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Abstract: Large carnivores are essential components of natural ecosystems. In populated areas,
their conservation depends on preserving a favorable status in coexistence with humans, which
may require the elimination of excess carnivores to minimize public concerns. As the Baltic region
currently hosts a thriving wolf population, locally sustainable management of wolves is important
for preserving biodiversity at a European scale. In this paper, we provide a dynamic assessment of
the Latvian wolf subpopulation from 1998 until 2020. This study is based on age composition and
fecundity data from teeth, uteri, and ovaria inspections obtained from samples of legally culled or
accidentally killed individuals. The abundance estimates indicated population growth that exceeded
the previously predicted carrying capacity. The proportion of juveniles among the culled individuals
increased in recent years, but the mean age of culled adults exhibited a stable trend. In presumably
nonselective hunting, the juveniles and individuals older than 3 years had greater culling mortality
estimates in comparison with other age classes, and the culling rates for adult females of particular age
classes were higher than for males of the same age. While creating significant hunting pressure, wolf
management in Latvia may have contributed to the population growth by affecting its demographic
processes.
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1. Introduction

In modern human-dominated landscapes where large carnivores coexist with people
in relatively close proximity, their future conservation as key wildlife components depends
on sharing the same landscape, which requires public understanding and supportive
participation in terms of sustainable management, protective legislation, and damage
prevention or compensation [1-4]. Historically, gray wolves (Canis lupus L., 1758), regarded
as competitors for game, pests in livestock breeding, and threats to public safety, have been
persecuted and even locally eradicated throughout Europe and North America. However,
their recolonization in previously inhabited areas and their population growth have been
achieved by conservation efforts such as legal protection favoring natural population re-
establishment and sometimes deliberate translocation of individuals [5-12]. Meanwhile,
conflicts with human interests have also emerged or intensified [13-16], bringing serious
challenges in the eyes of the general public for the protection of this species and wildlife
conservation in general [17]. Today, wolves are hunted mainly to decrease real or perceived
threats to human safety and the livestock industry, preserve wild game species, or control
the spread of diseases. Sometimes, wolves are hunted for sport or to obtain trophies.
Human attitudes and perception can have a considerable effect on the intensity of wolf
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persecution [18,19], and reasons for wolf hunting are not always sufficiently justified in
following sustainable species management.

The so-called Baltic population of gray wolves, consisting of ca. 3600 individuals and
inhabiting territories of Estonia, Latvia, Lithuania, Belarus, northeastern Poland, northern
Ukraine, and the western regions of the Russian Federation, is considered to be one of the
most viable wolf populations in Europe [17,20,21]. In previous studies, the carrying capaci-
ties for Latvian and Lithuanian wolf subpopulations were estimated [22,23]. According
to these studies, the assessed carrying capacity for wolves in Latvia ranged between 1066
and 1092 individuals [22]. In Latvia, despite persecution to various extents, the species has
never been totally exterminated unlike in other parts of Europe, although the wolf number
was reduced close to extinction twice: before WWII and then in the 1960s [24,25]. Before
Latvia became a European Union member state in 2004, wolves in Latvia were legally
harvested or culled all year round. After joining the EU, a closed season and an annual
culling quota were introduced in compliance with the Habitat Directive of the European
Council [26]. The species management plan [25] does not prescribe any target size for wolf
abundance in Latvia. Hence, the goal is to maintain a favorable status according to the
criteria set by the EU Habitat Directive, including the viability of the species within its
natural habitat, nondecreasing distribution range, and availability of habitats [17,21,26]. To
ensure a favorable population status and species conservation, especially in the situation
where restricted harvesting is allowed, the population management system should be
adapted to any changes in the population status.

Knowledge on abundance, demographic structure, and reproduction should guide
further actions of wolf population management [27]. Such information is relevant both
locally and internationally if populations of protected species inhabit areas shared by sev-
eral states [4,17,28]. Therefore, the aim of this paper was to provide a dynamic assessment
of the Latvian wolf subpopulation during the last two decades. We based the analysis
on our most reliable data on demographic structure and female fecundity obtained from
inspected carcasses of culled wolves. Wolf abundance estimates were analyzed concerning
previously determined carrying capacity, investigating whether discovered trends, such as
stabilization of abundance or changes in reproductive parameters, were associated with
negative effects of density dependence, as the wolf subpopulation may have reached its
temporal limits, determined by a combination of ecological and socioeconomic factors. To
assess the culling impact, we also investigated potential differences in exploitation rates of
various sex and age groups.

