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Abstract  A fundamental objective within ecotoxicology lies in understanding and predicting effects of contaminants. This ob-

jective is made more challenging when global climate change is considered as an environmental stress that co-occurs with con-

taminant exposure. In this multi-stressor context, evolutionary processes are particularly important. In this paper, we consider 

several non-“omic” approaches wherein evolutionary responses to stress have been studied and discuss those amenable to a mul-

tiple stressor context. Specifically, we discuss common-garden designs, artificial and quasi-natural selection, and the estimation 

of adaptive potential using quantitative genetics as methods for studying evolutionary responses to contaminants and climate 

change in the absence of expensive molecular tools. While all approaches shed light on potential evolutionary impacts of stressor 

exposure, they also have limitations. These include logistical constraints, difficulty extrapolating to real systems, and responses 

tied strongly to specific taxa, populations, and/or testing conditions. The most effective way to lessen these inherent limitations is 

likely through inclusion of complementary physiological and molecular tools, when available. We believe that an evolutionary 

context to the study of contaminants and global climate change is a high priority in ecotoxicology and we outline methods that 

can be implemented by almost any researcher but will also provide valuable insights [Current Zoology 61 (4): 690–701, 2015]. 
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1  Introduction 

The primary goal in ecotoxicology is to understand 
and ultimately predict effects of contaminant stress on 
ecological systems (Walker, 2006). A long-standing and 
important element of this goal lies in understanding and 
predicting evolutionary effects of contaminants to in-
clude changes in gene frequencies (Belfiore and Ander-
son, 2001), expression (Snape et al., 2004) and traits 
(Forbes, 1998). Evolutionary responses are important 
because, in most cases, we are interested in the long-  
term sustainability of populations despite the fact that 
the vast majority of ecotoxicity data are based on short-   
term tests. A further complication is that natural systems 
are subjected to a myriad of other stressors. Of particu-
lar concern is the increasing complexity of environmental 
stressors associated with global change where an under-
standing of evolutionary processes is critical to predic-
ting the responses of natural populations and systems.  

Global Climate Change (GCC) is a significant ecolo-
gical driver (Walther et al., 2002; Parmesan, 2006) and 
a potential evolutionary driver as well (Hendry and  

Kinnison, 2001; Gienapp et al., 2008). Both environ-
mental contaminants and GCC have received separate, 
recent scholarly reviews in the context of evolutionary 
change (e.g., Klerks et al., 2011; Merilä and Hendry, 
2013, respectively) and the interaction of GCC and 
contaminants has been considered but not necessarily in 

an evolutionary context (Stahl et al., 2013). The com-
bined effects of GCC and contaminants on evolutionary 
processes, however, have received relatively little atten-
tion (Müller et al., 2011; Kimberly and Salice, 2012; 
Moe et al., 2013). In fact, the interaction between GCC 
and pollution may demand an increasingly urgent un-
derstanding. Concerns include the role of GCC in modi-
fying both exposure and effects of environmental con-
taminants, each of which has important implications for 
evolutionary response. GCC is expected to have a sub-
stantial effect on release, fate, behavior, and exposure of 
toxicants (Noyes et al., 2009) thereby influencing envi-
ronmental concentrations of contaminants (Gouin et al., 
2013). From an effects perspective, GCC mediated 
changes in environmental conditions may interact with 
contaminants to substantially alter organismal behavior  
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and physiology. Since these combined stressors will 
almost certainly impact adaptive responses of exposed 
populations, it is crucial that the evolutionary impacts of 
GCC and environmental contaminants be explored con-
comitantly. Here, we focus on several approachable me-
thods used to study the evolutionary responses to the com-
bined effects of GCC and environmental contaminants. 

Regardless of source, every shift in a species’ envi-
ronment, such as that mediated by climate change 
(Houghton et al., 2001) or environmental contaminants 
(Klerks et al., 2011; Kimberly and Salice, 2014), is a 
potential cause of new or intensified responses that 
could be physiological (e.g., acclimation) or evolutio-
nary (e.g., selection). Depending on the intensity, pre-
dictability, and recurrence of stress, responses might 
range from behavioral avoidance, acclimation by phe-
notypic plasticity, to adaptation by means of genetic 
change (Klerks and Weis, 1987; Holt, 1990; Davis et al., 
2005). Behavioral avoidance might immediate survival 
but can also promote local extirpation by pushing or-
ganisms toward unfavorable habitats and novel risks, 
so-called evolutionary traps (Schlaepfer et al., 2002). In 
contrast, physiological acclimation and adaptation pre-
vent local extinction (Gienapp et al., 2008) but can also 
increase so-called costs of adaptation (Salice et al., 
2010). The most likely scenario is that populations rely 
on a combination of these responses (Davis and Shaw, 
2001) for persistence. However, a key challenge to un-
derstanding and predicting response is identifying when 
a population is employing or might employ a specific 
persistence strategy and how the cost of a particular 
strategy may manifest.  

Behavioral avoidance and physiological acclimation 
are important survival mechanisms for both GCC and 
contaminant stress. The evidence for GCC-stressor 
avoidance, in for the form of range shifts, is substantial 
(e.g., Walther et al., 2002; Perry et al., 2005; Parmesan, 
2006). Similarly, organisms can and will relocate away 
from localized contaminant exposures (Hansen et al., 
1999; Araujo et al., 2012; Salice and Kimberly, 2012), 
although sometimes actively preferring the contami-
nated habitat (Tierney et al., 2011). There can also be 
physiological acclimation and subsequent maternal ef-
fects, both of which contribute to phenotypic plasticity 
in response to climate change stress (Przybylo et al., 
2000; Price et al., 2003; Reale et al., 2003) and envi-
ronmental contaminants (Postma et al., 1995; Marin-
kovic et al., 2012). Importantly, phenotypic plasticity 
has expression limits and decreases in protectiveness as 
environmental change progresses on a directional path 

(DeWitt et al., 1998; de Jong, 2005). Further, plastic 
genotypes are typically unable to produce phenotypes as 
extreme as can be developed via microevolutionary 
adaptive responses (DeWitt, 1998).  

Adaptive microevolution is a well-known process 
that is essential for dealing with long-term exposure to 
environmental stressors (Hendry and Kinnison, 2001; 
Stockwell et al., 2003; Merilä and Hendry, 2014) and is 
characterized by evolution within and among popula-
tions in contemporary time frames (Hendry and Kinni-
son, 2001). Instead of many centuries and generations 
(evolutionary timescales), genetic responses have been 
found to occur in as little as years or a few generations 
(ecological timescales) in some cases (Klerks and Le-
vington, 1989; Thoedorakis and Shugart, 1997; Kinni-
son and Hendry, 2001; Reznick and Ghalambor, 2001; 
Salice et al., 2010). Moreover, because of the difficult 
nature of quantifying adaptive evolution in wild popula-
tions, adaptive microevolution has been inferred based 
on changing trait means towards a peak in a theoretical 
adaptive landscape (Merilä and Hendry, 2013). One 
caveat of this approach is that genetic sources of trait 
change are not explicitly identified and therefore, phy-
siological and maternal effects (phenotypic plasticity) 
cannot be rejected as explanations. In some cases, stu-
dies that had originally concluded that phenotypic dif-
ferences had a genetic basis were subsequently credited 
to plasticity (Charmantier et al., 2008; Teplitsky et al., 
2008). Regardless of the overwhelming qualitative sup-
port for microevolution to environmental stress, there 
remain few explicit, quantitative studies that show a 
genetic basis for phenotypic change to GCC or envi-
ronmental contaminants (Gienapp et al., 2008; Klerks et 
al., 2011; Merilä, 2012; Merilä and Hendry, 2013). 
Nonetheless, studies identifying changes in traits pro-
vide invaluable insight into the potential for evolutio-
nary response even though the exact mechanism of the 
change may require additional research. In this case, 
identifying patterns of response across stressors, species 
and timeframes may lead to novel insights and generali-
ties with regard to evolutionary responses to GCC and 
contaminant stressors.  

