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INTRODUCTION

Ongoing habitat loss and fragmentation
have caused the extinction of innumera-
ble natural populations and reduced the
sizes of many others (Frankham 1995).
Small and isolated populations are at risk
to go extinct due to several demographic
and environmental factors. For example,
the extinction risk of small local popula-
tions of the Glanville fritillary butterfly
(Melitaea cinxia) in the Åland Islands in
southwest Finland is affected by demo-
graphic and environmental stochasticity,
habitat loss, parasitism, emigration from
small habitat patches and so forth
(Hanski 1998). Genetic factors are also
important in affecting the dynamics of
small local populations of M. cinxia
(Saccheri et al. 1998). Evidently, these
factors are not independent: for instance,
patch quality may affect population size,
which in turn affects the genetic proper-
ties of the population.

Inbreeding, mating with close rela-
tives, is thought to have harmful effects
on general viability of individuals. The
reduced fitness of inbred individuals rel-
ative to more outbred ones is called in-
breeding depression (Hedrick and Kali-
nowski 2000). Traits that show inbreeding
depression are often closely related to fit-
ness (Frankel and Soulé 1981, Falconer
and MacKay 1996). Thus many life-his-
tory traits of a species may be adversely
affected by inbreeding, whereas metric
characters may not show any inbreeding
depression. For example, Roff (1998)
found that inbreeding significantly de-
creases fecundity in the sand cricket,
Gryllus firmus, but morphological traits
such as egg length did not show any or
only very weak inbreeding depression.
Similarly, the effects of inbreeding can
differ between early and late life-stages
(Husband and Schemske 1995).

There are two main hypotheses to
explain the occurrence of inbreeding de-
pression (Charlesworth and Charles-

worth 1987). Both hypotheses are based
on the fact that inbreeding increases ho-
mozygosity. According to the partial
dominance hypothesis, inbreeding de-
pression is due to the expression of dele-
terious recessive alleles in homozygous
condition in inbred individuals. The
overdominance hypothesis suggests that
inbreeding depression is attributable to
overdominance, the heterozygote superi-
ority over homozygous genotypes (Char-
lesworth and Charlesworth 1987). These
two hypotheses differ in their predictions
for the effects of prolonged inbreeding.
The partial dominance hypothesis pre-
dicts that the genetic load decreases dur-
ing continuous inbreeding due to selec-
tion purging deleterious recessive alleles
from the population. On the contrary, if
inbreeding depression were due to over-
dominance, the genetic load would not
be reduced in later rounds of inbreeding
(except in the case of asymmetrical over-
dominance, Barrett and Charlesworth
1991). The partial dominance hypothesis
has gained much support and is widely
thought to explain most of the inbreed-
ing depression that occurs in natural
populations (Charlesworth and Charles-
worth 1987).

The existence and severity of inbreed-
ing depression in different organisms
have been mainly studied in laboratory/
captivity. The importance of inbreeding
in captive populations of many species
has been firmly established (see for ex-
ample Ralls and Ballou 1983, Ralls et al.
1988, Dole and Ritland 1993). Ralls et al.
(1988) examined the level of inbreeding
depression in 40 captive mammalian
populations. The cost of close inbreeding
on juvenile survival was very high, al-
though the severity of inbreeding de-
pression varied greatly between popula-
tions (Ralls et al. 1988). The role of
inbreeding depression in natural popula-
tions is more difficult to assess (Pusey
and Wolf 1996).  Traditionally, the level
of inbreeding in a given population has
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been determined directly using pedigree
information. With new molecular/genet-
ic methods, the level of inbreeding in a
population can also be assessed indirect-
ly using molecular markers (Box 1, see
also for example Bensch et al. 1994,
Amos et al. 2001). There are also prob-
lems in assessing the level of inbreeding
from genetic data (Hansson and Wester-
berg 2002), but the new techniques have
enabled researchers to study the effects
of inbreeding in various species from
which it is not possible to obtain detailed
pedigree information. This is in fact the
case with most natural populations of
animals and plants. Presently studies on
inbreeding effects in natural populations
are rapidly accumulating.