2. Methods
2.1. Study Area and Culling Practice

The study was conducted where wolf culling occurs across the whole territory of
Latvia, which occupies ~64,600 km? along the eastern coast of the Baltic Sea (Figure 1).
The population consists of 1.9 million inhabitants, and the mean density is 31 persons per
km? [29]. About 1.8% of the population owns a hunting licence, and recreational hunting is
regularly applied to approximately 80% of the terrestrial land cover. Approximately 50%
of the region is covered by woodland, specifically mixed boreal forest dominated by Scots
pine (Pinus sylvestris), Norway spruce (Picea abies), and birch (Betula spp.).

Until 1999, the state paid a bounty for each killed wolf regardless of its sex or age.
Sometimes, searches for dens with pups were performed, and entire litters were destroyed.
Culled animal reports were, therefore, presumed to be accurate. Meanwhile, carcass
sampling was highly opportunistic and comparatively scarce because the hunters were
asked to provide material voluntarily; however, support for the research initiative was
low. In 2004, a closed season from 1 April to 14 July was introduced, and an annual quota
for wolves was established in Latvia for the first time. The quota was negotiated among
species conservation experts, the game surveillance authority (i.e., the State Forest Service
(SFS)), and representatives of hunter associations. It was set annually for the whole country
on the basis of the population trend, number of culled individuals in the previous season,
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and livestock depredation. These regulations motivated the hunters to report hunted
wolves and collaborate with the research program, since knowledge of the population
status is a prerequisite for culling and enables setting the quota for the following season.
For illustrative purposes, the number of culled wolves per hunting season in Latvia during
the last three decades is given in Figure 2.
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Figure 1. Location of the study area.

The wolf hunting methods in Latvia have not been affected as much by the different
policies as by the traditions of the hunters. In winter, the main hunting method is tracking
wolves in fresh snow to surround the pack in its resting site and then drive it toward the
shooters. Sometimes, a fladry line (i.e., a rope with little flags at the height of animal heads)
is used to minimize wolf escapes from the surrounded spot. In a snowless period, wolves
are discovered using simulations of howling and lured to a hunter. However, more than
half of the harvested wolves are taken incidentally during hunts for other game. Wolf
culling is not intentionally selective for a certain size or appearance of the animals.
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Figure 2. The number of culled wolves per hunting season in Latvia (SFS data [30]). Different
markers and coloring signify periods of different management (see details in the text); the point of
transition is marked by a triangle.
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2.2. Sample Collection

Carcasses of legally hunted or accidentally killed wolves (mostly in vehicle collisions)
from 1998 until 2020 were available for investigation upon request. Due to time and logistic
constraints, 20-70% of the harvested individuals were examined every year. These surveys
of culled wolves provided dental material for age determination (n = 1822) and samples
of uteri and ovaria from adult females (1 = 206) to determine the number of marks from
placental attachments or embryos and the presence of corpora lutea, which were used as
indicators of prenatal litter size and confirmation of previous pregnancy.

The techniques described by Klevezal [31] and Kirkpatrick [32] were used to prepare
tooth samples and examine the female reproductive organs, respectively. The age was
determined by counting the cement increment lines in the root of an extracted canine. A
sample for microscopic inspection was prepared by sawing off a 1.5-cm long tip from the
canine root. Female fecundity was assessed by counting marks of previous placental at-
tachment and embryos in uteri samples obtained from March until December. For samples
obtained in January and February (i.e., during wolf rutting time), previous pregnancy was
determined according to the presence or absence of corpora lutea in ovaria samples, but
these samples were excluded from fecundity analysis as neither the number of placental
attachments nor the number of freshly implanted embryos could be distinguished.

The data used in this study are given in Appendix A (Tables A1l and A2). To improve
sample representability to a size of at least 20, data on fecundity and reproduction rates
from three and, in one instance, four consecutive years were pooled together (e.g., 1998—
2001 (4 years) or 2002-2004 (3 years)).

2.3. Estimating Abundance and Culling Impact

The SFS conducts local monitoring of some internationally protected species, including
wolves. Game abundance is estimated at the closure of the hunting season, and these
estimates are publicly available on the SFS website [30]. For wolves, these estimates might
be attributed to post-harvest and prior breeding abundance. In this study, we also referred
to the previously determined carrying capacity of wolves in Latvia, which was calculated
using SFS abundance and harvest data from 1958 until 2004 [22]. However, the official level
of wolf abundance in Latvia is prone to overestimation [25]. For example, the wolf home
ranges are likely to encompass several adjacent hunting districts, for which separate game
abundance estimates are provided. Hence, members of the same pack may actually have
been accounted for more than once. Therefore, we used the estimated wolf abundances
from the SFS as the maximum abundance estimates.

