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ABSTRACT: Climate change, exerting thermal stress, and habitat destruction and fragmentation,
resulting in genetic drift and inbreeding, are amongst the most disturbing human activities that
endanger global biodiversity. We studied the interplay between these 2 processes using Drosophila
melanogaster as a model organism and investigated how inbreeding affects the response to thermal
stress. We found that both inbreeding and thermal stress negatively affect morphological traits
(orbital bristle number, wing width and wing length) as well as a fitness trait (egg-to-adult viability).
Most importantly, we observed a significant interaction between inbreeding and thermal stress.
Inbred populations suffered considerably more from thermal stress than non-inbred populations for
these traits. Moreover, the variation among inbred populations was large: some populations were
affected only slightly by thermal stress, but others became extremely sensitive to thermal stress, particularly in egg-to-adult survival. This shows that inbreeding does significantly influence the
response to thermal stress, thereby greatly enhancing the effects of temperature stress. We also
tested if the effects of inbreeding and thermal stress were reflected in changes in the level of fluctuating asymmetry, in order to determine if this measure can be used as a reliable biomonitor. Although
we observed some changes in fluctuating asymmetry under stress, the results are far from unequivocal. We concluded that inbreeding and thermal stress act synergistically and argue that the consequences of climate change and habitat fragmentation should preferably be studied in combination
rather than in isolation.
KEY WORDS: Thermal stress · Inbreeding · Quantitative variation · Genotype × environment
interaction · Viability · Fluctuating asymmetry · Drosophila melanogaster
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1. INTRODUCTION
Human activities are rapidly changing both the
biotic and abiotic environment at a global scale. Of
these activities, climate change, habitat destruction
and habitat deterioration are the most conspicuous factors that currently endanger the persistence of biodiversity on earth. The latest IUCN Red List of threatened
species (http://www.iucnredlist.org/) shows that out of
the 35 508 animal species evaluated, 761 have become
extinct (documented extinctions since 1500 AD) or only
exist as captive populations and 8782 are threatened in
their existence. Furthermore, the combined effects of

habitat destruction and environmental stresses such as
pollution, global warming and the introduction of
exotic species, causing e.g. increased competition or
the spread of novel diseases, are expected to increase
extinction rates even more in the near future (Reed et
al. 2002, Kristensen et al. 2003, Thomas et al. 2004,
Hoffmeister et al. 2005, Root & Schneider 2006).
Climate change has had a significant impact on species and populations in the last 30 to 40 yr (IPCC 2007).
Consequences of climate change for natural populations include changes in the distributional range of species, shifts in phenology, changes in community structure and habitat loss (Walther et al. 2002, Mawdsley et
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al. 2009, Chown et al. 2010, this Special). Due to
changes in distributional range and loss of habitat,
many species (especially endangered species) have
been forced to the margin of their distributional range
where they often encounter stressful conditions (IPCC
2007, Chown & Gaston 2008). To survive, individuals in
these populations have to be able to adapt to changing
and stressful environmental conditions (Hendry et al.
2008). The ability to cope with changing environmental
conditions will depend on the amount of genetic variation in the population and the physiological sensitivity of individuals to these environmental changes
(Deutsch et al. 2008, Kellermann et al. 2009, Chown et
al. 2010). In other words, the ability to adapt to changing conditions will depend on both how well an individual can adjust to the new conditions (Bakker et al. 2010,
Canale & Henry 2010, this Special, de Jong et al. 2010,
this Special) and the amount of genetic variation for
various fitness traits that is present in the population for
evolutionary adaptation to new conditions (Kellermann
et al. 2009, Willi & Hoffmann 2009, Bakker et al. 2010).
Loss of habitat has caused populations of many species to become small and fragmented (Henle et al. 2004,
Gaston 2005). In addition to ecological problems, these
small, isolated populations will suffer from genetic erosion due to genetic drift and inbreeding. This is often
accompanied by inbreeding depression, which causes
an increase in extinction risk (Saccheri et al. 1998, Bijlsma et al. 2000, Keller & Waller 2002, Frankham 2005).
The inbreeding and associated inbreeding depression
upon population fragmentation may cause population
size to decline even more, thereby strengthening the
consequences of genetic erosion, resulting in genetic
stress. This then will result in the so-called ‘extinction
vortex’ (Gilpin & Soulé 1986, Brook et al. 2002), ultimately leading to population extinction (Bijlsma et al.
2000). On the other hand, the loss of genetic variation
will reduce the ability of small, isolated populations to
adapt to changing environmental conditions, i.e. to
lower their adaptive potential and thus increase their
extinction risk (Frankham 2005, Bell & Gonzalez 2009,
Liao & Reed 2009, Bakker et al. 2010). Recently it has
been shown that especially tropical species and populations will suffer more from climate change in future,
as they are highly adapted to their specific environment, which normally shows little fluctuation (Hoffmann et al. 2003, Kellermann et al. 2009).
From a conservation biological perspective, endangered species will be especially vulnerable, as they are
prone to both environmental stress and inbreeding
depression. In addition, it has been shown that there
may be strong synergistic interaction between genetic
and environmental stress, leading to greatly elevated
extinction probabilities when both stresses coincide
(Bijlsma et al. 1999, 2000, 2010, Reed et al. 2002, Kris-

