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Honka, Johanna, Evolutionary and conservation genetics of European domestic
and wild geese. 
University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 743, 2020
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Human actions are currently threatening the persistence of many species. Loss of genetic diversity
and inbreeding can reduce evolutionary potential of species and may even lead to their extinction.
Thus, genetic issues should be taken into account in conservation and management of wild and
domestic species. In this thesis, I have studied evolutionary and conservation genetics of the taiga
bean goose (Anser fabalis fabalis) and the European domestic goose, derived from the greylag
goose (A. anser).

The taiga bean goose, a subspecies of the bean goose, is of conservation concern as the
population numbers have halved during the recent decades. Due to debated taxonomy of the bean
goose, I studied the genomic differentiation between the taiga bean goose and another European
subspecies, the tundra bean goose (A. f. rossicus). A subspecies status was verified for these taxa,
due to low genome-wide differentiation and extensive gene flow between the subspecies. I also
studied genetic structure within breeding taiga bean geese in Finland, but no structure was evident.
Genetic diversity was at a moderate level, but signs of inbreeding and gene flow with pink-footed
goose (A. brachyrhynchus) were discovered. I also studied subspecies composition of the bean
goose hunting bag in Finland and found that about half of the hunting bag consisted of the taiga
bean goose. Hunting of the tundra bean goose was concentrated in south-eastern Finland. Thus, by
geographically limiting the hunting area, the declining taiga bean goose can be relieved from
hunting pressure.

I also studied over a thousand years of evolutionary history of the European domestic goose in
Russia using ancient DNA extracted from archaeological bones. Three evolutionary lineages were
discovered: domestic geese, eastern domestic/wild greylag geese and taiga bean geese. The taiga
bean geese were present probably due to misidentification of bones in fragmented archaeological
material. Undoubted domesticated geese were found from the High-Medieval period (11th century
CE) onwards.

Keywords: ancient DNA, Anser anser, Anser fabalis, conservation genetics,
domestication, genetic diversity, management, speciation genomics





Honka, Johanna, Eurooppalaisen kesy- ja villihanhen evoluutio- ja luonnon-
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Tiivistelmä

Ihmistoiminta uhkaa monien lajien säilymistä. Geneettisen muuntelun vähäisyys ja sukusiitos
voivat heikentää lajien evolutiivista potentiaalia ja johtaa jopa sukupuuttoon. Geneettiset näkö-
kohdat tulisi siksi huomioida sekä villien että kesyjen lajien kannanhoidossa ja suojelussa. Täs-
sä väitöskirjassa tutkin taigametsähanhen (Anser fabalis fabalis) ja merihanhesta (A. anser)
polveutuneen eurooppalaisen kesyhanhen evoluutio- ja luonnonsuojelugenetiikkaa. 

Taigametsähanhi on yksi metsähanhen alalajeista. Sen populaatiokoko on puolittunut viime
vuosikymmeninä, joten se on erityisesti suojelun tarpeessa. Metsähanhen taksonomiasta on ollut
pitkään ristiriitaisia käsityksiä, joita selvittääkseni tutkin genomisen erilaistumisen määrää
taigametsähanhen ja toisen eurooppalaisen alalajin, tundrametsähanhen (A. f. rossicus) välillä.
Genomien erilaistumisen vähäisyys ja runsas geenivirta viittaa siihen, että nämä taksonit ovat
saman lajin eri alalajeja. Tutkin myös Suomessa pesivien taigametsähanhien geneettistä raken-
netta, mutta sitä ei löydetty. Geneettisen muuntelun määrä oli kohtuullisen suurta, mutta havait-
sin viitteitä sukusiitoksesta. Lisäksi löysin merkkejä geenivirrasta lyhytnokkahanhen (A.
brachyrhynchus) ja metsähanhen välillä. Tutkin myös Suomen metsähanhisaaliin alalajijakau-
maa ja havaitsin, että noin puolet saaliista koostui taigametsähanhesta ja puolet tundrametsähan-
hesta. Tundrametsähanhen pyynti kohdistui Kaakkois-Suomeen, joten metsästysalueen rajaami-
sella sinne voidaan taantuva taigametsähanhi säästää metsästyspaineelta.

Lisäksi tutkin eurooppalaisen kesyhanhen evolutiivista historiaa yli 1000 vuoden ajalta venä-
läisistä arkeologisista luista eristetyn muinais-DNA:n avulla. Löysin niistä kolme evolutiivista
linjaa, jotka muodostuivat kesyhanhista, itäisistä kesy/merihanhista ja taigametsähanhista.
Taigametsähanhilinjan löytyminen näytteistä johtuu luultavasti lajintunnistuksen hankaluudesta
pirstaleisessa arkeologisessa luuaineistossa, mistä johtuen taigametsähanhien luut oli tulkittu
kesyhanhien luiksi. Varmasti kesytettyjä hanhia aineistossa esiintyi sydänkeskiajalta eli 1000-
luvulta lähtien.

Asiasanat: Anser anser, Anser fabalis, geneettinen monimuotoisuus, kesytys, lajin hoito,
lajiutumisgenomiikka, luonnonsuojelugenetiikka, muinais-DNA
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1 Introduction  
Humans have profoundly shaped the fate of many animal and plant populations, 
with no other species having such a large impact on the biodiversity on Earth. It 
has even been suggested that we have entered a new geological epoch, called the 
Anthropocene, due to vast human influence after the Industrial Revolution (Crutzen, 
2002; Crutzen & Stoermer, 2000). Biodiversity on Earth is being depleted at an 
alarming rate due to direct and indirect human influences. The human caused 
extinction rate is so high that it is comparable to the five previous mass extinctions 
in geological history and has been termed the sixth mass extinction (Barnosky et 
al., 2011; Ceballos et al., 2015). 

Genetic variation is the raw material for evolution and thus a necessity for 
species to adapt to changing environments. Currently three levels of biodiversity 
are recognized by the International Union for Conservation of Nature (IUCN): 
genetic, species and ecosystem diversity (McNeely, Miller, Reid, Mittermeier, & 
Werner, 1990). Genetic factors are the sole focus of the first level of biodiversity, 
but genetic diversity affects across all the levels of biodiversity. Biodiversity is 
being threatened by several factors such as habitat loss and degradation, over-
exploitation, introduction of invasive species, pollution and climate change. 
Overharvesting has direct impacts on the population numbers and genetic diversity 
of species (Allendorf, England, Luikart, Ritchie, & Ryman, 2008). The loss of 
genetic diversity and inbreeding depression may hinder a population’s capability to 
adapt to environmental change and may even lead to extinction (Frankham, 2005) 
and thus genetic factors should be taken account when managing harvested species. 

Besides hunting, humans have impacted certain animal species and their 
genetic makeup in a very profound way by domesticating them. By controlling the 
breeding of animals and exercising human-mediated selection on genetic traits, 
humans have created huge phenotypic diversity within domesticated animals (FAO, 
2007). Domestication has probably been one of the most important developments 
in human history as it has provided a stable source of food and was the prerequisite 
for the formation of modern societies (Diamond, 2002). Despite the importance of 
domestic animals, we still have a limited understanding of the evolutionary history 
of many domestic species, especially outside of the ‘major’ domesticates: cattle, 
pig, sheep and chicken (McHugo, Dover, & MacHugh, 2019). In addition, the 
biological diversity within our farm animals is depleted fast due to the ubiquitous 
use of high-output commercial breeds, with 17% of breeds being in the risk of 
extinction and 58% having unknown risk status due to limited data (FAO, 2015). 
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In this thesis, I examined two goose species that are under anthropogenic 
influence. One of the study systems is a declining subspecies of the bean goose, the 
taiga bean goose (Anser fabalis fabalis). This subspecies is still hunted despite the 
halving of population numbers during the last three decades and the subspecies is 
thus of conservation and management concern. In addition, I will also examine the 
evolutionary history of the European domestic goose, a derivative of the greylag 
goose (A. anser). Despite the widespread distribution and historical significance of 
this domesticate, its evolutionary history is largely unknown. Even the place and 
timing of the domestication remain contentious.  

1.1 Conservation genetics 

Conservation genetics can be defined as the use of genetic methods to conserve 
biodiversity and to prevent extinction of species (Frankham, Briscoe, & Ballou, 
2010). It is especially focussed on the effects of small, fragmented and declining 
populations that are thus of conservation concern. The main factors that increase 
extinction risk are habitat loss, introduced species, overexploitation and pollution 
and these factors can reduce sizes of populations to a level in which they become 
susceptible to stochastic effects (Frankham, 1995a). These effects include 
environmental, catastrophic, demographic or genetic factors such as inbreeding 
depression, loss of genetic diversity and accumulation of deleterious mutations 
(Frankham, 1995a). Conservation genetics includes genetic management of species 
to minimize inbreeding and loss of genetic diversity, resolving taxonomic 
uncertainties, defining management units within species, genetic management of 
captive populations, genetic evaluation of impact of introduced species, obtaining 
population genetic information important for species conservation (sex, population 
size, demographic history, mating system, population structure, gene flow, 
parentage, diet and diseases) and wildlife genetic forensics (e.g. poaching cases) 
(Frankham, 2010).  

The advances in sequencing technologies in the recent decades, known as next-
generation sequencing (NGS) technologies, have allowed the examination of 
thousands to hundreds of thousands of genetic markers (Shendure & Ji, 2008; 
Shendure et al., 2017). The decreasing costs of sequencing have enabled the 
sequencing of genomes of non-model organisms and have led to the development 
of conservation genomics, which can be defined as the use of genomic methods to 
solve problems in conservation biology (Allendorf, Hohenlohe, & Luikart, 2010). 
Besides the increased numbers of genetic markers to enhance the power of genetic 
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and population demographic parameters, genomic methods have allowed new 
approaches to conservation, such as species delimitation in the face of admixture, 
identification of alleles behind adaptive traits, measurements of individual 
inbreeding and enhancement of evolutionary rescue based on genomic patterns of 
inbreeding (Allendorf, 2017; Kardos, Taylor, Ellegren, Luikart, & Allendorf, 2016; 
Supple & Shapiro, 2018). Genomic methods suitable for non-invasively collected 
samples with low quality and quantity DNA have also been developed and could 
greatly enhance genetic monitoring of wild populations (Carroll et al., 2018). 
Despite the promises of genomic methods, the full potential of these methods are 
not yet implemented to practical management (Shafer et al., 2015). 

1.1.1 Taxonomic delineation 

The taxonomic status of species and subspecies should be verified in order to make 
sure that endangered populations are protected and management efforts are not 
wasted on abundant species (Frankham et al., 2010). Morphology may be 
misleading when defining taxonomy, as morphologically similar populations may 
actually be genetically distinct or different morphs of one species may be 
erroneously split into two species. Incorrect taxonomy may lead to misdirected 
conservation efforts, as exemplified by extinct dusky seaside sparrow 
(Ammodramus maritimus nigrescens). The last remaining individuals of this 
subspecies were hybridised and backcrossed to Scott’s seaside sparrow (A. m. 
peninsulae) in an effort to genetically rescue the dusky seaside sparrow (Avise & 
Nelson, 1989). However, based on mitochondrial DNA taxonomy, the dusky 
seaside sparrow did not actually even form a separate subspecies and it was not 
hybridised with its closest relatives, thus the conservation efforts were wasted and 
the dusky seaside sparrow went extinct (Avise & Nelson, 1989). 

The species is the central unit of taxonomy, even though various intra-specific 
units are also recognised such as subspecies, ESUs (evolutionarily significant units) 
and MUs (management units; see section 1.1.4). Despite the central role of species 
in taxonomy, no universally accepted definition of a species exists. Over 20 species 
concepts have been developed, with the biological species concept (Mayr, 1963) 
being the most influential of them. Currently, the taxonomy is becoming more 
pluralistic using several criteria for species definition (Padial et al., 2010). 
Speciation can be defined as the origin of reproductive barriers that allow the 
maintenance of genetic and phenotypic distinctiveness of populations in 
geographical proximity (Coyne & Orr, 2004). Reproductive isolation can be 
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divided into three forms: extrinsic forms of postzygotic isolation resulting from 
divergent ecological or sexual selection, intrinsic forms of postzygotic isolation 
from genetic incompatibilities (e.g. Bateson-Dobzansky-Muller incompatibilities) 
and prezygotic isolation such as phenological, habitat or sexual isolation due to 
assortative mating or fertilization (Seehausen et al., 2014). Generally, three models 
of speciation are recognised: allopatric, parapatric and sympatric (Coyne & Orr, 
2004). In allopatric speciation, populations become isolated because they occupy 
geographically separate areas such as different sides of mountains or rivers. In 
parapatric speciation populations develop reproductive isolation while still 
exchanging genes and their geographical ranges overlap. In sympatric speciation 
the ancestral populations develop reproductive isolation while occupying the same 
geographical area. Allopatric and sympatric speciation can also be viewed as the 
extreme ends of gene flow continuum (allopatric: rate of gene flow m = 0, sympatric: 
m = 0.5) with parapatric (0 < m < 0.5) speciation between them (Gavrilets, 2003). 

Speciation genetics aims at identifying the sequence in which different 
reproductive barriers occurred in order to distinguish the causes and consequences 
of speciation (Seehausen et al., 2014). Usually the speciation process is so slow that 
it is impossible to study in real time, thus studies of closely related taxa that are in 
different stages along the speciation continuum can be used to make inferences 
about the speciation process and its chronology (Seehausen et al., 2014). The 
speciation continuum refers to the variation in the strength of reproductive isolation 
from partly isolated races to fully isolated species. Important contributions to 
speciation genetics have being made by NGS-based genome scans among closely 
related species and these studies have revealed highly heterogeneous landscapes of 
genetic differentiation across the genomes (e.g. Ellegren et al., 2012; Nadeau et al., 
2012; Renaut et al., 2013; Turner, Hahn, & Nuzhdin, 2005). Often the 
differentiation between the species is concentrated in certain genomic regions 
referred to as ‘islands of differentiation’ (Wolf & Ellegren, 2017). Originally these 
were referred to as ‘genomic islands of speciation’ (Turner et al., 2005).  

Genome scans build on the idea of ‘genic view of speciation’, in which genes 
or complexes of genes are the units of evolution instead of the whole genomes (Wu, 
2001). Based on this model, divergent selection against gene flow is first 
constricted to a few genomic elements that confer reproductive isolation, while the 
rest of genome can flow freely between the speciating taxa (Feder, Egan, & Nosil, 
2012; Wu, 2001). During the speciation process, the sizes of these ‘islands of 
differentiation’ gradually grow due to divergence hitchhiking, a process in which 
physical linkage to a divergently selected site creates increased genomic divergence 
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in adjacent sites (Nosil & Feder, 2012; Via & West, 2008). This leads to a global 
reduction in average genome-wide gene flow and eventually genetic divergence 
across the whole genome is facilitated (genomic hitchhiking) (Nosil & Feder, 2012; 
Via & West, 2008). This model has been called as speciation-with-gene-flow (Feder 
et al., 2012). However, the ‘islands of differentiation’ between closely related 
species can also be caused by linked selection due to positive or purifying, i.e. 
background, selection (Burri, 2017; Burri et al., 2015; Cruickshank & Hahn, 2014). 
In this selection-in-allopatry model, no gene flow occurs between the diverging 
populations, but linkage reduces locally the effective population size (Ne). This 
causes a region of elevated differentiation when measured using FST (fixation index, 
relative measures of genetic differentiation) (Cruickshank & Hahn, 2014). 
However, the processes of linked selection and genome-wide variation in gene flow 
are not mutually exclusive (Burri et al., 2015). Hybridization between divergent 
lineages may also hinder or accelerate the process of speciation and even cause near 
instantaneous speciation (Abbott et al., 2013; see section 1.1.6). 