To provide more realistic wolf abundance estimates, three factors were considered:

(1) Despite increasing efforts of noninvasive monitoring by the SFS, harvest data are
currently the only robust and comparable information on the wolf population. Neither
countrywide surveys for dens nor counts of packs and their sizes have been regularly
conducted.

(2) Due to a considerably large quota, harvesting is believed to be the main source of
wolf mortality. Natural wolf mortality at various age classes in Latvia is not known
but is believed to be considerably lower than (and perhaps partially compensated for
by) harvest mortality [33].

(3) Alack of reliable data on local hunting efforts (e.g., duration and number of hunters in-
volved) forbids using harvest-based population estimation methods that incorporate
catch per unit of effort.

Taking into account the previous factors, age-structured population reconstruction
methods [34-38], summarized and demonstrated by Skalski et al. [39], were considered. All
of these methods use age-at-harvest data to back-calculate cohort sizes before harvesting.
However, due to a current lack of reliable data on local age-specific natural mortality, we
restricted our virtual population analysis (VPA) to provide minimum abundance estimates,
assessing the part of the population which was ultimately harvested. All statistical analyses
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were conducted using the software R [40], except the VPA, which was conducted using a
spreadsheet (Microsoft Excel 2013).
An age-structured matrix H = (h;; + Ah;;) was compiled as follows and used for further

calculations:
A Sl']']’li . Sz'jhi 1
ij - Z] G - 571'/ ( )
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where ﬁij is the estimated number of harvested individuals in the i-th hunting season of the
j-th age class (henceforth, capital letter indices I and | denote the final represented hunting
season and the maximum age class, respectively), Sij is the number of sampled individuals,
and h; and s; are the total numbers of harvested and sampled individuals during the i-th
hunting season, respectively. Taking into account that sampling was conducted without
replacement, the uncertainty in the estimated age-specific harvest Ah;; was calculated as
follows:
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where t, ;.1 is the t statistic at a confidence level of & = 0.95 and s; — 1 degrees of freedom.
Minimum cohort abundance estimates ( Nij ) were then back-calculated using the following

equation and contained in the matrix N = (Nj; & ANj;):
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where l:?j is the estimated mean exploitation or harvest mortality rate for the j-th age class,
calculated from harvest data and abundance estimates of the cohorts that passed through
the age-at-harvest matrix and reached the maximum age class:

Ei= Lh” 4)
Y. Nij
Uncertainty in the abundance estimates ANj; was calculated according to the principles
of error propagation, taking into account the Ah;; values and estimating the expected
variance in Ej by treating it as a proportion (i.e., Var(Ej) = E]-(l — E]-)). Minimum wolf
abundance of the i-th hunting season N; was calculated as follows from the matrix N:

N; = Z]]ﬂ Nij. ®)

To assess the culling impact according to sex and age and to predict the minimum
annual number of offspring for the whole subpopulation, separate cohort abundance
estimates were also calculated for males and females. Estimated numbers of males and
females in particular age classes were then used in relevant calculations.

The exploitation rate can be regarded as a ratio between the number of individuals of
a particular group that is harvested at the focal stage and the total number of individuals
of that group, including those that avoid culling at the focal stage but are harvested at
later stages. Hence, the culling impact was analyzed by comparing sex- and age-specific
exploitation rates.



Sustainability 2021, 13, 9783

6 of 16

3. Results
3.1. Abundance and Population Dynamics

Wolf abundance estimates by the SFS and our virtual population analysis demon-
strated an increasing trend in wolf population dynamics during the past two decades
(Figure 3). Post-harvest and pre-breeding estimates by the SFS indicated an increase from
703 individuals in 1999 to 1185 individuals in 2019. Our VPA estimates of minimum
wolf abundance for the same period increased from 372 £ 63 to 767 * 61 individuals
(or 226 £ 63 to 487 + 61, excluding harvested individuals). The results of both methods
were temporally correlated (Pearson’s product-moment correlation, r = 0.9557, t = 14.157,
df =19, p < 0.001).
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Figure 3. Wolf abundance estimates and number of harvested individuals in Latvia from 1999/2000
to 2019/2020. The minimum abundance (with 95% confidence intervals indicated by whiskers) was
estimated according to virtual population analysis (VPA), whereas estimates by the State Forest
Service [30] were used as the maximum post-harvest and pre-breeding estimates.