tensen et al. 2003, 2008a). The synergistic interaction
between genetic and environmental stress has also
been observed under semi-natural conditions in the
fruit fly Drosophila melanogaster. Kristensen et al.
(2008b) showed that inbred flies, compared to noninbred flies, were less likely to locate food patches
under warm conditions than under cold conditions.
The ability to locate food quickly is important for
Drosophila as their food sources are ephemeral and
flies can become dehydrated quickly (Kristensen et
al. 2008b). Therefore, their study shows that in natural
settings inbreeding and thermal stress can also act
synergistically, thus increasing the amount of stress on
populations and increasing the extinction risk. Good
dispersal ability is not only important for rapidly locating food sources, but also to ensure (sufficient) gene
flow between fragmented populations. If inbreeding
does impede dispersal ability, it will at the same time
enhance the effects of fragmentation.
In the present study, we investigated how genetic
erosion might affect the response of populations to
thermal stress, using Drosophila melanogaster as a
model organism. We hypothesized that if inbreeding
and temperature stress act synergistically on morphological and fitness traits, the effect of temperature
stress on both types of traits should be significantly
higher for inbred populations compared to non-inbred
populations. To this end, we compared the response of
inbred and non-inbred populations to 4 different rearing temperatures: two temperatures that are near the
optimal conditions for Drosophila (21 and 25°C) and 2
more extreme or stressful temperatures (17 and 29°C).
The morphological traits wing length, wing width and
orbital bristle number, and the fitness trait egg-to-adult
viability were tested, as these traits have previously
been shown to be affected by thermal stress (Imasheva
et al. 1997, Bijlsma et al. 1999, Bubliy et al. 2000, Joubert 2007). We used a high level of inbreeding (F =
0.785), which may be higher than generally observed
in nature. However, given that the negative effects of
inbreeding mostly increase linearly with increasing
inbreeding coefficient (Lynch & Walsh 1998), we argue
that comparable results are expected at more ecologically relevant inbreeding levels.
In addition, we investigated a possible change in
fluctuating asymmetry (FA) for the morphological
characters under both genetic and thermal stress. FA is
commonly described as small random deviations from
perfect bilateral symmetry in a bilaterally symmetric
trait due to ‘developmental accidents’. Both genetic
(e.g. inbreeding or hybridisation) and environmental
stress (e.g. temperature or pollution) are thought to
increase the level of FA (Parsons 1992, Clarke 1995).
As more individuals may be affected in their development when subjected to increasing levels of stress and,

Joubert & Bijlsma: Inbreeding affects response to thermal stress

consequently, may become more asymmetric, stressed
populations are expected to show on average higher
levels of FA. Therefore, it has been proposed that the
level of stress and FA are positively correlated and that
FA may be a good indicator of the presence of stress,
possibly being more sensitive than other population
survey methods (Clarke 1995, Lens et al. 2002, Hoffmann & Woods 2003). As such, FA has been put forward as a reliable tool for conservation management
(Gilligan et al. 2000, Hoffmann & Woods 2003, Pertoldi
et al. 2006, but see Leung et al. 2003 for critical notes).
Here we tested if FA is indeed a measure that signals
the presence of stress.

2. MATERIALS AND METHODS
2.1. Lines
All lines used in the experiments were from the
Groningen ’83 (G’83) base population that was
founded in 1983 with 403 gravid females collected at a
fruit market in Groningen, the Netherlands. This population has been maintained since in the laboratory as
a large population and has been shown to be genetically highly variable and still contain a considerable
genetic load (Bijlsma et al. 1999, 2000). The inbred
lines were made by 7 generations of full sib mating
leading to a theoretically expected inbreeding coefficient of F = 0.785. These 10 inbred lines had already
been established for a previous experiment (Joubert
2007) and maintained as bottle populations (± 300 flies
per bottle and 2 bottles per line that were mixed every
generation), to keep further inbreeding at a minimum,
for 53 generations before the start of this experiment;
these are referred to as the inbred populations. On the
one hand, this might have allowed for a significant
fitness rebound. However, previous experiments have
shown this is not likely the case (Bijlsma et al. 2000).
On the other hand, new mutations occurring during
this period could have decreased the autozygosity levels somewhat (Van Delden & Beardmore 1968), but we
think this should be minimal. Based on the viability difference between non-inbred and inbred populations
(see Section 3), we can safely assume that the latter still
are highly inbred. As a control (non-inbred), 10 independent non-inbred populations were started by taking subsamples (± 50 pairs) from the base population, 2
generations before the start of the experiments.

2.2. Rearing conditions
All lines were maintained in bottles (125 ml volume
containing 30 ml standard medium) at standard rear-
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ing conditions: 25°C, 50% R.H. and constant light.
Standard medium consisted of 1000 ml water, 32 g
dead yeast, 54 g sucrose, 18 g agar and 13 ml nipagin
solution (10 g nipagin in 100 ml ethanol).

