
www.ecography.org

ECOGRAPHY

Ecography

1280

––––––––––––––––––––––––––––––––––––––––
© 2019 The Authors. Ecography © 2019 Nordic Society Oikos

Ec
og

ra
ph

y 
E4

 a
w

ar
d

Subject Editor: Sarah Diamond 
Editor-in-Chief: Robert Colwell 
Accepted 23 March 2019

42: 1280–1297, 2019
doi: 10.1111/ecog.04404

doi: 10.1111/ecog.04404 42 1280–1297

We urgently need to predict species responses to climate change to minimize future bio-
diversity loss and ensure we do not waste limited resources on ineffective conservation 
strategies. Currently, most predictions of species responses to climate change ignore 
the potential for evolution. However, evolution can alter species ecological responses, 
and different aspects of evolution and ecology can interact to produce complex eco-
evolutionary dynamics under climate change. Here we review how evolution could alter 
ecological responses to climate change on species warm and cool range margins, where 
evolution could be especially important. We discuss different aspects of evolution in 
isolation, and then synthesize results to consider how multiple evolutionary processes 
might interact and affect conservation strategies. On species cool range margins, the 
evolution of dispersal could increase range expansion rates and allow species to adapt to 
novel conditions in their new range. However, low genetic variation and genetic drift 
in small range-front populations could also slow or halt range expansions. Together, 
these eco-evolutionary effects could cause a three-step, stop-and-go expansion pattern 
for many species. On warm range margins, isolation among populations could main-
tain high genetic variation that facilitates evolution to novel climates and allows species 
to persist longer than expected without evolution. This ‘evolutionary extinction debt’ 
could then prevent other species from shifting their ranges. However, as climate change 
increases isolation among populations, increasing dispersal mortality could select for 
decreased dispersal and cause rapid range contractions. Some of these eco-evolutionary 
dynamics could explain why many species are not responding to climate change as 
predicted. We conclude by suggesting that resurveying historical studies that measured 
trait frequencies, the strength of selection, or heritabilities could be an efficient way to 
increase our eco-evolutionary knowledge in climate change biology.

Keywords: climate change adaptation, conservation, dispersal, evolutionary suicide, 
range dynamics, range shift

Introduction

Climate change is already affecting species worldwide and could cause hundreds of 
thousands of species extinctions in the future (Urban 2015, Scheffers  et  al. 2016). 
Consequently, hundreds of studies are predicting how species will respond to climate 
change, and conservation biologists are relying on those predictions to guide their 
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work. Making accurate predictions by accounting for bio-
logical mechanisms is therefore critical to ensure conserva-
tion biologists do not waste resources on ineffective actions 
(Dawson  et  al. 2011, Urban  et  al. 2016). However, most 
predictions of species climate change responses ignore a fun-
damental biological mechanism: evolution. For example, 
only one of 131 multi-species predictions included in a recent 
global synthesis of extinction risk under climate change 
accounted for evolution (Urban 2015, Urban et al. 2016).

Reviews suggest that evolution might only rescue species 
from extinction in particular cases: if species have short gen-
eration times and large population sizes (Bell and Collins 
2008, Quintero and Wiens 2013, De Meester et al. 2018). 
However, evolution to contemporary climate change has 
already occurred in a variety of species (Merilä and Hendry 
2014, De Meester  et  al. 2018), and evolution could affect 
ecological responses of many species even if it does not 
rescue them from extinction. Evolution could even has-
ten some extinctions (Box 1; Travis  et  al. 2010). Climate 
change could also increase evolutionary potential (Box 2) 
and cause evolution in a number of ways (Box 1), and these 
different modes of evolution can interact with each other 
and ecology to produce complex eco-evolutionary dynam-
ics under climate change (Norberg et al. 2012, Gilbert et al. 
2018, Thompson and Fronhofer 2018). We therefore need 
to understand eco-evolutionary dynamics under climate 
change to make accurate predictions and employ efficient 
conservation actions.

Here, we discuss how evolution could alter ecological 
responses to climate change on species warm and cool range 
margins where evolution could be particularly important for 
several reasons. First, range–margin populations might be 
most likely to evolve under climate change because they are 
often the first to experience novel selection. Second, range–
margin populations are often genetically unique and diverse, 
which makes them conservation targets and potentially cru-
cial for species persistence in future climates (Hampe and 
Petit 2005, Rehm  et  al. 2015). Third, species commonly 
respond to climate change via range shifts and therefore many 
ecological predictions and climate change conservation strat-
egies focus on range margins (Davis and Shaw 2001, Heller 
and Zavaleta 2009, Schmitz et al. 2015). Last, many species’ 
range margins are not shifting as predicted under climate 
change (Chen et al. 2011, Sunday et al. 2012, MacLean and 
Beissinger 2017). Evolution might explain these anomalies.

We build on previous reviews (Hill et al. 2011, Travis et al. 
2013, Hargreaves and Eckert 2014, De Meester et al. 2018) 
by: 1) considering interactions among multiple evolutionary 
processes, 2) highlighting how eco-evolutionary dynamics 
could alter common ecological predictions and 3) discuss-
ing conservation implications. We first take a single species 
perspective, but then discuss how multiple species affect 
eco-evolutionary dynamics. For conservation implications, 
we focus on four of the most recommended conservation 
strategies (Heller and Zavaleta 2009, Schmitz  et  al. 2015): 
1) increasing landscape connectivity, 2) assisted migration 

or gene flow, 3) preserving climate change refugia and 4) 
monitoring. We provide an eco-evolutionary perspective that 
could improve these sometimes contentious strategies. We 
conclude by suggesting a way to rapidly increase our under-
standing of when, where and how evolution will be impor-
tant under climate change.

Single species eco-evolutionary dynamics

Cool range margins

As climates change, climates beyond the cool range margin 
will often become suitable allowing species to expand their 
ranges. Theoretically, range expansion rates are determined 
by dispersal propensity, dispersal distance and population 
growth rate on the expanding range front (Kot et al. 1996, 
Weiss-Lehman et al. 2017). Low dispersal propensity, short 
dispersal distance, or slow population growth rate in range-
front populations might slow range expansion, which could 
make many species vulnerable to climate change (Loarie et al. 
2009, Sandel  et  al. 2011, Schloss  et  al. 2012, Nadeau and 
Fuller 2016). Evolution could mediate these factors, cause 
unexpected patterns of range expansion for many species and 
explain why some species are tracking suitable climates better 
than others under contemporary climate change (Chen et al. 
2011, Sunday et al. 2012, Estrada et al. 2015, MacLean and 
Beissinger 2017).