Understanding the process of speciation and the amount of genetic divergence 
between taxa is important in order to identify and protect endangered populations. 
Genetically distinct populations are important components of the world’s 
biodiversity and are thus a major focus in conservation (Hughes, Daily, & Ehrlich, 
1997). Extinction of populations is a more sensitive indicator of the loss of 
biodiversity than extinction of species, because population level extinctions affect 
the ability to provide ecosystem services and are a prelude to species level 
extinctions (Ceballos & Ehrlich, 2002). Thus, subspecies and populations should 
be eligible for protection and conservation, not just the species (Coates, Byrne, & 
Moritz, 2018). Especially in the genomics era, a more nuanced view of the species-
population continuum can be obtained and this should be more effectively 
communicated for practical management (Coates et al., 2018). Identification of 
genetically differentiated populations is also important in order to plan 
management actions and harvest quotas to ensure sustainability of hunting 
(Allendorf, Luikart, & Aitken, 2013). 

1.1.2 Genetic variation 

Genetic variation is a prerequisite for populations to adapt to changing 
environments. Populations harbouring extensive genetic diversity can evolve and 
respond rapidly to environmental change, to introductions of novel competitors or 
to new pests and diseases (Frankham, 1995a). In populations lacking genetic 
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diversity evolution has no material to act on. For example, Tasmanian devils 
(Sarcophilus harrisii) have a very low genetic diversity, which has enabled the 
spread of the highly fatal transmissible devil facial tumour disease (DFTD) in the 
population through biting in social interactions (Pearse & Swift, 2006). Genetic 
diversity in the major histocompatibility complex (MHC), which is key to immune 
responses in mammals, was so low in the Tasmanian devils that the tumour was not 
recognised as “foreign” enabling the spread of the disease through most of the 
population (Siddle et al., 2007). 

Genetic diversity can only arise through new mutations or it can be introduced 
to a population by immigration or hybridization with other species (Barret & 
Schluter, 2008; Hedrick, 2013). Three major types of genetic diversity are 
recognised: neutral, detrimental and adaptive (Hedrick, 2001). Neutral mutations 
have no or very little effect on fitness and their fate is determined by genetic drift 
(Kimura, 1983; Nei, 1987). Detrimental variation has negative effects on fitness 
and is removed by selection. However, the selection against deleterious mutations 
can take many generations, thus a mutation-selection balance is reached between 
additional deleterious mutations and their removal by selection. This leads to a low 
frequency of deleterious alleles in all populations (mutation load). Adaptive genetic 
diversity allows populations to respond to environmental change through natural 
selection. In small populations, alleles are randomly lost or fixed due to drift, 
eroding genetic diversity (Lande, 1995). Thus, small populations might be unable 
to cope with environmental change and have an increased extinction risk 
(Frankham, 2005). Selection is less efficient in small populations and thus genetic 
drift may fix mildly deleterious alleles (Lande, 1995). This mutational 
accumulation in small populations takes, however, many generations and its effect 
on extinction risk appears not to be very large (Frankham, 2005).  

1.1.3 Inbreeding 

Inbreeding is the production of offspring from a mating of individuals that share a 
common ancestor. Inbreeding causes a reduction in reproductive fitness, called 
inbreeding depression (Charlesworth & Willis, 2009; Hedrick & Garcia-Dorado, 
2016; Keller & Waller, 2002). Inbreeding does not lead to a change in the frequency 
of alleles within a population, but leads to an increase in homozygosity. As 
recessive deleterious mutations are continuously present in populations due to 
mutation-selection balance (see section 1.1.2), inbreeding exposes these deleterious 
alleles in their homozygous state, resulting in inbreeding depression (Charlesworth 
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& Willis, 2009; Hedrick & Garcia-Dorado, 2016; Keller & Waller, 2002). Another 
explanation for inbreeding depression is overdominance i.e. heterozygote 
advantage in which heterozygote is superior compared to both homozygotes 
(Charlesworth & Willis, 2009; Hedrick & Garcia-Dorado, 2016; Keller & Waller, 
2002). Inbreeding thus reduces the chance of expressing overdominance. 
Distinguishing between these two mechanisms of inbreeding depression is difficult 
since recessive detrimental alleles might be linked resulting in pseudo-
overdominance (Hedrick, Hellsten, & Grattapaglia, 2016). However, based on 
empirical evidence it appears that recessive detrimental variants are causing most 
of the inbreeding depression observed (Charlesworth & Willis, 2009; Hedrick & 
Garcia-Dorado, 2016). 

In small populations, inbreeding is unavoidable as all individuals become 
related over time. As the recessive detrimental alleles are exposed in their 
homozygous state in small populations due to inbreeding, they can be removed by 
selection (Hedrick, 2001). This is called as purging and especially alleles of large 
detrimental effect are effectively purged from small populations (Hedrick, 2001). 
Thus, mutation loads and inbreeding depression should be lower in inbred 
compared to outbred species (Hedrick, 2001). However, mildly deleterious alleles 
might not be effectively purged as these behave as effectively neutral in small 
populations and might actually increase mutation load (Wang, Hill, Charlesworth 
& Charlesworth, 1999). Accordingly, inbreeding depression increases the 
extinction risk of populations (Frankham, 2005). Introduction of genetic variation 
outside of the population might lead to increase in fitness known as genetic rescue 
(Tallmon, Luikart, & Waples, 2004). For example, the genetic rescue of the 
endangered Florida panther (Puma concolor coryi) with the translocation of eight 
female Texas cougars (P. c. stanleyana) led to the increase in population numbers 
and reduced the incidence of several defects related to inbreeding (poor sperm 
quality, cryptorchidism, kinked tail and cowlick on the back) (Johnson et al., 2010). 
However, genetic rescue is rarely implemented in management of fragmented 
populations due to risk of outbreeding depression (Frankham, 2010). In 
outbreeding depression, the offspring from crosses of genetically divergent 
populations suffer from reduced reproductive fitness. Outbreeding depression can 
be caused by genetic incompatibilities or by reduced adaptation to local 
environmental conditions. 
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1.1.4 Genetic structure and gene flow 

Natural populations may have genetic structure in which the populations are 
subdivided into separate local random mating units. Thus, the exchange of 
individuals is not totally random among the subpopulations. There are a number of 
ways to define a population. According to the evolutionary paradigm, a population 
is defined as a group of individuals belonging to the same species that live in such 
a proximity that any individual can mate with any other individual (Waples & 
Gaggiotti, 2006). A continuum exists between completely isolated populations with 
no gene flow, to completely panmictic populations with random mating (Waples & 
Gaggiotti, 2006). In panmictic populations, gene flow is so high that local 
adaptation is not possible. On the other hand, in completely isolated populations, 
beneficial mutations cannot enter and spread to the populations. Most natural 
populations are somewhere in between the extremes of this continuum with varying 
degrees of gene flow between them (Waples & Gaggiotti, 2006). 

Past demographic and range changes due to, for example, climatic changes 
associated with the ice ages can also shape the genetic population structure that we 
observe today (Hewitt, 2000). Different landscape features such as mountains, 
rivers, etc. may also promote genetic structuring within populations (Manel, 
Schwartz, Luikart, & Taberlet, 2003). Currently, habitat fragmentation due to 
anthropogenic activities threatens the genetic diversity of many species. In habitat 
fragmentation the total habitat area is reduced and separate ‘islands’, patches of 
habitable area, are formed (Fahrig, 2003). Migration between the population 
fragments reduces the impact of population fragmentation. Even one migrant per 
generation is enough to prevent the differentiation of idealised populations 
irrespective of their size (Wright, 1931). However, this one migrant per generation 
rule is based on oversimplistic assumptions and in natural population probably 
many more migrants are needed (Mills & Allendorf, 1996; Wang, 2004). In addition, 
inbreeding can be substantially reduced by the migration of new individuals, even 
if the new individuals themselves would be inbred. For example, the Scandinavian 
wolf (Canis lupus) population is isolated from other wolf populations and highly 
inbred, as it was founded by only two individuals. However, only a single migrant 
led to increase in heterozygosity, outbreeding (inbreeding avoidance), spread of 
new alleles and population growth (Vilà et al., 2002). Thus, it is important to 
maintain gene flow between fragmented populations. 

Identifying genetic population structure is important also for the management 
of species, such as identification of units of conservation. The most commonly used 
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conservation units are evolutionarily significant units (ESUs) and management 
units (MUs) (Barbosa et al., 2018; Funk, McKay, Hohenlohe, & Allendorf, 2012). 
An ESU can be broadly defined as a population or a population group that is highly 
distinctive both genetically and ecologically and thus merits separate management 
or conservation priority (Allendorf et al., 2013). For delineating hunting or fishing 
areas, setting harvest quotas and population monitoring, MUs are used (Allendorf 
et al., 2013). MUs can be defined as populations with significant divergence of 
allele frequencies at nuclear or mitochondrial loci, irrespective of the phylogenetic 
distinctiveness of alleles (Moritz, 1994). Thus, MUs represent demographically 
independent units and the amount of dispersal could be used to define the 
populations that constitute MUs (Palsbøll, Bérubé, & Allendorf, 2007). Genomic 
methods can help to better define the different conservation units and even to 
recognize adaptive units (AUs), which reflect adaptive genetic variation within 
species (Barbosa et al., 2018). 

1.1.5 Bottlenecks and effective population size 

A population bottleneck means a pronounced reduction in population size. 
Bottlenecked populations often show a reduced genetic diversity and thus their 
long-term evolutionary potential might also suffer (Frankham, 1995a). Bottlenecks 
lead to a reduction in heterozygosity that depends on the size of the bottlenecked 
population and also on the rate of population size growth after the bottleneck (Nei, 
Maruyama, & Chakraborty, 1975). Bottlenecks also lead to a loss of alleles 
depending on the size of the bottlenecked population, as the bottleneck eliminates 
many low frequency alleles (Nei et al., 1975).  

The effective population size (Ne) (Wright, 1931) describes the size of an 
idealized population that would experience the same amount of drift (or lose 
genetic diversity or become inbred) as the actual population. Besides Ne estimates 
based on the loss of genetic diversity through inbreeding (inbreeding Ne) or through 
genetic drift (variance Ne), Ne can be also predicted from eigenvalue effective sizes, 
mutation effective sizes or coalescent effective population sizes (Wang, Santiago, 
& Caballero, 2016). The genetic effects of inbreeding and loss of genetic variation 
depend on Ne rather than on the actual population size (N) (Frankham, 1995b). The 
main factors that affect Ne are unequal sex-ratio, variance in family size and 
fluctuations in population size (Wright, 1969). For evolutionary genetics and 
wildlife management, the ratio Ne/N is a critical parameter as often only the census 
sizes are known for the populations. Based on empirical studies this ratio was on 
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average 0.11 or 0.14, thus the effective population sizes are often very small, only 
a little over 1/10th of the census size (Frankham, 1995b; Palstra & Ruzzante, 2008). 

1.1.6 Hybridization and introgression 

Hybridization can be defined as the interbreeding of individuals between 
genetically distinct populations (Short, 1969) and introgression as the flow of 
genetic material between the hybridizing populations or taxa (Anderson, 1949). 
Usually hybridization is rare on a per-individual level, but can be fairly common 
on a species level with about 10% of animal species and 25% of vascular plants 
hybridizing with at least one other species (Mallet, 2005). However, the rate of 
hybridization can vary hugely and, for example, in birds the rate of hybridization 
varies from zero in several bird orders to over 40% in the order Anseriformes 
(swans, geese and ducks) (Grant & Grant, 1992). Especially based on whole-
genome sequencing studies, it has become obvious that hybridization and 
introgression have an important and major role in the evolutionary history of many 
species (Taylor & Larson, 2019). A number of studies have provided evidence of 
ancient hybridization events between taxa that were not expected to hybridise 
(Taylor & Larson, 2019). For example, brown bears (Ursus arctos) have hybridised 
with polar bears (Ursus maritimus) during the last glacial maximum (Cahill et al., 
2018). 

Introgressive hybridization can have several evolutionary outcomes, as it can 
lead to fusion of species, genetic swamping (loss of locally adapted alleles or 
genotypes), reinforcement (evolution of mating barriers due to selection against 
unfit hybrids), transfer of genetic material between species and evolution of new 
species (Seehausen, 2004). Often a hybrid zone is formed between hybridizing taxa 
that occur in parapatry (Barton & Hewitt, 1985). Even though hybridization can be 
harmful for species existence, it can also be a source of novelty as introgressive 
hybridization can lead to the transfer of adaptive genetic variation between different 
lineages i.e. adaptive introgression (Arnold & Kunte, 2017; Hedrick, 2013). For 
example, snowshoe hares (Lepus americanus) have likely acquired brown coat 
colour, that is beneficial in snow-free environments, by introgression from the 
closely related black-tailed rabbit (Lepus californicus) (Jones et al., 2018). It has 
also been shown that introgressive hybridization plays a part in adaptive radiations 
i.e. in the rapid diversifications into several different species (Seehausen, 2004). As 
an example, hybridization of divergent lineages has created the adaptive radiation 
and the extraordinary diversity of African cichlid fishes (Irisarri et al., 2018; Meier 
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et al., 2017). Speciation can also be nearly instantaneous through hybridization, 
either involving genome duplication (allopolyploidy) or not (homoploidy), known 
as hybrid speciation (Mallet, 2007). Allopolyploid hybridization is an especially 
common speciation mechanism in plants. One example of homoploid hybrid 
animal species is the Big Bird lineage that was formed by hybridization between 
two of Darwin’s finches (Geospiza fortis × Geospiza conirostris) (Lamichhaney et 
al., 2018). Thus, as hybridization is often a natural part of the evolution of species, 
also admixed species should be eligible for protection and conservation (vonHoldt, 
Brzeski, Wilcove, & Rutledge, 2018). 

On the other hand, hybridization caused by anthropogenic activities such as 
introduction of invasive species, habitat disturbance or escape of domestic species 
is of great conservation concern (Allendorf, Leary, Spruell, & Wenburg, 2001; 
McFarlane & Pemberton, 2019). Anthropogenic hybridization can be classified into 
three categories: 1. systems with unviable or infertile hybrids, 2. bimodal hybrid 
zones with either assortative mating to parental species or abundance of parent 
species that ensures most matings are backcrosses and 3. hybrid swarms in which 
there are matings also among hybrid individuals leading to abundance of hybrids 
(McFarlane & Pemberton, 2019). Anthropogenic hybridization is especially 
harmful when it leads to the extinction of the native species (Rhymer & Simberloff, 
1996; Todesco et al., 2016). Extinction through hybridization threatens especially 
rare species that come into contact with abundant species (Rhymer & Simberloff, 
1996; Todesco et al., 2016). 