Although there have been several recent reviews of 
evolutionary responses to climate change (Davis et al., 
2005; Jump and Penuelas, 2005; Parmesan, 2006; Gie-
napp et al., 2008; Merilä and Hendry, 2014) and envi-
ronmental contaminants (Klerks and Weis, 1987; Klerks 
et al., 2011), no treatment has been given to the interac-
tive impacts of both stressors on evolutionary processes. 
Moe et al. (2013) highlighted that there could be com-
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bined and interactive effects of climate change and con-
taminants on populations and communities in the con-
text of adaptation. These combined effects, which can 
be antagonistic, additive, or synergistic, are poorly pre-
dicted by single stressor studies (Folt et al., 1999; Moe 
et al., 2013). Therefore depending on the mechanism of 
response, adaptation to one stressor may in fact leave 
populations vulnerable to additional environmental 
change (Jansen et al., 2011), a so-called “latent cost” 
because they may only manifest in the presence of a 
particular environmental change or stressor (Salice et al.,  
2010; Kimberly and Salice, 2014). However, because 
little data exists on the effects of combined stressors on 
adaptive responses, little more than theoretical sugges-
tion could be offered. The field is still very much in 
need of these data, although a few studies have been 
recently published (Messiaen et al., 2010; Marinkovic et 
al., 2012; Messiaen et al., 2012, described below).  

In addition to highlighting those few recently pub-
lished works, our goal here is to describe common ex-
perimental methods used for identifying evolutionary 
responses and emphasize those most amenable to ex-
ploring the interactive effects of GCC and contaminants. 
There are several broad approaches that have been suc-
cessfully used to explore evolutionary responses: expe-
rimental evolution, quantitative genetics and molecular 
genomics approaches. Experimental evolution focuses 
on the study of populations over multiple generations 
and the approach is largely responsible for some of our 
very first insights into evolutionary processes (Garland 
and Rose, 2009). Quantitative genetics is a branch of 
population genetics that uses quantitative trait informa-
tion to infer the manner of evolutionary response and 
has been used extensively in agriculture (Falconer and 
Mackay, 1996; Roff, 1997). Molecular genomics has 
emerged as a very powerful approach to better under-
stand evolution at the gene level (Meyer et al., 2005) 
but also necessitates considerable funding and available 
tools for success. In the past, “omics” approaches have 
been available for a limited number of model species 
such as Saccaromyces cerevisiae, Caenorhabditis ele-
gans, Drosophila melanogaster, and Arabipopsis tha-
liana (van Straalen and Roelofs, 2012). However, eco-
toxicology has found recent utility in complete and par-
tial genomes from Danio rerio, Oryzias latipes, Oncor-
hynchus mykiss, and Xenopus sp (Ankley et al., 2006). 
While the growing access to partial and complete ge-
nomes is promising, there remains a lack of representa-
tives for most ecologically relevant species. Alterna-
tively, experimental evolutionary approaches and quan-

titative genetics methods do not require costly, sophis-
ticated instrumentation or molecular tools although they 
lack the precision of molecular techniques in identifying 
exact differences among populations. Nonetheless, clas-
sic papers in showing adaptation to environmental pol-
lutants have involved experimental evolution (Klerks 
and Levinton, 1989; Klerks and Weis, 1987) and quan-
titative genetics (Klerks et al., 2011). Because experi-
mental evolution and quantitative genetics methods are 
more approachable by a wide range of researchers and 
because they can be implemented with a wide-range of 
ecologically relevant taxa, this review will focus pri-
marily on these approaches for improving our under-
standing of GCC and contaminants stressors.  

2  Multiple-stressor Design Considerations 

We argue that the multiple-stressor perspective pre-
sented here requires additional considerations for un-
derstanding adaptive responses in a complex stressor 
landscape. Hooper et al. (2013) described two perspec-
tives on the interactions of GCC and contaminants in 
the context of trade-offs at the individual level: toxicant 
induced climate sensitivity and climate induced toxicant 
sensitivity. Toxicant-induced climate sensitivity in-
volves alterations caused by toxicant exposure that im-
pact the ability of an organism to acclimate to a GCC 
related stressor such as temperature. Alternatively, cli-
mate-induced toxicant sensitivity scenarios produce 
altered or increased toxicity of chemicals as a result of 
exposure to changes in climate related conditions 
(Hooper et al., 2013). In both cases, a temporal transi-
tion from one stress condition to another is implied. At 
the population level, if a group has become genetically 
adapted to long-term contaminant exposure, it might 
display a diminished ability to adapt to future climate 
stress, or vice versa (Salice et al., 2010; Kimberly and 
Salice, 2012). Moe et al. (2013) suggests that depending 
on the combination of climatic change parameters and 
contaminants, additive (unaltered tolerance), synergistic 
(cost-of tolerance), and antagonistic interactions (co-   
tolerance) may result.  

As mentioned above, unraveling the evolutionary 
responses of just one stressor can be difficult, let alone 
multiple stressors, because of the influence of plasticity 
(Kawecki and Ebert, 2004) and because many responses 
are likely to be polygenic (Hoffman and Willi, 2008). 
Effects from environmental history will be lessened, if 
not removed, if field caught organisms are acclimated  
under common experimental conditions for two or three 
generations before experiments are conducted and end-
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points are measured (Kawecki and Ebert, 2004). More-
over, using offspring of laboratory acclimated parents 
(F1 generation) to initiate experiments may limit the 
influence of environmental history. This may be desira-
ble for studies conducted in a laboratory in support of 
regulatory decision making but become less practical 
when extrapolating laboratory-observed effects to the 
field. Other designs discussed below can limit but also 
more clearly define the contribution of different adap-
tive responses. Lastly, previous considerations of this 
topic by Klerks et al. (2011) have established resistance 
as a focal endpoint for quantifying and appropriately 
describing the genetic basis of an adaptive change. In 
any scenario where environmental stressors impact fit-
ness, the more resistant individuals will be favored. Be-
cause the expression of resistance by a population can 
be viewed on a numeric scale, it is treated as a quantita-
tive trait (Klerks et al., 2011).  

Here we discuss three strategies in experimental evo-
lution that can be employed to understand the effects of 
GCC and contaminant stressor on evolutionary respon-
ses. First, because these stressors vary spatially, popula-
tions likely differ spatially in their resistance or stress 
tolerance, which, when compared to other control/refer-
ence sites, might provide evidence for past responses to 
selective pressure (Klerks and Levinton, 1989, Coors et 
al., 2009; Jansen et al., 2011). Second, artificial and 
quasi-natural selection experiments, which seek to re-
create a possible selection scenario, can be conducted 
under controlled conditions. These experiments provide 
insight into whether a population responds to selection 
trials and at what rate resistance traits change in expe-
rimental populations (Klerks et al., 2011). Lastly, breed-
ing designs can be used to detect changes in genetic 
variability as a result of adaptive responses to selection 
(Hoffman and Merilä, 1999; van Straalen and Timmer-
mans, 2002). With decreased variability, the potential to 
adapt to future stress may be drastically diminished. 
Therefore, the adaptive potential of an experimental 
population can be determined after subsequent response 
to multiple stressors (Kimberly and Salice, 2012).  