Spatial sorting and natural selection could cause popula-
tion growth rate and dispersal to evolve during range expan-
sion and allow some vulnerable species to track suitable 
climates. Spatial sorting occurs when individuals with high 
dispersal propensity or ability are the first to colonize habitats 
made newly suitable by climate change, which creates popula-
tions of highly dispersive individuals on the range front (Box 
1; Travis and Dytham 2002, Shine et al. 2011). Natural selec-
tion can favor individuals with higher fecundity or disper-
sal ability on the expanding range front because range–front 
populations are often released from intra- and inter-specific 
tradeoffs that constrain this evolution in the range cen-
ter (Burton  et  al. 2010, Gilman  et  al. 2010, Phillips  et  al. 
2010a, Svenning  et  al. 2014). Simulations combining spa-
tial sorting and natural selection suggest that evolution of 
dispersal-related traits can allow species to track changing 
climates and overcome dispersal barriers (Travis et al. 2010, 
Henry et al. 2013, Bocedi et al. 2014). Lab experiments also 
demonstrate dispersal evolution during range expansion and 
suggest evolution of dispersal and population growth rate 
can occur in three to four generations under idealized lab 
conditions (Fronhofer and Altermatt 2015, Williams  et  al. 
2016, Ochocki and Miller 2017, Szűcs  et  al. 2017, Weiss-
Lehman et al. 2017, Van Petegem et al. 2018). Furthermore, 
dispersal evolution has been observed during range expan-
sions in natural systems for invasive species (Phillips  et  al. 
2010b, Lombaert et al. 2014, Van Petegem et al. 2016) and 
for species responding to climate change (Hill  et  al. 1999, 
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Simmons and Thomas 2004, Bridle  et  al. 2014). Taken 
together, evidence suggests that dispersal evolution could 
accelerate climate-induced range expansions for many species 
vulnerable to climate change.

However, even if species can disperse fast enough to track 
suitable climates, they will often encounter novel abiotic and 
biotic conditions in their new range. Novel conditions could 
be beneficial or detrimental to range expansion depending on 
how they affect population growth. Species can rapidly adapt 
to novel conditions that reduce population growth assuming 

sufficient genetic variation on the expanding range front. For 
example, multiple butterfly species evolved new host-plant 
preferences that allowed them to colonize new habitats under 
climate change (Parmesan  et  al. 1999, 2015, Bridle  et  al. 
2014, Buckley and Bridle 2014). Also, plants are evolving 
earlier flowering time and increased herbivore resistance to 
cope with shorter growing seasons and novel herbivores in 
their newly expanded ranges (Lustenhouwer  et  al. 2017, 
Macel et al. 2017). The blue-tailed damselfly Ischnura elegans 
also evolved broader thermal tolerances to cope with increased 

Box 1. How will climate change cause evolution?

Evolution is commonly perceived as a gradual process of natural selection acting on genetic variation to increase the frequency of the 
fittest genotypes over many generations (Fig. IA). Consequently species with long generation times are not expected to evolve under 
climate change. However, climate change can cause evolution in just one generation, occur without natural selection, and result in 
adaption or maladaptation (Fig. I). Moreover, species with long generation times can evolve, even when that evolution does not 
produce the optimal trait or rescue the population from extinction (Fig. IA). Considering these additional evolutionary mechanisms 
and outcomes is necessary to understand eco-evolutionary dynamics under climate change. Here, we highlight five ways that climate 
change could cause evolution.

Mass mortality
Extreme events such as intense hurricanes, floods, heat waves and droughts, are increasing under climate change (Intergovernmental 
Panel on Climate Change 2014) and can impose strong selection, especially through mass mortality events (Fig. IB; Fey et al. 2015). 
Selective mass mortality can result in rapid adaptation to future climates for even long-lived species (Gehring et al. 2017, Donihue et al. 
2018). Even non-selective mass mortality can result in evolution by changing population densities and select for different life histories 
(Vincenzi et al. 2014). In contrast, mass mortality might lower genetic variation or result in maladaptation that hastens extinctions.

Gene flow
Many species are a collection of highly differentiated populations due to local adaptation and genetic drift. Gene flow among differ-
ently adapted populations can rapidly alter gene frequencies (Fig. IC). Indeed, movement of pre-adapted genotypes poleward or up in 
elevation is one of the primary ways species will respond to climate change. However, preadapted genotypes may not exist to replace 
warm–margin populations and not all preadapted genotypes are located near their future suitable climates (Rehfeldt et al. 2002). 
In some of these cases, gene flow might still aid local adaptation by increasing genetic variation (Barton 2001, Sexton et al. 2011, 
Kremer et al. 2012, Polechova 2018). In other cases, gene flow might result in maladaptation, hindering climate change responses 
(Kirkpatrick and Barton 1997, Bridle et al. 2009, Paul et al. 2011, Fedorka et al. 2012).

Spatial sorting
Spatial sorting occurs when individuals with high dispersal ability are the first to colonize habitat on expanding range fronts (Shine et al. 
2011). Poor dispersers are less likely to reach the range margin, leaving good dispersers to mate with one another and produce even 
better dispersers in the next generation (Fig. ID). Spatial sorting has the potential to increase the ability of species to shift their ranges 
in response to climate change and has already been observed in some species (see Single species eco-evolutionary dynamics on cool 
range margins).

Genetic drift
Genetic drift causes evolution due to chance breeding or mortality events in small populations (Fig. IE). Climate change is decreasing 
species abundances and fragmenting habitats, both of which could result in small populations susceptible to genetic drift. In addition, 
populations on expanding range margins are often small and subject to drift. Genetic drift could slow range expansions by reducing 
population growth rate on range margins or hasten some extirpations or extinctions (see Single species eco-evolutionary dynamics on 
cool range margins).

