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Background

Abstract

Biodiversity is increasingly subjected to human-induced changes of the envi-
ronment. To persist, populations continually have to adapt to these often
stressful changes including pollution and climate change. Genetic erosion in
small populations, owing to fragmentation of natural habitats, is expected to
obstruct such adaptive responses: (i) genetic drift will cause a decrease in the
level of adaptive genetic variation, thereby limiting evolutionary responses; (ii)
inbreeding and the concomitant inbreeding depression will reduce individual
fitness and, consequently, the tolerance of populations to environmental stress.
Importantly, inbreeding generally increases the sensitivity of a population to
stress, thereby increasing the amount of inbreeding depression. As adaptation
to stress is most often accompanied by increased mortality (cost of selection),
the increase in the ‘cost of inbreeding’ under stress is expected to severely ham-
per evolutionary adaptive processes. Inbreeding thus plays a pivotal role in this
process and is expected to limit the probability of genetically eroded popula-
tions to successfully adapt to stressful environmental conditions. Consequently,
the dynamics of small fragmented populations may differ considerably from
large nonfragmented populations. The resilience of fragmented populations to
changing and deteriorating environments is expected to be greatly decreased.
Alleviating inbreeding depression, therefore, is crucial to ensure population
persistence.

temperatures that are near to their physiological limits
(Chown et al. 2010), leading often to changes in the dis-

Anthropogenic stress and stress responses

Biodiversity has become increasingly exposed to human
alterations of natural habitats, and abiotic and biotic
environments are both changing rapidly, often unpredict-
ably, and species and populations are progressively more
subjected to stressful environmental conditions. Industrial
pollution and the use of pesticides have shown to affect
biodiversity dramatically (Carson 1962; MacNair 1997;
Rattner 2009). The emission of greenhouse gases is
thought to be responsible for a gradual increase in
ambient temperatures worldwide, while locally more
extreme and variable temperatures are expected. Conse-
quently, many populations will increasingly experience

tributional range of species (Thomas et al. 2004; Parme-
san 2006). Such range shifts will result in changes in the
complex interactions between species, thereby potentially
causing biotic stress on the resident community. Clearly,
all these anthropogenic changes of the natural environ-
ment will rapidly change selection pressures (Wilkinson
2001; Sgro et al. 2011) and endanger the persistence of
populations.

When faced with new stressful
increased selection pressures, organisms can respond in
several ways. If they are not able to adapt, they will either
go extinct or they have to avoid the stressful conditions:

conditions and

through changes in local behavior, as has been observed
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in response to DDT treatment (Roberts and Andre 1994)
and temperature stress (Dahlgaard et al. 2001), or by
migration to areas that are less stressful. In response to
climate change, shifts in the distribution of many species
have been documented (Parmesan and Yohe 2003; Tho-
mas et al. 2004; Hitch and Leberg 2006; Parmesan 2006).

Organisms can also adjust to the new and changing
conditions, either through phenotypic plasticity or
through changes in genetic composition or both. Pheno-
typic plasticity is the ability of an organism to adjust its
phenotype in response to the altered environmental con-
ditions, thereby improving its tolerance to these changes
(Schlichting 1986; Pigliucci 2005; but see also Huey et al.
1999), even though it has to be realized that plastic
responses to environmental change are not necessarily
adaptive (Grether 2005; Ghalambor et al. 2007). Plastic
responses can be variable and include behavioral, mor-
phological, physiological, demographic, and life history
changes. They are observed regularly and can be costly
(Nussey et al. 2007; Leimu et al. 2010). Moreover, plastic
responses are often either limited through architectural
constraints or restricted in terms of resource allocation
(Auld et al. 2010; Chevin et al. 2010; Leimu et al. 2010).
Therefore, plastic responses might often provide a more
short-term and partly ‘emergency’ solution to cope with
the stress, while a longer-term response might require
evolutionary adaptation.

Owing to natural selection, allele frequency changes
can occur that increase the number of more tolerant indi-
viduals in the population, enabling the population to
track environmental changes genetically. In the past, pes-
ticide resistance and heavy metal tolerance have been
shown to develop rapidly (Bishop and Cook 1981; Mac-
Nair 1997). However, not all species or populations do
show rapid adaptive genetic responses, most probably
because they do not necessarily possess the mutations that
underlie resistance (MacNair 1997). The development of
resistance is in most cases based on the presence of spe-
cific alleles that are already present in a population in low
frequency prior to the occurrence of the stress (MacNair
1997; McKenzie and Batterham 1998). More recently, also
rapid genetic changes have been reported resulting from
climate change (Bradshaw and Holzapfel 2006; Franks
et al. 2007; Reusch and Wood 2007; but see Gienapp
et al. 2008). Also with respect to adaptation to climate
change, evidence exists that evolutionary responses do not
always occur because the necessary genetic variation
is not present in natural populations (Bradshaw and
McNeilly 1991; Kellerman et al. 2006). Realizing that the
onset of adaptation relies mostly on the presence of bene-
ficial variants already present in the stressed population
and not on the production of new variants by mutation
(Orr and Unckless 2008; Teotonio et al. 2009) implies
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that the evolutionary stress response is positively related
to the amount of standing genetic variation (Lynch and
Lande 1993; Blows and Hoffmann 2005). Thus, the ability
to cope with changing and stressful environmental condi-
tions depends on both how well individuals can pheno-
typically adjust to the altered conditions and the genetic
variation present in the population for evolutionary adap-
tation.

