
A
B
C
D
E
F
G

UNIVERSITY OF OULU  P .O. B  00  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Professor Esa Hohtola

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

University Lecturer Hannu Heikkinen

Director Sinikka Eskelinen

Professor Jari Juga

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-0367-6 (Paperback)
ISBN 978-952-62-0368-3 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

U N I V E R S I TAT I S  O U L U E N S I SACTA
A

SCIENTIAE RERUM 
NATURALIUM

U N I V E R S I TAT I S  O U L U E N S I SACTA
A

SCIENTIAE RERUM 
NATURALIUM

OULU 2014

A 621

Suvi Ponnikas

ESTABLISHING 
CONSERVATION 
MANAGEMENT FOR AVIAN 
THREATENED SPECIES

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF SCIENCE,
DEPARTMENT OF BIOLOGY

A
 621

AC
TA

Suvi Ponnikas





A C T A  U N I V E R S I T A T I S  O U L U E N S I S
A  S c i e n t i a e  R e r u m  N a t u r a l i u m  6 2 1

SUVI PONNIKAS

ESTABLISHING CONSERVATION 
MANAGEMENT FOR AVIAN 
THREATENED SPECIES

Academic dissertation to be presented with the assent of
the Doctoral Training Committee of Technology and
Natural Sciences of the University of Oulu for public
defence in Kuusamonsali (Auditorium YB210), Linnanmaa,
on 28 February 2014, at 12 noon

UNIVERSITY OF OULU, OULU 2014



Copyright © 2014
Acta Univ. Oul. A 621, 2014

Supervised by
Docent Laura Kvist
Professor Markku Orell
Professor Miska Luoto

Reviewed by
Doctor Bengt Hansson
Doctor Fabrizio Sergio

ISBN 978-952-62-0367-6 (Paperback)
ISBN 978-952-62-0368-3 (PDF)

ISSN 0355-3191 (Printed)
ISSN 1796-220X (Online)

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2014

Opponent
Doctor Frank E. Zachos



Ponnikas, Suvi, Establishing conservation management for avian threatened
species. 
University of Oulu Graduate School; University of Oulu, Faculty of Science, Department of
Biology
Acta Univ. Oul. A 621, 2014
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The protection of endangered species requires knowledge about the habitat requirements and the
genetic issues related to the population viability. In this doctoral thesis, I defined the breeding
habitat features of the Finnish populations of the Golden Eagle (Aquila chrysaetos) and the
Peregrine Falcon (Falco peregrinus) by applying habitat suitability modelling. Secondly, I studied
the conservation genetic issues of the Finnish population of the White-tailed Eagle (Haliaeetus
albicilla) and the two Reed Bunting subspecies Emberiza schoeniclus witherbyi and E.s.
lusitanica met in the Iberian Peninsula. All study populations are classified as threatened
according to IUCN classification and they have experienced declines in population sizes in recent
history. My results from habitat suitability models showed that human-induced changes in habitat
threaten the Golden Eagle in Finland. The relative suitability for the species presence dropped to
zero when the proportion of human altered landscape (agricultural or urbanized areas) in the core
of the breeding habitat (4 km2) was more than 5%. Models further showed that habitat structure
influences breeding habitat selection of the Peregrine Falcon, as it favours well-connected areas
of open peatlands. Therefore, fragmentation (i.e., decreasing the connectivity) of open peatlands
decreases the habitat quality for the species. The White-tailed Eagle has recovered mainly through
local growth, but my results suggest that gene flow from neighbouring populations has had an
impact as well, and has enhanced the genetic viability of the Finnish population. The current
structure of the two subpopulations (one along the Baltic Sea coast line and another inland in
Northern Finland) results mainly from the species’ ecology (i.e., philopatric behaviour), not from
the recent population bottlenecks. The effective population size estimate of the coastal
subpopulation of White-tailed Eagle was below the critical size needed to maintain evolutionary
potential. The estimates of the effective population sizes for E.s. lusitanica and E.s. witherbyi and
inland subpopulation of White-tailed Eagle were close or below the critical level of 50, which
makes them prone to losing fitness due to inbreeding depression in the short term. Therefore, these
study populations need to increase in size in order to secure population viability in the future.

Keywords: Aquila chrysaetos, conservation genetics, Emberiza schoeniclus lusitanica,
Emberiza schoeniclus witherbyi, endangered bird species, Falco peregrinus, habitat
suitability modelling, Haliaeetus albicilla
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Tiivistelmä

Ihmisen aiheuttamat elinympäristöjen muutokset uhkaavat biodiversiteettiä kasvattamalla yhä
useampien eliölajien sukupuuttoriskiä. Tehokkaat suojelutoimenpiteet edellyttävät tietoa uhan-
alaisten lajien elinympäristövaatimuksista sekä populaation elinkyvylle keskeisistä geneettisistä
tekijöistä. Tarkastelen väitöskirjatyössäni maakotkan (Aquila chrysaetos) sekä muuttohaukan
(Falco peregrinus) Suomen populaatioiden pesimäympäristön piirteitä maisemaekologisen mal-
linnuksen avulla. Toiseksi tarkastelen Suomen merikotkapopulaation (Haliaeetus albicilla) sekä
Iberian niemimaalla esiintyvien pajusirkun alalajien Emberiza schoeniclus witherbyin ja E.s.
lusitanican suojelun kannalta tärkeitä geneettisiä tekijöitä. Kaikki tutkimuspopulaatiot ovat
uhanalaisia ja ne ovat kärsineet voimakkaista kannan pienenemisistä. Maisemaekologiset mallit
osoittivat maakotkan välttävän ihmisen muokkaamaa ympäristöä (maatalousalueet ja rakennetut
alueet). Lajin esiintymistodennäköisyys laski nopeasti nollaan, kun ihmisen muokkaaman ympä-
ristön osuus nousi yli 5 prosenttiin pesimäympäristön ydinalueella (4 km2). Mallit osoittivat
maiseman rakenteen vaikuttavan muuttohaukan habitaatinvalintaan, sillä se suosi pesimäympä-
ristönään kytkeytyneitä avosoita. Avosoiden pirstoutuminen (l. kytkeytyneisyyden vähenemi-
nen) vähentää näin ollen muuttohaukan pesimäympäristön laatua. Merikotkapopulaatio on toipu-
nut pääosin paikallisen kasvun myötä, mutta tulokseni viittaavat myös siihen, että geenivirta
naapurimaiden populaatioista on lisännyt Suomen populaation geneettistä muuntelua. Nykyinen
rakenne (rannikon ja Lapin alapopulaatiot) on seurausta lajin synnyinpaikkauskollisuudesta, ei
niinkään populaatiokoon romahduksista. Rannikon merikotkapopulaation efektiivinen koko jäi
alle kriittisen rajan, joka tarvitaan evolutiivisen potentiaalin säilymiselle. Pajusirkun alalajien
sekä Lapin merikotkapopulaation efektiiviset populaatiokoot olivat lähellä kriittisenä pidettyä
50:tä tai jäivät alle, joten ne ovat vaarassa menettää kelpoisuutta sukusiitosdepression seuraukse-
na lyhyellä aikavälillä. Sekä pajusirkun alalajien että merikotkapopulaatioiden tulee sen vuoksi
kasvaa säilyäkseen elinvoimaisina tulevaisuudessa. 

Asiasanat: Aquila chrysaetos, Emberiza schoeniclus lusitanica, Emberiza schoeniclus
witherbyi, Falco peregrinus, Haliaeetus albicilla, luonnonsuojelugenetiikka,
maisemaekologinen mallinnus, uhanalaiset lintulajit
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1 Introduction 

1.1 General background 

Biodiversity is being rapidly depleted as a direct and indirect consequence of 

human actions, such as land cover alterations and climate change (Pimm et al. 
1995, Sala et al. 2000). As a result, many species require conservation 

management to ensure their survival. The International Union for Conservation of 

Nature (IUCN) recognizes the need to conserve biodiversity at three levels: 

genetic, species and ecosystem diversity (McNeely et al. 1990). Endangered 

species are those who are at high risk of extinction within a short time (IUCN 

2013). The IUCN classifies threatened species into critically endangered (CR), 

endangered (EN) and vulnerable (V) based on a range of quantitative criteria 

(Mace & Lande 1991). Meeting any one of these criteria qualifies a taxon to be 

classified at that level of threat. The criteria are following: reduction in population 

size (criteria A), geographic range (B), population size and estimated continuing 

decline (C), population size (D) and the probability of extinction based on 

quantitative analysis (E, IUCN 2013). 

Currently, 1,313 bird species are considered threatened with extinction (i.e., 

in the categories of CR, EN and V). This represents 13% of the total of 10,064 

extant bird species in the world. The main causes leading to population declines 

in birds are agriculture, logging and invasive species, affecting 87%, 55% and 

51% of globally threatened species, respectively. These threats create stresses on 

bird populations in a range of ways, the commonest being habitat destruction and 

degradation, which affect 93% of the threatened species. Increasing problems are 

being caused by human disturbance, incidental mortality and environmental 

pollution, with human-induced climate change having serious longer-term 

consequences (BirdLife International 2008). Thus, by studying the habitat 

requirements of the endangered species and the genetic issues related to the 

population viability, we can gain information that is central in enhancing the 

protection of species with elevated extinction risk. 

1.2 Habitat requirements 

Human actions lead to increased habitat loss and fragmentation, which affect 

spatial structure, dynamics and viability of populations, and ultimately the 
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survival of species (Hanski 2007). Thus, the amount of suitable habitat is a key 

issue to many endangered species. Especially breeding habitat is strongly related 

to individuals’ lifetime reproductive success and population viability. For bird 

species such as large raptors, availability of suitable nest sites is often the most 

important factor limiting breeding density and population size (e.g. Gainzarain et 
al. 2000). Also habitat structure can be important as raptors have been shown to 

select breeding habitat on the grounds of surrounding landscape. In other words, 

they may not colonize a suitable habitat patch if the landscape around it does not 

seem to be suitable (Sánchez-Zapata & Calvo 1999). Therefore, effective and 

accurate conservation planning requires information on bird species’ habitat 

requirements and the amount and structure of the suitable habitat (Hernandez et 
al. 2006). 

1.2.1 Habitat suitability modelling 

Habitat suitability modelling (HSM, also called species distribution modelling, 

see reviews in Guisan & Zimmermann 2000, Guisan & Thuiller 2005, Hirzel & 

Le Lay 2008) provides an invaluable approach to determine habitat and 

distribution features of endangered species. HSM relates the occurrence or 

abundance of species to environmental variables (e.g. land cover and topographic 

variables) and enables the estimation of species habitat associations (and further, 

of habitat requirements) and a spatial prediction of the most suitable and 

unsuitable habitats as a function of environmental conditions (Engler et al. 2004). 

Such knowledge is essential to guide planning for conservation efforts of 

endangered species. 

1.3 Conservation genetics 

Conservation genetics forms a field of genetics that aims to preserve species as 

dynamic entities capable of coping with environmental change. Thus, it works 

with those genetic factors that affect the extinction risk and with the genetic 

management measures that aim to minimize the risk (Frankham et al. 2002). The 

major genetic issues in this field include deleterious and harmful effects of 

inbreeding, loss of genetic diversity, fragmentation of populations and the ensuing 

reduction in gene flow, definition of taxonomic entities and conservation units 

(CUs) within species and utilization of genetic analyses to understand species 

biology (Frankham 1995). 
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In the following chapters (1.3.1–1.3.4) I will discuss some of the central 

topics related to the genetic factors affecting the population viability. I focus on 

genetic consequences of small population size, population structure and related 

gene flow and on defining conservation units within species, as they form the 

body of the conservation genetic issues that I cover in my thesis. 

