
The niche of an invading species determines the range of environments in
which it is initially expected to increase when rare, versus facing extinction.
Given genetic variation, evolution by natural selection can lead to evolution
in a species’ niche. Recent theoretical studies have helped clarify when one
would expect to see niche evolution, as opposed to niche conservatism or “sta-
sis.” This chapter synthesizes insights from theoretical and simulation models
of coupled demographic and evolutionary change for species introduced into
novel environments. Propagule pressure plays a key role in invasion “outside
the niche” because the number of individuals per propagule, and the number
of attempted invasions, influences the demographic opportunity and genetic
potential for adaptive evolution. Infrequent colonization with propagules at
low initial abundance should rarely succeed in habitats outside the ancestral
niche. In spatially heterogeneous environments, after successful establishment
in one habitat, evolution can either promote or impede a species’ spread into
other habitats.  Many aspects of the basic biology and ecology of a species can
influence its likelihood of niche evolution, including mating systems and tem-
poral variation in the environment. Empirical studies of invasions potentially
provide fruitful tests of this body of theory, but crucial data are often lacking
because there are few records of failed invasions. Examples of lags in invasion
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are consistent with evolutionary adjustment to novel environments; if this is
indeed the case, the magnitude of the lag should be related to the degree of dif-
ference between the novel and ancestral environments.

Introduction

Invasions by exotic species occur when organisms are transported (typically
by human agency) from an original ancestral range, across dispersal barriers,
to new regions where populations can then become established, persist, and
potentially spread over wide areas; we refer to such species interchangeably
as exotic or invading species. Because of their enormous practical importance,
exotic species have received a large and growing amount of attention (Vitousek
et al. 1997; Crooks and Soulé 1999; Mack et al. 2000; Olden et al. 2004). Yet, as
D’Antonio et al. (2001) note, our “ability to predict establishment success and
impact of nonindigenous species remains limited.” There are, of course, many
purely ecological reasons for this apparent failure of prediction, but beyond
these, another obvious general reason why the establishment and effects of
exotic species are difficult to predict might be that these species are moving
targets, whose genetic and phenotypic properties change due to evolution in
the novel environments in which they find themselves.

There is now a growing body of work on the genetics of exotic species. Sakai
et al. (2001) and Lambrinos (2004) provide excellent overviews of empirical stud-
ies of population and evolutionary processes in exotic species, and the recent
book by Cox (2004) provides numerous examples of evolution in invasions. A
useful review of the evolutionary genetics of exotic species by Lee (2002) empha-
sizes the importance of genetic architecture for understanding the evolutionary
dimension of invasions. In this chapter, we discuss exotic species from the com-
plementary perspective of recent general theoretical studies of niche conser-
vatism and evolution. There is a rapidly growing body of literature exploring
the coevolution of demography, fitness, and species’ geographic and habitat
ranges that is broadly pertinent to exotic species (e.g., Holt and Gaines 1992; Kirk-
patrick and Barton 1997; Ronce and Kirkpatrick 2001; Antonovics et al. 2001;
Kawecki 1995, 2000, 2004; Garcia-Ramos and Rodriguez 2002; Case et al. 2005).
These studies highlight the importance of the interplay of demography, land-
scape structure, and temporal variation as both facilitators of and constraints on
adaptive evolution. We do not attempt a comprehensive literature review here,
but rather provide examples from our own work and some new results. The
models in question tend to be rather abstract compared with those required to
address concrete management or control problems. But we suggest that these
relatively simple models lead to general, qualitative insights that carry over to
more complex, realistic scenarios. Moreover, we suggest that exotic species may
provide  fertile ground for testing and refining this body of evolutionary theory.

A particularly interesting issue is how evolution influences the likelihood
of invasion in spatially heterogeneous environments. Lyford et al. (2003) note
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that most ecological theories that have been applied to invasions focus on the
processes of dispersal, establishment, and population growth in environments
that implicitly are homogeneous in space and time. Yet, in reality, invasions
typically occur on landscapes with complex spatial structures and in environ-
ments that are temporally variable and often nonstationary. Sax and Brown
(2000) observe that spatial variation can help explain why many introductions
of potentially successful invaders actually fail. As we will see, spatial and tem-
poral heterogeneity may also be profoundly important in governing the evo-
lution of exotic species.

Two factors that seem to have power for predicting the success of deliberate
introductions within a region (e.g., as in game bird releases) are the number of
individuals per attempted introduction and the number of introduction attempts
(Veltman et al. 1996; Duncan 1997; Green 1997). Levine (2000) experimentally
showed that the abundance of the initial propagule had a strong influence on
initial establishment (see also Byers and Goldwasser 2001; Brown and Peet 2003).
D’Antonio et al. (2001; see also Lonsdale 1999) highlight the importance of
propagule pressure; they suggest that the presence of a sustained source of
propagules (e.g., from garden populations) also appears to facilitate the even-
tual spread of exotics to broader landscapes. Successful invasions are often cor-
related with multiple attempts at deliberate introduction (Barrett and Husband
1990); a natural analogue of this may arise when a species becomes established
in one habitat patch, from which it can send repeated propagules into other habi-
tats in the surrounding landscape. There are, of course, purely ecological reasons
to expect propagule pressure (reflecting both the numbers of individuals intro-
duced per invasion episode and the number of repeated invasion attempts
observed over time) to matter in determining the likelihood of successful estab-
lishment. The evolutionary theories sketched below suggest complementary rea-
sons for increased invasion success with increased propagule pressure.

Before discussing this body of theory, it is useful to briefly sketch some rea-
sons why an evolutionary perspective on invasions seems almost inescapable,
and in particular, how invasions are (or should be) related to analyses of
species’ niches. We then present theoretical results having to do with how evo-
lution can influence invasion into homogeneous environments. With these
results in hand, we turn our attention to evolution by exotic species in spatially
and temporally heterogeneous landscapes.

Ecological Niches and Initial Establishment

For the purposes of this  chapter, the “niche” of a species refers simply to that
suite of environmental conditions within which populations of that species are
expected to persist deterministically, without recurrent immigration (Hutchin-
son 1978; Holt and Gaines 1992). Broadly speaking, those “conditions” can
include abiotic factors as well as resource availabilities and abundances of inter-
acting species such as competitors and predators. This use of the term “niche”
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goes back to Grinnell (1917), who invoked the concept to characterize the fac-
tors delimiting a species’ distribution. Hutchinson (1957) formalized the con-
cept in his famous “n-dimensional hypervolume,” which emphasized the mul-
tidimensional nature of organisms’ interactions with their environments. The
“fundamental niche” describes the requirements of a species for persistence
when one discounts the negative effects of predators and competitors. Maguire
(1973) later demonstrated that it could be fruitful to characterize a niche as a
response surface, where the response variable was the growth rate of a species
when it was rare. In effect, the niche is a mapping of deterministic population
dynamics onto an abstract environmental space.

The most fundamental feature of population dynamics is extinction versus
persistence, and the niche describes how this fundamental feature depends on
the environment. If the niche requirements of a species are met at a given site,
we expect that, on average, births should exceed deaths when the species is
rare, and so introductions at that site should have a chance of becoming estab-
lished, leading to populations that persist over reasonable time horizons (which
can be very long if the local carrying capacity is large and the environment is
constant). By contrast, if the site has conditions outside the niche, then births
are fewer than deaths, and extinction is certain.

Figure 10.1A schematically depicts a simple example of a species’ niche,
characterized as a response surface to two abiotic factors. We assume that the
combination of abiotic factors for which growth rate equals zero (the inner cir-
cle) circumscribes the fundamental niche of a species, both at the site of orig-
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Figure 10.1 (A) A schematic representation of an ecological niche response surface.
The inner circle demarcates the fundamental niche—a set of conditions that permit
deterministic persistence. The outer ellipse schematically separates areas of niche
space that imply gradual population decline as opposed to rapid population decline. In
the optimal environment (represented by the dot), the species has a high growth rate;
outside the fundamental niche, its numbers decline slowly (near the niche) or rapidly
(far from the niche). (B) Different sites of introduction are likely to match a species’
niche requirements to varying degrees. A and B are sites with conditions inside the
niche; C and D have conditions outside the niche.



ination and at the sites where introduction occurs (at least initially), and, for
the purpose of illustration, that the effects of the two abiotic factors shown out-
weigh those of other factors. There are, of course, many complexities in char-
acterizing niches, most of which go beyond the intended scope of this chap-
ter (Chase and Leibold 2003). For instance, in general, invasion is expected to
depend strongly on interactions with resident resources and species, and these
are likely to differ in many ways from the web of interactions within which the
species evolved (Shea and Chesson 2002). The absence of coevolved natural
enemies or competitors, for example, may permit a species to invade success-
fully into a wider range of abiotic conditions in the novel environment than in
the ancestral range.

