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Abstract
Many populations of large carnivores are fragmented today and are therefore vulnerable to the
harmful effects of inbreeding. Population health is central for the conservation and management
of isolated populations. However, in wild populations inbreeding and health effects are usually
difficult to assess. Two well-known cases of conservation concern are the inbred wolf (Canis
lupus) populations from Scandinavia and Isle Royale, USA that have been more or less isolated
for decades. The aim of this study was to analyze the frequency and morphology of vertebral
malformations (i.e. anomalies) in these populations including two reference populations. Dental
anomalies were also examined in wolves from Scandinavia including a review of reported soft
tissue anomalies. In the separate studies I–III, we investigate a total of 324 wolves including 174
individuals from the contemporary Scandinavian population and 36 from Isle Royale. The
reference populations included 84 wolves from the Finnish population and 30 wolves from the
extinct historical Scandinavian population. The frequency of vertebral malformations in wolves
from Isle Royale increased over time. The same pattern was evident in Scandinavian wolves when
multiple types of anomalies were considered. The most common type of vertebral anomaly in the
inbred populations was lumbosacral transitional vertebrae, LSTV, which is considered hereditary
and clinically significant in dogs (Canis familiaris). Population comparisons showed that the
incidence of this anomaly seemed to be associated with the extent of inbreeding in the populations.
Paper II in this thesis is the first study that indicates how genetic deterioration has compromised
the morphology of Isle Royale wolves. This has a very important conservation implication since
this population has been a famous example that policy makers have used to support arguments that
small populations can avoid genetic deterioration. The results of this thesis have implication for
understanding population health in small populations and are an important aspect for population
health monitoring that can be used for the detection of population deterioration.

Keywords: bone pathology, Canis lupus, conservation, dental anomalies, malocclusions,
morphology, vertebrae

Räikkönen, Jannikke, Pienten eristyneiden susipopulaatioiden (Canis lupus)
luupatologia.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 755, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Nykyään monien suurpetojen populaatiot ovat pirstoutuneita ja siksi ne ovat alttiita sukusiitoksen haitallisille vaikutuksille. Populaation terveys on keskeistä eristyneiden populaatioiden suojelussa ja hoidossa. Sukusiitoksen haitallisia vaikutuksia luonnonvaraisissa populaatioissa on
yleensä vaikea arvioida. Skandinavian ja Yhdysvaltojen Isle Royalen saaren vuosikymmeniä
eristyneinä olleet sukusiittoiset susipopulaatiot (Canis lupus), ovat luonnonsuojelun esimerkkitapauksia. Tämän väitöskirjatutkimuksen tavoitteena oli analysoida näiden populaatioiden luupatologiaa suhteessa kahteen vertailupopulaatioon. Tämän lisäksi tutkittiin myös Skandinavian
susipopulaation hampaiden epämuodostumia ja esitettiin yhteenveto aikaisemmissa tutkimuksissa raportoiduista pehmytkudoksen poikkeavuuksista. Väitoskirjan kolmessa erillisessä julkaisussa tutkittiin yhteensä 324 sutta sukusiittoisista populaatioista; 174 yksilöä nykyisestä Skandinavian ja 36 Isle Royalen populaatiosta. Vertailupopulaatioihin kuului 84 suomalaista sutta
sekä 30 sutta sukupuuttoon kuolleesta historiallisesta Skandinavian populaatiosta. Isle Royalen
susien selkärangan epämuodostumien esiintymistiheys kasvoi ajan myötä. Sama ilmiö näkyi
myös skandinaavisissa susissa tarkasteltaessa useita epämuodostumatyyppejä. Yleisin tyyppi
selkärangan poikkeavuuksista sisäsiittoisissa populaatioissa olivat välimuotoiset lanneristinikamat (LSTV), jota pidetään perinnöllisenä ja kliinisesti merkittävänä ominaisuutena koirilla
(Canis familiaris). Populaatiovertailut osoittivat, että tämän poikkeavuuden esiintyminen liittyi
populaation sukusiitoksen laajuuteen. Artikkeli II on ensimmäinen tutkimus, jossa on osoitettu,
geneettisen heikentymisen olleen haitallista Isle Royalen susien morfologialle. Tämä on erittäin
tärkeä havainto luonnonsuojelun kannalta. Tämä populaatio on ollut kuuluisa ja monien päätöksentekijöiden käyttämä esimerkki väitteille, joiden mukaan pienet populaatiot voivat välttää
geneettistä kurjistumista. Tämän tutkimuksen tuloksilla on merkitystä pienten populaatioiden
terveyden ymmärtämiselle, ja käytetyt menetelmät osoittautuivat hyödyllisiksi populaatioiden
terveydentilan seurannassa.

Asiasanat: Canis lupus, hammaspoikkeamat, luonnonsuojelu, luupatologia, morfologia,
nikamat, virhepurenta

“A thing is right when it tends to preserve the integrity,
stability, and beauty of the biotic community. It is wrong
when it tends otherwise”.
Aldo Leopold, 1949, A Sand County Almanac
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Introduction

