
u n i ve r s i t y  o f  co pe n h ag e n  

Incorporating evolutionary principles into environmental management and policy

Lankau, Richard; Jørgensen, Peter Søgaard; Harris, David J.; Sih, Andrew

Published in:
Evolutionary Applications

DOI:
10.1111/j.1752-4571.2010.00171.x

Publication date:
2011

Document version
Publisher's PDF, also known as Version of record

Citation for published version (APA):
Lankau, R., Jørgensen, P. S., Harris, D. J., & Sih, A. (2011). Incorporating evolutionary principles into
environmental management and policy. Evolutionary Applications, 4(2), 315–325. https://doi.org/10.1111/j.1752-
4571.2010.00171.x

Download date: 22. May. 2023

https://doi.org/10.1111/j.1752-4571.2010.00171.x
https://doi.org/10.1111/j.1752-4571.2010.00171.x
https://doi.org/10.1111/j.1752-4571.2010.00171.x


SYNTHESIS

Incorporating evolutionary principles into environmental
management and policy
Richard Lankau,1 Peter Søgaard Jørgensen,2 David J. Harris3 and Andrew Sih3

1 Illinois Natural History Survey, Institute of Natural Resource Sustainability, University of Illinois at Urbana-Champaign, Champaign, IL, USA

2 Center for Macroecology, Evolution and Climate, Department of Biology, University of Copenhagen, Universitetsparken 15, Copenhagen,

Denmark

3 Department of Environmental Science and Policy, University of California Davis, CA, USA

Introduction

Human activity has altered every ecosystem on the planet,

and these impacts are likely to increase in the future

(Vitousek et al. 1997). From the local to the global scale,

human actions have influenced – and in many cases, dis-

rupted – the structure and functioning of populations,

communities, and ecosystems. In response, environmental

scientists, decision makers, and managers have strived to

mitigate these impacts and preserve biologic diversity and

ecosystem function. The vast majority of these mitigations

have focused on the numerical dynamics of populations

(Mace and Purvis 2008). However, populations are rarely

genetically uniform and thus have the potential for evolu-

tionary change. In recent years, it has become increasingly

clear that these evolutionary changes can occur rapidly

(i.e. on ecological time scales), fast enough that manage-

ment cannot safely ignore this possibility (Ashley et al.

2003; Stockwell et al. 2003). This means that considering

evolutionary history, as well as current and future evolu-

tionary processes, more generally will be important for

achieving successful management outcomes.

Evolutionary principles have been central to the science

of conservation biology since its inception (Hendry et al.

2010). In particular, genetic information has long been

used to inform conservation priorities and strategies, such

as through the delineation of ‘Evolutionarily significant

units’ to protect genetically distinct populations (Crandall

et al. 2000) and to monitor population genetic patterns

that indicate population status (Schwartz et al. 2007). At

the local scale, species recovery plans and reserve designs

often explicitly seek to preserve genetic diversity within

populations, in the hope that this will promote the popu-

lation’s ability to respond to future evolutionary pressures

(Storfer 1996). These plans seek either to preserve past

evolutionary conditions (e.g. preserving the genetic struc-

ture of meta-populations) or to ensure maximum evolu-

tionary potential to meet future changing condition

(Mace and Purvis 2008). Such plans are often locally

focused, however, and can miss important factors at the
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Abstract

As policymakers and managers work to mitigate the effects of rapid anthropo-

genic environmental changes, they need to consider organisms’ responses. In

light of recent evidence that evolution can be quite rapid, this now includes

evolutionary responses. Evolutionary principles have a long history in conserva-

tion biology, and the necessary next step for the field is to consider ways in

which conservation policy makers and managers can proactively manipulate

evolutionary processes to achieve their goals. In this review, we aim to illustrate

the potential conservation benefits of an increased understanding of evolution-

ary history and prescriptive manipulation of three basic evolutionary factors:

selection, variation, and gene flow. For each, we review and propose ways that

policy makers and managers can use evolutionary thinking to preserve threa-

tened species, combat pest species, or reduce undesirable evolutionary changes.

Such evolution-based management has potential to be a highly efficient and

consistent way to create greater ecological resilience to widespread, rapid, and

multifaceted environmental change.
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global and (inter)national scale (Mace and Purvis 2008).