The results of studies on inbreeding
depression in natural populations have
been variable (evidence of inbreeding
depression found: Bensch et al. 1994,
Keller et al. 1994, Brown and Brown
1997, Keller 1998, Amos et al. 2001, Kel-
ler et al. 2002, no inbreeding depression
found: Gibbs and Grant 1989, Keane et
al. 1996). However, it is safe to conclude
by now that inbreeding depression is an
important factor in many natural popu-
lations (Crnokrak and Roff 1999,
Frankham 1995), even affecting their
persistence (Saccheri et al. 1998). It has
been suggested that inbred individuals
are more susceptible to harsh environ-
mental conditions than outbred ones.
This means that inbreeding depression
could be stronger under natural condi-
tions than in captivity, where the condi-
tions are often near optimal (Hedrick
and Kalinowski 2000). Results of several
studies support the idea of stronger in-
breeding depression in natural than in
captive populations and/or increased
susceptibility of inbred individuals to en-
vironmental stress (Heschel and Paige
1995, Ramsey and Vaughton 1998,
Crnokrak and Roff 1999, Dahlgaard and
Hoffmann 2000, Hedrick and Kalinowski
2000, Keller et al. 2002), though in some

other studies such an effect was not
found (Dahlgaard and Loeschcke 1997,
Armbruster et al. 2000). In Drosophila
melanogaster inbreeding increases sus-
ceptibility to several stresses such as des-
iccation (Dahlgaard and Hoffmann
2000).

In theory, inbreeding depression
could be alleviated during repeated
rounds of inbreeding. The hypothesis of
continuous inbreeding purging the dele-
terious recessive alleles from a popula-
tion has been studied in many species
(Latta and Ritland 1994, Ballou 1997,
Lacy and Ballou 1998), and there is some
evidence for this (Carr and Dudash
1996). However, the strength of the ex-
pected purging effect varies from one sit-
uation to another (Byers and Waller
2001), and many populations that have
experienced high level of inbreeding in
the past still suffer from severe inbreed-
ing depression (Charlesworth and Char-
lesworth 1987). Therefore, intentional
inbreeding of captive populations to
purge their genetic load may not be ad-
visable (Ballou 1997, Hedrick and Ka-
linowski 2000). Furthermore, even if in-
breeding depression has been purged to
some degree in one environment, the ad-
verse effects of inbreeding may still be
severe when conditions change (Bijlsma
et al. 1999).

Of particular interest in the context
of inbreeding depression and purging of
the genetic load are clusters of small ex-
tinction-prone populations that are con-
nected to each other via migration, i.e.
metapopulations. Small populations in
metapopulations may be expected to suf-
fer from inbreeding depression. On the
other hand, migration from other nearby
populations may alleviate its impact in
particular populations (Thrall et al.
1998, Richards 2000a,b, Ingvarsson 2001,
McCauley et al. 2001), which in turn
may lower the effectiveness of purging in
the metapopulation as a whole.

As the negative effects of inbreeding
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are severe in many species, one might as-
sume that individuals in these species
would try to avoid inbreeding. Many
species do indeed avoid inbreeding either
directly or indirectly (Koenig and Pitelka
1979, Cockburn et al. 1985, Krackow and
Matuschak 1991, Simmons 1991, Hoog-
land 1992, Keller and Passera 1993, Pu-
sey and Wolf 1996, Dobson et al. 1997).
Thus in the field cricket, Gryllus bimacu-
latus, females mated preferentially with
unrelated males. The females also disc-
minated against related males in other
ways, such that unrelated males had
higher expected fertilization success
(Simmons 1991). The existence of any
mechanism to avoid inbreeding means
that even if a species shows strong in-
breeding depression in laboratory exper-
iments, inbreeding depression may not
be an important factor in natural popu-
lations as actual inbreeding may be very
uncommon even if the populations were
small.