2.3. Experimental set-up
To test the effects of temperature stress, genetic
stress and the combination of both, the 10 inbred and
10 non-inbred populations were reared at 4 different
temperatures: 17, 21, 25 and 29°C. Temperatures of
21 and 25°C are near-optimal conditions and 17 and
29°C are more extreme temperatures. However, 29°C
is supposed to be a more stressful temperature than
17°C as it is close to the upper temperature boundary
for Drosophila melanogaster (e.g. Imasheva et al. 1997,
Bijlsma et al. 1999). For each population, 5 bottles were
started and incubated at standard rearing conditions.
After emerging, the flies were allowed to lay eggs on
lids with some standard medium and live yeast for 4 to
5 h. For each population and temperature, 5 bottles,
each containing 300 eggs, were established. Bottles for
each population were randomly assigned to the different temperatures. The eggs were then incubated at the
ascribed temperature. For each population and temperature, flies were collected during peak emergence.
Flies from replicate bottles were combined to form one
sample. The collected flies were first kept in vials for at
least 1 d to allow their wings to dry properly, and then
the females were collected and stored in Eppendorf
tubes at –20°C until measuring. The experiment was
performed in 2 series, each examining 5 inbred and 5
non-inbred populations. As some of the inbred populations were clearly weak and particularly sensitive to
29°C (Bijlsma et al. 1999) and suffered from bacterial
infections, a number of populations failed to produce
sufficient offspring (at least 30 females) for the FA
assay at these conditions. Therefore, these populations
were omitted from the experiment, primarily for statistical reasons. Consequently, the results are based on
the analyses of 7 inbred and 7 non-inbred populations
at each assay condition.

2.4. Trait measurements
Of the collected females, a group of 30 individuals
per population and temperature were selected for measuring. For each fly, the following traits were either
counted or measured on both the left (L) and right (R)
sides of the individuals: number of orbital bristles (OB),
wing length (WL; length along the third longitudinal
wing vein from its intersection with the anterior cross
vein to the tip of the wing vein) and wing width (WW;
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length from the tip of the second longitudinal wing vein
to the tip of the fifth longitudinal wing vein; as described in Joubert 2007). Both wing traits were measured in µm, and all traits were scored and measured
by one person (D.J.). Trait size was calculated as (L +
R)/2. Trait asymmetry (FA) was calculated using the following indices: FA1, which is the mean 冷L – R冷, and FA4,
which is the variance (L – R) (after Palmer 1994). To get
a reliable measure for FA the measurement error
should be less that 25% of the between-sides variance
(Palmer 1994). As we knew from previous experiments
(Joubert 2007) that the measurement error was generally relatively low, we tested our procedure again here
for 4 inbred and 4 non-inbred populations (240 flies) for
the 2 wing traits. In all cases, the measurement error
was much less than 20% of the between-sides variance
(WL: median = 5.23%, range = 1.43 to 15.05%; WW:
median = 5.48%, range = 2.75 to 18.58%). The measurement error of OB had in 2 previous experiments
(Joubert 2007) already been shown to be low (mean ±
SE = 7.853 ± 1.150% and 4.619 ± 0.516%, respectively).
Therefore, we concluded that our data are not confounded by measurement error and provide a reliable
estimate of FA.

2.5. Viability
Due to logistic problems, viability of the inbred and
non-inbred populations could not be determined during the experiment. Therefore, 2 mo later the viability
of the 7 inbred populations and, unfortunately, of only
3 of the original non-inbred populations were assayed
for all 4 temperatures. Five bottles per population and
temperature, each containing 300 eggs (as described
for the experimental set-up), were established. The
flies were collected at regular time intervals until all
flies had emerged, and the number of flies that
emerged was counted and used as the measure of
viability (no. adults/no. eggs).

2.6. Statistical analysis
The FA values of the different traits were first tested
per population and temperature for departures from
normality, directional asymmetry and size dependence,
which are known to inflate FA. The results were then
tested as proposed by Palmer (1994). To all analyses
done within a set (e.g. all tests for departures from normality within a population and temperature), sequential Bonferroni correction was applied (Rice 1989).
To test for the effects of inbreeding level and temperature on the morphological traits, we used nested
ANOVAs with populations nested within breeding

regime and temperature as a random effect. Viabilities
were analyzed using untransformed data as the results
for arcsine square root-transformed data were qualitatively the same (data not shown).