3  Approaches for Inferring Genetic 
Responses to Climate Change and 
Contaminants 

3.1  Inferences in spatial contexts and common- 
garden studies 

One way to detect evolutionary responses among spa-
tially varying populations is through the use of com-

mon-garden studies. In this study design, many indivi-
duals of a given species are sampled from several speci-
fied geographic regions or locations and reared in a 
common laboratory or field environment (Conover and 
Shultz, 1995). The use of a single common environment 
minimizes environmentally induced phenotypic differ-
ences, allowing for observation and comparison of ge-
netically adapted traits. This design has seen common 
application with seeds (e.g. Davis and Shaw, 2001; Ji-
menez-Ambriz et al., 2007; Aitken et al., 2008). For 
instance, studies with Douglas-fir trees have revealed 
significant geographic variation in phenotypic traits cor-
responding to climatic gradients (St. Clair et al., 2005). 
One classic example of a common garden study in eco-
toxicology is from Klerks and Levington (1989). Briefly, 
individuals of the oligochaete Limnodrilus hoffmeisteri 
were collected from three sites that varied in environ-
mental metal concentrations. Those organisms from 
more heavily contaminated locations displayed greater 
resistance, in the form of greater time to death, to com-
mon garden metal mixtures. A genetic basis for resis-
tance was inferred when organisms that where reared in 
clean conditions for two generations continued to show 
differences in resistance.  

Another recent common garden study was conducted 
with the natterjack toad Bufo calamita in Sweden (Ro-
gell et al., 2009). Two populations, a saline and desicca-
tion stressed western population and a less “at risk” 
southern population, were subjected to a common gar-
den experiment where salinity and temperature where 
manipulated. Despite being subjected to higher salinity 
stress in nature, western toads had a poorer performance 
in high salinity treatments, as indicated by survival, 
growth rate, and larval period. Furthermore, while high 
temperature predictably decreased larval period, in-
creased population survival, and increased growth rate, 
it did not seem to interact adversely with elevated salini-
ty levels (Rogell et al., 2009). A key conclusion of this 
study was the complexity that multi-stressor environ-
ments impart to our understanding of adaptive potential 
and that correlations among traits can sometimes con-
strain adaptive responses (Rogell et al., 2009) 

In a slight variation of the common garden design, 
reciprocal transplant experiments transfer individuals 
among different habitats in the field and subsequently 
quantify resistance at each location (Kawecki and Ebert, 
2004; Blanquart et al., 2013; Merilä and Handry, 2013). 
Such selection favors the resistant populations that out-
perform populations from stress-free environments 
when both are transplanted to stressful habitats. It would 
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be expected to observe trade-offs of the resistant popu-
lation in the stress-free treatment. To our knowledge, no 
common-garden/reciprocal transplant study has been 
done in the context of climate change and contaminants. 
However, Altshuler et al. (2011) suggests that because 
of its life history, genotyping, and abundance of litera-
ture, Daphnia sp. may be most amenable to multiple 
stressor, common-garden studies. 
3.2  Limitations 

One main limitation to common-garden studies is the 
assumption that “control” populations represent the pre-   
selection or benign environment. This limitation be-
comes more profound with increasing stressor complexi-
ty. Because of the difficulty to confirm this assumption, 
many contemporary experiments seek instead to under-
stand if resistance in a present population has changed 
when compared to the same population in the past. In 
this temporal context, common-garden experiments can 
be implemented in a number of ways. If past common-  
garden environments can be accurately replicated in the 
present, then common-garden studies can be conducted 
on the same population at multiple time stages. Brad-
shaw and Holzapfel (2001) used this method to compare 
the length of the photoperiod that terminates diapause in 
pitcher-plant mosquitoes Wyeomyia smithii populations 
sampled at different locations and in different years. 
Additionally, “resurrection ecology” (Klerks et al., 2011) 
utilizes a dormant or resting life stage (e.g., seeds, 
Franks et al., 2007; Daphnia ephippia, Weider et al., 
1997) to represent a past environment. The resistance to 
environmental stressors of those resurrected organisms 
is then compared with present populations in a com-
mon-garden design. An alternative approach, because 
few taxa are capable of “resurrection”, is to use micro 
or mesocosm experiments to simulate present and past 
environments. Higher resistance in present environ-
ments implies a trade-off and thus reduced resistance in 
past environments.  

As in all case of inferential experimental evolution 
studies, showing differences in stress response and re-
sistance between two populations is not always indica-
tive of a genetic basis for observed differences. Accli-
mation-based stress resistance can be verified by ex-
amining descendants of exposed individuals, generally 
at least one or two generations removed from the stres-
sor environment (Lonsdale and Levinton, 1985). If in-
stead, resistance is a consequence of acclimation, resis-
tance will likely disappear in subsequent generations 
reared in stress-free conditions (Watson and Hoffman, 
1996; Klerks and Lentz, 1998). Admittedly, this caveat 

does not completely rule out maternal effects as offspr-
ing could still be influenced a generation removed 
(Kimberly and Salice, 2014). A technique gaining popu-
larity that gets to the specific source of variation, and 
can be incorporated into a common-garden design, is to 
compare the differentiation of the quantitative genetic 
trait with a neutral genetic marker. The concept here is 
that selection will cause quantitative trait variation (QST) 
to be more prominent than that of neutral marker varia-
tion (FST) (Lande, 1992; McKay and Latta, 2002; Lei-
nonen et al., 2008). Therefore, selection is inferred when 
quantitative trait variance for a population exceeds val-
ues for neutral marker differentiation.  
3.3  Artificial and Quasi-natural selection experi-
ments   

The premise for selection experiments within the 
context of stress ecology and ecotoxicology is fairly 
straightforward: establish populations exposed to spe-
cific suites of stressors for a long enough period to 
cause adaptive change. While molecular tools can be 
employed to explore specific segments of a genome, 
selection experiments generally affect multiple regions 
within the genome at the same time. The rate of change 
in resistance under controlled conditions can also be 
observed while still simulating natural selection (Fal-
coner, 1981; Rose et al., 1990; Huey and Bennett, 1990). 
Because the selection process requires multiple genera-
tions, those taxa with short generation times (e.g., Da-
phnia) have the most utility, although vertebrates do 
have a significant history from which to draw metho-
dological considerations (Meyer and Di Giulio, 2003). 
There are two types of selection designs described be-
low: Artificial and Quasi-natural selection (Schneiner, 
2002); each with its strengths and limitations, depend-
ing on the question and study system at hand. 

The obvious difference between these methods is 
whether the researcher actually selects the particular 
trait for propagation or whether, in the case of quasi-  
natural selection, the researcher allows the subjects 
within experimental populations to mate freely, where 
reproductive success is influenced by environmental 
conditions. Consider a scenario for artificial selection of 
cadmium resistance in the least killifish Heterandria 
formosa conducted by Xie and Klerks (2003), where 
time-to-death (TTD) was measured as resistance. In 
each generation, fish were exposed to a lethal concen-
tration of cadmium until the population reached 50% 
mortality. Surviving members of the cull were trans-
ferred to clean water and served as parents for the next 
generation. Lethal cadmium exposure and subsequent 
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reproduction was repeated for six generations. As a re-
sult of the selection for cadmium resistance, TTD 
showed a significant increase over six generations. Si-
milarly, Kelly et al. (2012) conducted selection experi-
ments in multiple geographically differing populations 
of the copepod Tigriopus californicus on heat tolerance. 
Those populations at high-altitude could not achieve 
heat tolerance, neither by acclimation nor 10 genera-
tions of strong selection. The authors suggest that in 
some isolated populations, plasticity and adaptation will 
have a very limited capacity to protect against tempera-
ture change. Additionally, a long history of selection 
experiments exist using the model vertebrate species 
Fundulus heteroclitis where some of the more recent 
studies have dealt with combined exposures of multiple 
contaminants such as PCBs (Nacci et al., 1999), methyl 
mercury (Weis et al., 2001), and PAHs (Ownby et al., 
2002).  