1.3.1 Small populations 

Species of conservation concern have by definition small or declining population 

sizes. Thus, the genetic consequences of small population size are of primary 

concern in conservation genetics. Small populations suffer inevitably from 

inbreeding (mating of individuals related by ancestry) as with time every 

individual becomes related (Frankham 1995). Inbreeding increases levels of 

homozygosity and through that, exposes deleterious recessive alleles that are 

present in naturally outbreeding populations. This leads to a reduction in 

reproductive fitness, a phenomenon called inbreeding depression (Amos & 

Balmford 2001). 

Another feature characteristic of small populations is a greater impact of 

chance compared with large populations. Chance effects result as genetic drift, a 

process where allele frequencies fluctuate randomly from one generation to the 

next and which leads eventually to the loss of all but one allele (fixation). In a 

fragmented population drift will also lead to the diversification of subpopulations. 

Both inbreeding and drift result in loss of genetic diversity and furthermore, in 

elevated extinction risk (Frankham 1995, Frankham et al. 2002). 

The genetic consequences of small population size depend upon the effective 

population size (Ne) rather than on the census size. Ne is the size of an idealized 

population that would lose genetic diversity (or become inbred) at the same rate 

as the actual study population (Wright 1931). This idealized population is a 

closed, random mating population with discrete generations, equal sex-ratio, 

constant population size and Poisson variation in family size (lifetime production 

of offspring per individual). Effective population sizes are typically much smaller 

than the census sizes, the estimates for average Ne/N ratio are 0.11 (Frankham 

1995) and 0.16 (Palstra & Ruzzante 2008). To guide conservation policy, the 

concept of minimum viable population size (MVP) has been established. It 

represents the size at which a population is likely to persist over some defined 

period of time with a given probability of extinction (Schaffer 1981). Genetic and 

evolutionary considerations have led to two predictions concerning survival: Ne 
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of 50 is needed to avoid an immediate danger due to inbreeding and Ne of 500 to 

retain evolutionary potential in the long term (so-called 50/500 rule, Franklin 

1980). However, there has been debate concerning both of these critical effective 

population sizes and it has been suggested that both of them should actually be 

higher (e.g. Lynch & Lande 1998, Reed & Bryant 2000). In addition, genetic 

considerations are of course only one of several factors influencing the extinction 

risk (e.g. Jamieson & Allendorf 2012). 

The harmful genetic processes may be due to long-term small population size 

or short-term small population size when the population is said to experience a 

genetic bottleneck (i.e., population size decreases to small numbers and then 

recovers). The bottleneck can occur also when a new population is founded by a 

few individuals (founder effect, Frankham et al. 2002). During a bottleneck 

alleles are lost (especially rare ones), genetic diversity is reduced and allele 

frequencies are distorted (Cornuet & Luikart 1996, Bouzat 2010). As increasing 

numbers of species face declines in their population sizes, it is of utmost 

importance to know what kinds of mechanisms are important for the recovery of 

populations and their genetic diversity after a decline. With the help of this 

knowledge, it is possible to give guidelines on how species and populations 

should be managed in order to increase their survival probability in the future. 

1.3.2 Genetic diversity 

Population size is the major determinant of genetic diversity. Thus, diversity is 

mainly lost due to sustained restrictions in Ne. Neutral theory predicts a positive 

correlation between genetic diversity and effective population size (Kimura 

1984), and most natural populations show expected correlation between 

population size and genetic variation (Frankham 1996). Endangered species 

usually have lower diversity than related non-endangered species. A large meta-

analysis conducted by Spielman et al. (2004), including 170 threatened taxa and 

their non-threatened taxonomic relatives, showed that heterozygosity was lower 

in threatened taxa in 77% of the comparisons, being on average 35% lower. Even 

though this meta-analysis was unable to determine whether genetic factors have 

contributed to the current threatened status of the taxa they studied, there are clear 

links between reduced genetic diversity and extinction risk. These links include 

the facts that 1) reduced genetic diversity shortens extinction times in changing 

environments, 2) change in heterozygosity between generations is a measure of 

inbreeding coefficient and related to population fitness, and 3) inbreeding 
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depression adversely affects the extinction risk (Spielman et al. 2004 and 

references therein). Hence, due to these associations between genetic diversity 

and extinction risk, assessing the level of genetic variation is well justified when 

considering the population viability of endangered species. 

Genetic diversity can be divided into three major types: adaptive (i.e., 

quantitative), neutral and detrimental (Hedrick 2001). Of these, the first 

mentioned is the most important from the conservation point of view as it 

determines the evolutionary potential of a species and/or population. Diversity of 

neutral molecular markers (see below) cannot be used directly to assess the 

evolutionary potential of populations since the correlation between quantitative 

trait loci and neutral markers varies a lot and is generally weak. As a result, 

molecular measures of genetic diversity provide rather imprecise indication of 

evolutionary potential (Holderegger et al. 2006 and references therein). More 

like, the genetic health of a population can be assessed from neutral diversity 

through its strong dependency from Ne, which in turn is the measure of the 

population’s genetic viability (Frankham 1995, Leberg 2005). 

1.3.3 Population structure 

Subdivision is a very common feature of natural populations. Assessing the 

population genetic structure provides detailed information about the genetic 

structure per se, but also about the ecology and behaviour of a species, especially 

in relation to dispersal and associated gene flow (Parker et al. 1998). 

Demographic history of a population shapes the genetic structure as well, because 

changes in population size leave traceable genetic signs. For example, when a 

population becomes subdivided, random genetic drift will lead to genetic 

differentiation among the subpopulations. The genetic structure can be enhanced 

during a demographic bottleneck, since the effects of genetic drift are stronger 

when the population size is low. However, if gene flow among the subpopulations 

is maintained, it will hinder the differentiation (Wright 1931). Thus, with a 

sufficient level of gene flow, a spatially structured population will behave 

similarly to a panmictic population. In addition, the effect of gene flow in 

recovery from bottlenecks might be of great importance. Gene flow maintains 

local genetic variation by counteracting genetic drift and spreads potentially 

adaptive genes, but on the other hand it can break up locally adaptive complexes. 

Usually, gene flow is considered necessary to maintain functional connectivity 

and long-term viability of populations (Segelbacher et al. 2010). Therefore, 
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knowledge of the genetic structure and the possible mechanisms shaping it is 

essential in order to be able to recognize the processes important for conservation 

management of endangered species. 

1.3.4 Conservation units 

Sometimes populations within species can be sufficiently differentiated and 

therefore deserve management as separate units. Thus, identifying possible 

conservation units is an essential first step in conservation so that managers and 

policy makers know the boundaries of the population units they are trying to 

conserve. A multitude of concepts of conservation units has been proposed (e.g. 

Funk et al. 2012), but the two most commonly discussed CUs are probably 

evolutionarily significant unit (ESU) and management unit (MU). ESU is 

typically defined as a population or group of populations that have substantial 

reproductive isolation, which has led to high genetic and ecological 

distinctiveness/adaptive differences so that the population represents a significant 

evolutionary component of the species (e.g. Crandall et al. 2000, Fraser & 

Bernatchez 2001, Funk et al. 2012). MU in turn is defined as a local population 

that is managed as a distinct unit because of its demographic independence 

(Moritz 1994, Funk et al. 2012). There has been debate concerning the different 

criteria as to how to identify CUs (e.g. Patkeau 1999, Crandall et al. 2000, Fraser 

& Bernatchez 2001), but the ultimate aim of CUs is, however, the same, an 

attempt to find a common way to define the limits of distinct populations 

embracing as much evolutionary history and adaptive potential for the future as 

possible. 

1.3.5 Molecular markers in conservation genetics 

Molecular markers are polymorphic proteins or DNA sequences that are used as 

indicators of genome-wide variation. Even though many of the available markers 

have potential uses in conservation genetic, some are clearly more useful than 

others. Microsatellites and mitochondrial DNA (mtDNA) sequences are among 

the most informative and commonly used markers in studying genetic variation 

and population structure (Parker et al. 1998, Selkoe & Toonen 2006).  

Microsatellites consist of short runs of usually di-, tri- or tetranucleotide repeats 

that are scattered throughout the (mostly) non-coding regions of the genome. 

They are typically highly polymorphic compared to the other regions of nuclear 
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DNA due to higher mutation rates (between 10-2 and 10-6 

mutations/locus/generation, and on average 5 x 10-4), which makes them suitable 

for studying a variety of aspects in conservation genetics at individual and 

population levels (Selkoe & Toonen 2006). The mitochondria contain multiple 

copies of their own circular DNA, which is inherited in a non-Mendelian, 

cytoplasmic fashion, predominantly maternally. The mitochondrial genome 

includes a small non-coding region known as the control region, which is in most 

animals much more variable than the rest of the mtDNA. This makes it a useful 

marker to study recently divergent populations or species (Parker et al. 1998). 

The microsatellites and control region of mtDNA can be generally considered 

as neutral with respect to natural selection (but see Selkoe & Toonen 2006, 

Dowling et al. 2008). The neutral markers reflect the loss of genetic variation 

through genetic drift (Amos & Balmford 2001) and can be used to investigate 

processes such as gene flow and related dispersal (Holderegger et al. 2006). A 

basic assumption concerning the microsatellite loci is that they are expected to be 

in Hardy-Weinberg equilibrium. That is, allele and genotype frequencies attain 

equilibrium after one generation in a large and randomly mating population when 

there are no perturbing forces such as migration or selection. If some of the 

assumptions underlying the Hardy-Weinberg equilibrium are violated, a deviation 

from the expected equilibrium genotype frequencies occurs. Therefore, HW 

equilibrium provides also a null hypothesis that enables us to detect if a 

population is experiencing for example non-random mating, migration or 

inbreeding (Selkoe & Toonen 2006). 

1.4 Aims of the study 

This thesis provides information about the habitat requirements and conservation 

genetics of four endangered bird species. The study populations include the 

Finnish populations of the Golden Eagle (Aquila chrysaetos), Peregrine Falcon 

(Falco peregrinus) and White-tailed Eagle (Haliaeetus albicilla) and two Reed 

Bunting subspecies (Emberiza schoeniclus witherbyi and E.s. lusitanica) met in 

the Iberian Peninsula. All study populations are classified as threatened according 

to IUCN classification (Atienza & Copete 2004, Rassi et al. 2010). 

Firstly, I define the breeding habitat features of endangered bird species by 

applying habitat suitability modelling (I). Here I use the Golden Eagle and 

Peregrine Falcon as the study species. My main goal is to find the most important 

environmental factors explaining the occurrence of the species and to assess 
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whether there are factors that threaten/restrict the species distribution (I). The 

outcomes are important in generating the national conservation agenda for both 

raptors (Ollila & Koskimies 2008). 

The remaining part is divided into three sections. Firstly, I study the genetic 

population structure and the extent of gene flow at both individual and population 

level as well as the mechanisms shaping them (II, III). I assess the consequences 

of habitat fragmentation (III), species ecology (II) and demographic history (II, 

III) on the genetic structure. Specifically, I assess how the populations are 

affected by past bottlenecks and how they can recover from them (II). Secondly, I 

assess the level of genetic diversity and the effective population sizes to evaluate 

the population viability (II, III). Lastly, I use genetic measures to define 

conservation units based on population distinctiveness (III). I use the White-tailed 

Eagle and the Reed Bunting subspecies E.s. witherbyi and E.s. lusitanica 

(hereafter witherbyi and lusitanica) to assess the conservation genetic issues. 