The Evolutionary Potential of Invading Species

It is likely that the environments faced by an introduced species will differ in
many respects (often quite radically) from the environment harboring its ances-
tor. Species that leave behind their specialist natural enemies (e.g., predators,
parasitoids, pathogens) (Keane and Crawley 2002) may be able to persist over
a different set of abiotic conditions than that which characterizes their native
range. Selection will often differ for many aspects of the phenotype relevant
to coping with and utilizing the novel biotic and abiotic environment (Lewon-
tin 1965). In a review of empirical studies of rapid adaptive evolution, Reznick
and Ghalambor (2001) found that many examples involved a combination of
directional selection and at least a short-term opportunity for population
growth. They suggest that an opportunity for population growth may be a key
attribute of rapid evolution, because otherwise directional selection might lead
to population decline and even local extinction. Successful invaders, by defi-
nition, experience periods of sustained population growth, and so should be
candidates for rapid evolution. Indeed, some of the clearest examples of rapid
evolution come from introduced species (e.g., Quinn et al. 2000). One possi-
ble indication of evolution is that in many successful invasions there is a lag
phase of very slow growth, followed by an accelerated clip of advance across
space. A potential explanation for this lag is that it reflects a lag in adaptation
of the exotic species to  the novel environment (Crooks and Soulé 1999).

But it should not be automatically assumed that evolutionary dynamics are
essential components of invasion dynamics. Indeed, an intriguing dichotomy—
almost a form of schizophrenia—has arisen in the field of ecology and evolu-
tionary biology in the last few years. On one hand, as just noted, there is a
mounting body of evidence from studies of microevolution that adaptive evo-
lution is rapid, can be readily observed (well within human life spans), and
has important applied consequences for resource management, conservation,
and the control of undesirable species (Hendry and Kinnison 1999; Ashley et
al. 2003; Rice and Emery 2003; Stockwell et al. 2003). Stockwell and Ashley
(2004) suggest that in altered environments, “rapid adaptation is the norm
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rather than the exception.” Ashley et al. (2003) show that many instances of
rapid evolution come from introduced species. Rapid evolution might appear
to be the default assumption in studies of exotic species.

On the other hand, there is considerable evidence from biogeography, phy-
logenetics, and paleobiology that species’ niches can be relatively conservative.
There is a sense among many scientists that niche conservatism is ubiquitous
and poorly understood (Hansen and Houle 2004). Some examples of conser-
vatism can be found at microevolutionary time scales. Bradshaw (1991, p. 303)
reviews a number of case studies in which there appears to be no evolution,
despite ongoing selection, and remarks: “For a century we have been mesmer-
ized by the successes of evolution. It is time now that we paid equal attention
to its failures.” Merila et al. (2001) also discuss a wide range of systems in which
selection appears to be ongoing over short time scales, but stasis is observed
instead of evolutionary responses. Other instances of conservatism in species’
niches become apparent when species or clades are examined over broad sweeps
of evolutionary history: “The presence of strong constraints on alterations in the
ecological posture of species is seen in their response to long-term environmen-
tal change during the Quaternary” (Levin 2003). Many paleobiologists have com-
mented on the prevalence of conservatism in evolutionary history (Schopf 1996).
For instance, the paleobotanist Huntley (1991) argues that when climate changes,
species typically migrate (or go extinct), rather than shift their niche requirements
(see also Coope 1979). Indeed, some authors have argued that phylogenetic niche
conservatism appears to be the norm, rather than the exception, in evolution
(Peterson et al. 1999; Ackerly 2003; Peterson 2003).

A reconciliation of these two disparate perspectives may come, we suggest,
from a close consideration of the demographic context in which evolution nec-
essarily occurs. Niche conservatism is not really a species (or clade) property,
but rather a reflection of the interaction of species’ properties, environmental
contexts, and demographic responses to environmental conditions. In the next
few paragraphs, we view the problem of invasion by exotic species through
the lens of evolutionary niche theory, focusing in particular on the issue of
when evolution by natural selection is a necessary ingredient in successful inva-
sion. Conversely, we expect that in the future, exotic species could provide test-
ing grounds for assessing theories of niche conservatism and evolution. Below,
we will sketch some desiderata for such tests.

As noted above, the niche of a species strongly affects the initial likelihood
that a propagule will become established, leading to a potential  invasion. As a
simple hypothetical example (see Figure 10.1B), assume that the focal species
has the fundamental niche shown in Figure 10.1A, and that the invading propag-
ule originated in a habitat with optimal conditions like those at the dot (which
we will call the ancestral habitat), and is introduced into a variety of sites
(denoted by letters A, B, C, and D in Figure 10.1B) with varying local conditions.
Assume for the sake of simplicity that the species is at its evolutionary optimum
in its site of origination. Site A has conditions essentially similar to optimal con-
ditions in the ancestral  habitat; the species will thus face only minor differences
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in the selective environment, and should have a relatively high growth rate
when introduced here. At site B, it is expected to become established and per-
sist, although it will grow rather slowly; this implies that it may stay at low
numbers, at which it is vulnerable to extinction due to demographic stochas-
ticity and other factors, for a long time. Finally, at C and D, the species is pre-
dicted to decline to extinction, albeit at different rates. Thus, a first-order pre-
diction about establishment success comes from matching a species’ niche
requirements against environmental conditions at the site of introduction.

This basic logic underlies the entire protocol of “climate matching” as a tool
for predicting the potential success of invading species. For instance, artificial
intelligence techniques are being used to develop ecological niche models in
the native distributions of species, which then permit projections about the likely
initial success and ultimate spatial extent of invasions by those species (Peter-
son 2003). However, such predictions assume that species’ niches stay reason-
ably constant from initial establishment through the later stages of invasion.

In the region of origin, the stability of species’ range boundaries and habi-
tat distributions over evolutionary time scales is likely to reflect niche stasis.
Such stasis is assumed whenever one uses a niche model developed in a site
of origin to make predictions about establishment. For instance, Levin and Clay
(1984) describe an experimental study of the niche conditions defining the suc-
cess of introduced populations of an annual plant species, Phlox drummondii.
In natural environments, this species  inhabits sites with loose sandy loam.
Levin and Clay planted seeds in adjacent habitats with denser soil. The num-
ber of seeds produced was much less than the number planted (hence, in all
the introduced populations, r < 0, in the terms of Figure 10.1), and all the pop-
ulations ultimately went extinct. A niche model with an axis of soil density
would identify a soil density above which establishment is predicted to be pre-
vented, provided the species were to remain unchanged. The best-performing
population was the one placed in soil with properties closest to the soil of the
ancestral environment. The theoretical results discussed below suggest that
niche evolution, if it occurs at all, is most likely for that population which was
not initially all that far removed from the bounds of its niche requirements.

Sites C and D in Figure 10.1B might be called “sink habitats,” where condi-
tions are outside a species’ fundamental niche; by contrast, sites A and B are
“source habitats.” Evolution may influence a species’ persistence and invasion
potential in sites A and B, but is not necessary for invasion to occur. By contrast,
if the niche itself does not evolve, invasions into sites C and D will inevitably
fail. Thus, a basic question we can ask is when niche evolution can occur, con-
verting a sink habitat into a source habitat. The issue of whether or not suc-
cessful invasion into sink habitats is possible  is intimately related to the poten-
tial for niche evolution.