Habitat fragmentation and genetic erosion

Apart from the mentioned anthropogenic stresses, human
interference with nature has other major implications.
Large-scale destruction of natural habitats has caused
large populations of many species to become fragmented,
resulting in small ‘remnant’ populations that become
increasingly isolated. Subdivision of large populations in
combination with limited gene flow between the frag-
ments has significant ecological and genetic consequences.
Ecologically, habitat fragmentation will have demographic
effects as small populations are progressively more
affected by demographic and environmental stochasticity
greatly increasing their extinction probability (Lande
1993; Chevin et al. 2010; Leimu et al. 2010).

From a population genetics perspective, small relatively
isolated populations become increasingly subject to
genetic drift and inbreeding, resulting in loss of genetic
variation and a decrease in fitness, a process here referred
to as genetic erosion.

Genetic drift will cause allele frequencies to fluctuate,
which over time leads to random loss and fixation of
alleles and an increase in homozygosity. When selection
coefficients are smaller than 1/2N,, genetic drift becomes
stronger than natural selection, and the variation is driven
by the same dynamics as neutral genetic variation inde-
pendent of whether the alleles have deleterious or benefi-
cial effects on fitness (Kimura 1983:45). On the other
hand, deleterious alleles with large fitness effect, such as
recessive lethals and detrimentals, will be effectively
selected against and removed from the population when
becoming homozygous (purging) (Hedrick 1994). The
probability of an allele to become fixed through genetic
drift equals its initial frequency (Kimura 1983:45). This
means that rare alleles have the lowest probability to get
fixed and thus the highest probability to get lost. As most
stress resistance alleles have generally low frequencies in
populations under benign conditions (MacNair 1997),
these would be easily lost from small populations, making
them less able to adapt genetically when subjected to
stresses. Even though low-frequency deleterious alleles
also would have a high probability to get lost by chance,
still a significant proportion of these will get fixed as
many loci carry mildly deleterious alleles: estimates for
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Drosophila are on the order of 5000 loci (Lande 1995).
Because the force of genetic drift increases with decreas-
ing population size, the potential to respond to natural
selection will, in general, decrease with decreasing popula-
tion size, even though this relation in practice will be
confounded by selection and dispersal. (Willi et al. 2006).

At the same time, in small isolated populations the
inbreeding coefficient, f, increases over time as most par-
ents will share ancestors (biparental inbreeding). The det-
rimental effects of inbreeding, particularly in normally
outbreeding species, are well documented and do increase
the extinction probability of populations (Bijlsma et al.
2000; Hedrick and Kalinowski 2000; Frankham et al.
2002; Reed 2005). Inbreeding depression has not only
been observed in captive, laboratory and domestic species
(Ralls et al. 1988; Frankham et al. 2002; Kristensen and
Serensen 2005), but also evidence for the occurrence of
inbreeding depression in wild populations is accumulating
(Crnokrak and Roff 1999; Hedrick and Kalinowski 2000;
Keller and Waller 2002). Moreover, inbreeding depression
has been shown to be often more severe in the wild com-
pared to benign captive conditions (Jiménez et al. 1994;
Keller 1998; Crnokrak and Roff 1999; Kristensen et al.
2008).

Although the genetic basis of inbreeding depression is
still under discussion, it is currently accepted to be
mainly due to increased homozygosity for (partly) reces-
sive, mildly deleterious alleles (Charlesworth and Charles-
worth 1987; Charlesworth and Willis 2009). This would
also explain why inbreeding depression is significantly
greater for traits directly related to fitness (life history
traits) than for morphological traits, as the former exhibit
more directional dominance (a prerequisite for the occur-
rence of inbreeding depression) while the latter show
mostly additive gene action (DeRose and Roff 1999;
Wright et al. 2008).

In short, whereas sufficient tolerance and levels of
genetic variation are required for populations to cope
with the ongoing deterioration of natural environments,
fragmentation of habitats and the concomitant genetic
erosion are expected to significantly impede adaptive
responses. In the following, we focus on the consequences
of genetic drift, inbreeding, and inbreeding depression for
adaptive responses and the persistence of biodiversity
under stressful conditions.