In quasi-natural selection scenarios, resistance traits 
are evaluated over time, but organisms within the expe-
rimental population are free to mate with other individ-
uals regardless of their trait values (e.g., chemical resis-
tance). After multiple generations under stressor condi-
tions, differentially exposed populations can be com-
pared under common conditions to quantify any geneti-
cally based phenotypic change (Rose et al., 1990; Ka-
wecki et al., 2012; Salice et al., 2010). Similarly to 
Fundulus, a long history of natural selection study ex-
ists for Drosophila melanogaster. Huey et al. (1991) 
exposed Drosophila populations to two temperature 
regimes for four years before conducting a heat shock 
assay. Heat tolerance was greater from the high tempera-
ture selected line, but significant variability existed 
within replicates. In a very rigorous example of a quasi-  
natural selection experiment, Van Doorslaer et al. (2007) 
exposed zooplankton to different global warming sce-
narios for one year. After the 1-year exposure duration, 
a life table experiment was conducted at three tempera-
tures to determine any potential adaptive responses. It 
was found that zooplankton exposed to a warmer scena-
rio longitudinally for 1-year had significantly greater 
resistance (survival) to high temperature, compared to 
control lines, during the life-table experiment. Addi-
tionally, because the zooplankton used in the life-table 
phase came from longitudinally exposed parents that 
had been transferred to clean water for two generations, 
resistance can be inferred to have a genetic basis.  

In the multiple stressor context, quasi-natural selec-
tion is likely the most informative design. For example, 
Daphnia were exposed to sublethal low and high con-

centrations of cadmium at two different temperatures 
(22 and 28°C) for 66 days in a quasi-natural selection 
design (Kimberly and Salice, unpublished data). A 
cadmium and temperature challenge on the offspring of 
Daphnia one generation removed from longitudinal 
exposure conditions was then conducted. Daphnia ex-
posed to high cadmium longitudinally displayed in-
creased cadmium resistance during the cadmium and 
temperature challenge than did low cadmium exposed 
animals, signaling the selection for high cadmium re-
sistant phenotypes. However, all treatments experienc-
ing novel high temperature in addition to cadmium 
seemed overwhelmed, exhibiting decreased resistance 
in all treatments. In a similar example of potential trade-   
offs among stress resistance traits, the freshwater snail 
Biomphalaria glabrata was exposed to three different 
concentrations of cadmium for three generations and 
then removed from cadmium exposures and tested for 
cadmium and temperature tolerance a generations later 
(Salice et al., 2010). Snails exposed to higher concen-
trations of cadmium displayed greater cadmium resis-
tance but lower resistance to temperature stress (Salice 
et al., 2010). These examples of potential trade-offs may 
constrain adaptive responses – this is particularly im-
portant when considering adaptation to multiple stres-
sors as in the case of GCC and contaminant-related stress. 
3.4  Limitations 

The first limitation of artificial and quasi-natural se-
lection is that logistical constraints (generations/time, 
number of treatments, replicates, and individuals per 
replicate) often restricts the design to organisms with 
short generation times such as Daphnia, Drosophila, 
and Chironimids (Merilä and Hendry, 2013). While 
these are certainly model organisms used across fields 
and within ecological risk assessments, they are truly 
only representative of a small proportion of organisms 
experiencing environmental change. Another limitation 
is that because selection experiments are often per-
formed in the laboratory, insight into natural selection/   
adaptation is limited. These experiments become solely 
proof-of-concept as selection in experiments occurs 
with a specific experimental population under very spe-
cific environmental conditions (Klerks et al., 2011; Me-
rilä and Hendry, 2013). By increasing the variety of 
stressors included, like concomitant exposures to cli-
mate change and contaminants, the strength of inference 
regarding responses to multiple stressor increases but 
still is limited to the suite of stressors evaluated. Further, 
laboratory selection experiments conducted in the pre-
sent will not be able to fully reconstruct past natural 
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selection scenarios. Regardless of these obvious limita-
tions, this approach can indeed measure the response to 
actual selection (Fuller et al., 2005) and perhaps more 
importantly, can provide insight into the adaptive poten-
tial in multi-stressor environments (Rogell et al., 2009; 
Salice et al., 2010; Kimberly and Salice, unpublished 
data).  
3.5  Breeding designs and adaptive potential 

The response to selection (R) can be better unders-
tood using the heritability of a trait (h2 or H2; resistance) 
and the selection differential (S), which indicates inten-
sity and direction of selection (Falconer and Mackay, 
1996). The approximation of R depends on many as-
sumptions including, the focal trait having no correla-
tions with other genetic traits, the environment that in-
fluences the trait remains constant over many genera-
tions, and that heritability and S are estimated accurate-
ly (Falconer and Mackay, 1996; Kruuk et al., 2003). In 
addition to determining the response to selection of re-
sistance (to contaminants, for example), heritability can 
also be used to help predict the ability of a population to 
adapt to future stressors, such as climate change (Kim-
berly and Salice, 2012). 

More specifically, heritability is a quantitative esti-
mate of the amount of genetic variation contributing to 
the total variation displayed by a particular trait and, 
hence, estimates the degree to which the trait can be 
passed to the next generation (scale, 0–1; Hoffman and 
Merilä, 1999; Klerks et al., 2011). Since a response, such 
as resistance, requires the presence of genetic variation 
(Lynch and Walsh 1998), the heritability indicates the 
potential a population has to adapt to a specific stressor 
or suite of stressors (Hoffmann and Merilä, 1999). As 
such heritability is often thought of in terms of adaptive 
potential (Houle, 1992). “Narrow-sense heritability” (h2) 
expresses the proportion of total phenotypic variation 
that is additive genetic variation. Narrow-sense herita-
bility is defined as h2 = VA/VP where VA is additive ge-
netic variance and VP is the phenotypic variance (Fal-
coner and Mackay, 1996). Additive effects describe al-
leles whose contributions to the trait are independent of 
other genes or the environment. “Broad-sense heritabi-
lity” (H2) is another common estimate, which is defined 
as H2 = VG/VP where VG is the total genetic variance, 
which includes additive as well as non-additive (e.g., 
epistasis, dominance, etc.) genetic effects. Quantifying 
additive genetic variance is most useful for understand-
ing adaptive response because any allele that is advan-
tageous will likely only remain if it confers an advan-
tage without influence or interaction with other genes, 

or other non-genetic factors. Therefore, broad sense 
heritability is not as useful a concept as narrow sense 
heritability but is frequently easier to estimate and does 
provide some insight into the potential for evolutionary 
change. 

While heritability can be estimated from different 
experimental designs and equations, here we highlight 
heritability estimates from observed resemblance be-
tween relatives. More specifically heritability is esti-
mated from the correlation of offspring and parental 
phenotypes or the correlation of full or half siblings. 
While half-sib designs are more complicated, they re-
duce or eliminate bias from maternal effects (e.g. 
Offspring-mother design) or non-additive effects (e.g., 
Full-sib design) (Falconer and Mackay, 1996). With 
regards to the effects of environmental stress, studies 
have shown that exposure to environmental stressors 
decreases genetic variability (Hoffmann and Merilä, 
1999; Klerks and Moreau, 2001; van Straalen and Tim-
mermans, 2002; Müller et al., 2011). Conversely, popu-
lations of Fundulus under strong selection were not 
found to have decreased genetic diversity compared to 
that of reference populations (Mcmillan et al., 2006). 
Therefore, considerable uncertainty remains regarding 
the generality of effect of environmental stress on ge-
netic variability, and therefore heritability. Additionally, 
alternative hypotheses have been suggested and sup-
ported (heritability increases as a result of stress; Hoff-
man and Parsons, 1991; Barker and Krebs, 1995; Ima-
sheva et al., 1998), where stressor type may be of par-
ticular importance (Kimberly and Salice, 2012).  

