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Summary

 

1. Natural and human mediated perturbations present challenges to the fate of
populations but fuel contemporary evolution (evolution over humanly observable
time-scales). Here we ask if  such evolution is sufficient to make the difference between
population extinction and persistence.
2. To answer this question requires a shift from the usual focus on trait evolution to
the emergent ‘eco-evolutionary’ dynamics that arise through interactions of evolution,
its fitness consequences and population abundance.
3. By combining theory, models and insights from empirical studies of contemporary
evolution, we provide an assessment of three contexts: persistence of populations 

 

in
situ

 

, persistence of colonising populations, and persistence under gene flow and in
metapopulations.
4. Contemporary evolution can likely rescue some, but not all, populations facing
environmental change. Populations may fail partly because of the demographic cost of
selection.
5. Contemporary evolution that initiates positive population growth, such as selective
founding processes, may create a ‘persistence vortex’ that overcomes the problems of
small populations.
6. Complex, even shifting, relationships between gene flow and adaptation may aid the
persistence of subpopulations as well as the persistence and expansion of metapopulations.
7. An eco-evolutionary perspective suggests that we expand our focus beyond the
acute problems of  threatened populations and growing invasions, to consider how
contemporary evolutionary mechanics contribute to such problems in the first place or
affect their resolution.
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Introduction

 

Extinction has long been recognised as an import-
ant process in evolution (Darwin & Wallace 1858;
Simpson 1944; Gould 1989). Most extinctions are seen
as failures of species to respond adaptively to rapidly – in
some instances catastrophically – changing environ-
ments. Adaptive evolution clearly failed to preserve
the many species that disappeared during both mass
extinction events and the more or less continuous
localised ‘background extinctions’ (

 

sensu

 

 Jablonski
1986) that together have produced the history of life.
The greater impact of mass extinction during the

Phanerozoic relative to background extinction has
even led some to suggest that adaptive evolution plays
relatively little role in explaining many patterns of
biotic diversity (Flessa & Jablonski 1985; Gould 1989).
Whereas it is true that evolution has clearly not
rescued all species or populations from extinction,
explorations of extinction probabilities based on the
limitations of selection and response stand in stark
contrast to a growing literature demonstrating that
surprising amounts of adaptive evolution occurs in the
wild and laboratory within a human life span (reviewed
by Hendry & Kinnison 1999; Bone & Farres 2001;
Hairston 

 

et al

 

. 2005). Indeed, empirical evidence and
theory show that rates of such contemporary evolution
can be much faster than those averaged over paleonto-
logical scales (e.g. Gingerich 1983; Reznick 

 

et al

 

. 1997;
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Kinnison & Hendry 2001). How then can we reconcile
the great potential for contemporary evolution with
the fact of extinction?

This is of course not a question of purely academic
interest. Within the past century, humans have greatly
accelerated environmental change though pollution,
habitat disturbance and community alterations including
range expansion by exotic species (Myers & Knoll
2001). Dire predictions of accelerated extinction rates
include the demise of over a third of the species in some
regions within a century (Pimm & Raven 2000;
Thomas 

 

et al

 

. 2004; Malcolm 

 

et al

 

. 2006) and the
prospect of another mass extinction with rates well
above historical background levels (Wilson 1993;
Eldredge 1998). A number of investigators have sug-
gested that human disturbances represent exceptionally
strong sources of selection and evolutionary change
(Kettlewell 1973; Thompson 1998; Palumbi 2001;
Stockwell 

 

et al

 

. 2003). But is evolution in contemporary
time (i.e. one to a few hundred generations) sufficient to
make the difference between extinction and persistence,
or is it merely another symptom of human influences
on the future of biodiversity (Myers & Knoll 2001)?

For the purposes of this perspective we focus on
cases where persistence represents a demographic
race between exogenous factors impairing population
growth and evolutionary contributions to population
vital rates and fitness. We are more concerned here
with the population dynamic (ecological) consequences
of contemporary evolution, and the ecological contexts
that limit such evolution, than with the nuances of trait
change itself. We refer to this perspective as ‘eco-
evolutionary’ in recognition of the ‘eco-evolutionary
feedback loop’ (

 

sensu

 

 Ferrière, Dieckmann & Couvet
2004) at its core.

We begin with a basic theoretical background on
population regulation as a context for our discussion
of the links between contemporary evolution, fitness,
population growth and persistence. We then consider
three contexts wherein evolutionary mechanics may
influence extinction risk: the persistence of indigenous
populations 

 

in situ

 

, the persistence of  colonising
populations and persistence in metapopulations. We
conclude with ideas on how an eco-evolutionary
perspective might influence the way we approach the
current biodiversity crisis.

 

Theoretical and historic framework

 

    
  

 

N

 

While population ‘regulation’ 

 

vs

 

 ‘limitation’, and the
role of density dependence was heavily debated in the
last century (Berryman, Arce & Hawkins 2002), it is
nevertheless broadly recognised that some form of
feedback often controls population abundance, even if
some taxa appear less stringently regulated (Hanski
1990). For simplicity we frame our arguments here

largely in terms of density-dependent regulation,
although many of our arguments are likely relevant to
other mechanisms of limitation.