Stress tolerance and plastic responses

Inbreeding and stress perception

Inbreeding affects most fitness-related traits negatively.
However, the magnitude of inbreeding depression gener-
ally is found to vary considerable according to species,
population, trait, and environmental and ecological con-
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ditions (Keller and Waller 2002; Armbuster and Reed
2005; Cheptou and Donohue 2011; Kristensen et al.
2011). Given the rapid anthropogenic changes of natural
environments, the environmental dependency of the mag-
nitude of inbreeding depression is of crucial importance.
The magnitude of inbreeding depression generally
increases under adverse environmental conditions. For
instance, for Drosophila, an increase in inbreeding depres-
sion was observed for both cold and heat stress under
both laboratory and natural conditions (Kristensen et al.
2008; Joubert and Bijlsma 2010). For example, Fig. 1
shows that the viability of inbred lines decreases relatively
more at extreme temperatures than that of noninbred
populations of Drosophila melanogaster. Such interactions
between environment and the magnitude of inbreeding
depression have been observed for various taxa, for exam-
ple insects (Bijlsma et al. 1999, 2000; Dahlgaard and
Hoffmann 2000), crustaceans (Haag et al. 2002), plants
(Koelewijn 1998; Cheptou et al. 2000), birds (Keller et al.
2002), and mammals (Ross-Gillespie et al. 2007),
although there are exceptions (Waller et al. 2008). The
meta-analysis by Fox and Reed (2011) shows clearly that
the magnitude of inbreeding depression significantly and
positively correlates with the stressfulness of the environ-
ment. Several mechanisms have been proposed to explain
this apparent interaction between inbreeding and environ-
ment. Many of these involve specific genotype-by-envi-
(GXE) increased
expression of deleterious mutations or the expression of

ronment interactions, for example
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Figure 1 Viability of inbred (black circles, broken lines) and nonin-
bred (gray squares, solid lines) populations of Drosophila melanogaster
at four different temperatures. For each population, the viability is
scaled for each temperature relative to the highest viability observed
for that population. The highest viability was set at 1 for each popula-
tion (from Joubert and Bijlsma 2010).
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additional deleterious loci (Bijlsma et al. 1999; Keller and
Waller 2002; Cheptou and Donohue 2011; Fox and Reed
2011).

We here discuss two possible mechanisms to explain
the apparent GXE interactions. Figure 2 shows the mor-
tality in the pupal stage for nine inbred lines (F = 0.6) of
D. melanogaster when exposed to 29°C during their whole
preadult development. Whereas at 25°C the mortality in
the pupal stage for these lines is <10% (data not shown),
several inbred lines show increased mortality at 29°C.
Two lines, however, show a striking high mortality of 90—
100% when exposed to 29°C. As the inbreeding was per-
formed at 25°C where the highly detrimental effect is not
expressed, the deleterious allele could easily become fixed
under inbreeding at a permissive temperature and will
cause immediate extinction when temperatures rise above
the threshold (Bakker et al. 2010; Bijlsma et al. 2010). It
is only when environmental conditions suddenly change
that deleterious effects will become expressed. It is impor-
tant to realize that if the inbreeding would have been per-
formed under the high-temperature stress conditions,
these nearly lethal alleles would have been purged from
the populations (and led to increased local adaptation).
Such conditional, highly deleterious alleles have been reg-
ularly observed in many species. In Drosophila, for exam-
ple, they have been observed for different life history
traits, for example viability (Dobzhansky et al. 1955;
Bijlsma et al. 1999), lifespan (Vermeulen and Bijlsma
2004a,b) and male fertility (Pedersen et al. 2011). In fact,
pesticide resistance and disease resistance loci carry condi-
tional expressed alleles, and in these cases, the normal
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Figure 2 Mortality during the pupal stage (fraction noneclosed
pupae) at 29°C for nine independent inbred lines of Drosophila mela-
nogaster. For each inbred line, mean pupal survival (£SE) is based on
five replicates started with 100 eggs each (R. Bijlsma, unpublished
data).
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nonresistant allele becomes highly deleterious under pesti-
cide or disease stress.

However, the magnitude of inbreeding depression can
also increase with increasing stress levels without assum-
ing GxE interactions, as outlined in Fig. 3 (top). We
assume that mean fitness for a given trait is lower for
inbred than for outbred individuals and that also the var-
iance among individuals is greater for inbred than for
outbred ones. As there is little information about the real
fitness distribution, we have assumed normal distribu-
tions; however, other fitness distributions would not
change the reasoning. We further assume hard selection,
that is, individuals need a vigor above a certain threshold
in order to survive. If the intensity of selection increases
from benign to high stress, the minimum vigor needed to
survive increases. Consequently, the fraction of individu-
als that does not survive increases, particularly so for the
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Figure 3 Top: Schematic diagram depicting fitness distributions for
inbred individuals (left curve with mean x;) and outbred individuals
(right curve with mean x.). The vertical lines represent the threshold
values for the hard selection below which individuals do not survive
for four different stress levels: benign (B), low stress (LS), intermediate
stress (IS) and high stress (HS). Bottom: Amount of inbreeding depres-
sion () expected at the four stress levels, B, LS, IS and HS. From the
top figure survival rates were estimated to be 0.95, 0.85, 0.60 and
0.35 for the inbred individuals and 1.00, 1.00, 0.99 and 0.85 for the
outbred individuals for the four respective stress levels, and these
rates were used to calculate the expected level of inbreeding depres-
sion as: & = (survival outbreds — survival inbreds)/(survival outbreds).
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inbreds. Under this scenario, it is clear that (i) inbreds
show a much lower tolerance to increased stress levels
and (ii) the level of inbreeding depression (bottom figure)
increases when stress levels increase. This model would
also explain the observation that inbreeding depression
increases under environmental stress.