3. RESULTS
3.1. Quantitative characters: trait size and variation
Not surprisingly, the reaction norms showed that trait
size varied significantly with breeding temperature
(Fig. 1, Table 1). WL and WW decreased continuously
with increasing temperature for both inbred and noninbred populations (Fig. 1C–F). Both traits are known
to be strongly correlated with body size which, in turn,
is well known to decrease significantly with increasing
developmental temperatures (e.g. Karan et al. 1998,
Gibert et al. 2004). OB number, on the other hand,
showed an optimum at 21°C with lower numbers at the
other temperatures (Fig. 1A, B). This is not unlike what
is generally found for bristle characters (e.g. Moreteau
et al. 2003, Gibert et al. 2004). Both WL and WW mean
trait sizes were significantly affected by inbreeding
(Table 1). In contrast, OB did not show a significant inbreeding effect. However, the substantial betweenpopulation variation in mean trait size observed for this
bristle trait both among inbred and non-inbred populations (Fig. 1) may have decreased the power of our statistical test. Results of the nested ANOVA showed that
trait size indeed differed significantly between individual populations for OB, and that populations also
differed significantly for the 2 wing traits (Table 1). In
addition, the variation among populations was larger
among the inbred populations than among the noninbred populations for all 3 traits (Fig. 1). This was
confirmed by the results of a 2-way ANOVA on the data
for the non-inbred and inbred populations separately,
which showed that the variation in mean trait size for
all traits was mainly due to the much greater variation
among the inbred populations compared to the noninbred populations (data not shown). The higher variance among inbred populations is partly explained by
the repeated founder events the inbred populations
have undergone during the inbreeding procedure.
Much more important, however, are the significant
interactions between both inbreeding and temperature
and between population and temperature (Table 1).
This shows not only that inbred populations, in general, are more sensitive to changes in temperature but
also that different inbred populations react differently
to these changes. The panels of Fig. 1 clearly illustrate
this difference in the reaction of inbred populations as
the reaction norms of the individual inbred populations
cross. These results show that changes in thermal envi-
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Fig. 1. Drosophila melanogaster. Mean trait values given per population and temperature. (AC,E) non-inbred populations;
(B,D,F) inbred populations. (A,B) Mean orbital bristle number; (C,D) mean wing length; (E,F) mean wing width. Different
symbols/lines indicate individual populations

ronment and environmental perturbations will have
significantly different consequences for inbred populations than for non-inbred populations.
If inbred populations are more sensitive to thermal
stress they may have difficulties developing consistently in a stressful environment, and this interaction
between inbreeding and environment could increase
the phenotypic variance within populations (Woods et
al. 1999, Fowler & Whitlock 2002). The coefficient of
variation (CV) of a trait is commonly used to assess the
amount of variation within a population. CV values for
OB number were clearly much higher in both the non-

inbred and inbred populations compared to the CV
values of the other 2 traits (Fig. 2). In many cases, OB
CV showed the lowest values at 21 to 25°C and higher
levels at 17 and 29°C (Fig. 2). Furthermore, Fig. 2
shows that there is substantial variation between populations in OB CV, especially at 17 and 29°C. However,
neither the 42 tests comparing the mean CV values
between temperatures within populations (data not
shown) nor the tests for homogeneity (χ2-test for homogeneity; Zar 1996) of CV values among separate populations within a temperature (Table 2) were significant
for this trait. For WL and WW, inbred populations
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Table 1. Nested ANOVAs (Drosophila melanogaster populations nested within inbreeding level) testing for differences
in mean trait size between temperatures, inbreeding levels
and their interactions. OB: orbital bristle number; WL: wing
length; WW wing width
Trait
Source of variation

df

OB
Inbreeding level (A) 1
Temperature (B)
3
Population (C)
12
A×B
3
B×C
36
Error
1624
Source of variation

df

MS
10.768
64.025
3.276
0.381
0.789
0.360
MS × 103

WL
Inbreeding level (A) 1
1281.183
Temperature (B)
3
9202.550
Population (C)
12
53.697
A×B
3
84.391
B×C
36
5.863
Error
1624
1.426
WW
Inbreeding level (A) 1
628.778
Temperature (B)
3
4537.545
Population (C)
12
23.597
A×B
3
10.542
B×C
36
2.778
Error
1624
0.724

F

p

3.287
81.1980
9.110
0.484
2.192

< 0.095
< 0.001
< 0.001
< 0.696
< 0.001

F

p

23.8590 < 0.001
1569.552000 < 0.001
37.6550 < 0.001
14.3930 < 0.001
4.112
< 0.001

26.6470 < 0.001
1633.101000 < 0.001
32.5860 < 0.001
3.794
< 0.018
3.837
< 0.001

clearly showed much more variation in CVs compared
to the non-inbred populations (Fig. 2). A test for homogeneity of CV values among populations within a temperature confirmed this higher variation in the inbred
populations for all temperatures tested (Table 2). Interestingly, for both wing traits, one inbred population
gave an extreme value at 17°C (Fig. 2), indicating that
for that particular population, 17°C may represent
extreme conditions, inflating the variation among individuals. Non-inbred populations, however, showed a
significant among populations variation in CV for WL
at 17°C only, while all other tests for homogeneity
among non-inbred populations were non-significant
(Table 2). In conclusion, the CV results show that inbred populations are significantly more sensitive to
thermal stress compared to non-inbred populations.