Introgression
Introgression is the transfer of genetic material between species due to hybridization and then backcrossing (Fig. IF). As species shift 
their ranges they are likely to encounter similar species with which hybridization is possible (Hamilton and Miller 2016, Scheffers et al. 
2016). Hybridization can be maladaptive, but it can also facilitate the transfer of beneficial genes that could allow species to adapt to 
climate change. For example, snowshoe hares Lepus americanus in areas with no winter snow cover acquired a gene from jack rabbits 
L. californicus that causes hares to produce brown fur in the winter, which decreases predation risk in areas with no winter snow cover 
(Jones et al. 2018).
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Figure I. Climate change can cause evolution in many ways. Colored circles represent individuals with different traits and groups of symbols represent 
populations. (A) Gradual changes in the mean temperature tolerance within a population due to natural selection. Red line shows the optimal trait 
value. Black lines show the change in the mean of a temperature-related trait within a population due to climate change for species with long and short 
generation times. The colored circles show the mean temperature tolerance of the population at different time periods. (B) Rapid evolution due to selec-
tive mass mortality caused by an extreme weather event. In this example, cold adapted genotypes are lost from the population after the extreme event. 
(C) Rapid evolution in a population due to gene flow between two locally adapted populations: pop 1 and pop 2. Mating among differentially adapted 
genotypes also produces novel genotypes not present in either population before climate change. (D) Evolution of dispersal due to spatial sorting of 
individuals with different dispersal abilities. Individuals that disperse further are the first to form populations in newly suitable climates beyond the 
historical range margin. These highly dispersive individuals mate with one another due to their proximity in space, which maintains high dispersal or 
produces even better dispersers. (E) Maladaptive evolution due to genetic drift in small populations that form in newly suitable climate beyond the 
historical range margin. Maladaptive traits arise from dispersal of maladapted individuals from the historical range, or from deleterious mutations. These 
traits are maintained in the newly formed population by chance breeding and mortality that overcome the effects of natural selection in small popula-
tions. (F) Introgression between two closely related species (sp. 1 and sp. 2) that did not encounter one another before climate change. During climate 
change, species 1 invades the range of species 2. Species 1 and 2 produce hybrids which then move back to species 1’s original patch and introduce 
warm-adapted genes through backcrossing.
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temporal climate variability in its new range (Lancaster et al. 
2015, 2016, Dudaniec et al. 2018). How often species adapt 
to novel conditions depends on a number of costs and con-
straints (reviewed by De Meester et al. 2018) and might be 
most likely early in the range expansion process due to nega-
tive genetic effects caused by range expansion.

Range expansions can negatively affect the genetics of 
range-front populations in two ways (Excoffier et al. 2009). 
First, repeated founder events and genetic drift in small, newly 
established populations on the range front can reduce genetic 
variation (Phillips 2012, Polechova 2018). Many species have 
reduced genetic variation on their cool range margin due to 
past range expansions (Hewitt 2000, González-Martínez et al. 
2017, Pironon  et  al. 2017, Willi  et  al. 2018), and experi-
ments demonstrate that this low genetic variation can limit 
responses to selection in newly colonized locations (Pujol and 
Pannell 2008). Also, simulations suggest range-front popula-
tions are less likely to adapt to novel conditions encountered 
later in the range-expansion process when genetic variation 
is lower (Phillips 2012). Second, deleterious mutations can 
accumulate on the expanding range front if early colonizers 
bring deleterious alleles or if genetic drift in small, range-front 
populations increases the frequency of deleterious mutations 
(Box 1). Once established on the range front, deleterious 
alleles can move with the expanding front in a process known 
as gene surfing (Excoffier et al. 2009). Deleterious alleles can 
reduce fitness of range-front populations, which can slow 
range expansion and adaptation to novel conditions. Several 
models have demonstrated deleterious gene surfing and 

its effects on range expansion (Peischl and Excoffier 2015, 
Peischl  et  al. 2015, Gilbert  et  al. 2017, 2018). Moreover, 
deleterious mutations often persist on range margins during 
experimental range expansions (Bosshard et al. 2017, Weiss-
Lehman  et  al. 2017) and on cool range margins after his-
torical range expansions in nature (González-Martínez et al. 
2017, Willi  et  al. 2018). Deleterious mutations might also 
have decreased the range-front fitness of the annual plant 
Dittrichia graveolens, which recently expanded its range 
due to climate change (Lustenhouwer  et  al. 2017). Both 
low genetic variation and a high frequency of deleterious 
alleles can persist in range-front populations for many gen-
erations (Hewitt 2000, Gilbert et al. 2018) in part because 
genotypes first arriving on the range front can monopolize 
habitat and prevent colonization of other genotypes (Hewitt 
2000, Van Doorslaer et al. 2009a, Atkins and Travis 2010, 
Kuparinen  et  al. 2010). If these deleterious consequences 
of range expansion are common, current range expansions 
under climate change could slow in the future or even get 
set back by the collapse of marginal populations (Lynch et al. 
1995, Peischl et al. 2015, Gilbert et al. 2018).

No model or experiment has yet evaluated how dispersal 
evolution, adaptation to novel conditions, reduced genetic 
variation and deleterious gene surfing might interact to affect 
range expansions under climate change. Combinations of the 
potential eco-evolutionary dynamics described above are thus 
not well understood. However, three models suggest that 
range expansions might sometimes occur in a three-step pat-
tern involving each of the eco-evolutionary effects described 

Box 2. Shifting evolutionary potential under climate change

The potential for species to evolve under climate change is related to the amount of phenotypic variation within populations, the 
heritability of those phenotypes and the strength of selection. Measurements of each of these factors under current conditions often 
suggest the potential for evolution. For example, an ectotherm’s upper thermal tolerance can vary by several degrees Celsius within 
and among populations (Araújo et al. 2013), genetic variation explains 28% of this trait variation on average (Diamond 2017), and 
individuals with higher thermal tolerances will often be favored under climate change. Climate change could also reveal hidden 
evolutionary potential even when there is seemingly little potential under current conditions (Schlichting 2008, Husby et al. 2011, 
Shama 2017).

Our understanding of future evolutionary potential usually rests on a measurement of the proportion of phenotypic variation in a 
population due to additive genetic variation (i.e. heritability). Heritabilities are useful under constant conditions, but could misrepre-
sent evolutionary potential in the wild for two reasons (Visscher et al. 2008, Hendry 2017). First, heritabilities change as environments 
change, populations evolve, new mutations arise and immigrants introduce new genes (Lynch and Walsh 1998, Husby et al. 2011). 
Second, heritabilities differ among populations and environments (Hoffmann and Merilä 1999), yet most heritability estimates derive 
from a few populations and under restrictive environmental (often laboratory) conditions. Heritability can therefore be high in nature 
or the future, even when experiments suggest it is currently low (Santos et al. 2012, Heerwaarden et al. 2016, Shama 2017).

Similarly, climate change might expose new genetic variation in many species that could facilitate evolution. Many species harbor 
cryptic genetic variation, which occurs when multiple genotypes produce the same phenotype under typical conditions (Schlichting 
2008, Paaby and Rockman 2014). These cryptic genotypes can produce remarkably different phenotypes under novel environments 
or new genetic backgrounds (Schlichting 2008, Paaby and Rockman 2014). Climate change is likely to produce novel environments 
by creating climates without a historical analogue and new species assemblages (Williams and Jackson 2007, Nadeau and Fuller 2015, 
Pecl et al. 2017). Climate change will also create new genetic backgrounds as genotypes and related species interact, increasing the 
likelihood of hybridization and introgression (Box 1).