Whatever underlying mechanism explains the observa-
tions best, the finding that inbreeding increases the sensi-
tivity to stress for many fitness traits seems to be quite
general (Armbuster and Reed 2005; Fox and Reed 2011;
Cheptou and Donohue 2011; but see Waller et al. 2008).
This has important consequences for the persistence of
populations. Bijlsma et al. (2000) showed that the extinc-
tion probability of small populations significantly
increased because of inbreeding and that the probability
also greatly increased under stress conditions. More
importantly, they also observed that the extinction proba-
bility under stress increased with increasing inbreeding
coefficient. Figure 4 shows that the same level of stress is
experienced differently: the higher the inbreeding level,
the greater the stress impact (for details, see Bijlsma et al.
2000). Moreover, the relation was found to be different
between ethanol stress (near linear) and high-temperature
stress (more exponential), indicating that different genes
and different GXE interactions underlie the response to
both stresses.

All in all, genetic erosion caused by fragmentation
decreases individual and population fitness and at the
same time increases the sensitivity to stress conditions.
The environmental dependency of inbreeding depression
emphasizes that human-induced environmental changes,
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Figure 4 Stress sensitivity of Drosophila melanogaster populations in
relation to their inbreeding coefficient for high-temperature stress and
ethanol stress. Stress sensitivity is expressed as the decrease in survival
probability due to the stress factor corrected for the survival proba-
bility observed under benign conditions for the same populations:
stress sensitivity = (survival benign — survival stress)/(survival benign)
(redrawn after Bijlsma et al. 2000).
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such as climate change, will impact strongly and nega-
tively on fitness. Consequently, species that in recent time
have suffered from habitat fragmentation and did become
inbred could be much more vulnerable to human-
induced environmental changes than species that still
exist in large populations.

Inbreeding and plasticity

Generally, genetically eroded populations will have
decreased levels of genetic variability and lower evolution-
ary potential (see next section). Consequently, their per-
sistence might to a larger extent be dependent on the
capability of the organism to respond to environmental
challenges by phenotypic plasticity that can augment the
evolutionary potential of a population (Bradshaw 1965;
Pigliucci 2005). Thus, the presence of plastic responses
may significantly affect the persistence of populations in a
changing world (Pertoldi et al. 2007; Auld and Relyea
2010; Chevin et al. 2010; Beldade et al. 2011).

As phenotypic plasticity has a genetic basis and genetic
variation for plasticity is generally observed (Pigliucci
2005), genetic erosion might also hamper plastic
responses. Moreover, plastic responses can be costly (Auld
etal. 2010; Leimu et al. 2010). Inbreeding has been
observed to increase the amount of energy needed for
maintenance significantly, leaving less energy to be avail-
able for allocation to other processes, such as plasticity
(Ketola and Kotiaho 2009). This possibly could explain
the results of Auld and Relyea (2010), as the inducible
response to predators, increased shell thickness, in the
freshwater snail Physa acuta might be costly. Lower
energy levels because of inbreeding, therefore, might ham-
per this plastic response. Several studies on plant species
have indicated that individuals from small populations
showed lower plastic responses than individuals from
large populations (Fischer et al. 2000; Paschke et al. 2003;
Pluess and Stocklin 2004). This was, in general, correlated
with decreased genetic variability in the small popula-
tions, suggesting that genetic erosion does disrupt plastic
responses. On the other hand, studies that examined
directly the effect of inbreeding on plasticity showed
mixed results: whereas Maynard Smith et al. (1955),
Schiegg et al. (2002) and Auld and Relyea (2010) found a
significant decrease in adaptive plasticity upon inbreeding,
other studies found little effect (Schlichting and Levin
1986; Kristensen et al. 2011; Luquet et al. 2011). Given
the importance of phenotypic plasticity for many small
populations of conservation concern (Pertoldi et al
2007), further research on these issues is clearly needed. If
phenotypic plasticity is hampered by inbreeding, this
would render genetically eroded populations even more
at risk in changing environments.
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Genetic responses