Additionally, there have been increasing calls for directly

incorporating contemporary selection and adaptation in

conservation strategies (Kinnison et al. 2007; Mace and

Purvis 2008). To date, most of the research has focused

on the importance of incorporating evolutionary pro-

cesses into predictions, for example, as to whether a pop-

ulation will persist or be especially vulnerable to an

impending threat, and avoiding management actions that

inadvertently select for undesirable traits (Kinnison and

Hairston 2007; Mace and Purvis 2008). The necessary

next step is to explore how managers and policy makers

can proactively use evolutionary principles to achieve

conservation goals (Kinnison et al. 2007; Mace and Purvis

2008; Schlaepfer et al. 2010). Incorporating evolutionary

thinking into conservation decision making has the

potential to both reduce the likelihood of ‘unpleasant

surprises’ and offer novel avenues for management inter-

vention.

In this synthesis, we seek to build upon this previous

work by reviewing and where appropriate, proposing new

ways in which evolutionary processes can be directly

manipulated to meet management goals. These manage-

ment actions span a wide range of spatial and political

scales, from local actions that could be implemented by

particular land managers (such as choosing plant seeds

for restoration projects that are ‘pre-adapted’ to future

climates) to policy decisions that involve cooperation

between multiple national governments (such as the des-

ignation of no-take marine reserves in international

waters to lessen harvest selection). These ideas are neces-

sarily preliminary, and as such we hope our suggestions

will inspire new research, both in tractable model systems

and in adaptive management frameworks where appropri-

ate, to test whether the benefits of direct management

intervention in evolutionary processes will outweigh the

risks inherent in such strategies.

Many conservation challenges stem from human-

induced environmental changes that have placed many,

perhaps most organisms, populations, and communities

in rapidly changing, novel conditions. In the short term,

some taxa are not responding well to these conditions

and are declining, while others are doing so well that they

become pests. The relative ability to respond well imme-

diately to environmental change depends on the organ-

isms’ traits (see Hendry et al. 2011). In addition, the

long-term fate of these taxa likely depends on their evolu-

tionary responses, which can be influenced by a range of

interconnected processes (Fig. 1). Thus, policies and

management strategies may benefit from understanding

and manipulating these processes. We structure our

consideration of evolution in management and policy

making around four fundamental evolutionary principles.

(i) Prior to the environmental change in question, popu-

lations have a phenotypic distribution and level of genetic

variation in key traits that have been shaped by their past

evolutionary history. These current phenotypes and their

degree of plasticity will determine the population’s initial

response to the new environment. (ii) For populations in

which the current phenotypic distribution is sufficiently

different from the new optimum imposed by the environ-

mental change, and plasticity is not great enough to over-

come this difference, selection will favor those phenotypes

that are closest to the new optimum. (iii) The adaptive

potential of a population will be controlled by the level of

genetic variation in relevant traits as well as the size and

structure of the population. (iv) Finally, the level of gene

flow to and from other populations, will determine

whether favorable innovations will be able to spread

across a landscape, and whether divergent selection pres-

sures among populations will constrain the ability of any

one population to adapt to its local conditions. Each of

these steps may prove amenable to management interven-

tion to promote or inhibit evolutionary change depending

on the management goals (Table 1).

Evolutionary history

A population’s first line of defense against extinction in

the face of environmental change is having genotypes

with traits that allow individuals to tolerate those
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Figure 1 Past environments provide the evolutionary history that

shapes traits, plasticity, and genetic variation. Traits and plasticity

along with novel environments (that might match or mismatch past

environments) influence individual fitness that governs population per-

formance. Fitness and genetic variation along with population size

and connectivity drive evolution that feeds back to determine future

traits, plasticity, and genetic variation. These, in turn, loop back to

influence future fitness and population performance.
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changes. Because the current trait distribution of a popu-

lation is often in large part a consequence of its past

selective regime, understanding past selection may help

predict which species or populations are likely to be espe-

cially vulnerable or resistant to particular environmental

changes, and prioritize limited conservation resources

accordingly. Additionally, managers may be able to use

knowledge of a species’ evolutionary past to design inter-

ventions that will have the strongest (or weakest, depend-

ing on the goal) impact on the population, both

numerically and evolutionarily.

History may be especially important for phenotypically

plastic responses, in which an individual uses certain

environmental cues to elicit a phenotypic change (in

morphology, physiology, behavior, etc.). Adaptive plastic

responses evolve when a cue is a reliable predictor of the

future conditions, and the organism can respond by

changing its phenotype in a way that increases fitness in

the new conditions. Rapid environmental changes can

alter the relationship between cue and future condition,

such that the normal phenotypic response to certain cues

is no longer adaptive, a phenomenon known as an ‘evolu-

tionary trap’ (Schlaepfer et al. 2002). Knowledge of a spe-

cies’ past evolutionary history, and how rapid

environmental changes may alter the value of traits that

evolved in past conditions, could provide a means of

predicting the vulnerability of different species or popula-

tions to forecasted future conditions, allowing for

preemptive action before drastic population declines are

documented (see Schlaepfer et al. 2010; Sih et al. 2011).