Shifting evolutionary potential under climate change could significantly increase the effects of evolution on species climate change 
responses. Understanding how and when evolutionary potential will change is therefore critically important. Hundreds of studies have 
measured phenotypic variation and heritabilities within populations. Repeating these historical studies might be an efficient way to 
learn where, when and how evolutionary potential is changing under climate change (Box 3).
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Box 3. Evolutionary resurveys

Repeating historical studies on trait frequencies, the strength of selection, and heritabilities could be the most efficient way to learn 
how and when evolution will be important under climate change. Here, we describe three types of evolutionary resurveys to highlight 
the diversity of possible methods and outcomes.

Resurrecting the past
Many species have resting stages that can persist in sediment or labs for hundreds of years (Hairston et al. 1995, Orsini et al. 2013). 
These time capsules offer exciting resurvey opportunities with great potential for improving our understanding of evolution in 
response to climate change (Orsini et al. 2013, Geerts et al. 2015, Franks et al. 2016). For example, researchers recently resurrected 

Figure II. Three examples of rapid learning from evolutionary resurveys. (A) Resting-stage eggs of Daphnia magna resurrected from two time periods 
1955–1965 and 1995–2005 show evolution of upper critical temperature (right panel) due to increases in maximum temperature of the warmest 
month (left panel) over the 40-year period (data from Geerts et al. 2015). (B) A resurvey of morph frequency in eastern red-backed salamander in 
New England, USA shows no evolution, despite significant changes in biologically relevant climate variables (data from Evans et al. 2018). (C) 
Heritability and the strength of selection are higher under warmer spring temperatures for a great tit population in the Netherlands, suggesting 
increased evolutionary potential under climate change (data from Husby et al. 2011). In (A) and (B), boxes represent the interquartile range, the 
whiskers represent the values 1.5 times the interquartile range, outliers are displayed with dots and the solid horizontal lines represent the median. In 
the right panel of (C) the black line and grey shading represent the predicted relationship and 95% confidence interval from a linear regression.



1286

Ec
og

ra
ph

y 
E4

 a
w

ar
d

above (Fig. 1; Phillips 2012, Peischl et al. 2015, Gilbert et al. 
2018). First, species expand their ranges rapidly, sometimes 
through the evolution of increased dispersal. In some cases, 
high dispersal could even maintain sink populations beyond 
the range of suitable climate (Henry  et  al. 2013). Second, 
rapid expansion can result in small, genetically impoverished 
and potentially maladapted populations on the expanding 
range front, which can slow the range expansion. Low popu-
lation growth and the accumulation of deleterious alleles 
could also cause the collapse of marginal populations in some 
cases. Evolution might also favor decreased dispersal during 
this phase due to the high cost of dispersing into unsuit-
able conditions beyond the range margin (Phillips 2012), 
which could also set back range expansions if the high dis-
persal was maintaining sink populations on the range front 
(Henry et al. 2013). Third, the now slowed range expansion 
could provide time for population growth, beneficial muta-
tions, and gene flow. Larger populations on the range margin 
reduce the effects of genetic drift and, although gene flow 
might reduce local adaptation, there are also positive effects 
of increased genetic variation (Barton 2001, Sexton  et  al. 
2011, Polechova 2018, Bontrager and Angert 2019). Once 
the range-front population is large enough and has adapted 
to novel conditions the cycle might begin again. These eco-
evolutionary dynamics could cause a stop-and-go expan-
sion pattern for some species, which could slow some range 
expansions if the time it takes to adapt to local conditions 
and overcome the genetic effects of range expansion outweigh 
the positive effects of dispersal evolution (Fig. 1; Phillips 
2012, Gilbert  et  al. 2018). If this stop-and-go range pat-
tern is common under climate change, then the many range 
expansions we have observed so far might simply be the rapid 
expansion phase of this eco-evolutionary cycle and a future 

slow-down is possible. More research is needed to understand 
if this theoretical expansion cycle occurs in nature and how 
the genetic effects of range expansion tradeoff with dispersal 
evolution and adaptation.

Warm range margins

Climate change on warm range margins will generate different 
evolutionary pressures than on cool margins. As climates 
change, populations on warm range margins will often expe-
rience climates found nowhere else in their range. These novel 
climates can exceed tolerances of warm–margin populations, 
and preadapted genotypes are unlikely to occur elsewhere in 
the species range to replace increasingly maladapted popu-
lations. Consequently, many studies predict warm margin 
contractions (Walther  et  al. 2002, Colwell  et  al. 2008). 
However, evolution might be likely on warm range margins 
due to habitat isolation (Fig. 2) and thus alter how warm–
margin populations respond to climate change (Fig. 3).

Biologists often assume that gene flow from a more 
abundant range center will swamp local adaptation on the 
less-abundant margin (i.e. the abundant-center hypothesis; 
Pironon et al. 2017). In addition, small population sizes at the 
range margin might increase inbreeding, genetic drift and sto-
chastic extirpation (Blows and Hoffmann 2005, Eckert et al. 
2008). Consequently, marginal populations are often thought 
to be small, genetically impoverished, maladapted and prone 
to extirpation, making evolution on warm range margins 
seem unlikely. However, meta-analyses fail to support pre-
dictions from the abundant-center hypotheses or find weak 
relationships (Sagarin and Gaines 2002, Eckert et al. 2008, 
Pironon et al. 2017). In nature, local environmental hetero-
geneity can produce patchy, isolated populations on range 

40-year old eggs of Daphnia magna – a keystone aquatic crustacean – from the layered sediment of a natural pond (Geerts et al. 2015). 
They hatched the eggs in the lab and demonstrated significant evolution in upper thermal tolerances over the last 40 years by compar-
ing resurrected and current populations (Fig. IIA). This direct evolutionary test was the first to document evolution of upper thermal 
tolerances due to climate change in the wild.

Surprising stasis
The eastern red-backed salamander Plethodon cinereus is a terrestrial salamander with two genetically determined color morphs charac-
terized by the presence or absence of a dorsal stripe (Fig. IIB; Highton 1959, 1975). Unstriped morphs are thought to be cold intoler-
ant and have lower metabolic rates that might allow them to occupy drier habitats (Lotter and Scott 1977, Fisher‐Reid et al. 2013, 
Evans et al. 2018). Evolution of increased unstriped frequency could therefore help this climate-sensitive species cope with increased 
future temperatures and higher evapotranspiration. However, a recent resurvey of morph frequencies throughout New England sug-
gests no recent evolution, despite significant changes in important climate variables since the 1970s when the original surveys were 
completed (Fig. IIB; Evans et al. 2018). This surprising lack of evolution, and other cases like it, will be important for understanding 
when and where we should expect evolution in nature.

