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Introduction

It has become increasingly clear that during the last decades the climate is
changing more rapidly than in the preceding periods. The change is for instance characterized by an increase in temperature of about 0.6 ˚C during the
past 100 years. This is the largest increase in temperature compared to any
century during the past 1000 years (Cox et al. 2000, Houghton et al. 2001,
Jones & Moberg 2003).
Furthermore the environment is not constant in time, but it is fluctuating.
Fluctuations in the environment are probably the most common and realistic
way in how our environment is changing (e.g. Grant & Grant 2002, Lundberg et al., 2000, Boyce et al. 2006, Schreiber 2010). Many environments
are thought to be positively autocorrelated (Halley 1996), that is when consecutive observations in a time series are expected to be similar (Lawton
1988). An example is the North Atlantic Oscillations (NAO) which affects
many species in Europe (Ranta et al. 2006).
A changing environment posses a major challenge to all organisms. Organisms may respond to changing environments by evading the new conditions or by adapting to them. A body of evidence has been collected indicating that phenotypic adaptation to climate change is widespread (Pulito &
Berthold 2004). It has been shown that many species respond in their phenologies and/or distributions in the direction expected from regional changes
in climate (Parmesan & Yohe 2003). For example in birds (e.g. Jonzén et al.
2006) butterflies (e.g. Sparcs & Yates 1997) and amphibians (Beebee 1995),
it has been documented that an alteration in the timing of life-history events
(e.g. starting of breeding) is a response to climate change. Also, metaanalyses of studies containing information about species and global warming
show that an impact of global warming is already discernible in animal and
plant populations (Root et al. 2003) and an increased extinction risk from
climate change is expected (Thomas et al. 2004, Root et al. 2003).
A species’ response to climate change is highly unique. The response is
depending on the species, the environmental- and population-parameters
considered, and it is likely to be a result of both plastic behavioural and life
history responses as well as evolutionary ones (Jonzén et al. 2006, Gienapp
et al. 2008). Plastic responses might be sufficient to cope with an environmental change in short term (Przybylo 2000, Chevin & Lande, 2010) but
there are limits to plastic responses (Pigliucci 1996, DeWitt et al. 1998; De
Jong 2005) and adaptive trait evolution is probably the more likely response
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in long term (Davis & Shaw 2001, Réale et al. 2003, Berteaux 2004, Pulido
& Berthold, 2004, Davis et al., 2005).
The question of how environmental fluctuations impact populations has
been investigated using theoretical modelling as well as simulation approaches (Pease et al. 1989, Lynch & Lande 1993, Burger & Lynch 1995,
Lande & Shannon 1996) and it has become progressively clear, that fluctuations in the environment in general and their pattern of autocorrelation in
particular are important when studying the adaptive response of a population
to a changing environment (Halley 1996, Ripa & Lundberg 1996, Inchausti
& Halley 2003).
This raises the question of what is a population’s possibility to adapt to a
changing climate and how does the population respond to a likely rapid,
gradual change in the environment including fluctuations? The way I approached this undoubtedly very big question on an even bigger topic was to
use an already existing theoretical model as a starting point. I then conducted
an empirical investigation by creating environmental changes in the laboratory using the bean weevil (Callosobruchus maculatus) as a model species. I
imitated environmental change and included environmental stochasticity by
exposing different populations with an increase in temperature with or without stochasticity added upon the trend of temperature increase (for details
see section ‘the selection experiment’).

A theoretical model – the starting point
The model I used as a starting point for my empirical investigations explores
the ability of a population to adapt to changing conditions in the environment, such as global warming. It is based on the Breeder’s equation (for
details see section ‘quantitative genetic framework’) and the concept of a
moving optimum -- where the optimal phenotype of a population is changing
due to environmental changes and the population is tracking behind it. Individual based simulations were performed to study the evolution of a single
quantitative trait. Key parameters of the model are strength of selection,
heritability of the trait under observation and density compensation. Furthermore, this model incorporates not only an environmental trend (increase
in temperature over time) (as in models of e.g. Pease et al. 1989, Lynch &
Lande 1993, Burger & Lynch, 1995, Lande & Shannon 1996), but also different forms of environmental fluctuations that are added upon the trend of
temperature increase. The form of environmental fluctuation depends on the
level of serial autocorrelation between years; examples are ‘white noise’,
meaning that there is no autocorrelation between successive years and ‘red
noise’ implying that there is a positive autocorrelation between successive
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years. This incorporation makes the model more detailed than other models
in the same field regarding how this important factor, namely stochasticity,
is influencing a population’s response to a changing environment. Simulation runs show that levels of selection, heritability, level of density compensation and the type of environmental noise matter for a population’s response
to a changing environment (the magnitude of evolutionary load; Björklund et
al. 2009).
The simulation results by Björklund et al. (2009) suggest that the actual outcome of a selection along a trend is much more dependent on the details of
environmental changes when there is ‘red noise’, than when there is ‘white
noise’. Furthermore the model suggests that long-term selection with some
stochasticity often leads to mal-adaption and even extinction (Björklund et
al., 2009). These interesting results strongly suggested that fluctuations in
the environment and also their kind of noise are highly important for a population’s response to environmental change. However, they were ‘only’ theoretical, and thus an empirical test, in the laboratory with real animals, was
greatly needed.