3.2. Viability and temperature
Fitness (related) traits (e.g. viability, extinction risk)
have previously been shown to be affected by both
inbreeding and thermal stress (Bijlsma et al. 1999,
2000, Dahlgaard & Hoffmann 2000, Armbruster &
Reed 2005, Pedersen et al. 2005, Joubert 2007). In
Fig. 3A, the viability of the 3 non-inbred and 7 inbred
populations is shown. As expected, inbred populations

clearly have a lower viability compared to non-inbred
populations. All inbred populations showed lower viability compared to the non-inbred populations at all
temperatures, while some inbred populations showed
very low viability (Fig. 3A). Averaged over all lines, the
inbred populations showed a reduction in viability
of 64% (average viability ± SE = 0.238 ± 0.032 and
0.667 ± 0.027, for inbred and non-inbred populations,
respectively). A t-test comparing inbred populations
with non-inbred populations (equal variances not assumed) shows that inbred populations have a significantly lower viability compared to non-inbred populations at all temperatures (t-test, 17°C: t = 4.675, df =
6.923, p = 0.002; 21°C: t = 4.763, df = 7.501, p = 0.002;
25°C: t = 5.551, df = 7.559, p = 0.001; 29°C: t = 4.940,
df = 6.297, p = 0.002). The variation among populations
appears to be larger for inbred populations than for
non-inbred populations. However, a test for homogeneity showed that this difference was not significant,
most likely due to the unbalanced design (data not
shown). More importantly, temperature had a significant effect on the viability of both the non-inbred and
inbred populations (ANOVA, non-inbred populations:
F3,6 = 10.372, p = 0.009; inbred populations: F3,18 =
15.661, p = 0.001). In this case, the viability was the
lowest for flies reared under the extreme temperatures
(17 and 29°C) and highest for flies reared under the
more optimal conditions (21 and 25°C; Fig. 3A).
The difference in mean viability among populations
shown in Fig. 3A may obscure the changes in viability
in relation to temperature, especially when viability is
low as observed for some inbred populations. Therefore, for each population we calculated the viability of
each temperature relative to the highest average viability observed for that population (adjusted viability). As
such, Fig. 3B shows the effect of temperature relative to
the temperature at which the highest viability was observed. The highest viability was generally observed for
the intermediate temperatures (21 and 25°C), while viability decreased towards the extremes. Importantly, this
decrease was substantially larger for the inbred populations than for the non-inbred populations (Mann
Whitney U-test, non-inbred versus inbred, 17°C: Z =
–1.709, p = 0.087; 21°C: Z = –0.122, p = 0.903; 25°C: Z =
–0.851, p = 0.395; 29°C: Z = –2.393, p = 0.017). Two of
the inbred populations showed a very strong decrease
when tested at 29 and 17°C. This shows that inbreeding
not only compromises viability (fitness) but that this
effect becomes enhanced under stress conditions.

3.3. Effects of inbreeding and temperature stress on FA
It has been proposed that the level of stress and FA
are positively correlated and that FA may be a good

Joubert & Bijlsma: Inbreeding affects response to thermal stress

63

Fig. 2. Trait size coefficients of variation (CVs) given per Drosophila melanogaster population and temperature. The open circles
and thick line show the grand mean of the 7 populations. (A,C,E) non-inbred populations; (B,D,F) inbred populations. (A,B)
Orbital bristle number CV; (C,D) wing length CV; (E,F) wing width CV. Different symbols/lines indicate individual populations

indicator of the presence of stress. We therefore tested
the effects of both inbreeding and temperature stress
on levels of trait asymmetry for the 3 bilateral traits
(OB, WL and WW), to assess if FA can be used as an
indicator of the presence of either environmental or
genetic stress.
Departures from normality, the presence of directional asymmetry and size dependence of asymmetry
all can significantly inflate FA values. Consequently,
we first tested our data for these factors before
analysing the asymmetry data and found that we did

not have to correct our data for these factors (data not
shown). Additionally, we calculated 2 different asymmetry indices (FA1 and FA4) to test for the effects of
inbreeding and temperature stress. As the results of
both indices were comparable, we here report the
results of FA1 only.
Differences in FA1 between temperatures and
inbreeding levels were tested by means of a nested
ANOVA (populations nested within inbreeding level).
A significant effect of inbreeding was observed for WL
FA1 (nested ANOVA, inbreeding versus population:
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Table 2. Results of the test for homogeneity of Drosophila
melanogaster population coefficients of variation within a
temperature (Zar 1996). χ2 values and significance levels, per
trait, temperature and breeding group, are given. OB: orbital
bristle number; WL: wing length; WW: wing width. Numbers
in bold indicate tests that were significant after Bonferroni
correction (corrected for the 4 tests within each breeding ×
trait group)
Trait
Temp. (°C)