The logistic growth model is one of the simplest
expressions of density-dependent regulation in a closed
population:

where 

 

N

 

 is the population size, 

 

r

 

max

 

 is the maximum
intrinsic growth rate under prevailing environmental
conditions, but in the absence of any density-dependent
effects, and 

 

K

 

 is the carrying capacity. Despite
shortcomings (Gotelli 2001), this cornerstone of
ecology suffices as a simple heuristic to capture two
critical elements of persistence. First, any factor that
reduces the density-independent component, 

 

r

 

max

 

, below
replacement (

 

r

 

max

 

 

 

<

 

 0) can cause population decline
(negative 

 

dN/dt

 

). For example, a change in local
climate may cause lower survival to maturity or
reproductive failure. At the same time, any factor that
restricts the availability of density-limiting resources
(i.e. reduces 

 

K

 

 below current 

 

N

 

) will also likely cause a
decline.

What the basic logistic growth model does not
capture is how population demise may be aided by
other factors that arise at small population size,
including demographic stochasticity, Allee effects and
genetic health problems, including inbreeding, loss
of genetic variation, genetic drift and mutational
meltdown (Lande 1988; Lynch, Conery & Burger
1995; Courchamp, Clutton-Brock & Grenfell 1999). In
combination, these small-population risks may give
rise to an ‘extinction vortex’ (Gilpin & Soulé 1986)
involving further population declines and still greater
extinction risk. The generality of  threats from
mutational meltdown and drift in the wild remains
equivocal, but empirical evidence of inbreeding depression
has grown in recent years (Spielman, Brook & Frankham
2004; Frankham 2005; Saccheri & Hanski 2006).

 



 

’

 

     


 

Theory linking adaptive evolution to population eco-
logy extends back to the very roots of modern evo-
lutionary biology (Darwin & Wallace 1858), but was
particularly well captured by R.A. Fisher. In Fisher’s
(1930) fundamental theorem of natural selection, con-
tributions to population fitness and potential growth
rates made by natural selection are offset by deterio-
ration of  the environment that prevents net fitness
and population growth from increasing much beyond
replacement over the long-term. Fisher viewed these
deteriorating effects broadly, even including density
dependence and reductions in fitness arising as emer-
gent properties of changes in genotype distributions.
The balance of these positive and negative contribu-
tions to fitness causes populations to grow or decline

dN
dt

r N
N
K

    max= −






1
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(Fisher 1930). Although natural selection is often assumed
to enhance population persistence, it can result in long-
term environmental deterioration so great that extinc-
tion results (e.g. Darwinian extinction: Webb 2003).
Likewise, natural selection does not always maximise
population 

 

r

 

max

 

. At densities near to 

 

K

 

, genotypes with
greater competitive ability may have higher fitness
resulting in reduced 

 

r

 

max

 

 (Desharnais & Constantino
1983).

Historically, cases where contemporary evolution
has been proposed to drive short-term dynamics of
wild populations have been treated with scepticism
(e.g. Chitty 1952, assessed by Boonstra & Boag 1987).
Adaptive evolution appears to have been downplayed
as a factor in the ecological dynamics of populations
on three grounds. 

 

First

 

 is the perception that evolution
does not occur on time-scales compatible with
most ecological processes (e.g. Slobodkin 1961; Pianka
2000). 

 

Second

 

, fitness gains made by populations,
though altering 

 

r

 

max

 

, might not appreciably influence

 

K

 

, the population density under strong regulation (e.g.
‘soft selection’ 

 

sensu

 

 Wallace 1975). 

 

Third

 

 has been a
strong focus on the minimum viable size of popula-
tions facing demographic and genetic health problems,
where resurrection of population size and maintenance
of  genetic variation are considered essential to
recovery (Franklin 1980; Gilpin & Soulé 1986; Lande
1988).

A strict distinction between ecological and evolu-
tionary time must now be regarded as artificial. As
noted previously, many empirical studies have now
shown that evolution is measurable even over short
periods of ‘ecological time’. Originally, cases of such
evolution were considered exceptionally ‘rapid’ given
the ponderous rates of evolution seen in the paleonto-
logical record. However, quantitative analysis of
evolutionary rates suggests that the apparent sloth of
long-term evolution often reflects temporal averaging
of reversals and stasis (Gingerich 1993; Reznick 

 

et al

 

.
1997; Kinnison & Hendry 2001; Hairston 

 

et al

 

. 2005).
By interpolating over wide expanses of time we take a
phenotypic shortcut across the much more circuitous
evolutionary path navigated by most populations.