The aim of this study was to examine
the existence and severity of inbreeding
depression in the Glanville fritillary but-
terfly, Melitaea cinxia, during its entire
life cycle. The research has been con-
ducted under controlled laboratory con-
ditions. In addition, I examined the sus-
ceptibility of inbred individuals to
adverse conditions, namely reduced lar-
val group size and rearing on a less suita-
ble host plant species. Saccheri et al.
(1998) found a relationship between the
level of homozygosity (used as a measure
of inbreeding) and extinction risk of
small natural populations of M. cinxia in
the Åland Islands. The increased extinc-
tion risk of inbred M. cinxia populations
was later confirmed experimentally
(Nieminen et al. 2001). To relate the re-
sults of the laboratory experiments to
these findings, we assessed the relation-
ship between heterozygosity and related-
ness of the parents and several fitness-re-
lated traits of the offspring. Inbreeding
affects adversely many traits of M. cinxia

over its entire life-cycle. Consequently,
females might try to avoid mating with
close relatives. To examine this issue, we
conducted mate choice experiments,
both in the laboratory and in the field, in
which females had an equal opportunity
to mate with their sibs and non-sibs.

THE STUDY SPECIES

The Glanville fritillary butterfly, Melitaea
cinxia, is an endangered species in Fin-
land. Nowadays it occurs only in the
Åland Islands, in southwestern part of
the country (Marttila et al. 1990). In Fin-
land, M. cinxia has a one-year life-cycle.
The adult butterflies fly in June (Kuus-
saari 1998). The females usually mate
only once (Kuussaari et al. 1998, Hanski
1999: 207–232), although in high density
mating frequency may be higher (Saasta-
moinen, M. and Hanski, I., unpubl.).
Mated females oviposit underneath the
leaves of the larval host plants, Plantago
lanceolata and Veronica spicata. The eggs
are laid in large clusters of 100–200 eggs.
The larvae hatch in early July and live
gregariously until early September, when
they start spinning a winter “nest”, a
dense silken web inside which they dia-
pause over winter in a group. In the
spring larvae continue feeding gregari-
ously until the last instar. Pupation takes
place in early May (Kuussaari 1998,
Hanski 1999: 207–232).

In any one larval group, the individ-
uals are full siblings, with few exceptions
(two or more females have oviposited on
the same host plant, Singer, M., pers.
obs.). The size of the larval group is im-
portant for both early and late larval sur-
vival, as bigger groups and larvae in big-
ger groups have higher survival than
small groups and larvae in small groups
(Kuussaari 1998). Similarly, larval sur-
vival rate may to some extent depend on
the host plant species used, survival be-
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ing often though not always higher on V.
spicata than on P. lanceolata (van
Nouhuys et al. 2003).

The M. cinxia metapopulation in the
Åland Islands has been intensively stud-
ied since 1991 (Hanski 1999: 207–232).
The larval winter webs are relatively easy
to observe in autumn, which enables re-
cording of the numbers of larval families
in each population each year. The nests
observed in autumn are checked in the
spring to record survival over diapause.
Several features of the habitat patches are
also recorded. The population structure
is highly fragmented (Hanski 1999: 207–
232, Nieminen et al. 2004). The genetic
structure of the M. cinxia metapopula-
tion is consistent with the fragmented
habitat distribution. In a sample of 1216
larvae from 369 local populations scored
at six polymorphic allozyme loci and
two polymorphic microsatellite loci, the
global F

ST
 value among all local popula-

tions was ~0.1. This demonstrates that
local populations are genetically differ-
entiated. Furthermore, the pairwise ge-
netic distance increases with increasing
geographic distance between pairs of
populations (Saccheri et al. 2004). Pres-
ently ca. 4000 habitat patches are known
in Åland and monitored on a yearly ba-
sis. This large database and the detailed
knowledge of the biology of M. cinxia
provide a unique opportunity to study
genetic issues in the context of impor-
tant demographic and ecological features
of an endangered species.