1.2 Ancient DNA 

Ancient DNA (aDNA) refers to the extraction and sequencing of DNA from the 
remains of an organism long after its dead. Even though there is no consensus of 
when something becomes ’ancient’, it usually refers to material that is at least over 
a hundred years old (Brunson & Reich, 2019). The aDNA field started with the 
sequencing of mitochondrial fragment of the extinct quagga (Equus quagga quagga; 
Higuchi, Bowman, Freiberger, Ryder, & Wilson, 1984) and has since expanded 
enormously. Ancient DNA can be used to study evolutionary, ecological, social and 
environmental questions in the past history and reconstruct the dynamic pattern of 
change in populations (Brunson & Reich, 2019; Orlando & Cooper, 2014). In 
addition, aDNA is especially useful for studying how humans interacted with other 
species, modified the past ecosystems and environments (Brunson & Reich, 2019). 
aDNA can be obtained from variety of different material such as bone, teeth, dental 
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calculus, hair, nail, leather, feather, eggshells, coprolites, invertebrate shells, 
archaeobotanical remains (seeds, wood or worked plant remains), on the surface of 
lithics and ceramics, soil, sediments or ice cores (Green & Speller, 2017; Pedersen 
et al., 2015). Also in the aDNA field, adoption of NGS-technologies has led to many 
advances and allowed sequencing of whole genomes of extinct organisms (Der 
Sarkissian et al., 2015). 

1.2.1 Degradation of ancient DNA 

After an organism dies, its DNA is degraded by endogenous nucleases, thus in 
ancient specimens little or no DNA survives (Hofreiter, Serre, Poinar, Kuch, & 
Pääbo, 2001; Pääbo et al., 2004). In some cases, such as during rapid desiccation, 
at low temperatures in permafrost regions, in high salt conditions or by absorption 
to a mineral matrix, the nucleases might be inactivated or destroyed (Hofreiter, 
Serre, et al. 2001; Pääbo et al., 2004). Accordingly, it has been shown that the 
survival of DNA is better in colder areas than in warmer (Hofreiter et al., 2015). 
Even in the absence of nucleases, DNA is degraded by oxidation and background 
radiation that modify the nitrous bases and the sugar phosphate backbone, in 
addition to deamination, depurination, formation of abasic sites and other 
hydrolytic processes that will lead to destabilization and breaks in the DNA 
molecule (Hofreiter, Serre, et al., 2001). One type of damage are DNA-crosslinks 
that prevent DNA polymerase amplification (Pääbo, 1989). 

The most common post-mortem DNA modification is deamination of cytosine 
to uracil, which causes miscoding lesions (C to T and G to A) (Hofreiter, Jaenicke, 
Serre, Haeseler, & Pääbo, 2001). This cytosine deamination is clustered specifically 
at the ends of the DNA molecules, presumably due to occurrence of cytosine 
deamination in the single-stranded overhangs of DNA fragments (Briggs et al., 
2007; Brotherton et al., 2007). Cytosine deamination can be overcome by using 
uracil N-glycosylase (UNG) treatment that removes the uracil from the DNA 
(Hofreiter, Jaenicke, et al., 2001). This C to T misincorporation pattern can be also 
utilized to authenticate aDNA molecules (Sawyer, Krause, Guschanski, Savolainen, 
& Pääbo, 2012). In addition, purines have been shown to be overrepresented 
adjacent to DNA breaks, thus depurination has probably contributed the 
fragmentation of aDNA (Briggs et al., 2007). 

Due to these aforementioned processes and the action of bacteria, fungi, insects 
etc. that decompose and feed on dead organisms, aDNA molecules become heavily 
fragmented with time (Pääbo et al., 2004). Usually the lengths of the fragments do 
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not exceed 500 bp (base pair) with average fragment lengths usually between 50–
80 bp (Briggs et al., 2009; Pääbo et al., 2004). In order to amplify these short 
fragments, DNA extraction methods have been specifically developed to retain 
ultrashort fragments (e.g. Gamba et al., 2016). Most of the DNA in ancient material 
comes from exogenous sources such as bacteria or fungi that colonize the remains 
of organisms after death or from modern contamination, with the endogenous DNA 
content usually being very low, in the range of 1–7% (Carpenter et al., 2013; 
Ginolhac et al., 2012; Orlando et al., 2011, 2013). Pre-digestion of the bone or tooth 
powder before the DNA extraction has been shown to significantly raise the yield 
of endogenous DNA (Damgaard et al., 2015; Der Sarkissian et al., 2014; Gamba et 
al., 2016; Ginolhac et al., 2012; Orlando et al., 2011). Also, the DNA content varies 
between different parts of the skeleton with petrous bone, auditory ossicles, tooth 
cementum and surface of long bones being the best sources of endogenous DNA 
(Alberti et al., 2018; Damgaard et al., 2015; Gamba et al., 2014; Sirak et al., 2019). 
In addition, the endogenous DNA can be enriched in the building of NGS libraries, 
for example, using capture-based methods (Carpenter et al., 2013). However, after 
a long enough time, no intact DNA is left (Hofreiter, Serre, et al., 2001). Currently 
the oldest aDNA has been sequenced from a 700,000 year old horse (Equus 
caballus) from permafrost (Orlando et al., 2013). Probably much older DNA cannot 
be sequenced, but ancient proteomics studies have enabled the reconstruction of 
DNA sequences from proteins extracted from animals that lived almost 2 million 
years ago (Cappellini et al., 2019; Welker et al., 2019) 

1.2.2 Contamination and authentication 

Through working with very small amounts of DNA, the possibility of 
contamination with modern DNA from the environment or from the researcher 
him/herself is always present. Various approaches have been developed to ensure 
the authenticity of aDNA results and the criteria of Cooper and Poinar (2000) are 
summarised below. These include a dedicated aDNA laboratory that is physically 
separated from the modern DNA facilities. All DNA extractions and pre-PCR work 
is done in this dedicated lab, protective clothing is worn and a modern lab is never 
visited prior to the aDNA lab during the same day. Sterile laboratory equipment is 
used or sterilised with e.g. bleach or UV-light treatment that destroys DNA. In 
addition, PCR-products obtained should show appropriate molecular behaviour, as 
large PCR-products are unusual for aDNA (see section 1.2.1). In order to determine 
the ratio of endogenous to exogenous sequences and the amount of damage induced 
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errors, the sequences should be cloned. The preservation of other biomolecules 
such as collagen can be used as an indication of good preservation. Especially in 
studies using human DNA, the associated animal remains can be used to assess the 
reliability of the results, as the animal remains should show similar DNA target 
survival. 

Control amplifications should also be performed, with negative controls in both 
DNA extraction and PCR set-up phase. The results should also be repeatable from 
different DNA extracts of the same specimen. In addition, overlapping PCR-
primers should be used in order to detect contaminating PCR-products or Numts 
(nuclear sequences of mitochondrial origin, see section 2.4). The samples should 
also be replicated in an independent laboratory to rule out the possibility of intra-
laboratory contamination. The copy numbers of the DNA target should also be 
verified. If the amplification starts from a very few template molecules, then the 
polymerase induced errors in the first cycles of PCR will be incorporated into 
almost all of the amplified sequences (Hofreiter, Serre, et al., 2001; Pääbo et al., 
2004). Thus, the aDNA sequencing should be repeated twice and the sequences 
compared to verify if errors during PCR have affected the resulting sequences 
(Pääbo et al., 2004). If the comparisons are not concurrent, a third replication is 
needed to verify the correct bases (Pääbo et al., 2004). This replication process will 
also reveal if cytosine deamination or other post-mortem misincorporations have 
occurred (Pääbo et al., 2004). For aDNA generated by NGS technologies, 
replication of the data is often impractical due to high costs, but there are several 
other means to authenticate and estimate contamination levels from NGS data (e.g. 
Green et al., 2009). 

1.2.3 Studying domestication with ancient DNA 

Domestication of animals and plants was one of the major innovations in the history 
of humanity, allowing for a transition from a hunter-gatherer and nomadic lifestyle 
to farming communities leading to modern civilizations (Diamond, 2002). This 
transition to agricultural economies led to a dramatic increase in human populations, 
worldwide alteration of biodiversity, landscape and climate. Animal domestication 
studies started with the insight from Charles Darwin (1868) about the similarity 
between human-mediated artificial selection and natural selection. Darwin also 
noted that domestic animals exhibit a suite of common behavioural, physiological 
and morphological changes referred to as the ‘domestication syndrome’, e.g. 
increased docility, coat colour changes, reduction in tooth size, changes in 
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craniofacial morphology, floppy ears or alteration in reproductive cycle. These 
common features of domestication can be traced to development and migration of 
neural crest cells during embryogenesis (Sánchez-Villagra, Geiger, & Schneider, 
2016; Wilkins, 2020; Wilkins, Wrangham, & Tecumseh Fitch, 2014). The neural 
crest hypothesis explains how the ‘domestication syndrome’ traits can arise 
independently in several species without deliberate selection (Sánchez-Villagra et 
al., 2016; Wilkins, 2020; Wilkins et al., 2014). 

Domestication can be defined as a form of mutualism that develops between 
human and the target plant or animal population, with humans controlling the 
breeding or propagation of these species (Zeder, Emshwiller, Smith, & Bradley, 
2006). Domestication only refers to the original domestication event and not the 
possible later admixture events involving wild species (Larson & Burger, 2013). 
The first domesticated animal was dog (Canis lupus) around 20,000–40,000 years 
ago (Botigué et al., 2017), followed by sheep (Ovis aries), goat (Capra aegagrus), 
pig (Sus scrofa) and cattle (Bos taurus) 10,500–11,000 years ago in the Fertile 
Crescent area (Zeder, 2008). Three pathways of domestication are currently 
recognised: commensal, prey and directed pathway (Zeder, 2012). In the 
commensal pathway, animals were drawn to human habitats because they could 
feed on human refuse or prey on other animals in the anthropogenic environments. 
This initiated a commensal relationship that gradually intensified into a domestic 
relationship. In the prey pathway the animals were initially hunted and game-
management strategies were developed to maximize the prey availability. Over 
time these game-management strategies developed into herd-management 
strategies with control over the movement and breeding of the animals. The 
directed pathway involves the deliberate process of domestication.  

Domestication genetics and genomics have shed light on the genetic basis of 
domestication, the mechanisms of artificial selection and the identification of genes 
involved in domestication, yielding many insights into the domestication process 
(Bruford, Bradley, & Luikart, 2003; Groeneveld et al., 2010; Wang, Xie, Peng, 
Irwin, & Zhang, 2014). However, studying modern populations cannot necessarily 
reveal all the temporal changes related to domestication. Ancient DNA studies have 
revealed that the domestication process can be very complex including admixture 
with wild species, domestic animals going feral, population turnover events and 
gradual selection of phenotypic traits (Brunson & Reich, 2019). Thus, studying the 
genetic variation in modern specimens does not necessarily tell about past 
population dynamics. In addition, often the current breeds are the result of intensive 
artificial selection and intentional hybridization of breeds during the past 200 years 
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and thus might not represent the historical landrace breeds (Chessa et al., 2009; 
Larson et al., 2012). For example, the genetic variation in modern domestic pigs 
indicates European ancestry, when in fact aDNA studies have shown that the pig 
was actually domesticated from wild boars in the Near East (Frantz et al., 2019). 
After introduction of Anatolian pigs to Europe during the Neolithic, a near-
complete population turnover occurred due to interbreeding of the domestic pigs 
and local wild boars (Frantz et al., 2019). 

Archaeogenetics and -genomics (aDNA extracted from archaeological remains) 
can thus provide temporal insights into the evolutionary processes that have shaped 
the current domestic forms and into how humans have impacted the domesticates 
(Brunson & Reich, 2019; Larson & Fuller, 2014). Ancient DNA is very useful for 
studying the original location and timing of domestication, tracking the spread of 
domestic animals, demonstrating admixture events between wild and domestic 
populations and tracking emergence of functional genomic variation and selection 
(MacHugh, Larson, & Orlando, 2017; McHugo et al., 2019). 

1.3 Aims of the study 

In this thesis, the aim is to study evolutionary and conservation genetics of two 
goose species that are currently under anthropogenic impact. Geese are especially 
important subsistence species in Nordic cultures, with migratory geese hunted in 
large numbers. Historically, geese have been important and often seasonal source 
of food and feathers. Besides hunting, humans have formed a more intricate 
relationship with geese by domestication. Here, I concentrate on European goose 
species, with especial focus on Finland and Russia. I will use taiga bean goose 
(Anser fabalis fabalis) as an example of a hunted species and European domestic 
goose (A. anser) of a domesticated species. The taiga bean goose population has 
declined to half of its 1990s size and is thus of conservation and management 
concern. Studies in the breeding grounds of the taiga bean goose are very limited 
due the elusiveness of this species and even the taxonomy is still controversial. The 
European domestic goose was domesticated from the greylag goose (A. anser), but 
otherwise its evolutionary history is largely unknown. Specifically, I aim to address 
the following study questions: 

1. The amount of genomic differentiation between taiga and tundra bean goose 
(A. f. rossicus) and their taxonomical status (I). 
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2. Genetic population structure and the amount of genetic diversity within taiga 
bean geese breeding in Finland using non-invasive sampling (II). 

3. Subspecies composition of bean goose hunting bag in Finland using genetic 
methods (III). 

4. Local evolutionary history of European domestic goose in Russia using ancient 
DNA extracted from archaeological bones (IV). 
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2 Material and methods  
In the following section, the study species are described in more detail than in the 
original papers (I–IV). Materials and methods are only briefly described as detailed 
information about the methods is provided in the original papers (I–IV). 

2.1 Study species 

2.1.1 Bean goose 

The bean goose (Anser fabalis) is a Palearctic species breeding from Fennoscandia 
to Siberia and wintering in northwestern and southwestern Europe, central Asia, 
China, Japan and the Koreas (Scott & Rose, 1996; Fig. 1). The bean goose can be 
distinguished from other grey geese (genus Anser) by its bright orange legs and bill 
colouration. Two different breeding forms can be distinguished: the taiga bean 
geese breeding in the forested taiga zone (A. f. fabalis and A. f. middendorffii) and 
the tundra bean geese breeding in more tundra like habitats (A. f. rossicus and A. f. 
serrirostris). The taiga forms have a more elongate swan-like body shape and a 
long, slender bill with almost straight lower mandible (Delacour, 1951). The tundra 
forms have a stockier body shape with a shorter bill that is higher near the base and 
a distinctive curved lower mandible referred to as the ‘grinning patch’ (Delacour, 
1951). The subspecies differ in size with A. f. middendorffii being the largest and 
A. f. rossicus the smallest of them (Madge & Burn, 1988). The colour of the bill 
also differs between the subspecies, but due to a large amount of individual 
variation, the subspecies identification can be very challenging (Madge & Burn, 
1988). Often trait values overlap between subspecies. For identification of A. f. 
fabalis and A. f. rossicus, two measurements have been suggested: the number of 
tomia (“teeth”) in the upper mandible and the height of the lower mandible, i.e. the 
grinning patch (de Jong, 2019). For identification of A. f. serrirostris and A. f. 
middendorffii, the shape of the bill has been determined as the best feature (Kurechi, 
Yokota, & Otsu, 1983). 
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Fig. 1. The breeding ranges of the bean goose subspecies (A. f. fabalis, A. f. rossicus, 
A. f. serrirostris and A. f. middendorffii) shown in grey colours and the wintering areas 
shown in black. The western subspecies (A. f. fabalis and A. f. rossicus) overwinter in 
Europe or central Asia and the eastern subspecies (A. f. serrirostris and A. f. 
middendorffii) overwinter in East Asia. Redrawn from BirdLife International (2018). 