Concerns that density regulation trumps evolu-
tionary contributions to population demography are
also likely overstated. Theoretical work starting in the
1970s re-emphasised the ecological perspective of
Fisher’s theorem (e.g. Hairston, Tinkle & Wilbur 1970;
León & Charlesworth 1978; Frank & Slatkin 1992)
and showed that the theorem does not preclude
evolution from influencing population density. Per-
haps most relevant for our discussion of contemporary
time-scales, many populations stressed by environ-
mental changes may be well away from any equilibria
where density regulation or Fisher’s other deteriorating
processes might precisely offset fitness gains to growth
and persistence (Holt 1990). Hence, evolutionary
contributions to dynamics may not be so restricted in
some of the populations for which they matter most.

Finally, while genetic-health and demographic
restrictions of small population size are likely real, it is
also true that new populations (e.g. invaders) regularly
escape these same problems, so these problems are
not universal. Furthermore, demographic and genetic
concerns for the fate of the most depleted populations
should not preclude us from considering what role
contemporary evolution plays in promoting or
averting such a fate.

Through the 1990s a broad set of ‘adaptive dynamics’
models were developed around interests in eco-
evolutionary feedback processes (reviewed by Waxman
& Gavrilets 2005). A major subset of these models still
isolated evolutionary from ecological time-scales (but
not all – e.g. Gomulkiewicz & Holt 1995; Abrams
& Matsuda 1997). Though such adaptive dynamics
approaches are relevant to conservation concerns (see
Dieckmann & Ferrière 2004), we focus more on the
role of fully concurrent eco-evolutionary dynamics in
the current biodiversity crisis.

 

Persistence of populations 

 

in situ

 

Directional pressures, such as climate change, pollution,
habitat degradation, community shifts and over-
harvesting top many lists of  risks to population
persistence. However, there is accumulating evidence
that a diversity of animals from mosquitoes to squirrels
are evolving new seasonal phenologies in response
to climate change (Bradshaw & Holzapfel 2006).
Tolerance to heavy metals has evolved in plants
growing on mine wastes (Antonovics, Bradshaw &
Turner 1971). Zooplankton have evolved greater
ability to feed and grow in the presence of nutritionally
poor cyanobacteria promoted by phosphorus eutro-
phication (Hairston 

 

et al

 

. 2001). Snakes in Australia
have evolved mechanisms to cope with the toxins of
invasive cane toads (Phillips & Shine 2004). Fishing
and wild-plant harvesting have caused evolution-
ary shifts towards smaller size at age or earlier age
at maturity (Olsen 

 

et al

 

. 2004; Law & Salick 2005).
Though we cannot assert that in each case evolution
has secured the persistence of these populations, the
scope for populations to respond to environmental
pressures presumed to threaten their persistence is
clear. What then determines how and when a population
will be rescued by contemporary evolution?

 

   

 

Gomulkiewicz & Holt (1995) introduced a simple
model of the conditions under which natural selection
might prevent extinction in a population faced with an
abrupt shift in its selective environment (Fig. 1). They
asked whether a population can evolve sufficiently
positive 

 

r

 

max

 

 at population sizes well below 

 

K

 

, before
facing extinction due to demographic chance or other
problems of  small population size. They did not
consider any density-dependent effects (i.e. 

 

dN/dt

 

 

 

=

 

 

 

r

 

max

 

N

 

)
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other than a lower critical population size below which
the risk of extinction is greatly increased. Populations
that enter the high risk zone have the ability to evolve
back out if, by chance, they persist long enough. This
simple model introduces what might be considered
a paradox of evolutionary rescue; stronger selection
gives rise to faster evolution, but also imposes a greater
demographic cost and risk of extinction.

The basis of this dilemma is fairly intuitive. Further
the population’s mean trait value is from the hypothet-
ical optimum, the greater the fitness cost in survival and
reproduction (i.e. genetic load 

 

sensu

 

 Haldane 1957).
This effect is compounded by the fact that heritabilities
less than unity, pleiotropy and epistasis can all slow
approach to the new evolutionary optimum. Smaller
populations facing similar selection are of course more
likely to enter the zone of extinction risk and spend
more time in that zone before re-emerging (Fig. 1).
Less intuitively, the Gomulkiewicz & Holt (1995)
model suggests that evolution does little to delay the
time it takes for maladapted populations to enter the
extinction risk zone. Likewise, it suggests that even
populations destined for extinction may undergo
considerable adaptive evolution in the interim. Indeed,
some authors have suggested that contemporary
evolution might be used as an early warning of
impending population collapse (Olsen 

 

et al

 

. 2004).
Some limitations of the Gomulkiewicz & Holt

(1995) heuristic are that many shifts in selective
environments are probably not abrupt and extinction
risk is probably not a threshold function of population

size. Shifts in selective environments that emerge over
the course of generations, like climate change or shifts
in community structure, would not impose the same
severity of demographic costs as those that occur
abruptly and would thus increase the opportunity for
evolutionary rescue (Pease, Lande & Bull 1989; Burger
& Lynch 1995; but see Both 

 

et al

 

. 2006). Similarly,
demographic extinction risk is probably better repre-
sented by more continuous probability functions. More
recent individual-based quantitative genetic models with
stochastic dynamics (e.g. Boulding & Hay 2001; Holt
& Gomulkiewicz 2004) suggest that evolution’s most
important role may be in quickly rescuing populations
after they collapse under environmental change.