OVERVIEW OF THIS THESIS

In the first (I) chapter, we wanted to ex-
amine the existence of inbreeding de-
pression in M. cinxia. Generally, traits
that are closely related to fitness are ex-
pected to be most susceptible to inbreed-
ing depression (Frankel and Soulé 1981,
Falconer and MacKay 1996). The egg

hatching rate is an important fitness
component and shows inbreeding de-
pression in many species (van Noordwijk
and Scharloo 1981, Bensch et al. 1994,
Saccheri et al. 1996, Su et al. 1996, Keller
1998, Higashiura et al. 1999, Weeks et al.
1999). We studied the effects of close in-
breeding (full-sib mating) during one
generation on egg hatching rate in M.
cinxia. To test the idea of inbreeding
purging the genetic load during continu-
ous inbreeding, the level of inbreeding
depression was compared between two
regions with different frequency of natu-
ral inbreeding, a highly fragmented land-
scape in Finland (high incidence of in-
breeding because of highly fragmented
population structure) and more contin-
uous landscape in southern France (low-
er incidence of inbreeding; I).

Heterozygosity has been used as an
indicator of the level of inbreeding in
small local populations of M. cinxia in
Åland (Saccheri et al. 1998). In the first
(I) chapter, the effects of female hetero-
zygosity on several offspring traits were
examined. In addition, the mating suc-
cess of individuals originating from
small and isolated, presumably inbred
populations, was compared with that of
individuals from large and well-connect-
ed, presumably more outbred popula-
tions.

In the second (II) chapter I investi-
gated whether the level of inbreeding de-
pression differs between the first and the
second generation of full-sib mating. I
also studied previously unstudied stages
in the life-cycle at which the adverse ef-
fects of inbreeding might be manifested.

In the third (III) chapter, an experi-
ment on larval survival was conducted to
confirm previous findings of negative ef-
fects of inbreeding (II) and small larval
group size (Kuussaari 1998) on early lar-
val survival. In addition, I wanted to find
out whether inbred and outbred individ-
uals would differ in their responses to
adverse conditions. Specifically, I exam-



Overview of this thesis 11

ined whether inbred individuals are
more susceptible than outbred ones to
the adverse effect of reduced larval group
size. I also examined whether the larval
survival differed between the two host
plant species, P. lanceolata and V. spicata,
and whether there was any interaction
between host plant and the inbreeding
status of larvae.

The fourth (IV) chapter is focused
more on the influence of population
structure and dynamics on inbreeding
depression in the M. cinxia metapopula-
tion in the Åland Islands. The aim of this
chapter is to connect the results of the
laboratory studies on inbreeding depres-
sion to the finding of increased extinc-
tion risk of less heterozygous, small nat-
ural populations (Saccheri et al. 1998).
The effects of the heterozygosity and de-
gree of genetic similarity between par-
ents on their fertility/fecundity and off-
spring fitness were examined. We also
assessed the effects of these genetic fac-
tors in a more indirect way by studying
the importance of population connectiv-
ity on inbreeding depression.

If a species possesses any inbreeding
avoidance mechanism, natural popula-
tions would not greatly suffer from in-
breeding even if inbreeding depression
would be severe when tested under labo-
ratory conditions. In the last (V) chapter
we studied whether M. cinxia avoids
mating with close kin to escape the nega-
tive effects of inbreeding that are evident
from previous experiments (I, II).