My thesis provides information on the factors and processes affecting the 

extinction risk in birds. I discuss my results in relation to the (long-term) viability 

of the populations and give suggestions for accurate conservation management for 

the endangered bird species. A brief summary of the background, objectives and 

results of this thesis is presented in Fig. 1. 
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Fig. 1.  Summary of the background, objectives and results of this thesis. 

Abbreviations of the endangered study species: GE = the Finnish population of 

Golden Eagle, PF = the Finnish population of Peregrine Falcon, WTE = the Finnish 

population of White-tailed Eagle and RB = the two Reed Bunting subspecies Emberiza 

schoeniclus witherbyi and E.s. lusitanica met in the Iberian Peninsula. 

  



24 

 



25 

2 Materials and methods 

Since detailed information of the methods is given in the original papers (I–III), I 

present here only abbreviated summaries. 

2.1 Study species 

2.1.1 The Golden Eagle, Peregrine Falcon and White-tailed Eagle 

Distribution and ecology 

The Golden Eagle, the Peregrine Falcon and the White-tailed Eagle are long-lived 

and predominantly nest-site tenacious raptors that require large territories with 

several alternative nest sites (Below 2000). The Golden Eagle is distributed 

throughout the Northern Hemisphere and it typically inhabits mountainous or 

upland areas free of human disturbance (Cramp & Simmons 1980). In Finland, 

the species breeds mainly in Scots pine (Pinus sylvestris) forests located in 

topographically elevated landscapes near to open hunting areas (Below 2000). 

The Peregrine Falcon is globally distributed, missing only from Antarctica. For 

breeding the species usually favours precipitous sites such as cliffs or crags 

(Cramp & Simmons 1980). In Finland, the species breeds mainly on ground in 

open peatlands with a few exceptional cliff and tree nestings (Below 2000). The 

distribution in Finland of both the Golden Eagle and the Peregrine Falcon centres 

in the northern part of the country (Fig. 2). The White-tailed Eagle has a wide 

distribution that ranges from Greenland and Iceland, throughout Europe, northern 

and central Asia, to the Pacific coast and Japan. The species is typically 

associated with aquatic habitats for breeding and hunting and most of the Finnish 

birds build nests in strong old Scots pines (Below 2000). In Finland, the species 

breeds along the Baltic Sea coast and inland (northern and northeast Finland) in 

the vicinity of large water reservoirs and large lakes, although recently White-

tailed Eagles have been found on mires and forests that are distant from lakes and 

rivers (e.g. Oittinen 1996, Stjernberg & Below 2000, Mäkelä 2002, Ollila et al. 
2007, Fig. 3). Thus, the White-tailed Eagle distribution is divided into two 

geographic subpopulations and from now on I refer to them as 'inland' (the one in 

northern and northeast Finland) and 'coastal' (the one along the whole Finnish 
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Baltic coast). The 'Finnish population of White-tailed Eagle' refers to all 

individuals that breed in Finland. 

The diet of the Peregrine Falcon consists mainly of ducks, gamebirds and 

waders, whereas the Golden Eagle typically feeds on hares and gamebirds (Cramp 

& Simmons 1980, Below 2000). The White-tailed Eagle preys mainly on fish and 

water birds, but also on carrion (Helander & Stjernberg 2003). 

The White-tailed Eagle is philopatric (see Discussion 3.2.1 for further details) 

and after their 4th and 5th calendar years individuals search for a breeding 

territory close to their natal nest. Observations of ringed breeding birds indicate 

that adult eagles are socially monogamous and keep their territories for many 

years (e.g. Struwe-Juhl & Grünkorn 2007). Territorial pairs are mainly residents, 

while younger birds tend to be migrants or vagrants (Helander & Stjernberg 2003, 

Saurola et al. 2003). 

History and current situation in Finland 

Historically the Peregrine Falcon was found in all Finland, and before the 1940s 

its population size was still estimated to be about 700–900 pairs (Below 2000, 

Ollila & Koskimies 2008). Historical distribution of the Golden Eagle extended 

also to the southern parts of the country (Ollila & Koskimies 2008). The White-

tailed Eagle bred throughout the Baltic coast, in some inland areas in northern 

Finland, and presumably in southern Finland (von Haartman et al. 1963–1972). 

Recently all three raptor species have gone through severe bottlenecks in 

Finland as in the rest of Europe (Cramp & Simmons 1980). For the Golden Eagle, 

the decline was mainly caused by human persecution during the 19th and 20th 

centuries and the species disappeared from southern Finland (Below 2000). The 

population of the Peregrine Falcon crashed between the 1950s and 1970s due to 

bioaccumulation of organochlorine pesticides, which reduced reproductive 

success and caused heavy adult mortality (Cramp & Simmons 1980, Ollila & 

Koskimies, 2008). At their lowest, approximately only 30 peregrine pairs 

remained in two geographic populations in the northern part of the country. The 

White-tailed Eagle has gone through two major demographic bottlenecks during 

the last two centuries (Stjernberg et al. 1990, Hailer 2006). The first bottleneck 

was a result of hunting from the 19th century to the early 20th century, which kept 

the population size small. The second bottleneck took place after the mid-20th 

century and was caused by bioaccumulation of organochlorine pesticides, which 

resulted in reduced reproductive success (Helander & Stjernberg 2003). At its 
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lowest point, the population size was only between 30 and 40 pairs and the 

species bred in three different locations: one in Lapland and two on the Finnish 

Baltic coast (Fig. 3, Stjernberg et al. 1990). 

As a consequence of strong conservation measures (e.g. legal protection, ban 

of the use of DDT, provision of artificial nest sites and supplementary winter 

feeding), all raptor populations started to recover in the 1970s and 1980s 

(Stjernberg & Koivusaari 1995, Below 2000). Population growth has been slow 

yet steady for the Golden Eagle, rapid for the White-tailed Eagle and rapid, albeit 

unsteady for the Peregrine Falcon. The current estimated amount of breeding 

pairs for the Golden Eagle is around 322–434, for the Peregrine Falcon around 

263–290 and for the White-tailed Eagle around 430 pairs (Ollila 2013, Stjernberg 

et al. 2011). Today, approximately 60 pairs compose the inland subpopulation of 

the White-tailed Eagle, with the remaining pairs making up the costal 

subpopulation (Stjernberg et al. 2011). All raptors are classified as vulnerable 

(VU, International Union for Conservation of Nature [IUCN] classification, Rassi 

et al. 2010) in Finland due to the low population sizes (criteria D). 

2.1.2 The Reed Bunting subspecies (Emberiza schoeniclus witherbyi 

and E.s. lusitanica)  

Distribution and ecology 

The Reed Bunting (Emberiza schoeniclus) is a widely distributed Palaearctic 

passerine, common in most parts of its range. At the western limits of the range, 

two resident subspecies have been described for the Iberian Peninsula, lusitanica 

in the north-west and witherbyi in the south-east (Fig. 4). The nominate 

subspecies E. s. schoeniclus (hereafter schoeniclus) breeds throughout northern 

and central Europe but migrates to the south (including the Iberian Peninsula) for 

wintering (Cramp & Perrins 1994, Matessi 1999). The subspecies lusitanica is 

endemic to the Iberian Peninsula, while witherbyi is also found in southern France 

and in one wetland (Loukos) in Morocco. These two subspecies are associated 

with wetlands and consequently their distribution is fragmented. Lusitanica uses 

mostly coastal reedbeds located in the Atlantic influenced (wet, mild) 

geographical region, whereas witherbyi occurs mostly in inland (occasionally 

coastal) reedbeds in the Mediterranean-influenced (dry, hot or continental) region 

(Cramp & Perrins 1994, Matessi 1999, Neto et al. 2013). 
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The Reed Bunting is the most variable species within the large Emberizidae 

family and it seems to be at an early stage of speciation with populations and/or 

subspecies that still retain ancient polymorphism, but also show significant 

behavioural, morphological and genetic divergence (Neto et al. 2013 and 

references therein). Lusitanica, witherbyi and schoeniclus differ in their 

morphometric traits to the extent that the subspecies can be correctly 

distinguished based on them. Further, these morphometric traits of the three 

subspecies differ in the direction predicted by their migratory and foraging 

behaviours, strongly suggesting that these subspecies have become locally 

adapted through natural selection (Neto et al. 2013). 

History and current situation 

Both witherbyi and lusitanica have drastically declined in numbers and range 

since the 1970s, and the decline is still ongoing. For example, in 1995, the species 

was present in 74 Spanish wetlands, but 10 years later was found in only 35 

wetlands. During 1995–2005, declines larger than 70% were estimated for some 

of the regions from where census data are available. Altogether, these subspecies 

have less than 1,000 breeding pairs left. The Spanish population of witherbyi 
constitutes only about 254–360 breeding pairs (Atienza 2006), whereas lusitanica 

has around 350–400 pairs in Portugal and 65–71 pairs in Spain (Francisco Arcos, 

pers.comm.). Both of the Reed Bunting subspecies are classified as endangered 

(EN) in Spain accordingly to IUCN criteria (Atienza & Copete 2004). 

2.2 Data collection 

2.2.1 Species occurrence data 

Information on the Peregrine Falcon and Golden Eagle occurrence that was used 

in habitat suitability modelling was derived from a unique long-term nationwide 

monitoring scheme conducted by Metsähallitus and the Finnish Ministry of 

Environment. The species data consisted of the geographical coordinates of the 

nest sites, where breeding of the Golden Eagle or Peregrine Falcon was confirmed 

between the years 1980–2006 and 1981–2008, respectively (Fig. 2). During the 

monitoring, the nests were surveyed systematically each year, so that all known 

nest sites were checked and new sites looked for if breeding was not detected in a 
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known site. Nests were typically visited only once during the breeding season. 

Locations, where nests were searched for, but not found, were not documented. 

Therefore, I had presence-only species data. The number of nest sites used in the 

models was 1,075 for the eagle and 547 for the falcon. To model the species 

distribution, I used presence-only data on 2 x 2 km grid cells (total number of 

cells 83,423 in Finland). The species was considered present in a grid cell if it 

contained one or more occupied nest sites. The Golden Eagle was present in 787 

and the Peregrine Falcon in 368 grid cells. 

Fig. 2. Map of the sampling locations of the Golden Eagle (left) and the Peregrine 

Falcon (right) included in the habitat suitability models. 

2.2.2 Genetic data 

Feather samples from the White-tailed Eagle were collected from the nestlings 

during the ringing procedure between the years 2003 and 2007. The sampling 

covered the species’ whole distribution in Finland and the total sample size was 

N = 489, of which 84 were from inland and 405 from coastal subpopulation (Fig. 

3). In order to avoid sampling relatives, I analysed the White-tailed Eagle’s 

microsatellite data separately for each cohort from 2003 to 2007 and included one 

offspring genotype from each sampled brood per year. This allowed me to detect 

possible temporal changes during the sampling period (specifically in relation to 

the immigration). Sample sizes for each cohort were as follows: year 2003 N = 68 

(14 from inland and 54 from coastal subpopulation), 2004 N = 107 (20 and 87), 

2005 N = 110 (18 and 92), 2006 N = 97 (15 and 82), and 2007 N = 107 (17 and 
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90). In the results section (see below) I present the average results over the study 

years if not stated otherwise. 