Limitations aside, one common message emerges
from all eco-evolutionary models of this sort: contem-
porary evolutionary processes lie both at the heart of
the problem of population persistence and its potential
solution. In the remainder of this section we discuss
how scope for an evolutionary solution likely depends
on the nature of pressures contributing to endangerment.

 

    

 

r

 

max

 

  

 

K

 

Because the original Gomulkiewicz & Holt (1995)
model is density-independent it deals only with exo-
genous factors influencing 

 

r

 

max

 

. These factors can cause

 

dN/dt

 

 to become negative, dropping population sizes
very low. Should hard selection and evolution of
broader tolerances result in an increase in 

 

r

 

max

 

, through
density-independent aspect of survival or reproduction,
there is opportunity for the organism to grow rapidly
back towards density-limiting conditions. The catalogue
of contemporary evolution is filled with examples that
address such adaptive problems, often with clear
ties to population dynamics, such as the evolution of
resistance (Tabashnick 1994; Hairston 

 

et al

 

. 2001),
evolution of tolerance to pollution (Antonovics 

 

et al

 

.
1971) and evolution of reduced predation risk (Kettlewell
1973; O’Steen, Cullum & Bennett 2002).

Population declines associated with reductions in
carrying capacity, 

 

K

 

 (e.g. loss of feeding or breeding
resources), cause populations to experience regulation
at smaller sizes through density-dependent influences
on birth or death rates. Soft selection (density and
frequency-dependent) at or near 

 

K

 

 will generally favour
genotypes that are better competitors. Such selection is
central to the evolution of life-histories (Roff 2002) but
may make modest immediate contributions to population
growth when density is strongly regulated (Holt 1990).
This is not to say that evolution will not mitigate
limitations posed by density dependence. Adaptations
that lead to more efficient use of current resources or
exploit new resources could increase 

 

K

 

. Evolutionary
shifts to tolerate new habitats and hosts are well known
in contemporary time (e.g. Antonovics 

 

et al

 

. 1971; Carroll,
Klassen & Dingle 1998). However, these cases generally
involve novel availability of an alternate habitat or host
within the range of a healthy population of the exploiter.

Fig. 1. Population abundance (N) and extinction risk in the
presence or absence of  evolution. Following the conven-
tions of Gomulkiewicz & Holt (1995), growth is density-
independent and NC represents a threshold abundance below
which the odds of  extinction are high. Dashed portions
of curves represent time at greatest risk of extinction for
populations faced with an abrupt shift in their selective
environment (a–c) or for newly colonising populations (d, e):
(a) population declines to extinction in the absence of
evolution or when evolution fails to accomplish replacement;
(b) evolution is insufficient to prevent the population from
entering the extinction risk zone, but allows it to grow out of
that zone if  it persists; (c) evolution allows the population to
avoid the extinction risk zone; (d) a colonising population
with positive growth spends more time in the extinction risk
zone under little or no evolution than when (e) evolution
accelerates growth.
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It is unclear whether depleted populations are likely to
shift to resources they have previously failed to exploit
or evolve greater efficiency when they likely faced
comparable selection for efficiency at higher 

 

K

 

.
Finally, populations do not have to be in decline for

contemporary evolution to influence persistence.
Evolution at or near 

 

K

 

, particularly if  it affects 

 

r

 

max

 

,
may influence population persistence without substan-
tially affecting current population size. For example,
environmental tolerances could evolve in contemporary
time without appreciably decreasing the size of a density-
regulated population, and subsequently contribute to
faster recovery following disturbance. Also, evolution
of interspecific competitive ability might not result
in significant declines of dominant species, such as those
that win under resource-based competition (Tilman
1982), but may still contribute to competitive superiority
in future interactions. At the same time, classic 

 

r–K

 

trade-offs may favour traits such as late maturity or
few-large offspring (Reznick 

 

et al

 

. 1997) that reduce

 

r

 

max

 

 and increase extinction risks if  population sizes fall
(i.e. ‘evolutionary degradation’; Dieckmann & Ferrière
2004).

 

    

 

Of course selection in many systems is not directional,
but fluctuates (cycles, stochastic, etc.). In the case of
climate change models (e.g. Kharin & Zwiers 2000) the
variance of conditions like precipitation or temperature
may change much more dramatically than their means.
Shifts and excursions might cause some populations
to perpetually chase (evolutionarily) alternate extremes
while fettered by their genetic variation and gene flow.
Such populations would face a demographic cost if
evolution during one environmental phase resulted in
maladaption and reduced favourable genetic variation
with respect to the next. Models suggest that stochastic
environments can dramatically increase the risk of
extinction for evolving populations and that persistence
depends on genetic variation or high fecundity (Bürger
& Krall 2004).