The western taiga bean goose (A. f. fabalis) breeds from Scandinavia to 
Western Siberia and winters mainly in Southern Sweden and Denmark and to a 
lesser extent in the Netherlands, Western Germany, Poland and Britain (Nilsson, 
van den Bergh, & Madsen, 1999; Fig 1). The most eastern populations winter in 
Central Asia (Heinicke, 2009; Fig.1). The breeding habitat of the western taiga bean 
goose includes different types of mires, mire forests, ponds, small lakes and streams 
(Nilsson et al., 1999). Failed breeders and juveniles perform a moult migration 
mainly to Novaja Zemlja (Nilsson, de Jong, Heinicke, & Sjöberg, 2010) but 
moulting flocks have also been noted in Finnmark and the Kola Peninsula (Nilsson 
et al., 1999). 

The breeding range of the eastern taiga bean goose (A. f. middendorffii) covers 
an area from Taimyr and Khatanga basins to the Sea of Okhotsk in Russia 
(Dementʹev & Gladkov, 1967; Fig 1). The southern range extends to Kazakhstan, 
Mongolia and China. The wintering range covers Japan and the eastern provinces 
of China (Dementʹev & Gladkov, 1967; Fig. 1). Breeding habitats are mossy 
marshes, river valleys, subalpine moraine plateaus with swamps and lakes, 
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paludified (forest turning into peatland) valleys of high mountain rivers and 
montane lakes (Dementʹev & Gladkov, 1967). The moulting areas of subadults and 
failed breeders are in the Sayan and Altai mountains (Dementʹev & Gladkov, 1967). 

The western tundra bean goose (A. f. rossicus) breeds in Russia from the Kola 
Peninsula to the Taimyr Peninsula (Scott & Rose, 1996) and in the Finnmark region 
of Norway (Aarvak & Øien, 2009) (Fig. 1). The wintering range covers mainly 
Western and Central Europe (van den Bergh, 1999; Fig. 1) with the Finnmark 
breeding birds overwintering mainly in Southern Sweden, but moving to Denmark 
and Germany in severe winters (de Jong, Heinicke, Aarvak, & Øien, 2013). 
Breeding habitat consists of various types of open tundra but sedge and grass 
vegetation near lakes or rivers are preferred (van den Bergh, 1999). Juveniles and 
failed breeders perform moult migrations to large or medium sized lakes on Kola 
Peninsula, Bol´shezemelskaya tundra, Lumbovka-Ponoy-Reka District, Yugorsky 
Peninsula, Vaygach Island and Vashutkiny, Padimeyskiye and Khargeyskiye Lakes 
(van den Bergh, 1999). 

The eastern tundra bean goose (A. f. serrirostris) breeds in Russia in an area 
between the Khatanga-Lena interfluve to Anadyr and winters mainly in Northern 
China and in small numbers in Japan (Dementʹev & Gladkov, 1967; Fig. 1). 
Breeding habitat consists of open tundra with lakes, subdivided rivers with islands, 
in addition to small streams on tundra or woody tundra (Dementʹev & Gladkov, 
1967). Immature geese and failed breeders gather on lacustrine (drained ancient 
lake filled with sediments) banks in open tundra, to maritime tundra or to islands 
of the Novosibirskii Archipelago to moult (Dementʹev & Gladkov, 1967). 

The bean goose is closely related to the pink-footed goose (A. brachyrhynchus), 
that breeds in Greenland, Svalbard and Iceland (Scott & Rose, 1996). The 
taxonomy of the bean goose-pink-footed goose complex has been very complicated 
with numerous changes occurring since the first taxonomic review by Naumann 
(1842). The number of species has varied from one to six and even up to eight 
subspecies, but most of these were merely different colour forms of the bean goose 
(Ruokonen & Aarvak, 2011). Delacour (1951) divided the bean goose into taiga (A. 
f. fabalis, A. f. johansenii and A. f. middendorffii) and tundra breeding forms (A. f. 
rossicus and A. f. serrirostris) with the pink-footed goose treated as subspecies of 
the tundra bean goose group (A. f. brachyrhynchus). Currently, the pink-footed 
goose is classified as a separate species and A. f. johanseni is not accepted as a valid 
taxon. Delacour (1951) described A. f. johanseni as an intermediate form between 
A. f. fabalis and A. f. middendorffii, but no evidence of intermediate forms or 
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‘intergradation zones’ between subspecies exists (Burgers, Smit, & Van Der Voet, 
1991; Ruokonen & Aarvak, 2011; Sangster & Oreel, 1996). 

More recently, Sangster and Oreel (1996) suggested that the bean goose should 
be divided into two species: A. fabalis (including A. f. fabalis and A. f. middendorffii) 
and A. serrirostris (including A. s. rossicus and A. s. serrirostris). This taxonomical 
view is popular among many ornithological checklists (Chesser et al., 2019; 
Clements et al., 2019; Gill & Donsker, 2019). Another commonly used 
classification is one species with four subspecies (A. f. fabalis, A. f. rossicus, A. f. 
serrirostris and A. f. middendorffii) (Mooij & Zöckler, 1999), which is also 
followed in this thesis. There is support for this classification based on a study with 
mitochondrial DNA (Ruokonen, Litvin, & Aarvak, 2008), except that in this study 
a species status was suggested for the Middendorf’s goose (A. middendorffii). 
Surprisingly, a phylogenomic study based on exome sequencing found a sister-
species relationship between the tundra bean goose (A. f. rossicus) and the pink-
footed goose (Ottenburghs, Megens, et al., 2016). The incongruence between 
different genetic markers could be due to incomplete lineage sorting or 
hybridization between goose species (Ottenburghs, Megens, et al., 2016; Ruokonen, 
Kvist, & Lumme, 2000). The taxonomical positions of the eastern subspecies A. f. 
serrirostris and A. f. middendorffii were not evaluated in the study of Ottenburghs, 
Megens, et al. (2016) and thus remain uncertain.  

All subspecies of the bean goose show decreasing current and long term 
population trends except the western tundra bean goose (A. f. rossicus) and the 
eastern tundra bean goose (A. f. serrirostris) (Fox & Leafloor, 2018; Table 1). The 
western tundra bean goose (A. f. rossicus) has a large population size (600,000 
individuals) and similarly the population size for the eastern tundra bean goose (A. 
f. serrirostris) is fairly large (114,000–218,000 individuals), but the exact 
population size is uncertain (Fox & Leafloor, 2018; Table 1). The western taiga 
bean goose (A. f. fabalis) has a much smaller population size of 53,000–57,000 
individuals while the eastern taiga bean goose (A. f. middendorffii) population is 
only 18,000 individuals (Fox & Leafloor, 2018; Table 1). The population sizes of 
the eastern subspecies are only a fraction of their former sizes that could have 
reached over a million birds (Syroechkovskiy, 2006). The western taiga bean goose 
(A. f. fabalis) has declined significantly as well, and the current population size 
estimate is only a half of the 1990s populations size (90,000–100,000 individuals; 
Nilsson et al., 1999).  
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Table 1. Estimated population sizes of bean goose (Anser fabalis) divided into different 
populations. Year of the population estimate, estimation method, recent trend (10 years) 
and long term trend (> 10 years) are presented. Data from Fox and Leafloor (2018). 

Bean goose population Size Year Estimation 

method 

Recent 

trend 

Long term 

trend 

A. f. fabalis      

NE & NW Europe 52,000 2015 Count Decreasing Decreasing 

W Siberia/central Asia 1,000–5,000 2008 Expert Decreasing Decreasing 

A. f. rossicus      

Siberia/NE & SW Europe 600,000 2013 Count Increasing Increasing 

A. f. middendorffii      

Okhotsk/Kamchatka-

Japan 

6,000 2007–

2011 

Count Decreasing Decreasing 

Yakutia/E Asia 6,000 2007–

2011 

Best guess Decreasing Decreasing 

Sayan/E China 6,000 2007–

2011 

Expert Decreasing Decreasing 

A. f. serrirostris      

Russia/Japan 2,000 2007–

2011 

Count Stable? Stable? 

Russia/Korea 60,000 2007–

2011 

Count Stable? Stable? 

Russia/China 52,000–

156,000 

2007–

2011 

Expert Stable? Stable? 

Bean geese are hunted throughout most of their range. In Europe, almost 36,000 
individuals are shot every year, however, the majority of the hunting bag consists 
of the western tundra bean goose (A. f. rossicus) (Hirschfeld & Heyd, 2005). The 
western taiga bean geese (A. f. fabalis) are hunted especially in Russia, Sweden, 
Denmark and, prior to hunting moratorium, in Finland. The hunting of the bean 
geese was banned in Finland during years 2014–2016 and was reopened in 2017 in 
south-eastern Finland where mainly western tundra bean geese (A. f. rossicus) 
occur (see section 3.4). The different subspecies have not been separated in the 
hunting bag statistics, which makes the assessment of the proportion of the 
declining western taiga bean goose (A. f. fabalis) in the hunting bags challenging. 
Only within the recent years, there has been interest to separate the different 
subspecies in the hunting statistics and it has been estimated that probably over 
4000 western taiga bean geese (A. f. fabalis) are hunted yearly (Heldbjerg et al., 
2019). However, this number does not include Russia as in the “official” hunting 
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statistics the different goose species are not separated, thus many thousands of more 
western taiga bean geese (A. f. fabalis) are probably hunted in Russia (Solokha & 
Gorokhovsky, 2017). The hunting pressure on the western taiga bean goose (A. f. 
fabalis) can be high as evidenced by large number of embedded shotgun pellets 
within the bodies of the taiga bean geese (Jönsson, Karlsson, & Svensson, 1985). 

The bean goose is listed as least vulnerable in the IUCN Red List (BirdLife 
International, 2018) because the different subspecies are not treated separately. An 
International Single Species Action Plan (ISSAP) has been developed for the 
western taiga bean goose (A. f. fabalis) by AEWA (Agreement on the Conservation 
of African-Eurasian Migratory Waterbirds) (Marjakangas et al., 2015). This is the 
first management plan for a species in decline that is still open for hunting. The 
plan outlines the framework for the sustainable management of the western taiga 
bean goose (A. f. fabalis) with its long-term goal being the restoration of population 
numbers to a favourable level (Marjakangas et al., 2015). The ISSAP acknowledges 
legal and illegal hunting being one of the most significant threats to both adult 
survival and reproductive rates, in addition to loss, fragmentation and degradation 
of habitat due to anthropogenic activities such as forestry and infrastructure 
development (Marjakangas et al., 2015). 

However, neither the IUCN (Rivers, Brummit, Lughadha, & Meagher, 2014) 
nor the ISSAP take into account any genetic aspects. This reflects the general trend 
of international conservation policies to lack implementation of genetic factors 
(Coates et al., 2018; Cook & Sgrò, 2017; Laikre, 2010). Delineation of genetically 
differentiated populations is especially important for harvested species, as 
overharvesting can cause the extinction of populations (Burney & Flannery, 2005). 
In addition, harvesting leads to genetic changes such as alteration of population 
subdivision, as harvesting of a mixture of several subpopulations can lead to the 
extinction of one or more subpopulations (Allendorf et al., 2008). Harvesting can 
also lead to reduced population size and thus to loss of genetic diversity which may 
reduce the adaptive potential of the population (Allendorf et al., 2008). Selective 
genetic changes can occur if the hunting is directed to certain phenotypes with at 
least a partial genetic basis, such as in the case of trophy hunting (Allendorf et al., 
2008). In this thesis, the aim is to provide genetic assessment of the western taiga 
bean goose (A. f. fabalis) for conservation and management purposes. As my focus 
is on the bean geese occurring in Europe, from hereon I refer the A. f. fabalis as the 
taiga bean goose and A. f. rossicus as the tundra bean goose, unless otherwise stated. 
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2.1.2 Domestic goose 

The European domestic goose was derived from the wild greylag goose (A. anser; 
Shi, Wang, Zeng, & Qiu, 2006; Sun et al., 2014; Wang et al., 2010) supposedly 
around 3000 BCE in southeastern Europe or Egypt (Albarella, 2005; Crawford, 
1984; Zeuner, 1963). Geese were also domesticated in Southeast Asia from the 
swan goose (A. cygnoid) and this form is known as the Chinese goose (Li, Zhu, 
Chen, Xu, & Song, 2011; Ren, Liang, Zhao, & He, 2016; Shi et al., 2006; Sun et 
al., 2014; Wang et al., 2010). All Asian goose breeds are of swan goose origin 
except for the Yili breed that is of greylag origin. European and Chinese domestic 
geese can readily hybridize and many modern European breeds possess some 
Chinese goose ancestry (Heikkinen et al., 2015, 2019). Some breeds have been 
intentionally created by crossing European and Chinese geese. In addition, the wild 
and domestic forms can interbreed (Heikkinen et al., 2015) and it has been noted 
that greylag genomes contain a substantial domestic goose ancestry (Heikkinen et 
al., 2019). As we focus on the European domestic goose, the term ‘domestic goose’ 
here refers to the European domestic goose, unless otherwise stated. 

The greylag, as the progenitor of the domestic goose, is a widespread species 
throughout boreal and temperate latitudes in Europe and Asia and the wintering 
area covers southern and western Europe, North-Africa, Middle East, India and 
southern China (Scott & Rose, 1996). Two greylag subspecies are currently 
recognized: the nominate western A. a. anser breeding in northwest Europe and the 
eastern A. a. rubrirostris breeding in southeast Europe and Asia (Scott & Rose, 
1996). The subspecies make contact in central and eastern Europe and wild 
greylags interbreed with feral populations e.g. in Belgium, where A. a. rubrirostris 
was introduced (Scott & Rose, 1996). The nominate A. a. anser is characterized by 
an orange bill and the eastern A. a. rubrirostris by a pink bill and paler plumage 
tone (Madge & Burn, 1988). Domestic geese are thought to have originated from 
the A. a. rubrirostris-subspecies as they also have pink bills and paler plumage 
(Kear, 1990). The subspecies are also genetically differentiated at the genomic level 
(Heikkinen et al., 2019). 