Evolution can influence the course of establishment in several distinct ways,
as shown in Figure 10.2, which plots dynamics in local population size follow-
ing establishment for sites A–D in Figure 10.1B. At site A, initial growth rates
are rapid, and (by assumption) the selective environment is similar to that of
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the ancestral habitat. Evolution should not matter greatly in initial establish-
ment (though there could be minor effects if selection leads to a modest accel-
eration of the initial rate of increase). As the population grows, density depend-
ence should begin to limit growth. If density-dependent factors operate
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Figure 10.2 Population dynamics expected for species introduced at the niche posi-
tions shown in Figure 10.1B. A simple model was used to derive these figures for illus-
trative purposes. The population change was governed by dN/dt = rN(1 – N/K ).
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differently than in the ancestral environment, evolution could also subsequently
act to alter population size. In the example shown, it is assumed that density-
dependent selection occurs, so that as the introduced population evolves, its
numbers increase. The magnitude of the change in population size depends on
the local selective environment, the nature of density-dependent feedbacks, and
the amount of genetic variation available for selection (either introduced in
the original propagule or originating via in situ mutation). Such evolution could
matter greatly in governing the transition from initial, local establishment to
widespread  invasion because propagule pressure across the landscape should
scale with local abundance. However, this kind of evolution, though interest-
ing and potentially important in invasion dynamics, may not greatly influence
the probability of initial establishment per se.

Site B also has conditions within the ancestral niche, but much nearer the niche
boundary. This implies that population growth rates should be lower, and hence
that a population introduced at low numbers  should remain at low densities for
much longer than a similar introduction at site A. The population would thus
face an enhanced extinction risk due to both ecological factors (e.g., demographic
stochasticity, Allee effects) and genetic factors (inbreeding, mutational meltdown)
(Lande 1998). Many introductions into sites with conditions just within a niche
boundary should fail. If evolution could increase the initial growth rate for such
introductions, it could reduce the time the population is exposed to elevated
extinction risks and thus increase the probability of establishment.

The initial stages of evolution following introduction will depend on the
amount of genetic variation brought in with the initial propagule (unless there
is hybridization with native species: Lee 2002), which can be viewed as a “bottle-
neck” in the original population. In general, the rate of population growth fol-
lowing a bottleneck is a crucial determinant of the amount of genetic variation
that is lost (Nei et al. 1975; Gaggiotti 2003). If the growth rate is rapid (as in site
A), little variation will be lost. But if growth rate is slow (as in site B), consid-
erable variation may be lost. Moreover, because numbers are low, inbreeding is
likely. There is some evidence that when conditions are stressful (as is likely
near the edge of the niche), inbreeding depression is more severe (Gaggiotti
2003). Saccheri et al. (1998) argue that inbreeding increased extinction risk in
small populations of a butterfly, the Glanville fritillary (Melitaea cinxia).

Another potential cause of elevated extinction risk for a species introduced
near the edge of its niche, where numbers stay low longer, is the accumulation
of slightly but unconditionally deleterious mutations (Lynch et al. 1995). Nat-
ural selection is less effective at weeding out mildly deleterious mutations in
small populations than in large populations. The genetic load of mutations
should thus be greater for populations near the edge of a species’ niche
(Kawecki et al. 1997). This is a somewhat controversial prediction (Gaggiotti
2003; Whitlock et al. 2003), but the controversy has to do with the exact mag-
nitude of the effect, rather than with its existence.

Site C has conditions just outside the ancestral niche. In the absence of evo-
lution, the introduction will surely fail. However, if evolution can increase
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the growth rate of the species sufficiently rapidly, it is possible that  the species
will, in effect, evolve “out of the niche.” If evolution can rescue a population
from extinction, it will be because there has been a change in the niche of the
population itself. The dynamics of such a “rescued” population, initially occu-
pying an environment outside its niche, should usually exhibit a U-shaped tra-
jectory (Gomulkiewicz and Holt 1995; and see below).

Site D is like site C, but considerably worse; here the population declines so
rapidly that even if appropriate genetic variation is present and evolution
occurs, it is insufficient to rescue the population from extinction. In effect, there
is a race between a demographic process, a decline in numbers driving the
introduced species to extinction, and an evolutionary process, increasing fit-
ness in the local environment. In the example shown, evolution  loses.

In both C and D, the invading propagule faces an environment much
harsher than that experienced in the ancestral  habitat. There is now a sub-
stantial theoretical literature on evolution in changing environments. Many
papers consider environments with systematic temporal trends (due to climate
change for instance), with a linear trend in a phenotypic optimum (e.g., Pease
et al. 1989; Burger and Lynch 1995; Lande and Shannon 1996). Several authors
have considered an alternative scenario in which there is an abrupt transition
between two environmental states (e.g., Gomulkiewicz and Holt 1995). The
latter models should apply equally well to analyzing the fate of a colonizing
propagule plucked from an environment where its ancestors evolved in the
face of one set of selective challenges and then placed in a novel environment
with quite different selective challenges. In the next few paragraphs, we high-
light general insights from these models, which help identify circumstances in
which one might observe invasion “outside the niche.”

Gomulkiewicz and Holt (1995; see also Holt and Gomulkiewicz 1997b)
employed a heuristic device to examine the joint effect of population dynam-
ics and evolution on population persistence in an environment experiencing
abrupt change. Conservation biologists have suggested that there is a popu-
lation size (a “critical number”) below which extinction is risked for a whole
suite of reasons (e.g., demographic stochasticity, Allee effects, and inbreeding).
If the initial state of a population has an absolute fitness of less than  1, then
without evolution, that population will certainly decline toward this critical
number and face likely extinction (as at sites C and D in Figure 10.1B; see Fig-
ure 10.2C,D for numerical examples). With evolution, provided that selection
can lead to a population with a positive growth rate, numbers will eventually
rebound. This requires that the population have sufficient genetic variation (or
can accumulate such variation rapidly) to at least persist in the novel envi-
ronment. Selection in each generation increases average fitness, provided that
the assumptions of Fisher’s fundamental theorem approximately hold (Fisher
1958; Burt 1995). But if a population starts at low numbers, and if evolution by
natural selection is slow, so that average fitness stays low for a sufficiently long
time, then the population may reach low critical numbers at which it is vul-
nerable to extinction.
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There are several qualitative messages that emerge from such models link-
ing changes in population size with evolved changes in phenotypes (Gomul-
kiewicz and Holt 1995; Holt and Gomulkiewicz 2004):

• If the initial propagule number is small, then extinction is by far the most
likely outcome of introduction into environments outside the niche. Upon
reflection, this is not very surprising. After all, small population sizes can
lead to extinction even in favorable environments, so propagules with a small
number of individuals face elevated extinction risks in any case. If numbers
tend to decline because niche requirements are not met, then even with
appropriate genetic variation, the population is not likely to be able to evolve
sufficiently rapidly to shift its niche requirements before suffering extinction.

• One effect of a large initial propagule number is to make it more likely that
a species can invade environments outside its ancestral niche, because a
greater number of individuals increases the demographic window of oppor-
tunity for selection to operate.

• Nonetheless, even for initial propagules with a large number of individu-
als, evolution is unlikely to rescue populations introduced into environ-
ments where  conditions are much outside the species’ ancestral niche
requirements. If initial fitness is very low, the population is likely to decline
rapidly and go extinct before it can adapt and grow.

• Finally, increasing genetic variability (heritability) does make evolutionary
rescue more likely, but even populations with abundant genetic variability
are not likely to persist in environments where initial propagule numbers
and/or growth rates are very low.

To go beyond these heuristic conclusions, one needs models that describe
the probability of actual extinction. Analytically describing the probability of
extinction for populations evolving in tandem with changes in abundance is
challenging. One approach we (Holt et al. 2003; Holt and Gomulkiewicz 2004)
and others (e.g., Boulding and Hay 2001) have taken is to develop individ-
ual-based simulation models in which individuals and their genotypes are
tracked and extinction probabilities calculated as a function of initial popula-
tion size, initial fitnesses (reflecting the match between the local environment
and a species’ niche requirements), and genetic parameters. Box 10.1 describes
one such model. In short, individuals are assumed to be diploid, and fitness
is assumed to depend on a single quantitative trait (e.g., body size) genetically
determined by n unlinked loci (in the examples shown, n = 10) plus an envi-
ronmental effect. Genetic variation in the source population arises from a bal-
ance between mutation introducing novel variation and selection and drift
weeding it out. Immigrants are drawn at random from the source population.
In the introduced population, mating is random, and mutation occurs after
segregation. The fitness function has a Gaussian shape, whose peak (and there-
fore the optimum phenotype) differs between the presumed source habitat of
the population and the novel habitat, so that the initial population at the time
of introduction is maladapted to the novel habitat.
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Deterministic models can illuminate the inter-

play of population and evolutionary dynamics

(see, e.g., Gomulkiewicz and Holt 1995; Holt

and Gomulkiewicz 2004; Holt et al. 2003,

2004), but a full treatment of extinction re-

quires the incorporation of stochasticity.