Quantitative genetic framework
The variance in phenotypic traits is a consequence of genetic and environmental influences. The quantitative genetic approach aims to partition these
sources of phenotypic variance (VP) into its genetic variance (VG) and environmental variance (VE). The genetic variance can further be partitioned into
the additive genetic variance (VA) and non additive genetic variance (including dominance and epistatitc variance). Heritability (h2) is the most widely
estimated and discussed quantity in quantitative genetics. Heritability measures the relative importance of genetic variance in determining the phenotypic variance and is, in its narrow sense, calculated as the ration VA/VP,
which expresses the extent to which phenotypes are determined by the genes
transmitted from the parents (Falconer & Mackay 1996). The additive genetic variance is an important component since it is the essential cause of
resemblance between relatives and therefore the most important determent of
the observable genetic properties of a population. Importantly the VA or h2
are necessary for the response to selection and thus key parameters in the
study of a population’s response to environmental change. The response to
selection can be summarized in the so-called Breeder’s equation, a fundamental equation for phenotypic evolution, which states that response to selection (R) is determined by the heritability of the trait under observation and
the strength of selection, s (R = h2s; Falconer & Mackay 1996, Lynch &
Walsh 1998).
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In my study I was interested in the phenotypic response to selection and
phenotypic plasticity as well as a set of quantitative genetic parameters such
as gene by environment interactions, genetic correlations and genetic and
environmental variances. Phenotypic plasticity is the phenomenon where the
same genotype produces different phenotypes in different environments
(Falconer & Mackay 1996, Lynch & Walsh 1998). Gene by environment
interaction (GxE) is the phenomenon in which different genotypes respond
differently to environmental variation (Falconer & Mackay 1996, Lynch &
Walsh 1998).
It is extremely useful to think about phenotypic plasticity and GxE (and
also the genetic variance) in a reaction norm framework (Fig. 1A, B). A reaction norm is describing the functional relationship between the phenotype
and the environment. In a reaction norm plot the environment (two or more)
is shown on the x- and the phenotype on the y-axis, each line is representing
a genotype and is connecting the genotypic value in one environment with
the genotypic value in the other environment and thus shows the different
phenotype a genotype produces across environments (Schmalhausen 1949,
Via & Lande 1985). The steepness of the slope of the reaction norm is representing the amount of phenotypic plasticity and the spread of points along
the vertical axis is describing the genetic variance (in the respective environment; Fig 1A). GxE measures how much genotypes vary in their reaction
norms (Via 1984, Via & Lande 1985). If reaction norms of different genotypes are crossing each other, this is an indication of a GxE (crossing GxE;
Fig. 1B). If the spread of points along the vertical axis differs in one compared to the other environment (i.e. the amount of genetic variance differ
between the environments) it is an indication of variance GxE (Fig. 1B).
The genetic correlation between environments (rG) indicates the extent to
which the phenotypic expressions of genotypes in different environments are
related (e.g. Falconer & Mackay 1996, Via & Lande 1985) and thus the interdependency of trait expression across environments. Finally, I investigated the environmental variance, which in my case is measured as the variation between members of each family and gives an idea of environmental
sensitivity/canalization (Stearns et al. 1995).
Plasticity can play a great role in evolution. It has been shown to accelerate and/or decelerate (Behera & Nanjundiah, 1995, Papaj 1994, Ancel 2000,
Borenstein et al. 2006) genetically based evolution-ary change and can it
help populations to cross ‘adaptive valleys’, and there-fore facilitate adaptation (e.g. West-Eberhard 2003, Schlichting 2004, Whitlock 1997, Price et al.
2003; Borenstein et al. 2006). Also, adaptation to new environments can be
achieved by the conversion of nonheritable environmentally induced variation to heritable variation (e.g. Baldwin 1896, Waddington 1942, 1953,
Schmalhausen 1949, Price et al. 2003, West-Eberhard 2003, Schlichting
2004). Phenotypic plasticity has commonly been observed to exhibit genetic
variation (Scheiner 1993, 2002) and the evolution of plasticity itself has
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Figure 1 Reaction norms for two hypothetical situations, with the mean phenotype for each genotype or family on the y-axis and the two environments on the
x-axis, i.e. graphical illustration of phenotypic plasticity (PP), genetic variance
and gene by environment interaction (GxE) in a reaction norm framework. A)
PP, no GxE B) PP and crossing and variance GxE.
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been subject to a vigorous debate (reviewed in Via et al. 1995, Sarkar, 2004,
Windig et al. 2004, Lande 2009). Also GxE and rG are important in an evolutionary context. Significant GxE and any correlation between -1 and 1
indicate that there is genetic variation for phenotypic plasticity which is
needed for its evolution (Via & Lande 1985).

Different sexes, traits and the role of parental effects
A population’s response to environmental change is complex, and although
the parameters covered in the Breeder’s equation can be considered the most
important ones, there are various factors that might influence or alter this
response. While the outlined theoretical background serves as the basis for
all Papers included in the thesis and the mentioned parameters are discussed
in detailed fashion in Paper III, I investigated several additional aspects to
get a more complete picture. The aspects considered are all known to impact
a population’s response to selection, such as potential sex differences, differences between traits and parental effects (Paper I, IV and V).
Homologous traits in males and females often differ in their means, a
phenomenon called sexual dimorphism. Sexual dimorphism is thought to
arise due to sexes having different optima for a (given) trait, because selection is acting differently on males and females, and/or sexes differ in their
plasticity in response to environmental change. Furthermore, the specific
genetic architecture of a trait (the magnitude/sign of the genetic correlation
between sexes) determines how correlated their response to selection is, and
how constrainted sexes are in reaching their respective optima. Sex differences have important implications for evolution of sexual dimorphism and
sexual conflicts, and also for general evolutionary dynamics (Bonduriansky
& Rowe 2005, Fairbairn & Roff 2006, Fairbairn 2007, Ellgren & Parsch
2007, Rankin & Arnqvist 2008, Poissant et al. 2010). Thus, I measured sexes
separately in all experiments in my thesis and addressed the issue of potential sex differences in phenotype, phenotypic plasticity and genetic variances
in Paper I and IV in particular.
Parental effects -- that occur when the phenotype of an individual is affected by the phenotype or environment of its parents (Mousseau & Fox
1998a) play an important role in evolution (e.g. Mousseau & Fox 1998b, for
reviews see Qvarnström & Price 2001, Badyaev & Uller 2009). While I discussed parental effect as one potential explanation to my findings in paper I,
I explicitly investigated transgenerational parental effects, as an example of
non-genetic inheritance in Paper V, where I looked at their relative importance in determining the response to selection of traits varying in their degree of plasticity.
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Aims of the thesis
In my thesis I was interested in the potential for evolutionary response of
life-history and morphological traits in a changing climate and I aimed to
obtain an understanding of the role of environmental stochasticity in the
evolutionary process. With this I would like to contribute to a better understanding of the potential and patterns of evolutionary change in response to
environmental change. The specific questions I addressed were:
•