Shifting evolutionary potential
In addition to documenting evolution, resurveys can determine how climate change is affecting the strength of natural selection and 
trait heritabilities, two primary factors for predicting evolutionary change (Box 2). A long-term nesting survey of great tits Parus major 
in the Netherlands suggests that both heritability of and selection on nesting phenology are higher under warmer spring temperatures 
(Fig. IIC; Husby et al. 2011). Hence, selection and heritability could increase under climate change, thereby facilitating evolution. 
If increasing heritability and selection is common, evolution could occur quicker than expected under climate change. Resurveys of 
heritability and selection will shed light on this important question.
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Figure 1. Two examples of how range expansions might proceed when evolution of dispersal, local adaptation and the genetic conse-
quences of range expansion are accounted for, including: (A) when the species does not encounter novel conditions and (B) when the 
species encounters novel conditions which cause negative population growth rate in the absence of evolution. The horizontal lines 
show the boundary between suitable and unsuitable climate (blue dotted), the range boundary with evolution (red solid) and the 
range boundary without evolution (grey dashed). Blue dots represent individuals in the population with high fitness and black dots 
represent individuals with lower fitness due to maladaptation or deleterious mutations. Without evolution, models assume species will 
steadily track suitable climates through time, albeit with some lag due to dispersal limitations (distance between grey and blue-dotted 
lines). However, novel conditions to which the species is maladapted could act as a dispersal barrier and halt range expansion without 
evolution (B). With evolution, range expansion could occur in a 3-step cycle: 1) species expand their ranges rapidly, often through 
the evolution of increased dispersal that could increase range expansions relative to a no-evolution scenario. 2) Rapid expansion 
results in small, genetically impoverished populations on the expanding range front, some of which could occur beyond the range of 
suitable climate due to high dispersal. Small range-front populations could accumulate deleterious alleles that reduce fitness (both (A) 
and (B)) or be maladapted to novel conditions (B), which could slow or halt range expansion. In the case where populations experi-
ence novel conditions, dispersal can evolve back to pre-expansion levels during this stage due to the high cost of dispersing into 
unsuitable habitat. 3) The slower range expansion provides time for population growth, beneficial mutations and gene flow that can 
reduce the effects of deleterious mutations ((A) and (B)) or facilitate adaptation to novel conditions (B). However, populations that 
occurred beyond the range of suitable climate may also collapse, setting back the range expansion. Once the range-front population 
is large enough and has adapted to novel conditions the cycle might begin again. When species do not encounter novel conditions, 
the genetic consequences of range expansion could reduce range expansion rates relative to a no-evolution scenario, although this 
depends on tradeoffs between dispersal evolution and the genetic consequences of range expansion ((A); see main text). When species 
encounter novel conditions that act as a dispersal barrier, evolution could facilitate much greater range expansion than expected 
without evolution (B).
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margins (Holt and Keitt 2000), and climate change will 
likely increase this isolation on warm range margins (Fig. 2). 
This isolation limits gene flow from the interior and could 
allow each warm–margin population to adapt to their local 
climate (Fig. 3; Legrand et al. 2017). Supporting this expec-
tation, genetic differentiation among marginal populations 
is common and frequently large (Hampe and Petit 2005, 
Eckert et al. 2008, Pironon et al. 2017). Also, abundance and 
inbreeding often do not differ between marginal and center 
populations and abundance of marginal populations is not 
always reduced by isolation (Pironon et al. 2017). Hence, dif-
ferentiation among marginal populations might often be due 
to local adaptation. Species that persisted in warm–margin 
refugia during past climate changes might also retain higher 
genetic variation (Hampe and Petit 2005, Cheng et al. 2014, 
Pironon  et  al. 2017). This wellspring of genetic variation 
within and among warm–margin populations could enable 
evolution to novel climates.

Warm range margins of many terrestrial species are not 
contracting as predicted under climate change, possibly 
because biotic interactions or precipitation are more impor-
tant than temperature in determining species warm range 
margins (Thomas and Lennon 1999, Chen  et  al. 2011, 
Sunday  et  al. 2012). We propose an additional hypothesis 

based on the potential for evolution on warm range mar-
gins: the evolutionary extinction debt hypothesis. Under 
this hypothesis, species ranges are not contracting because 
evolution is slowing fitness declines on warm range margins 
resulting in an extinction debt (Fig. 3B). Evolution is seldom 
considered a mechanism of extinction debt (Hylander and 
Ehrlén 2013), but evolution can lengthen the time to extinc-
tion by slowing maladaptation. For instance, evolution is pre-
dicted to increase the time to extinction for endemic alpine 
plants in the Austrian Alps under climate change (Cotto et al. 
2017). The evolution of sprouting probability under climate 
change could also reduce population growth rate declines of 
Cypripedium parviflorum (Shefferson et al. 2016). Similarly, 
brown trout Salmo trutta populations on their warm range 
margin are predicted to decline slower than expected by 
evolving smaller body size (Ayllón  et  al. 2016). Although 
evolutionary extinction debt could happen anywhere in a 
species range, it is especially important on species warm range 
margins where evolutionary potential might be high and 
range stasis could affect ecological responses of other species. 
Evolution on warm range margins could also be hindered if 
species pre-adapted to novel climates invade and supplant a 
focal species on its warm range margin. Therefore, evolution-
ary extinction debt might be a race between adaptation and 

Figure 2. Populations on warm range margins are often isolated (A, B, E) and climate change will increase this isolation (C, D, F). We simu-
lated a 60 by 100-cell grid and assume a climate gradient from 0 to 20°C (red line in (A)) across 50 degrees of latitude. Each cell in the lower 
habitat quality map (E, F) is a stochastic realization of this climate gradient plus a normal random variable (mean = 0, SD = 20). We apply 
a fitness threshold at 10°C, such that populations have positive population growth below this temperature (horizontal line in (A)). Using 
this threshold, we convert the habitat quality map into the upper map of self-sustaining populations indicated in black. Using this map of 
self-sustaining populations, we calculate the mean nearest neighbor distance between each population at each latitude (B). This analysis 
demonstrates how isolation increases along a continuous, but variable, habitat gradient. We then assume climate warming (right) and 
increase the climate gradient by 5°C (red line in (C)), resulting in a retraction of the suitable habitat (F) and increasing edge isolation (D). 
This simulation demonstrates how populations are naturally isolated on warm range margins and climate change could increase this 
isolation.
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invasion (Urban and De Meester 2009, De Meester  et  al. 
2016, 2018).