Population size and levels of genetic variation

Genetic diversity is a prerequisite for adaptive evolution.
Only when the rate of evolution at least matches the rate
of continuous environmental change, populations may be
able to persist (Lynch and Lande 1993; Biirger and Lynch
1995). For abrupt environmental change, the situation
might be more complex as, in addition to the evolution-
ary processes, demographic processes increase in impor-
tance (Gomulkiewicz and Holt 1995; Bell and Gonzalez
2009, 2011). Genetic drift is expected to decrease genetic
diversity in small populations at a rate proportional to
the population size (Wright 1931). This is well supported
by the rate of loss observed for neutral variation both in
experimental and natural populations (Frankham et al.
2002; Johnson et al. 2004; DiBattista 2008; Hoeck et al.
2010). Fragmentation causes the variability present in a
once-undivided large population to become redistributed
from within populations to among (sub)populations
(Wright 1931, 1951). This is also true for quantitative
genetic variation for which the additive genetic variation
(Va,) also decreases with decreasing population size. When
strictly additive, the variance decreases at the same rate as
neutral variation with a factor 1 — f per generation, where
f is the inbreeding coefficient (see Willi et al. 2006). Sev-
eral studies indicated that bottlenecks can inflate V, in
the short term (Bryant et al. 1986; Van Buskirk and Willi
2006; and references therein). However, the importance
of the phenomenon of increased V, after a bottleneck is
thought to be questionable for several reasons (Barton
and Turelli 2004; Van Buskirk and Willi 2006).

If genetic variation is compromised by the genetic ero-
sion process, there are two ways this can be counteracted.
First, the variation can be replenished by gene flow
between population fragments. If gene flow is sufficient,
it can restore the within-population variation to normal
levels. To achieve this, the number of migrants per gener-
ation (Nm) should be substantial (Keller and Waller
2002). In addition, gene flow might also promote the
spread of new beneficial mutations (Bell and Gonzalez
2011). However, high levels of gene flow might disrupt
patterns of local adaptation, thereby endangering popula-
tion persistence (Lenormand 2002; Garant et al. 2007;
Bridle et al. 2010). Second, the rate of loss at quantitative
loci can be compensated by new mutations. However, this
requires quite large population sizes, and minimal effec-
tive sizes needed are estimated to range from 500 (Frank-
ham et al. 2002) to low thousands (Willi et al. 2006) up
to 5000 (Lande 1995). As effective population sizes are
generally much smaller than the census size, this will
require even higher census sizes, up to one order of mag-
nitude (Frankham 1995). However, traits governed by a
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single gene or a few genes, for example heavy metal and
disease resistance, lose genetic variation much faster than
quantitative traits, with the rate of change being propor-
tional to the number of underlying loci (Malcom 2011
and references therein), and the frequency of beneficial
mutations is generally much lower. Given the small popu-
lation sizes of fragmented populations and the low muta-
tion rates, new mutations will rarely play an important
role and populations have to rely on the standing genetic
variation to adapt (Lynch and Lande 1993; Blows and
Hoffmann 2005; Orr and Unckless 2008; Teotonio et al.
2009).

Population size and adaptability

If levels of adaptive variation decrease with decreasing
population size and the potential to respond to selection
depends on the standing level of genetic variation, small
populations that have been subject to genetic erosion are
expected to show reduced adaptive potential. Several
authors have addressed the consequences of bottlenecks
and inbreeding for the selection response of quantitative
traits. For many traits, a decrease in genetic variance was
observed, consistent with the expectations for additive
variation (Wade et al. 1996; Whitlock and Fowler 1999;
Sacheri et al. 2001; Day et al. 2003; Kristensen et al. 2005;
Swindell and Bouzat 2005). Swindell and Bouzat (2005)
investigated the selection response of sternopleural bristles
in D. melanogaster at regular intervals during consecutive
generation of inbreeding. They showed that the response
continuously declined over the generations, concluding
that the longer populations have been subject to genetic
erosion, the lower their adaptive potential. There are also
indications that populations that are slowly inbred retain
a higher evolutionary potential than rapidly inbred popu-
lations despite the same level of inbreeding, probably
because balancing selection does retard the loss of genetic
variation (Day et al. 2003; Kristensen et al. 2005). This
might be of importance when assessing the tolerance to
inbreeding and the evolutionary potential of fragmented
populations.

Bakker et al. (2010) used an experimental approach to
investigate the adaptive potential of fragmented popula-
tions of D. melanogaster. They compared the adaptive
potential of populations that had been subdivided (six
small subpopulations with on average 50 individuals
each) with undivided populations of nearly the same total
size as the divided populations (on average 220 individu-
als). For the divided population, each generation between
0.5 and 1.3 individuals was exchanged between the sub-
populations, mimicking natural metapopulations (see
Bakker et al. 2010 for details). All these populations were
maintained for 40 generations (reaching an inbreeding
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Bijlsma and Loeschcke

coefficient of around 0.25 for the fragmented popula-
tions) whereafter their adaptive response to three stresses
(temperature, ethanol, and salt stress) was tested. Figure 5
shows the adaptive response after six generations of selec-
tion in each of the stress environments. It shows that the
adaptive response was larger for the undivided popula-
tions than for the divided populations, even though there
was large variation both among subpopulations within
metapopulations and among populations. This study
demonstrated that the history of fragmentation does
impede adaptive responses. Frankham et al. (1999)
observed that inbred populations of D. melanogaster also
showed a lower adaptive response to salt stress than non-
inbred population resulting in higher extinction rates of
inbred populations toward this stress.