Is there a sufficient amount of additive genetic variance to respond to
selection in my population? (Paper I)

•

Does environmental noise play a role for a population’s adaptive response to environmental change? (Paper II)

•

How do populations respond to rapid and long term changes in the temperature environment and is their response dependent on the presence of
fluctuations in the selective past? (Paper III, companion to Paper IV)

•

Do sexes respond differently to changes in the environment? (Paper IV,
companion to Paper III)

•

What is the relative importance of genetic and nongenetic inheritance in
traits that differ in their degree of plasticity? (Paper V)
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Methods

Study species
I used the seed beetle Callosobruchus maculatus, which is a cosmopolitan
pest of stored legumes (Fabaceae) as my study organisms. This species was
chosen because its biology is well known (e.g. Moller et al. 1989, Smith et
al. 1989), particularly regarding life history parameters and their relation to
temperature.
Mated female seed beetles cement their eggs to the surface of host bean
(Messina & Mitchell 1989) and newly-hatched larvae burrow into the seed.
The larval development and pupation are completed entirely within a single
host seed. Adults emerging from the bean are well-adapted to storage conditions, requiring neither food nor water to reproduce. They live for an average
of 10 days (without food or water supply); their entire life cycle from egg to
egg is completed in 21-24 days at 30°C (Fricke 2006).
I used a mixed strain (Nigerian Mix strain) of C. maculatus for the experiments in my thesis (except experiment in Paper V). The Nigerian mixed
strain was established in our laboratory at Uppsala University in 2002 by
mixing three beetle populations. The three beetle populations were received
from Dr. Peter Credland (University of London). Populations had been collected in large numbers from three locations in Nigeria (Oyo, Zaria and
Lossa), Africa and had been kept in the laboratory prior to their transfer to
our laboratory for 2 years (approx. 24-30 generations). Beetles of the Nigerian mixed strain served as the stock population for experiments of my thesis
and were kept on black-eyed cowpeas (Vigna unguiculata) as a host with
250-350 randomly chosen adult beetles transferred to 120-140 g of host medium every new generation in incubators under constant conditions at 30 °C
and 45 % RH ± 10 % prior to the selection experiment.
The seed beetles used in the cross generational split brood experiment,
were obtained from the Department of Primary Industries and Fisheries
(DPIF), Queensland, from an Australian population collected in Kingaroy in
2003. The population was initiated with 357 individuals grown on mung
beans (Vigna radiata) and continued at 250-300 individuals per generation
since then. A sample of 600 beetles were obtained from this population and
continued in the laboratory with ~500 individuals per 200 grams of organic
mung beans per generation. Beetles were kept at room temperature for approximately 18 generations prior to the experiment.
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Throughout the experiments included in my thesis I was interested in
morphological and life history traits. Traits investigated were weight at
emergence (dry weight; Paper I-IV), elytra length (Paper V), length of the
first abdominal segment (Paper V), developmental time (egg-to-adult, Paper
I-IV), longevity (Paper I), number of individuals hatching (Paper IV) and
fecundity (number of offspring; Paper IV).
In C. maculatus a large body size/weight is generally associated with a
longer developmental time, increased fecundity and longer life (Moller et al.
1989). However, these relationships have also been shown to be less
straightforward (Messina & Fry 2003). Furthermore, C. maculatus exhibits
sexual dimorphism in body size (e.g. Bandara & Saxena 1995); with females
being larger than males, due to substantial fecundity selection on body size
of females (Fox 1993). Fecundity selection is much weaker in males compared to females (Savalli & Fox 1999). Moreover, early emerging males
have a competitive advantage of getting access to females (Gundtrip et al.
1997, Savalli & Fox 1999), but earlier emergence (shorter developmental
time) goes along with a smaller body size (Moller et al. 1989, Guntrip et al.
1997). There are also differences in mortality patterns between the sexes in
C. maculatus, such that females live longer than males (Tatar & Carey
1994).

Experiments
I conducted a suite of experiments; one selection experiment that lasted over
18 generations (approximately 1.5 years) and three breeding designs, of
which two were associated with the selection experiment (one before and
one after selection). The experiments are presented in chronological order.

Before selection
I used the stock population (Nigerian mixed strain) to create my selection
lines. In order to verify that there was a significant amount of additive genetic variance that makes a response to selection possible, I made a heritability estimate for the relevant morphological and life history traits in this
population.
Heritability was estimated using a half-sib full-sib breeding design. A set
of males was mated to several females each, creating full-sibs from each
female and half-sibs between females mated with the same male. The variance among half-sib families was used to estimate heritability and additive
genetic variance (VA). The sire variance component is assumed to be an unbiased estimator of the additive genetic variance and equals 1/4 VA (Lynch
& Walsh 1998). The advantage of this design is that maternal effects (off-
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spring had different mothers but the same father) and common environmental effects (offspring were randomized in the environment they were
reared in) were eliminated. Possible paternal effects are assumed to be absent (discussed in Paper I).