LABORATORY
EXPERIMENTS

There are several difficulties in studying
the effects of inbreeding in M. cinxia in
the laboratory. The larvae have to go
through a diapause that lasts for several
months in order to develop into pupae.
This means that the generation length

cannot be much shortened from the nat-
ural length of one year. The larval groups
in the laboratory are susceptible to viral
outbreaks and the larvae often suffer
high mortality during diapause. The but-
terflies do not readily mate under artifi-
cial light and there are often difficulties
to get mated females to lay eggs without
bright natural light. This means that
conducting large-scale breeding experi-
ments with M. cinxia in the laboratory is
not possible. However, given the interest-
ing ecological setting and the detailed
knowledge of the biology and popula-
tion dynamics of the species, even limit-
ed laboratory studies on the effects of in-
breeding are valuable. This thesis
consists of small-scale laboratory studies
on several aspects of inbreeding and in-
breeding depression in M. cinxia.

Material for chapters I, II and IV was
originally collected as eggs or post-dia-
pause larvae from natural populations in
the Åland Islands. In addition, for the
comparison between two areas, Åland
and southern France (II), mated butter-
flies from different areas in southern
France were collected. The material in
chapter IV is a subset of the material in
the chapter II. In experiment 4 in chap-
ter I, mothers of the larvae used in the
experiment were collected from natural
populations in the Åland Islands. In
chapter III the material originated partly
from previous laboratory populations
and partly from natural populations.

The rearing procedure was generally
as follows, with minor modifications in
each experiment. The post-diapause lar-
vae were reared on potted host plants or
in small plastic boxes (in which case lar-
vae were fed with cut host plant leaves)
in the laboratory under artificial light.
One day after pupation, the pupae were
gently removed to plastic boxes covered
with a nylon mesh. Newly-emerged but-
terflies were removed to net cages and
fed with mild honeywater. Matings were
mostly conducted indoors and mated fe-
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males were placed into small net cages to
lay eggs. The cages contained either a liv-
ing host plant or a cut leave of the host
plant. Egg batches were collected daily or
every second day and placed onto petri
dishes, one group per dish. After a cou-
ple of days the group was gently spread
out with a brush. An enlarged photocopy
of the dish was taken, from which the
clutch size (number of eggs) was counted
(Saccheri et al. 1998, Fig. 1). In most cas-
es the number of hatched larvae was
counted in a similar fashion. The pre-di-
apause larvae were reared on potted host
plants. When ready for diapause, the lar-
val groups were placed into small film
cans, which were kept either indoors at
2–5°C or in an outdoor shed over the
winter.

In experiment 4 in chapter I, the av-
erage heterozygosity of the mothers at
seven enzyme loci and one microsatellite
locus was scored and their offspring were
placed in groups on a large meadow on
an isolated island in soutwestern Fin-
land, to have them in a common natural
environment. In the spring the larvae
were collected and reared to butterflies
in the laboratory (I). In chapter III new-
ly-hatched larvae were reared in groups
of 10 or 50 on a potted host plant in the
laboratory. Survival rate and the quality
of the silken web of each group were as-
sessed.

In chapter V each female was given
an equal opportunity to mate with her
brothers or with unrelated males. This
was done in large mating cages in the
laboratory with Finnish butterflies and
in the field with French butterflies.

Figure 1. Photocopies of petri dishes contain-
ing eggs (upper picture) and newly-hatched
larvae (lower picture). Each counted egg/larva
has been marked with a pen.
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Figure 2. Number of larval groups in newly-
founded populations of M. cinxia in the first au-
tumn after colonization (data for 2002, n=205).
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RESULTS AND DISCUSSION

Presence and severity
of inbreeding depression
in M. cinxia
The newly-established populations of M.
cinxia in the Åland Islands mainly con-
sist of one larval family (Fig. 2). In gen-
eral, the size of local populations is
small, with the mean of 4.3 larval groups
in years 1993–2002. These figures sug-
gest that inbreeding is frequent in the
metapopulation. The population turno-
ver rate is high: each year about 40% of
the populations go extinct and about
10% of currently empty meadows be-
come colonised. Migration as well as col-
onisation distances are mostly short