Humans (Homo sapiens) act as an unsustainable “super predator” species on the
Earth today and are changing ecological and evolutionary processes everywhere in
the world (Darimont, Fox, Bryan, & Reimchen, 2015). The elimination of top
consumers is one of the most far-reaching and detrimental anthropogenic
perturbation on this planet and results in negative cascading effects of ecosystems
globally (Estes et al., 2011). Despite the central ecological function of many species,
the number of individuals in a population proposed by management is often far
from the large numbers required to ensure both long-term persistence and
evolutionary potential (Traill, Brook, Frankham, & Bradshaw, 2010).
Life-history traits like slow reproductive rates and development, extended
parental care and sparsely populated territories make wolves (Canis lupus) and
other large carnivores more vulnerable to perturbation than many other species
(Wallach, Izhaki, Toms, Ripple, & Shanas 2015). In addition, the mortality due to
natural causes is high. There is a variety of causes like starvation, accidents, disease
(e.g. sarcoptic mange, other types of parasites or viruses), intraspecific and
interspecific conflicts (Fuller, Mech, & Cochrane, 2003). At the same time, they
face many threats from humans that cause declines in the populations and
geographic ranges, including habitat loss, degradation (Ripple et al., 2014; Weber
& Rabinowitz, 1996) prey depletion (Wolf & Ripple, 2016), traffic, legal hunting
and poaching (Fuller et al., 2003). Persecutions by humans can additionally result
in social disruption and detrimental stress that can negatively affect fitness and
survival (Bryan et al., 2015; Molnar et al., 2015). Carnivores also face threats in
protected areas like national parks, were recovery is expected to occur, when
exploited through legal hunting (Haber, 1996; Ripple, Miller, Schoen, &
Rabinowitch, 2019. National parks may also, due to passive management, function
as refuges for illegal killing instead of protection (Rauset et al., 2016). Livestock
conflicts (Bergstrom, Vignieri, Sheffield, Sechrest, & Carlson 2009), fear based on
fairy tales (Pulliainen, 1982) or pure lies about attacks on humans (Caniglia et al.,
2016) are examples of causes that lead to negative attitudes towards large
carnivores like the wolf and makes conservation and restoration of fragmented
small populations difficult.
Random changes in demographic (e.g. birth/death rates or sex ratio) and
environmental (e.g. resource availability or catastrophes) factors are important
components in the extinction, especially in small populations (Allendorf & Luikart,
2007; Traill et al., 2010). These populations are also vulnerable to genetic threats,
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like loss of genetic diversity, that affect the ability of populations to cope with
environmental change, inbreeding and inbreeding depression (Allendorf & Luikart,
2007; Frankham, 2005; Traill et al., 2010). Inbreeding means that individuals mate
with their close relatives. Inbreeding depression is the reduction of fitness because
of lower survival, mating, and/or reproduction in the progeny of related individuals
compared to the progeny of unrelated individuals (see glossary in Hedrick &
Garcia-Dorado, 2016 p.941). In other words, inbreeding depression is the reduction
of fitness caused by inbreeding (Hedrick & Garcia-Dorado, 2016, p.940).
Inbreeding depression can be higher in stressful environments (Armbruster & Reed,
2005; Fox & Reed, 2011), making these populations more vulnerable than those in
less stressful environments.
In wild populations inbreeding effects are usually difficult to assess (Hedrick
& Kalinowski, 2000) but research has shown that inbreeding and inbreeding
depression are more pervasive in nature than previously thought. They are
important threats that can affect population persistence (Keller & Waller, 2002).
There are many examples of traits in different species that can reflect inbreeding
depression e.g. juvenile survival, reproductive success, longevity and fluctuating
asymmetry (Keller & Waller, 2002).
Genetic factors play a key role in species viability but unfortunately, they are
often completely ignored in recovery planning (Pierson et al., 2016) resulting in
conservation targets that are too low to maintain population health for long-time
persistence (Traill et al., 2010). Some conservation professionals downplay the
significance of genetic deterioration because of the existence of small and isolated
populations that “seems” unaffected (see II and references therein). The wolf
populations from Scandinavia and Isle Royale in Lake Superior, USA, are highly
inbred, founded by few individuals and have been more or less isolated for decades
(Hedrick, Robinson, Peterson, & Vucetich, 2019; Liberg et al., 2005; Åkesson et
al., 2016). Because long-term observation of the Isle Royale wolves has not
detected any effects of genetic deterioration, the population has become an often
used example to support arguments that small populations can be viable (II).
However, population health has been a concern in these two highly inbred
populations.
In conservation biology (unlike in anthropological studies e.g Trinkaus, 2018),
osteopathological analysis is a relatively new tool to use in assessing population
health in wildlife (Duckler & Van Valkenburgh, 1998). Bone pathology has been
reported for a variety of wild mammalian species (e.g. Miles & Grigson, 1990)
including inbred (e.g. Hedrick, 2001) and outbred populations (e.g. Vilà, Urios, &
18

Castroviejo, 1993). In papers I–III osteopathological analysis was used to examine
the frequencies of anomalies in the inbred contemporary populations from
Scandinavia and Isle Royale including two reference populations. Our results in
papers I–III present the first studies regarding prevalence of skeletal anomalies in
wild inbred wolf populations and are also the first detailed studies on congenital
vertebral anomalies in wolves.
1.1

