading to limited genetic variation reflected in our data set.
In terms of maternally inherited mitochondrial haplotype
diversity of the control region (d-loop) five haplotypes have
been yet reported from our study region (Kropf et al. 2013;
Attili et al. 2023), which is an expectable number consider-
ing the limited number of founder individuals originating
from various source populations.

A study by Syrickova et al. (2015) on Eurasian beavers
in Russia provided no evidence for the presence of multiple
paternity. Based on genetic polymorphisms and exclusion
probabilities similar to our study, the authors claimed the
suitability of the applied marker set. But they admitted that
their results should be treated with caution due to low sam-
ple size (N=9).

However, as beavers exhibit numerous characteristics and
behaviours associated with monogamy, that do not necessar-
ily facilitate or even impede extra-pair mating, both, genetic
monogamy and multiple paternity at low rates are conclusive
results for studies on Eurasian beaver mating tactics. Under

certain socioecological conditions presence or absence of
multiple paternity and its frequency and prevalence may
vary between populations, between conspecific individuals,
or even in the same individual (Sun 2003). According to Jen-
nions and Petrie (2000), there are two critical determinants
of extra-pair paternity: (i) the availability of additional mates
at the time the female is receptive, and (ii) the capacity of
social males to control the accessibility of females to poten-
tial extra-pair males.

Generally, the strict seasonality of mating period and
short duration of the female oestrus (Doboszynska and
Zurowski 1983 cited by Sun 2003; Rosell and Campbell-
Palmer 2022) enables efficient mate guarding to prevent
extra-pair mating. Since in beavers the males contribute to
the rearing of the young just as much as the females, i. e.,
biparental care, it makes sense for the males to guard their
females intensively to ensure their paternity. Moreover, bea-
vers are strictly territorial with both sexes spending the same
amount of time defending their territory (Herr and Rosell
2004) and show low tolerance to same-sex adults. Thus, to
find additional mates, the own territory must be left, which
bears the risk of being attacked by same-sex territory own-
ers. Also, predation risk is increased as beaver individuals
searching for mating opportunities in foreign territories
do not have a permanent lodge or shelters. And as mating
period takes place in winter, especially in higher latitudes,
low air and water temperatures, potential ice and snow cover
limit beaver movements, because they are highly energy-
consuming. In addition, as their plant-based diet is of low
nutritional value, beavers spend a considerable amount of
time to forage (Sun 2003). Also, construction works, i. e.,
building dams and burrows, are time and energy intensive,
and Sun (2003) consequently assumes that these energy and
time constraints prevent beavers from leaving their territo-
ries aiming for extra-pair copulations.

Nevertheless, mating systems appear to be flexible if
social and/or ecological conditions change in space and time
reversing the cost—benefit ratio of monogamy. Consequently,
individuals of a species that is considered monogamous may
adapt their reproductive strategies to the prevailing social
and ecological conditions (Sun 2003). Hence, as availabil-
ity of additional mates increases with population density
and making mate guarding for male beavers more difficult,
deviations from a monogamous mating system may be more
likely under high population densities (e. g., Goossens et al.
1998; Streatfeild et al. 2011; Shimozuru et al. 2019; Bat-
suren et al. 2022).

Furthermore, the location of a territory of a beaver
couple in a river basin may influence mating opportuni-
ties. Territories in upper reaches of streams, for example,
may be less frequented by transient individuals (sexually
mature dispersing individuals without a territory) and
therefore lower mating opportunities. Low densities and/
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or isolated/remote sites would therefore lower the prob-
ability of encountering additional mates. Another fac-
tor which may affect the probability of alternative mat-
ing opportunities, could be territory size in combination
with food resource quality and food distribution patterns.
Patrolling larger territories means that beaver individuals
need more time to travel longer distances within their ter-
ritory boundaries to cover their dietary needs. This makes
guarding of the pair bond partner more difficult and may
increase again the probability of encountering additional
mates. Hence, population density of sexually mature indi-
viduals and territory site characteristics may be assumed
to be major drivers for the occurrence and frequency of
multiple paternity in this monogamous species.

In our study the two cases of multiple paternity (litters
7/360/17 and Z/369/17) were found at sites, which were
neither remote territories nor regions with still expanding
numbers at the time of sampling (Fig. 1). Unfortunately, we
do not have exact counts for beaver densities in the respec-
tive areas at the time of sampling, preventing a comparison
with other studies providing information on beaver densi-
ties and occurrences of multiple paternity (Syrickova et al.
(2015): 0.25 colonies per km stream, 0.4 colonies per square
km; Crawford et al. (2008b): 0.4 colonies per km stream, 3.3
colonies per square km; Nimje et al. (2019): 0.35 colonies
per square km). However, according to local landowners
reporting increasing conflicts due to beaver activities, it can
be assumed that both sites (as well as neighbouring terri-
tories) were already recolonized by the beaver for several
(at least 5) years (pers. observation) and well-established
territories existed.

As shown in Alpine marmots (Marmota marmota), cli-
mate can affect frequency of multiple paternity (Bichet et al.
2016). With increasing frequency of mild winters due to cli-
mate change in combination with high population densities,
winter movements of beavers increase, and consequently,
the likelihood of encountering additional mates during mat-
ing season as well (Crawford et al. 2008b). Thus, multiple
paternity in beavers may be seen as consequence of global
warming, specifically as an alternative mating tactic accord-
ing to changes in environmental conditions. This circum-
stance may also explain the lack of multiple paternity in the
study of Syrickova et al. (2015). During mating period in
Kirov region large parts of the landscape is usually covered
by ice and snow, preventing beavers from visiting foreign
territories.

Another factor which we would like to discuss here in
context with mating behaviour is the disturbance of social
structures and alteration of territory boundaries due to
dam removal, trapping and shooting beaver individuals,
as it takes place in our study area since winter 2006/2007.
It is conceivable that such management measures (e. g.,
the removal of one of the reproducing beaver couple in

@ Springer

a territory) may lead to instable conditions in the social
system, and therefore altering reproduction tactics.

Conclusion

Although based on a single microsatellite locus only, our
study suggests the occurrence of multiple paternity in Eura-
sian beavers at a low rate. Our rate of 4.8% and the pre-
viously reported rate (7%; Nimje et al. 2019) of multiple
paternity for Eurasian beavers were quite similar. However,
while the indications of multiple paternity become more,
the causes and frequency of this mating behaviour remain
still unknown. Here, we discussed potential drivers of mul-
tiple paternity (namely, population density, location, size
and quality of a territory, increase of activity ranges dur-
ing reproduction time due to mild winters, disturbance of
social structures due to hunting of beavers), but further
investigations are needed to identify the influential factors
under which social and genetic monogamy is favoured, and
confirm whether multiple paternity is uniform in this spe-
cies or whether its mating system is characterised by higher
plasticity. Especially in the context of increasing beaver
population densities and related increase of human-wildlife
conflicts, knowledge on species-specific reproduction tactics
and their plasticity is important for population monitoring
(e. g., reproduction success, genetic variation) in the course
of nature conservation and wildlife management.

To prevent underestimation of multiple paternity rates
in future studies and/or validate results of present studies,
additional marker systems (e. g., SNPs, Senn et al. 2014)
and genomic approaches should be applied.
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