Fig. 3. Map of the sampling locations of the White-tailed Eagle nestlings in Finland 

that were included in the genetic analyses. Black solid line shows the partition into 

the inland and coastal subpopulations that was used in the analyses. Ellipses show 

the approximate areas where the species survived during the latest bottleneck in the 

mid-twentieth century: Quark (Q), South-west Finland (SW) and Lapland (L) (Figure 

included in paper II, published with kind permission from Springer Science and 

Business Media). 

Samples from Reed Buntings were collected during the years 1995–2008 (Fig. 4). 

Witherbyi samples (N = 63) were from Spain and Morocco, lusitanica (N = 52) 

from Spain and Portugal and nominate subspecies schoeniclus (N = 38) from 

Spain and northern Finland. The inclusion of nominate subspecies in the analyses 

enabled the assessment of the conservation units within Reed Bunting subspecies. 

Samples from witherbyi were from seven different sampling sites: Delta del Ebro 

(N = 11), Lagunas de Villafranca de los Caballeros (N = 12), Marjal Pego-Oliva 

(N = 4), S’Albufera (N = 12), Tablas Daimiel (N = 19), El Masegar (N = 3) and 

Marismas de Loukos (N = 2). Thus, sampling covered all the subspecies’ 

distribution areas in Spain: Castilla La Mancha (Tablas Daimiel, El Masegar and 

Lagunas de Villafranca de los Caballeros), Catalonia (Delta del Ebro), Balearic 

Islands (S’Albufera) and Valencia (Marjal Pego-Oliva). Lusitanica samples were 
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from four sampling sites: Carrizales del Ulla (N = 13), Estuario del Miño (N = 4), 

Lestimoño (N = 6) and Salreu (N = 29). The first three sites are in Galicia in 

Spain and the last in Estarreja in Portugal. Sampling covered most of the 

lusitanica breeding sites in Spain and Portugal. From now on, I refer to the Reed 

Bunting sampling sites also as subpopulations. Most of the Iberian and Moroccan 

samples were collected during the breeding season and birds were released after 

measuring, ringing and sampling. Finnish samples were obtained from tissue 

collections of the Zoological Museum of the University of Oulu. Reed Bunting 

samples were feather, blood (Spanish, Moroccan and Portuguese samples) or 

muscle tissue (Finnish samples). 

 

Fig. 4. Sampling sites of the Reed Bunting subspecies in Iberian Peninsula and 

Morocco that were included in the genetic analyses (Figure included in paper III, 

published with kind permission from Springer Science and Business Media). 
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DNA extraction, genotyping and sequencing 

DNA from the White-tailed Eagles was extracted from the tip of feather with 

QuickExtract solution (Epicentre) following the manufacturer’s protocol. The 

White-tailed Eagles were genotyped with ten microsatellite loci: Hal1, Hal3, 

Hal4, Hal5, Hal6, Hal7, Hal9, Hal12 (excluded from the analyses due to null 

alleles and stutter bands, II), Hal13 and Hal14 (Hailer et al. 2005). DNA 

extraction from the Reed Bunting samples (blood and muscle) was done using 

traditional phenol-chloroform extraction (Sambrook & Russell 2001) and the lysis 

method (feather samples) described in Kvist et al. (2003). The Reed Buntings 

were genotyped and analysed with six microsatellites: Esc3, Esc4, Esc6 (Hanotte 

et al. 1994), Hru6 (Primmer et al. 1995), Pdo5 (Griffith et al. 1999) and Pocc6 

(Bensch et al. 1997).  Detailed PCR-profiles for all loci are presented in papers II 

and III. The PCR products for all study species were run on ABI 3730 (Applied 

Biosystems) and alleles were scored with Genemapper v.3.7 (Applied 

Biosystems). All loci used in the analyses were in general in the Hardy-Weinberg 

equilibrium and unlinked (II, III). 

I amplified 473bp of the mitochondrial control region from 86 White-tailed 

Eagles (coastal subpopulation N = 63, inland N = 23) using primers Hal-HVR1F 

and Hal-HVR1R (Hailer et al. 2007). I included only one individual from each 

territory so the data contained presumably unrelated individuals. From the Reed 

Buntings, a fragment of the mitochondrial control region about 770 bp long was 

amplified with primers EmberizaL60 and PasseriformesH830 (III). Detailed PCR-

profiles for sequencing are presented in papers II and III. Sequencing reactions 

were run on ABI PRISM 3730 automatic sequencer (Applied Biosystems) and 

sequences were checked manually and aligned with BioEdit v. 7.0.9.0 (Hall 

1999). There were no ambiguities in the mitochondrial sequences that would 

suggest simultaneous amplification of a nuclear copy (II, III). 

2.2.3 Environmental data 

I used 13 environmental variables in habitat suitability modelling (i.e., to explain 

the habitat and distribution features) of the Golden Eagle and Peregrine Falcon 

and they fell into five categories: climate, topography, land cover, human impact 

(separated from other land cover variables) and habitat connectivity. All variables 

existed at the same 2 x 2 km grid size as the species occurrence data from the 

Golden Eagle and Peregrine Falcon. I selected the variables on the basis of 1) my 
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assessment that they would likely represent environmental factors that constrain 

the geographical distribution of the species in a high-latitude region, and 2) their 

usage in previous raptor studies (Gainzarain et al. 2000, Bustamante & Seoane 

2004, Sergio et al. 2004, Brambilla et al. 2006, López-López et al. 2007). 

Climatic variables consisted of mean values of the breeding season between 

the years 1961 and 1990 from data produced by the Finnish Meteorological 

Institute. Climatic conditions were described with two variables, mean 

temperature and precipitation during the breeding season from March to July, 

which are known to affect the numbers, reproduction and survival of boreal 

breeding birds (e.g. Forsman & Mönkkönen 2003). Topographic variables were 

derived from a digital elevation model (DEM) of which proportions or values 

were calculated for each 2 x 2 km grid. I used three variables to describe 

topography of the study area: mean elevation, relative elevation and proportion of 

cliffs. Land cover and human impact variables were extracted from European land 

cover and land-use classification CORINE (Coordination of Information on the 

Environment, European Commission 1994). I used four land cover variables: 

deciduous and coniferous forest, alpine land cover and open peatlands. Human 

impact was described with two variables: agricultural land and urban areas. The 

proportion of different land cover types as a cover for each 2 x 2 km grid cell was 

calculated with ArcGis 9.3.1 software. 

Habitat structure has been an important environmental variable in earlier 

raptor modelling studies and it has been taken into account, for example, by 

calculating border length between different habitat types (Bustamante & Seoane 

2004, Sergio et al. 2004). I measured habitat structure using connectivity 

variables (Hanski 1994), which is to my knowledge a novel approach in raptor 

modelling research. Connectivity was calculated as: 

Si = Σj≠i exp(-αdij)Aj 

where dij is the distance between grid cells i and j, 1/α is the average movement 

distance and Aj is the area of land cover class (in ha) in a grid cell. In 

metapopulation ecology connectivity measures the intensity of immigration to a 

specific habitat patch whereas in spatial ecology it is a characteristic that 

describes landscape structure (Hanski 2007). Connectivity as I calculated and 

utilized it has been widely and successfully used in corresponding situations in 

earlier modelling studies (e.g. Luoto et al. 2001, Luoto et al. 2002, Heikkinen et 
al. 2005), including boreal bird species (Virkkala et al. 2005). I calculated the 

connectivity for the following land cover classes: deciduous-coniferous forests 



34 

and cliffs for the Golden Eagle and for open peatlands and cliffs for the Peregrine 

Falcon. 

2.3 Data analysis 

2.3.1 Habitat requirements 

I assessed relationship between nest sites and environment at fine resolution (2 x 

2 km) and therefore the observed species-environment correlations apply only to 

the core breeding habitat (I). The modelling was done with the Maximum Entropy 

method (Maxent, Phillips et al. 2006), which is a general-purpose machine 

learning method that can be utilized in making predictions or inferences from 

incomplete information (Phillips et al. 2006, Pearson et al. 2007). As I did not 

have data of absences, I used presence-only modelling. I chose Maxent since it 

has been concluded to be the most effective presence-only modelling approach 

(Elith et al. 2006). The algorithm estimates a target probability distribution for 

species occurrence that is closest to uniform (i.e., most spread out). To represent 

the environmental conditions of the study region I used implementation that took 

a random sample of 10,000 ‘background’ cells. I used Maxent version 3.3.3 and 

ran the models with linear, quadratic and product (allow simple interactions to be 

fitted) features to ease the interpretation of the results. Initial tests showed that 

models with less feature types (linear and quadratic or linear only) had lower 

predictive performance (i.e., significantly lower training gain). My objective was 

to find a model with adequate performance with the fewest predictor variables 

(Burnham & Anderson 2002). I used the jack-knife test of variable importance 

implemented in Maxent to evaluate the relative strengths of each predictor 

variable (Yost et al. 2008, Torres et al. 2012). I built 13 models for both species 

and replicated each model 15 times. The best model was the one that had the 

fewest predictors with an average training gain (a measure of goodness of fit to 

the training data, similar to 'deviance' used in statistics) not significantly different 

from the model with the highest training gain. To evaluate the detailed effect of 

different variables on species occurrence, response curves, relative contributions 

(heuristic estimates) of the environmental variables and jack-knife test of variable 

importance were examined as suggested by Phillips et al. (2006). 

The model validation was done by random splitting of the original data into 

calibration (70%) and evaluating (30%) data sets (Guisan & Zimmermann 2000). 
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I constructed models with calibration data set and tested the performance (i.e., 

predictive success) of the model with the evaluation data set. The evaluation was 

done by measuring the accuracy of the predictions by the area under the curve 

(AUC) of a receiver operating characteristic (ROC) plot (Fielding & Bell 1997). 

It is a threshold-independent measure that assesses the ability of the model to 

discriminate between sites of presence versus absence observations of the species. 

With presence-only data AUC evaluates performance of the model by 

distinguishing presence from random instead of presence from absence (Phillips 

et al. 2006). AUC is generally accepted as the best measure to evaluate model 

performance (Elith et al. 2006) and is thus extensively used. It is the most popular 

method in Maxent literature as alternative evaluating methods for presence-only 

models are lacking (Merow et al. 2013). Correlograms of Moran’s I (Legendre & 

Legendre1998) were constructed to assess the degree of spatial autocorrelation in 

the residuals of the best model for both species (I). 

2.3.2 Conservation genetics 

Population structure and gene flow 

Genetic population structures of the study species were first studied from 

microsatellites with the program Structure (Pritchard et al. 2000) which 

implements a Bayesian clustering method to detect the underlying genetic 

structure among a set of individuals. The program can also be used to detect 

immigrants and individuals whose ancestors were immigrants. Structure assumes 

a model with K populations and estimates a log probability of data for each value 

of K, allowing the estimation of the most likely number of clusters. The detailed 

program settings for both the White-tailed Eagles and Reed Buntings can be 

found in the original papers (II, III). Initial tests showed that the program was 

unable to find any structure from the Finnish White-tailed Eagles without a priori 
knowledge of the sampling locations (II). Therefore I included this information 

(inland and coastal subpopulations) to assist the clustering (LOCPRIOR model, 

Hubisz et al. 2009). For the White-tailed Eagles, I ran the Structure analysis also 

assuming three geographic subpopulations (Quark, South-west Finland, and 

Lapland, areas where the species remained during the latest bottleneck, Fig. 3) to 

assess whether the current structure is a result of the past bottleneck. 
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Among the most commonly used methods to study the population structure is 

the F-statistics (Holderegger et al. 2006). It uses the inbreeding resulting from 

population subdivision to study the differentiation that has occurred among the 

subpopulations (Wright 1951). Another widely used method to evaluate the 

amount of population genetic structure is the molecular variance analysis 

(AMOVA) that assesses the structure by measuring how the variance of gene 

frequencies is divided into different levels of population structure (Excoffier et al. 
1992). The genetic structure was assessed with AMOVA and pairwise FST-

calculations between populations in the program Arlequin v.3.11 (Excoffier et al. 
2005, II, III). I calculated AMOVA and pairwise FSTs for the White-tailed Eagle 

also with the population division corresponding to the latest bottleneck to test 

whether this past structure of three subpopulations could explain the current 

structure (II). Population structure based on the mitochondrial sequences was 

analysed by calculating pairwise ΦST values between the populations and 

performing AMOVA (II, III). I used Tamura-Nei’s substitution model (Tamura & 

Nei 1993) for all sequence data (II, III). 