The study species and populations

1.1.1 The grey wolf
The wolf is a documented important keystone species for ecosystem dynamics and
biodiversity (Estes et al., 2011; Peterson, 1995; Ripple et al., 2014). This species is
one of the world’s most broadly distributed land mammal and inhabits all
vegetation types in the northern Hemisphere (Mech & Boitani, 2003). Depending
on geographical origin, the body size of these canids varies from 13-79 kg (Mech
& Boitani, 2003) and the color pattern varies from white to black, but grey is the
most common variant (Gipson et al., 2002). Wolves are a perfectly adapted
carnivore species with many abilities. For example, they can move for very long
distances (Andersen et al., 2015; Byrne et al., 2018; Mech & Boitani, 2003;
Wabakken, Sand, Liberg, & Bjärvall, 2001). Locomotion includes running,
climbing, loping and swimming (Mech & Boitani, 2003). The wolf has the ability
to hunt a variety of different terrestrial species, large and small, in a wide range of
habitats (Mech & Boitani, 2003). Wolves can also supplement their food with
aquatic animals like seasonal fish from different environments (Gable, Windels, &
Homkes, 2018; Stanek et al., 2017). Another supplement food source is certain
plant materials, for example seasonal fruits (Papageorgiou, Vlachos, Sfougaris, &
Tsachalidis, 1994) and berries (Homkes, Gable, Windels, & Bump, 2020).
A wolf population consists of packs that are the main social units of 2 to 42
wolves with a general average from 3 to 11 individuals (Fuller et al., 2003). The
pack size varies locally and seasonally (Fuller et al., 2003) The basic pack is a
socially tight territorial family consisting of a breeding pair and its offspring (often
including more than one litter) (Mech & Boitani, 2003). Lone wolves are also
present in populations when they are temporarily away from the pack or
permanently dispersed to establish a new pack and territory (Fuller et al., 2003).
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The territorial sizes are highly variable among different wolf packs. Territory sizes
from 33 km2 to 6272 km2 have been reported (Mech & Boitani, 2003).
Wolves in the wild can live to be about 15 (Ausband, Holyan, & Mack, 2009)
to 18 years old (Haber, 1996). Depending on environmental conditions, wolves
usually start breeding at the age of 2 years (Fuller et al., 2003) and there is evidence
that they can still breed when they are 10 years old or older (Ausband et al., 2009;
Haber, 1996; Holyan, Boyd, Mack, & Pletscher, 2005; Mech, 1988). However,
since mortality due to natural and anthropogenic causes is very high in wolves, they
commonly die when they are only 4–5 years old (Fuller et al., 2003). The
generational time varies among different populations, for example 3–4 years in
Finnish wolves (Aspi et al., 2006) and 4.3–4.7 years in US wolves (Mech, BarberMeyer, & Erb, 2016).
Pups are born in the spring after the female’s gestation period of 61–64 days
(Packard, 2003). The litter sizes vary but usually are five or six pups (Fuller et al.,
2003). The timing of the pup birth is an adaptation to the abundant food availability
that occurs in spring and with this good start in life the pups can grow in size during
summer, so they can survive during the autumn and winter season when food
availability becomes sparser (Packard, 2003). Pup survival is variable and can
depend on several factors, like disease and exploitation, but is in general related to
prey biomass (Fuller et al., 2003). However, Liberg et al. (2005) showed that winter
pup survival can also be correlated to inbreeding in wild populations i.e. without
association to prey availability. That study revealed a loss of 1.15 pups per litter for
each increase of 0.1 in the pup inbreeding coefficient (f).
Apart from the breeding female, the other family members are very important
for the preparation, raising and caring of pups e.g. helping with den digging, food
delivery, socialization and teaching of hunting techniques etc. (Packard, 2003). In
social interactions the contact between wolves occurs in various ways including
visual, acoustic, tactile and olfactory communication (Harrington & Asa, 2003).
Wolves usually disperse from their natal pack when they are 9 to 36 months old
(Packard, 2003) but can also stay in the pack for 3 years or longer (Mech & Boitani,
2003).
The wolf is a species that faces many types of threats and some populations
today are small and inbred (see introduction). New knowledge about population
health is crucial for understanding the conservation needs in these populations.
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1.1.2 The historical Scandinavian wolf population
The wolf population at the Scandinavian Peninsula was historically large but began
to dramatically decline due to intense hunting during the 1800s (Lönnberg, 1939).
In Sweden, about 6 800 wolves were killed during 1827—1839 and about 1900
individuals were killed during 1850—1859 (Lönnberg, 1934). The hunting
continued and so did the decline; the species began to disappear from counties in
the southern and middle part of the country during the 1860s (Lönnberg, 1939).
After a few years, by 1870s, only small number of wolves, restricted to the northern
counties, survived (Lönnberg, 1934). During the same period, equal eradications
went on in Norway resulting in decimated wolf numbers left in northern Norway
(Lönnberg, 1934).
There was a significant decrease in the levels of genetic variability from the
early 1800s to the mid-1900s in the Scandinavian wolf population (Flagstad et al.,
2003). The wolf numbers continued to decline, and bounties were paid until the
mid-1960s (Wabakken et al., 2001). The species was regarded as functionally
extinct and became protected in 1966 in Sweden and 1972 in Norway (Wabakken
et al., 2001).
1.1.3 The contemporary Scandinavian wolf population
The contemporary Scandinavian wolf population was founded by a pair that
immigrated from the Finnish-Russian population in 1983 (Vilà et al., 2003). They
reproduced for only 3 years until the female was killed in 1985, but their offspring
continued to breed in the same territory (Liberg et al., 2005). Until 1990 the
population consisted of less than 10 individuals (Wabakken et al., 2001). In 1991 a
male immigrated and the population started to increase (Vilà et al., 2003; Wabakken
et al., 2001). This resulted in inbreeding avoidance, increased heterozygosity and a
rapid spread of new alleles (Vilà et al., 2003). Only a few years later in winter
1997–1998 the population had increased to 50–71 individuals (Wabakken et al.,
2001).
Liberg et al. (2005) showed a strong correlation between low juvenile survival
and inbreeding coefficients of pups in Scandinavian wolves. Moreover, Åkesson et
al. (2016) demonstrated a higher breeding success (2.5 times higher) among
immigrant offspring compared to offspring from native, inbred pairs and Kardos et
al. (2017) documented the genomic consequences of the inbreeding and found a
striking pattern of complete or near-complete homozygosity of entire chromosomes
21