When populations are low in abundance, ac-

counting for individual discreteness due to

stochastic processes of mutation, birth, death,

and movement becomes important. Realistic

models accounting for these processes pres-

ent many analytic challenges.To provide in-

sight into the consequences of this stochastic-

ity, we have carried out studies using

individual-based simulations in which the fate

of each individual is tracked (e.g., Holt et al.

2003).These simulations utilize the same basic

assumptions as those of Burger and Lynch

(1995), who examined adaptation to a contin-

ually changing environment for a single mul-

tilocus character.We examined both evolu-

tion in populations established by single

colonizing episodes following abrupt environ-

mental change and adaptive evolution in spa-

tially discrete scenarios in which species suc-

cessfully invaded stable source habitats in a

heterogeneous landscape that were coupled

by migration to sink habitats.The simulations

were predicated on several key assumptions

(see Holt et al. 2003).

Genetic assumptions
1. There are n additive loci, with no domi-

nance or epistasis (each allele contributes

a fixed amount to the phenotypic value,

and an individual’s phenotype is the sum

of this quantity over n loci, plus a random

term, which has a zero-mean, unit-variance

normal distribution)

2. Mutational input maintains variation (the

“continuum-of-alleles”model, in which mu-

tational effects are drawn from a continu-

ous, normal distribution)

3. There is free recombination

4. In the model for a heterogeneous land-

scape, the initial source habitat reaches

mutation-selection-drift balance, which

then determines the immigrant pool avail-

able for colonizing the sink habitats

Life history assumptions
1. Discrete, nonoverlapping generations

2. A dioecious and hermaphroditic sexual

system

Ecological assumptions
1. A constant number of immigrants per gen-

eration (in spatial model)

2. “Ceiling”density dependence (i.e., density-

independent growth below K )

3. A constant fecundity per mated pair

4. Offspring survival probability is a Gaussian

function of phenotype

Two different mating systems assumed

1. The monogamous mating system has
monogamous mating pairs (randomly
formed from all adults), as in Burger and
Lynch (1995) and Holt et al. (2003).This
mating system has a small Allee effect
(with n individuals, if n is an odd number,
one individual remains unmated; this de-
presses average expected fecundity over
all individuals, particularly when n is small).

2. The random mating system ensures that
there is no Allee effect. In each generation,
individuals in their female capacity are se-
lected at random without replacement, up
to the carrying capacity; in other words,
below K, all individuals are chosen to be re-
productive, whereas above K, only K indi-
viduals get to mate. For mating to occur,
each individual selects a random individ-
ual (with replacement) from the entire
population to act as a male.This protocol

BOX 10.1 An Individual-Based Model for Analyzing 
Niche Evolution



The same broad conclusions emerge from this model (illustrated in Figure
10.3) as suggested by the heuristic model of Figure 10.2. Figures 10.3A and
10.3B depict a number of population trajectories for introduced propagules
drawn from similar source populations. For those populations that persist, a
clear U-shaped trajectory in numbers occurs (Fig. 10.3A). The solid lines in Fig-
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eliminates the small Allee effect that arises
in the monogamous mating system.

We have shown elsewhere (Holt et al.
2004b) that Allee effects can influence
adaptive evolution in sink habitats, so it is
useful to examine scenarios in which no
Allee effects exist, especially when compar-
ing different immigration rates (or propag-
ule sizes).With the monogamous mating
system, if there are N adults, there are at
most N/2 mating pairs, while with the ran-
dom mating system, there are N pairs
(each individual mates as a female, and, on
average, once again as a male), unless limit-
ed by the carrying capacity.Therefore, to
compare the two systems, there should be
twice as many offspring per pair with
monogamous mating to give the same av-
erage fecundity. For the simulations dis-
cussed in the text, we used four offspring
per pair for the random mating system and
eight offspring per pair for the monoga-
mous mating system.

The qualitative findings reported in the

text and figures appear to be robust to

changes in many of these assumptions. For in-

stance, changes in the number of loci have a

relatively minor effect on the probability of

adaptation (Holt and Gomulkiewicz 2004; R. D.

Holt and R. Gomulkiewicz, unpublished data).

Adults were counted in each generation

(Nt). After the census, in the spatial model,

there is immigration, followed by random

mating.The mating population is not allowed

to exceed K (the carrying capacity). Individuals

produce gametes with free recombination

among n loci. Mutation occurs on gametes,

with a stochastic mutational input per

genome (distributed randomly over all n loci).

Each mated pair produces f offspring, surviv-

ing to adulthood with probability

where z is the realized phenotype of a given

offspring, qi is the optimum phenotype in

habitat i, and w2 is inversely proportional to

the strength of stabilizing selection.This is the

life stage that experiences selection. If the av-

erage z value is sufficiently far from the opti-

mum, mean fitness is below 1, and the popu-

lation tends to decline. Individuals surviving

mortality are the adults counted at the next

census, Nt+1.

At the start of the simulation, the source

population (either in the ancestral habitat or

in a suitable habitat patch in a heterogeneous

landscape) is allowed to reach selection-mu-

tation-drift equilibrium. Immigrants then mi-

grate into a sink habitat that initially has zero

abundance.We should stress that in this indi-

vidual-based model, stochasticity plays multi-

ple roles. Mutation is stochastic. Gametic com-

binations and the genetic composition of

immigrants to the sink (in the spatial model)

have multilocus allelic combinations that vary

due to random sampling. Finally, because sur-

vival is probabilistic, there is both genetic drift

and chance variation in population size due to

demographic stochasticity.

s z i
z i, exp( ) =

− −( )
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BOX 10.1 (continued)



ure 10.3B are the trajectories of populations that go extinct, while the dashed
lines are the trajectories of the populations shown in Figure 10.3A, which have
adapted to the novel environment and are persisting. Surviving populations
typically evolve more rapidly than do those that go extinct (Figure 10.3B). Often
(though not always), evolutionary rescue is facilitated because, by chance, the
initial propagule has a mean genotype somewhat closer to the sink habitat opti-
mum (Figure 10.4). Once the population adapts sufficiently to persist, it then
shows a period of increasing adaptation and rising population size.

A demographic signature of invasion “outside the niche” is that population
numbers have a U-shaped trajectory. If the rate of initial decline is only slightly
below zero and censuses are noisy (or the environment temporally variable),
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Figure 10.3 Sample trajectories for
population size and mean genotypic
state for populations introduced into a
sink habitat, from a simulation using the
individual-based model described in Box
10.1 and the text. (A) The trajectories for
populations that adapt and persist in the
novel environment. Initially, all popula-
tions shown decline in abundance, but
these particular populations rebound as
they adapt to the environment (a U-
shaped trajectory in numbers). (B)
Trajectories for populations that go ex-
tinct (solid lines) and the initial portions
of trajectories for those that persist
(dashed lines; the same examples as
shown in part A). K = 64, mutational rate
per haplotype = 0.01, mutational variance
α2 = 0.05, strength of selection υ2 = 1,
propagule number = 64; 4 births per pair.
Random mating is assumed. The optimal
genotype in the source scales at a pheno-
typic value of zero, while the sink opti-
mum is at 2.5. Propagules are drawn at
random from the source population
(which is at a mutation-drift-selection
equilibrium); all propagules have 64 indi-
viduals in generation 1.



then numbers may be approximately constant and then begin rising rapidly.
Lags in population growth rate following introduction may be indirect indi-
cators of periods of evolution in species’ niches.

Figure 10.4 describes the initial genotypic state of propagules used in colo-
nization attempts that either failed or succeeded (as in the examples of Figure
10.3B). In these examples, the optimal character value in the site of origination
is scaled at zero, and the optimal character value in the site of introduction is
a positive value (in this example, it happens to be 2.5). On average, successful
introductions have a genetic composition that by chance is somewhat better
adapted to the local environment. This means that they enjoy a greater demo-
graphic window during which selection can increase population fitness; they
initially decline more slowly and require less evolutionary modification to
enjoy a positive expected growth rate. However, note that there is a great deal
of overlap in the distributions describing successful and failed invasions. Some
propagules that seem to be moderately preadapted to the novel environment
nonetheless fail. Conversely, some propagules that are more maladapted than
the average in the source population nonetheless succeed. These results imply
that there is a great deal of inherent unpredictability that arises whenever inva-
sion depends on evolution of traits that influence a species’ niche. Many inva-
sion biologists lament the fact that it is difficult to predict invasion success. We
suggest that if evolution is involved in the initial establishment of a species in
a novel environment, one should not be surprised to observe a substantial
degree of unpredictability in invasion success, arising from the interwoven sto-
chastic vicissitudes of demography and evolutionary shifts.