Discussion

Inbreeding affects evolutionary responses

We explored the consequences of small population size
and the concomitant process of genetic erosion of popu-
lations to address two fundamental questions: (i) How do
the effects of genetic drift and inbreeding affect the stress
perception of populations? (ii) To what extent does
genetic erosion impede evolutionary adaptation to stress-
ful environments of such populations? These questions
are important as many fragmented populations currently
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Figure 5 Mean adaptive response (+SE) after six generations of
adaptation at three stress environments, temperature stress (Temp),
salt stress (Salt) and ethanol stress (Ethanol) for fragmented (M) and
nonfragmented (P) populations of Drosophila melanogaster. The adap-
tive response for each population was calculated as the difference in
viability of adapted flies minus the viability of nonadapted flies for
each population at each stress (from Bakker et al. 2010).
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suffer both from genetic erosion and changing and deteri-
orating environmental conditions (e.g. climate change,
chemical pollution), which endanger their persistence.

The evidence presented here shows that generally the
fitness reduction because of inbreeding increases signifi-
cantly under stress and that this effect becomes amplified
as inbreeding coefficients increase (Bijlsma et al. 2000;
Armbuster and Reed 2005; Fox and Reed 2011). This
phenomenon causes populations to be much more sensi-
tive to environmental stress, making it still harder to cope
with the rapid deteriorating environmental conditions.
This increases the extinction risk of inbred populations
greatly (Bijlsma et al. 2000). The increased sensitivity to
environmental stress of genetically eroded populations
signifies that effects of human-induced stress cannot
properly be evaluated without taking this phenomenon
into account. Given its importance, further investigations
are called for to understand the causation and conse-
quences of the synergistic interaction between inbreeding
and stress.

Small populations are also subject to loss of genetic
variation due to genetic drift. The available data show
that this, in general, also holds for adaptive variation. The
decrease in standing genetic variation in small popula-
tions could potentially decrease evolutionary responses.
This is well supported by the experimental evidence for
traits that are not or only marginally related to fitness for
which genetically eroded populations showed significantly
reduced selection responses. There is also increasing evi-
dence that this may also hold for fitness-related traits
(Frankham et al. 1999; Willi and Hoffmann 2009; Bakker
et al. 2010). This indicates that fragmentation and the
accompanying genetic erosion will limit the evolutionary
responses to stressful environmental conditions.

However, the effects of inbreeding depression and loss
of adaptive variation are not independent. When a popu-
lation is subjected to a novel environmental stress, the
selection intensity will increase and the growth rate of the
population will decrease and will often become negative
initially leading to a decrease in population size that even
may reach a critical low level because of selective deaths,
the cost of selection (Haldane 1957; Gomulkiewicz and
Holt 1995; Orr and Unckless 2008; Bell and Gonzalez
2009 and references therein). Only after adapted individu-
als have reached a sufficient high frequency in the stressed
population, this trend will be reversed and the population
will show a positive growth rate again. As such, persis-
tence/extinction can be regarded as a race between adap-
tation and demographic decay (Maynard Smith 1989; Bell
and Gonzalez 2009). In the presence of increased inbreed-
ing depression under stress, the extra reduction in indi-
vidual fitness is expected to reduce population numbers
and growth rates much further, making adaptive recovery
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a great deal more difficult. Thus, the increased cost of
inbreeding under stress coupled with the cost of adapta-
tion is expected to limit adaptation and severely increase
the extinction probability of small populations. In this
process, inbreeding plays a pivotal role. The interaction
between inbreeding depression and reduced levels of
genetic variation will critically limit evolutionary
responses. One has to realize that the dynamics of the
adaptive responses may differ considerably depending on
whether the environmental changes occur gradually or
abruptly.

Chevin et al. (2010) recently published a stimulating
paper in which they expanded the evolutionary model
by Lynch and Lande (1993) by including phenotypic
plasticity. What they did not (yet) include were, among
others, genetic drift and inbreeding. As inbreeding
increases the sensitivity to stress and decreases fitness, it
is expected to increase the environmental sensitivity to
selection considerably. Moreover, inbreeding can signifi-
cantly impair plastic responses (Auld and Relyea 2010).
Based on the model of Chevin etal. (2010), it is
expected that the joint effects of inbreeding would be
that the critical maximum rate of environmental change
that allows long-term persistence would become
decreased. This effect will even be strengthened if
inbreeding makes plasticity more costly. We advocate
that future modeling of the persistence of biodiversity in
changing environments preferably should include the
effects of genetic erosion.