The SFS abundance estimates suggested three stages in Latvian wolf population
dynamics during the study period (Figure 3), namely (1) relative stability (1999/2000-
2008/2009), (2) increase (2009/2010-2012/2013), and (3) relative stability (2013/2014-
2019/2020). The estimated carrying capacity (1066-1092 individuals [22]) was exceeded in
2012 when the estimated wolf abundance by the SFS was 1166 individuals. This coincided
with a subsequent relative stability period in wolf population dynamics, as mentioned
previously. The virtual population analysis suggested only two phases: relative stability
from 1999/2000 to 2007 /2008 and an increase from 2008 /2009 to 2019/2020.

3.2. Sex and Age Structure and Culling Rate

The pooled sample from 1998 to 2020 indicated a slight female prevalence (0.99:1.01)
among the culled or accidentally killed wolves, but without significant deviance from the
expected ratio of 1:1 (Pearson’s chi-squared test, x> = 24.54, df = 21, p = 0.2674). A similar
conclusion was made after taking into account information about harvested but unsampled
individuals, for which the information on sex was provided by hunters (0.93:1.07, x% =16.94,
df =15, p = 0.3225). Therefore, we conclude that the wolf sex ratio in Latvia during the past
two decades remained practically equal.

The most frequently encountered age class was juveniles (i.e., born in spring before
the opening of hunting season), which comprised 47.1% of all the sampled individuals.
A considerable increase in the juvenile proportion was observed during the study period
(Figure 4). The percentage of subadults (i.e., yearlings) and adults was 10.2% and 42.7%,
respectively. The maximum observed age was 13 years, sampled once in 1998, while two
individuals aged 12 years were encountered in 2005. Since then, no individuals older than
9 years were represented in the samples. As the ages of all the sampled individuals were
considered, the mean age of the culled wolves was 1.47 years (SD = 1.98), but the mean age
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of the culled adults, taking into account individuals aged 2 years and older, was 3.61 years
(SD = 1.67). When all the individuals were considered, a decreasing trend in the mean
age was observed (slope = —0.0263; likelihood ratio test, p = 0.045), which was probably
affected by the increasing frequency of juveniles (Figures 4 and 5a). When only adults
were concerned, the trend in the observed mean age was not significant (slope = —0.0065;
p = 0.652) (Figure 5b).

0.75 A~

0.25 A

Figure 4. The proportion of juveniles (i.e., individuals younger than 1 year born before the opening of
the current hunting season) among culled wolves in Latvia from 1999 /2000 to 2019/2020 (whiskers
and dashed line indicate 95% confidence intervals and a trend according to periodical regression of
the best fit, respectively).
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Figure 5. Mean age of wolves (£SE) in Latvia (full years) culled during the last two decades. (a) All
individuals taken into account. (b) Only adult individuals (i.e., aged 2 years and older) considered.

The estimated mean culling mortality was 0.3728 (i.e., 37.3%), but it differed according
to age (Figure 6). The culling mortality rate for juveniles was 0.4196, that for yearlings was
0.2563, and that for 2-year-old individuals was 0.3119. For older age classes from 3 to 9 years,
the estimated culling rate gradually increased from 0.3982 to 0.7119. Significant differences
were found in estimated age-specific culling rates for males and females (x? = 168.96,
df =27, p <0.001).
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Figure 6. Estimated annual culling mortality of wolves in Latvia according to sex and age (for
comparison, the absolute number of harvested individuals is given as well; whiskers indicate 95%
confidence intervals).

3.3. Female Reproduction Rate and Fecundity

The percentage of uteri and ovaria samples from adult females that contained traces
of actual breeding (scars from previous placental attachment and corpora lutea) was
63.1% % 7.6% (n = 206). The variation of this fraction was not significant during the study
period (x? = 4.81, df = 6, p = 0.5688). Furthermore, no significant differences in prenatal
litter size were found (single-factor ANOVA, Fg 143 = 1.647, p = 0.128). An insignificant
decrease in mean annual fecundity was detected in 2011-2013 (Figure 7), as the average
number of uterine marks was 4.97 £ 0.98 (n = 31). In other periods, the mean annual
fecundity was 6.4 £ 0.46 (n = 124).
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Figure 7. Mean annual fecundity (i.e., average litter size) and involvement in the reproduction of
adult wolf females from 1998 to 2019 (data from subsequent years were pooled together to increase
sample size; whiskers indicate 95% confidence intervals; see also Table A2).
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4. Discussion
4.1. Abundance, Population Dynamics, and Carrying Capacity