Another issue (not addressed in the figures shown) is that the likelihood
of successful invasion increases with the amount of genetic variability present
in the source population from which the colonizing propagule is drawn. Novak
and Mack (this volume) note that one can greatly inflate the genetic variation
of a propagule by using an admixture of individuals plucked from different
local populations in the ancestral range, as compared with the same number
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Figure 10.4 Relative frequencies of the mean
genotypic state of propagules drawn from the
source population (where the phenotypic opti-
mum is assumed to be zero). Each propagule
consists of 4 immigrants that were placed into a
sink habitat with a phenotypic optimum of 2.5.
On average, introductions that were successful
(dashed line) had colonizing propagules that
were somewhat closer to the new sink habitat
optimum than those that went extinct (solid
line). However, there is a broad overlap in the
distributions. Other parameters are as in Figure
10.3. The figure illustrates the inherent uncer-
tainty of colonization dependent on evolution
in a species’ niche.



of individuals drawn from a single local population. Phylogeographic stud-
ies may be able to retrospectively identify such admixtures of source popula-
tions and identify candidate cases of rapid niche evolution in the initial stages
of invasion (see Wares et al., this volume). It would be ideal to compare a num-
ber of introductions, including failures as well as successes, differing in the
number of source populations included in the original immigrant gene pool.
It may be difficult to achieve this ideal in practice, however, at least in retro-
spective analyses of accidental introductions, as generally we become aware
of only those invasions that were successful.

Figure 10.5 summarizes the results of a large number of simulations using
the individual-based model described in Box 10.1, which collectively docu-
ment how the probability of persistence (which is also the probability of adap-
tation and niche evolution) varies as a function of the degree of both mal-
adaptation and initial propagule abundance (using random mating and
monogamous mating  systems). These results broadly match the conclusions
we drew from the heuristic model of Gomulkiewicz and Holt (1995). Overall,
the more maladapted the initial propagule is in the novel environment, the less
probable it is that evolution will rescue the population from extinction. Evo-
lutionary modifications of the niche are more likely if they require only mod-
est changes in the phenotype. Moreover, if propagules have smaller initial
abundances, successful, persistent invasions into habitats outside the ances-
tral niche become less probable. When propagule numbers are small, the prob-
ability of successful invasion can be low even in environments within the niche;
in environments with conditions outside the niche, the opportunity for evo-
lutionary rescue is very short because extinction is expected to be rapid. In
addition, note that there is a greater probability of population survival with
the random mating system than with the monogamous mating  system, and
that the difference is greater for the smaller propagule size. This difference is
probably due to the Allee effect seen with monogamous  mating. The Allee
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Figure 10.5 The probability of persistence and
adaptation as a function of degree of initial mal-
adaptation to the sink habitat for two different
abundances of an initial colonizing propagule (I)
and two mating systems. Other parameters are as
in Figure 10.3, except that we assume eight births
per pair for the monogamous mating system.
Propagules with large abundance have a higher
probability than propagules with small abundance
of adapting to and thus persisting in habitats
where they are initially sufficiently maladapted
that extinction is expected in the absence of evolu-
tion. In addition, the random mating system (solid
lines) gives a higher probability of adaptation than
the monogamous mating system (dashed lines)
because the latter has a small Allee effect.



effect is quite small for a population size of 64, but, as shown in Figure 10.3, a
population with this initial size can fall to much lower levels (at which the Allee
effect will be more significant) before it adapts.

These theoretical exercises provide a partial justification for attempts to
develop predictive niche models for assessing where invading species may gain
a foothold, based on characterizations of their preexisting niches in their ances-
tral environments (e.g., Peterson 2003). If niches were completely plastic and could
evolve very rapidly, then such models would be useless for predicting establish-
ment. If propagule number is typically small, establishment is expected to be
quite difficult (per colonizing episode) outside the ancestral niche requirements.
Invasion “outside the niche” should require propagules that are larger, and should
be more likely if the invading population is not too maladapted to the novel envi-
ronment, so that its initial growth rate is not too far below replacement.

However, even if static models assuming no evolution can adequately char-
acterize initial invasion success, for reasons discussed below, they should often
prove less adequate in predicting the final spatial scope of widespread invasions.
Such “failures” could be viewed in a positive light, as potential indicators of
rapid niche evolution (e.g., as suggested for some species of New World jays:
Peterson and Holt 2003). A future task will be to carefully analyze failures in pre-
dicting invasion in the light of potential evolutionary modifications in the very
first stages of invasion.  Again, it would be desirable to characterize failed inva-
sions as well as successful  ones, but this is rarely possible (or even attempted)
for many species. In some cases, however, introductions occur quite deliberately,
as in game bird or fish stocking and biological control programs. Careful com-
parisons of successes versus failures for such systems could reveal occasional
mismatches between invasion success and predictions based on niche require-
ments evaluated in the sites of origination. Such mismatches could provide pre-
sumptive cases of rapid niche evolution during establishment.

To use an invading species as a crisp “test” of theories of niche conservatism
versus evolution requires that one have a handle on a number of things, many
of which may be absent for particular systems. Ideally, one would know (1)
the site of origin of the initial propagule, (2) the degree of genetic variability in
the initial propagule for ecologically relevant traits, (3) the number of indi-
viduals contained in the original propagule, and (4) the magnitude of the dif-
ference in niche requirements between the ancestral environment and the site
of invasion. It is plausible that such data could be gathered for systems in which
invasions are deliberate, as in biological control efforts. For accidental intro-
ductions, one must make inferences on the basis of limited information for each
of these desiderata, which makes testing theory more challenging.

Another complication is that a full characterization of the conditions for evo-
lutionary rescue via niche evolution  requires that one be able to specify the
genetic architecture of the traits that are under selection and can influence
absolute fitness. This warrants much more study, both theoretically and empir-
ically. For instance, there does not appear to be a consistent effect on heritability
of exposure to novel environments (Hoffmann and Merila 1999). We recognize
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the importance of characterizing the detailed genetic underpinnings of niche
traits (e.g., major vs. minor genes; genetic correlations and epistasis among dis-
tinct niche traits), but it goes beyond the scope of this chapter to treat this issue
beyond this bare mention.

Evolution and Rate of Spread in Homogeneous Landscapes

Given that a population becomes established, it may then begin to spread. In
a homogeneous environment, and with random movement, a general rule for
spread is that the edge of the invading species’ range will move across space
with a velocity equal to v = c(rD)1/2, where r is the intrinsic rate of increase
when a population is rare (a mean absolute fitness), D is the root-mean-squared
distance of movement (a diffusion coefficient) (Okubo and Levin 2001), and c
is a proportionality constant. According to Fisher’s fundamental theorem, mean
fitness should increase at a rate that is proportional to the variance in fitness,
or dr/dt = σ2

r (for simplicity, assuming a simple clonal model; Crow and
Kimura 1970, p. 10).

We can use these equations to make a prediction about evolution and how
it accelerates the rate of invasion: the instantaneous acceleration in invasion
due to evolution by natural selection is

dv/dt = q(r)–1/2σ2
r

where q is a proportionality constant. The acceleration in invasion is directly
proportional to variance in fitness. Moreover, the acceleration is particularly
pronounced when the initial rate of increase is low. Hence, the lag observed in
many empirical studies of invasion (which is tantamount to an acceleration
in the rate of invasion) could well reflect the fine-tuning of adaptation to novel
environments.

Anthropogenic forces can lead to directional changes in environments. The-
oretical studies by Lande and Lynch (e.g., Lynch and Lande 1993) suggest that
there are maximal rates of environmental change outside of which it is diffi-
cult for evolution to permit species persistence. This general point is as perti-
nent to invading species as to resident natives. If invasion is occurring into
environments undergoing anthropogenic change, an ability to evolve rapidly
may determine whether or not the invasion is ultimately successful.