df

Non-inbred
χ2
p

Inbred
χ2
p

OB
17
21
25
29

6
6
6
6

6.569
6.811
9.262
12.240

0.363
0.339
0.159
0.057

6.086
10.132
3.864
13.797

0.414
0.119
0.659
0.032

WL
17
21
25
29

6
6
6
6

17.929
3.164
7.683
9.237

0.006
0.788
0.262
0.161

115.179
58.038
58.723
30.056

< 0.001
< 0.001
< 0.001
< 0.001

WW
17
21
25
29

6
6
6
6

3.825
8.032
4.533
10.420

0.700
0.236
0.605
0.108

54.397
36.819
56.982
26.024

< 0.001
< 0.001
< 0.001
< 0.001

F1,12 = 13.792, p = 0.003), but not for the other 2 traits
(OB: F1,12 = 0.730, p > 0.05; WW: F1,12 = 2.420, p > 0.05).
This is also clearly seen in Fig. 4B, which shows that
the inbred populations were more asymmetric compared to the non-inbred populations at all temperatures, while Figs. 4A and C show little to no consistent
differences between inbred and non-inbred populations. For OB and WW, however, the figures suggest
that the difference in FA is the largest at 29°C. On
the other hand, temperature only significantly affected
WW (nested ANOVA, temperature versus temperature–population interaction: F3,36 = 6.870, p = 0.001), in
which case WW FA1 was minimal at 25°C and significantly increased towards the extreme temperatures
(Fig. 4C), again suggesting that the extreme temperatures are indeed stressful. OB and WL asymmetry both
showed significant between-population differences
(nested ANOVA, population versus error component,
OB: F12,1624 = 2.125, p = 0.013; WL: F12,1624 = 2.061, p =
0.017). On the other hand, WW did not show such an
effect. These differences in population effects between
traits indicate that trait asymmetry was not always
affected by between population differences as compared to mean trait size, which did show significant
among-population differences for all traits. None of the
3 traits showed a significant interaction between temperature and inbreeding (data not shown). As a significant population effect was observed for both OB and
WL asymmetry, we conducted a 2-way ANOVA (temperature by population) on the inbred and non-inbred

Fig. 3. Drosophila melanogaster. Viability (egg-to-adult viability) given per population and temperature for non-inbred
(grey squares) and inbred populations (black circles). (A)
Mean or relative viability (calculated as the average over 5
vials per population and temperature). (B) Standardized viability (calculated as the viability of each temperature relative
to the highest average viability observed for that population)

groups separately to test for a possible difference in
response within the 2 groups. The results showed that
the significant difference between populations for
OB and WL was due to differences between inbred
populations, as in both cases the variation among
inbred populations was higher than for non-inbred
populations (2-way ANOVA, population versus error
component, OB: inbred, F6,812 = 2.280, p = 0.034; noninbred, F6,812 = 1.940, p > 0.05; WL: inbred, F6,812 =
2.788, p = 0.011; non-inbred, F6,812 = 0.940, p > 0.05).
As suggested by Fig. 4B, a significant temperature
effect was found for WL FA1 in the non-inbred populations only (2-way ANOVA, temperature versus interaction term, F3,18 = 4.469, p = 0.016 compared to F3,18 =
0.155, p > 0.05 for inbred populations). In this case, WL
asymmetry was highest at 29°C and was significantly
different compared to the FA1 value at 21°C (Tukey
HSD, mean difference = 2.845, p = 0.012). The relatively high variation among inbred populations (as
indicated by the significant population term in the
2-way ANOVA) could have obscured a significant temperature effect in the total ANOVA. The significant
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WL asymmetry, while temperature only affected WW
FA. Importantly, however, the FA results did clearly
indicate that inbred populations were more sensitive to
the extreme temperatures.

4. DISCUSSION
4.1. Quantitative traits: inbreeding and temperature
effects

Fig. 4. Mean ± SE fluctuating asymmetry (FA1) values per
temperature. Mean FA1 values were calculated from the
population means of either the non-inbred or the inbred
Drosophila melanogaster populations for (A) orbital bristle
number, (B) wing length and (C) wing width

effect of temperature on WW FA1 was mainly caused
by a significant temperature effect for the inbred populations (2-way ANOVA, temperature against interaction term, F3,18 = 6.186, p = 0.004 compared to F3,18 =
2.858, p > 0.05 for non-inbred populations). At 29 and
17°C, WW FA1 was significantly higher compared to
WW FA1 at 25°C (Tukey HSD, mean difference =
2.057, p = 0.034 and mean difference = 1.977, p = 0.045,
respectively). Particularly, inbred populations were
more sensitive to more extreme temperatures, as was
found for mean trait size (Table 1). In conclusion, the
results show that both inbreeding and temperature
stress had an effect on trait FA. As we did not observe
a significant interaction between temperature and
inbreeding, no obvious synergism seems to occur
between both stresses for FA: inbreeding only affected