Selection experiment
The experimental lines were created from the stock population and used in a
selection experiment. This experiment lasted over 18 generations with the
temperature changing every generation, i.e. emerging adults of the current
generation were transferred to new beans in a new temperature environment,
ensuring egg-to adult development of the next generation to be restricted to
the new temperature environment. A control (called Control) was kept at a
constant temperature of 30°C. The rest of the lines were treated with a successive increase in temperature from 30°C to 36°C. The difference between
selection regimes was how the temperature increased. The first treatment
was exposed to this linear increase in temperature only, called Trend. In the
other two selection regimes, environmental fluctuations (noise) were added
on top of the trend of temperature increase. One treatment had no temporal
autocorrelation in the noise, called White treatment, and one treatment had
high positive temporal autocorrelation in the noise; called Red treatment.
Red and White treatment lines are collectively referred to as Fluctuation
lines.
The trajectories of the temperature changes the Fluctuation lines were exposed to, were generated using computer simulations. Red or white noise
fluctuations were simulated around a trend of temperature increase. In each
generation the temperature increased 0.333°C (as in Trend lines), and noise
(red or white respectively) was added upon this increase, with a maximum
amplitude of one degree. The simulated temperature value (T) of the previous generation (t-1) served as a starting point for the temperature simulation
for the next generation (t) (Eq.1). Therefore, both temperature trend and
noise (Φ) of the previous generation served as a baseline for the temperature
next generation.
T(t)=T(t-1) + 0.333+ Φ

(Eq.1)

where Φ is a first-order time dependent process
Φt+1= τ Φt + β εt+1

(Eq.2)

where ε is a random normal deviate with mean zero and unit variance, β
determining the amplitude of the fluctuations, and τ is the parameter determining the degree of autocorrelation (Ripa & Lundberg 1996). For white
noise we used τ = 0, and for red noise τ = 0.8.
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Trend, Red and White treatment lines were reared in 36 °C in their 18th
and last generation of the selection experiment. Thus all populations originated from the same temperature (30°C) and ended up in the same temperature (36°C), but their ways there differ. Four replicates were formed per
treatment including Control, resulting in 16 lines in total.
With this setup I could investigate the effect of a temperature increase on
the populations, by comparing Trend and Control lines, and I was able to
separate the effect of environmental fluctuations by comparing Fluctuation
and Trend lines.

After selection
After 18 generations of selection I conducted a split brood experiment. Pairs
of beetles were allowed mate and lay eggs on beans, which were subsequently split up into two temperature environments. The first environment
(30°C) was the temperature all lines had been adapted to before the selection
experiment; the second environment (36 °C) was the temperature the selection lines had been selected towards during the selection experiment. The
split brood design ensured that full-siblings of each family were raised in
both environments. I investigated 10 families per treatment line resulting in
160 families in total.
In this way I could estimate all the relevant parameters and could also investigate the response of a population to a rapid change in temperature environment by investigating the Control as well as the response to long term
changes (including fluctuations) by examining at the selection lines.

Cross generational split brood design
In a separate study I used the Australian population of seed beetles and a
cross generational split brood design to investigate the relative roles of genetic and nongenetic inheritance of traits that differ in their degree of plasticity (Paper V). Mung bean quality was manipulated over two generations. I
formed ten virgin male – female pairs (F0 families) and allowed them to
mate and lay eggs both low and high quality beans. This resulted in a splitbrood design, with full siblings from each family raised in contrasting environments. Emerging F1 individuals were collected and a subset of the F1
individuals emerging from each type of bean was likewise paired and provided with low and high quality beans to create F2 progeny reared in contrasting environments. Two traits that differ in their degree of plasticity were
measured for a set of individuals of the F2 generation.
This experimental design allowed for estimates of offspring condition and
sex as well as effects of parental condition and sex on the trait of interest.
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Furthermore the genetic architecture of the trait in different environments
and sexes as well as the relations between them could be assessed.

Statistical analysis
All statistical analysis were conducted in R 1.10.1 (or later versions; R development Core Team, 2009, 2010, 2011). In several papers of my thesis I
used the MCMCglmm package (Hadfield 2010). MCMCglmm is designed to
allow the fitting of mixed models to non-Gaussian data within a Bayesian
MCMC framework. The advantage of Bayesian methods is their great flexibility in dealing with complex data (O’Hara et al. 2008). Further advantages
are that MCMC measures of confidence are exact and more accurate than
REML estimates, which is especially true when obtaining measures of confidence on other derived statistics such as ratios of variances (e.g. variance
components), correlations and predictions. The MCMCglmm package allows
various residual and random-effect variance structures to be speciﬁed, including heterogeneous variances, unstructured covariance matrices and random regression (e.g. random slope models). These features of the package
were extremely useful for the analysis of the split brood experiment (Paper
III, IV) and for the estimation of genetic correlations (between traits and
sexes, Paper I, II-V).
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Results and discussion