For instance, because most plant species have evolved in

environments in which photoperiod was a strong predic-

tor of future climatic conditions, many plant species use

photoperiod changes to time phenological events like bud

break or flowering. However, if the relationship between

photoperiod and temperature is altered by climate

change, relying on photoperiod may become maladaptive

(Bradley et al. 1999). On the other hand, species that use

temperature directly as their phenological cue may prove

less vulnerable to rapid climate change. Policy makers

tasked with prioritizing conservation resources may bene-

fit from using this increased predictive power to identify

and direct efforts toward particularly vulnerable taxa or

situations.

More proactively, recognizing that the proximate cause

of a species’ or population’s decline may be attributed to

a maladaptive behavioral response, rather than direct

mortality or loss of resources because of the environmen-

tal change, is likely to offer alternative management

options. For instance, recognizing that sea turtle hatch-

lings maladaptively move toward artificial light (which

mimics moonlight reflected of the ocean water) allows for

the management action of reducing artificial lights near

nesting sites during nesting season (Schlaepfer et al.

2002). Introduced species often impose evolutionary traps

on native species, leading to native predators that naively

feed on toxic prey (Phillips and Shine 2006), native prey

that fail to recognize introduced predators (Kiesecker and

Table 1. Overview of how the basic principles of evolutionary history, genetic variation, selection, and population connectivity can be in environ-

mental management. For each evolutionary principle, one or more management actions and practical examples are given. For selection and con-

nectivity, actions and examples are divided into ones that reduce undesirable outcomes and ones that increase desirable outcomes, yet these are

not mutually exclusive.

Evolutionary characteristic Action Example(s)

Evolutionary history Population history can inform potential benefit from

management strategies

Preserve populations from warm part of range

under climate change (Sgró et al. 2011)

Genetic variation Preserve (1) environmental gradients and (2) refuges to

maintain functional variation

(1) Birds in the Andes and Africa (Thomassen et al. 2011)

(2) Three frog species in South America (Bonin

et al. 2007)

Selection

Reducing undesirable

outcome

(1) Buffer or counter selection, (2) delay selection to

after reproduction, (3) diversify selection

(1) Size limits or no-take zone in fisheries (Baskett

et al. 2005), (2) Mosquito management (Koella

et al. 2009), (3) pesticide cocktails (Georghiou and

Wirth 1997)

Increasing desirable

outcome

(1) Permit selection on some species at intermediate

levels, (2) Reduce mortality from nonselective factor

(1) Native birds on Hawaii, rodent mortality and

avian malaria resistance (Kilpatrick 2006)

Connectivity

Reducing undesirable

outcome

Refuges with countered (e.g. neutralized) selection

pressures. Avoid multiple sources of invasives

No-take refuges for fish populations (Baskett et al.

2005). Multiple introductions led to greater

adaptability of invasive reed canary grass

(Lavergne and Molofsky 2007)

Increasing desirable

outcome

Adaptive introductions and corridors Plant community restoration with seeds from

populations adapted to invasives (Leger 2008)
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Blaustein 1997), or native herbivores that oviposit on

toxic introduced plants (Chew 1980), for example. When

a native animal population is supplemented through

translocations or captive breeding programs, this offers an

opportunity to mitigate an evolutionary trap, for instance

by training the animals to avoid novel predators prior to

releasing them into the wild (Griffin et al. 2000). Ulti-

mately, long-term persistence will require populations to

evolve appropriate behavioral responses, as has been seen

for some native species affected by novel predators (Kie-

secker and Blaustein 1997) or toxic prey (Phillips and

Shine 2004). Management strategies can promote this

evolution and encourage the spread of beneficial adapta-

tions (see sections on Selection and Gene Flow below).

Managers of pest species can also benefit from using

evolutionary history, but with the goal of intentionally

mismatching evolved responses to cues and future condi-

tions. To borrow an example from agricultural systems,

crop rotation operates on this principle. For instance, the

corn rootworm (Diabrotica virgifera), a major pest of

maize, evolved under conditions in which host plants ger-

minated close to their parents. By rotating maize with

soybean (on which rootworms cannot feed) every year,

farmers disrupted the cue used by adult females to predict

the future environment of their offspring. Rootworms

responded with two resistance strategies: some popula-

tions now oviposit at the base of soybean plants, which

are now a good predictor of maize presence the following

spring (Gray et al. 2009), while others wait two winters

before hatching to avoid hatching during soybean cultiva-

tion (Levine et al. 1992). Thus, farmers may need to

respond by introducing new sources of uncertainty and

confusion.