In one of the few, but very robust examples that in-
vestigated multiple stressor influence on heritability 
estimates, Daphnia magna was exposed to cadmium 
stress at two different temperatures (Messiaen et al., 
2012). In this study, both additive and non-additive 
components of genetic variability of net reproductive 
rate were estimated. Life-table experiments were con-
ducted with 20 parental and 39 offspring clonal lineages 
with two cadmium treatments (control and one cad-
mium concentration) and two temperature treatments 
(low and high) as factors. Offspring lineages were ob-
tained by multiple crossings of the parental stocks. 
Broad and narrow sense heritability was then calculated 
using maximum likelihood estimation. Predictably, net 
reproductive rate decreased in increasingly stressful 
treatments, with the most stressful treatment comprised 
of cadmium and high temperature. However, it was also 
found that there was a considerable degree of genetic 
determination as indicated by an increase in broad sense 
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heritability in more stressful treatments (0.392 to 0.563). 
Additionally, narrow sense heritability also increased in 
the most stressful environment (0.06 to 0.23). This sug-
gests that resistance to stressful environments, in the 
form of increased reproduction, may be inherited.  

Similarly, Klerks and Moreau (2001) investigated 
multiple stressors in the form on contaminant mixtures. 
Although, they did not include a climate change para-
meter, their methodology serves as a useful case study 
in the inclusion of more than one source of potential 
selection. Heritability was quantified in the sheepshead 
minnow Cyprinodon variegatus for resistance (in the 
form of time to death) to individual and mixtures of 
contaminants. Estimates were obtained from various 
parent-offspring regressions, and families of sibs and 
half-sibs. The parent-offspring and the half-sib regres-
sions yielded very low heritability (0.08 and -0.01, re-
spectively), while the full-sib design yielded average 
heritability of 0.85. The full-sib resemblances are most 
likely due to non-genetic factors. Moreover, heritability 
estimates in the parent-offspring regressions decreased 
as contaminant complexity increased. Therefore, be-
cause there is a small additive-genetic basis for resis-
tance to the contaminants used in this study, rapid resis-
tance is not likely to occur. Likewise, as stressor com-
plexity increases, especially with the inclusion of cli-
mate change projections, heritability and thus adaptive 
potential may decrease.   
3.6  Limitations 

A major limitation to heritability estimates is that 
they require relatedness data, which is usually available 
only in long-term studies of individually marked or care-
fully followed organisms (Charmantier et al., 2008). 
Additionally, the larger the sample size, but also the 
more time and labor intensive, the more precise the es-
timates can be. Unfortunately, many heritability studies 
suffer from low sample size and thus low precision, as 
seen by having large standard errors (Klerks et al., 
2011).  

Another shortcoming stems from the difficulty in de-
termining if the experimental results are meaningful or a 
methodological determinant (Postma, 2006; Hadfield et 
al., 2010). In particular, a trait value measured multiple 
times on the same individual may not remain consistent 
through time. Falconer and Mackay (1996) describe this 
phenomenon as “trait repeatability” and a repeatability 
of less than 100% inherently reduces estimates of heri-
tability.  

One of the biggest limitations to heritability esti-
mates is that a single trait is unlikely to evolve inde-

pendently of other traits (Houle, 1991). Genetic correla-
tions may exist between resistance related traits and 
fitness related traits (e.g., Rogell et al., 2009). For ex-
ample, the selection for resistance traits may have a 
negative correlation with fitness traits (Shirley and Shi-
pley 1999). In such a case, selection would be slowed or 
prevented altogether, depending on the intensity of the 
correlation. This has broad implications when consider-
ing selection for resistance traits in multiple stressor 
environments. Unless the stressors share resistance 
traits, as seen in the co-tolerance of multiple contami-
nants (Xie and Klerks, 2003), multiple, genetically cor-
related traits may be under selection. Whether this 
trade-off vs co-tolerance emerges as a general rule re-
quires further study but could provide valued insight 
into understanding the fate of populations in multi-   
stressor landscapes. 

4  Combining Experimental Evolution 
and other Methods 

Experimental evolution and quantitative genetic ap-
proaches provide important insights into how popula-
tions may respond to selection in novel- and multi- 
stressor environments. However, there are important, 
and many times unavoidable limitations to those prac-
tices. The most effective way to answer the inherently 
complex and difficult questions outlined above is 
through interdisciplinary research. Utilizing comple-
mentary physiological and molecular tools will further 
confirm, reject, or refine the results produced from 
quantitative genetic practices.  

The goal when using molecular tools to confirm 
adaptation is to demonstrate shifts in allele frequency in 
relation to changing environments. A key challenge is to 
determine the specific shifts that are relevant, because 
some shifting is inevitable under all circumstances (Me-
rilä and Hendry, 2013). As a result of this challenge, 
research tends to focus on loci known to respond to se-
lection, or on closely linked neutral loci (Hoffmann and 
Daborn, 2007). Müller et al. (2011) utilized molecular 
tools to understand the effects of climate change and a 
fungicide on genetic variability over multiple genera-
tions. Microsatellite fragments were amplified and al-
leles scored in each treatment. They found that genetic 
diversity was significantly decreased in chironomids 
exposed to the fungicide at high temperatures, which 
represent future climate change projections. In addition 
to changes in allele frequencies, gene expression can 
also be used to describe evidence of genetic change 
(Roberge et al., 2007). These ‘omics’ techniques, which 
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include genomics, proteomics, and metabolomics hold 
potential for inferring and identifying resistant genetic 
changes driven by climate change and contaminants 
(Meyer et al., 2005; Franks and Hoffmann, 2012).  

Lastly, Adverse Outcome Pathways (AOPs) can be 
used as a framework to link mechanism-based molecu-
lar events and the impacts on individuals to populations 
(Ankley et al., 2010). Hooper et al. (2013) constructed a 
specific AOP for the interdisciplinary understanding of 
the effects of climate change and contaminants on natu-
ral populations, where adaptation is one cog in the over-
all response machine. These AOPs are designed to work 
in either direction along the hierarchy of biological or-
ganization where each entry helps to inform the level 
above and below. Therefore, if only molecular and phy-
siological data are known, the AOP can be used to pre-
dict effects at the individual and population level, before 
those levels are filled. Conversely, understanding popu-
lation level effects, like the change in quantitative ge-
netic traits, will provide context to predict causation at 
the lower levels (Hooper et al., 2013).  

If we take the perspective that an ecotoxicologists’ 
role is to understand and predict effects of contaminant 
stress on populations through time, then identifying 
adaptive responses, in the form of increased resistance 
or trade-offs among different resistance traits, would be 
worthy goals. We have indicated several cases where 
the inclusion of multiple stressors provides valued (and 
different) insights compared to considering stressors in 
isolation. Therefore, framing the question of adaptation 
in a multiple stressor context, where the multiple stres-
sors are climate change related stressors and environ-
mental contaminants, likely provide the most salient 
insights. We highlighted three ways to experimentally 
test for adaptation and/or adaptive potential, including 
common-garden studies, artificial/quasi-natural selec-
tion, and breeding designs and quantitative genetics. 
While experimental evolution and quantitative genetics 
approaches provide powerful tools for studying evolu-
tionary processes the main limitation is that studies are 
almost exclusively performed in a laboratory setting, 
which differ from and limit predictions about natural 
conditions. These limitations (and others) can, however, 
be improved upon by interdisciplinary frameworks and 
approaches including adverse outcome pathways and 
molecular tools. Nonetheless, the approaches in expe-
rimental evoluation we highlight will continue to pro-
vide much needed insight into the potential for adaptive 
responses to stressors in a complex, human-dominated 
landscape. 