The goose is easy to keep captive when starting from eggs or goslings because 
young goslings can readily imprint on humans and stay tame for life. Eggs of wild 
geese have been collected in various parts of the world, for example, in 
Fennoscandia (Sirelius, 1919), Scotland (Gray, 1871) and Russia (e.g. Antonovich, 
1890; see paper IV). Also, as geese are migratory, they have a natural tendency to 
gather fat for long migrations. This feature has been exploited by feeding geese to 
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make them too heavy to fly (Zeuner, 1963). Goose domestication has followed the 
prey pathway, in which the species was first hunted before herd-management 
practices started (Larson & Fuller, 2014; see section 1.2.3). Evidence of goose 
domestication is limited and mainly based on few historical documents and 
iconography (Crawford, 1984; Zeuner, 1963). Although goose bones can be found 
in archaeological sites, the distinction between wild greylags and domestic geese 
is often not attempted (Albarella, 2005). All species of Anser have very similar 
skeletal morphology and identifying between the wild and the domestic form of the 
same species is even more challenging. Especially, the earliest domestic goose 
bones are difficult to separate from the wild form, as only later during the 
domestication process did the domestic goose bones become larger and more robust 
(Reichstein & Piper, 1986).  

Zeuner (1963) claims that geese were kept by humans from the Neolithic 
onwards (3000 BCE) and that the origin of domestication was in ancient Greece. 
However, he does not provide any tangible evidence for his claim as the first 
reliable evidence of domestic geese in Europe comes from a much later period – 
based on The Odyssey (700 BCE) (Zeuner, 1963). In The Odyssey Penelope is 
described to have owned twenty tame geese. Another possible domestication origin 
was in the Old Kingdom Egypt (2686–1991 BCE), as tomb art depicts captive 
greylag and greater white-fronted geese (A. albifrons) and force-feeding of geese 
(Zeuner, 1963). However, as wild birds such as cranes and even hyenas were also 
stuffed, this does not necessarily mean that the geese were domesticated. Geese are 
depicted in Mesopotamian art as well (2900–2350 BCE), but it is also uncertain 
whether these pictures represent truly domesticated geese. Unlike Zeuner (1963), 
Albarella (2005) favours the Egyptian origin of the domestic goose. As well as this 
possible domestication, the Egyptians also domesticated the Egyptian goose 
(Alopochen egyptiacus) during the Old Kingdom times (2300 BCE) but it ceased 
to be farmed after Persians conquered the country (525 BCE) (Kear, 1990). It 
should be noted, however, that the Egyptian goose is not a ‘true goose’ as only the 
genera Anser and Branta are regarded as true geese. 

Geese were certainly domesticated by the New Kingdom times (1552–1151 
BCE) as Egyptian wall paintings show geese in farmyards and flocks of differently 
coloured geese (Boessneck, 1960; Fig. 2). White colour is a clear indication of 
domestication as even though leucistic individuals can exist in the nature, they are 
very rare and more prone to predation. In the tomb painting from Nebanem, clearly 
some of the geese have white or piebald plumage (Fig. 2). Goose husbandry was 
well established by Roman times (100 BCE) and several different varieties of geese 
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were recognized, such as mottled, large white and small white German types 
(Albarella, 2005). Generally, the white types were more valued, probably because 
the white forms grow faster and have milder tasting meat (Kear, 1990). The stuffing 
of geese to produce enlarged livers, a delicacy known as the Pâté de Foie Gras, was 
also known in the Roman times and eggs, feathers and down were utilized, as 
indicated by Roman authors Varro (De Re Rustic, Book III), Columella (De Re 
Rustica, Book VIII) and Pliny the Elder (Naturalis Historia, Book X) (Albarella, 
2005). Feathers and down were used in cushions and upholstery and quills were 
used for writing (Zeuner, 1963). Geese were also kept as watchdogs due to their 
loud cackling. A famous story describes how the cackling of sacred geese in the 
temple of Juno awakened sleeping Roman soldiers and the temple of Juno was 
saved against attacking Gauls (Albarella, 2005). Geese have also been considered 
sacred in at least Roman Egypt, Asia Minor, Greece and Roman Italy (Albarella, 
2005). 

 

Fig. 2. Wall painting from the tomb-chapel of Nebanem during the Egyptian 18th Dynasty 
(1350 BCE) showing flocks of differently coloured geese. Photo courtesy: The Trustees 
of the British Museum (CC BY-NC-SA 4.0). 

Even though the goose was well-established poultry by Roman times, during 
Medieval times goose husbandry reached its peak (Albarella, 2005; Slavin, 2010). 
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In the Middle Ages, geese were kept by peasants and traded in markets and fairs, 
to which the geese were driven by cart or on foot (Kear, 1990). Often the geese 
were ‘shoed’ by letting them walk over tar and sand to avoid damage in their feet 
during the long walks (Kear, 1990). Some of the modern goose breeds are described 
to have originated prior the mid-19th century, such as Embden, Toulouse and 
Sebastobol together with the swan goose derivatives “Chinese” and “African” 
(Crawford, 1984; Kear, 1990; Tegetmeier, 1867). These breeds have been, however, 
intensively selected during the past two centuries to create the modern breeds. 

Currently, FAO (Food and Agriculture Organization) recognizes 182 local 
breeds of geese (limited to one country) and 23 transboundary breeds (occurring in 
several countries) including both greylag and swan goose ancestry (FAO, 2015). 
Twenty-four percent of goose breeds have either critical status or are endangered 
or extinct, with 64% of geese breeds having unknown risk status due to a lack of 
population assessment (FAO, 2015). Many countries and regions have developed 
their own goose breeds and these landrace breeds often harbour a lot of genetic 
diversity that could be used for breed improvement, however, these resources 
remain underutilized (Buckland & Guy, 2002). Local breeds are often replaced by 
high-output commercial breeds and thus genetic diversity is often lost (Taberlet et 
al., 2008). Even though the population numbers of commercial breeds can be very 
high, their effective population sizes may be small due to the use of few breeding 
animals, especially a small number of males and these populations can suffer from 
the effects of inbreeding (Taberlet et al., 2008).  

2.2 Sampling 

In study II, the aim was to sample throughout the whole breeding range of the taiga 
bean goose in Finland. Consequently, 2161 feathers were collected mainly in the 
years 2016–2018 (n = 2147) supplemented with feathers collected between years 
2006–2014 (n = 14). In addition, we sampled taiga and tundra bean geese from 
Norway, Sweden, Finland and Estonia and the closely related pink-footed geese 
from Iceland (n = 7 in each group) to serve as outgroups for the Finnish breeding 
population (II).  

Samples in study III covered the migration routes of the taiga and the tundra 
bean goose within Finland and were collected between the years 2010–2013 during 
the legal hunting season (n = 103). In addition we sampled western taiga bean 
goose (A. f. fabalis; n = 8), eastern taiga bean goose (A. f. middendorffii; n = 15), 
western tundra bean goose (A. f. rossicus; n = 22) and eastern tundra bean goose (A. 
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f. serrirostris; n = 10) of known breeding origin. Seven taiga bean goose individuals 
and seven tundra bean goose individuals from study III were selected for study I. 
Two additional taiga bean geese were collected from Sweden and two tundra bean 
geese were collected from the Netherlands for study I.  

Archaeological bones of morphologically identified domestic geese or 
probable domestic geese were sampled for study IV from Russia, mainly from the 
Middle Volga region, but also from Leningrad and Pskov regions (n = 67). These 
samples were from 4th–18th century CE (onset of Early Medieval to Post-Medieval 
period), dated based on the archaeological layer. 

2.3 DNA extraction 

DNA was extracted using various methods depending on the sample type. Tissue 
and blood samples were extracted using the Gentra Puregene Tissue kit (Qiagen) 
(I) or DNeasy Blood & Tissue Kit (Qiagen) (III). Feather samples were extracted 
using the QuickExtract DNA Extraction Solution (Lucigen) (II).  

Archaeological samples (IV) were extracted in dedicated aDNA laboratory 
facilities that were physically separated from modern DNA and post-PCR 
laboratories. Several measures to avoid the contamination of the ancient samples 
were used. The aDNA laboratories had positive air pressure and air filtration 
systems in order to ensure that the spaces used were clean and dust free. A 
protective suit and a face mask were used when working in the aDNA lab in order 
to avoid the deposition of human DNA into the samples. Also, double gloves were 
used and the outer gloves were changed frequently. The bone drilling was 
performed in a different room from the DNA extraction and the PCR set-up. All 
drilling was performed in a fume hood that was UV-treated after each sampling 
session. The PCR set-up was done in a UV-sterilizing PCR workstation. All 
equipment was sterile and filter tips were used in pipetting. Drill parts and the tube 
rags were sterilized using sodium hypochlorite treatment. Negative controls were 
used both in the DNA extraction and the PCR set-up to monitor for contamination 
of the reagents. All sequences were amplified at least twice to control for the 
presence of post-mortem base modification and polymerase induced errors. 

For the aDNA extraction (IV), the inner and outer surface of bone was removed 
by drilling because the bird bones are hollow. After cleaning the surfaces, 50–150 
mg of bone powder was drilled and a modified silica spin-column based DNA 
extraction was performed (Gamba et al., 2014, 2016; Yang, Eng, Waye, Dudar, & 
Saunders, 1998). The samples were first incubated in a lysis buffer using a pre-
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digestion step (see section 1.2.1), the DNA was then concentrated using Amicon® 
Ultra-4 Centrifugal Filter Unit 30 kDA (Merck Millipore) and finally the DNA was 
purified using MinElute PCR purification Kit (Qiagen). 

2.4 Mitochondrial DNA 

Animal mitochondrial DNA (mtDNA) is a circular DNA molecule and has an 
important function in the energy metabolism of the cell, as well as in intermediary 
metabolism, calcium signaling and apoptosis (Chan, 2006). The size of the 
mitogenome is 15–20 kb and it contains 37 genes and a non-coding region of 
variable length, known as the control region or the D-loop. The control region 
contains the transcription and replication start site i.e. origin of replication (ORI). 
Mitochondrial DNA is almost always maternally inherited and non-recombining 
(Birky, 2001) and this simple inheritance pattern makes it a useful marker for 
phylogenetics and demographic history (Ballard & Whitlock, 2004). Exceptions to 
these inheritance patters have been documented though, such as paternal leakage, 
heteroplasmy and recombination (White, Wolff, Pierson, & Gemmell, 2008). There 
are multiple copies of mtDNA, even up to thousands in each cell, which makes it 
an ideal genetic marker for studying samples with low DNA content, such as non-
invasively collected, historical or archaeological samples. 

The mutation rate for mtDNA can be 9–25 times higher than for the nuclear 
genome (Lynch, Koskella, & Schaack, 2006), with the control region being the 
most variable part of the mitogenome. The high substitution rate of the control 
region makes it an ideal marker for closely related species with low sequence 
divergence, such as the Anser species (Ruokonen et al., 2000). In addition, the 
effective population size of the mitogenome is a quarter of the nuclear genome due 
to uniparental inheritance and haploidy, which makes coalescence more likely in 
the mtDNA. The avian control region has three domains of which domain II is 
conserved but domain I and III are variable (Ruokonen & Kvist, 2002). In study 
III the flanking tRNAglu gene and the whole control region (1235 bp) was 
sequenced. About half of the variable sites in the control region are concentrated in 
domain I (hypervariable region 1, HVR1) in geese (Ruokonen et al., 2000). In 
studies II and IV I sequenced this hypervariable part of the mtDNA control region 
(210 bp). 

Nuclear sequences of mitochondrial origin (Numts) (Lopez, Yuhki, Masuda, 
Modi, & O’Brien, 1994) are mitochondrial pseudogenes that are integrated into the 
nuclear genome and are found within a variety of organisms (Bensasson, Zhang, 
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Hartl, & Hewitt, 2001) including birds (Sorenson & Quinn, 1998). The occurrence 
of Numts in the nuclear genome is thought to be a part of the ongoing transfer of 
mtDNA genes to nucleus through a gene transfer ratchet (Ford Doolittle, 1998). 
Numts are problematic for mtDNA based phylogenetic studies, as the accidental 
amplification of the Numt can lead to incorrect inferences of evolutionary history 
(Bensasson et al., 2001; Sorenson & Quinn, 1998). However, as the Numts are 
molecular fossils resembling ancestral mitochondrial sequences, they can be 
utilized to infer the ancestral mtDNA state and to root phylogenetic trees 
(Bensasson et al., 2001; Sorenson & Quinn, 1998). 

In geese, a Numt derived from the control region has been identified 
(Ruokonen et al., 2000). The true mtDNA sequences were amplified using mtDNA 
enriched isolates and long-range PCR (Ruokonen et al., 2000), as these methods 
target specifically the mtDNA (Bensasson et al., 2001; Sorenson & Quinn, 1998). 
The same Numt was identified in all Anser species except for the snow goose (A. 
caerulescens) and Ross’s goose (A. rossii) (Ruokonen et al., 2000). As the sequence 
of the Numt was known, primers could be developed to contain mismatches to the 
Numt and thus target the mtDNA only. In studies II and IV, I developed primers 
that targeted the most variable HVR1 region. In study IV, the HVR1 region was 
amplified in two short fragments (111 bp and 123 bp), as the DNA is heavily 
fragmented in ancient samples (see section 1.2.1). In study III, primers targeting 
the whole control region (1235 bp) were used (Ruokonen et al., 2000). 

2.5 Microsatellites 

Microsatellites, also known as simple sequence repeats (SSRs) or short tandem 
repeats (STRs), are highly polymorphic genetic markers that consist of tandem 
repeats of 1–6 nucleotides found in nuclear genomes of wide range of taxa (Jarne 
& Lagoda, 1996). Microsatellites usually vary in length between 5 and 40 repeats 
and usually di-, tri- and tetranucleotide repeats are used in genetic studies (Selkoe 
& Toonen, 2006). Variation in microsatellites is not based on sequence difference, 
but on the different lengths of the microsatellite alleles reflecting the different 
number of repeats units. The mutational process of microsatellites is usually 
explained by stepwise mutation model (SMM), in which each new mutation alters 
the length of the microsatellite by one repeat unit (Ellegren, 2004). This is due to 
the slippage of the DNA polymerase during DNA replication. However, 
microsatellite evolution is not completely explained by SMM - microsatellites are 
thought to evolve by both SMM and point mutations (Ellegren, 2004). 
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The mutation rates of microsatellites (10-3-10-4) are several orders of magnitude 
higher than in other nuclear DNA (10-9) (Ellegren, 2000). Thus, microsatellites are 
highly polymorphic markers and usually show high heterozygosity. Microsatellites 
vary at individual and population levels, and are highly suited to study population 
structure, migration rates, recent demographic changes and kinship (Selkoe & 
Toonen, 2006). Microsatellite markers are so variable that they can be utilized to 
distinguish different individuals from each other, a property that I took advantage 
of in study I. Microsatellites can be multiplexed so that several loci are amplified 
in a single reaction using fluorescently labelled primers, so the cost of amplifying 
many markers can be significantly reduced (Guichoux et al., 2011). In study II, 
four multiplex-reactions of 22 microsatellite markers were used in order to resolve 
population structure, parentage, relatedness, effective population size, past 
bottlenecks and hybridization. Two multiplexes of 16 microsatellite markers were 
used in study III (13 shared markers between studies II and III), in order to test 
the utility of microsatellite markers for subspecies identification in bean geese and 
to analyse genetic variation. 