in many individuals. Despite the fact that the contemporary Scandinavian wolf
population has now existed for more than 30 years the effective immigration of new
individuals with the potential to mitigate genetic deterioration is very low
(Svensson et al., 2019). Only five immigrants are founders (i.e with offspring that
have reproduced) to the population and the average inbreeding coefficient in family
groups is still very high (f = 0.25) (Svensson et al., 2019). All but 9 parental pairs
have been related and have produced inbred offspring (Svensson et al., 2019).
During the winter monitoring season (1 October – 31 March) 2018–2019, the
number of wolves present in Scandinavia was estimated to be only 354 individuals
(Svensson et al., 2019). The only way to reduce inbreeding in this population is
through new genetic variation by immigration. The solution within the nearest
future is a combination of immigration from Finland and increase of the population
size (Hansen, Andersen, Aspi, & Fredrickson, 2011), Unfortunately, the geneflow
is restricted by human-caused mortality like liberal wolf controls to protect reindeer
(Rangifer tarandus) owned by reindeer herders in northern Sweden and Finland
(Kojola, Kaartinen, Hakala, Heikkinen, & Voipio 2009). Illegal hunting is another
threat that has severely impacted the growth rate and recovery of the Scandinavian
wolf population (Liberg et al., 2012). Also, legal hunting with the goal to reduce
the population size that prevents the increase of number of wolves including the
risk in removal of important genotypes is a problem for this population (Laikre,
Jansson, Allendorf, Jakobsson, & Ryman 2013). In order to reach FCS, “favourable
conservation status” a well-connected large, subdivided wolf population over
Scandinavia, Finland, and the Russian Karelia-Kola region should be reestablished
(Hansen et al., 2011; Laikre et al., 2013; Laikre, Olsson, Jansson, Hössjer, & Ryman
2016).
1.1.4 The Isle Royale wolf population
Isle Royale is an island (544 km2), a roadless national park in Lake Superior, in the
U.S., about 24 km from the Canadian mainland. The park is only open a part of the
year to the public. Pets and hunting are not allowed. Moose (Alces alces) represents
the main prey of wolves that are the only large predators on the island (see Peterson,
Thomas, Thurber, Vucetich, & Waite 1998; Vucetich & Peterson, 2004). The island
wolf population was founded by two or three individuals crossing an ice bridge
from the mainland during the 1940s (Adams, Vucetich, Hedrick, Peterson, &
Vucetich 2011) and has been monitored annually since 1958 (Peterson et al., 1998).
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The population remained stable between 1959–1973 and increased steadily to
50 wolves in 1980 (Peterson et al., 1998). In 1981–1982 the population crashed to
only 14 individuals due to introduced Canine parvovirus (CPV-2) and food shortage
(Peterson et al., 1998). For a long period after the crash, when there was no shortage
of food, i.e. the number of old moose were abundant, low recruitment prevented
recovery of the Isle Royale wolves (Peterson et al., 1998). Inbreeding depression
and stochastic demographic variation have been suggested as possible causes to
this low recruitment (Peterson et al., 1998). The weakened wolf population led to
a shift from top-down (wolf abundance) to bottom-up (moose abundance and fir
production) control of moose population dynamics (Wilmers, Post, Peterson, &
Vucetich, 2006).
The estimated inbreeding coefficient (f) had been rising during 1950–1998 and
by the late 1990s it became extremely high (f = 0.81) (Adams et al., 2011). In 1997
a male wolf immigrated via an ice bridge from mainland Ontario. This gene flow
reduced the inbreeding coefficients dramatically, but the event only resulted in a
short-lived genetic rescue (Adams et al., 2011). Soon a high proportion of all genes
in the population derived from the immigrant and the inbreeding level began to rise
sharply (Adams et al., 2011; Hedrick, Peterson, Vucetich, Adams, & Vucetich 2014;
Hedrick, Kardos, Peterson, & Vucetich, 2016; Hedrick et al., 2019). Later in 2009
the mean level of inbreeding was high (f=0.23) when 76.1% of the inbreeding
derived from the immigrant who had 21 offspring with his daughter. These
offspring did not leave any descendants (Hedrick et al., 2016).
The Isle Royale wolves severely declined from 19 in 2010 to only 2 individuals
in 2016 (Hedrick et al., 2019). These two individuals (male M183 and female F193)
are both father and daughter and half siblings because they have the same mother
(Hedrick et al., 2019). Successful reproduction was not expected since the female
had showed incest avoidance behavior and offspring from this pair would be
extremely inbred and probably non-viable (Peterson & Vucetich, 2017). However,
there was a putative pup that was observed with this wolf pair in 2015 (Hedrick et
al., 2016). This relatively small pup had an abnormal phenotypic appearance
(abnormal tail and back posture) and did not live long indicating inbreeding
depression (Hedrick et al., 2016).
The future for a wolf population on Isle Royale remains very uncertain since
the possibility of immigration of new individuals has become more difficult over
time. Human activities, like the expansion of Thunder Bay City in Ontario, limit
the wolves’ access to Lake Superior shoreline (Vucetich, Nelson, & Peterson, 2012).
However, most important a stable 24 km long ice bridge from the mainland is
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needed to form for immigration to occur (Vucetich et al., 2012), but the climate
change has dramatically declined the probability of ice bridge formations (Vucetich
& Peterson, 2015). In autumn 2018 authorities began to translocate wolves from
the mainland (Hoy, Peterson, & Vucetich, 2020). By early March 2020, the
population likely consisted of 12–14 wolves. The last island-born male (M183) had
died in October 2019 and the status of the last female (F193) was unknown (Hoy
et al., 2020).
1.1.5 The Finnish wolf population
The Finnish wolf population has a similar history as the Scandinavian population.
This was once a large population that may have contained more than 1400
individuals (Aspi, Roininen, Ruokonen, Kojola, & Vilà 2006). But large-scale
hunting led to a severe decline (Ermala, 2003; Mykrä & Pohja-Mykrä, 2015). The
goal was to eradicate the wolf and the official historical bounty statistics show, for
example, that during the years 1876–1880 at least 1718 individuals were killed
(Mykrä & Pohja-Mykrä, 2015). The number of killed wolves could in fact have
been higher since some animals probably were not registered in the statistics or
could have been individuals that escaped and finally died from the wounds caused
by the hunter (Mykrä & Pohja-Mykrä, 2015). The population had decreased to less
than 100 in 1887 and in 1915 only 6–7 wolves were killed (Mykrä & Pohja-Mykrä,
2015). By the year 1920, the species range reached the lowest point when it was
only present in the northernmost part of the country (Pulliainen, 1965). Jansson,
Harmoinen, Ruokonen, & Aspi (2014) analyzed historical patterns of genetic
variation and found that the heavy population decimation gradually changed the
genetic composition resulting in loss of variation in the present-day wolves.
In 1973 the wolf was protected in Finland except in the reindeer herding area
(Anonymous, 2005). The reindeer husbandry area is located in the northern Finland
and comprises the Province of Lapland and parts of the Province of Oulu which
corresponds to about 35% of the country's total area (Filppa, 2005). Paid bounties
on wolves were abolished as late as 1976 (Anonymous, 2005). Stronger protection
of the wolf was introduced in 1995 due to Finland's membership in the European
Union (Bisi, Kurki, Svensberg, & Liukkonen, 2007). This led to a rapid expansion
of the population (Jansson, Ruokonen, Kojola, & Aspi, 2012). However, after a
peak in 2006 with about 250 individuals in 25 packs the population declined rapidly
(Jansson et al., 2012), as a result of both legal and illegal hunting (Suutarinen &
Kojola, 2017). In March 2019, the wolf population in Finland was estimated to
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consist of only 185–205 individuals (Heikkinen, Kojola, Mäntyniemi, Holmala, &
Härkälä 2019).
There is a low level of gene flow between Karelia and Finland (Aspi et al.,
2006; 2009). The small gene exchanges that exist are more prevalent from Finland
to Karelia than the contrary (Aspi et al., 2009). An increased amount of migration
between both of these populations including surrounding populations to Karelia is
needed to avoid negative effects of inbreeding (Aspi et al., 2009).
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2

Aims of the study

This thesis presents the first studies regarding frequencies of skeletal anomalies in
small inbred wolf populations. It is also the first detailed study on congenital
vertebral anomalies in wolves. Skeletal anomalies have been previously
documented in other inbred wildlife, like the Florida panther (Puma concolor cergi)
population (Hedrick, 2001) or red foxes (Vulpes vulpes) in an isolated population
in Netherlands (Bouwmeester, Mulder, & Bree, 1989). Vertebral anomalies are
widely reported in domestic dogs (Canis familiaris) (LeCouteur & Child, 1995;
Westworth & Sturges, 2010) and other more or less inbred domestic animals, e.g.
Berglund, Persson, & Stålhammar, (2004).
The general aim of the research in this thesis is to study bone pathology in two
inbred wolf populations and compare them to two outbred reference populations.
The design of this study includes morphological bone analysis, comparisons
between outbred and inbred populations, temporal change studies and analysis of
possible clinical significance at the individual level.
More specifically, this doctoral thesis consists of three separate studies:
A) In the first paper (I) we investigated the frequency and morphology of
vertebral malformations in the inbred Scandinavian wolf population and
compared results with two reference populations: the historical Scandinavian
population and the Finnish population.
B) In the second paper (II) we analyzed the frequency, morphology and temporal
change of vertebral malformations in the inbred wolves from Isle Royale. We
also compared the incidence of vertebral anomalies in these wolves with
outbred and inbred populations from Finland and Scandinavia.
C) In the third paper (III) we examined the frequency and morphology of vertebral
and dental anomalies in the inbred Scandinavian wolf population including a
review of necropsy reports regarding soft tissue anomalies. We also studied the
temporal change of these anomalies.
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3

Materials and methods

This is a brief summary of the materials and methods. Detailed information can be
found in the original papers (I–III).
3.1

Wolf bone samples

The skeletal materials that were used in papers I and III were obtained from
museums in Sweden, Finland, Norway and Denmark. Specimens used in paper II
were obtained from Michigan Technological University in USA. The osteological
material used in this study included vertebrae (I–III) and skulls (III).
The total number of wolf specimens used in papers I–III was 324 individuals
divided into 4 groups:
1.
2.
3.
4.

