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Abstract. The tapestry of the history of life reveals striking exaegbf both niche con-
servatism, and rapid niche evolution, where "niche" is usdte Grinnellian sense as that
set of conditions, resources, etc. which permit populatmia species to persistin a local-
ity without recurrent immigration. Recent years have séendevelopment of a rich body
of theoretical studies aimed at understanding when onetmsigbect niche conservatism
vs. evolution in spatially and temporally heterogeneousrenments. This literature has
illuminated the role of many factors, such as genetic agchitre, density dependence, and
asymmetries in dispersal, in determining the likelihoodhizhe conservatism. However,
most studies have assumed very simple spatial scenarisasia single source popula-
tion (with conditions within a species’ niche) supplyingrmgrants into a sink population
(where conditions are outside the niche). In this contitlytafter summarizing key in-
sights from this prior literature, we will present the résubf theoretical studies which
examine how the spatial structure of the landscape can matediile direction and pattern
of niche evolution.

10.1 Introduction

The term “niche” refers to the range of conditions, resosireand indeed all biotic
and abiotic factors — that permit populations of a specigetsist (deterministically)
in a given habitat withoutimmigration. In effect, the nidk@ mapping of population
dynamics onto an abstract environment space (e.g., with ekeemperature, pH,
food availability, predator density, etc.; Hutchinson 898 aguire 1973, Holt and
Gaines 1992), emphasizing in particular the limits outsilehich a species faces
extinction. Formally, if environmental conditions in a giv habitat are such that
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192 METAPOPULATION AND EVOLUTION OF SPECIES’ NICHES

the low-density intrinsic rate of growth (instantaneous per capita birth rate — per
capita death rate) is negative, then conditions by defimgi®@ outside the niche, and
introductions of the species should fail. By contrast,ddtrctions into a habitat with

r > 0 should tend to increase. So the niche of a species in effetitigas the world
into areas where it can persist, and areas where it facextgti. (For a species with
discrete generations, sources and sinks can be definedria tétthe average fitness
at low density, with unity being the threshold.)

To a first approximation, the geographical distribution afp&cies should be deter-
mined by its niche (Pulliam 2000), as should its habitatritistion at a more local,
landscape scale. Understanding niches is of great prhictipartance, for instance
in predicting how changes in climate might lead to shiftsistribution, and changes
in land use can lead to altered patterns of abundance onsciapel. But all such pre-
dictions — and the scientific literature is replete with themest on the assumption
that species’ niches remain unchanged, even as the womgiebaSuch evolutionary
conservatism, or the lack of change in the niche in a hetexemes world, is called
“niche conservatisrh

The literature of evolutionary biology contains many ex#&msphat suggest niche
conservatism, from short to long time scales (Bradshaw 198é&ns and Graham
2005). There are also many instances of rapid niche evaolusiach as the evolution
of antibiotic resistance in microbes, and the evolutionadétance to heavy metal
toxins. Understanding the factors that lead to niche cwasism, on the one hand,
and rapid niche evolution, on the other, has been the focosrdfiderable theoretical
attention and an increasing amount of empirical study (#8686, Kawecki 2008).
There are two circumstances in which one might look for niefielution, or try
to understand what leads to niche conservatism. First, patiadly closed popula-
tion (e.g., on an oceanic island), a temporal change in the@mment can force a
species to experience conditions outside its niche. Adtiarely, in a spatially open
population existing in a heterogeneous landscape, dalpean take individuals out
of habitats within the niche — source habitats — and place tihéo habitats outside
the niche. This is a likely scenario at the edge of a specigje, for instance. Given
genetic variation, evolution can potentially occur in botftumstances, so that sink
populations can be transformed into source populatiorterddatively, even though
genetic variation is present, sinks may remain sinks, acldenconservatism will be
observed. The goal of theory is to provide insights into ¢tmas under which each
of these outcomes will occur.