Knowledge of evolutionary history can help managers

understand and predict the response not only to current

anthropogenic impacts, but also to future conditions.

Evolutionary history can affect the vulnerability to future

conditions at the individual, population, and species level.

This has been seen most clearly in investigations into spe-

cies vulnerabilities to future climate change. At an indi-

vidual level, evidence suggests that organisms that evolved

under variable climates (i.e. in temperate zones) tend to

have much broader physiological tolerances for tempera-

ture than those that evolved in aseasonal zones (i.e. the

tropics) (Tewksbury et al. 2008). At a population level,

work with Drosophila species suggests that populations of

tropical species tend to have very limited genetic variation

for cold tolerance or desiccation resistance, while those

from temperate or arid species are much more variable

for these same traits (Hoffmann 2010). Finally, climate

tolerances can show substantial levels of phylogenetic

conservatism, in which closely related species tend to

share similar levels of heat, cold, or desiccation tolerance.

This implies that deep evolutionary history may create

constraints on the evolutionary potential of extant species

(Ackerly 2003; Kimura 2004; Donoghue 2008; Matzkin

et al. 2009). Thus, tropical species, in addition to having

narrow individual climate tolerances, may also be less able

to evolve increased tolerances in the face of rapidly

changing climates than related temperate species. There-

fore, even though temperatures are expected to change

more drastically in polar zones, the ecological impacts of

climate change may be more severe in tropical zones

because of the reduced ability of both individuals to accli-

mate and populations to adapt to new climates.

As species and populations will vary in their vulnerabil-

ity to future conditions according to their evolutionary

history, this raises the issue of whether resources should

be directed toward protecting the most vulnerable popu-

lations (because they will be at the highest risk) or toward

the less vulnerable ones (because this will have the best

chance of success) (Game et al. 2008). While these deci-

sions will be determined by the goal of a conservation

strategy and the resources available, a case can be made

that conservation strategies should capitalize on these dif-

ferences in evolutionary history by prioritizing the preser-

vation of populations that show some degree of

adaptation or pre-adaptation to predicted future condi-

tions. For instance, populations at the warm extreme of a

species’ range may be pre-adapted to future climates

(Sgró et al. 2011). Similarly, native populations that are

currently coexisting with aggressive or predatory invaders,

or emerging diseases may do so because they have partic-

ular trait distributions the confer resistance or tolerance

to the new threat, due either to a past history with similar

threats or rapid adaptive changes that have occurred since

the introduction of the new species (Phillips and Shine

2004, 2006; Cox and Lima 2006; Leger 2008). These pop-

ulations may harbor key genetic innovations that warrant

protection from nonselective sources of mortality, such as

urban development and agriculture.

Selection

Any human activity that affects the mortality or fecundity

of a wild population may exert selection if individuals

with different phenotypes differ in sensitivity to this activ-

ity. If the population harbors additive genetic variation in

the selected traits, then the population can respond to

this selection, causing the mean and variance of those

traits to change across generations (see Marnocha et al.

2011 for an example with island lizards). From a manage-

ment perspective, this can be desirable or not depending

on the desirability of the new trait distribution. Selection

can potentially lead to adaptation, and for many popula-

tions adaptation to altered environmental conditions

Evolutionary environmental management Lankau et al.
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created by human activity will be necessary if the popula-

tion is to persist (Chevin et al. 2010). In these cases,

management and policy should focus on ways to promote

a population’s ability to respond to this selection. In con-

trast, for pests, diseases, or invasive species, the manage-

ment goal is often to induce extinction, at least locally. In

these cases, we seek to reduce their level of adaptation.

Additionally, in many instances the adaptive response of

desirable species to human actions results in less desirable

trait values (e.g. Baskett et al. 2005). In these cases, man-

agement and policy should strive to reduce this aspect of

the adaptive response (Law 2000; Darimont et al. 2009).

For many species, persistence in the face of rapid envi-

ronmental changes will require that the populations

respond quickly to novel selection pressures. To adapt to

a new selection pressure, populations must be exposed to

the selection. While this may seem trivial, in fact many

conservation management schemes are designed precisely

to protect vulnerable populations from the forces that are

driving down population size. Unfortunately, by protect-

ing the population from these forces, we also eliminate

the selection imposed by those forces and thus slow or

eliminate the adaptation process. For example, many vul-

nerable species are threatened by invasive predators or

competitors, and one strategy to protect them has been

to establish populations free from the invaders [e.g. the

takahe (Porphrio hochstetteri) in New Zealand (Grueber

and Jamieson 2008)]. While sometimes a necessary last

resort, caution should be taken with such strategies

because they will offer no opportunity for native species

to evolve the adaptations that will allow them to coexist

with the invader. This is especially important for threats

like invasive species, emerging infectious diseases, and cli-

mate change where there is little to no hope of eliminat-

ing the threat itself, and conservation depends on finding

ways for species to persist in spite of the threat (Carroll

2011).