3.2

Historical Scandinavian population from Norway and Sweden, individuals that
died in 1832–1979, n = 30 (I).
Contemporary Scandinavian population, individuals that died in 1984–2011, n
= 52 (I) and n = 122 (III).
Population from Finland, individuals that died in 1800–2003, n = 84 (I).
The Isle Royale wolf population from USA, individuals that died in 1964–2007,
n = 36 (II).
Postcranial analysis – the vertebral column

The canid vertebral column consists of seven cervical, C (1–7); thirteen thoracic, T
(1–13); seven lumbar, L (1–7); three fused sacral S (1–3); and around twenty
coccygeal vertebral segments, Co (1–22) (Budras, McCarthy, Fricke, & Richter,
2007). Each vertebra can be divided to three basic parts: body, arch and processes.
These parts are modified in different ways according to the functional requirements
of the particular region (Budras et al., 2007). Each vertebra of the 324 vertebral
columns used in papers I–III was individually analyzed for congenital
malformations.
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3.3

Comparison between inbred and outbred populations;
lumbosacral transitional vertebrae, LSTV

In paper I the incidence of LSTV in the inbred Scandinavian population was
compared with two reference populations: a) the historical Scandinavian wolf
population, which became extinct and is unrelated to wolves born in the
Scandinavian peninsula after 1983 b) wolves from Finland. In paper II we
compared the incidence of LSTV of the populations in Paper I with wolves from
Isle Royale in order to compare two inbred populations with two outbred
populations.
3.4

Cranial analysis – dental occlusion and teeth

The normal dental formula in adult wolves (and dogs) is incisors 3/3, canines 1/1,
premolars 4/4, and molars 2/3= 42 teeth (Miles & Grigson, 1990). Except for
cutting and clipping (Johnston et al., 1987) the incisors are also used for grasping
and holding prey (Peterson & Ciucci 2003). The function of the canines is to
puncture/hold the prey, the premolars cut and molars grind (or both cut and grind),
i.e. function for consumption of prey (Peterson & Ciucci, 2003; Johnston et al.,
1987). The upper fourth premolar (P4) and the lower first molar (m1) are the
specialized carnassial teeth that are involved in both slicing and crushing functions
(Van Valkenburgh, 2007).
In the normal occlusion, the upper (maxillary) incisors are rostral to the lower
(mandibular) incisors. The lower canine fits into the diastema between the upper
3rd incisor and the upper canine, with an equal space on either side of the
mandibular canine crown (Gorrel, 2013). The cusps of the premolars oppose the
interdental spaces of the opposite arcade, with the mandibular first premolar being
the most rostral (Gorrel, 2013). The upper 4th premolar occlude at the buccal (cheek)
side of the first lower molar. (Gorrel, 2013). In total, 131 specimens were analyzed
for malocclusions (deviations from the normal occlusion) and dental anomalies
(III).
3.5

Review of necropsy reports – non-skeletal anomalies

In addition to skeletal analysis in paper III, we reviewed necropsy reports of 146
wolves published by the Swedish National Veterinary Institute for the presence or
absence of congenital heart defects, cryptorchidism (retained testes) (Birchard &
Nappier, 2008) and kidney malformations.
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3.6

Analysis of temporal trends in the inbred populations

The relationship between the estimated year of birth and incidence of vertebral
anomalies among the Isle Royale wolves (n = 33) was analyzed (see II for details).
In paper III we analyzed the relationship between the estimated year of birth and
incidence of multiple types of anomalies among the contemporary Scandinavian
wolves (n = 171) during the 32-year period from 1978 to 2010: we summarized the
necropsy results by observing, the year of birth and the presence or absence (0,1)
of any anomaly for each wolf (vertebral, dental, or soft tissue). We used logistic
regression to compare two hypotheses: (i) that the incidence of anomalies (Ia) has
been increasing over time, and (ii) that it has not been increasing (III). We placed
the data of the wolves into two models, one model assumed no temporal trend and
included only an intercept (bo), and the other model allowed for the possibility of
an increasing trend by also including a slope (b1) (III). For both models, the
predicted response as the incidence of anomalies, Ia. We assessed the relative
fidelity of these two hypotheses using Akaike’s Information Criterion, corrected for
small sample size (AICc) and Akaike weights (w) (Burnham & Anderson, 1998).
See III for more details on the statistical analysis.
The age estimation for the analysis of frequencies through time within inbred
populations was based on cementum age analysis data (II, III), museum specimen
data (III), and information from radio-collared individuals (II). For some specimens
in paper II, the age of death was only known within some range and the midrange
of the estimates was used as the year of birth. Also, some specimens that died during
adulthood were assumed dead at the mean death of age for Isle Royale wolves (4
years) (II).
Cementum analysis is generally considered to be an accurate method for aging
wolves, but errors may occur (Landon, Waite, Peterson, & Mech, 1998). For
example, cementum annuli observers may get different results depending on
previous training (Landon et al., 1998). A tooth may exhibit different types of
anomalies like accessory lines and cemental disturbance (Read, Hohn, & Lockyer,
2018), it is therefore important that the observer can distinguish different structures
from the true annuli (Johnston et al., 1987). Correct preparation of tooth sections is
also required to avoid errors (Johnston et al., 1987).
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4

Results and discussion

4.1

Postcranial analysis – the vertebral column

Various vertebral anomalies were found in all populations in this study (I, II, III;
Table 1). Some of these malformations like LSTV (Fig. 1) and hemivertebrae are
considered to be hereditary and clinically significant in dogs (Kramer, Schiffer,
Sande, Rantanen, & Whitener 1982; Morgan et al., 1993; Wigger, Julier-Franz,
Tellhelm & Kramer, 2009). Other types that were found are presumed to be of no
clinical significance or unknown significance. For example, incomplete
ossification of the cranial border of the lateral vertebral foramina of the atlas found
in the Isle Royale population (II; n=1) and the historical Scandinavian population
(I; n=1) is considered to be a minor developmental variant (Richards & Watson,
1991), presumably of no clinical significance. Another example is the anomaly of
the 6th cervical vertebra with fusion defects of abnormal ventral processes (I). This
was found in four wolves (2.3%, n=171) from the Scandinavian population (III).
The significance was unknown but may be potentially detrimental (I). This type of
malformation has, as far as I know, not been described in the literature. Vertebral
anomalies in the study populations were not associated with sex (G-test, G = 0.033,
df = 1, p = 0.85; II and Chi-square test, p > 0.31; III).
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Fig. 1. Ventral view of a normal wolf sacrum (left). The right photo shows a wolf
exhibiting unilateral LSTV at sacrum, S1 (arrow). The figure was originally published in
paper (II).