References 

Aitken SN, Yeaman S, Holliday JA, Wang T, Curtis-McLane S, 
2008. Adaptation, migration or extirpation: Climate change 
outcomes for tree populations. Evolutionary Applications 1: 
95–111. 

Altshuler I, Demiri B, Xu S, Constantin A, Yan ND et al., 2011. 
An integrated multi-disciplinary approach for studying mul-
tiple stressors in freshwater ecosystems: Daphnia as a model 
organism. Integrative and Comparative Biology 51: 623–633  

Ankley GT, Daston GP, Degitz SJ, Denslow ND, Hoke RA et al., 
2006. Toxicogenetics in regulatory ecotoxicology. Environ-
mental Science and Technology 40: 4055–4065. 

Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung MW et 
al., 2010. Adverse outcome pathways: A conceptual frame-
work to support ecotoxicology research and risk assessment. 
Environmental Toxicology and Chemistry 29: 730–741. 

Araújo CV, Blasco J, Moreno-Garrido I, 2012. Measuring the 
avoidance behaviour shown by the snail Hydrobia ulvae ex-
posed to sediment with a known contamination gradient. Eco-
toxicology 21: 750–758. 

Belfiore NM, Anderson SL, 2001. Effects of contaminants on 
genetic patterns in aquatic organisms: A review. Reviews in 
Mutation Research 489: 97–122. 

Blanquart F, Kaltz O, Nuismer SL, Gandon S, 2013. A practical 
guide to measuring local adaptation. Ecology Letters 16: 1195– 
1205. 

Barker JSF, Krebs RA, 1995. Genetic variation and plasticity of 
thorax length and wing length in Drosophila aldrichi and D. 
buzzatii. Journal of Evolutionary Biology 8: 689–709. 

Bradshaw WE, Holzapfel CM, 2001. Genetic shift in photoperi-
odic response correlated with global warming. Proceedings of 
the National Academy of Sciences 98: 14509–14511. 

Charmantier A, McCleery RH, Cole LR, Perrins C, Kruuk LE et 
al., 2008. Adaptive phenotypic plasticity in response to climate 
change in a wild bird population. Science 320: 800–803. 

Coors A, Vanoverbeke J, De Bie T, De Meester L, 2009. Land use, 
genetic diversity and toxicant tolerance in natural populations 
of Daphnia magna. Aquatic Toxicology 95: 71–79. 

Conover DO, Schultz ET, 1995. Phenotypic similarity and the 
evolutionary significance of countergradient variation. Trends 
in Ecology and Evolution 10: 248–252. 

Davis MB, Shaw RG, 2001. Range shifts and adaptive responses 
to quaternary climate change. Science 292: 673–679.  

Davis MB, Shaw RG, Etterson JR. 2005. Evolutionary responses 
to changing climate. Ecology 86: 1704–1714.  

De Jong G. 2005. Evolution of phenotypic plasticity: Patterns of 
plasticity and the emergence of ecotypes. New Phytologist 166: 
101–118. 

DeWitt TJ, 1998. Costs and limits of phenotypic plasticity: Tests 
with predator-induced morphology and life history in a fresh-
water snail. Journal of Evolutionary Biology 11: 465–480. 

DeWitt TJ, Sih A, Wilson DS, 1998. Costs and limits of pheno-
typic plasticity. Trends in Ecology and Evolution 13: 77–81. 

Falconer DS, 1981. Introduction to quantitative genetics, 2nd edn. 
London: Longman. 

Falconer DS, Mackay TF, 1996. Introduction to quantitative ge-
netics. Harlow: Longman. 

Folt CL, Chen CY, Moore MV, Burnaford J, 1999. Synergism and 



 KIMBERLY DA, SALICE CJ: Studying evolution to climate change and contaminants 699 

 

antagonism among multiple stressors. Limnology and Ocea-
nography 44: 864–877. 

Forbes VE, 1998. Genetics and Ecotoxicology. Washington DC: 
Taylor & Francis. 

Franks SJ, Hoffmann AA, 2012. Genetics of climate change 
adaptation. Annual Review of Genetics 46: 185–208. 

Franks SJ, Sim S, Weis AE, 2007. Rapid evolution of flowering 
time by an annual plant in response to a climate fluctuation. 
Proceedings of the National Academy of Sciences, USA, 104: 
1278–1282. 

Fuller RC, Baer CF, Travis J, 2005. How and when selection ex-
periments might actually be useful. Integrative and Compara-
tive Biology 45: 391–404. 

Garland T, Rose MR, 2009. Experimental Evolution. Berkeley: 
University of California Press. 

Gienapp P, Teplitsky C, Alho JS, Mills JA, Merilä J, 2008. Cli-
mate change and evolution: Disentangling environmental and 
genetic responses. Molecular Ecology 17: 167–178. 

Gouin T, Armitage JM, Cousins IT, Muir DC, Ng CA et al., 2013. 
Influence of global climate change on chemical fate and bio-
accumulation: The role of multimedia models. Environmental 
Toxicology and Chemistry 32: 20–31. 

Hansen JA, Marr JC, Lipton J, Cacela D, Bergman HL, 1999. 
Differences in neurobehavioral responses of chinook salmon 
Oncorhynchus tshawytscha and rainbow trout Oncorhynchus 
mykiss exposed to copper and cobalt: Behavioral avoidance. 
Environmental Toxicology and Chemistry 18: 1972–1978. 

Hendry AP, Kinnison MT, 2001. An introduction to microevolu-
tion: Rate, pattern, process. Genetica 112: 1–8.  

Hadfield JD, Wilson AJ, Garant D, Sheldon BC, Kruuk LE, 2010. 
The misuse of BLUP in ecology and evolution. The American 
Naturalist 175: 116–125. 

Hoffmann AA, Daborn PJ, 2007. Towards genetic markers in 
animal populations as biomonitors for human-induced envi-
ronmental change. Ecology Letters 10: 63–76. 

Hoffman AA, Merilä J, 1999. Heritable variation and evolution 
under favorable and unfavorable conditions. Trends in Ecology 
and Evolution 14: 96–101. 

Hoffmann AA, Parsons PA, 1991. Evolutionary Genetics and 
Environmental Stress. Oxford: Oxford University Press. 

Hoffmann AA, Willi Y, 2008. Detecting genetic responses to en-
vironmental change. Nature Reviews Genetics 9: 421–432. 

Holt RD, 1990. The microevolutionary consequences of climate 
change. Trends in Ecology and Evolution 5: 311–315.  

Hooper MJ, Ankley GT, Cristol DA, Maryoung LA, Noyes PD et 
al., 2013. Interactions between chemical and climate stressors: 
A role for mechanistic toxicology in assessing climate change 
risks. Environmental Toxicology and Chemistry 32: 32–48. 

Houghton JT, Ding YDJG, Griggs DJ, Noguer M, van der Linden 
PJ et al., 2001. Climate Change 2001: The Scientific Basis. 
Contributions of Working Group I to the Third Assessment 
Report of the Intergovernmental Panel on Climate Change. 
Cambridge: Cambridge University Press, 2001.  

Houle D, 1991. Genetic covariance of fitness correlates: What 
genetic correlations are made of and why it matters. Evolution 
630–648. 