More than a decade has passed since adaptive management of wolves in the Baltic
countries was introduced and applied. Unlike in Estonia and Lithuania, the target popu-
lation size in Latvia has not been set and maintained [21,25], thus theoretically allowing
population growth. The official wolf abundance estimates by the SFS and our virtual
population analysis indicated that the Latvian wolf subpopulation increased during the last
two decades despite continuous culling. Considerable population growth has been evident
for other species of large mammals as well, including prey species [30,41,42]. The number
of reported livestock depredation cases during the last 10 years has slightly increased
as well, albeit without statistical significance [30]. A reliable wolf census has not been
continuously applied; hence, the actual wolf abundance in Latvia remains unknown, and
the extent of the population growth has to be interpreted with caution. Several factors
can contribute to local population increases despite the actual removal of individuals. For
example, the harvested population is still expected to grow if the harvest is below the
limit of sustainable yield, determined by the growth rate and the carrying capacity, or if
under specific circumstances, the harvest replaces natural mortality in a way that reduces
the overall mortality [27]. Apparent growth may have resulted from immigration from
neighboring countries [20,43,44].

Continuous data on wolf abundance and harvesting from 1958 until 2004 allowed
to evaluate the carrying capacity for the Latvian wolf subpopulation as a parameter in
an autoregressive model [22], which can now be compared with the current abundance
estimates. According to SFS data presented in this study, the predicted value of the carrying
capacity (1066-1092 individuals [22]) was exceeded in 2012. Afterward, apparent stability
in the estimated wolf abundance was observed, which is to be expected due to density
regulation processes [27]. Another potential indicator, which may have resulted from
a negative density dependence, was the observed decrease in litter size in 2011-2013.
Plausible alternative explanations, however, are to be considered.

First, both the abundance estimates and the culling quotas are interdependent. The
quota is decided according to the official abundance estimate by the SFS, but the results
of virtual population analysis depend on the number of culled individuals per age class.
Hence, the abundance estimates are proportional to the culling quota which, in 2012,
was raised to 250 individuals, but has since been kept between 250 and 300 individuals
(Figure 2). Therefore, apparent trend in the abundance estimates may have resulted from
variation in the culling quotas. Additional information, such as culling success per unit
of effort, would reflect actual density [39]; however, in our case, data on hunters’ efforts
dedicated to wolf culling were lacking.

Second, the autoregressive approach in evaluating the parameters of a mechanistic
model that describes population dynamics [22,23] is attributable to a carrying capacity,
which results from a combination of ecological and socioeconomic limitations on the poten-
tial abundance. Due to the prevailing attitude of the society that the wolf population in
Latvia has to be regulated [45,46], it is not expected to grow beyond socially acceptable lim-
its up to its ecological carrying capacity, determined by the availability of prey, shelter, and
other resources. Moreover, as suggested by Ozolins et al. [21,42], greater prey abundance,
deliberate and nondeliberate human interference, and other factors may have contributed
to an increase in the carrying capacity of wolves in Latvia, but the value of the carrying
capacity used in this study was originally estimated as a constant [22,23]. Therefore, in
light of recent findings, additional hypotheses, and a greater dataset, the carrying capacity
of the Latvian wolf subpopulation must be re-evaluated. Such knowledge is relevant for
planning and implementing sustainable management of wolves (and large carnivores in
general).

Third, a smaller litter size may result from optimal population growth with lower
reproductive input or limited prey resources per pack [18,33,47]. From 2009 until 2012,
when lower fecundity was observed, the estimated number of roe deer Capreolus capreolus
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in Latvia dropped from ca. 240,000 individuals to ca. 137,000 individuals [30]. Other prey
species, however, such as wild boar Sus scrofa, did not exhibit a decline and would have
been available for a dietary shift [48,49]. Moreover, younger females tend to have smaller
litters [50-52]. Therefore, observations reported in this study are currently insufficient for
drawing a valid conclusion regarding the relationship between wolf abundance and the
carrying capacity in Latvia.

4.2. Culling Rate Assessment and Impact on Demography and Reproduction

Our results indicated a mean annual culling mortality of 37.3%, suggesting that 62.7%
of individuals are spared. Wolf populations may withstand rather high culling rates
(around 40-60%) without declining in numbers [47,53], especially if the effects of hunting
are mitigated by immigration or a rich prey base that supports high reproduction rates [33].
However, numerically sustainable culling can still have detrimental effects on the social
structure, demography, and genetic viability of the population [54-56].