In the face of an environmental change that drives

population declines, the persistence of the population will

be determined by the relative rates of demographic

decline and adaptation. For a given environmental threat

(i.e. selection pressure), populations will persist only if

adaptation occurs before the population declines to a size

vulnerable to stochastic extinction (Bell and Gonzalez

2009). Therefore, persistence may be promoted both by

speeding up the adaptive response (e.g. by maintaining

or increasing genetic variation, see below) or by slowing

the demographic decline. Thus, while it is important to

avoid removing the selection pressure altogether (which

would halt adaptation and could prevent long-term per-

sistence), strategies that retain the direction of selection

but lessen its magnitude may help tip the scales toward

adaptation rather than extinction. Policies that expose

vulnerable populations to predicted future threats (e.g.

an encroaching invader or disease) in carefully controlled

doses prior to their arrival could thus contribute to envi-

ronmental management. This may not always be feasible,

but Schlaepfer et al. (2005) suggest that managers can

give adaptation a head start just before a novel threat

establishes in a new population by inoculating naı̈ve pop-

ulations with individuals from more experienced popula-

tions.

Even when managers themselves are not able to address

the dominant selection pressure (like climate change)

directly, reducing other sources of mortality can allow

populations to handle higher selective loads without

declining to nonviable sizes. For instance, models suggest

that controlling rodents on Hawai’i may facilitate the

evolution of resistance to avian malaria in native birds

(Kilpatrick 2006). Furthermore, multiple stressors may

have negative synergistic effects on populations, so that

mitigating one stress may additionally reduce the stress

imposed by a different environmental change (Relyea and

Mills 2001; Relyea 2009). This implies that policy or man-

agement action geared to reducing mortality sources that

seem minor in the face of overwhelming impacts from

forces like climate change may nevertheless play an

important role in population persistence by creating the

‘breathing room’ needed to adapt to new circumstances.

For undesirable species, like agricultural pests or exotic

invaders, management goals will often revolve around

skewing the demography versus adaptation race toward

extirpation. Imposing faster, nonselective demographic

declines will give the population less time to adapt to the

imposed selective pressure and could tip the scales toward

extinction. Additionally, managers may also consider

strategies that slow the adaptive response. This can be

accomplished by reducing the strength of selection [e.g.

by making the selective agent less discriminating among

genotypes, (Baskett et al. 2005) or by interfering with the

population’s ability to respond to a given selection pres-

sure].

Management strategies may also interfere with a popu-

lation’s ability to respond to selection, even if the strength

of the selection is unchanged. One means to do this is to

impose counter selection on a correlated trait. When

traits are genetically correlated, selection acting on one

trait will impose indirect selection on the other (Lande

and Arnold 1983). When the direct selection on two cor-

related traits is opposing, this will slow or eliminate the

population’s ability to respond to either selection pres-

sure. It is important to note, however, that this correla-

tion must have an additive genetic basis; if, as with the

brown rockfish behaviors studied by Lee and Bereijikian

(2008), they are correlated only as plastic responses to

similar conditions, selection will not act at the genetic

Lankau et al. Evolutionary environmental management
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level. Similarly, requiring a population to respond to mul-

tiple selection pressures simultaneously may slow the

overall response, as adaptation will require not only a

change in gene frequencies for the selected traits, but also

the creation of genetic correlations between the traits. For

instance, the use of multiple pesticides or antibiotics with

different modes of action can slow the evolution of resis-

tance (Georghiou and Wirth 1997). A similar strategy

could be used to slow the development of resistance in

invasive species to biocontrol agents; biological control

may be self-defeating if the agent quickly selects for more

resistant genotypes of the invader (Muller-Scharer et al.

2004; Stevens and Rizzo 2008). Simultaneous resistance to

multiple biocontrol agents that attack the host in different

ways is likely to be slower than if any one agent were

released in isolation.

Another important way to manipulate the response to

selection without affecting its overall strength is to adjust

the timing of the selective pressure. Deleterious traits that

are expressed after the bulk of reproduction occurs will

have much less impact on fitness than those that are

expressed before or during peak reproductive ages; this is

considered a prime reason why chronic diseases tend to

accumulate with age (Charlesworth 1994). Thus, any

management change that pushes the selective event onto

older individuals is likely to result in slower and smaller

phenotypic changes in the affected population. For

instance, mosquitoes will develop resistance to insecticides

that act later in the life cycle much more slowly than

those that act at the larval stage (Koella et al. 2009); As it

takes some time for adult mosquitoes to develop a high

enough malarial load to be effective vectors, later acting

insecticides can provide equivalent disease control with

less likelihood of resistance evolution in the insect (Koella

et al. 2009).