Paper I
The aim of Paper I was to investigate the genetic architecture of weight at
emergence, developmental time and longevity, while examining sexes separately. I conducted a heritability estimate of the stock population using a
paternal half sib full sib breeding design. This population was subsequently
used to create my selection lines (Paper II – IV).
First, I found heritability to be significant for all traits under observation.
These results partly contradict results of previous studies made on the same
species and traits. This emphasizes the fact that estimates of quantitative
genetic parameters are strictly population-, time- and environment-specific
and results from one population should not be extrapolated to other populations, and certainly not other species. Second, there were real sex differences
in heritability estimates and low genetic correlations between sexes (rMF) for
life history traits that are only moderately (weight at emergence) to slightly
(longevity) sexually dimorphic. These interesting results contradict findings
of previous studies. The most parsimonious explanation to my findings are
genetic differences between the sexes and/or sex specific responses to the
environment. Importantly the findings highlight that sexes should not be
assumed to be the same. Moreover they have great implications for the study
of sexual dimorphism and its evolutionary dynamics.
Third, I found sire variance components to be significantly higher than
dam variance components for weight at emergence for males and for longevity for females. Also this result is interesting, as it is suggesting that non
additive genetic and/or environmental effects are present in the sire variance
component. These effects are assumed to be absent in a breeding design of
this type and thus an assumption of it is violated. This raises the issue of the
presence of unnoticed environmental effects in estimates of heritability.

Paper II
Aim of Paper II was to empirically test theoretical model predictions of
Björklund et al.’s model (2009; for details see section ‘A theoretical
model’). I was particularly interested in whether environmental noise plays a
role for a population’s response to environmental change. I exposed the bee-
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tles to temperature changes over 18 generation, with the temperature changing every generation with or without fluctuations (for details see section
‘Selection experiment’).
I could generally confirm theoretical model predictions with my empirical
results. The most interesting finding is that the colour of environmental noise
seems to be important for a population’s response to environmental change
as predicted by Björklund et al. (2009). This is evidenced by an increase in
replicate variation in the Red compared to the Trend and White treatment
lines.
The results suggest that environmental stochasticity and its pattern matter
and have major consequences for the evolutionary response of populations.
Environmental noise is common; many natural time series are positively
autocorrelated and both biotic and abiotic time series tend to be red shifted
(e.g. Pimm & Redfearn 1988, Cuddington & Yodzis 1999; Inchausti & Halley 2002; Vasseur & Yodzis 2004). Thus a consideration of environmental
uncertainties is greatly needed in future research, including empirical and
theoretical investigations.
To conclude, in this paper I provide empirical evidence for theoretical
model predictions, namely that the pattern of environmental stochasticity is
important for the evolutionary response of a population to a changing environment. I would like to remark that although the computer generated temperature changes incorporate differently coloured noise in their time series
(i.e. the fluctuation around the trend is either red or white noise, Eq. 2), all
resulting noise temperature increases (both red and white) are strongly reddened (i.e. brown) in their colour of noise. This issue is discussed throughout
the paper and potentially implies that the results of this study should be
treated with caution.

Paper III
The aim of Paper III was threefold: first, I investigated the short-term response of a population to a rapid change in the environment; second, I analyzed the long-term response to selection in a changing environment; and
third, I was interested in whether the response of a population depends on
experienced fluctuations in the environment during selection.
I approached these aims using a quantitative genetic framework, realized
by applying a split brood experiment after 18 generations of selection. This
breeding design enabled me to assess the, in this context, relevant parameters
and I could draw conclusions about a population’s potential to respond to
selection, environmental sensitivity, phenotypic plasticity and the potential
for phenotypic plasticity to evolve, after both rapid and long term changes in
the environment (including fluctuations).
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First, I found a strong response after a rapid shift in the environment. Beetles had approximately 6% lower mass at emergence, 25% lower fecundity
and 42% lower hatching success. Developmental time was largely unaffected (3% change, not significant). This strongly suggests that the new environment was stressful and not optimal for the beetles. I found the beetles to
respond in a plastic way and the genetic variance to be increased in the novel
environment. The results were in line with expectations (Lande 2009, Holloway et al. 1990, Guntrip et al. 1997, Sgró & Hoffmann 1998).
Second, main phenotypic responses due to selection could be detected in
the Trend line, i.e. the line that was exposed to a successive linear increase in
temperature. Phenotypic plasticity did not increase due to selection, which
was unexpected (Lande 2009). My results suggest that selection in an increasing temperature environment is maintaining rather than increasing the
existing amount of plasticity.
The third and major aim of this study was to investigate the role of environmental fluctuation in the evolutionary process of a population. I found a
population’s response to environmental change to be dependent on whether
or not it experienced fluctuations in its selective past. Selection in a fluctuating environment can lead to: (i) a decreased genetic variance that indicates a
reduced potential to respond to selection; (ii) an increased genetic variance
that makes sex-specific evolution of plasticity possible; (iii) a reversed relationship of character expression across environments; (iv) a change that facilitates independent trait evolution by decreasing genetic correlations across
environments; and (v) a more environmentally canalized response of individuals.
In summary the results of this paper suggest that the potential to respond
to selection, environmental sensitivity and the evolution of phenotypic plasticity is strongly dependent on the selective past, and on whether selection
involved fluctuations in the environment or not.