During the last two decades, the mean age of wolves culled in Latvia, considering
only adult individuals, was 3.6 years. Wolves older than 7 years comprised 7.4% of
the culled individuals (Table A1). The maximum age that a wolf can reach in the wild
is 15-16 years [50,57,58]. In populations that experience no or moderate persecution,
wolves can live 7-10 years, while in heavily affected populations, wolves rarely live past
5-7 years [54,59]. As the mean age of adult individuals did not exhibit a significant decline
and wolves aged 8 or 9 years were regularly encountered, albeit not in every season, our
results suggest that the culling impact on adult wolves in the Latvian subpopulation was
stable during the last decade. However, due to the increased culling rate for older age
classes, a raise in the culling quota or a relatively greater culling impact would likely
advance the removal of older individuals from the population. A shorter lifespan due to
high hunting pressure can cause higher breeder turnover in the population, thus reducing
social and spatial stability. Disrupted population structure can lead to changes in animal
behavior and dispersal patterns, reproduction rates, and genetic parameters, as well as the
demographic and kinship structure of the population [18,60-62], which in turn can have
negative effects on species long-term fitness, conservation, and sustainability [27,56,63].
Additionally, younger animals may lack knowledge and experience to be proficient hunters
and therefore resort to livestock depredation [18].

Another age group susceptible to a relatively high culling impact was the juveniles.
The estimated culling mortality for the juveniles was 42%, which was greater than that for
yearlings (25.6%) and individuals aged 2 years (31.2%). Moreover, an increasing trend in
the juvenile proportion among the culled wolves was observed as the quota was gradually
increased. Mortality due to culling for young and inexperienced individuals is expected
to be high [7,33,64]. However, the juvenile proportion tends to be greater in harvested
than unmanaged populations [50,64-66]. This may result from differences in breeding
rates and the resulting reproductive input. For example, studies from North America
indicated that, in protected populations, a rather low proportion of reproducing females
was observed (33-36%), whereas in controlled populations, up to 58% of females took part
in reproduction [52].

The investigation of the sexual structure in culled wolves revealed an insignificant
female bias. The wolf is a classic example of a monogamous species with a long-term bond
and biparental care of the offspring [50,65]. In such species, slight female bias may result
according to the advantage daughter hypothesis, which predicts the likely transfer of social
rank (or other beneficial quality) from mothers to daughters [65,67], and rank takeover from
culled mothers by daughters has indeed been found in a regulated wolf population [68].
However, we also observed significantly higher culling rates for particular female age
classes, which might have also affected the sex ratio. To our knowledge, this observation is
contrary to conclusions of other studies, which found higher culling mortality for males [69]
or no differences in male and female survival [33]. From a hunter’s perspective, wolf culling
in Latvia is considered to be unselective because of difficulties in distinguishing the sex
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(and, from autumn, also age) of a wolf in a hunting situation and a tendency to use every
available opportunity to kill a wolf. Therefore, more vulnerable or less fit individuals are
more likely to be culled [60].

Apart from temporarily reduced fecundity in 2011-2013, we observed a stable average
litter size (6.1) and proportion of females that had offspring (63.1%). In Europe, the mean
litter size of wolves varies between 4.4 and 7.7 (mean: 5.9 [70]), and similar litter sizes
have been observed in North America [33]. Several exploited wolf populations have
exhibited larger litter sizes, as well as a high proportion of reproducing females and
early breeding [18,33,47,52,55]. In this study, we did not attempt to investigate female
reproduction concerning age, but we encountered at least three females that had offspring
before reaching two full years, eight females rutting before reaching two full years, and one
female rutting before reaching a full year [71]. In general, wolf females begin to reproduce
at 2—4 years of age. Reproduction at an earlier age is rare and usually enabled by easily
available vacant territories due to wolf culling and abundant prey resources [33,52]. Thus,
the observed reproduction rates (49-71%), several cases of early reproduction (under 2 full
years), comparatively large litter size (~6 pups), and high juvenile proportion may indicate
that the Latvian wolf subpopulation is compensating for the culling loss, which is facilitated
by high prey abundance.

4.3. Implications for Conservation and Management

The so-called Baltic population of wolves is one of the most viable wolf populations
in Europe [17]. Therefore, its role in sustaining the genetic diversity of this species at a
European scale is significant. Nevertheless, the management approaches in each of the
countries that share the Baltic wolf population are different, ranging from strict protection
in Poland to intensive exploitation in Russia [21]. International cooperation and awareness
with regard to species conservation status and management goals at a local scale are
needed.