4.1.1 Transitional vertebrae
Transitional vertebrae have been reported in several different species of mammals
(II; see references therein). These congenital changes exhibit characteristics typical
of two adjacent divisions of the vertebral column and can be found at any division,
i.e. at the occipitoatlantoaxial, cervicothoracic, thoracolumbar, lumbosacral and
sacrococcygeal junctions (Morgan, 1999). Intrasegmental transitional vertebrae (i.e.
vertebrae that resemble adjacent vertebrae within a division of the spine) have also
been reported (Breit & Künzel, 1998).
Transitional vertebral changes can be unilateral or bilateral and there is wide
variation in the degree of changes (Flückiger, Damur-Djuric, Hässig, Morgan, &
Steffen 2006; Morgan, 1999), which was evident in this study. Transitional
vertebrae in the thoracolumbar and sacrococcygeal junctions were found in all
populations (I–III). These changes are presumed not to be detrimental (Morgan
1968, 1999). LSTV was found in the Finnish and inbred populations (I–III), which
can be clinically significant (see 4.1.2 and references therein). Intrasegmental
cervical transitional vertebrae, a type of anomaly that have been reported prevalent
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in thoroughbred horses (May-Davis, 2014), were only found in the inbred
populations (I–III) that included individuals with severe asymmetry (II; Fig. 3). The
clinical significance of these malformations is unknown.
4.1.2 Lumbosacral transitional vertebrae
The most common anomaly in the inbred populations was LSTV (I–III) (Fig. 1).
This congenital malformation has been associated with inbreeding in dogs (DamurDjuric, Steffen, Hässig, Morgan, & Flückiger 2006; Moeser & Wade, 2017; Morgan,
Bahr, Franti, & Bailey, 1993; Morgan, Wind, & Davidson, 1999; Morgan, 1999).
When LSTV is located at L7 it is termed sacralization (characteristics typical
of S1) and if LSTV is located at S1 (characteristics typical of L7) it is termed
lumbarization (Morgan 1968). The only variation in number of vertebrae found in
the Scandinavian population was six lumbar vertebrae (seven is normal) and the
LSTV type was sacralization (III). In the Isle Royale population, the variation
found was 8 lumbar vertebrae and the LSTV type was lumbarization (II). Different
populations of purebred dogs seem to exhibit high incidences of either sacralization
or lumbarization including numerical vertebral variations (Breit & Künzel, 2002;
Moeser & Wade, 2017).
LSTV can be benign (Morgan, 1968) or be clinically significant and potentially
impact fitness (Morgan et al., 1993; Flűckiger et al., 2006). LSTV has been
associated with the Cauda equina syndrome, CES (Morgan et al., 1993). This
condition is the result of injury to cauda equina which is located after the end of the
spinal cord, consisting of lumbar and sacral spinal nerve roots (Berzon & Dueland,
1979). The clinical symptoms of CES, which are independent of its etiology
(Morgan, Wind, & Davidson, 2000), are variable and include paresis or paralysis,
loss of muscle tone causing weakness of the hind limbs, flaccidity of the tail, lower
back pain and incontinence (Morgan et al., 1993, 2000). Lumbosacral disc
degeneration with dorsal protrusion of the disc is a typical lesion resulting in CES
(Morgan et al., 1993, 2000).
Several wolves in this study exhibited asymmetrical LSTV with unequal
sacroiliac articulation (I, II). This type of condition weakens the sacroiliac joint and
may accelerate degeneration of the disc due to the instability in the area and result
in disc protrusions (Morgan et al., 2000). The instability is increased with physical
action like running or jumping that in turn will affect the acuteness and severity of
the pain (Morgan et al., 2000). Asymmetrical sacroiliac attachment can also be
linked to pelvic obliquity resulting in anomalous placement of the hind feet in a
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resting stance, gait irregularities (Larsen, 1977) and detrimental hip joint
development (Flückiger, Steffen, Hässig, & Morgan, 2017; Morgan et al., 2000).
There were wolves in this study that exhibited pathological changes that is
associated with LSTV that may affect the individual. There were examples of
secondary bony osteophytes, stenosis of vertebral canals and pelvic obliquity (I, II).
Also important in this context is that a combination of different vertebral lesions
may hasten and worsen a resulting clinical syndrome (Morgan et al., 2000).
4.1.3 Comparison between the inbred and outbred populations;
LSTV
The frequencies of the LSTV were higher in the contemporary Scandinavian
wolves (10.2%) than in Finnish wolves (1.3%) and significant at the 5% level (p
<0.04, Fisher´s exact test) (I). The incidence of LSTV in Isle Royale wolves (n =
36, 33%) was higher than in wolves from the historic Scandinavia (n=25, 0%),
contemporary Scandinavia (n = 49, 10%) and Finland (n = 74, 1%), (II; Fig. 6) (Fig.
2). Since the incidence for the historic Scandinavian population was zero, a
conservative test was conducted by presuming that one of the 25 samples from the
historic Scandinavian population was malformed (II). The result showed that the
incidence of LSTV is not equal among the populations (p < 10-4, G-test = 24.9, df
= 3). The incidence is higher for Isle Royale wolves in comparison with the
contemporary Scandinavian population (p = 0.01, G-test = 6.72, df = 1) (II). When
frequencies of LSTV are compared between the two inbred populations and the two
outbred wolf populations, the incidence is greater for the inbred populations, (p <
10-4, G-test = 17.3, df = 1) (II). (Fig. 2).
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Fig. 2. The incidence of lumbosacral transitional vertebrae in different wolf populations.
The figure was originally published in paper (II).