Huey RB, Bennett AF, 1990. Physiological Adjustments to Fluc-
tuating Thermal Environments: An Ecological and Evolutio-
nary Perspective. Cold Spring Harbor Monograph Archive 19: 

37–59. 
Huey RB, Patridge L, Fowler K, 1991. Thermal sensitivity of 

Drosophila melanogaster responds rapidly to laboratory natu-
ral selection. Evolution 751–756. 

Imasheva AG, Loeschcke V, Zhivotovsky LA, Lazebny OE, 1998. 
Stress temperatures and quantitative variation in Drosophila 
melanogaster. Heredity 81: 246–253. 

Jansen M, Coors A, Stoks R, De Meester L, 2011. Evolutionary 
ecotoxicology of pesticide resistance: A case study in Daphnia. 
Ecotoxicology 20: 543–551. 

Jiménez-Ambriz G, Petit C, Bourrié I, Dubois S, Olivieri I et al., 
2007. Life history variation in the heavy metal tolerant plant 
Thlaspi caerulescens growing in a network of contaminated 
and noncontaminated sites in southern France: Role of gene 
flow, selection and phenotypic plasticity. New Phytologist 173: 
199–215. 

Jump AS, Penuelas J, 2005. Running to stand still: Adaptation and 
the response of plants to rapid climate change. Ecology Letters 
8: 1010–1020. 

Kawecki TJ, Ebert D, 2004. Conceptual issues in local adaptation. 
Ecology Letters 7: 1225–1241. 

Kawecki TJ, Lenski RE, Ebert D, Hollis B, Olivieri I et al., 2012. 
Experimental evolution. Trends in Ecology and Evolution 27: 
547–560. 

Kelly MW, Sanford E, Grosberg RK, 2012. Limited potential for 
adaptation to climate change in a broadly distributed marine 
crustacean. Proceedings of the Royal Society B: Biological 
Sciences 279: 349–356. 

Kimberly DA, Salice CJ, 2012. Understanding interactive effects 
of climate change and toxicants: Importance of evolutionary 
processes. Integrated Environmental Assessment and Man-
agement 8: 385–386. 

Kimberly DA, Salice CJ, 2014. Complex interactions between 
climate change and toxicants: Evidence that temperature va-
riability increases sensitivity to cadmium. Ecotoxicology 23: 
809–817. 

Kimberly DA, Salice CJ, 2014. If you could turn back time: Un-
derstanding transgenerational latent effects of developmental 
exposure to contaminants. Environmental Pollution 184: 
419–425. 

Kinnison MT, Hendry AP, 2001. The pace of modern life II: From 
rates of contemporary microevolution to pattern and process. 
Genetica 112/113: 145–164. 

Klerks PL, Lentz SA, 1998. Resistance to lead and zinc in the 
western mosquitofish Gambusia affinis inhabiting contami-
nated Bayou Trepagnier. Ecotoxicology 7: 11–17. 

Klerks PL, Levinton JS, 1989. Rapid evolution of metal resistance 
in a benthic oligochaete inhabiting a metal-polluted site. Bio-
logy Bulletin 176: 135–141  

Klerks PL, Moreau CJ, 2001. Heritable resistance to individual 
contaminants and to contaminant mixtures in the sheepshead 
minnow Cyprinodon variegatus. Environmental Toxicology 
and Chemistry 20: 1746–1751. 

Klerks PL, Weis JS, 1987. Genetic adaptation to heavy metals in 
aquatic organisms: A review. Environmental Pollution 45: 
173–205.  

Klerks PL, Xie L, Levinton JS, 2011. Quantitative genetics ap-
proach to study evolutionary processes in ecotoxicology: A 
perspective from research on the evolution of resisitance. 



700 Current Zoology Vol. 61  No. 4 

 

Ecotoxicology 20: 513–523. 
Kruuk LE, Merilä J, Sheldon BC, 2003. When environmental 

variation short-circuits natural selection. Trends in Ecology 
and Evolution 18: 207–209. 

Lande R, 1992. Neutral theory of quantitative genetic variance in 
an island model with local extinction and colonization. Evolu-
tion 46: 381–389. 

Leinonen T, O’Hara RB, Cano JM, Merilä J, 2008. Comparative 
studies of quantitative trait and neutral marker divergence: A 
meta-analysis. Journal of Evolutionary Biology 21: 1–17. 

Lonsdale DJ, Levinton JS, 1985. Latitudinal differentiation in 
copepod growth: An adaptation to temperature. Ecology 66: 
1397–1407. 

McKay JK, Latta RG, 2002. Adaptive population divergence: 
Markers, QTL and traits. Trends in Ecology and Evolution 17: 
285–291. 

Marinković M, de Bruijn K, Asselman M, Bogaert M, Jonker MJ 
et al., 2012. Response of the nonbiting midge Chironomus ri-
parius to multigeneration toxicant exposure. Environmental 
Science and Technology 46: 12105–12111. 

Medina MH, Correa JA, Barata C. 2007. Micro-evolution due to 
pollution: Possible consequences for ecosystem responses to 
toxic. Chemosphere 67: 2105–2114. 

Merilä J, 2012. Evolution in response to climate change: In pur-
suit of the missing evidence. BioEssays 34: 811–818. 

Merilä J, Hendry AP, 2013. Climate change, adaptation, and phe-
notypic plasticity: The problem and the evidence. Evolutionary 
Applications 7: 1–14. 

Messiaen M, De Schamphelaere KC, Muyssen BA, Janssen CR, 
2010. Microevolutionary response of Daphnia magna popula-
tion exposed to temperature and cadmium stress. Ecotoxicol-
ogy and Environmental Safety 73:1114–1122.  

Messiaen M, Janssen CR, Thas O, De Schamphelaere KAC, 2012. 
The potential for adaptation in a natural Daphnia magna pop-
ulation: Broad and narrow-sense heritability of net reproduc-
tive rate under Cd stress at two temperatures. Ecotoxicology 
21: 1899–1910. 

Meyer JN, Di Giulio RT, 2003. Heritable adaptation and fitness 
costs in killifish Fundulus beteroclitus inhabiting a polluted 
estuary. Ecological Applications 13: 490–503.  

Meyer J, Volz DC, Freedman JH, Di Giulio RT, 2005. Differential 
display of hepatic mRNA from killifish Fundulus heteroclitus 
inhabiting a Superfund estuary. Aquatic Toxicology 73: 327–  
341.  

Moe J, De Schamphelaere K, Clements WH, Sorensen MT, Van 
den Brink PJ et al., 2013. Interactive effects of global climate 
change and toxicants on populations and communities. Envi-
ronmental Toxicology and Chemistry 32: 49–61. 

Müller R, Seeland A, Jagodzinski LS, Diogo JB, Nowak C, 2011. 
Simulated climate change conditions unveil the toxic potential 
of the fungicide pyrimethanil on the midge Chironomus ripa-
rius: A multigeneration experiment. Ecology and Evolution 2: 
196–210.  

Nacci D, Coiro L, Champlin D, Jayaraman S, McKinney R et al., 
1999. Adaptations of wild populations of the estuarine fish 
Fundulus heteroclitus to persistent environmental contami-
nants. Marine Biology 134: 9–17. 

Noyes PD, McElwee MK, Miller HD, Clark BW, Van Tiem LA et 
al., 2009. The toxicology of climate change: Environmental 

contaminants in a warming world. Environmental International 
35: 971–986. 

Ownby DR, Newman MC, Mulvey M, Vogelbein WK, Unger MA 
et al., 2002. Fish Fundulus heteroclitus populations with dif-
ferent exposure histories differ in tolerance of creosote-con-
taminated sediments. Environmental Toxicology and Chemi-
stry 21: 1897–1902. 