For the White-tailed Eagle, I also performed a genotype-based factorial 

correspondence analysis (FCA) in Genetix v. 4.03 (Belkhir et al. 2004) to 

visualize the relative genetic similarity among individuals in a multivariate space 

(II). FCA aims to find the best linear combination of allele frequencies which 

describe the variation between individuals. As a result, analysis gives a projection 

on how genetically similar individuals are. Genotypes with any missing data were 

excluded from this analysis. 

To study the level of current gene flow between populations, I performed 

assignment test that calculates a probability for an individual to belong to each 

sampling location (II, III). The dispersed individuals can be recognized since they 

tend to have low assignment probability to the population from which they were 

sampled. The level of current gene flow of White-tailed Eagle (II) and Reed 

Buntings was assessed with an assignment test in GeneClass v. 2.0.h (Piry et al. 
2004) using the Bayesian-based method described in Rannala and Mountain 

(1997). 

The fine-scale genetic structure of the Finnish White-tailed Eagle population 

was studied with spatial autocorrelation analysis in SPAGeDi v.1.3 (Hardy & 

Vekemans 2002, II). The program calculates the relationship between genetic 

relatedness of pairs of individuals and their corresponding pairwise geographical 

distance to test whether the relatedness depends on geographical distance. I 

calculated relatedness using kinship coefficient described in Loiselle et al. (1995) 



37 

and used nest site coordinates to determine geographic distances. The analysis 

provides a good measure of the degree of spatial genetic structure since the slope 

of this relationship does not depend on any arbitrary choice of distance classes 

(Hardy & Vekemans 2002). Also, as the fine-scale analyses are individual-based, 

they are not influenced by the subjective pooling of samples (Alcaide et al. 2009). 

Demographic history of the populations 

Since all the study populations are known to have experienced marked decreases 

in their sizes, I studied also the demographic history from the genetic data (II, III). 

By doing this I was able to get a more comprehensive picture of the processes 

affecting the population structure and genetic diversity. The results of 

demographic history are therefore presented together with the results of 

population structure and diversity. 

During a bottleneck, the number of alleles decreases faster than 

heterozygosity, resulting in heterozygosity excess compared to that expected 

under mutation-drift equilibrium. Possible genetic signs of past bottlenecks were 

assessed for the White-tailed Eagle and the Reed Bunting subspecies from 

microsatellite data in the program Bottleneck v. 1.2.02 (Cornuet & Luikart 1996) 

by testing the significance of heterozygosity excess with Wilcoxon test (II, III). 

To explore the history of the Finnish White-tailed Eagle population, I 

performed coalescence analysis with the program DIYABC (Cornuet et al. 2008, 

II), which estimates evolutionary history of a population based on approximate 

Bayesian computation. Coalescence theory concerns tracing of allelic ancestries 

back to the time of their most recent common ancestor (i.e. point of coalescence, 

Kingman 1982). The program DIYABC can be used to compare different 

competing scenarios. Here, the evolutionary history was inferred by building 

three historical models (Scenarios 1–3, II). The first model shows a split between 

the two Finnish subpopulations at time t1, the second includes a decrease of 

effective population size at time t1 after the split of the subpopulations (at t2, note 

that t1 occurs at a later time than t2), and the third a decrease of the effective size 

(at t2) before the split (at t1). I used mutation rates from 5x10-4 to 5x10-6 for all 

the microsatellite loci (Vasquez et al. 2000, Martínez-Cruz & Godoy 2007). 
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Genetic diversity and effective population size 

Genetic diversity can be estimated by a variety of methods and heterozygosity is 

among the most commonly used (Holderegger et al. 2006). Heterozygosity may 

be estimated for each locus, for an individual and further, for an entire population. 

Observed heterozygosity (HO) is the realized measure and expected 

heterozygosity (HE) represents the expected proportion of heterozygotes based on 

the observed allele frequencies when the population is assumed to be in Hardy-

Weinberg equilibrium. Of these two, the latter is usually reported as it is less 

sensitive to sample size (since sampling gives a more accurate estimate of allele 

than of genotype frequencies). Genetic diversity was estimated from 

microsatellite data by calculating expected and observed heterozygosity using 

Arlequin v.3.11 (Excoffier et al. 2005, II, III). Another widely used measure to 

characterize genetic diversity is allelic diversity. Here I calculated allelic richness, 

which represents the number of alleles standardized to the smallest sample size in 

the study, using the program FSTAT v. 2.9.3.2 (Goudet 1995, II, III). 

Genetic diversity from the mtDNA data was estimated by calculating 

haplotype (H) and nucleotide (π) diversity in DnaSP v. 5.0 (Librado & Rozas 

2009) for each population (II, III). π measures the proportion of nucleotide 

differences between two sequences and beside nucleotide substitutions, it also 

takes into  account sequence frequency. Haplotype diversity is the probability that 

two haplotypes are different (Nei 1987). 

Since inbreeding reduces the frequency of heterozygotes compared to random 

mating, it can be measured by comparing the observed heterozygosity to the 

expected under the Hardy Weinberg-equilibrium. The level of inbreeding was 

estimated with inbreeding coefficient FIS using Arlequin v.3.11 for the White-

tailed Eagle data (II) and Genepop v. 4.0 (Raymond & Rousset 1995) for the Reed 

Bunting data (III). 

Genetic approaches offer several approaches for estimating effective 

population size (Leberg 2005). Here I had DNA-samples from one time period, 

which restricted the available methods to single sample approaches. The linkage 

disequilibrium method is the most widely used and well evaluated estimator of 

contemporary Ne when only a single sample is available (Luikart et al. 2010). For 

the Reed Buntings, effective population sizes (Ne) were estimated using the 

linkage disequilibrium method implemented in the program Ne-estimator v.1.3 

(Peel et al. 2004) for populations which had more than ten sampled individuals 

(III). For the White-tailed Eagle, I estimated effective population size from 
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microsatellite data with the program ONeSAMP v. 1.2 (Tallmon et al. 2008, II) 

that uses approximate Bayesian computation. ONeSAMP was chosen since it is 

likely to provide increased accuracy and precision by using more information 

from the data (Luikart et al. 2010). Both methods used are based on the 

expectation that genetic drift increases as the Ne decreases and they give 

contemporary Ne estimates, which reflect the situation in recent time frame 

including the past one-to-few generations (Luikart et al. 2010). 

Conservation units 

There are various CU concepts that differ in their criteria and it is likely that none 

of them provide a universal definition suitable across all species (Fraser & 

Bernatchez 2001). Moritz (1994) has stated that an ESU should be reciprocally 

monophyletic for mtDNA alleles and show significant divergence of allele 

frequencies at nuclear loci. Later Crandall et al. (2000) have suggested that the 

reciprocal monophyly should be omitted as a criterion because it is too restrictive. 

Instead, ESUs could be identified as a populations that lack ‘ecological exchange-

ability’ (i.e., they have different adaptations) and ‘genetic exchangeability’ (e.g. 

they have had no recent gene flow (Crandall et al. 2000). MUs can be defined as 

populations with significant divergence of allele frequencies at nuclear or 

mitochondrial loci, regardless of the phylogenetic distinctiveness of alleles 

(Moritz 1994). 

Neutral microsatellite loci have been the most commonly used marker for 

defining CUs, but optimally both neutral and adaptive markers should be used to 

make management decisions (Funk et al. 2012). I assessed the possible 

conservation units for the Reed Bunting subspecies based on the results from 

genetic structure (with both marker sets, III). I especially utilized the results from 

AMOVA, pairwise ΦST and FST values to assess the genetic distinctiveness. In 

AMOVA, I used four different hierarchical structures to test if there is genetic 

subdivision among the three subspecies. First I grouped the sampling sites into 

three groups according to defined subspecies and then each subspecies was 

combined with another into one group resulting in three possible combinations. 
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3 Results and discussion 

3.1 Habitat requirements 

The best model for the Golden Eagle was the twelve-variable model including all 

other variables except alpine land cover (ALP), and for the Peregrine Falcon the 

eight-variable model including open peatlands (OPEAT), mean temperature of the 

breeding season (TMP), connectivity of the open peatlands (OPEATCO), 

proportion of cliffs (CLIF), relative elevation (RELE), mean elevation (MELE), 

alpine land cover (ALP) and deciduous forest (DECI). AUC-value of the best 

model for the Golden Eagle was 0.91 and for the Peregrine Falcon 0.95. The 

corresponding regularized training gains were 1.47 (95% CI 1.46–1.49) for the 

Golden Eagle and 2.38 (95% CI 2.36–2.40) for the Peregrine Falcon (I). The 

residuals of the best Peregrine Falcon model did not show a significant spatial 

autocorrelation, but the Golden Eagle model did (I). Therefore, the interpretation 

of the Golden Eagle results must be done with some caution. 

According to the relative variable contributions (heuristic estimates) of the 

Maxent model, the most important factors for the Golden Eagle were mean 

temperature of the breeding season (25.2%), coniferous forests (24.1%), 

agricultural areas (15.7% of contribution, but the association was negative, see 

Fig. 5) and relative elevation (10.6%, I). In the jack-knife analysis, urban areas, 

agricultural areas and mean temperature of the breeding season had the highest 

gain when used alone in both training and test models. The overall gain in the 

training and test model decreased the most when relative elevation was 

withdrawn from calculations (I). The relative suitability for the Golden Eagle 

presence dropped to zero when the proportion of human altered landscape 

(agricultural or urbanized areas) was more than 5% (Fig. 5). The relative 

suitability grew with the proportion of coniferous forests in a grid cell and the 

suitability had an optimum in relation to relative elevation (I). For the Peregrine 

Falcon, open peatlands (80.3%) and mean temperature of the breeding season 

(10.2%) had the highest relative contribution to the Maxent model (I). Open 

peatlands, their connectivity and mean temperature had the highest gain in jack-

knife test when used alone in training and test models. The gain decreased the 

most when open peatlands was removed from the training and test model (I). The 

predicted suitability of the habitat for the Peregrine Falcon generally increased 

with the increasing proportion and connectivity of the open peatlands (Fig. 5, I). 
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Fig. 5. Response curves from the best model for (a) the Golden Eagle and (b) the 

Peregrine Falcon. Curve represents a Maxent model that is created using only the 

corresponding variable. The value shown on the y-axis is the predicted relative 

indices of suitability, as given by the logistic output format of the Maxent model. 