The above discussion focused on changing the selective

regime within a population. However, if there is gene

flow, opposing selection pressures can be applied to dif-

ferent populations and still slow adaptation. We discuss

this in more detail in the next two sections on Variation

and Connectivity and gene flow.

Variation

In order for a population to adapt to a novel environ-

ment as discussed in the previous section, selection needs

variation on which to operate. Specifically, a response to

selection requires additive genetic variation in the key

traits that govern fitness in the novel environment.

Genetic variation in neutral markers, while useful for

understanding demographic processes, may have little

predictive power for adaptation, because neutral genetic

diversity does not necessarily predict quantitative

variation in key traits (Holderegger et al. 2006). Thus,

conservation decisions that incorporate both neutral and

functional genetic variation may make better predictions

about the vulnerability of populations (Bonin et al. 2007).

Reductions in genetic variation can cause reductions in

population fitness in the short term by combining delete-

rious recessive alleles or through the loss of diversity at

self-compatibility loci (Edmands 2007). They can also

have longer term consequences, if the loss of genetic vari-

ation through drift reduces the adaptability of the popu-

lation to future environmental changes (Kinnison et al.

2007). Management plans need to address both time-

scales. Managers can increase, or at least conserve, genetic

variation within populations by maintaining large popula-

tion sizes and connectance among metapopulations. Con-

servation policies and management strategies use many

methods to increase population sizes of threatened

species, which results in both demographic and genetic

benefits. Additionally, even with a constant number of

individuals, more genetic variation can be maintained by

increasing the effective population size (Traill et al. 2010),

e.g. by increasing outbreeding, focusing on populations

that span environmental gradients, or reducing reproduc-

tive skew. Captive breeding programs use this concept to

maintain the most genetic diversity despite strict limita-

tions on the number of individuals the facilities can

house, through the careful manipulation of breeding

(Fraser 2008). Note that managed breeding to maximize

genetic variation may conflict with the organisms’ adap-

tive mate choice preferences. Thus, while managed breed-

ing in domesticated populations might help to maintain

genetic variation, it might simultaneously reduce mean

fitness by allowing less preferred, less fit individuals to

breed (Quader 2005). In wild populations, it is consider-

ably more difficult to explicitly manage mating, so

managers must strive to maintain large enough census

populations to ensure adequate effective population sizes.

While the relationship between census and effective popu-

lation size varies according to a species’ life history, mat-

ing system, and history, a meta-analysis of estimates of

minimum viable population sizes suggested that targets

proposed by conservation agencies are usually far too

small to maintain evolutionary potential (Traill et al.

2010).

One of the best ways to maintain genetic diversity and

increase effective population size is gene flow, which we

discuss in the next section. Protected area designs may

also be optimized to preserve the most genetic variation.

Populations that span environmental gradients are

expected to harbor the most phenotypic and genetic

variation, and thus, areas that span these gradients may

warrant high conservation priority (Fig. 2, see Thomassen

et al. 2011).
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Connectivity and gene flow

On a landscape scale, understanding the pattern of gene

flow among populations can be vital to accurately predict

the ability of both individual and meta-populations to

persist. The importance of maintaining connections

between individual populations has long been recognized

for the viability of threatened species, both for ecological

reasons (e.g. rescue effects) and for evolutionary reasons

(Beier and Noss 1998; Garant et al. 2007). Well-connected

populations are each likely to harbor more genetic varia-

tion within populations, although the populations will

also be less genetically differentiated. Because of their

greater variation, well-connected populations may have

greater potential to adapt to novel conditions, especially

to environmental changes that affect all of the sub-popu-

lations simultaneously (e.g. climate change). High gene

flow between populations will also make it more likely

that any new beneficial mutations that arise in one popu-

lation will be able to spread. On the other hand, high

gene flow may inhibit the process of local adaptation.

Thus, gene flow may slow the evolutionary response of

populations to local environmental changes if other sub-

populations face divergent selection pressures (Storfer and

Sih 1998; Lenormand 2002).

If some populations are better prepared genetically for

future threats, then conservation decisions that promote

the spread of these genetic innovations to other popula-

tions can promote the conservation of the species at large.