Galapagos finches (

 

Geospiza fortis

 

), a hallmark
of contemporary evolution, experienced severe demo-
graphic losses (from 642 to 85 individuals) during a
period of drought (P.R. Grant & B.R. Grant 2002). It
is interesting to hypothesise that these finches may
have suffered further declines had the drought not
ended when it did (Boulding & Hay 2001), and that
evolution during the drought phase may have introduced
a genetic load that slowed recovery when wetter
conditions returned. An analysis of  13 years of
Galapagos finch data from P.R. Grant & B.R. Grant
(2002) shows that an adaptation lag of this kind
explains a substantial fraction of the variation in bird
demography (Hairston 

 

et al

 

. 2005).
Another study system provides a very different

perspective into the role of evolution in persistence
under fluctuating selection. Yoshida 

 

et al

 

. (2003) found

that characteristics of predator–prey cycles in laboratory
rotifer-algal microcosms depended critically upon whether
or not the algal population was genetically diverse and
able to evolve in response to varying rotifer abundance
and nutrient limitation. Models showed that as genetic
diversity in the prey increased, the parameter space lead-
ing to stable co-existence increased, and the maximum
amplitude of oscillations, where they occurred, was reduced
(Johnson & Agrawal 2003). At least for this system, the
ability of prey to evolve may decrease the likelihood of
stochastic extinction at the bottom of an oscillation.

 

Persistence of colonising populations

 

Reviews of the published literature show that introduc-
tions and invasions account for an especially large
proportion of  documented cases of  contemporary
evolution (Kinnison & Hendry 2001; Reznick &
Ghalambor 2001; Lambrinos 2004). However, when it
comes to the role of evolution in the persistence of
those populations a clear dilemma emerges. According
to the theory discussed above, population size can
provide a demographic buffer important to the
persistence of populations, especially those maladapted
to a local environment. New populations, however,
rarely have the large size that might limit inbreeding,
Allee effects and the demographic costs of  strong
selection. As such, contemporary evolutionary processes
likely to play a pervasive role in the quick demise of
many would-be populations. Estimates indicate that
failed invasions likely outnumber successes by several-
fold (Lodge 1993; Mack 

 

et al

 

. 2000).
A simple solution to this demographic dilemma is to

presume that successful colonisations represent the
fraction of cases where colonists are already well suited
to new habitats. In a recent review of  cases of  con-
temporary evolution, Reznick & Ghalambor (2001)
concluded that contemporary evolution may itself
be fostered by an initial opportunity for population
growth that offsets demographic costs. Pre-existing
habitat suitability, and resulting growth might thus be
viewed to obviate much of  the added contributions of
evolution in speeding populations to a safe size. We
now consider theoretical and empirical reasons to sus-
pect that this is not necessarily the case (see also Holt,
Barfield & Gomulkiewicz 2005 for review of models).

 

 

 

What is the basis for positive fitness and growth among
the founders of new populations? One possibility is
that growth does indeed arise through fortuitous
habitat matching. However, it might also be that initial
positive growth is in some cases a product of contem-
porary evolution. Whereas founder effects are usually
treated as random processes in models of colonisation,
Quinn, Kinnison & Unwin (2001) suggested instead
that adaptive evolution may arise due to selective
processes that positively bias the features of founders.
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The authors illustrate such ‘favoured-founder’ effects
with populations of salmon (

 

Oncorhynchus

 

 spp.) that
have adapted to migrate under poor-growth conditions
to natal reproductive habitats in tributaries at increasing
distances upstream. Because of the rigors of migration
(e.g. Kinnison 

 

et al

 

. 2001) it is very likely that the
individuals that manage to found populations further
up river systems are an extreme subset of their source
population with attributes such as greater migratory
efficiency or greater energy acquisition prior to migration.
A similar process may have shaped the features of
founding plants during Quaternary range expansions
(Davis & Shaw 2001).

To the extent that the features of founders are heritable
and suited to their new habitat, this founding bias may
represent adaptive evolution otherwise missed were we
to only consider phenotypic changes after founding. More
critically, these founding processes may represent adap-
tive evolution that can launch the initial positive growth
of new populations. This founding bias would be easy to
incorporate in most evolutionary colonisation models,
but its generality needs to be better assessed in the field.

 

- 

 

It is also possible that contemporary evolution may
boost early population growth after founding (Fig. 1).
New populations will generally be far from 

 

K

 

, where
evolutionary contributions to population growth are
not fully offset by density dependence or other aspects
of  environmental deterioration. Estimates of  the
equilibrium increase in mean fitness due to natural
selection each generation are around 1%–10% (though
potentially as high as 30%; Burt 1995) and larger gains
might be expected under the non-equilibrium conditions
of a selective perturbation. Such fitness evolution could
increase 

 

r

 

max

 

 in multiple generations as populations
approach their new adaptive optima, resulting in super-
exponential growth and a reduced period of risk from
small population size (Holt 

 

et al

 