Abbreviations are as follows: AGR = agricultural land, DECI = deciduous forest, 

PRE = mean rainfall of the breeding season, CLIF = proportion of cliffs, FORCO = 

connectivity of the forests, RELE = relative elevation, CLIFCO = connectivity of the 

cliffs, MELE = mean elevation, TMP = mean temperature of the breeding season, CONI 

= coniferous forest, OPEAT = open peatlands, URB = urban areas, ALP = alpine land 

cover and OPEATCO = connectivity of the open peatlands (I). 
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My results of the habitat associations (assumed to reflect the habitat 

requirements) are consistent with earlier knowledge of the breeding habitat 

selection of both raptors’ Finnish populations (Cramp & Simmons 1980, Below 

2000, Ollila & Koskimies 2008). In Finland, the Golden Eagle builds nests in 

trees, typically in mature Scots pines in a topographically higher location (Below 

2000), where the species has a good view of its surroundings. The majority (over 

90%) of the Finnish Peregrine Falcon population, in turn, breeds on ground in 

open peatlands. The species benefits from large connected wetlands (i.e., high 

connectivity) since, in addition to nesting places, it uses open peatlands as hunting 

area (Below 2000). 

My results show that human-induced changes in habitat threaten the Golden 

Eagle in Finland. This has important implications for the study species, as it may 

affect the spatial distribution and conservation status of the species. The species 

was observed to avoid strongly agricultural and urban areas. Therefore, any 

human-caused land cover changes associated with urban and agricultural areas 

within the core area of the breeding habitat (4 km2) likely worsen the suitability of 

that area for the Golden Eagle (I). My results are in line with earlier studies, 

where it has been shown that territories of Golden Eagles and other large raptors 

can be abandoned or show reduced breeding success when even a small part of 

the territory is lost due to habitat change (Whitfield et al. 2007 and references 

therein). Avoidance of human disturbance has been shown for the Golden Eagle 

also in earlier HSM studies (Carrete et al. 2000, López-López et al. 2007). 

Research with radiotracked birds observed the avoidance to be especially strong 

within the core area of the territory (Marzluff et al. 1997). Maxent models 

showed that habitat structure influences the breeding habitat selection of the 

Peregrine Falcon since it favours breeding habitats where open peatlands form 

well-connected areas. (I). Thus, fragmentation (i.e., decreasing the connectivity) 

of this land cover class decreases the suitability of that area for the Peregrine 

Falcon. Raptors are known to be selective with regards to habitat and may not 

colonize a suitable habitat patch if the landscape around it does not seem to be 

suitable (Sánchez-Zapata & Calvo 1999). Both theoretical and empirical studies 

suggest that human-induced habitat degradation and fragmentation have negative 

effects on the persistence of populations in the landscape (Andren 1994, Fahrig 

2003, Hanski 2007). 

At the moment, both Golden Eagle and Peregrine Falcon populations are 

growing, but the population sizes are still too small according to the IUCN 

classification. Target population sizes have been set at 600 breeding pairs for the 
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Golden Eagle and at 700 for the Peregrine Falcon (Ollila & Koskimies 2008). To 

be able to reach these targets, both species should be able to return to the southern 

part of the country (Ollila & Koskimies 2008). My models identify regions that 

have similar environmental conditions to the sites currently occupied by the two 

species. Based on my predictive maps, suitable habitat for both species is mainly 

found in the northern part of the country (I). Therefore, it seems that both species 

should change their habitat acceptance thresholds to be able to widen their 

distribution to southern Finland. For the Peregrine Falcon, this could mean for 

example an increased preference of nesting on cliffs and, for the Golden Eagle, 

better tolerance on human disturbance. As these changes in habitat preferences are 

hard to predict, it is of the utmost importance to sustain the quality of current 

suitable habitats (including unoccupied areas) to enhance the population growth 

of these large territorial raptors in the future. Based on my results, the population 

viability of the Golden Eagle can be enhanced by protecting an adequate amount 

of nest sites in coniferous forests in topographically variable landscape without 

disturbance from agricultural or urban areas. For the Peregrine Falcon population 

growth is best enhanced by protecting connected open peatlands. 

3.2 Conservation genetics 

3.2.1 Population structure and gene flow 

The White-tailed Eagle 

The species showed clear genetic structure at both population and individual 

levels in Finland when studied with microsatellites. First of all, I found significant 

deviation from HW-equilibrium for the combined data (inland and coastal 

subpopulations together), which is not consistent with the existence of one 

panmictic population in Finland (II). Analysis in the program Structure showed 

the strongest support for genetic structure of the two subpopulations, coastal and 

inland. The highest log probability LnP(K) and  maximum value of ΔK (Evanno 

et al. 2005) were found for two populations (K = 2) in the LOCPRIOR model (II). 

The observed genetic differentiation between coastal and inland subpopulations 

(mean FST 0.05) was significant (p < 0.05, II) and approximately of the same 

magnitude as differentiation observed earlier between populations in Norway, 

Estonia, Sweden, Germany and Kola Peninsula (FST 0.036, Hailer et al. 2006). 
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Differentiation between coastal and inland subpopulations was not significant 

with mtDNA control region sequences (ΦST value 0.013, II). All White-tailed 

Eagle individuals from the inland subpopulation were correctly assigned through 

all the years, while the proportion of correctly assigned birds in the coastal 

subpopulation varied around 60% (II). The low level of gene flow between the 

two Finnish subpopulations may partly be explained by habitat preference. The 

majority of individuals born in the coastal subpopulation may prefer coastal 

habitats for breeding, while birds from inland may in turn prefer the freshwater 

habitat in the vicinity of large lakes. Based on field observations, birds do not 

move from the coastal to the inland subpopulation to breed (Stjernberg et al. 
2002) or vice versa (Stjernberg & Koivusaari 1995). 

Isolation by distance (IBD) pattern in fine scale was observed in the whole 

Finnish population as well as in the coastal subpopulation alone, as the regression 

slope of spatial autocorrelation analysis was negative and statistically significant 

(-0,008 and -0,004 for the whole of Finland and coastal subpopulation, 

respectively, II). For the whole of Finland, the largest distance class with 

significantly positive kinship coefficient (r = 0.03, p < 0.05) was found in 2003 

(max distance 165 km, mean distance 116 km, II). The observed limited gene 

flow and the resulting IBD pattern in White-tailed Eagle is most likely a 

consequence of the philopatric behaviour of the species; the observed natal 

dispersal distances from colour-ringed individuals in Sweden (mean values 90 km 

for males and 114 km for females, Helander 2003) correspond well to my results 

of the extent of genetic structure (mean distance 116 km and max distance 165 

km). Preliminary observations from SW Finland (N = 20) have shown that nearly 

half of the individuals returned to breed within 21–50 km of their birthplace and 

the maximum observed natal dispersal distance has been 150 km (WWF Finland 

Sea Eagle working group, unpubl.). Thus, my genetic results confirm that most of 

the individuals return to breed near their natal sites after an exploratory period as 

pre-adults. The fact that I did not find any clear fine-scale structure from the 

inland subpopulation can be due to the small sample sizes, which may have 

decreased the power of the analysis. In addition, frequent immigration from 

neighbouring countries (II, see below) in relation to small population size together 

with recent population expansion (following the latest bottleneck) could have 

prevented the IBD pattern to be formed. Thus, the inland subpopulation may not 

yet have reached the mutation-drift or migration-drift equilibriums. 

For a species with strong philopatric behaviour, such as the White-tailed 

Eagle, it was expected to find strong fine-scale genetic structure. In larger scale 
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studies, isolation by distance pattern has been found in the White-tailed Eagle 

across its whole distribution area (Hailer et al. 2007), and also in other raptors 

like the Lesser Kestrel (Falco naumanni, Alcaide et al. 2008), Swainson’s Hawk 

(Buteo Swainsoni, Hull et al. 2008) and Spanish Imperial Eagle (Aquila adalberti, 
Martínez-Cruz et al. 2004). However, recent studies of the philopatric raptors 

have failed to found IBD patterns at individual level (Lesser Kestrel in Alcaide et 
al. 2009 and Golden Eagle in Bourke et al. 2010), which have challenged the role 

of philopatry in generating fine-scale genetic structuring (Alcaide et al. 2009, but 

see Ortego et al. 2008). In the Lesser Kestrel, the rare long-distance dispersal 

events were concluded to override the effect of high philopatry in generating 

genetic structure (Alcaide et al. 2009). In addition to restricted gene flow, I 

observed signs of long-distance immigration in the two Finnish subpopulations. 

The programs Structure and Genetix both showed outlier individuals in relation to 

the rest of the Finnish population. These individuals’ parent(s) are likely 

immigrants from genetically differentiated populations in neighbouring countries 

(II, see below). However, there is likely some critical level in the amount of long-

distance dispersers that is needed to break down the IBD pattern, and this level is 

further affected by other factors such as the target population size. In Finnish 

White-tailed Eagles, the proportion of long-distance dispersers seems to be small 

in relation to the target population size and therefore the IBD is not broken down. 

My results imply that the Finnish White-tailed Eagle subpopulations have 

ongoing immigration from neighbouring populations. For 2007, the estimate for 

immigration was the highest, and both Genetix and Structure programs showed 

the same 15 outliers from the rest of the Finnish population (Fig. 6, II). Sixty per 

cent of these outliers had low probability (under 0.20) to be assigned to either of 

the two Finnish subpopulations in GeneClass (II). The parent(s) of these outlier 

individuals can be immigrant(s) from genetically differentiated neighbouring 

populations. Moreover, many of the outliers were from the same nest sites or 

territories through the years. The program Genetix further indicated that 

immigrants arrived to the inland subpopulation from two, and to the coastal 

subpopulation from one direction, because the outliers group into two and one 

group, respectively (II). These genetic results are well in line with field 

observations from colour-ringed individuals; birds born in the Kola Peninsula and 

Swedish Lapland have been observed to breed in Finnish Lapland (Stjernberg et 
al. 2002) and birds of Swedish origin have been observed to breed on the Finnish 

Baltic coast (Stjernberg & Koivusaari 1995, Helander 2003, WWF Finland Sea 

Eagle working group, unpubl.). However, my genetic results indicate that the 
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number of immigrants that arrive to breed in Finland is higher than has been 

suggested by observations from colour-ringed breeding birds. The results also 

show that gene flow has indeed contributed to the recovery after bottlenecks as 

suggested by Hailer et al. (2007). However, to be able to confirm these results, I 

would need to sample these neighbouring populations (Kola Peninsula and 

Swedish Lapland and coast). 

 

Fig. 6. Scatter plot of the factorial correspondence analysis (program Genetix) based 

on the allele frequencies of the Finnish subpopulations of White-tailed Eagle (year 

2007). First and second axes (factors) account 10.08% and 6.61% of the total variance, 

respectively. Individuals interpreted as outliers are marked with asterisk (Figure 

included in paper II, published with kind permission from Springer Science and 

Business Media). 

The FST values between the three subpopulations (Quark, South-west Finland and 

Lapland) which existed during the latest bottleneck were statistically significant 

(p < 0.05, mean FST value between the Quark and south-west Finland 0.02, 

between Lapland and the Quark 0.03, and between south-west Finland and 

Lapland 0.05, II). But in AMOVA the division into 3 subpopulations decreased 

the proportion of variation among populations in all years (II). Also, results from 

the program Structure did not support this historical subdivision, since using the 

prior information with three sampling locations (i.e., the three areas where the 

Finnish population remained during the latest bottleneck) in the LOCPRIOR 

model was not informative and the highest support was still found for the two 

populations model (ΔK = 2 and K = 2, II). Furthermore, the best historical 
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scenario simulated with DIYABC was the model that supported an ancient 

bottleneck prior to the split of the subpopulations (Scenario 3, II). The analyses in 

the program Bottleneck did not show any genetic signs of past bottlenecks, either 

(Wilcoxon p > 0.05 regardless of the mutation model, II). Therefore I conclude 

that the genetic structure of the Finnish population of the White-tailed Eagle is 

not a result of recent population bottlenecks. 