Species conservation requires not only numerically and spatially sustainable popu-
lation, but also the social, behavioral, and genetic integrity of the population to ensure
species long-term existence and the ability to perform its ecological functions. Therefore,
to better understand the responses of the Latvian wolf subpopulation to current manage-
ment actions and its long-term impact, an investigation also has to be conducted beyond
monitoring wolf density and reproduction rates. As immigration from the east due to the
present lack of physical barriers along the EU-Russian border may be one of the reasons for
the Latvian wolf subpopulation showing an increasing trend despite the current harvest
rate, its possible sink effect within the wolf metapopulation network of the Baltic region
should be assessed in future studies. Genetic samples are now routinely obtained from
culled individuals, which will allow an estimation of genetic diversity and the number of
packs, as well as a determination of diachronic interindividual kinship, dispersal patterns,
and potential relationships with neighboring wolf populations [25].

However, wolves, as wild carnivores living close to humans in populated landscapes,
are associated with real or perceived threats to the safety of the society as well as economic
loss due to livestock depredation and availability of wild game species to the hunters. In
areas where the wolf conservation status permits, their lethal control has been applied
to mitigate these problems. Nevertheless, we have argued that culling may stimulate
wolf breeding and litter sizes. Moreover, inappropriately motivated and executed culling
may fail in its goal to reduce livestock depredation damages [72]. In a scientific sense,
legal culling can be appreciated for providing the researchers with valuable and reliable
information (e.g., data on age structure and reproductive status), which are difficult to
obtain otherwise. Ultimately, its effectiveness in sustainable wolf management must be
continuously evaluated.
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5. Conclusions

Our results indicate that during the last two decades, the Latvian wolf subpopulation
has been under moderate hunting pressure, which preserved the stable sex ratio (despite
unequal culling mortality) and adult age structure of the population and allowed its
growth due to high breeding rates and litter sizes (the role of immigration, however,
remains unknown). The apparent stabilization in recent population dynamics in relation
to the previously estimated carrying capacity could not be definitively associated with
the negative effects of density dependence, and reaching the natural limitations of wolf
abundance in Latvia due to competing interests is considered unrealistic. The population
status should be evaluated on the basis of not only abundance but also data on population
structure obtained using various methods. In this respect, legal culling provides valuable
and reliable information; therefore, its coupling with species monitoring efforts is advisable.
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Appendix A. Data Used in the Study

Table Al. Data used in the virtual population analysis (VPA).