Paper IV
The aim of Paper IV was to investigate sex differences in response to environmental change (including fluctuations) in general, and to test two hypotheses on differential plasticity across sexes in a quantitative genetic
framework in particular. I used the same experimental setup as in Paper III.
First, I found that a fluctuating environment can lead to a sex-specific
higher potential to respond to selection, trait dependent changes in patterns
of sex specific environmental sensitivity (reversal, induction, disappearance)
and finally that it facilitates an independent response of the sexes to selection, due to a reduced genetic correlation between the sexes.
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Second, the hypothesis on differential plasticity across the sexes in response to a changing environment can broadly be defined in two categories
with opposite predictions. The adaptive canalization hypothesis (Fairbairn
2005) predicts that traits closely related to fitness will be less plastic because
of strong selection acting on them. The condition dependence hypothesis, on
the other hand, predicts that traits under strong selection are more likely to
capture genetic and environmental effects affecting condition and therefore
these can be more plastic (Bonduriansky 2007a,b). I investigated sex differences in plasticity by applying these hypotheses in a quantitative genetic
framework. I made use of the fact that the hypotheses are based on different
types of selection (stabilizing and directional selection respectively, Bonduriansky 2007a,b, Stillwell et al. 2010) and combined it with knowledge on
expected changes in genetic and environmental variation under stabilizing
versus directional selection. Then I made inferences about effects on genetic
and environmental variation under the different hypotheses and finally tested
the hypotheses empirically.
While I generally found support for the condition dependence hypothesis
for body mass at emergence, evidenced by a greater plastic response in females compared to males, that was accompanied by an increase in genetic
and environmental variance, the results also suggested that selection in a
fluctuating environment can lead to increased stabilizing selection on traits
that are most important for fitness in the respective sex, supporting the adaptive canalization hypothesis.
In summary I emphasize that the selective past of a population and especially fluctuations in the environment are of general importance when studying sexual dimorphism and that environmental variation in terms of temperature differences, can create variation in sexual size dimorphism due to sexes
differing in the degree of canalization against environmental changes.

Paper V
The aim of Paper V was to investigate the relative role of genetic and nongenetic inheritance in traits that differ in their degree of plasticity.
Both genetic and nongenetic inheritance are important for the evolution of
a trait (Jablonka & Lamb 2005, Day & Bonduriansky 2011). In addition,
different traits within the same individual can differ in their degree of plasticity (Arnqvist & Thornhill 1998, Bonduriansky & Rowe 2005, David et al.
2000), where the degree of trait plasticity reflects the extent to which their
expression is influenced by environmental variation (including nongenetic
parental effects).
I predicted that more plastic traits will be more amenable to parental effects, and genetic variation/covariance will be more difficult to detect. My
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results confirmed this prediction. Thus, I can conclude that our ability to
predict evolutionary change in highly plastic traits may be limited. First, due
to difficulties in detecting genetic variance and covariances and second, due
to the relative influence of genetic versus nongenetic inheritance that is
likely to influence the evolutionary response of a trait. This in turn is because nongenetic inheritance can impact heritability and because plasticity
itself might allow for responses to environmental change that cannot be
achieved by genes alone.
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Conclusion and future directions

In my thesis I investigate a population’s response to environmental change
and I was particularly interested in the role of environmental fluctuations. I
found that the selective past is highly important for a population’s current
and future response to selection (Paper II-IV), environmental fluctuations
play an important role (Paper III + IV) and also the exact pattern of environmental fluctuations matters (Paper II) for a populations response to environmental change. Furthermore the response to changes in the environment
(including plastic responses) can be different between sexes (Paper I + IV)
and traits (V). Moreover, parental effects are important and they might impact estimates of quantitative genetic parameters (Paper I). In addition, acquired environmental conditions might be transferred across generations via
parental effects (Paper V). Both effects can be trait and/or sex specific themselves (Paper I + V).

Implications and future research
Fluctuations in the environment are common and probably the most realistic
and biologically relevant way in how our climate is changing and affecting
populations (Steele 1985, Inchausti & Halley 2001). To date the vast majority of studies investigating fluctuations are theoretical modelling and simulation approaches (Halley 1996, Ripa & Lundberg 1996, Inchausti & Halley
2003). Thus empirical work was and still is greatly needed. With my thesis I
create a link between theoretical and empirical work and show empirical
evidence for the importance of environmental fluctuations in the evolutionary process. I see my thesis as a starting point and step in the right direction
and suggest that future studies of both theoretical and empirical nature
should consider that the environment is fluctuating, especially those studies
that are investigating how populations respond to a changing environment,
such as climate change.
I show in several papers that estimates of quantitative genetic parameters
are highly population-, time-, environment- and sex-specific and that they
can be affected by the selective past, including fluctuations. Thus sexes
should not be assumed the same and results from one population should not
be extrapolated to other populations, environments and certainly not other
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species. My findings also strongly suggest that it is not sufficient to investigate quantitative genetic parameters in a single environment, but it would be
more accurate to investigate multiple environments.
My results highlight that the genotypic variance covariance matrix (Gmatrix) is not constant in time and across environments, and that slope and
variation of reaction norms of traits across environments is affected by the
selective past (Paper III). In addition, traits can differ in their degree of plasticity per se (Paper V). Consequently, reaction norms and their variation are
depending on the degree of plasticity of the trait itself and the exact pattern
of the selective past. This in turn has major consequences for the evolutionary response of the trait, i.e. the potential to respond to selection and the
relative roles of genetic and nongenetic inheritance in the evolutionary process. Thus, future modelling, theoretical and empirical work should take into
account that the G-matrix is variable, as well as reaction norm slopes and
their variance. One modelling approach would be to incorporate a reaction
norm and its variance as a parameter into a theoretical model predicting the
response to environmental change. Values for the G-matrix and the characteristics of the reaction norms could for example be taken from empirical
studies that are based on experiments that are the same or similar to the one I
conducted in my thesis.