For example, molecular genetic analysis revealed that the

recovery of a lowland Hawai’ian honeycreeper occurred as

a result of the evolution of resistance to avian malaria in

small pockets and the subsequent spread of the resistant

individuals (Foster et al. 2007). On the other hand, some

managers will be able to use gene flow to slow down locally

adaptive responses. For instance, refuges from pesticides

can slow the development of resistance (Gassmann et al.

2009), while gene flow from fishing reserves can provide a

steady influx of ‘large body’ alleles to counter the removal

of those alleles through harvesting (Baskett et al. 2005).

Targeting land or water acquisitions and restoration

projects to promote connectivity among protected areas,

both for demographic and genetic reasons, has a long his-

tory in conservation thought and practice (Beier and Noss

1998; Chetkiewicz et al. 2006; Beier et al. 2008). For some

pressing threats, however, certain connections may be

more valuable than others (Fig. 2). Corridors connecting

southern to northern (or low to high elevation) popula-

tions will likely play a more important role in facilitating

migration of individuals and adapted genes in the face of

Local 
management

Regional/national 
policy

International/interstate
policy, prioritization and 
coordination

Pesticide resistance 
of invasives

Connectivity 
of protected areas

Prioritization of
habitats with environmental
gradients in species range

Connectivity between
southern and northern
populations in range

No take marine 
zones to prevent 
harvest selection

Preadapted or diverse
propagule source for

restoration/reintroduction

Figure 2 The link between the spatial scale of evolutionary environmental management actions and the level of decision making at which they

initially should be considered is illustrated with examples from Table 1. An imagined species range is shown, consisting of three distinct regional

populations and within these a set of local populations. The species range spans regional or national administrative boundaries (stippled lines),

highlighting the need for international or interstate consideration of evolutionary management actions. The change in underlying color illustrates

an environmental selection gradient, e.g. temperature.
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warming climates than east–west corridors. Similarly, cor-

ridors connecting populations that have developed some

resistance to invasive species or emerging diseases to

naı̈ve ones may prove beneficial as the invader or disease

spreads (see Carroll 2011).

Corridors may not always be desirable, however. When

natural movement is hampered by dispersal barriers or

too slow to keep pace with environmental changes or

when corridors would also allow the threat (e.g. disease)

to spread, managed translocations provide another option

for providing artificial gene flow, although this can be

controversial. For instance, translocating individuals from

distant populations runs the risk of introducing mal-

adapted genes, which could potentially lower mean fitness

in small populations (Edmands 2007). Fortunately, if the

introduction represents a small percentage of the total

population size, then presumably the desirable genes will

spread quickly since they are favored by selection, while

the maladapted genes of the introduced individuals will

be eliminated because they are disfavored by selection.

More research is needed to determine the optimum num-

ber of introduced individuals to ensure the rapid spread

of target genes without unduly disrupting local adaptation

in the rest of the genome.

Some conservation scientists have promoted the inten-

tional transport of species beyond their current ranges, as

they fear that the low dispersal abilities of many species

and the numerous dispersal barriers in contemporary

landscapes may prevent species from naturally tracking

changing climate, which has inspired intense debate

among scientists and policy makers (McLachlan et al.

2007). Translocations of individuals within the current

range limits of species, to intentionally spread pre-

adapted genotypes in the face of environmental change,

may offer a compromise solution for some species (see

Sgró et al. 2011). Forestry science has a long history of

carefully determined seed transfer zones, based on the

spatial structure of climatic adaptation of populations

(Ying and Yanchuk 2006). Given the long lives of trees

and rapid changes in future climate, there have recently

been increasing calls for prospective seed zones, in which

seeds from warmer provenances are intentionally used for

reforestation projects to ensure that the resulting trees

will grow optimally in future climates (Wang et al. 2010).

A similar approach has been suggested for disease resis-

tance in white pines, where white pine blister rust is dev-

astating many stands, but natural resistance occurs in

some populations. Introducing seeds from these resistant

genotypes into artificial gaps in stands ahead of the dis-

ease front may jumpstart stand recovery once the disease

hits (Schoettle and Sniezko 2007).

A similar opportunity to intentionally ‘pre-adapt’ pop-

ulations exists in restoration and reintroduction efforts.

Both restoration of plant communities and reintroduc-

tions of threatened and endangered species generally

attempt to preserve or recreate past genetic conditions

(Hedrick 1995; Hufford and Mazer 2003; McKay et al.