. 2005). Consider the
time required for a new population with an initial pos-
itive growth rate of 0·05 per generation to undergo
logistic growth from a colonising population of 10
individuals to a safe size of 500 individuals (with

 

K

 

 

 

=

 

 1000). Without evolution of 

 

r

 

max

 

 this population
would take approximately 92 generations to pass the
demographically safe size. However, if  fitness and
growth rates increase by a conservative amount of just
10% of the initial value (0·005) in each of the next 10
generations, with no appreciable gains thereafter,
the population would pass the safe size in nearly half
the time (49 generations). Should the population
subsequently face a chance setback it may rebound
even faster than before. Naturally, such evolutionary
acceleration of population growth would be most
important where initial rates are close to replacement
(Fisher 1930; Holt 

 

et al

 

. 2005).
Evidence for evolutionary contributions to fitness in

invading populations is found in research on Chinook

salmon (

 

O. tshawytscha

 

) populations that invaded
New Zealand in the early 1900s. After 26 generations,
populations invading different streams show heritable
differences in life-history, developmental and mor-
phological traits (Quinn 

 

et al

 

. 2001). Perhaps more
importantly, translocation experiments show that local
adaptation accounts for more than a doubling of
lifetime vital rates of  survival and egg production
relative to non-local genotypes (Kinnison 

 

et al

 

. 2008).
These vital rate differences are consistent with sub-
stantial fitness evolution in contemporary time.
Kinnison 

 

et al

 

. (2008) suggest that such evolution may
contribute to invasiveness of exotic species through
effects on initial population growth, abundance of
particular life stages, rebound from control measures,
ecological effects on other species or ability to invade
other similar habitats.

 

     
 

 

Theoretically, evolution’s role in the persistence of new
populations might be hampered at small population
sizes where random drift and other problems threaten
to overpower gains from natural selection. However,
while it is not possible to assay failed colonisations, the
evidence to date from successful introductions and
invasions suggests that trait evolution is more com-
monly consistent with adaptive evolution than drift
(but see Eckert, Manicacci & Barrett 1996). A number
of  studies of  introduced or invading populations
established from limited numbers of founders have
provided evidence of trait evolution consistent with
adaptive expectations and known trait–habitat associ-
ations (e.g. Reznick 

 

et al

 

. 1997; Hendry 

 

et al

 

. 2000;
Kinnison 

 

et al

 

. 2001). In a more formal analysis,
Koskinen, Haugen & Primmer (2002) showed that
serially introduced populations of European grayling
(

 

Thymallus thymallus

 

), originating from small numbers
of  founders, and with persistently small effective
population sizes, show greater structuring in life-
history traits (

 

Q

 

ST

 

) than at neutral loci (

 

F

 

ST) consistent
with strong diversifying selection.

This is not to say that drift, or other problems like
Allee effects and inbreeding, do not arise at small
population sizes, and where they do they may act as
fitness deteriorating factors and increase population
risks (Amos & Balmford 2001; Holt et al. 2005;
Saccheri & Hanski 2006). However, it is interesting
to note that many invasions are typified by an initial
lag phase of little apparent growth, followed by a very
rapid increase and spread (Crooks & Soulé 1999; Mack
et al. 2000). These exotic populations somehow avoid
threats to extinction usually considered significant in
small populations. Moreover, the ability of invaders to
escape the lag phase may be testimony to evolution’s
ability to overcome purported limitations of small size
(Crooks & Soulé 1999; Mack et al. 2000). In this
scenario contemporary evolution may be more of a
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limiting factor on population size than vice versa,
giving rise to the abrupt demographic and adaptive
transition captured in the multilocus individual based
models by Holt & Gomulkiewicz (2004).

Converse to the ‘extinction vortex’ of  declining
populations identified by Gilpin & Soulé (1986),
contemporary evolution may promote a ‘persistence
vortex’. In this case adaptive evolution gives rise to
positive fitness and larger population size. Extinction
risks and impediments to further adaptive evolution,
like drift and inbreeding, are concurrently reduced.

Gene flow, metapopulations and persistence

Up to now we have considered evolutionary contributions
to persistence in isolated populations. In metapopulations,
subpopulations (demes) are linked through patterns of
dispersal and gene flow. As such, declines or extinctions
in some subpopulations (sinks) are demographically
offset by immigration from others (sources) and genetic
variation can move throughout complex landscapes
aiding or impeding adaptation (e.g. Hanski 1999). In
this section we consider some of the eco-evolutionary
consequences of  migration and gene flow for the
persistence of demes and entire metapopulations in
space and time.

The most common perspective on gene flow concerns
its potential homogenising and constraining roles (e.g.
Slatkin 1987; Kirkpatrick & Barton 1997; Lenormand
2002). Such constraints have been developed as tactics
for fighting contemporary evolution of resistance in
agricultural pests subject to strong selection from
chemical control (e.g. untreated refuge demes or seed
mixtures; Mallet & Porter 1992). However, consideration
of these constraints needs to be balanced by recognition
that gene flow may be less constraining, or even
facilitating to evolution (e.g. Ehrlich & Raven 1969;
Gomulkiewicz, Holt & Barfield 1999; Tufto 2001;
Stockwell et al. 2003; Hendry 2004). Given that the
expected constraints of gene flow should be familiar to
most readers, we will focus on the latter perspective
and its relevance to persistence (see also Garant, Forde
& Hendry 2007).