The Evolutionary Ecology of Invasion 
into Heterogeneous Landscapes

Most invading species  enter landscapes that are spatially heterogeneous,
including some habitats with conditions within their niche and others with
conditions outside it (With 2002). The spatial configuration of these habitats
within the landscape, and how they are coupled via dispersal, potentially have
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very important influences on the eventual spread of the invading species
(Shigesado and Kawasaki 1997). Garcia-Ramos and Rodriguez (2002) recently
described a model of invasion by a species into an environment with a smooth
environmental gradient,  which incorporated population dynamics along with
adaptation to a clinally varying phenotypic optimum. Here, we discuss com-
plementary models that focus on invasion into landscapes with discrete and
distinctly different habitats.

A species that becomes established in a source habitat with conditions well
within its ancestral niche may then have the opportunity to send out a recur-
rent rain of propagules into other habitats that are initially not within its niche.
There may be many more sites available outside the niche than within it. If the
species can adapt to these sites so that it persists at one of them, it can then
spread among them all. What are the constraints on adaptive evolution in these
sink habitats, and how is adaptation there influenced by immigration from the
source habitat? It is of particular interest to compare adaptation when sinks
are mild with adaptation when they are harsh.

Theoretical studies in recent years have clarified the diverse ecological and
genetic influences of dispersal on local adaptation and niche evolution in sink
habitats (Holt and Gaines 1992; Hedrick 1995; Kawecki 1995, 2000, 2003; Holt
1996; Holt and Gomulkiewicz 1997a,b; Kirkpatrick and Barton 1997;
Gomulkiewicz et al. 1999; Case and Taper 2000; Ronce and Kirkpatrick 2001;
Tufto 2001; Kawecki and Holt 2002; Lenormand 2002; Holt et al. 2003,  2004a,b).
It is now recognized that there are four distinct mechanisms involved when
considering the evolutionary implications of dispersal and immigration in het-
erogeneous landscapes: (1) opportunities for exposure to alternative environ-
ments without risking overall extinction; (2) the provisioning of genetic vari-
ation on which natural selection can act; (3) the swamping of gene flow by
recurrent immigration; and (4) shifts in population size, which can affect selec-
tion if fitnesses are density-dependent. Here we consider each of these mech-
anisms in turn as they pertain to invasion by an exotic species.

Testing the waters

If an exotic species can persist in one site, then emigrants from that site can repeat-
edly “test” alternative sites by sending out colonizing propagules. Imagine that
emigration from the source habitat is sporadic. If p is the probability per colo-
nization bout that a given propagule will persist and adapt in a particular sink
habitat patch, then if there are n independent colonizing events, the probability
that at least one of them will be an evolutionary and ecological success is

1 – (1 – p)n

Figure 10.6 shows a theoretical example of the probability of eventual adap-
tation and invasion as a function of the initial degree of maladaptation to the
sink habitat for four different numbers of independent colonizing events (n)
for immigrants drawn from a specific established source population. The n =
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1 curve was obtained using the individual-based model to calculate the prob-
ability of adaptation and survival for a single colonizing event (giving p). The
other curves were calculated using these p values and the formula for successful
adaptation and establishment after n colonization attempts, 1 – (1 – p)n. The
basic insight of this figure is that if an exotic species establishes a foothold in
one habitat, it can then repeatedly send out propagules into other habitats, in
effect providing repeated evolutionary “trials” in the novel environment.

Some plausible empirical examples of this phenomenon are provided by
Harrison et al. (2001), who demonstrate that invasion of non-native plants into
patches of serpentine soil is greatest in small patches; these authors provide
suggestive evidence that the non-native species in these small patches show
signs of incipient local adaptation. They argue that this enhancement of local
adaptation in smaller patches reflects the greater potential rate of input of seeds
from external sources into smaller patches, which in effect are “all edge.” These
observations could also reflect the following  mechanism.

Gene flow provides adaptive genetic variation

Recurrent immigration can facilitate adaptive evolution by an invading species
to a novel environment via the infusion of novel variation. Grant et al. (2001)
describe how on the Galápagos island of Daphne Major, a population of the
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Figure 10.6 Propagule pressure facilitates per-
sistence and adaptation in sink  habitats. The
graph shows the probability of persistence and
adaptation in one or more colonizing episodes
(for n = 1 to 1000) as a function of degree of
maladaptation to the sink habitat. Other param-
eters are as in Figure 10.3, except that the
monogamous mating system was used, assum-
ing eight births per pair. The harsher the sink,
the less likely one is to see adaptation over a
long time period (1000 generations in this case).
However, for more moderate sink habitats, recur-
rent invasion attempts can permit niche evolu-
tion to occur, leading to successful establish-
ment in the initially unfavorable habitat. [At
high values of n, the curves are close to 1 unless
p is very small, which means that the initial mal-

adaptation is very severe. Since p was determined by simulating a number of popula-
tions (up to 11,000) and dividing the number that persisted by the number simulated,
there is some random variation in p, especially for small p (since in these cases very few
populations persisted). This variation in p translates into a much greater variation in 1 –
(1 – p)n for large n. This accounts for the kinks in the n = 100 and n = 1000 curves (and
to a much lesser extent in the other two curves). All result from the fact that there were
slightly more populations persisting at a maladaptation of 3.0 than at 2.9 (19 versus 17
out of 11,000), going against the decreasing trend. However, the difference in these
numbers is less than half the expected standard deviation of each.]
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large ground finch (Geospiza magnirostris) was established by a single pair of
individuals. Despite the extreme bottleneck at the time of establishment, het-
erozygosity remained roughly constant over the next 15 years, and allelic diver-
sity doubled. Grant et al. (2001) suggest that the reason genetic variation was
retained was that after its founding, the population continued to receive immi-
grants at a low rate from several other islands. This infusion of variation may
have permitted an observed evolutionary step-function shift in beak shape due
to selection. Similarly, Keller et al. (2001) described a population bottleneck in
an insular population of song sparrows (Melospiza melodia), in which they found
that genetic diversity rapidly regained pre-bottleneck levels within a few years
after the crash due to a low level of immigration (about one bird every gener-
ation or two—a level of immigration that in less intensely studied populations
would be almost impossible to detect). Gomulkiewicz et al. (1999) provide a
model of single-locus evolution that formalizes this idea. In general, in low-
density populations, immigration (which can draw on the variation maintained
in abundant populations) provides a much more potent mechanism for pro-
viding variation than does mutational input.

Gene flow can hamper selection

A familiar idea in evolutionary biology is that gene flow can swamp local selec-
tion (Antonovics 1976; Hedrick 1985). For instance, Kirkpatrick and Barton
(1999) analyzed a model of selection on a quantitative character along a cline in
a phenotypic optimum in which local fitness determines population size. Gene
flow from well-adapted, abundant populations into poorly adapted, scarce pop-
ulations impedes selection in the latter and could lead to a stable distributional
limit along an environmental gradient. This outcome is more likely if the gra-
dient in fitness is sharp, so that dispersal mixes populations with substantially
different optima.

Kirkpatrick and Barton’s (1999) model assumed that genetic variance was
fixed. If instead, genetic variance tends to increase in marginal populations
(which itself might result from gene flow, as we saw above), then it becomes
considerably harder for gene flow to prevent continued adaptation, and indeed,
gene flow, instead of permitting a stable range margin, may lead to an evolu-
tionary advance into novel terrain (Barton 2001; I. Filin, personal communica-
tion). Holt et al. (2003) explored an individual-based model of adaptive evolu-
tion in a sink habitat, with unidirectional migration from a source, comparable
to the model described in Box 10.1. We demonstrated that an increase in the
number of immigrants can increase the rate of adaptation to the sink habitat,
and argued that this increase in part reflects the greater probability of drawing
on genetic variation generated and maintained in the source habitat.

After the initial stage of adaptation to the new habitat, however, the per-
fection of local adaptation is hampered by continued migration from the source.
If the new habitat is widespread, then following adaptation to any one patch
of this habitat, the species could spread throughout an array of similar patches.
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Over time, immigration from the initial source would become quantitatively
trivial relative to the in situ production of these new populations, and gene
flow from the  source would have little or no influence on the maintenance and
continued improvement of adaptation in the new habitat. With distinct habi-
tats, stable maladaptation is also more likely if the sink habitat is relatively
small relative to the source. We might predict that gene flow is less likely to
hamper evolution in a widespread sink habitat to which the species is mildly
maladapted than in a harsh sink because the fitness differences experienced
by immigrants from the source are reduced in the former case, and more indi-
viduals are likely to be maintained there.