2005). However, in a rapidly changing world, the past

genetic composition of a population may no longer be

optimal. Rather than rely purely on local seed sources for

restoration projects (a common strategy based on the

assumption of local adaptation to current conditions),

seeds may instead be chosen to reflect predicted future

conditions as well (Rice and Emery 2003; Jones and Mon-

aco 2009; Kramer and Havens 2009). This will frequently

involve using seeds from populations adapted to warmer

or drier conditions to create communities resilient to cli-

mate change (Rice and Emery 2003). Where invasive spe-

cies or emerging diseases are expected to infest the

restored community, including seeds from populations

already coexisting with the invader or disease may pro-

vide resistance as well (Leger 2008). As in the case of

genetic translocations, the best strategy will likely involve

a mix of locally sourced seeds to provide genes locally

adapted to constant aspects of the environment (like soil

type) and seeds from populations pre-adapted to the pre-

dicted future environment. Including seeds from a wide

array of genetically differentiated populations may pro-

vide additional evolutionary potential in the face of

uncertain future changes. These genetically mixed restora-

tions may require higher initial seeding rates and greater

attention in the early stages to compensate for the selec-

tive load introduced by the process of sorting the avail-

able genetic variation to produce genotypes adapted to

both local conditions and changing climate.

When supplementing populations with individuals

derived from a captive bred population, managers have

less opportunity to select pre-adapted genotypes based on

geographic location. However, when possible, captive

breeding programs designed to produce individuals for

release into the wild may benefit from biasing breeding

toward individuals with traits likely to be favored in

future conditions. For species especially threatened by

climate change, such a biased breeding program may be

preferable even if it results in a reduction in neutral

genetic diversity.

As landscapes continue to be fragmented by human

development, maintaining gene flow between populations

is often a primary goal of conservation strategies; how-

ever, there may be instances where managers will want to

reduce rates of gene flow. For instance, gene flow among

populations of invasive or pest species may lead to unde-

sirable outcomes by increasing their ability to respond to

selection. Reducing gene flow among populations of

an invasive species can slow the rate of adaptation by low-

ering the additive genetic variation within populations.

Evolutionary environmental management Lankau et al.
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It can also prevent key evolutionary innovations that

occur in one population from spreading to others. Reduc-

ing the flow of genes from the native range, by preventing

multiple introductions, may be especially important.

For instance, invasive populations of reed canary grass

(Phalaris arundinacea) in North America are more geneti-

cally diverse than native populations because multiple

introductions from different areas of Europe combined

genes from differentiated regions of Europe. This

increased genetic variation has led to greater fitness and

phenotypic plasticity in the invasive populations (Lavergne

and Molofsky 2007).

Evolutionary management and the scale of
decision making

The diverse examples of evolutionary conservation actions

given above illustrate that evolution needs to be consid-

ered not just in the later stages of the conservation effort,

but when possible, also early on in the political and plan-

ning process (Fig. 2). This is especially true for actions

that require coordination over large areas (e.g. across

administrative boundaries), such as facilitating the move-

ment of genes in response to climate change, designing

networks of protected areas that capture adaptive genetic

variation across a species range, or the preventing

unwanted harvest induced selection by establishing mar-

ine no-take zones in international waters. Other actions

such as the choice of a pre-adapted seed source for plant

community restoration or a pest control strategy that pre-

vents resistance evolution can be implemented locally

with less need for large scale coordination. Thus, all play-

ers in the conservation field, from policy makers in

national governments and strategists in international non-

governmental organizations down to land managers,

tasked with managing particular parcels of land or water

could benefit from incorporating evolutionary principles

into their decision making process.

Conclusions

In the face of unprecedented rates of environmental alter-

ations and species extinctions, conservation biologists,

managers, practitioners, and policy makers cannot afford

to ignore past, current, and future evolutionary processes.

The evolutionary response of populations to human-

induced environmental changes will be controlled by a

few basic processes, namely the past evolutionary history

of the population, the nature of selection imposed by the

change, the level of genetic variation present in popula-

tions, and finally the connections between populations on

a landscape. By understanding and targeting factors that

affect these basic processes, conservation managers and

policy makers should be able to improve the accuracy of

their predictions, avoid unpleasant and unexpected out-

comes, and even expand the available tool-kit for address-

ing pressing conservation dilemmas (Table 1). Active

manipulations of natural processes always entail some risk

of unanticipated consequences, and manipulation of evo-

lutionary processes is no exception. However, it is now

undeniable that human activity has already affected evolu-

tionary processes in many species, and thus managers and

policy makers will be ill equipped to respond to these

effects without an explicit recognition of and potentially

direct manipulation of the evolutionary processes in ques-

tion. Species are almost never threatened by single forces

acting in isolation. Thus, policies and management strate-

gies must act to promote resilience and persistence in the

face of multiple known and unknown threats. Evolution-

ary strategies may provide a powerful and efficient means

to accomplish this end, by harnessing the power of the

process that has ultimately generated the incredible diver-

sity of life we are striving the conserve.
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