The Reed Bunting subspecies 

The program Structure could not distinguish the Reed Bunting populations or 

subspecies as the highest log probability LnP(K) was found for one genetic 

cluster (K = 1, III). Pairwise FST values within sampling sites of shoeniclus, 

lusitanica and geographically close witherbyi sites in Castilla la Mancha were low 

and non-significant (III). Pairwise ΦST values based on mtDNA sequences gave 

congruent result (III). These sampling sites were therefore combined as 

schoeniclus (including sampling sites in Finland and Spain), lusitanica (sampling 

sites in Spain and Portugal), and Castilla La Mancha for witherbyi (including 

sampling sites of Villafranca, El Masegar and Daimiel in Spain). For these 

combined subpopulations, results from pairwise FST and ΦST values are presented 

in Table 1. The genetic differentiation among sampling sites of witherbyi was 

surprisingly large in many cases, pairwise FST values were high and significant 

(range 0.04–0.10) between all sites except for comparisons to Mallorca (III). In 

addition, ΦST values based on mtDNA data were significant (range 0.130–0.278) 

in all except some comparisons involving Marjal Pego-Oliva, which could just be 

due to the small sample size (III). Notably, many of the values within witherbyi 
were much higher than values estimated between subspecies. Even though the 

sample sizes were not large for some of the subpopulations, it seems that the 

witherbyi subpopulations are more differentiated from each other than lusitanica 

subpopulations or the migrant schoeniclus subpopulations. In earlier studies of the 

genetic structure in the Reed Bunting subspecies (Graputto et al. 1998), estimates 

of FST among populations of schoeniclus (0.04) and among populations of E.s. 
intermedia (0.03) have been clearly higher than my estimates for schoeniclus and 

lusitanica, but lower than my estimates for witherbyi. 
The difference in the magnitude of genetic structure reflects the different 

amounts of gene flow among subpopulations within the subspecies. One possible 

explanation could be the shorter geographical distances between subpopulations 

of lusitanica compared to the distances between subpopulations of witherbyi 
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because the current distribution area of lusitanica is much smaller than that of 

witherbyi. This might be the reason why gene flow seems to be more effective in 

lusitanica. Indeed, the geographically close witherbyi subpopulations in Castilla 

La Mancha did not show significant genetic differentiation, either (III). Both 

lusitanica and witherbyi have inhabited a larger number of wetlands in the past, 

but have now become extinct especially from small wetlands. Thus, the observed 

structure could also be explained by the fact that the fragmentation is still recent. 

This would result in non-significant FST values (reflecting high long-term gene 

flow in the past) and strong differentiation in real-time migration estimates 

(reflecting low current gene flow, Mayer et al. 2009). The majority of Reed 

Bunting individuals were assigned to their correct sampling site, which indicates a 

low level of current gene flow. Among the lusitanica subpopulations, 87% of 

Spain and 93% Portugal population individuals were correctly assigned. In 

witherbyi, all individuals from Castilla La Mancha and Mallorca were correctly 

assigned, whereas the corresponding proportions for Delta del Ebro and Marjal 

Pego-Oliva were 91% and 50%, respectively. Recent fragmentation could thus 

explain the structure of lusitanica, because they were differentiated based on 

assignment test but not with the estimates of FST. In any case, differentiation 

between subpopulations of witherbyi is stronger than in lusitanica and both long-

term and current amounts of gene flow are low. Unfortunately, this might indicate 

that the now extinct subpopulations are lost for good, because based on my results 

the recolonization of small and geographically isolated habitats located far from 

each other is highly unlikely for witherbyi due to low gene flow. 

When the pairwise FST values were estimated between the subspecies, all of 

them were significant (schoeniclus–witherbyi: 0.03, schoeniclus–lusitanica: 0.02 

and lusitanica–witherbyi: 0.04, in all comparisons p < 0.05, III). Significant 

differentiation between subspecies was also found with pairwise ΦST values based 

on mtDNA sequences (schoeniclus–witherbyi: 0.053, schoeniclus–lusitanica: 

0.043 and lusitanica–witherbyi: 0.140, in all comparisons p < 0.05, III). 

Hierarchical AMOVA with microsatellites gave best support for the structure with 

3 groups that were formed according to the 3 subspecies, as the highest variation 

among groups was observed then (2.68% of the total variance, p < 0.05, III). 

AMOVA based on mtDNA sequences showed that the among-group variance was 

the largest and significant when schoeniclus and lusitanica were combined into 

one group (i.e., witherbyi was differentiated from the other two, III). To conclude, 

my results from both marker sets supported quite well the genetic differentiation 

between the three subspecies. Depending on authors, the number of subspecies in 
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the Reed Bunting varies from 30 to 15, and these subspecies are grouped into two 

to four groups (Byers et al. 1994, Cramp & Perrins 1994). The subspecies are 

designated largely based on bill size and plumage colour. Genetic differentiation 

between the subspecies groups, subspecies or populations of the Reed Bunting 

has not been studied in detail and only a couple of subspecies have been included 

in published studies. Graputto et al. (1998) have shown that the subspecies 

intermedia of the southern, thick-billed pyrrhuloides-group and schoeniclus of the 

northern thin-billed schoeniclus-group are slightly genetically differentiated in 

nuclear loci (FST from four microsatellite loci was 0.04), but not in mitochondrial 

DNA. My microsatellite data resulted in very similar FST values between the 

subspecies but showed significant differentiation with mitochondrial data. This 

may be explained by the highly variable mitochondrial control region sequences 

used here, which are more suitable for detection of genetic structures within 

species than the more conservative mitochondrial cytochrome b and ND5 

sequences used by Graputto et al. (1998). 

Table 1. Compiled results of pairwise FSTs (below diagonal) and ΦSTs (above diagonal) 

between the Reed Bunting subpopulations. Values in bold are statistically significant 

(p < 0.05). (Original results included in paper III, published with kind permission from 

Springer Science and Business Media). 

 schoeniclus 

 

lusitanica 

 

witherbyi 

Ebro 

witherbyi 

Castilla la Mancha 

witherbyi 

Marjal Pego-Oliva 

witherbyi 

Mallorca 

schoeniclus 

 

 0.043 0.047 0.082 0.053 0.191 

lusitanica  

 

0.02  0.364 0.217 0.455 0.537 

witherbyi 

Ebro 

0.03 0.05  0.130 −0.151 0.125 

witherbyi 

Castilla la Mancha 

0.04 0.06 0.04  0.147 0.278 

witherbyi 

Marjal Pego-Oliva 

0.09 0.10 0.09 0.10  −0.124 

witherbyi 

Mallorca 

0.00 0.01 −0.02 0.00 0.03  

 



51 

3.2.2 Genetic diversity and effective population size 

The genetic diversity in the Finnish White-tailed Eagle was slightly higher in the 

inland compared to the coastal subpopulation in both markers (HE: 0.62 and 0.57, 

allelic richness: 4.92 and 4.22, haplotype diversity: 0.74 and 0.68, nucleotide 

diversity: 0.0050 and 0.0043 in inland and coastal subpopulations, respectively, 

II). I did not observe any signs of inbreeding in either of the Finnish 

subpopulations. The inbreeding coefficient was significant only in the last study 

year 2007 (FIS = 0.10 in coastal and FIS = 0.13 in inland subpopulation), but also 

then the coefficient was not positive and significant in all of the loci (II). The 

observed high diversity can be a result of the overlap of eastern and western 

mtDNA lineages of the species in Finland (II) that is caused by a secondary 

contact after the last glacial maximum and has remained despite past bottlenecks. 

The level of genetic diversity of the White-tailed Eagle in Finland is comparable 

with the variation in neighbouring populations (e.g. Sweden, Estonia and Kola 

Peninsula in Russia) in both microsatellites and mtDNA marker (II, Hailer et al. 
2007, Honnen et al. 2010, Langguth et al. 2012). Hailer et al. (2006) proposed 

that the most likely reason for the retained genetic variation is the long generation 

time of the species which has buffered against the loss of genetic diversity. 

In general, measures of genetic variation within the Reed Bunting subspecies 

showed low diversity in lusitanica and relatively high diversity in schoeniclus and 

witherbyi, especially in mtDNA data. For example, the nucleotide diversity based 

on mtDNA was high in witherbyi subpopulations (varying between 0.0024 and 

0.0044) and schoeniclus (0.0031), but significantly reduced in lusitanica (0.0006) 

compared to schoeniclus and witherbyi (both t tests resulted in p < 0.0001, III). 

Haplotype diversity was high in schoeniclus (0.87) and witherbyi subpopulations 

(varying between 0.68 and 0.87) and the lowest in lusitanica (0.33, III). From 

microsatellite data, the lowest heterozygosity values were found in witherbyi 
subpopulations from Marjal Pego-Oliva and Mallorca (HE 0.56 and 0.66, 

respectively, III). HE was at similar level in lusitanica and schoeniclus (0.69 in 

both), while highest values were found in witherbyi subpopulations from Delta 

del Ebro and Castilla La Mancha (HE 0.76 in both, III). Allele richness was the 

highest in schoeniclus (11.79) and the lowest in lusitanica (10.29), the value from 

witherbyi was close to that of schoeniclus (11.76, III). None of the lusitanica or 

witherbyi subpopulations showed signs of inbreeding, since none of them showed 

significantly positive estimates of FIS over all of the loci (III). Overall, the 

observed heterozygosity values of the Reed Buntings were somewhat lower than 
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previously reported for the species in a study by Matessi (1999), where four 

microsatellite loci were used (three of those the same as here). In nine Swiss 

schoeniclus subpopulations, HE varied from 0.83 to 0.87 (Mayer et al. 2009). In a 

study of Grapputo et al. (1998), HE varied between 0.79 and 0.86 in subspecies 

schoeniclus (N = 55) and intermedia (N = 88). 

To conclude, unlike the lusitanica, the witherbyi did not show lowered 

genetic diversity as expected based on the rapid decrease of the census sizes. The 

subpopulations of Delta del Ebro and Castilla La Mancha had higher than and/or 

corresponding (depending on the marker set and polymorphism measure) values 

of genetic diversity as the schoeniclus subpopulations (III), even though for Delta 

del Ebro the decline of the population has been above 70% during the last decade. 

It is possible that the decline is still so recent that drift has only just begun to 

reduce the number of rare haplotypes and alleles, but this is not yet detectable by 

different bottleneck tests or diversity values. Indeed, none of the studied Reed 

Bunting populations showed genetic signs (i.e., heterozygote excess) of the recent 

decline in population size when tested in the program Bottleneck (Wilcoxon test 

p > 0.05, III). Another possible explanation for the different levels of genetic 

diversity could be that the lusitanica is an endemic subspecies for the north-

western part of Iberian Peninsula, while witherbyi is found in southern France and 

Morocco in addition to Iberian Peninsula. As a consequence, lusitanica has been 

restricted to a notably smaller geographical area compared to witherbyi, which 

has kept the long-term population size smaller and increased the proneness to 

inbreeding. Thus, the observed level of diversity in Reed Bunting subspecies may 

reflect long-term rather than recent population sizes (Frankham et al. 2002). 

Endemic populations generally show lower genetic variation than non-endemic 

bird populations (Frankham 1997). 