2.6 Single-nucleotide polymorphisms 

Single-nucleotide polymorphisms (SNPs) are nucleotide positions in the genome 
in which alternative nucleotides are present, and the least frequent allele has a 
frequency of 1% or more. The SNPs are found throughout the genomes of different 
organisms, both in coding and non-coding regions. SNP markers are usually 
biallelic, while microsatellites are multiallelic, which means that many more SNPs 
are needed than microsatellites to reach the same resolution (Morin, Luikart, Wayne, 
& the SNP workshop group, 2004). However, large numbers of SNPs can be easily 
studied due their abundance in the genome. SNPs can provide more statistical 
power in the estimation of population structure, gene flow, individual identification, 
relatedness, inbreeding, demography and selection than other genetic markers 
(Morin et al., 2004; Shafer et al., 2015). 

Next-generation sequencing platforms enable the discovery and genotyping of 
thousands to millions of SNPs directly from sequencing data. SNP discovery can 
be performed for example using reduced-representation sequencing (Davey et al., 
2011), such as RAD-seq (restriction-site-associated DNA sequencing) (Baird et al., 
2008; Miller, Dunham, Amores, Cresko, & Johnson, 2007) or GBS (Genotype-by-
Sequencing) (Elshire et al., 2011), or by whole-genome sequencing or re-
sequencing (Ellegren, 2014; Fuentes-Pardo & Ruzzante, 2017). We used whole-
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genome re-sequencing to discover SNPs in the genomes of the taiga and the tundra 
bean goose, in order to study their evolutionary history (I). The sequencing data 
was produced by an Illumina HiSeqX. 

2.7 Genetic analyses 

2.7.1 Genome-wide differentiation 

Genomic differentiation between the taiga and the tundra bean goose was studied 
at a genomic level by calculating summary statistics on a filtered set of SNPs (I). 
These statistics included measures of relative divergence (fixation index, FST), 
absolute divergence (dXY), nucleotide diversity (π) and Tajima’s D (D) (Tajima, 
1989). FST is referred to as the relative measure of divergence as it is strongly 
influenced by within-population variation. It is thus inflated, if the diversity within 
population is low. To prevent the problem of dependence of the relative measures 
on the within-species polymorphism, we also calculated absolute divergence 
measured as dXY (Cruickshank & Hahn, 2014; originally πXY Nei & Li, 1979). The 
dXY is calculated as the average number of pairwise differences between sequences 
within species and is independent of the within-species diversity (Cruickshank & 
Hahn, 2014). The summary statistics were calculated in non-overlapping windows 
of 200 kb and the resulting landscape of differentiation was visualized by aligning 
scaffolds to the chicken (Gallus gallus) genome. 

2.7.2 Genetic variation 

Genetic variation is commonly measured using number of polymorphic loci, 
heterozygosity and allelic diversity. We quantified genetic diversity in 
microsatellite markers using number of alleles (A), allelic richness (AR), number of 
private alleles (PA) and observed (HO) and expected (HE) heterozygosity. The 
number of alleles is simply the count of the number of alleles in a locus. A is 
influenced by sample size and thus, we also calculated the allelic richness that takes 
into account the sample size by reducing randomly the number of alleles in all but 
the smallest population (rarefaction). The most widely used measure of genetic 
variation is heterozygosity. The observed heterozygosity measures the proportion 
of heterozygous individuals within population, while the expected heterozygosity 
measures the proportion of heterozygotes expected under Hardy-Weinberg 
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equilibrium. These estimates were calculated for the 22 microsatellite markers in 
study II and for the 16 markers in study III. 

The coalescence times of mtDNA markers are four times shorter than in nuclear 
markers because of the fourfold difference between the effective population sizes 
of these markers (Zink & Barrowclough, 2008). Thus, mtDNA should show 
demographic changes in the more recent past. Genetic variation in the mtDNA 
sequences was described by number of haplotypes (H), haplotype diversity (h) and 
nucleotide diversity (π). Haplotype diversity is defined as the proportion of unique 
haplotypes within a sample while nucleotide diversity is defined as the average 
number of nucleotide differences per site between DNA sequences (Nei, 1987). 
These measures were calculated for mtDNA sequences in studies II, III and IV. 

2.7.3 Inbreeding 

Inbreeding can be defined as the mating between individuals that are more closely 
related than expected by chance. Inbreeding was estimated with the inbreeding 
coefficient (FIS) that measures the deviation from Hardy-Weinberg proportions 
within subpopulations (Wright, 1951). A positive value of FIS indicates a deficiency 
of heterozygotes while a negative value indicates an excess of heterozygotes. 
Inbreeding was measured using FIS in study II. 

2.7.4 Individual identity, parentage and relatedness 

Highly variable markers like microsatellites can be used to identify different 
individuals from non-invasively collected feather samples as in study II. Twenty-
two microsatellite markers were used to identify individuals based on occurrence 
of unique multilocus genotypes. I estimated the suitability of the markers for the 
purpose of individual identification by calculating the unbiased probability of 
identity (PID; Kendall & Stuart, 1977) and the probability of identity of siblings 
(PID SIB; Evett & Weir, 1998; Taberlet & Luikart, 1999). 

Microsatellite markers can be used to study parentage and sibship, because 
they follow the rules of Mendelian inheritance and are highly variable (Pemberton, 
2008). Sampling of close kin, such as parent-offspring and siblings can bias some 
of the genetic structure analyses (Anderson & Dunham, 2008; Rodrígues-Ramilo 
& Wang, 2012) and thus should be accounted for in the data. Sibship reconstruction 
(Thomas & Hill, 2002) is the best method for parentage analysis if no parents or 
sibling groups are known a priori (Jones, Small, Paczolt, & Ratterman, 2010), as 
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in our data (II). In the sibship reconstruction methods samples are first grouped 
into different classes of relationship (full-sib, half-sib or unrelated) and the 
parentage is then reconstructed on the basis of these classes either using patterns of 
relatedness or maximum likelihood methods (Jones et al., 2010). In addition, we 
estimated the degree of relatedness (r) i.e. fraction of alleles identical by descent 
(IBD) between pairs of individuals (dyads).  

2.7.5 Genetic structure 

Genetic population structure exists in many natural populations with different 
levels of connectivity between these populations. Often the genetic subdivisions 
are not known a priori and therefore methods that use multilocus genotype data to 
infer population structure and cluster individuals into genetic groups are used 
(Pritchard, Stephens, & Donnelly, 2000). A Bayesian clustering method 
implemented in the program ADMIXTURE was used (Alexander, Novembre, & 
Lange, 2009) in study I and the program Structure (Prithard et al., 2000) in studies 
II and III to infer the population structure. The Bayesian clustering methods have 
an underlying genetic model in which K number of populations (K may be unknown) 
are assumed and these are characterised by a set of allele frequencies within a locus. 
Individuals are then assigned to K populations based on their genotype and 
simultaneously population allele frequencies are estimated (Pritchard et al., 2000). 
These methods assume that all loci are in linkage equilibrium and that populations 
are in Hardy-Weinberg equilibrium. 

I estimated population structure also using multivariate methods that do not 
assume any underlying genetic model. In study I a Principal Component Analysis 
(PCA), in study II a Discriminant Analysis of Principal Components (DAPC) and 
in study III a Factorial Correspondence Analysis (FCA) were used. In PCA, the 
overall variability among individuals is summarised, including both the divergence 
between groups and variation within groups (Jombart, Devillard, & Balloux, 2010). 
DAPC (Jombart et al., 2010) differs from the PCA (Pearson, 1901) in that it 
partitions the divergence between groups and variation within groups and produces 
synthetic variables that maximize between-group variation while minimizing the 
within-group variation. FCA is also a method that provides a means of summarizing 
data in a two-dimensional graphical form (Benzécri, 1973). FCA is similar to PCA 
except that it applies categorical data instead of continuous data.  

I also studied population structure by calculating genetic distances between the 
populations using the fixation index (FST). The fixation index measures genetic 
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differentiation over subpopulations, i.e. deviation from Hardy-Weinberg 
proportions, and is always a positive value (Wright, 1951). FST-values were 
calculated in studies II and III. For mtDNA sequence data, I estimated a FST 

analogue ɸST that takes into account the genealogical information in the sequence 
data. This measure was calculated for studies II, III and IV. 

Natural populations may not necessarily always be subdivided but are 
distributed continuously in the landscape based on suitable habitat. If movement of 
individuals occurs between neighbouring areas instead of random gene flow, 
patterns of isolation-by-distance emerge (Wright, 1943). In most animals, dispersal 
is often limited and thus individuals that are geographically close to each other are 
also likely to be more related. The isolation-by-distance model predicts that when 
geographical distance between individuals grows, so does also genetic distance 
between these individuals. This leads to a positive correlation between the genetic 
and the geographic distance, i.e. to spatial autocorrelation (Meirmans, 2012). I 
tested for the isolation-by-distance in study II using a Mantel test (Mantel, 1967) 
and a spatial autocorrelation test (Smouse & Peakall, 1999). 

2.7.6 Gene flow 

In subdivided populations, the amount of gene flow determines the degree of 
genetic differentiation between the populations. We used demographic modelling 
based on a diffusion approximation to the joint frequency spectrum (FS) of genetic 
variation (Gutenkunst, Hernandez, Williamson, & Bustamante, 2009) to infer past 
population size changes and the timing of gene flow between the taiga and the 
tundra bean goose in study I. For this analysis, SNP data filtered for non-coding 
loci was used. Several different demographic models were tested from strict 
isolation to secondary contact with asymmetrical gene flow. 

2.7.7 Demographic changes and effective population size 

Natural populations may have experienced fluctuations in their demographic 
numbers in the past, due to various environmental factors. Population bottlenecks 
cause a progressive reduction in allele numbers and heterozygosity that can be 
estimated to detect genetic bottlenecks (Cornuet & Luikart, 1996). Allelic diversity 
is lost much faster than heterozygosity, leading to deficiency of rare alleles 
compared to what would be expected based on the observed heterozygosity 
(Cornuet & Luikart, 1996). This test was utilised in study II to detect bottlenecks 
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from microsatellite data. Bottlenecks can also introduce gaps in the allele frequency 
distribution, known as the M ratio (Garza & Williamsson, 2001). For microsatellite 
markers the loss of any allele will lead to a loss of total number of alleles (k). The 
loss of only the smallest and largest alleles will reduce the overall range of the allele 
sizes (r). Thus M = k/r will be smaller in recently bottlenecked population. This test 
was also used in study II. 

To infer possible population size changes for the mtDNA sequence data, I 
calculated Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) in studies II, III and 
IV. Tajima’s D compares the average number of nucleotide differences estimated 
from pairwise comparisons to the number of segregating sites (Tajima, 1989). At 
neutral equilibrium, Tajima’s D is zero, while positive values indicate heterozygote 
advantage (overdominance) or a recent bottleneck. Negative values of Tajima’s D 
indicate either purifying selection or population growth. Fu’s Fs is based on models 
in which DNA polymorphisms tend to exhibit an excess of rare alleles or young 
mutations (Fu, 1997). Similar to Tajima’s D, positive Fu’s Fs values indicate 
overdominance or a population bottleneck. Negative values indicate recent 
population expansion or genetic hitchhiking.  

The total census population size (N) is usually different from the number of 
breeding individuals, which is more important in an evolutionary sense. The 
effective population size (Ne) describes the size of an ideal population that 
experiences the same amount of genetic drift as the studied population. Ne can be 
estimated from genetic data by using either a temporal method that requires at least 
two samples from the study population at different time points or by using single-
sample methods (Do et al., 2014). In study II, I had only one sample population 
and thus a single-sample method that is based on a linkage equilibrium model was 
used (Hill, 1981; Waples, 2006; Waples & Do, 2010). 

2.7.8 Phylogenetic trees and networks 

Evolutionary histories of different organisms and genes can be reconstructed by 
DNA sequence comparisons, with more closely related organisms having more 
similar DNA sequences. Phylogenetic relationships are usually represented in the 
form of phylogenetic trees, which can be built by several methods (Nei & Kumar, 
2000). In study III, the phylogenetic relationships of taiga bean goose subspecies 
were investigated using Bayesian phylogenetic inference with Markov chain Monte 
Carlo (MCMC) (Rannala & Yang, 1996) and maximum likelihood methods 
(Felsenstein, 1981). The Bayesian statistical inference uses a prior distribution 
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(prior belief of the probability of the data) and updates this distribution to a 
posterior distribution based on the observed data using Bayes’ theorem. Thus, the 
search for the most plausible set of trees is limited by the prior distribution and the 
data. Maximum likelihood is based on statistical inference that aims to find the 
phylogenetic tree that has the highest probability of producing the observed data.  

Phylogenetic trees may not adequately describe complex evolutionary 
scenarios such as hybridization, horizontal gene transfer, recombination or gene 
duplications. Phylogenetic networks function better than trees to describe these 
complex evolutionary events (Huson & Bryant, 2006). Even in the absence of 
complex evolutionary histories, phylogenetic networks may provide better 
visualization of the data than phylogenetic trees and can be better suited for within-
species phylogenies (Posada & Crandall, 2001). A phylogenetic network is defined 
as any network that represents taxa as nodes and their evolutionary relationships by 
edges (Huson & Bryant, 2006). A phylogenetic network using the median-joining 
method (Bandelt, Forster, & Röhl, 1999) was constructed in studies II and III in 
order to assign bean goose subspecies and in study IV to assign greylag and 
domestic geese. In the median-joining method, minimum spanning trees are 
combined into a single network. To this network the most parsimonious vertices, 
called median vectors, are added (Bandelt et al., 1999). In study IV, a temporal 
statistical parsimony network (Templeton, Crandall, & Sing, 1992) was also 
constructed using the TempNet method to visualize heterochronous data, i.e. 
sequences sampled from different time points (Prost & Anderson, 2011). The 
statistical parsimony method aims at connecting the most closely related nodes first, 
until a parsimony limit is reached (Templeton et al., 1992). 