What isolation and evolution provide, however, they might 
also take away over time. Patches on the warm range margin 
can become increasingly isolated as climates change (Fig. 2), 
and pre-adapted species invading and dominating a patch 
could accelerate isolation. Populations might initially cope 
with this isolation by evolving increased dispersal (Travis et al. 
2010, Williams et al. 2016). Eventually, however, patches can 
become too isolated and high dispersal mortality can select for 
decreased dispersal (Comins et al. 1980, Johnson and Gaines 
1990, Gros et al. 2006, Travis et al. 2010). Evolving decreased 
dispersal could cause a rapid collapse of the warm–margin 
metapopulation if colonizations no longer balance stochas-
tic extirpations (i.e. evolutionary suicide; Gyllenberg  et  al. 
2002, Kokko and López-Sepulcre 2006, Travis  et  al. 2010, 
Ferriere and Legendre 2013, Hargreaves and Eckert 2014). 
Evolutionary suicide could produce a larger range contraction 
than expected without evolution if stochastic extirpations 
occur in patches where the population is adapted, and evolu-
tion of decreased dispersal prevents these patches from being 

recolonized (Fig. 3D). Since selection often reduces popula-
tion size, stochastic extirpations might increase under climate 
change and promote this scenario. Few models have evalu-
ated how dispersal will evolve on warm range margins under 
climate change, and those that do usually exclude a patchy 
environment necessary to select for decreased dispersal (but 
see Travis et al. 2010). However, empirical evidence suggests 
that populations frequently evolve lower dispersal in frag-
mented landscapes (Cody and Overton 1996, Cheptou et al. 
2008, Fresnillo and Ehlers 2008, Riba et al. 2009). Also, high 
dispersal costs likely caused the evolution of low dispersal in 
rare endemic plants living in isolated mountain habitats, 
which increases their extinction risk by preventing them from 
colonizing new patches (Olivieri et al. 2016). These empiri-
cal examples provide evidence that the evolution of decreased 
dispersal occurs in nature and can affect extinction risk of 
wild metapopulations.

Taken together, these eco-evolutionary dynamics suggest 
that high genetic variation on warm range margins could fuel 
evolution that facilitates population persistence for longer 
than expected without evolution (Fig. 3B). However, once 

Figure 3. A potential eco-evolutionary model of range contraction on species warm range margins caused by evolution of climatic tolerances 
and subsequent evolution of decreased dispersal. Each colored polygon represents a patch of potential habitat on the species warm range 
margin, where the color of the patch represents the climate. The dots represent differently adapted individuals and their color represents the 
climate they are adapted to. The horizontal lines represent the species warm range margin with (red solid) and without evolution (grey 
dashed). Before climate change there is high genetic variation in the metapopulation and within patches due to moderate gene flow between 
locally adapted populations (A). When climates change, the range margin without evolution contracts steadily to track the bottom-most 
patch that is within the original range of tolerable climates (B and C). With evolution, populations in patches P1 and P2 are initially able 
to adapt to novel climates and persist, which delays the range contraction (B). When the climates change further, populations in patches P1 
and P2 are extirpated, causing a range contraction (C). Extirpations and unsuitable climates cause increased isolation among patches. 
Consequently, long distance dispersers often land in unsuitable patches and suffer high dispersal mortality which selects for decreased dis-
persal (C). Stochastic extinctions then occur in patches that remain suitable or where populations have adapted to novel climates (P3–P5). 
The evolution of decreased dispersal prevents these patches from being recolonized and therefore results in a rapid range contraction (D). 
In this case, evolution causes a greater range contraction than would be expected without evolution (D), although this will not always be 
the case.
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populations begin to disappear, increasing isolation could 
select against dispersal (Fig. 3C), which could cause meta-
population collapse and a rapid range shift (Fig. 3D). Rapid 
loss of the warm–margin metapopulation could occur unex-
pectedly after a prolonged period of population persistence 
aided by evolution. This persist then plummet model of range 
contraction on species warm range margins could result in 
surprising and rapid changes that affect entire communities, 
and therefore has important conservation implications.

Multi-species eco-evolutionary dynamics

Species interactions can affect the eco-evolutionary dynamics 
discussed above in two key ways: 1) adaptation of a focal 
species can depend on the presence of other species (i.e. 
ecology to evolution) and 2) evolution in one species can 
affect ecological responses of other species (i.e. evolution to 
ecology). Here we discuss these two possibilities.

Ecology-to-evolution interactions

Species interactions can help or hinder adaptation depending 
on the type of interaction (Harmon  et  al. 2009, Van 
Doorslaer  et  al. 2009b, 2010). Species interactions can 
hinder adaptation by reducing the abundance of a focal 
species or opposing the selection induced by climate change 
(Johansson 2008, Price and Kirkpatrick 2009, Osmond and 
de Mazancourt 2013). For example, when predators expand 
their ranges from lower latitude they often encounter naïve 
prey that lack defenses and therefore the prey suffer high 
mortality (Laurila et al. 2008, Urban and Richardson 2015). 
Increased mortality could cause local prey extirpations or 
decrease prey abundance, which can limit evolution to both 
new climates and novel predators. Also, species pre-adapted 
to novel conditions might often invade and supplant a focal 
population before it has time to adapt (Norberg et al. 2012), 
which is especially likely in more diverse communities where 
pre-adapted species are more likely (de Mazancourt  et  al. 
2008). Experimental tests with mountain plants suggest that 
novel competitors tracking suitable climates up in elevation 
can cause fitness reductions to a focal species persisting on 
its warm range margin (Alexander  et  al. 2015). However, 
fitness of the focal species was unaffected by novel compet-
itors encountered during range expansion on the focal spe-
cies’ cool range margin. This asymmetry suggests that novel 
species interactions might affect adaptation the most on a 
focal species warm range margin.

Species interactions can also aid adaptation in several 
ways. Climate change is creating new hybrid zones around 
the globe, which could increase or decrease adaptation to 
novel conditions via introgression (Box 1; Hoffmann and 
Sgro 2011, Hamilton and Miller 2016, Scheffers et al. 2016). 
Adaptive introgression is an area ripe for future research. 
Also, novel and existing species interactions can increase 
selection towards future conditions (Jones 2008, Osmond 
and de Mazancourt 2013, Tseng and O’Connor 2015,  

Osmond  et  al. 2017). For example, existing and novel 
predator–prey interactions can accelerate prey adaptation 
to changing environments under three scenarios: 1) preda-
tors preferentially prey on genotypes that become increas-
ingly maladapted as environments change (Jones 2008, 
Osmond et al. 2017), 2) predation selects for traits that are 
adaptive under climate change, such as smaller body size 
(Tseng and O’Connor 2015) and 3) predation increases 
mortality, which decreases generation times, and therefore 
increases evolutionary rates (i.e. the evolutionary hydra 
effect; Osmond  et  al. 2017). However, these interactions 
can also reduce abundance, which increases the likelihood of 
extirpation and genetic drift (Osmond and de Mazancourt 
2013, Osmond et al. 2017). Whether these interactions will 
accelerate evolution in nature is therefore unknown.