The effect of inbreeding on quantitative traits can be
quite complex, as inbreeding may affect the average
expression of traits, the amount of genetic and environmental variance of traits and the variance among lines
(Whitlock & Fowler 1999, Fowler & Whitlock 2002, Van
Buskirk & Willi 2006). Similar to other studies (Whitlock & Fowler 1999, Fowler & Whitlock 2002), we
observed that average trait size decreased, at least for
WW and WL, showing that our inbreeding procedures
did affect quantitative variation. Moreover, the variation in average trait size among populations was found
to be significantly higher for the inbred populations
compared to the non-inbred populations (Fig. 1). This
is to be expected, as inbreeding is accompanied by
genetic drift that causes fixation of different alleles in
different populations. As such, the variation within the
original base population will become redistributed as
among-population variation. This has been observed
in many previous studies of Drosophila melanogaster
(Whitlock & Fowler 1999, Fernández et al. 2003, Van
Buskirk & Willi 2006).
Inbreeding is also expected to affect the phenotypic
variation within lines. Because of the inbreeding process, the additive genetic variation within populations
will become depleted and, in the absence of dominance, the genetic variance (VG) will decrease significantly (Falconer & Mackay 1996). Consequently, the
total phenotypic variance (Vp; Vp = VG + VE; VE being
the environmental variance) is also expected to decrease. Assuming the variance for these quantitative
traits acts mostly additively, we would expect a decrease in the phenotypic variance within inbred populations. However, we observed considerable variation,
particularly among inbred populations, for the withinpopulation CVs (which were often highly inflated), especially for the 2 wing traits (Table 2, Fig. 2). Comparable results were observed by Fowler & Whitlock (1999)
and Whitlock & Fowler (1999), who also found significant increases in phenotypic variance within inbred
lines for several wing traits. One has to realize, however, that the level of phenotypic variation within inbred populations depends on the balance between the
decrease in additive genetic variance, as discussed
above, and an increase in the environmental variance
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(VE). It is well documented that for many different
organisms (e.g. Drosophila, mice, rats, chicken and
maize) the phenotypic variance observed for inbred
lines is generally much higher than for F1s from crosses
between different highly inbred lines. This has been attributed to a difference in the environmental variance
component (VE), as both the inbred lines and their
crosses have near zero genetic variances. Many examples of this finding can be found in Lerner (1954), Falconer & Mackay (1996) and Wright (1977). The cause of
the elevated environmental variance in inbred populations is still not well understood, but it seems clear
that inbred populations show decreased developmental
homeostasis (Lerner 1954, Waddington 1957, Falconer
& Mackay 1996). This fits well with recent findings that
inbred populations are generally much more susceptible to environmental perturbations (Bijlsma et al. 1999,
2000, Reed et al. 2002, Kristensen et al. 2003, Pedersen
et al. 2005).
The temperature that an organism encounters during its development has a large effect on the development of its traits, as the developmental time greatly
increases when temperatures decrease. As body size is
positively correlated with developmental time (Zwaan
et al. 1995, Nunney 1996), we expected the size characters WL and WW to be affected by this relationship
and to show a strong negative correlation with breeding temperature. Fig. 1 shows that this is clearly the
case. The reaction norms for the 2 wing size measures
and for OB numbers of both the inbred and non-inbred
populations show similar shapes, as found in other
studies on Drosophila melanogaster using the same or
comparable traits (e.g. Imasheva et al. 1998, Gibert et
al. 2004, Kjærsgaard et al. 2010, this Special, Trotta et
al. 2010, this Special).
Apart from the effects on mean trait size, temperature also affected the variation among populations.
Figs. 1 (mean trait size) and 2 (trait CV) clearly show
that the reaction norms for inbred populations are
more variable compared to those for non-inbred populations. Furthermore, we observed a significant population–temperature interaction for all 3 traits (Table 1),
which was especially apparent for the inbred populations (Figs. 1 & 2). The large differences in form of the
reaction norms for inbred populations (particularly for
WW and WL) show that inbred populations in particular differ greatly in their sensitivity to temperature
change. Interestingly, one of the inbred populations
showed a conspicuous temperature sensitivity when
reared at 17°C as the within-line CV for both wing
traits increased greatly at this temperature (Fig. 2D, F).
Such a striking genotype × environment interaction has
been observed before for inbred lines obtained from
the same base population. For instance, Vermeulen &
Bijlsma (2004a,b) showed that lifespan became greatly

curtailed at extreme temperatures in specific inbred
lines caused by temperature-sensitive alleles. A comparable effect has recently been observed for pupal
survival (Bijlsma et al. 2010)
The results also showed a tendency for an increase in
variation in trait size among individuals within populations at the extreme temperatures (Fig. 2). This tendency is clearer for inbred populations, which showed
higher and more variable CV values at the extreme
temperatures 17 and 29°C (Fig. 2, Table 2). A higher
CV at extreme temperatures for inbred lines is what
one would expect, as trait CVs are said to increase in a
stressful environment, especially for inbred individuals
(e.g. Woods et al. 1999). As discussed above, this can
be attributed to the fact that inbred populations are
more sensitive to environmental perturbations (Bijlsma
et al. 1999, Reed et al. 2002, Kristensen et al. 2003,
2008a). These results show that the populations experienced both thermal and genetic stress.
As such, we observed a significant interaction between genetic erosion and thermal stress as inbred
populations in particular were more sensitive to
changes in temperature and showed greater variation
in reaction norms. This interaction is of great importance for natural populations, as our results show that
changes in the thermal environment are experienced
differently by different inbred populations compared
to non-inbred populations. In addition, inbred populations were found to be much more sensitive to temperature change, particularly when experiencing extreme
temperatures.