Fluctuations in experimental studies – some thoughts
First, I would like to point out that the time scale of variation in the environment is important, i.e. the frequency of temperature change in relation to
the generation time of the beetles. In my selection experiment I chose the
environment to change every generation.
This choice was mainly made for practical reasons and to assure that I investigate a population’s response on only one scale of fluctuation. More
frequent changes could have exposed the beetles to within generation fluctuations (different scale) and potentially affected different life stages of the
beetles differently. This would have complicated the picture greatly, since
within generation fluctuations are likely to influence developmental stability
(a pattern I did not investigate directly with my experiments). Surely one
could argue that within generation fluctuations are more ‘important’ than
fluctuations between generations, and maybe could even overwrite the effects seen in my experiments. However, I am unable to tell this from the
experiments conducted here. To investigate this issue a different type of
experiment is needed. For instance, increasing and/or decreasing the frequency of temperature changes in relation to the generation time of the beetle (e.g. changing the temperature 2-3 times per generation or only every
2nd or third generation) and then look at the ratio of within/between generation fluctuation.
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Second, I could only detect a phenotypic response in the selection lines
that did not include fluctuations. This suggests that if the environment is
fluctuating, 18 generations of selection might not have been enough to detect
signs of phenotypic adaptation. Thus, future studies should aim for more
generations of selection.
Third, in the long term selection experiment I added fluctuations on the
trend of temperature increase. After the experiment I tested for the effect of
fluctuation on the populations by comparing the trend with the fluctuation
lines and with that I can account for the effect of temperature increase. Although this is a good estimate of the effect of fluctuations, it always includes
the interaction of temperature increase with the fluctuation. Thus, it would
have been beneficial to design the experiment with an additional selection
line. A temperature selection line with fluctuations only, i.e. without a temperature trend. Also, it would have been interesting to not only look at the
effect of temperature increase (with and without fluctuations), but also the
effect of a temperature trend downwards (with and without fluctuations).
However, since every treatment line had to be kept in a separate temperature
chamber, this proposed experimental setup (including 4 x fluctuations (only),
4 x temperature decrease, 4 x temperature decrease with fluctuation) would
have exceeded the laboratory (and money) facilities.
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Sammanfattning på svenska

Klimatförändringen är allestädes närvarande. Denna karakteriseras bland
annat av en ökning av temperaturen. Temperaturhöjningen är inte konstant
över tiden utan varierar. Därmed kan man beskriva förändringarna i miljön
på bästa och mest realistiska sätt som en fluktuation i temperaturmiljön.
Temperaturförändringar påverkar organismer på olika sätt. Den nya omgivningstemperaturen är inte alltid till fördel och optimal för individerna utan de
reagerar på förändringarna. Det finns olika typer av reaktioner, till exempel
kan de undvika den nya miljön och kolonisera andra områden, eller så kan
de anpassa sig till den nya temperaturen. En anpassning kan vara plastiskt
eller adaptiv. Om en individ förändrar sig på ett plastiskt sätt förändras inte
genotypen till att börja med, en adaptiv anpassning däremot innebär en genetisk förändring över tiden.
Det finns många teoretiska och matematiska modeller som försöker att
prediktera klimatförändringen och hur den påverka populationer, men bara
ett fåtal modeller involverar en fluktuerande omgivningsmiljö. En nyligen
utvecklad modell har tagit med fluktuationer och resultaten förutsäger att
svängningarna i temperaturmiljön spelar en viktig roll för hur en population
reagerar på förändringar i miljön.
Syftet med avhandlingen är att undersöka en populations reaktion på
klimatförändringar, som här beskrivs som temperaturförändringar. Särskild
tyngdpunkt ligger på hur viktiga fluktuationer i miljön är.
För att nå detta mål testade jag en teoretisk modell på ett empiriskt sätt
(dvs. i laboratorium med levande organismer) och med hjälp av kvantitativ
genetik. I kvantitativ genetik är man intresserad av fenotypen hos en individ
och framförallt vill man förklara hur den beskrivs av miljön och genetiska
faktorer. I kvantitativa genetiska experiment undersöker man det genetiska
sammanhanget mellan individer (ärftlighet) genom att mäta fenotyper. Med
denna metod kan man till exempel undersöka evolutionära processer.
Jag genomförde ett antal experiment i laboratoriet. Som studieorganism
valde jag bönvivlar, Callsobruchus maculatus. De är särskilt lämpliga för
laboratoriearbete och studier av evolutionära processer eftersom de är lätta
att föda upp och de har en ganska kort generationstid (en månad). Jag mätte
olika egenskaper, till exempel kroppsstorlek, utvecklingstid och fekunditet. I
tre försök var jag intresserad av ärftligheten av olika egenskaper, och potentiella effekter av föräldrarnas miljö och skillnader mellan könen. I ett stort
selektionsexperiment testade jag den teoretiska modellen. Jag utsatte bönviv-
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larna för simulerade temperaturförändringar. Temperaturen förändrades, på
olika sätt (med eller utan fluktuationer i temperaturökningen) över totalt 18
generationer (motsvarande 1 ½ år), på olika sätt (med och utom fluktuationen i temperaturökningen). Efter experimentet undersökte jagförändringar
hos olika egenskaper.
Med min avhandling kan jag ge empiriskt stödj åt den teoretiska modellen. Fluktuationer i omgivningstemperaturen spelar en viktig roll för en populations reaktion på förändringar i miljön. Dessutom påverkades den genetiska variansen av fluktuationerna. Den genetiska variansen är viktig för att
en population ska kunna reagera på förändringen i miljön på ett evolutionärt
sätt. Känsligheten hos populationen på miljöförändringarna påverkades av
fluktuationen och selektionen hade konsekvenser för skalbaggarnas potential
att reagera plastiskt. Dessutom kunde jag hitta signifikanta skillnader mellan
könen vad i hur de reagerar på miljön och föräldrarnas miljö hade också en
effekt på individernas reaktion på förändringar.
Som slutsats vill jag betona att historisk selektion och särskilt fluktuationen i omgivningsfaktorer är viktiga för hur en population reagerar på miljöförändringar. Dessutom innehåller denna komplexa process mer än bara
genetik och selektion, föräldrarna och skillnad mellan könen har en viktig
betydelse. Därför är det nödvändigt att framtida studier (av både empiriskt
och teoretiskt natur) som försöker förutsäga hur klimatförändringarna påverkar populationer involverar dessa faktorer.
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Zusammenfassung auf Deutsch