Evolution-to-ecology interactions

Few studies evaluate whether evolution of a focal species affects 
ecological responses of other species to climate change, yet 
these evolution-to-ecology interactions could be common. 
For example, short-lived species can adapt and alter ecological 
responses to climate change of their longer lived symbionts 
(Gehring et al. 2017, Torda et al. 2017). We focus on one 
eco-evolutionary feedback that is particularly important for 
range dynamics under climate change: evolutionary priority 
effects. Evolutionary priority effects occur when one species 
adapts to novel conditions and therefore excludes other spe-
cies from colonizing new habitat (Urban and De Meester 
2009, De Meester et al. 2016). Evolutionary extinction debt 
on warm range margins could result in such priority effects if 
species persist for longer than expected on their warm range 
margins and prevent species at lower latitudes or elevations 
from tracking their suitable climates (Urban  et  al. 2012, 
Thompson and Fronhofer 2018). In extreme cases this could 
cause a box-car effect, where, like train cars, a whole string of 
species at lower latitudes or elevations are slowed by stasis of 
a single species at a higher latitude or elevation (Urban et al. 
2011). Simulations suggest that evolutionary priority effects 
can increase extinction risk of many species (Thompson and 
Fronhofer 2018). Single-species examples also support this 
idea: the persistence of maladapted genotypes can prevent 
invasion by more adapted genotypes under climate change 
(Hewitt 2000, Van Doorslaer et al. 2009a, Atkins and Travis 
2010, Kuparinen et al. 2010).

Similarly, chance evolution of species expanding their 
cool range margin could provide a substantial barrier to 
range expansion in some circumstances (Fig. 4). Imagine 
two species, 1 and 2, co-occur at a joint range boundary by 
using two separate habitat types. By chance or through better 
dispersal, species 1 colonizes newly suitable habitat beyond 
the range margin before species 2. If species 2 arrives late, spe-
cies 1 could adapt to both habitat types and exclude species 
2 by monopolizing the new habitat (Urban and De Meester 
2009, De Meester et al. 2016). Species 1 could then continue 
expanding its range, while species 2 remains in its histori-
cal range akin to observed genotypic suture zones following 
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postglacial expansion (Hewitt 1999). Predicting such eco-
evolutionary dynamics will be difficult because this scenario 
depends on chance events.

Conservation implications

Eco-evolutionary dynamics present a series of tradeoffs for 
conservation. For example, accelerating range expansions via 
assisted migration or increasing connectivity on cool range 
margins could help species track suitable climates; however, 

these conservation strategies might also result in small and 
genetically impoverished range-front populations that are 
prone to extirpation (Peischl et al. 2015, Gilbert et al. 2018). 
Similarly, dispersal corridors up steep environmental gradi-
ents might allow species to track suitable climates over short 
distances, but steep gradients can also prevent adaptation 
to novel conditions due to high rates of maladaptive gene 
flow (Kirkpatrick and Barton 1997, Phillips 2012, Polechova 
2018). On warm range margins, connectivity between the 
margin and the species center could allow warm-adapted 
genotypes to track suitable climates, but connectivity could 

Figure 4. Evolutionary priority effects among species can alter future distributions under climate change. We envision two coexisting spe-
cies, 1 and 2, each adapted to a different habitat type (habitat 1 and habitat 2). By chance or better dispersal, at t = 20 generations (middle), 
species 1 is the first to colonize a patch of habitat 2 made newly available by climate change. Given sufficient time and genetic variation, it 
adapts to the new habitat in the absence of species 2 and expands its niche to fill all available habitats. Species 2 is then blocked from shifting 
its range because species 1 is monopolizing all newly available habitat. Ultimately, as the rear margin retracts, species 2’s distribution shrinks 
and species 1 expands and tracks climate change in both habitats.
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also swamp local adaptation and prevent adaptation to novel 
climates (Sexton et al. 2011). Effective conservation actions 
must therefore balance these eco-evolutionary tradeoffs.

Species might track suitable climates more successfully 
on cool range margins if connectivity between current and 
future suitable locations originates from a variety of locations 
and does not create spatial bottlenecks. Protecting a corridor 
of patches in the direction of future suitable climate is a com-
monly recommended conservation strategy (Robillard et al. 
2015). We suggest the use of multiple corridors or corri-
dors that are more than one-patch wide to create multiple 
possible routes for range expansion (i.e. meta-corridors). 
Meta-corridors could maintain population differentiation 
during range expansion, which could increase genetic varia-
tion and reduce the effects of deleterious gene surfing in the 
corridor. Models comparing range expansion in one- and 
two-dimensional landscapes support this idea: the genetic 
consequences of range expansion are reduced and fitness 
recovers faster in two-dimensional landscapes (Peischl et al. 
2015, Gilbert et al. 2018).

Similarly, genetic variation and adaptive potential might 
be increased during assisted migration if individuals from 
different populations are translocated, especially popula-
tions that might be pre-adapted to novel conditions because 
they come from similar environments to the transloca-
tion area (Sexton et al. 2011, Bontrager and Angert 2019). 
Prober  et  al. (2015) discuss a number of possible ways to 
select source populations for assisted migration. However, 
assisted migration on cool range margins must also con-
sider dispersal evolution. Assisted migration could slow 
range expansions by disrupting spatial sorting and local 
adaptation, as demonstrated in three lab experiments (con-
ducted under idealized conditions) that reshuffled individu-
als within a range (Ochocki and Miller 2017, Szűcs  et  al. 
2017, Weiss-Lehman  et  al. 2017). Translocating a mixture 
of highly dispersive individuals and individuals from mul-
tiple preadapted populations to newly suitable climates on 
the cool range margin might therefore be the best approach 
(Travis et al. 2013). Strong dispersers could help the popu-
lation continue to expand its range, while genetic variation 
from multiple source populations could help with adapta-
tion to novel conditions in the translocation area and reduce 
recovery times from the genetic consequences of further 
range expansion (Gilbert  et  al. 2018). Current range-front 
populations might be a good source for individuals with high 
dispersal (Travis  et  al. 2013). Genomics is also being used 
to determine which species might be best suited for trans-
location (Fitzpatrick and Keller 2015, Kardos and Shafer 
2018), although some authors caution against gene-targeted 
conservation (Kardos and Shafer 2018), and genomics is 
not always accessible to conservation agencies (Shafer et al. 
2015). On steep environmental gradients, assisted migration 
beyond the range of maladaptive gene flow from the histori-
cal range margin might aid adaptation to novel conditions. 
Contentious conservation strategies like assisted migration 
must also consider potential effects on the adaptive capacity 
of other species.