2.7.9 Hybridization and introgression 

Hybridization and introgression between species, subspecies and lineages is 
common in nature and in study II I investigated the hybridization between 1) the 
taiga and the tundra bean goose and 2) the taiga bean goose and the pink-footed 
goose. For this purpose parental individuals of both taxa, F1 and F2 hybrids and 
backcrosses to both parents were simulated. These simulated individuals were run 
on both the NewHybrids (Anderson & Thompson, 2002) and the Structure 
(Pritchard et al., 2000) programs, in order to evaluate if the different hybrid 
categories could be identified. In addition, the Structure program was run using the 
simulated parentals and all of the Finnish bean goose samples of study II, to 
evaluate the amount of admixture in the Finnish population. 
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3 Results and discussion 

3.1 Genomic differentiation between taiga and tundra bean goose 
and taxonomic delineation 

The taxonomy of the bean goose-pink-footed goose complex has been controversial 
for a long time and currently there is no consensus whether taiga and tundra 
breeding forms should be elevated to a species status or not. In study I, whole-
genome re-sequencing was used to assess the degree of genomic differentiation 
between two bean goose subspecies occurring in Europe, the taiga bean goose (A. 
f. fabalis) and the tundra bean goose (A. f. rossicus). The genomic landscape of 
differentiation between these subspecies was largely flat, except for a few genomic 
regions that showed elevated levels of FST. Thus, divergence between the 
subspecies was mediated through small regions of the genome i.e. ‘islands of 
differentiation’. Some of the high FST islands were associated with higher levels of 
absolute divergence (dXY) and a drop in the nucleotide diversity (π), indicating loci 
that could be conveying reproductive isolation between the subspecies. However, 
some of the high FST islands were not associated with increased dXY, indicating 
linked selection. In addition, the Tajima’s D was negative in most of the genomic 
windows, indicating possibly purifying selection or population expansion. Thus, 
the genomic divergence between the taiga and the tundra bean goose is probably 
shaped both by loci involved in reproductive isolation (speciation-with-gene-flow) 
and by linked selection (selection-in-allopatry). 

Based on demographic modelling in study I, the model that best fitted the data 
was a scenario of secondary contact with gene flow mainly from the tundra into the 
taiga bean goose. This analysis indicated that the taiga and the tundra bean goose 
diverged about 2.5 million years ago and, after a period in allopatry, a secondary 
contact occurred 60,000 years ago. The divergence time of 2.5 million years is in 
line with previous estimates (Ottenburghs, Megens, et al., 2016; Ruokonen et al., 
2000) and is coincident with a global cooling trend (Zachos et al., 2001) that 
probably drove the taiga and the tundra bean goose to different glacial refugia 
(Ploeger, 1968). The secondary contact occurred during the Weichselian glaciation 
period (115,000–11,700 years ago), when the climatic fluctuations during this 
period probably brought the taiga and the tundra bean goose in contact. In study I, 
a hypothesis is presented that during a warm interstadial period, the taiga bean 
goose moved northwards into the range of the tundra bean goose. Next, the 
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northward expanding taiga bean geese hybridised with the tundra bean goose and 
the hybrid progeny backcrossed with the invading taiga bean goose. This is 
supported by the finding that introgression almost exclusively takes place in the 
direction from the local to the invading species (Currat, Ruedi, Petit, & Excoffier, 
2008). Based on these findings it appears that the taiga and the tundra bean goose 
have started the speciation pathway, but introgression resulting from secondary 
contact has largely homogenised the genomic landscape except for a few genomic 
regions. 

Despite the low level of genomic divergence between the taiga and the tundra 
bean goose, these subspecies could be separated both in the ADMIXTURE and 
PCA-analyses indicating that they form separate populations (I). However, due to 
the low overall genomic differentiation (FST = 0.033), the recent introgression 
between the subspecies (I and II) and difficulties in morphological identification 
of the subspecies (Burgers et al., 1991), a subspecies status is the most 
parsimonious. The degree of genomic divergence is lower than for other subspecies 
of birds, for example, Catharus thrushes (genome-wide FST = 0.1) and yellow-
rumped warbler (Setophaga coronata) complex (genome-wide FST = 0.06) 
(Delmore et al., 2015; Irwin et al., 2018). Thus, a subspecies status is more 
appropriate than a species status for the taiga and the tundra bean geese.  

3.2 Genetic variation and population structure among taiga bean 
geese breeding in Finland 

3.2.1 Individual identity, parentage and relatedness 

The feather samples in study II were collected non-invasively, and therefore the 
first genetic analysis was an individual identification using microsatellite 
multilocus genotypes. The values of cumulative probability of identity (PID = 5e-
25) and probability of identity of siblings (PID SIB = 4e-10) were low, thus the 
markers used had sufficient power to separate different individuals. Altogether 491 
bean goose individuals were identified of which 488 were taiga bean geese based 
on mitochondrial sequencing. Some of the genetic analyses could be biased by the 
presence of close relatives and thus a parentage and sibship analysis was performed 
in order to remove closely related individuals from further analyses. Twenty-three 
candidate fathers, 28 candidate mothers and 53 full-sib pairs were identified with 
high confidence. For each parent-offspring pair, we removed the parent and for 
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each sibling pair we removed one of the siblings. Based on relatedness estimation, 
the vast majority of dyads were unrelated. However, a minority of dyads showed 
high relatedness values (r > 0.55) suggesting inbreeding. Also these possibly inbred 
individuals were removed from further analyses, leaving a total of 376 individuals. 
The analyses were performed on this non-kin dataset, with the exception of FST, 
ɸST and Ne that can suffer from lack of precision if all close relatives are removed 
(Waples & Anderson, 2017). With this data, I showed that non-invasive sampling 
can provide ample material for genetic studies of this elusive species. 

3.2.2 Genetic diversity 

The nuclear genetic diversity was moderate among the taiga bean geese breeding 
in Finland (AR = 7.5, HO = 0.64; Table 2) based on study II. Genetic diversity was 
also estimated within all bean goose subspecies (A. f. fabalis, A. f. rossicus, A. f. 
serrirostris and A. f. middendorffii) in study III. All of the bean goose subspecies 
showed similar levels of genetic diversity (Table 2) - thus the western taiga bean 
goose does not seem to have reduced nuclear genetic diversity compared to other 
bean goose subspecies (III). In study II, 22 microsatellite markers were used and 
in study III, 16 markers (13 shared markers), thus the diversity estimates are not 
directly comparable. Taiga bean geese breeding in Scandinavia have allelic 
diversities in a similar range (AR = 6.7–7.5; de Jong et al., 2019) as in the Finnish 
breeding population (II), but slightly higher observed heterozygosity (HO = 0.74–
0.76; de Jong et al., 2019). For comparison, the abundant Holarctic breeding greater 
white-fronted goose has a similar range of genetic diversities (AR = 2.8–5.4, HO = 
0.54–0.67) (Ely, Wilson, & Talbot, 2017; Wilson, Ely, & Talbot, 2018) as the taiga 
bean goose (II). It seems that despite the decline in population numbers during the 
past three decades, the nuclear diversity is not greatly reduced in the taiga bean 
goose. It is possible that the population decline is so recent that it has not yet 
affected the nuclear genetic diversity or that gene flow maintains the genetic 
diversity. 
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Table 2. Summary statistics for western taiga bean geese (Anser fabalis fabalis) 
breeding in Finland (22 microsatellite markers) and the different bean goose subspecies 
(A. f. fabalis, A. f. rossicus, A. f. serrirostris and A. f. middendorffii) using 16 
microsatellite markers. Sample size (n), total number of alleles (A), allelic richness (AR), 
number of private alleles (PA), observed heterozygosity (HO), expected heterozygosity 
(HE), inbreeding coefficient (FIS) and the P-value from a test of Hardy-Weinberg 
equilibrium (PHWE). Statistically significant values (P < 0.001) after Bonferroni correction 
are shown with an asterisk. 

Subspecies n A AR PA HO HE FIS PHWE 

Finnish A. f. fabalis 376 184 7.5 6 0.64  0.69  0.07  0.00* 

A. f. fabalis 63 96 3.8 8 0.50 0.57 - 0.00* 

A. f. rossicus 68 91 3.7 7 0.49 0.57 - 0.00* 

A. f. serrirostris 8 54 3.2 0 0.43 0.51 - 0.12 

A. f. middendorffii 14 68 3.6 2 0.46 0.55 - 0.01 

Mitochondrial diversity, on the other hand, was lower in the western taiga bean 
goose subspecies (H = 7, h = 0.58, π = 0.001) compared to other bean goose 
subspecies (A. f. rossicus, A. f. serrirostris and A. f. middendorffii; H = 3–9, h = 
0.68–0.86, π = 0.001–0.002) in study III (Table 3). Haplotype diversity was even 
lower for the Finnish taiga bean goose population in study II (h = 0.52). MtDNA 
diversity was much higher, for example, in most populations of the greater white-
fronted goose (H = 4–25, h = 0.44–0.98 and π = 0.001–0.022) (Ely et al., 2017; 
Wilson et al., 2018). However, mtDNA diversity of the western taiga bean goose is 
not even nearly as low as in historical populations of the highly endangered 
Fennoscandian lesser white-fronted goose (A. erythropus; H = 1.96–2.0, h = 0.08–
0.09 and π = 0.002; Ruokonen, Aarvak, Chesser, Lundqvist, & Merilä, 2010). As 
the mtDNA diversity seems to be reduced in the western taiga bean goose, further 
diminution in the population sizes of this subspecies should be halted in order to 
maintain the genetic diversity. 
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Table 3. Genetic variability in the hypervariable portion of the mitochondrial control 
region domain I (210 base pairs) among unrelated Finnish western taiga bean geese 
(Anser fabalis fabalis, n = 343) or in the whole mtDNA control region (1235 bp) between 
different bean goose subspecies (A. f. fabalis, A. f. rossicus, A. f. serrirostris and A. f. 
middendorffii). Number of samples (n), number of haplotypes (H), haplotype diversity 
(h), nucleotide diversity (π), Tajima’s D (D) and Fu’s Fs (Fs). Statistically significant 
values (P < 0.05) showed with an asterisk. 

Subspecies n H h π D Fs 

Finnish A. f. fabalis 343 7 0.52 0.0040 -0.86 0.69 

A. f. fabalis 55 7 0.58 0.0010 -0.18 -1.17 

A. f. rossicus 49 9 0.68 0.0011 -2.05* -2.91 

A. f. serrirostris 4 3 0.73 0.0014 1.39 0.69 

A. f. middendorffii 9 6 0.86 0.0017 -0.16 -1.61 

3.2.3 Inbreeding 

Positive inbreeding coefficients (FIS, Table 2) were evident in the taiga bean goose 
population breeding in Finland, as the observed heterozygosities were lower than 
expected heterozygosities (II). Positive FIS-values indicate breeding between 
individuals that are more closely related than would be expected under random 
mating population (Hardy-Weinberg equilibrium). Deficiency of heterozygotes 
could also be due to Wahlund effect i.e. combining subpopulations with different 
allele frequencies that causes overall reduction in heterozygosity (Wahlund, 1928). 
However, this is unlikely as no population structure was observed (II). On the other 
hand, we were unable to resolve genetic relationships beyond parentage and full-
sibs due to limitations of microsatellite markers. Thus, presence of more distant 
relatives could cause positive FIS-values (Wang, 2018). However, 72 dyads were 
observed with very high relatedness values (r > 0.55, not included in the calculation 
of FIS, see section 3.2.1). For parent-offspring and full-siblings the relatedness 
value is 0.50, thus values higher than this could be indicative of breeding between 
relatives. Therefore, it seems plausible that at least some inbreeding occurs within 
the Finnish breeding population. 

Different levels of inbreeding (measured as non-random mating) can be 
observed in different goose populations, which probably reflects their population 
size. In the greater white-fronted goose that has a large population size, the 
inbreeding coefficient was low (FIS = 0.00–0.03) (Ely et al., 2017). On the other 
hand, historical populations of the lesser white-fronted goose showed rather high 
inbreeding coefficients (FIS = 0.15–0.31) and these populations have had less than 
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100 individuals (Ruokonen et al., 2010). Even though the taiga bean goose 
population breeding in Finland (II) did not show as high inbreeding coefficients as 
the lesser white-fronted goose, the potential inbreeding detected by relatedness 
estimates warrants that the population decline should be halted in order to reduce 
further inbreeding in the population. For example, detrimental effects of inbreeding 
depression are documented in the light-bellied brent goose (Branta bernicla hrota) 
and the nene or Hawaiian goose (B. sandviciensis) (Harrison et al., 2011; US Fish 
and Wildlife Service, 2004). Especially the nene suffers from poor breeding 
performance due to inbreeding depression caused by a small population size when 
the species was on the brink of extinction in the 1950s (US Fish and Wildlife 
Service, 2004). 

3.2.4 Genetic structure 

Very low level of population structure was observed within the taiga bean geese 
breeding in Finland (II). The population appeared panmictic based on 
microsatellite markers in almost all analyses and no isolation-by-distance pattern 
was observed either. Some of the mitochondrial haplotypes were geographically 
localized, which could indicate some level of genetic structure in maternal lineages. 
Most waterfowl species (family Anatidae), including geese, show female natal 
philopatry as opposed to most other bird species (Greenwood, 1980). This may 
promote genetic structuring in the maternally inherited mtDNA in the breeding 
areas and explain the localized mtDNA haplotypes in study II. In geese, pairing 
occurs in wintering areas or early in spring and the male follows the female to the 
female’s natal area (Rohwer & Anderson, 1988). All taiga bean geese winter in 
Southern Sweden, Denmark, the Netherlands, Western Germany, Poland and 
Britain (Nilsson et al., 1999) with the exception of the most eastern populations 
that winter in Asia (Heinicke, 2009) and thus there are ample opportunities for 
geese from different breeding origins to pair. The mostly male-mediated gene flow 
seems to be so high that it completely homogenises the nuclear genome and leads 
to a lack of genetic structure. A high level of gene flow and high connectivity is 
beneficial for the taiga bean goose as it can maintain genetic diversity within the 
population and reduce the harmful effects of habitat fragmentation. Accordingly, 
no conservation units, e.g. management units (MUs), were recognized within 
Finland. 
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3.2.5 Demographic changes and effective population size 

We did not detect population bottlenecks in the taiga bean geese breeding in Finland 
using a heterozygosity excess test (II). Rather this test suggested population 
expansion. This would be in line with demographic estimation based on whole-
genome data, which also suggested population expansion (Ottenburghs et al., 2017). 
However, the M ratio test suggested a population bottleneck (II). This contradictory 
result could be due to the limitations of heterozygosity excess and M ratio tests to 
detect past demographic changes because of large variation in reproductive success 
or underestimation of the proportion of multi-step mutations in microsatellite 
markers (Hoban et al., 2013; Zachariah Peery et al., 2012). Even though the taiga 
bean goose population has declined during the past three decades, its decline is 
probably too recent or not severe enough to be revealed by genetic bottleneck tests. 
In addition, we did not detect signs of population size changes based on Tajima’s 
D or Fu’s Fs on mitochondrial DNA either (II). 

The effective population size (Ne) based on the linkage disequilibrium and 
sibship methods in study II was fairly large (Ne = 1128–1134). The Finnish 
breeding bird atlas presents an estimate of 3400–5000 breeding individuals in the 
Finnish population (1700–2500 breeding pairs; Valkama, Vepsäläinen, & 
Lehikoinen, 2011). This number does not include juveniles or non-breeding 
individuals. I calculated a ratio between the genetically estimated Ne (II) and the 
number of breeding individuals (The Finnish breeding bird atlas, Valkama et al., 
2011) to be 0.33–0.23. Thus, the Ne is only 23–33% of the observed breeding 
population. In animal populations low Ne/N ratios (0.11–0.14) are commonly 
reported (Frankham, 1995b; Palstra & Ruzzante, 2008). The Finnish population is 
not discreet, but merges with neighbouring countries and the observed Ne could 
reflect the size of the total population. Based on the ratio of Ne/N = 0.14, the total 
population size is estimated to be 8100–8057 individuals.  