(Hanski et al. 1994, 1995, Hanski
1999: 207–232, Nieminen et al. 2004, Fig.
3): the median distance moved by immi-

Figure 3. The upper panels show the minimum colonisation distances (distance to the nearest
population) of M. cinxia in years 1999-2001. The black dots give the ratio of colonised patches
over the total number of empty patches in each distance class. The lower panels give the number of
patches that remained empty (gray bars) and the number of colonised patches (black bars) in each
connectivity class (connectivity measures the effective distance to all possible source populations
and decreases to the right in this figure). From Nieminen et al. (2004).

grants in a mark-recapture study was
330 m, and the maximum distance was
about 3 km (Hanski et al. 1994, 1995,
Hanski 1999: 207–232).

The new populations are likely to be
established by a single female from a
nearby and most probably a relatively
large population. In this case the off-
spring are presumably relatively outbred
and the level of inbreeding is not expect-
ed to differ from the overall level of in-
breeding in the large populations. On
the other hand, small populations that
have consisted of only a few larval
groups for two or more generations are
expected to be more or less inbred. This
means that the average heterozygosity of
the individuals in these two types of
populations should differ: the newly-
founded and large old populations are
expected to be less homozygous than the
old small populations. Saccheri et al.
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(1998) found that the less heterozygous
populations have increased extinction
risk compared to more heterozygous
populations. The increased extinction
risk of more homozygous M. cinxia pop-
ulations has been experimentally con-
firmed by Nieminen et al. (2001).

Inbreeding has adverse effects on
several fitness-related traits in M. cinxia
(I). One generation of full-sib mating
decreases egg hatching rate (I, II) and
larval survival (II, III). After another
generation of full-sib mating there is a
marked increase in the proportion of
completely infertile pairings (II). Simi-
larly to M. cinxia, the butterfly Bicyclus
anynana shows severe inbreeding de-
pression in egg hatching rate (Saccheri et
al. 1996). In B. anynana, there was a
marked increase in the proportion of en-
tirely infertile clutches when the male
parent was inbred (Saccheri, I.J., Lloyd,
H.D., Helyar, S.J. and Brakefield, P.M.,
unpubl.). Although my sample size was
very small, there was a similar tendency
for infertility of the clutches of inbred
males in M. cinxia (II). The average
clutch size decreases due to inbreeding in
M. cinxia, which effect is seen only when
the parents are inbred (II). Furthermore,
butterflies originating from small and
presumably inbred populations suffer
from lowered mating success compared
to more outbred butterflies from large
populations (I). This indicates that the
mating success may be negatively affect-
ed by inbreeding. Furthermore, there
was a tendency for the inbred groups to
suffer more from adverse conditions, i.e.
from reduced larval group size and rear-
ing on a less suitable host plant species,
P. lanceolata. This implies that in natural
populations, which suffer from stressful
environmental conditions, the effects of
inbreeding could be even more severe
than in the studies reported here.

Purging/maintenance
of genetic load

To examine whether inbreeding leads to
purging of deleterious recessive alleles
from populations, we compared the se-
verity of inbreeding depression between
two areas that differ in their overall pop-
ulation structure and presumed inbreed-
ing history (I). In the metapopulation in
Åland, a large fraction of individuals oc-
curs at any one time in small popula-
tions and are exposed to inbreeding. In
contrast, in southern France the popula-
tion structure is much more continuous
(I). Therefore, one could assume that
purging should have been more efficient
in Åland, which indeed appears to be the
case. Full-sib mating lowered egg hatch-
ing rate significantly more in France
(~40% decrease) than in Åland (~10%
decrease, I). However, part of the genetic
load is still maintained in the Åland Is-
lands, as the inbreeding depression in egg
hatching rate is still substantial (I, II).
This could be explained by part of the
genetic load being due to overdominance.
It is more likely, however, that migration
between populations that carry different
deleterious recessives could impair the
effectiveness of purging and thus main-
tains the genetic load in the system (I).