4.2. Viability under thermal and genetic stress
The discussion in the previous section focussed on
traits that are only indirectly related to fitness. We also
measured viability to assess the effects of genetic erosion and thermal stress on a fitness trait. Not surprisingly, inbreeding was found to have a much more
extreme effect on viability. Although some inbred populations show a viability nearly similar to the noninbred populations, most have a greatly decreased fitness. It is generally observed that traits directly related
to fitness exhibit much higher levels of inbreeding
depression than morphological traits, as the genetic
variance of the former is mainly governed by dominance, while that of the latter is mainly additive
(Mousseau & Roff 1987, Lynch & Walsh 1998).
Temperature also had a significant effect on viability,
as the fitness was lower at extreme temperatures, particularly at 29°C (Fig. 3), indicating that these temperatures (17 and 29°C) exert thermal stress. Other
studies have shown more or less the same relation,
and have indicated that the optimal temperature for
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Drosophila melanogaster is around 22 to 23°C (David
et al. 1983, R. Bijlsma unpubl. data). However, when
viability was standardized, we observed a much
stronger decrease in viability at the extreme temperatures for inbred populations compared to non-inbred
populations (Fig. 4). Some inbred populations showed
a more than 50% reduction in viability when cultured
at extreme temperatures. As for morphological characters, inbred populations seemed to suffer much more
from thermal stress also with respect to viability. A
higher sensitivity to thermal stress of inbred populations has now been found in several other studies and
is associated with an increase in the extinction risk
of inbred populations (Bijlsma et al. 2000, Reed et al.
2002, Kristensen et al. 2003, 2008c, Pedersen et al.
2005). This may imply that small, isolated populations
will have increased difficulty in coping successfully
with the more extreme temperatures caused by climate change, ultimately causing these populations to
become extinct.

4.3. FA under inbreeding and thermal stress
It would be practical if the presence of either thermal
or genetic stress, or both, would be reflected by an increase in the level of FA. As such, changes in FA could
possibly serve to signal the presence of such stresses
under natural conditions.
Both the quantitative traits and viability show that inbred individuals are less able to maintain their optimal
phenotype under stress conditions; in other words, they
are less able to buffer their development under stress. As
FA is thought to reflect developmental stability (Palmer
1994, Clarke 1995), we might expect FA to increase as
a result of inbreeding and thermal stress. Given our
observations that inbred populations in particular
suffered from thermal stress, we would expect increased
FA when genetic and thermal stresses coincide. Both
stresses were observed to increase FA, but each stress
increased a different trait. Inbreeding affected WL
asymmetry, while thermal stress had an effect on
WW asymmetry only (Fig. 4). The trait specificity of
stress–asymmetry associations as observed here has also
been observed in other studies (Vøllestad et al. 1999,
Woods et al. 1999, Hoffmann & Woods 2003).
More importantly and contrary to expectations, no
interaction between inbreeding and thermal stress was
observed for any of the 3 morphological characters
studied. This agrees well with the results of several
other studies that have tested for the possible relation
between the combined stresses and changes in FA
(Hosken et al. 2000, Jenkins & Hoffmann 2000, Radwan 2003). The results also show the trait specificity
of stress–asymmetry associations which others have
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noted (e.g. Vøllestad et al. 1999, Woods et al. 1999,
Hoffmann & Woods 2003). One explanation for the
apparent lack of interaction could be that under these
conditions, i.e. inbreeding combined with thermal
stress, pre-adult mortality is high (Fig. 3). As it has
been proposed that more symmetrical individuals exhibit a higher fitness on average, the increased mortality observed under these conditions might have particularly affected the most asymmetrical individuals. This
could certainly deflate the average levels of FA observed (Floate & Fox 2000, Polak et al. 2002, 2004).
In conclusion, our findings suggest that increased
levels of FA may indeed signal the presence of either
genetic or thermal stress. An absence of inflated levels
of FA, however, cannot be interpreted as the absence
of stress. As such, we feel that FA is not a reliable biomonitor for conservation issues.

4.4. Conclusions
Habitat destruction and fragmentation, and climate
change are among the most disquieting human activities that endanger global biodiversity. Apart from
affecting many ecological parameters (Karlsson & Van
Dyck 2005, Pertoldi & Bach 2007, Pearson et al. 2009),
habitat fragmentation causes genetic drift and inbreeding, resulting in loss of genetic variation and a
decrease in fitness (Bijlsma et al. 2000, Keller & Waller
2002, Frankham 2005). The importance of the present
study is that it shows that inbred populations are much
more susceptible to thermal stress than non-inbred
populations. The data presented in Fig. 3 clearly illustrate that thermal tolerance deflates significantly as a
result of inbreeding. Whereas adaptive plasticity is crucial for a population to cope with the imposed stress in
the short term, our results show that such responses can
be significantly hampered by inbreeding. This idea is
supported by recent data on the effect of inbreeding on
the predator-induced adaptive responses in a freshwater snail (Auld & Relyea 2010). As such, inbreeding
enhances the harmful effects of stress on populations.
Additionally, the loss of genetic variation accompanying habitat fragmentation can severely limit the adaptive potential of populations (Frankham 2005, Bell &
Gonzalez 2009, Bakker et al. 2010), thereby impairing
evolutionary adaptation as a mechanism to cope with
the effects of climate change (Willi et al. 2006, Kawecki
2008, Willi & Hoffmann 2009).
In short, our results imply that the ongoing fragmentation of natural habitats will significantly enhance the
adverse effects of climate change. Therefore, models
developed to predict the consequences of climate
change should preferably also consider the synergistic
effects of habitat fragmentation.
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