3.2.6 Hybridization and introgression 

In study II I found 16 taiga bean goose individuals that had the mtDNA control 
region sequence of the pink-footed goose. The pink-footed goose breeds in 
Greenland, Iceland and Svalbard but not Finland, although it migrates through 
western Finland in small numbers (Hölttä, 2013). It is possible to find vagrant pink-
footed goose in Finland, but finding 16 of them does not appear plausible, 
especially as parentage analysis showed that these individuals sired offspring with 
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the taiga bean geese. For these reasons, we believe that these individuals are taiga 
bean geese with mtDNA introgression from the pink-footed goose or that the pink-
footed type mtDNA is an ancestral sequence maintained by incomplete lineage 
sorting in both lineages (Degnan & Rosenberg, 2009). Because of the rather 
common occurrence of the pink-footed goose mtDNA (in 4% of the Finnish geese), 
it is possible that it conveys adaptive benefits and it is maintained by selection 
(Ballard & Whitlock, 2004). Hybridization can often lead to the introgresssion of 
adaptive genetic variation (Arnold & Kunte, 2017). Besides the mtDNA, admixture 
with pink-footed goose was observed using nuclear markers in the taiga bean goose 
population breeding in Finland (II). That could indicate gene flow between the 
pink-footed and the taiga bean goose, but this should be verified using genome-
wide data, similarly to study I, as microsatellite markers may suffer from low power 
when studying hybridization beyond first-generation hybrids. 

Hybridization between the taiga and the tundra bean goose noted in study I was 
also observed as admixture between these subspecies in study II. However, this 
hybridization has not led to introgression of the tundra bean goose type mtDNA 
into the Finnish breeding taiga bean goose population. The observed hybridization 
and introgression between different goose species and subspecies appears to be of 
natural origin and not caused by human actions. Thus, these naturally hybridizing 
systems should be eligible for protection and conservation (vonHoldt et al., 2018). 
However, as the number of tundra bean and pink-footed geese are increasing and 
the number of taiga bean geese is decreasing (Fox & Leafloor, 2018), it may lead 
to a situation in which the taiga bean geese engage further in interspecific 
hybridization, causing genetic swamping (McFarlane & Pemberton, 2019). 

3.3 Subspecies composition of the hunting bag in Finland 

In study III a phylogenetic tree and a haplotype network were used to confirm the 
evolutionary relationships of the bean goose subspecies and to assign the hunted 
bean geese into subspecies. Most of the bean goose hunting bag in Finland 
consisted of taiga bean geese (52%), which is not surprising as this subspecies 
breeds in Finland and also Russian taiga bean geese migrate through Finland 
(Nilsson, 2011). Forty-four percent of the hunting bag consisted of the tundra bean 
geese and the hunting of this subspecies was heavily concentrated on south-eastern 
Finland (Fig. 3). One of the main migration routes of the tundra bean goose extends 
to south-eastern Finland along the Russian border and continues south through the 
Baltic states (van den Bergh, 1999). This finding has helped to define an area in the 
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south-eastern Finland in which the hunting of the bean goose can be allowed after 
several years of a hunting moratorium, because the hunting targets mostly the 
abundant tundra bean goose (Fig. 3). As the hunting pressure is not targeted to the 
taiga bean goose, this should allow the population numbers of the taiga bean goose 
to increase. 

Surprisingly, two individuals (2%) were found to carry the mtDNA control 
region of the eastern tundra bean goose (A. f. serrirostris), a subspecies that has not 
been observed in Finland (III). However, one of individuals had a haplotype SER1 
that has also been found among the western tundra bean geese. Thus, the subspecies 
of these individuals is not certain or the individuals could be hybrids between 
different subspecies. Ruokonen et al. (2008) suggested that the shared haplotype 
between the western and the eastern tundra bean goose is due to recent common 
ancestry of these subspecies and because the subspecies do not share common 
wintering areas, interbreeding should not be common. In addition, we found two 
individuals (2%) that carried the mtDNA control region of a different species, the 
pink-footed goose or the greater white-fronted goose. We had an access to a photo 
of the individual with the pink-footed goose mtDNA control region and based on 
morphology, this individual was a western tundra bean goose. This finding is 
similar to study II, in which we found several taiga bean geese with pink-footed 
goose mtDNA. In study III, we observed a sole case of greater white-fronted goose 
mtDNA among bean geese. Unfortunately, we do not have a photo of this individual, 
but the wing of this specimen was rather small and of greyer colour than that of the 
typical taiga bean geese. Thus, these individuals could be of hybrid origin. Geese 
show a high propensity for hybridization (Ottenburghs, Hooft, Wieren, Ydenberg, 
& Prins, 2016) and thus the finding of potential hybrid individuals is not surprising. 
However, even though hybridization is common at the species level, usually only a 
very small proportion of the population is hybridizing. In this thesis, it is reiterated 
that the evolutionary history of Anser species can be very complex and reticulate 
evolution is common (I–III). 
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Fig. 3. Harvest locations of bean geese (Anser fabalis) in Finland and the genetically 
determined subspecies (taiga bean goose A. f. fabalis, tundra bean goose A. f. rossicus 
and eastern tundra bean goose A. f. serrirostris) based on mtDNA control region (1235 
bp) sequences. Bean geese with the mtDNA of another species are also shown (pink-
footed goose A. brachyrhynchus and greater-white fronted goose A. albifrons). The size 
of the circles is proportional to the frequency of the subspecies. The current (2019–
2020) bean goose hunting area is indicated with a darker colour. 
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3.4 Evolutionary history of domestic goose in Russia 

In study IV, 46 of the archaeological bones yielded amplifiable DNA from a total 
of 67 bones (76% success rate). The successful samples could be divided into three 
evolutionary lineages: domestic geese (haplogroup D), eastern domestic/wild 
greylags (haplogroup F) and taiga bean geese. Haplogroup D contains almost all of 
the modern domestic goose haplotypes (Heikkinen et al., 2015). Two main 
haplotypes are present in the D-haplogroup: D3 and D4 (Heikkinen et al., 2015). 
Most of the archaeological geese belonged to haplogroup D and thus were 
domesticated. These haplotypes were present from the High Medieval (11th century) 
onwards (Fig. 4) and thus represent the first appearance of undoubtedly 
domesticated geese in the Middle Volga area. 

A minority of modern domestic geese had haplotypes belonging to the F-
haplogroup and these haplotypes (F4 and F5) have so far been found only in 
Turkish non-breed domestic geese (Heikkinen et al., 2015). We also found 
archaeological geese possessing the F-haplotypes (IV), but these were not the same 
haplotypes as in the modern domestic geese. Haplotype F6 was observed in the 
High Medieval (11th–13th century), the Late Medieval (14th–15th century) and the 
Late Post-Medieval (18th century) time periods (Fig. 4) in the archaeological 
samples. In modern samples this particular haplotype has been found only in wild 
greylags from Kazakhstan (Heikkinen et al., 2015). Thus, it is not certain if the 
archaeological geese possessing the F6 haplotypes were domestic, wild or if the 
haplotype was introgressed from wild geese. However, the presence of this 
particular haplotype for almost all of the time periods could indicate a domestic 
status. A wide variety of F-haplotypes would instead be expected from wild hunted 
geese. We also discovered a haplotype that I named as F11, which has not been 
described previously. This haplotype was found only in the Early Medieval (4th–
10th centuries) time period (Fig. 4). The domestication status of the geese carrying 
the F11 haplotype is also uncertain, but the bones belonged to young individuals 
(Galimova, Askeyev, & Askeyev, 2014), thus a domestic status would be more 
plausible. 
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Fig. 4. Temporal haplotype network of the mitochondrial HVR1 region (204 bp) of the 
archaeological geese from Russia and modern domestic geese and wild greylags (A. 
anser). Only the haplogroups D and F (A. anser) and haplotypes of the bean goose (A. 
fabalis) are shown for clarity. The sizes of the ellipses are proportional to the frequency 
of the haplotype. Small empty ellipses denote haplotypes not present in that time period, 
black dotted lines connecting the haplotypes indicate a nucleotide difference between 
haplotypes and small black filled ellipses denote the number of additional nucleotide 
differences. 
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Six taiga bean goose individuals were also identified in study IV. This was 
unexpected as only domestic or plausible domestic geese were selected for the 
study. However, the identification of bird bones can be challenging (Serjeantson, 
2009), especially in heavily fragmented bone material. Similarly, in a previous 
study of goose aDNA, mtDNA yielded a different species than the morphological 
identification (Barnes, Young, & Dobney, 2000). Even though the misidentification 
of the bones is a plausible explanation for the presence of the taiga bean goose 
individuals in the sample, domestication of the taiga bean goose or hybridization 
between domestic and taiga bean goose cannot be ruled out either. Taiga bean geese 
have been kept captive in Russia at least during 1950s and 1970s (Spangenberg, 
1973; Krivushev, Vlasov, & Matev, 2000), but no evidence of their domestication 
currently exists. 

In study IV, some temporal variation was also observed. Genetic diversity, 
estimated by haplotype and nucleotide diversities, was the highest in the combined 
High and Late Medieval time period (Table 4). However, no population size 
changes were observed according to Tajima’s D and Fu’s Fs (Table 4). The 
haplotype constitution changed between the Early Medieval (4th–10th centuries) and 
the High Medieval (11th–13th centuries) time periods (Fig. 4). This change is 
probably connected to a shift in the ethnic composition in the Middle Volga region 
studied. The Early Medieval period is associated with an ethnic group called the 
Imenkov culture. This culture can be distinguished from later cultures, which were 
an ethnic blend of Finno-Ugric, by their ethnic composition, economic activity and 
use of domestic animals (Vyazov, 2011). From the High Medieval time period 
onwards no obvious change in haplotype constitution exists, with the two most 
common domestic goose haplotypes D3 and D4 dominating. Thus, these kinds of 
temporal genetic datasets of domestic animals can be informative also about the 
history of people in the area.  
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Table 4. Genetic variability in the hypervariable portion of the mitochondrial control 
region domain I (HVR1, 204 base pairs) among archaeological domestic geese (Anser 
anser) excavated from Russia in different time periods. The Early Medieval time period 
is omitted due to low sample size. Number of samples (n), number of haplotypes (H), 
haplotype diversity (h), nucleotide diversity (π), Tajima’s D (D) and Fu’s Fs (Fs). 
Statistically significant values based on one-tailed t-tests (P < 0.05) comparing the 
Present period against other time periods are showed with an asterisk. 

Time period n H h π D Fs 

Present 102 7 0.58 0.0056 -1.21 -0.75 

Post-Medieval 22 3 0.54* 0.0056 -1.57 1.65 

High and Late Medieval 16 3 0.66* 0.0134* 0.48 3.92 
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4 Conclusions 
This thesis aimed at examining the evolutionary and conservation genetics of two 
European goose species. Especial focus was given to two species that are under 
anthropogenic influence, either by hunting (the taiga bean goose) or through 
domestication (the European domestic goose). The population numbers of the taiga 
bean goose have halved during recent decades and thus the population is of 
conservation concern. The history of the domestic goose is still largely unknown 
despite the worldwide occurrence of this domesticate. 

My first aim was to define the amount of genomic differentiation between the 
taiga and the tundra bean goose and their taxonomical status. I conclude that due to 
the very low genome-wide differentiation, the taiga and the tundra bean goose 
should be treated as subspecies rather than species, as in some current taxonomical 
practices. I also show that although the genomes of these subspecies were largely 
undifferentiated, a few notable peaks of divergence (‘islands of differentiation’) 
were scattered across the genomes. Demographic modelling revealed allopatric 
speciation 2.5 million years ago, but substantial gene flow and introgression about 
60,000 years ago between the subspecies. Gene flow thus homogenised the 
genomes of the subspecies except for a few genomic regions, which probably 
contain loci involved in reproductive isolation and were shielded from 
introgression. In addition, I found evidence that some of the loci were shaped by 
linked selection in allopatry. As a conclusion, hybridization has played a major part 
in shaping the evolution of the bean geese. 

My second aim was to define the genetic structure and the amount of genetic 
diversity within the taiga bean goose breeding in Finland for management and 
conservation purposes. No genetic structure was observed within Finland and thus 
no need for separate management units (MUs) was found. The nuclear genetic 
diversity was at a similar level as in other bean goose subspecies and goose species, 
but reduced mitochondrial diversity was observed. It is likely that high gene flow 
hinders the formation of genetic structure and maintains genetic diversity, because 
geese pair mainly in shared wintering areas. No indication of past population size 
contractions was found. However, cases of inbreeding within the Finnish 
population were evident. In addition, the Finnish taiga bean geese showed evidence 
of gene flow from the tundra bean goose and also from the pink-footed goose. I 
conclude that genetic factors are not currently threatening the persistence of the 
taiga bean goose, but further reductions in population size should be averted in 
order to avoid further reduction in genetic diversity and increases in inbreeding. I 
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also conclude that the taiga bean goose hybridizes naturally and should be thus 
eligible for conservation. 

My third aim was to define the subspecies compositions of the bean goose 
hunting bag using genetic methods. The different bean goose subspecies are 
difficult to separate using morphology, because of extensive individual variation. I 
used a mitochondrial DNA-based subspecies identification method that was found 
to be well suited for the bean goose identification. Fifty-two percent of the hunting 
bag consisted of the taiga bean goose and 44% tundra bean goose. In addition, a 
few possibly eastern tundra bean goose individuals and interspecific hybrids (bean 
goose x pink-footed goose and bean goose x greater white-fronted goose) were also 
observed among the harvested geese. The hunting of the tundra bean goose was 
mainly concentrated on south-eastern Finland along the Russian border. Thus, I 
conclude that bean goose hunting in Finland should be concentrated in south-
eastern Finland, where it mostly targets the abundant tundra bean goose and spares 
the declining taiga bean goose from hunting pressure. However, I advocate 
monitoring of the hunting bag to ensure that the hunting really targets the tundra 
bean geese. 

My fourth aim was to study the local evolutionary history of European 
domestic goose in Russia, using ancient DNA. I sampled archaeological bone 
remains of plausible domestic geese spanning a time period of 1400 years, mainly 
from the Middle Volga region. The presence of both domestic goose and taiga bean 
goose mitochondrial haplotypes was discovered. The morphological species 
identification can be hampered in heavily fragmented or poorly preserved bone 
material. I show that the primers developed in this thesis can be used with 
archaeological material of the genus Anser for species identification purposes. I 
discovered both mtDNA haplotypes that are the most common among modern 
domestic goose and haplotypes not yet described among modern domestic geese. 
Geese with the domesticated D-haplotypes were present from the 11th century CE 
onwards. I conclude that ancient DNA can be used to study the evolutionary history 
of domesticated geese and this same method could be also used in broader 
geographic and temporal context to aid understanding of goose domestication. 
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