Prior theory has largely focused on very simple landscapas\prised either of
species with random dispersal distributed over smoothignéglor a single source
patch coupled by dispersal to a single sink patch. In thigpaype take steps towards
examining niche evolution in more complex landscapes. VE¢ faview highlights
(including previously unpublished results) from studiémadels of niche evolution
for sources and sinks coupled by dispersal, and then use thvesotivate models for
evolution in metapopulations comprised of two kinds of patlinked by dispersal.

We consider two limiting cases of a metapopulation. In btith,models track pres-
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ence and absence of a species. The first is a “mainland-fstmetdario of asym-
metrical colonization. A species is established on a mathlavhere it is adapted to
one habitat type. The mainland population provides cotsroato islands made of
the second habitat type, where the colonists are initialahapted, and sufficiently
so that the islands are sink habitats. In the absence of tewojisuccessful colo-
nization is impossible. The question is how island area astice influence col-
onization and extinction rates, taking into account theaf of selection and gene
flow on adaptive colonization outside the niche. The seconilihg case is that of
classic metapopulation theory, which assumes we can igherdetails of spatial
arrangements of the patches, and focus instead on the aggrates of colonization
determined by average occupancy across the entire larelscap

10.2 Models for adaptive colonization into sink habitats

Theoreticians often assume that rates of dispersal are fiiaxceineters (e.g., a con-
stant diffusion parameter). In reality, dispersal rates ofien be highly variable.
For instance, physical transport processes (e.g., the)wiaa fluctuate greatly in
strength, and source populations for dispersal propagoietispersal vectors) may
vary greatly in density. Boreal forest bird species suchias piskins and crossbills
may be absent from the southern United States for many ye@ig¢hen experience a
large pulse of movement southward after failure of theidfeopply. The bottom line
is that dispersal onto distant islands or habitat patched¥eaepisodic, so that there
is a substantial time lag between successive coloniziegngtis. This assumption is
implicit in classic island biogeography theory and much @tapopulation theory.
We start with an island biogeographic perspective, whishiaes that species persist
and are at evolutionary equilibrium on a mainland, but caemnto islands where
persistence is enhanced by adaptive evolution to conditionthe islands. We then
will move to a heterogeneous metapopulation, where codioiz in effect is among
islands in an archipelago or patches in a landscape.

We consider first a single episode of attempted colonizaidito an island, where
the colonists find themselves “outside the niche,” hencdirdag in numbers. The

fate of this population depends on the outcome of a race leetdiemography and
evolution. Without genetic variation, extinction is in@ble. If genetic variation is
presentin the dispersal propagule, or generimisdu via mutation, natural selection
may increase the growth rate sufficiently to make it posititbe novel environment.
However, before this can occur, the population might reaghlevels at which it

risks extinction. Fig. 10.1 schematically shows the expaqiattern of population
growth.

A quantitative genetics model for adaptation to a sink hetbit

Gomulkiewicz and Holt (1995) (see also Holt and Gomulkieni®97) provided a
first step towards examining this process. They assumechtkiatgle quantitative
trait is undergoing selection. At each time step, the pdmradeclines (or grows)
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Figure 10.1 Population dynamics for introduction into &diabitat. Left panel: Without evo-
lution, extinction is ensured. Right panel: With evolutitine population may persist. However,
if a population starts at low densities, and/or adapts sloivimight spend time at very low
densities, where it risks extinction. Adapted from Gome\kicz and Holt (1995).

multiplicatively. The rate of growth itself changes ovenéd, due to a single quanti-
tative trait that is under selection in the novel environtng&hey assumed that evo-
lution fits the standard assumptions of quantitative geadfalconer 1989). The
model is deterministic in both its demography and genetechgeuristically address
extinction, they assumed that there is a critical popufasiae, N, below which a
population is quickly vulnerable to extinction (e.g., doeAllee effects, or because
of demographic stochasticity). Here we describe the assangof the model and
some conclusions, and refer the reader to the original pdpederivations.