4.1.4 Hemivertebrae
A hemivertebra was found in one individual in the Scandinavian population (I, III;
n=171, 0.6%). This anomaly is a congenital ossification deformity of the vertebral
body that can result in angulation of the spine with severe clinical hind leg
symptoms like paralysis and spinal pain (Done, Drew, Robins, & Lane, 1975;
Parker & Park, 1974). A vertebral body forms through fusion of two lateral
ossification centers which means that a hemivertebra can occur in many forms
depending on how the ossification centers fail to develop (Done et al., 1975; Parker
& Park, 1974). For example, if of one lateral center fails to develop the vertebral
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body becomes wedge shaped with resulting angulation of the spine (Parker & Park,
1974).
The wolf in this study, a 7-year-old alpha male was found with paralyzed hind
legs due to severe scoliosis caused by a wedge shaped hemivertebra at T7 (I). This
malformation has been reported hereditary in Shorthaired Pointers (Kramer et al.,
1982). The etiology can also be toxic effects in utero (Bailie et al., 1986). The
results from this study indicate that hemivertebrae is not prevalent in any of the
examined wolf populations (I–III). However, many reports describe manifestation
of severe clinical signs due to hemivertebrae at a juvenile stage (I; see references
therein). Such cases would be very difficult to discover the wild (I).
4.1.5 Blockvertebrae
Blockvertebrae means complete or partial fusion of vertebrae caused by failure of
segmentation during embryogenesis (Westworth & Sturges, 2010). One wolf from
the Scandinavian population (I, III) and two wolves from the Finnish population (I)
exhibited this anomaly. This type of anomaly usually does not cause clinical
expression, but may arise when the anomaly is angulated, includes stenosis or
causes abnormal loading of adjacent vertebrae that can lead to degeneration or
protrusion of the disc (Westworth & Sturges, 2010). The fusion of vertebrae reduces
the flexibility of the vertebral column and may affect the individual depending on
number of vertebrae fused and their location. The two wolves from Finland had
several fused vertebrae in their affected spinal regions (I), which likely had caused
stiffness.
4.2

Cranial analysis – dental occlusion and teeth

Dental anomalies and malocclusions in the Scandinavian wolves were not
associated with sex (Chi-square test, p > 0.31; III). Of 131 analyzed wolves 21
(16.0%) exhibited dental anomalies (III; Table 1). Malocclusions were found in 18
(13.7%) individuals that included: a) levelbite (n = 2), incisors occlude edge on
edge, b) anterior crossbite (n = 1), when one (or more) mandibular incisors is
positioned labial to the maxillary incisors, c) Traumatic tooth-to-tooth
malocclusions (n = 11), a mild anomaly, which resulted in moderate to severe
attrition of the canines, d) overbite (n = 4), when the maxilla is too long or the
mandible is too short. The results included three wolves with overbite that exhibited
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mesioversion of one maxillary canine with resulting palatal injuries from the
mandibular canines (III) (Figs. 3 and 4).
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Fig. 3: Normal canine occlusion (A). The mandibular canine fits in the space between
the maxillary third incisor and the maxillary canine, see arrow (A). Wolf with a
mesioverted maxillary canine tooth, see arrow (B). The anomaly precludes the left
mandibular canine to occlude normally resulting in labial deviation, overbite and
misplacement of the right mandibular canine causing palatal trauma. The figure was
originally published in paper (III).

40

Fig. 4. Wolf with severe malocclusion that included mesioversion of the left maxillary
canine. The right mandibular canine (arrow) caused palatal trauma near the right
maxillary canine. The figure was originally published in paper (III).

Dental pathology has been reported in many different species (Miles & Grigson,
1990) including wolves ranging from single case descriptions e.g. Barber-Meyer
(2012) and Lazar et al. (2009), to larger studies of many specimens e.g. Vilà et al.
(1993), also see references in Janssens, Verhaert, Berkowic, & Adriaens, (2016).
With their powerful bite and specialized teeth like the canines and carnassial teeth
wolves have adapted to prey on much larger animals than their own size (Van
Valkenburgh & Koepfli, 1993). Dental anomalies can affect the ability to kill and
consume prey leading to starvation and death e.g. Barber-Meyer (2012) also see
references in Janssens et al. (2016). It is therefore an important health aspect to
analyze and monitor in wolf populations. Paper III focused on specific types of
anomalies that can be compared with other studies and populations. In order to
obtain a wider view of oral health in Scandinavian wolves, a more comprehensive
study is needed that includes all aspects of dental lesions including e.g. fractures
(Van Valkenburgh, Peterson, Smith, Stahler, & Vucetich 2019) periodontal disease,
etc.; see Janssens et al. (2016).
Dental anomalies have been described in both outbred and inbred canid
populations. Numerical variation of anterior premolars and posterior molars
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(presumably with lesser importance to fitness) that was found in this study (III;
Table 1) has been commonly reported in outbred populations of wolves (Andersone
& Ozolins, 2000; Hell, 1990; Lihotop, 1994; Vilà et al., 1993; Yudin, 1989). Vilà et
al. (1993) studied 500 wolf skulls from Russia and bordering countries and found
at least 15 skulls, i.e. 3.0%, with malocclusions to be compared with 13.7% in this
study (III). Döring, Arzi, Winer, Kass, & Verstraete (2018) analyzed 207 Alaskan
wolves and did not find any severe forms of malocclusions as found in paper III.
However, 17.9% were found with malocclusions in that study with level bite being
the most common type (Döring et al., 2018). Bouwmeester et al. (1989) studied 72
specimens from an inbred population of red foxes and found the same type of
severe malocclusions in 16.7%. The skulls exhibited a pronounced protrusion of
the maxillary incisors over the mandibular incisors (Bouwmeester et al., 1989). The
malocclusion caused injury in the oral cavity and may have affected the foxes
ability to kill prey (Bouwmeester et al., 1989). That result differs from the study of
outbred foxes by Nentvichova & Andera (2008) that found malocclusions in 0.1%
(n = 785).
4.3

Review of necropsy reports – non-skeletal anomalies

Review of necropsy reports from the Swedish National Veterinary Institute (III)
revealed 13 (8.9%; n =146) wolves with soft tissue anomalies (including 2 with
more than one anomaly): cryptorchidism, n = 8; kidney defect, n = 5; and heart
defect, n = 2. One of the wolves died of its heart defect (III).
Cryptorchidism (which means testicles that do not descend) that can affect
fertility, was the most prevalent anomaly and has been reported in several species
with a prevalence of <5% (Amann & Veeramachaneni, 2007). This include inbred
populations with high frequencies (Roelke, Martenson, & O’Brien, 1993; Hedrick,
2001). Cryptorchidism is a hereditary problem in dogs (Birchard & Nappier, 2008)
but can also be associated with fetal exposure to endocrine disruptor chemicals
(Amann & Veeramachaneni, 2007). Six individuals in the reviewed necropsy
reports were unilaterally affected (III). Individuals with this type of cryptorchidism
is commonly fertile animals (Birchard & Nappier, 2008). Two of the wolves were
bilaterally cryptorchid (III), which means that they were sterile (Birchard &
Nappier, 2008). Besides fertility problems, affected individuals are also at risk of
developing associated pathology like testicular cancer or torsion (Birchard &
Nappier, 2008).
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4.4