The relationship between
heterozygosity and parental
relatedness, population
connectivity and offspring
fitness

Considering the population structure of
M. cinxia in the Åland Islands, one can
assume that average heterozygosity is a
relatively reliable measure of inbreeding
in the system (Saccheri et al. 1998). Sac-
cheri et al. (1998) studied the relation-
ship between population heterozygosity
and extinction risk. After accounting for
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relevant ecological factors, there was a
significant negative relationship between
heterozygosity and the extinction risk of
local populations (Saccheri et al. 1998).
In our laboratory study, female heterozy-
gosity was positively associated with lar-
val weight following diapause and nega-
tively associated with the length of the
pupal period (I). The latter can be an
important factor in natural populations
as long pupal period may increase the
risk of parasitism (Lei et al. 1997).

In order to further clarify the rela-
tionship between the laboratory results
on inbreeding depression (I) and the as-
sociation between heterozygosity and ex-
tiction risk in the field (Saccheri et al.
1998, Nieminen et al 2001), we exam-
ined the relationship between genetic
parameters – heterozygosity and parental
relatedness – and offspring fitness (IV).
In this case no significant association be-
tween heterozygosity and fitness was
found. In contrast, increasing parental
relatedness was significantly associated
with lowered egg hatching rate and larval
survival. Considering this result and the
findings of other laboratory studies (I, II,
III), the interpretation by Saccheri et al.
(1998) of inbreeding causing increased
extinction risk of small populations is
supported. One should also take into ac-
count that inbreeding depression is likely
to be more severe in the field than in the
laboratory. Furthermore, as inbreeding
decreases egg hatching rate, the inbred
larval groups are expected to be smaller
than outbred ones. As small larval groups
experience elevated mortality, there is fur-
ther amplification of the negative effects
of inbreeding on larval survival in natural
populations (III, Kuussaari 1998).

In accordance with our expectation,
old small populations in Åland were on
average more homozygous than small
newly-founded populations (IV). Simi-
larly, parental relatedness was highest in
the old small populations, which was as-
sociated with lowered egg hatching rate,

larval survival and overall fitness in this
population class (IV). Population con-
nectivity index (S

i
, Moilanen and Niem-

inen 2002) was not related to the genetic
measures or to any of the fitness traits
(IV). This may be due to the small size of
the populations studied, most popula-
tions consisting of only one or two larval
groups. Among such small populations
frequent random extinction and recolo-
nisation events may obscure the impact
of population connectivity.

No inbreeding avoidance

Given the strength of inbreeding depres-
sion in M. cinxia that was discovered in
laboratory experiments (I, II, III, IV),
one might expect that some mechanism
to escape the negative effects of inbreed-
ing would have evolved in this species.
However, based on the results of chapter
V it is apparent that inbreeding avoid-
ance does not occur in M. cinxia. This
can perhaps be understood considering
the small size of local populations in
Åland. Kuussaari et al. (1998) found that
the fraction of mated females was related
to population size, such that in small
populations the fraction of mated fe-
males was lower than in large popula-
tions. If close relatives were avoided as
mates, the females in small inbred popu-
lations would be at risk of finding no
mate at all, which would be even worse
than to suffer from the consequences of
inbreeding.

GENERAL DISCUSSION
AND CONCLUSIONS

Inbreeding depression has recently at-
tracted much attention in the context of
metapopulations. Severe inbreeding de-
pression has been reported for example
in studies on Daphnia (Ebert et al. 2002,
Haag et al. 2002) and Silene alba metap-
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opulations (Thrall et al. 1998, Richards
2000a,b, McCauley et al. 2001).