Estimated Number of Individuals in the Harvest According

Hunting ToCtallll-Igrve‘sit (()N}:lmber of Ratlio of to Age
Season ulled and Otherwise Males to . .
Recovered Individuals) Females Juveniles Yearlings 2 Years 3 Years
1999 /2000 146 0.825 38.24 £19.52  20.86 +15.53  41.71 +£20.05 24.33 + 16.54
2000/2001 139 0.853 4024 £2044 2195+1643 2926 £1837  21.95+16.43
2001/2002 114 0.9 4644 +£12.81 3378 £1191 21.11 £10.13 2.11 £ 3.52
2002/2003 140 0.867 80 £ 23.87 20 £16.88 12 +£13.5 16 + 15.35
2003/2004 146 0.825 59.9 + 23.05 18.72 £15.67 1872 +£15.67  18.72 £ 15.67
2004 /2005 119 1.447 62.53 £ 12.69 10.08 + 7.08 8.07 £ 6.39 8.07 £+ 6.39
2005/2006 134 1.129 5711+ 1445 2197 +10.82 879 £7.23 17.57 +9.86
2006/2007 116 15 48.65 £+ 11.45 9.35 +6.32 14.97 £7.78 2619 £9.7
2007/2008 155 0.987 66.2 +11.03 14.53 £ 6.5 16.15 £ 6.81 22.6 +7.87
2008/2009 202 0.922 120.11 +14.39  23.66 £ 9.43 16.38 + 8 12.74+7.13
2009/2010 172 1.25 103.55 +12.74  14.04 £7.12 14.04 £7.12 19.31 £ 8.21
2010/2011 141 0.986 76.31 £ 11 14.93 £+ 6.79 14.93 £ 6.79 8.29 +5.19
2011/2012 206 1.138 123.6 £+ 16.52 14.42 £ 8.6 28.84 +11.7 20.6 +10.11
2012/2013 248 1.157 110.22 £ 25.72 9.19 £9.77 2449 +£1544  42.86 +19.57
2013/2014 294 1.014 162.21 £ 30.06 6.76 + 9.06 27.03+ 1746  37.17 = 20.09
2014/2015 267 1.153 176.32 £3596  15.11 £17.55  20.15+£20.06  25.19 £ 22.19
2015/2016 275 1.116 173.68 £21.63 31.36 £14.26  24.12 £12.69 19.3 £ 11.46
2016/2017 279 1.182 17343 £22.69  37.7 +15.99 25.14 +13.39 12.57 £9.7
2017/2018 280 1 12777 £249  38.06 £17.13 35.34 + 16.6 35.34 + 16.6
2018/2019 280 1.345 146.54 2421 2879 +£14.72 2355+1345 34.02 £15.83
2019/2020 280 15 118.17 £23.57  41.1+16.89  43.67 £17.32  33.39 £ 1547
Hunting Estimated Number of Individuals in the Harvest According to Age
Season 4 Years 5 Years 6 Years 7 Years 8 Years 9 Years
1999,/2000 3.48 +6.77 6.95 +9.45 348 +6.77 3.48 +6.77 348 +6.77 0+£6.39
2000/2001 10.97 £12.15 3.66 +7.21 3.66 +7.21 7.32 £ 10.06 0£6.77 0+6.77
2001/2002 422 +492 0+£3.36 2.11 £3.52 422 +£492 0£3.36 0+£3.36
2002/2003 0£751 8§£11.2 4+ 8.04 0+£751 0£751 0+751
2003/2004 11.23 £12.49 3.74+741 374+741 749 +£10.34 0+697 374+ 741
2004 /2005 10.08 +7.08 6.05 £+ 5.58 6.05 + 5.58 0+£3.15 403 +4.6 0+£3.15
2005/2006 15.38 £ 9.31 8.79 £7.23 0=£357 22+3.71 0=£357 22+371
2006/2007 5.61 4+ 4.98 5.61 +4.98 0£281 1.87 £2.92 3.74 £41 04281
2007 /2008 11.3£58 6.46 + 4.46 6.46 + 4.46 6.46 + 4.46 3.23 £3.19 1.61 +2.26
2008/2009 12.74 £7.13 5.46 +4.75 7.28 +5.46 1.82 £2.77 1.82 +£2.77 0+271
2009/2010 12.29 £ 6.7 1.76 £ 2.62 0£255 7.02 £5.15 0£255 0+ 255
2010/2011 11.61 + 6.07 6.64 + 4.67 498 + 4.07 0+231 3.32 £3.35 04231
2011/2012 14.42 £+ 8.6 2.06 + 3.35 2.06 + 3.35 0+£327 0+3.27 0+3.27
2012/2013 30.62 +17.03 21.43 + 14.54 9.19 +£9.77 0 £ 5.55 0=£555 0+ 5.55
2013/2014 37.17 +20.09 13.52 £ 12.66 6.76 = 9.06 3.38 £ 6.44 0£6.26 0+£6.26
2014/2015 20.15 + 20.06 5.04 +£10.33 5.04 £10.33 0+9.87 0£9.87 0+£9.87
2015/2016 16.89 £ 10.77 724 +7.18 0+4.09 0+4.09 0+ 4.09 241 £4.18
2016/2017 7.54 +7.59 15.08 £+ 10.58 5.03 + 6.22 2.51 +4.42 0+432 0+432
2017/2018 19.03 £ 12.58 10.87 £ 9.66 0+479 544+ 6.9 272+ 49 544 +6.9
2018/2019 18.32 +11.98 10.47 +9.19 10.47 +9.19 5.23 £+ 6.56 2.62 £+ 4.66 04456
2019/2020 1798 £11.7 12.84 +9.98 10.28 £ 8.97 2.57 +4.55 0+445 0+445
Table A2. Pooled dataset used in the analysis of female reproduction rate and fecundity.
Period No Traces of Breeding Confirmed Pregnancy Mean Number of Placental Marks or Embryos
1998-2001 9 22 6.1(SD=1.6,n=16)
2002—2004 7 15 6.3(SD=2.1,n=16)
2005-2007 14 21 6.6 (SD =22, n=23)
2008-2010 7 15 6.1(SD =23,n=13)
2011-2013 7 14 5(D=27,n=31)
2014-2016 18 17 6.5(SD=3,n=27)
2017-2019 14 26 6.5(5D=19,n=29)

Total/mean 76 130 6.1 (SD =24, n=155)
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