An eco-evolutionary perspective on warm range mar-
gins suggests that maintaining a network of patches (i.e. a 
metapopulation refugia), rather than a few large high qual-
ity patches, could facilitate local adaptation while prevent-
ing the evolution of decreased dispersal. Indeed, simulations 
suggest that preserving only a few large, high-quality patches 
could lead to the evolution of decreased dispersal and the col-
lapse of the metapopulation (Poethke  et  al. 2011). Hampe 
and Petit (2005) suggested maintaining the largest possible 
number of patches, regardless of their size and quality, which 
would help maintain metapopulation diversity. However, 
too much variation in fitness among patches can also lead 
to the evolution of decreased dispersal (Poethke et al. 2011). 
High-priority patches should include those buffered against 
climate change, and we should build accurate models to 
identify these locations (Keppel  et  al. 2012, Morelli  et  al. 
2016). Prioritizing an environmentally heterogeneous suite 
of patches could also help preserve genetic and species diver-
sity (Sgrò et al. 2010, Hoffmann and Sgro 2011). Ensuring 
patches are within the dispersal distance of focal species will 
help balance colonization and extirpation. In some cases, 
assisted recolonization of extirpated patches from locations 
with similar climates might slow invasion by other species 
and prolong persistence of the metapopulation. Networks 
of connected patches such as described here are currently 
providing refugia for Belding’s ground squirrels Urocitellus 
beldingi and desert bighorn sheep Ovis canadensis nelsoni near 
their warm range margins (Epps  et  al. 2006, Morelli  et  al. 
2017). Whether this strategy will be fruitful for other spe-
cies depends on the rate of climate change, genetic variation 
of the warm–margin metapopulation, and the probability of 
detrimental invasions by other species.

Last, changing monitoring strategies could more accurately 
document climate change impacts on range margins. 
Documenting climate change impacts is primarily accom-
plished by monitoring changes in occupancy on range mar-
gins (Parmesan and Yohe 2003, Chen et al. 2011). However, 
if evolution commonly causes extinction debt or if eco-
evolutionary dynamics slow range expansions, changes in 
occupancy could underestimate climate change impacts 
and delay conservation efforts. Climate change can affect 
population abundances and genetic variation on range mar-
gins despite little change in occupancy (Epps  et  al. 2006, 
Ayllón  et  al. 2016, Cotto  et  al. 2017). For instance, some 
alpine plants are predicted to decrease in abundance by 
approximately 75% by 2100, while only decreasing 10% in 
occupancy (Cotto  et  al. 2017). Monitoring abundances or 
genetic variation, rather than occupancies, could therefore 
warn of extinction debt or potential population collapses.

Future directions

It is clear that eco-evolutionary dynamics could alter range 
dynamics under climate change. However, there is still 
much to learn. Many of the predictions described here origi-
nate from theoretical models or lab experiments, and their 
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simplifying assumptions often remain untested (Travis et al. 
2010, 2013, Hargreaves and Eckert 2014). Also, many 
theoretical models and experiments assume climates (or 
landscapes in the case of general models) are constant in space 
and time, dispersal is random, and studies focus on one trait 
in a single species. Future models should incorporate more 
realistic climates, multiple traits, different dispersal models, 
and different types of species interactions, which can signif-
icantly change results (Norberg  et  al. 2012, Phillips 2012, 
Nadeau et al. 2017). More importantly, theory and predictive 
models have outpaced empirical work, and existing empirical 
studies are biased towards plants and arthropods in Europe 
and North America. We need more empirical research on 
species of conservation interest in a variety of natural settings 
to inform conservation.

Given these issues, we suggest evolutionary resurveys as 
a method for rapid learning across many species and con-
texts (Box 3). Meta-analyses of evolutionary resurveys will 
elucidate when and where evolution will be important under 
climate change. Analogously, repeating historical ecological 
surveys of species abundances, distributions and phenologies 
have provided valuable information on ecological responses 
to climate change (Willis et al. 2008, Tingley and Beissinger 
2009, Tingley et al. 2009). Hundreds of historical studies of 
different species and populations have measured trait frequen-
cies, the strength of selection and trait heritability (Mousseau 
and Roff 1987, Diamond 2017, Hendry 2017). Repeating 
these surveys with the same methods could efficiently dem-
onstrate evolutionary impacts and potential under climate 
change. The entire resurvey could be done simultaneously 
where historical seeds or eggs are available from lab or natural 
stocks (Geerts et al. 2015, Franks et al. 2016). Incorporating 
genomics in evolutionary resurveys (e.g. using museum 
specimens) could map observed changes in phenotypes to 
associated genotypes and ensure that phenotypic changes 
are evolutionary, not plastic (Charmantier  et  al. 2008, 
Gienapp et al. 2008, Merilä and Hendry 2014). Additionally, 
we can begin preserving seeds and eggs now or start new com-
mon gardens that can be compared to future populations or 
repeated under future climates (Etterson et al. 2016). Like all 
methods, evolutionary resurveys have methodological issues 
that need to be considered carefully, such as the effect of com-
paring plant phenotypes from seeds that have been stored in 
the lab for different lengths of time. However, ecological 
resurveys have overcome methodological issues and proved 
their value (Tingley and Beissinger 2009, 2013). Hence, we 
believe evolutionary resurveys have great potential to rapidly 
increase our understanding of eco-evolutionary responses to 
climate change.

Conclusion

Ignoring evolution increases uncertainty in climate change 
biology and threatens to waste limited resources on inef-
fective monitoring and management. Here we suggest that 
evolution could increase range expansion rates and allow 

populations to adapt to novel conditions on their cool range 
margins. However, low genetic variation and genetic drift in 
small range-front populations could also slow or halt range 
expansions. Meta-corridors could help balance these compet-
ing effects of evolution. On warm range margins, adaptation 
to novel climates could help species persist for longer than 
expected, although increasing isolation among patches threat-
ens metapopulation collapse. Preserving a network of patches 
with moderate gene flow on warm range margins might pro-
long range contractions. These eco-evolutionary dynamics 
provide hypotheses to explain why many species range mar-
gins are not responding to climate change as predicted. Tools 
now exist to understand and predict evolution and make 
better informed management decisions despite uncertainty 
(Dittrich et al. 2016, Hällfors et al. 2016, Urban et al. 2016). 
We need to apply these tools if we hope to understand and 
prevent the worst biotic impacts of climate change.
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