Some general remarks

Our inferences are restricted to species that are liable to
inbreeding depression. Clearly not all species will suffer in
the same way: normally selfing species will show little loss
in fitness upon inbreeding, while species that normally
outcross will show much higher levels of inbreeding
depression. We have focused solely on the effects of
genetic erosion and have not discussed nongenetic factors,
nor did we discuss possible positive effects of fragmenta-
tion and geographic isolation in the context of the
buildup of local races and possible speciation events
(Howard 1993). These issues go beyond the framework of
this paper.

The evidence presented here mostly comes from labo-
ratory experiments, and the situation undoubtedly will be
more complex in nature. However, our findings suggest
that inbreeding depression is a key factor in the adaptive
process, and the magnitude of inbreeding depression gen-
erally increases in the wild. Therefore, we are confident
that inbreeding depression also plays a pivotal role in the
adaptive process in nature. Moreover, population sizes in
nature fluctuate considerably in time. This will on average
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deflate the effective population size (N,) and strengthen
the effects of genetic drift.

Future prospects and practical approaches

Since the 1980s, conservation genetics has recognized the
need to avert the negative effects of genetic erosion as it
does increase the extinction probability of species (Frank-
ham et al. 2002). Here, we showed that genetic erosion,
and particularly inbreeding depression, will also signifi-
cantly impair the adaptive potential to (future) stressful
challenges, like climate change and pollution. This leads
to two questions that we will shortly address: (i) How
can we identify populations that are threatened by genetic
erosion? (ii) How can we alleviate the negative effects of
genetic erosion and decrease extinction probabilities?

The first question implies that we need methods that
reveal when populations are genetically eroded and suffer
from inbreeding depression. Although individual inbreed-
ing can be detected in nature using pedigrees, estimates
of the inbreeding coefficients and the related fitness
effects are difficult to determine at the population level.
In many investigations, Wright’s fixation index Fig is used
as a measure of the level of inbreeding. However, this is
incorrect as in small randomly mating populations, Fig
will be always zero, even though biparental inbreeding
increases the inbreeding coefficient (f) continuously
(Keller and Waller 2002; Biebach and Keller 2010). In this
situation, population-specific Fsr can be used to infer the
level of inbreeding and offers a convenient way to esti-
mate the average level of inbreeding in a population (Vi-
talis et al. 2001; Biebach and Keller 2010; and references
therein). Both the rate of loss of variation and the rate of
inbreeding critically depend on the genetically effective
population size (N,.). Neutral molecular markers, such of
microsatellite loci, are currently the markers of choice to
study the genetics of populations and allow estimation of
important parameters that contribute to loss of genetic
variation and the rate of inbreeding. In combination with
constantly improving estimation procedures, it is now
feasible to estimate these parameters, like effective popu-
lation size, inbreeding coefficient and migration rate, with
increasing accuracy. This makes it possible to evaluate
the genetic risks of the population under investigation
and to device effective management decisions (Palstra and
Ruzzante 2008; Biebach and Keller 2010; Luikart et al.
2010).

Comparing the performance of small versus large pop-
ulations for several fitness traits, known to be affected by
inbreeding, does facilitate the detection of populations
that suffer from inbreeding depression. This approach has
been successfully applied to several species, leading to
management measures to alleviate the genetic problems
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(Westemeier et al. 1998; Madsen et al. 1999; Vila et al.
2003; Hedrick and Fredrickson 2010). However, the per-
formance of a population also depends on ecological and
environmental factors, which may confound the genetic
effects. Recent developments in landscape genetics may
help to entangle the different factors contributing to the
endangerment of populations (Segelbacher et al. 2010).

Although neutral molecular markers provide crucial
information about the dynamics of neutral genetic varia-
tion and the level of inbreeding, we are also highly inter-
ested in the dynamics and loss of adaptive variation.
Unfortunately, there is only a weak correlation between
molecular genetic diversity and quantitative genetic varia-
tion (Hedrick 2001; Gilligan et al. 2005), and thus the
levels of neutral variation are not predictive for the levels
of adaptive variation. Also, heterozygosity at these mark-
ers shows little correlation with the inbreeding coefficient
(Pemberton 2004). However, the rapid advances in geno-
mic techniques promise to solve these problems. In the
near future, molecular tools will allow us to obtain the
complete sequence of any species. It is expected that this
will enable us to successfully address hot topics like the
genetic basis of inbreeding depression, the structure and
amount of adaptive variation, the level of local adaptation
and the causes of GXE interactions (Allendorf et al. 2010;
Kristensen et al. 2010; Ouborg et al. 2010). This would
greatly advance our understanding of genetic processes in
small populations and the dynamics of biodiversity in a
changing world.