Parmesan C, 2006. Ecological and evolutionary responses to re-
cent climate change. Annual Review of Ecology, Evolution, 
and Systematics 637–669. 

Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, Hanson 
CE, IPCC, 2007. Climate Change 2007: Impacts, Adaptation 
and Vulnerability: Contribution of Working Group II to the 
Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change. Cambridge: Cambridge University Press.  

Perry AL, Low PJ, Ellis JR, Reynolds JD. 2005. Climate change 
and distribution shifts in marine fishes. Science 308: 1912–  
1915. 

Postma JF, Van Kleunen A, Admiraal W, 1995. Alterations in 
life-history traits of Chironomus riparius (Diptera) obtained 
from metal contaminated rivers. Archives of Environmental 
Contamination and Toxicology 29: 469–475. 

Postma E, 2006. Implications of the difference between true and 
predicted breeding values for the study of natural selection and 
micro-evolution. Journal of Evolutionary Biology 19: 309–  
320. 

Price TD, Qvarnström A, Irwin DE, 2003. The role of phenotypic 
plasticity in driving genetic evolution. Proceedings of the 
Royal Society of London. Series B: Biological Sciences 270: 
1433–1440. 

Przybylo R, Sheldon BC, Merilä J, 2000. Climatic effects on 
breeding and morphology: Evidence for phenotypic plasticity. 
Journal of Animal Ecology 69: 395–403. 

Puccinelli E, 2012. How can multiple stressors combine to influ-
ence ecosystems and why is it important to address this ques-
tion? Integrated Environmental Assessment and Management 
8: 201–202. 

Réale D, McAdam AG, Boutin S, Berteaux D, 2003. Genetic and 
plastic responses of a northern mammal to climate change. 
Proceedings of the Royal Society of London. Series B: Bio-
logical Sciences 270: 591–596. 

Reznick DN, Ghalambor CK, 2001. The population ecology of 
contemporary adaptations: What empirical studies reveal about 
the conditions that promote adaptive evolution. Genetica 112: 
183–198.  

Roberge C, Paez DJ, Rossignol O, 2007. Genome-wide survey of 
the gene expression response to saprolegniasis in Atlantic sal-
mon. Molecular Immunology 44: 1374–1383.  

Roff DA, 1997. Evolutionary Quantitative Genetics. New York: 
Chapman and Hall.  

Rogell B, Hofman M, Eklund M, Laurila A, Höglund J, 2009. The 
interaction of multiple environmental stressors affects adapta-
tion to a novel habitat in the natterjack toad Bufo calamita. 
Journal of Evolutionary Biology 22: 2267–2277. 

Rose MR, Graves JL, Hutchinson EW, 1990. The use of selection 
to probe patterns of pleiotropy in fitness-characters In: Gilbert 
F ed. Genetics, Evolution, and Coordination of Insect Life 
Cycles. Berlin: Springer-Verlag, 29–42. 

Salice CJ, Anderson TA, Roesijadi G, 2010. Adaptive responses 



 KIMBERLY DA, SALICE CJ: Studying evolution to climate change and contaminants 701 

 

and latent costs of multigeneration cadmium exposure in para-
site resistant and susceptible strains of a freshwater snail. 
Ecotoxicology 19: 1466–1475. 

Salice CJ, Kimberly DA, 2013. Environmentally relevant concen-
trations of a common insecticide increase predation risk in a 
freshwater gastropod. Ecotoxicology 22: 42–49. 

Scheiner SM, 2002. Selection experiments and the study of phe-
notypic plasticity. Journal of Evolutionary Biology 15: 889–  
898. 

Schlaepfer MA, Runge MC, Sherman PW, 2002. Ecological and 
evolutionary traps. Trends in Ecology and Evolution 17: 474–  
480. 

Shirley MDF, Sibly RM, 1999. Genetic basis of a between-envi-
ronment trade-off involving resistance to cadmium in Droso-
phila melanogaster. Evolution 53: 826–836. 

Snape JR, Maund SJ, Pickford DB, Hutchinson TH, 2004. Eco-
toxicogenomics: The challenge of integrating genomics into 
aquatic and terrestrial ecotoxicology. Aquatic Toxicology 67: 
143–154. 

Stahl Jr., RG, Hooper HJ, Balbus JM, Clements M, Fritz A et al., 
2013. The influence of global climate change on the scientific 
foundations and applications of Environmental Toxicology and 
Chemistry: Introduction to a SETAC international workshop. 
Environmental Toxicology & Chemistry 32: 13–19.  

St Clair JB, Mandel NL, Vance-Boland KW, 2005. Genecology of 
Douglas-fir in western Oregon and Washington. Annals of 
Botany 96: 1199–1214. 

Stockwell CA, Hendry AP, Kinnison MT, 2003. Contemporary 
evolution meets conservation biology. Trends in Ecology and 
Evolution 18: 94–101. 

Lynch M, Walsh B, 1998. Genetics and Analysis of Quantitative 
Traits. Vol. 1. Sunderland: Sinauer. 

Theodorakis CW, Shugart LR, 1997. Genetic ecotoxicology II: 
Population genetic structure in mosquitofish exposed in situ to 
radionuclides. Ecotoxicology 6: 335–354. 

Tierney KB, Sekela MA, Cobbler CE, Xhabija B, Gledhill M et 
al., 2011. Evidence for behavioral preference toward environ-

mental concentrations of urban-use herbicides in a model adult 
fish. Environmental Toxicology and Chemistry 30: 2046–2054. 

Teplitsky C, Mills JA, Alho JS, Yarrall JW, Merilä J, 2008. Berg-
mann's rule and climate change revisited: Disentangling envi-
ronmental and genetic responses in a wild bird population. 
Proceedings of the National Academy of Sciences 105: 13492–  
13496. 

Van Doorslaer W, Stoks R, Jeppesen E, De Meester L, 2007. 
Adaptive microevolutionary responses to simulated global 
warming in Simocephalus vetulus: a mesocosm study. Global 
Change Biology, 13: 878–886. 

van Straalen NM, Timmermans MJ, 2002. Genetic variation in 
toxicant-stressed populations: An evaluation of the “genetic 
erosion” hypothesis. Human and Ecological Risk Assessment 
8: 983–1002. 

van Straalen NM, Roelofs D, 2012. An Introduction to Ecological 
Genomics. Oxford: Oxford University Press. 

Weider LJ, Lampert W, Wessels M, Colbourne JK, Limburg P, 
1997. Long-term genetic shifts in a microcrustacean egg bank 
associated with anthropogenic changes in the Lake Constance 
ecosystem. Proceedings of the Royal Society of London. Se-
ries B: Biological Sciences 264: 1613–1618. 

Weis JS, Smith G, Zhou T, Santiago-Bass C, Weis P, 2001. Effects 
of contaminants on Behavior: Biochemical mechanisms and 
ecological consequences. Bioscience 51: 209–217. 

Walker CH, 2006. Ecotoxicity testing of chemicals with particular 
reference to pesticides. Pest Management Science 62: 571–  
583. 

Walther G, Post E, Convey P, Menzel A, Parmesan C et al., 2002. 
Ecological responses to recent climate change. Nature 6879: 
389–395. 

Watson MJO, Hoffmann AA, 1996. Acclimation, cross-generation 
effects, and the response to selection for increased cold resis-
tance in Drosophila. Evolution 50: 1182–1192.  

Xie L, Klerks PL, 2003. Responses to selection for cadmium 
resistance in the least killifish Heterandria formosa. Environ-
mental Toxicology and Chemistry 22: 313–320. 

  
 