Immigration can alter local fitnesses  

Holt and Gomulkiewicz (1995) and Gomulkiewicz et al. (1999) explored mod-
els for a “black-hole” sink, to which there was recurrent immigration from a
source, but no backflow to the source from the sink. If we consider a single
mutant that arises in such a sink habitat, it should increase in relative frequency
if and only if it has an absolute fitness exceeding 1 (Gomulkiewicz et al. 1999).

If fitnesses are density-dependent, then changes in population size can affect
the fate of favorable mutations. Immigration typically boosts population size,
at least in simple models (e.g., Holt 1983); if there is negative density depend-
ence (e.g., due to exploitation of a resource present in limited supply), then this
increased abundance will lower average fitnesses. If there is negative density
dependence in the sink habitat, adaptive evolution occurs most rapidly at an
intermediate rate of immigration (Gomulkiewicz et al. 1999). The reason is that
if immigration is very low, little variation is drawn in each generation from the
source habitat, and so little variation is available for natural selection in the
sink. Conversely, if immigration is high, numbers are boosted and, because
of negative density dependence, fitnesses are lowered, reducing the likelihood
of spread of favorable alleles. An intermediate rate of immigration appears to
be optimal for adaptive evolution to harsh, novel environments, provided that
density dependence is important at low initial densities.

This becomes even more likely if there are Allee effects at low densities. For
instance, in very low-density sink populations, fitnesses may be further
reduced because it is difficult for individuals of different sexes to find each
other to set up mating pairs. An increase in immigration rate can boost local
population size, alleviate Allee effects, and thereby indirectly facilitate adap-
tation to the sink environment (for details, see Holt et al. 2004b).

There is a temporal signature of niche evolution in a heterogeneous land-
scape. As discussed in more detail in Holt et al. (2003), in models of adaptation
to sink habitats, given recurrent immigration from source habitats, one often
observes a punctuational pattern, in which a population stays low in numbers
and maladapted to the sink, often for long periods, and then  undergoes a rapid
increase in both adaptation and population size. This pattern could be
expressed as a substantial lag in the spread of the invasion across space. A
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retrospective study of invasion lags could identify potential cases of niche evo-
lution. If such evolution has occurred, then (1) one should be able to find  envi-
ronmental differences between the sites of original introduction and the sites
in which spread later occurred, (2) there should be genetic differences between
the original sites and the sites of later invasion, and (3) reciprocal transplants
should show evidence of local adaptation. (Predictions 2 and 3 require that the
evolution of adaptation to the novel environment not lead to significant gene
flow back into the original site of introduction; Ronce and Kirkpatrick 2001.)

In invasion biology, models of evolution in sink habitats such as that sketched
above could pertain to two distinct scenarios: evolution in a heterogeneous land-
scape, with initial establishment in a single habitat and subsequent spread to
other habitats (our focus above), or repeated inputs of propagules drawn from
the ancestral species range (we thank Jeb Byers for this observation). There is
a potentially important difference between these two scenarios. Habitats within
a heterogeneous landscape are likely to be correlated in significant ways—ways
that are absent, on average, when one instead contrasts these initially unfa-
vorable habitats with the  sites of origination. For instance, an invader might be
able to persist in a local site with disturbance, where certain native competitors
and predators are absent or their effects are reduced. However, this site is likely
to share climatic variables with a broader landscape, and also to be exposed to
various natural enemies (e.g., mobile consumers that are habitat generalists).
Once established in a disturbed site, the invader can then, in the fullness of evo-
lutionary time, adapt to these other ecological factors. This in turn may make
it more likely to invade (with niche evolution) sites in the landscape where
colonization attempts by propagules from the ancestral range will almost surely
fail. This scenario in effect permits a species to “bootstrap” its way through niche
space (Holt and Gaines 1992) by gaining an original toehold in one habitat, from
which it can spread as it evolves.

All these analyses become more complicated (and in interesting ways) if
there is “backflow” from sinks to source habitats (see, e.g., Holt 1997; Kawecki
and Holt 2002; Kawecki 2004). If adaptive trade-offs exist between habitats,
then improvement in one comes at a cost of adaptation to the other. In this case,
evolution in the habitat of initial colonization may make subsequent adapta-
tion to other habitats more difficult and even lead to a kind of evolutionary
“trapping” of a species in a limited habitat range (Ronce and Kirkpatrick 2001;
Kisdi 2002; Holt 2003).

Conclusions

Boxes 10.2 and 10.3 summarize some key conclusions that emerge from con-
sidering invasions in the context of evolutionary theories of niche conser-
vatism and evolution. We conclude this chapter with some speculations about
which species are most likely to exhibit rapid niche evolution in the course of
invasions.
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1. The contingent details of genetic varia-

tion, evolution, and demographic stochas-

ticity add considerable unpredictability to

invasion success.

2. Propagule number influences the likeli-

hood of invasion per colonizing episode

via an interplay of adaptive evolution and

demographic stochasticity. Propagules

with more individuals provide more ge-

netic variation drawn from the source, and

also provide a longer window of opportu-

nity for adaptive evolution to rescue a de-

clining population from extinction.

Consequently, predictive invasion models

based purely on ecology (assessing niche

requirements in the area of origin and ig-

noring the potential for evolution in the

novel environment) should be more accu-

rate for invading propagules containing

few individuals.

3. In spatially heterogeneous environments,

after the successful establishment of an

invader in one habitat, evolution can then

influence its spread into other habitats, ei-

ther promoting or impeding such spread.

4. Migration has multiple effects on niche

evolution:

• It provides opportunities for evolution

by sustaining local populations in sites

outside the initial niche of the species

(sink habitats).

• It increases local abundances, potential-

ly altering local fitnesses via density de-

pendence and enhancing opportuni-

ties for local mutational input.

• It introduces genetic variation from the

source population.

• It dilutes locally adapted gene pools,

hampering adaptation.

The relative importance of these effects

can change in a time-dependent manner

through the historical process of adapta-

tion to a novel environment.

5. Recurrent migration provides repeated

evolutionary trials for adaptation to a nov-

el environment.

6. If colonization is rare and involves only

propagules small in number, invasion usu-

ally occurs only within the preexisting

niche. By contrast, if colonization is fre-

quent and propagule numbers are large,

niche evolution can occur.

7. Niche evolution is more likely if the novel

environment is not too different from the

species’ fundamental niche. By contrast,

adaptation to strongly maladaptive envi-

ronments should be extremely slow.

8. Evolution along gentle environmental

gradients is more rapid than across abrupt

environmental transitions.

9. Long periods of stasis are possible before

niche evolution occurs, and often the evo-

lutionary shift is abrupt when it occurs.

10. Temporal environmental variation can in-

crease the probability that niche evolu-

tion will occur, particularly when the varia-

tion is strongly autocorrelated.

11. Most traditional models of community as-

sembly assume that species have fixed

properties. Because community assembly

consists of repeated invasion attempts by

multiple species, theories of niche conser-

vatism help characterize when purely eco-

logical approaches should suffice. In par-

ticular, standard ecological approaches

should work best when colonization

episodes are infrequent and propagules

are small in number, and  when fitness dif-

BOX 10.2 Key Insights from Evolutionary Theory



As noted above, Holt et al. (2004b) recently argued that in populations that
show Allee effects at low densities (e.g., due to the existence of distinct sexes),
immigration can facilitate adaptive evolution in sink habitats because an
increase in immigration typically increases population size. Given an Allee
effect, at low densities, an increase in abundance increases individual fitness.
This makes it more likely that alleles with small to moderate positive effects
on fitness will yield an absolute fitness greater than unity, and so can be retained
by selection. Other life history factors can also influence the probability of adap-
tation to novel environments. For instance, Kawecki (2003) recently suggested
that in species without male parental care, female dispersal is more likely than
male dispersal to lead to niche evolution. In this case, male dispersal mainly
increases gene flow from source populations without enhancing local recruit-
ment, whereas female dispersal can bolster local recruitment (with no more gene
flow than for an equivalent amount of male dispersal),  which can substantially
affect the likelihood of adaptation to the sink. Thus, if niche evolution is required
for an invading species to adapt and spread in a heterogeneous landscape, this
process may be more likely to be observed for species with female-biased dis-
persal (or at least not strongly male-biased dispersal).
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ferences between source and target com-

munities are either minor or large, and

temporally stable.