The rockpool metapopulation of D.
magna, a freshwater crustacean, in the
archipelago in southern Finland, shares
several similar features with M. cinxia
metapopulation in Åland. Like the latter
species, D. magna has a highly fragment-
ed metapopulation structure and high
turnover rate: each year about 20% of
the populations go extinct and 5% of the
empty patches are colonised (Ebert et al.
2002, Haag et al. 2002). The colonisa-
tions may be accomplished by only one
or a few individuals as is also the case in
M. cinxia in Åland. Consequently, in-
breeding is common in the D. magna
metapopulation. Under competitive con-
ditions, inbreeding depression is severe,
at least partly due to reduced fertility of
inbred individuals (Haag et al. 2002).

The plant S. alba often has a patchy
distribution. In a long-term study of its
metapopulation in Virginia, the popula-
tion turnover rate was found to be high
(Thrall et al. 1998, Richards 2000a,b).
Newly-founded populations usually con-
sists of less than six individuals. In spite
of frequent occurrence of inbreeding,
the metapopulation shows substantial in-
breeding depression (Richards 2000b),
just as is the case with M. cinxia. Inbreed-
ing depression in S. alba is manifested as
lowered germination success of inbred in-
dividuals. Gene flow between populations
alleviates inbreeding depression, but is
also presumed to maintain genetic load in
the metapopulation (Richards 2000b).

The three metapopulations described
above, those of M. cinxia, D. magna and
S. alba, share several common features.
All have high yearly extinction risk and
highly fragmented population structure.
Newly-founded populations are generally
small and inbreeding is expected to be
frequent in all three systems. In addition,
all of these metapopulations show strong
inbreeding depression.

Inbreeding is expected to be frequent
in small local populations of M. cinxia in
the Åland Islands. Therefore, selection
during continuous inbreeding could in
theory have purged the genetic load due
to deleterious recessive alleles from the
metapopulation. However, this study
shows that even though purging has to
some extent occurred, part of the genetic
load still remains in the system (I). In the
laboratory, several different traits at vari-
ous life stages show strong inbreeding
depression. These traits include impor-
tant fitness components such as egg
hatching rate and larval survival (I, II,
III, IV, Table 1). Inbreeding decreases
both early larval survival and survival
over diapause. In chapter I, there was an
indication of lowered larval weight in the
spring in the progeny of less hetero-
zygous compared to more heterozygous
females, though Nieminen et al. (2001)
found no effect of inbreeding on post-
diapause larval weight. Results on in-
breeding effects on adult longevity are
also unclear. In the laboratory, no in-
breeding depression in longevity was
found, whereas the field data suggested
that more heterozygous females live
longer than less heterozygous females. In
brief, inbreeding depression is manifest-
ed over the entire life-cycle of M. cinxia
(Table 1). As there is no discrimination
against close relatives as mates, inbreeding
depression is expected to be an influential
factor also in natural populations (V).

Saccheri et al. (1998) found that in-
creased homozygosity was associated with
elevated extinction risk of small popula-
tions of M. cinxia. This study has clarified
the relationship between homozygosity
and extinction risk of small natural popu-
lations. The overall conclusion is that in-
breeding is likely to have a substantial im-
pact on the dynamics of the M. cinxia
metapopulation in the Åland Islands.
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Table 1. Effects of inbreeding on fitness-related traits of M. cinxia over its entire life-cycle. A ques-
tion mark refers to controversial or unclear results.

Trait Inbreeding depression References

Egg hatching rate YES (I, II, IV, Nieminen et al. 2001)

Pre-diapause survival YES (II, III, IV)

Survival over diapause YES (Nieminen et al. 2001)

Post-diapause weight ? (I, Nieminen et al. 2001)

Larval development rate NO (I)

Survival from diapause to pupa NO (I)

Pupal weight NO (I)

Pupal development rate YES (I)

Survival from pupa to adult NO (I)

Adult longevity ? (I, Saccheri et al. 1998, Nieminen et al. 2001)

Mating success YES (I)

Clutch size YES (II)
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