      

A number of examples of contemporary evolution
provide support for surprising amounts of divergence
in the face immigration (e.g. Hendry et al. 2000;
Kinnison et al. 2001). Similarly, many populations
experiencing high rates of  anthropogenically medi-
ated immigration (e.g. fish stocking) show surprisingly
little introgression over time (e.g. Fleming & Petersson
2001; De Meester et al. 2002). Conversely, empirical
evidence for a purely homogenising role of  gene flow
in the contemporary evolution of  wild populations
is surprisingly rare, and usually represents just one
ad hoc alternative for limited divergence (e.g. Stearns
& Sage 1980). Why then might immigrants often

have such limited negative effects on the fitness of
populations?

Certainly, theory suggests gene flow in excess of
selection is generally needed to appreciably prevent
divergence (Haldane 1930; Tufto 2001), but part of the
solution may also involve processes shaping the pool
of ‘effective’ migrants. The effectiveness of immigration
in constraining adaptation depends on both the rate
of gene flow and the heritable phenotypes of effective
migrants relative to the adaptive optima in the
population they enter (also demography – see below).
On-going selection on migrants (Hendry, Day &
Taylor 2001) and habitat monopolisation (De Meester
et al. 2002) can restrict both the number and nature of
effective migrants. Furthermore, studies on great tits
(Parus major) and Glanville butterflies (Melitaea
cinxia) show that the immigrant pool may not always
be a random subset of source populations (Garant
et al. 2005; Hanski & Saccheri 2006). Such biased
migration could impose less of  a genetic load, or
even contribute advantageous variation to the local
phenotype distribution.

Indeed, over contemporary time gene flow has the
potential to be a much more potent source of adaptive
genetic variation than mutation (Gomulkiewicz et al.
1999). For example, there is a not insignificant chance
that immigrants to nascent or environmentally
perturbed populations will come from sources with
genotypes closer to the new local optimum than current
residents (or even on the opposite extreme), promoting
adaptation and increasing odds of persistence (Holt
et al. 2005). This could be particularly important in
populations facing climate change, where immigrants
from southern populations convey adaptive genes into
northern populations during a range shift (Pease et al.
1989; Davis & Shaw 2001).

Many introductions and invasions appear to have
benefited from repeated influxes of immigrants, often
from diverse sources (Mack et al. 2000; Kolbe et al.
2004; Lambrinos 2004). These successes argue for the
value of gene flow in enhancing local genetic variation
that ultimately might introduce an adaptive solution
and population growth (Holt et al. 2005; Novak &
Mack 2005). Interestingly, the same benefits may
accrue to plants or diapausing invertebrates, wherein
seed or egg banks, in essence temporal metapopula-
tions, regularly contribute critical genetic variation in
the face of environmental fluctuation (Hairston 1996;
Ellner et al. 1999). Models and reviews (e.g. Gomulk-
iewicz et al. 1999; Garant et al. this volume) have both
emphasised that intermediate levels of gene flow have
a potentially important facilitating role in adaptive
evolution.

Finally, demography plays an often underappreciated
role in adjusting the relative influences of gene flow
(Holt & Gomulkiewicz 1997; Tufto 2001; Hendry
2004). If through immigration, recombination, favoured
founders, selection or luck, genotypes with positive
absolute fitness arise in a small sink population, the
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population may grow by a few individuals. For a given
number of immigrants this small amount of growth
can entail a sizeable reduction in migration rate and
any constraining effects of gene flow just because
migration rates are an inverse function of  local
abundance (i.e. immigrants/total population) (Holt
& Gomulkiewicz 1997; Tufto 2001; Hendry 2004). As
population size approaches K, density- and frequency-
dependent selection can further decrease immigrant
fitness (Stockwell et al. 2003; Hendry 2004). In this
fashion an otherwise sink can become relatively iso-
lated and adapted in under 30 generations (Hendry
2004). Indeed, some cases of contemporary evolution
show evidence of incipient isolation in the face of per-
sistent immigration (Hendry et al. 2000; Kinnison
et al. 2008).

This shifting dynamic may provide a ready solution
to the problems of small population size. The favourable
effects of immigration that counteract inbreeding
depression, drift and Allee effects are greatest in
nascent or depleted populations (see examples in
Lambrinos 2004 and Holt et al. 2005), while any
adaptive costs of gene flow are reduced as populations
grow past those risks. Artificial attempts to rehabilitate
threatened populations would likely do well to mimic
this shifting dynamic (Hedrick 1995; Tufto 2001;
Stockwell et al. 2003).