Analysis of Temporal trends in the inbred wolf populations

The frequency of vertebral malformations in the Isle Royale wolves (for whom the
date of birth could be estimated) increased over time, (logistic regression, p = 0.02,
n = 33) (II; Fig. 5).
The relationship between the estimated year of birth and incidence of vertebral,
dental and soft tissue anomalies in the Scandinavian population was analyzed in
paper III. The results showed that the model assuming an increasing trend is 8.6
times more likely that the model assuming no temporal trend i.e. the incidence of
anomalies, Ia, is 8.6 times more likely had increased over time than otherwise (III).
To evaluate how much the incidence of anomalies, Ia, has changed over time, we
accounted for model uncertainty by considering predictions that reflect a weighted
average of the two models (III). The weighted average showed that the incidence
of anomalies, Ia, tripled (13% to 40%) during the 32-year period from 1978 to 2010
and if the trend continues for another two wolf generations (about 4 years per
generation) the incidence of anomalies will be more than 50%, see III for more
details.
4.5

Conservation implication

Different types of bone pathologies have been found in the examined wolves of this
study. LSTV was prevalent in the inbred populations. This type of malformation is
considered to reduce the performance and survival in species that depend on speed
and agility to catch prey (Galis et al., 2014). Moreover, the incidence of LSTV
seemed to be associated with the extent of inbreeding in the populations (II; Fig. 6)
(Fig. 2).
Skeletal lesions were studied in a necropsy review of wolves (n = 241) and
coyotes (Canis latrans) (n = 316) from Canada (Wobeser, 1992). The results
revealed no congenital vertebral anomalies in wolves and only one case of a
congenital vertebral anomaly (hemivertebra) in a coyote (Wobeser, 1992). This
indicates that LSTV or other vertebral malformations may not be common in
outbred canids. However, the spinal columns were not thoroughly investigated in
that study unless there was some apparent abnormality (Wobeser, 1992).
Vertebral anomalies increased over time in the Isle Royale population (II; Fig.
5) and an increasing trend of multiple anomalies was found in the Scandinavian
population (III; Fig.3). Apart from detrimental malocclusions and vertebrae, the
results included several minor anomalies that likely have no direct effect on fitness,
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e.g. minor tooth anomalies (III), thoracolumbar and sacrococcygeal transitional
vertebrae (I–III). Even if malformations do not have fitness consequences they may
be a sign of inbreeding, like the coccygeal anomalies in Florida panthers, which is
a well-known case of vertebral anomalies due to population isolation (Hedrick,
2001). These accumulated vertebral anomalies became absent after the introduction
of Texas cougars (Hedrick, 2001).
The incidence of anomalies in Isle Royale wolves increased after the
population bottleneck in 1980 when moose became abundant and wolf numbers
remained low (II). It is possible that vertebral malformations may have impacted
the predatory performance of individual wolves (II). The conservation implications
of paper II are significant since this is the first study that indicates how genetic
deterioration has impaired the morphology of individuals in the Isle Royale wolves.
Before this paper was published the effects of genetic deterioration had not yet been
discovered despite long-term observation. Policy makers and others therefore used
Isle Royale wolves as an example to support arguments that small populations can
avoid genetic deterioration and be viable (II). In paper II we discussed the
appropriateness of reintroduction of non-related wolves to Isle Royale, which may
mitigate the effects of genetic deterioration. Any decision about intervening on Isle
Royale includes balancing several values (see paper II and the references therein).
With the goal to introduce between 20 and 30 wolves (Anonymous, 2018),
authorities began to translocate wolves from the mainland to Isle Royale in 2018
(Hoy et al., 2020). The last island born individual (an old female F193) is likely
dead since she was not seen during the latest winter field season (Hoy et al., 2020).
This would mean that the historical population is now extinct.
Like the Isle Royale population, the Scandinavian wolf population has been
more or less isolated for decades. Except for cases of domestic translocations of
immigrant wolves from northern to southern Sweden (e.g Kardos et al 2017), the
transportation of wolves from abroad have not yet been implemented in
Scandinavia (Anonymous, 2010). Today, the wolf population in Finland is smaller
than the Scandinavian population (Heikkinen et al., 2019). The low numbers in
combination with the fact that there is a low gene flow between Karelia and Finland
(Aspi et al., 2009) results in an uncertain future for the Finnish wolf population and
makes the gene flow to Scandinavia further complicated.
There are now several conservation concerns for the Scandinavian wolf
population. For example, effective immigration has been very rare and the average
inbreeding coefficient is very high (f = 0.25) (Svensson et al., 2019). Also,
inbreeding affects juvenile survival (Liberg et al., 2005) and intolerance, such as
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illegal and legal hunting, impact recovery (Laikre et al., 2013; Liberg et al., 2012).
Moreover, this study reveals several types of malformations (I; III) including an
increasing trend of anomalies in the Scandinavian wolf population (III). The
situation for the Scandinavian wolves raises basic concerns about conservation
goals: are the goals merely avoiding the risk of extinction (only ensuring presence),
or should it be the maintenance and restoration of population health? (see
discussion in III). Conservation goals should be based on population health that
includes the absence of inbreeding depression and absence of high rates of
morphological anomalies (III). Mitigation by larger population size and increased
immigration is consequently needed for the Scandinavian wolf population (III).
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5

Concluding remarks

The central finding in this study was that despite intense long-term observation of
small-inbred populations detrimental anomalies were prevalent and remained
undetected. The existences of small inbred populations do not prove the viability
of these populations (see II). Another significant finding is that small populations
with longer periods of genetic isolation show higher rates of specific malformations
than large populations.
Conservation and management of a threatened population requires knowledge.
But detecting population deterioration in a wild population can be very difficult. In
most cases, the results of inbreeding are studied in only one or a few elements of
fitness (Hedrick & Kalinowski, 2000). Lack of inbreeding depression in one
component does not mean there is no inbreeding depression for another component
or that different fitness parts do not interact to reduce overall fitness (Hedrick &
Kalinowski, 2000). In order to facilitate detection of population deterioration it is
essential to monitor several aspects of a population that represents a conservation
concern. The combination of monitor data with genetics provides a deeper
knowledge of inbreeding depression.
Analysis of bones and teeth from dead animals can reveal aspects of health and
condition that are hard to study in living individuals (Duckler & Van Valkenburgh,
1998) and is therefore an important part of population health monitoring. This study
reveals examples of skeletal malformations that are important to health of
individuals and populations. Further osteopathological research and monitoring of
all the contemporary wolf populations in this study is crucial for knowledge on
their health status and conservation needs.
In conclusion, the results of this thesis have implication for understanding
population health in small populations which can be used for the detection of
population deterioration in fragmented and endangered populations.
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