The second question, in essence, involves (i) alleviating
inbreeding depression and restoring adaptive genetic vari-
ation and (ii) increasing population sizes to a level at
which genetic erosion will be minimal. These issues have
been regularly discussed in the field of conservation
genetics. We will discuss these issues here briefly, while
further ideas can be found elsewhere (e.g. Frankham et al.
2002; Sgro et al. 2011). Table 1 presents the outline of a

Genetic erosion and adaptive responses

three-step program of interventions that will alleviate the
problems caused by genetic erosion. Improving gene flow
and connectivity between the population fragments that
previously formed a single large population is the first
step. It is now well documented that influx of migrants in
genetically eroded populations rapidly decreases inbreed-
ing depression, increases genetic diversity and positively
affects population growth (Westemeier et al. 1998; Mad-
sen et al. 1999; Vila et al. 2003; Hedrick and Fredrickson
2010). This process of genetic rescue will be only success-
ful in the long term if gene flow levels stay high as other-
wise genetic erosion will arise again (Liberg et al. 2005;
Biebach and Keller 2010). Genetic rescue often raises con-
cerns about outbreeding depression (Edmands 2007).
Unless the environment has changed drastically since a
population became fragmented and the population frag-
ments have become locally adapted, outbreeding depres-
sion is not expected to be a problem at this scale as
increased connectivity only restores the previous situa-
tion. This step is expected to decrease both the genetic
and demographic risks of populations.

Even so promoting gene flow will cancel the negative
effects of genetic erosion, the total (meta)population size
often is still limited, and genetic erosion might arise
again. Therefore, to ensure long-term viability, in a sec-
ond phase of the rescue process, it would be advisable to
increase population size to a level at which genetic ero-
sion is expected to be minimized. This could be achieved
by increasing the habitat size or by improving the quality
of the habitat (e.g., by removing edge effects) so it can
sustain larger numbers of individuals. This action would
decrease genetic risks even further and, in addition, make
the population more resistant against environmental sto-
chasticity (Lande 1993).

If required, gene flow between more distant and
(slightly) different habitats could be promoted as a third
step. This step will increase genetic diversity even further

Table 1. Management measures to improve the genetic constitution of fragmented and genetically eroded populations in three steps.

Measure Expected result

1. Increase gene flow between
fragments and/or increase connectivity

As populations in habitat fragments are expected to be fixed for different (mildly) deleterious
alleles, this measure will immediately decrease inbreeding depression levels; it will increase

genetic variation levels; local adaptation in general will not be a problem as it restores former
undivided conditions and establishes a metapopulation with sufficient gene flow levels.

2. Increase habitat and/or population size

This measure will decrease the impact of genetic drift and inbreeding; it will buffer the genetic

erosion of populations that will occur in the future; it will mitigate the cost of selection upon

adaptation.
3. Facilitate genetic exchange with
more distant populations and populations
from different habitats

This measure will mitigate inbreeding depression even more; it will boost the level of genetic
diversity; it will supplement adaptive genetic variants not yet present in the population; this will
facilitate evolutionary responses in the future. Dangers: this measure may disrupt local

adaptation and cause outbreeding depression; if the total population size is large enough,
recombination and selection may nullify this loss of fitness over the generations.

© 2011 Blackwell Publishing Ltd 5 (2012) 117-129

125



Genetic erosion and adaptive responses

by an influx of genetic variants that may not have been
present in the target population. Such an intervention is
expected to facilitate adaptive response in the (near)
future. For instance, importing immigrants from the war-
mer regions (e.g., lower latitudes) of a species distribution
into the cooler regions may improve the ability of the
receiving population to cope with ongoing climate
change. A drawback of this action is that the immigrants
might be maladapted and disrupt local adaptation,
thereby causing outbreeding depression (Edmands 2007;
Frankham et al. 2011). However, Frankham et al. (2011)
showed that when a careful decision procedure is fol-
lowed, the probability of outbreeding depression to occur
might be considerably lower than generally anticipated.
Moreover, after a hybridization event, recombination and
natural selection can overcome the initial decrease in fit-
ness and improve fitness to levels higher than before
hybridization within a few generations (Edmands et al.
2005; Erickson and Fenster 2006). This suggests that out-
breeding depression might only be a temporal problem. If
the receiving population is healthy and sufficiently large,
it is expected to be able to cope with this short-term
problem. Nevertheless, great care should be taken before
implementing this third step.

Conclusion

Fragmentation of habitats leads to small isolated popula-
tions that become subject to genetic erosion. Such popula-
tions of normally outcrossing species will usually show
decreased levels of genetic variation and a decrease in fit-
ness because of inbreeding depression. More importantly,
the magnitude of inbreeding depression generally increases
considerably under stressful environmental conditions, like
extreme temperatures. This makes inbred populations
more vulnerable to stressful environments. At the same
time, loss of genetic variation has been found to decrease
the selective response of genetically eroded populations.
The combined action of the decrease in tolerance because
of inbreeding and loss of adaptive potential clearly impede
adaptive responses and significantly increase extinction
risks under stressful environmental conditions. We argue
that fragmented populations are much more vulnerable to
changes in environmental conditions than large nonfrag-
mented populations. Models developed to predict the per-
sistence of biodiversity under changing and deteriorating
conditions, like climate change, should, therefore, include
the negative effects of genetic erosion.
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