12. Adaptation to one habitat may lead to the

evolutionary “pinning”of invasions in

space if there are strong adaptive trade-

offs between the site of introduction

(which will be the principal focus of initial

adaptive evolution for an invader) and

other habitats elsewhere in a landscape or

geographic region.

BOX 10.2 (continued)

1. Few data exist to test many of the theoreti-

cal predictions for niche evolution, since

what is required is a contrast between suc-

cessful and failed invasions, and the latter

are rarely recorded.

2. If retrospective analysis shows that many

invasions stem from infrequent introduc-

tions of low-abundance propagules into

harsh environments (as assessed by the

niche properties in the ancestral range),

then that finding would cast considerable

doubt on the applicability of these 

theories.

3. If invasion lags involve adaptation to novel

habitats, then the length of lag time

should be positively correlated with the

degree of difference between the novel

and ancestral environments.

BOX 10.3 Using Invasions as Critical Tests of Niche Evolution 
Theory: A Summary



Recently we (Holt et al. 2004a) have argued that in some circumstances, auto-
correlated temporal variation in a sink (e.g., in the degree of maladaptation
experienced by immigrants) can facilitate adaptive evolution. If there are tran-
sient favorable periods during which the local population can grow, it can bet-
ter escape the inhibitory effects of gene flow, permitting its numbers to grow
even further. Temporal variation may also facilitate adaptive evolution in a
sink even if there is no recurrent gene flow. In Figure 10.7 we revisit the situ-
ation explored in Figure 10.6 (n = 1 curve), in which we examined the proba-
bility of adaptation for one-time colonizations of empty sinks. Here, we assume
that the local degree of maladaptation is described by a first-order autore-
gressive Gaussian process with a mean equal to the abscissa (which means that
the degree of maladaptation experienced will sometimes be greater and some-
times less than the average degree of maladaptation, but the net effect will be
no net change in the average degree of maladaptation experienced over time),
and an autocorrelation coefficient of ρ. In sink environments that are on aver-
age quite maladapted, strongly autocorrelated variation can substantially
enhance the probability of adaptation, and thus of invasion out of the initial
source habitat.

An explanation for this comes from Jensen’s inequality. Note that the func-
tional form describing the probability of adaptation as a function of the degree
of maladaptation in a constant environment is sigmoidal and is concave
upward for harsh sinks (viz., where the initial degree of maladaptation faced
by an immigrant propagule is large). If the autocorrelation coefficient
approaches 1, this is in effect the same as imagining that an array of patches
is available, with a fixed (Gaussian or normal) distribution among them in
degrees of maladaptation. At high degrees of maladaptation, averaging over
the functional form that describes the probability of adaptation over a given
time horizon, as a function of the degree of initial maladaptation, leads to an
expected value greater than the function evaluated at the average value. Note
that the opposite is true at low degrees of maladaptation.
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Figure 10.7 Probability of adaptation under
constant conditions and with random variation
in the degree of maladaptation to sink habitats
(compared with the source optimum), with co-
efficient of variation (cov) = 0.2 and autocorre-
lation coefficients (ρ) of 0, 0.9, and approaching
1. The solid line denotes a constant environ-
ment. Other parameters and mating system are
as in Figure 10.6. As noted in the text, this figure
describes the probability of adaptation for a
single bout of colonization. Autocorrelated vari-
ation in the degree of maladaptation facilitates
adaptation to harsh sinks and makes adapta-
tion less likely in sinks that are only slightly mal-
adaptive (see also Holt et al. 2004a).



Thus, temporal variation in highly suboptimal sink habitats can make inva-
sions more probable if there are at least some periods in which populations can
adapt, persist, and then spread. Hoffman and Hercus (2000) argue that evolu-
tionary patterns of diversification that show the greatest magnitude of adap-
tive evolution are observed in environments that are intermittently stressful.
The causal mechanisms they suggest are somewhat different from those we
suggest (e.g., they posit that stress could reduce gene flow), but the pattern
they outline matches expectations from the theory presented here. The bottom
line is that invasions into disturbed, temporally unstable environments may
be facilitated for evolutionary as well as ecological reasons.

Invading species, we suggest, provide potential systems for testing many
of these recent theoretical ideas about how demography can constrain (or, alter-
natively, at times facilitate) niche evolution. Levin (2003) has similarly sug-
gested that invading species provide potential tests for understanding eco-
logical speciation. Ecological speciation, he suggests, involves two stages: the
colonization or invasion of a new habitat, and a subsequent process of selec-
tion on adaptation that refines the genotypic and phenotypic composition of
the population to fit it better into its novel environment. Speciation can arise
as a by-product of such selection.

Another issue to which we cannot do justice here is that dispersal itself is
likely to evolve in a novel environment. In a landscape comprising a mix of
good and bad habitats, if the latter are sufficiently bad, then selection should
act on dispersal so that such habitats are avoided. Temporal variation can per-
mit the evolutionary maintenance of dispersal, even into sink habitats. Evo-
lutionary branching can occur so that a polymorphism in dispersal arises, with
low-dispersal individuals concentrated in the habitat that initially has the
higher carrying capacity and high-dispersal individuals concentrated in the
lower-quality habitat (McPeek and Holt 1992; Mathias et al. 2001). This sets up
an interesting situation in which, if a mutant arises that improves fitness in the
lower-quality habitat, the population is preadapted to spread quickly over a
much larger landscape.

Finally, our discussion has focused closely on evolutionary dynamics within
invading species. More broadly, it is important for these microevolutionary
processes to be embedded in a community context. Stable range limits often
involve interactions with other species, including coevolutionary dynamics
(Case et al. 2005). Success and failure in invasions may frequently reflect dif-
ferences in the biotic environment experienced by invaders from that in their
ancestral communities. A species that enjoys an escape from specialist natu-
ral enemies in a novel environment may be able to tolerate abiotic conditions
from which it is excluded in their presence. If the species can persist, it can then
adapt to suites of environmental factors that were originally outside its evo-
lutionary repertoire.

In conclusion, almost all the processes studied by evolutionary biologists—
the evolution of local adaptation versus generalized phenotypes, the evolu-
tion of dispersal, even mutational pressures—are potentially relevant to under-
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standing the capacity of exotic species to persist in and invade novel envi-
ronments. We have argued that a particularly pertinent area of evolutionary
theory is that concerned with the evolution of the niche itself, because this
abstract character describes the range of environments in which a species can
persist, and thus defines the potential domain into which an exotic species
can expand. An important and largely unaddressed challenge is utilizing the
myriad opportunities provided by exotic species for empirically testing the
emerging theory of niche conservatism and evolution. The theoretical mod-
els we have surveyed provide some expectations regarding invasion dynam-
ics. For instance, climate-matching and other descriptive niche models (e.g.,
Peterson 2003) should be most successful at predicting invasion success when
overall propagule pressure is low. Invasion associated with evolutionary tran-
sitions may be particularly likely in heterogeneous landscapes, where a species
may in effect encounter gentle gradients in conditions relative to the ances-
tral environment to which it is already adapted. Finally, if it turns out that
ancestral niche requirements describe not only the circumstances in which an
invading species is initially established, but also the eventual range  it occu-
pies, then it is likely that there are strong constraints (e.g., due to absence of
suitable genetic variation) on the evolution of that species’ niche. To address
these hypotheses, we suggest that broad qualitative surveys of factors corre-
lated with successes and failures of attempted invasions may reveal patterns
consistent with niche evolution being involved in invasions. Beyond this, more
refined tests of the theory would require quantitatively rigorous population
models that describe in detail spatial variation in demography, genetic vari-
ation in niche traits, and how the selective environment differs between ances-
tral locales and the sites of invasion.

An increasing number of empirical examples demonstrate that evolution
frequently is associated with invasions (e.g., Thomas et al. 2001; Sexton et al.
2003; Blair and Wolfe 2004; Cox 2004; Maron et al. 2004; Muller-Scharer et al.
2004). It is an open question how often the evolution of species’ niches is
directly responsible for invasion success in any of these examples. It is our hope
that the perspective we have presented in this chapter will foster further empir-
ical studies of this important question.
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