Klimawandel ist allgegenwärtig. Er ist unter anderem durch eine Erhöhung
der Temperatur gekennzeichnet. Diese Temperaturerhöhung ist nicht konstant über die Zeit, sondern fluktuiert, und deshalb werden Veränderungen in
der Umgebung am besten und realitätsnächsten anhand von Fluktuationen in
der Umgebungstemperatur beschrieben.
Organismen werden von den Temperaturveränderungen in ihrer Umgebung beeinflusst. Die neue Umgebungstemperatur ist nicht immer vorteilhaft
und optimal für die Individuen – sie reagieren auf die Veränderungen. Es
gibt unterschiedliche Arten der Reaktion, zum Bespiel weichen sie der neuen
Temperatur aus und besiedeln andere Gebiete oder sie passen sich der neuen
Temperatur an. Eine Anpassung kann plastisch oder auch adaptiv sein.
Während bei einer plastischen Veränderung der Genotyp zunächst einmal
gleich bleibt, impliziert eine adaptive Anpassung eine genetische
Veränderung.
Es gibt zahlreiche theoretische und mathematische Modelle, die versuchen Klimawandel und dessen Einfluss auf Populationen vorherzusagen.
Nur wenige dieser Modelle berücksichtigen jedoch die Tatsache, dass die
Umgebungstemperatur fluktuiert. Ein erst kürzlich entwickeltes Model hat
genau diesen Faktor einbezogen, und Simulationsresultate prognostizieren,
dass Fluktuationen eine wichtige Rolle bei der Reaktion einer Population auf
Veränderungen in der Umgebung spielen.
Das Ziel der Doktorarbeit ist, die Reaktion einer Population auf Klimaveränderungen, die durch Temperaturveränderungen gekennzeichnet sind, zu
untersuchen. Der Schwerpunkt liegt hierbei auf der Erforschung der Rolle
von Fluktuationen in der Umwelt.
Um diesem Ziel nachzukommen testete ich das genannte theoretische
Model auf empirischer Ebene (d.h. mit lebenden Organismen im Labor)
sowie im Rahmen der Quantitativen Genetik. Letztere befasst sich mit dem
Phänotypen eines Individuums und versucht vor allem, diesen Phänotypen
durch Umwelteinflüsse und genetische Faktoren zu erklären. In Experimenten der Quantitativen Genetik wird anhand von Phänotypen die Erblichkeit
von Eigenschaften untersucht. Mit diesem Ansatz lassen sich zum Beispiel
evolutionäre Prozesse untersuchen.
Im Rahmen der Doktorarbeit wurden eine Reihe von Experimenten im
Labor durchgeführt. Als Studienorganismus diente der Bohnenkäfer, Callsobruchus maculatus. Dieser eignet sich besonders gut für Laborexperimente
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und die Erforschung der Evolution, da er anspruchslos ist und mit der Länge
von einem Monat eine eher kurze Generationszeit aufweist. In den Experimenten wurden beispielsweise die Merkmale Körpergrösse, Entwicklungszeit und Fruchtbarkeit untersucht.
Drei der Experimente fokussierten die Erblichkeit von Merkmalen, elterliche Effekte sowie Unterschiede zwischen den Geschlechtern. In einem
großen Selektionsexperiment wurde das theoretische Model getestet. Hierzu
wurden die Käfer simulierten Temperaturveränderungen ausgesetzt. Dies
geschah über insgesamt 18 Generation, was einem Zeitraum von eineinhalb
Jahren entspricht. Die Temperatur wurde in dieser Zeit auf unterschiedliche
Art und Weise (Anstieg mit oder ohne Fluktuationen) verändert. Nach abgeschlossener Selektion wurden die genanntem Merkmale gemessen.
In meiner Doktorarbeit kann ich das theoretische Model empirisch
belegen. Fluktuationen in der Umgebungstemperatur sind wichtig für die
Reaktion einer Population auf äußere Veränderungen. Zudem beeinflusste
die Selektion in einer fluktuierenden Umgebung die genetische Varianz der
Population. Diese ist wichtig, um auf weitere Umweltveränderungen zu
reagieren. Außerdem änderte sich die Empfindlichkeit der Population in
Reaktion auf Umwelteinfüsse und die Selektion trug Konsequenzen für das
Potential der Käfer plastisch zu reagieren. Darüber hinaus konnten signifikante Unterschiede zwischen den Geschlechtern in der Reaktion auf Umwelteinflüsse festgestellt werden und auch elterliche Effekte hatten Einfluss
auf die Reaktion der Individuen.
Als Fazit meiner Doktorarbeit möchte ich hervorheben, dass die historische Selektion und insbesondere Fluktuationen in der Umgebung eine
wichtige Rolle spielen. Außerdem beinhaltet der komplexe Vorgang der
Reaktion einer Population auf Umweltveränderungen mehr als nur die
Erblichkeit von Merkmalen und die Selektion dieser; elterliche Effekte und
eine Unterscheidung der Geschlechter sind ebenso von Bedeutung. Deshalb
sollten zukünftige Studien, ob empirisch oder theoretisch, die den Einfluss
von Klimawandel auf Populationen vorherzusagen versuchen, diese Faktoren in Betracht ziehen.
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