Ne estimates for the White-tailed Eagle varied from 83 (95% CI 68–150) to 

207 (95% CI 146–478) for the coastal and from 16 (95% CI 13–28) to 39 (95% 

CI 26–92) for the inland subpopulation, depending on the year (II). The yearly Ne 

estimates were generally smaller in the inland than in the coastal subpopulation, 

which is the case for census population sizes as well. Despite the lower Nc and Ne, 

the inland subpopulation somewhat higher genetic diversity compared to the 

coastal subpopulation. This is likely due to the fact that the inland subpopulation 

receives immigrants from two directions (II). Also, this immigration may 

influence my Ne estimates, as the results may actually apply to a larger 

geographical area. Therefore I estimated the Ne also without the outlier 

individuals with data from the year 2007. Then the estimate was 142 (95% CI 
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106–316) for the coastal subpopulation (N = 79) and 14 (95% CI 12–22) for the 

inland subpopulation (N = 13). Thus, the removal of offspring of immigrants 

decreased the Ne estimates, especially in the coastal subpopulation [Ne with 

original data was 207 (95% CI 146–478)]. Therefore, immigration seems to 

enhance the genetic viability of the Finnish population of White-tailed Eagle by 

increasing the effective population size, although I cannot conclude this decrease 

to be statistically significant. 

For the Reed Buntings, estimates of the Ne showed the largest value for 

schoeniclus [238 (95% CI 156–456)]. In witherbyi, the Delta del Ebro 

subpopulation got a smaller estimate [21 (95% CI 11–99)] than Castilla La 

Mancha [53 (95% CI 34–110), III]. For lusitanica, the estimate was 69 (95% CI 

49–110). However, since the 95% confidence intervals for the Ne estimates 

overlap in all three subspecies, differences between these estimates cannot be 

concluded to be statistically significant. 

Even though Ne estimates for the White-tailed Eagle showed variation 

between the years, they were below 500 in both the coastal and inland 

subpopulations (II). This was the case also for the subpopulations of the Reed 

Bunting subspecies lusitanica and witherbyi (III). The critical effective size for a 

genetically secure population that can maintain evolutionary potential is 

considered to range between 500 and 5,000 (e.g. Franklin 1980, Traill et al. 2010, 

Jamieson & Allendorf 2012). Therefore both the White-tailed Eagle 

subpopulations and populations of subspecies lusitanica and witherbyi still need 

to increase in size in order to avoid threats to their long-term persistence in the 

future. The lusitanica, witherbyi and the inland subpopulation of White-tailed 

Eagle were also below or close to the critical level of Ne 50, which make them 

susceptible to losing fitness due to inbreeding depression in the short term. 

3.2.3 Conservation units 

On average, both lusitanica and witherbyi showed genetic distinctiveness as a 

subspecies. A recent study about the morphometric traits of Reed Buntings has 

also highlighted the distinctiveness of these subspecies and the differences were 

concluded to suggest adaptive differentiation (Neto et al. 2013). Therefore both 

lusitanica and witherbyi seem to fulfil the criteria of ESU (i.e., show genetic and 

adaptive differentiation). I also suggest MUs for the two genetically differentiated 

subpopulations of witherbyi: Delta del Ebro and Castilla La Mancha (consisting 

of the sampling sites Villafranca de los Caballeros, El Masegar and Tablas 
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Daimiel). These subpopulations showed genetic differentiation in one or both 

markers and therefore are likely to be demographically independent compared to 

the other witherbyi subpopulations (III). However, the MUs for the 

subpopulations from Mallorca and Marjal Pego-Oliva also fulfils these criteria, 

but in these cases the sample sizes are too low to make any suggestions with 

reasonable confidence (and the Marjal Pego Oliva subpopulation might actually 

already be extinct). 
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4 Conclusions and implications for 
conservation 

4.1 Habitat requirements 

Raptors usually occur in low population densities since they require wide 

territories. Therefore they are sensitive to changes in the environment (e.g. 

Whitfield et al. 2007). Changes in the habitat have been suggested as one of the 

main threats for the Finnish populations of Golden Eagle and Peregrine Falcon 

(Ollila & Koskimies 2008). Nevertheless, comprehensive nationwide research on 

these endangered raptors’ habitat associations and possible threats has been 

lacking until now. The long-term survival of the species requires an extent of 

habitat which can support a viable population (Below 2000, Hanski 2007, Ollila 

& Koskimies 2008). My thesis shows that in order to enhance the population 

growth of the Golden Eagle and Peregrine Falcon, it is of utmost importance to 

sustain the quality of current suitable habitats (including unoccupied areas) of 

both raptors. I propose focusing protection measures of the Peregrine Falcon on 

suitable, currently unprotected breeding habitats in areas where connectivity of 

open peatlands is still rather high. In addition to preventing further habitat loss, 

the fragmentation of open peatlands should be prevented as well. At present, 53% 

of Peregrine Falcon nests are located in protected areas. Increasing the amount of 

protected suitable habitat is of immediate importance, because pressure from the 

peat industry is a current threat to natural open peatlands (Ollila & Koskimies 

2008). Currently, 44% of the Golden Eagle nests (occupied during the last 5 

years) are located in protected areas. The concern of the amount of suitable 

breeding habitat for the Golden Eagle is justified since my study shows that it 

avoids human-induced land cover alterations (urban and agricultural areas) and 

high-quality breeding forests are threatened within the current distribution area in 

northern Finland (Below 2000, Ollila & Koskimies 2008). In addition, the amount 

of suitable habitat in southern Finland (where the species could widen its 

distribution) is lower due to forestry and more intense human disturbance and 

further, the protection network there consists mostly of small and isolated patches 

(Hanski 2007). 

It has been stated that forestry forms the biggest threat to disturbance-free 

forests with suitable Golden Eagle nest trees in northern Finland (Ollila & 

Koskimies 2008). I had no forestry variables in my models, so I cannot conclude 
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with certainty whether this raptor avoids forestry areas in the same way as it 

avoids urban and agricultural areas. Forestry can also be thought to benefit the 

species by creating gaps and openings in the forest which can offer good hunting 

areas for the species. However, any forestry practices in the vicinity of the nest 

site during the breeding season would be risky if it is human disturbance in 

general that the species avoids. Disturbance near nest sites might lead to breeding 

failure or prevent eagles from hunting over part of their territory (Watson 1997). 

Especially in case of endangered species, it would be safer to take caution until 

the exact relationship between the Golden Eagle and forestry variables is studied. 

In unprotected, government-owned areas, the conservation measures are such that 

any forestry activities are prohibited within a 200-m radius around nest sites. For 

occupied nest sites the buffer zone is widened to 800–1,000 m for the breeding 

season between 15 February and 31 July (Ollila & Koskimies 2008). However, 

my results strongly indicate that the species is sensitive to urban and agricultural 

areas within a 4-km2 area around the nest site. If it is human-induced land cover 

alterations in general that the species avoids, then the 800-m buffer zone 

(covering 2.0 km2) during the breeding season is inadequate. A radius of at least 

1,150 m (constituting 4.2 km2) for all the nest sites in unprotected areas during the 

breeding season would be more suitable. In privately owned forests, the 

protection of nest sites from disturbance is difficult, because only the nest tree is 

protected and establishing a buffer zone requires a protection decision from 

environmental authorities with compensation to land owner (Nature Conservation 

Act 20.12.1996/1096, Nature Conservation Degree 14.2.1997/160 of the Finnish 

Ministry of Environment). It is important that the minimum 1,150-m buffer zone 

during the breeding season would be introduced as a common practice also in 

privately owned forests. I cannot show whether the Golden Eagle tolerates human 

disturbance beyond the suggested 1,150-m buffer zone, so there is a possibility 

that the zone should be even larger. Future studies should assess the response of 

Golden Eagle to forestry in more detail. 

4.2 Conservation genetics 

Recognition of processes shaping population genetic structures provides 

information of the demographic history, ecology and behaviour of a species, 

especially in relation to dispersal and associated gene flow (Parker et al. 1998). In 

the White-tailed Eagle the observed current structure is mainly a result of the 

species’ ecology (i.e., philopatric behaviour), not of demography (recent 
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population bottlenecks). Gene flow plays a central role in maintaining functional 

connectivity and long-term viability of populations (Segelbacher et al. 2010). In 

particular, the effect of gene flow in recovery from bottlenecks might be of great 

importance. This can be seen in the Finnish population of White-tailed Eagle. My 

results show that the population has ongoing immigration from populations in 

neighbouring countries. Thus, despite the fact that the population has recovered 

mainly through local growth, gene flow from genetically differentiated 

populations seems to have had an impact as well. 

Based on this study, the Finnish population of White-tailed Eagle still needs 

to increase in size to ensure its viability. This was evident from the effective 

population size estimates that were below the critical effective size needed to 

maintain evolutionary potential. The inland subpopulation was also below the 

critical level of Ne 50, so it is at risk of losing fitness due to inbreeding depression 

in short term. As a result of the rapid population growth during recent years, the 

White-tailed Eagle seems steadily to be achieving adequate population sizes 

(Stjernberg et al. 2011). To be able to follow this progress, the population 

monitoring needs to be continued. 

My study shows that the recommendation to increase population sizes also 

applies to the Reed Bunting subspecies lusitanica and witherbyi. Their effective 

population sizes were too low to avoid threats to population persistence in the 

future and to avoid the risk of losing fitness due to inbreeding depression in the 

short term. The current census size for witherbyi in Tablas Daimiel (part of the 

Castilla La Mancha subpopulation/management unit) is about 100 pairs and in 

Delta del Ebro around 50–100 pairs, which are already alarmingly low. Based on 

my results, the recolonizations of small and geographically isolated habitats 

located far from each other is highly unlikely for witherbyi due to the observed 

low level of gene flow (both at present and long-term time scales). The most 

urgent conservation measures should therefore be targeted to maintain and 

improve the habitat quality of local populations. The Salreu subpopulation of 

lusitanica in Portugal is presently estimated to be around 350–400 breeding pairs, 

while for Galicia in Spain, the estimate is around 50–60 breeding pairs, 

distributed in 14–15 wetlands. Given that currently there seems to be less gene 

flow than in the past between these subpopulations and some of the 

subpopulations only hold a few breeding pairs, the conservation measures for the 

lusitanica should include both, increasing/regenerating the level of gene flow 

between populations and improving the habitat quality. As this subspecies is 

endemic, it is particularly prone to extinction or endangerment (Frankham 1997). 
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Therefore its protection as its own ESU warrants immediate conservation 

measures. 

Between the 1970s and early 1990s, Reed Bunting declines have been 

reported for several European countries, such as Italy, Germany, Belgium, Finland 

and England (Heath et al. 2000). Habitat loss has probably been the main cause of 

decline also for lusitanica and witherbyi in the 1970s and 1980s. However, 

already in the last decade, most of the populations were located within protected 

areas and therefore the loss of wetlands cannot account for the continuing decline. 

Belda et al. (2008) suggested that changes associated with reed and water 

management in wetlands are also an important cause for the decline of the 

species. Most of the management practices have been devoted to favour other 

species, such as endangered ducks or egrets, without knowing how the 

consequences affect other bird species, such as several endangered passerines like 

the species studied here. Therefore, there is a need to undertake studies on habitat 

requirements of lusitanica and witherbyi and to understand how reed management 

affects demographic parameters. 

Based on genetic distinctiveness and morphometric differences suggesting 

adaptation (Neto et al. 2013), I propose four CUs for the studied Reed Bunting 

populations to guide conservation management. Both subspecies lusitanica and 

witherbyi form ESUs and the genetically differentiated subpopulations of 

witherbyi, Delta del Ebro and Castilla La Mancha, should be treated as MUs. 
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