  

To the extent that the productivity, dispersal and
recolonisation of  component demes are determined
by traits tied to fitness, contemporary evolution should
have scope to influence the net growth or decline of
a metapopulation, as defined by the generational
contributions of all demes weighted in proportion to
their mean absolute fitness (Saccheri & Hanski 2006).
Any metapopulation declines that do occur may be
hastened by a vortex of  problems associated with
fragmentation, including reduced opportunities for
rescue effects (both demographic and genetic) and
recolonisation, as well as increased odds that adaptive
trait variation will be lost through chance deme
extinction (Whitlock & Barton 1997; Hanski 1999).
Conversely, contemporary evolution resulting in demes
with positive mean fitness may give rise to a dispersal
pool that can provide genetic and demographic resources
to increase the growth of other demes and the overall
metapopulation.

García-Ramos & Rodríguez (2002) provided evolu-
tionary demographic models for the case of species
invasions across smoothly heterogeneous landscapes
in which adaptation contributes to local density and
hence dispersal. Trait heritability, the steepness of
environmental gradients and patterns of dispersal limit
rates of a wave of invasion. The influence of dispersal
on the speed of expansion was highly nonlinear: at low
rates it improved the speed of expansion, but past a
certain point increases in dispersal slowed expansions.

Results of models for more patchy landscapes provide
generally similar results, though strong adaptive
trade-offs among habitat patches in such landscapes
can slow range expansion (Holt 2003). In general this
evolutionary demographic model results in slower
spread of an invasion than in purely ecological models,
but such an evolutionary delay may often be inescapable
for range expansion.

We hasten to note that contemporary evolution’s
contributions are not limited to metapopulations in
immediate decline or expansion. On-going adaptive
evolution must often be important in self-sustaining
metapopulations where it culls the migrational loads
that would otherwise accrue in subpopulations in a
heterogeneous landscape. This process can limit the
conversion of sources to sinks that contribute less
directly to persistence (Ronce & Kirkpatrick 2001).

Empirical studies on the role of  contemporary
evolution in maintaining metapopulations are difficult
for many reasons, but interesting leads have emerged.
Hanski & Saccheri (2006) have shown that butterfly
genotypes favouring high dispersal are quick to colonise
smaller patches in metapopulations, whereas less
dispersive genotypes dominate in larger patches that
have already persisted a few years and where such
genotypes have much higher lifetime reproductive
success. In this system, contemporary evolution, in the
form of biased dispersal and subsequent selection for
alternate genotypes, can contribute to two different
elements of  persistence: ability to colonise vacant
habitats and demic productivity. In another example,
experimental metapopulations of bacteria and their
associated phages subjected to fragmentation or
connectivity show that gene flow can contribute to
greater mean adaptation of the phage metapopulation
(Morgan, Gandon & Buckling 2005), which might be
presumed to aid persistence in the face of competing
host resistance.

Conclusions

The literature is now replete with examples of contem-
porary evolution in the laboratory and in the wild,
amply demonstrating both the pervasiveness and
scope for evolution in contemporary time. As is often
the case, theory has marched well in advance of empirical
studies to suggest that associated eco-evolutionary
dynamics likely lie at the root of population success or
failure. At this point it seems far more prudent that
ecologists begin to assess more fully whether and how
eco-evolutionary dynamics influence the systems they
study than to assume that contemporary evolution is
insignificant.

This message is particularly relevant to conservation
biology. Demographic stochasticity (including Allee
effects), drift, loss of genetic variation, inbreeding and
mutational meltdown are all seen as challenges in the
conservation of small populations (Lande 1988; Amos
& Balmford 2001; Spielman et al. 2004; Saccheri &
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Hanski 2006). However, even these acute problems are
likely often the final symptoms of earlier inabilities of
populations to keep eco-evolutionary pace with severe
anthropogenic challenges. Conversely, the successes of
some pests, diseases, introductions and invasions
represents the opposite problem, wherein initially small
populations become too well adapted to their new
environments while growing to costly abundance.
Resurrection of small populations facing unsustainable
selection, and suppression of nuisance species adaptively
entrenched in their landscape, are tough battles, many
of which we may never win (Gilpin & Soulé 1986;
Mack et al. 2000; Stockwell et al. 2003). Clearly,
prevention is more desirable, but even this is likely only
possible if  we consider seriously the eco-evolutionary
dynamics that set conservation threats in motion.

With this in mind, we close with the following
observations and suggestions:

1. The notion that evolutionary processes are vanish-
ingly slow, and that contemporary evolution is
exceptional, does not match current scientific
knowledge and is counterproductive.

2. It is essential to recognise that conservation
problems are likely eco-evolutionary in nature, not
just ecological, demographic or genetic.

3. Contemporary evolution will not, however, rescue
all populations or enable all invasions. Theory
shows there are limits, and refinement of  those
limits should be a priority for conservation biology.

4. There is great need for studies that quantify the
fitness, demographic and broader ecological
consequences of contemporary evolution, not just
trait change, in order to test current eco-evolutionary
models.
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