The basic scenario is depicted in Fig. 10.2. There is a siplggmotypic traitz. On
the mainland, stabilizing selection occurs, and geneti@tian is maintained at a
constant level (presumably by mutation, though this is iaifpInot explicit). The
colonizing propagule thus should have a distribution (amsiito be normal, which
is typical for a quantitative trait) around the optimum oe thainlandd,. P is the
phenotypic variance of this distribution, which includemrgenetic sources of vari-
ation among individuals, such as developmental noise, #saw/beritable variation.
On the island, there is also potentially stabilizing setecbn the trait, but around
a new optimum (scaled to 0O in the figure; fitness is given by #hdd line). The
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Figure 10.2 Evolution of Gaussian charactén a population with discrete generations. The
solid line is the initial phenotypic distribution, the dashline is the fitness function, and the
dotted line is the phenotypic distribution after a periocgwblution. The initial fitness is low,
so the population size will decline initially, but could mind once evolution has occurred,
if the population avoids extinction after the initial dewi Adapted from Gomulkiewicz and
Holt (1995).

fitness of an individual with phenotypein the sink is given by a Gaussian function
W (2) = Winax exp[—22/2uw], (10.1)

whereWy,ax is the fitness an individual enjoys when it has the optimahplype on
the island, and is an inverse measure of the strength of selection. Whisrhigh,
a small deviation of an individual’'s phenotype from the logatimum is not very
costly; when small, selection severely acts against swutikiduals. The initial mean
trait value of a group of colonists introduced onto the idlésx,, which means they
are initially maladapted; the largerdg, the lower is their initial fitness. Directional
selection acts on the colonists, pushing their mean phpiwtglue in the direction
of the local optimum, and so reducing their degree of malad@m (measured by
z). The rate at which this happens is determined by the chatsdteritability, h2
(which we assume fixed; this is one of many assumptions relaxthe individual-
based models discussed below).
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Because the average trait value of individuals in the calogipropagule is well dis-
placed from the island optimum, the initial fitness of theoriters is assumed to be
well below one (the criterion for a sink with discrete gerignas), and so the popu-
lation initially declines towards extinction. Propaguthat potentially could persist
after a period of adaptation may nonetheless initially idecto much that they risk
extinction. Gomulkiewicz and Holt (1995) developed a disertime, deterministic
guantitative genetic model for a population initially daaig, but adapting to a sink
environment, which based on the above assumptions led tmlibe/ing equations
for coupled demographic and evolutionary change:

Nt+1 = V_VtNt,

dt+1 = kdtv (10 2)

- . —d?
Wt :WeXp m .

Here,
W = WaxVw/(P +w) (10.3)

is the population growth rate when the mean phenotype habtedahe local opti-
mum; this is less than the maximal possible growth rate ksexaueflects an average
over the distribution of trait values, and this distributiat evolutionary equilibrium
includes individuals with suboptimal phenotypes. The cdvolution is determined
by the quantity
w4+ (1—-h?)P
P+w
which can be viewed as a measure of evolutionary inertietitdbility is very low,
k is near unity, so the character changes very slowly;id large, selection is weak,
and again evolution is slow.

k= , (10.4)

This pair of coupled difference equations can be solvedased form, leading to

—d3(1 — k")
2P +w)(1—k2) |

One can then calculate a number of quantities, such as thieication of initial con-
ditions and parameter values that lead an introduced ptipuik® experience times
when its abundance is beloW,, and for those populations that do dip below this
value, how long they will stay there. If a population is sfgbnmaladapted to start
with, its numbers will plummet, and even though it has theagierpotential to persist
in the new environment, the model suggests it is highlyjikelgo extinct first. Pop-
ulations that evolve slowly (high) are also likely to go extinct, as are populations
which are initially low in numbers (even if they are evolvirapidly). In effect, this
exercise provides qualitative insight into the likelihazfchdaptive colonization, as a
function of the degree of maladaptation in the novel envitent, and the number of
immigrants, among other ecological and genetic factors.

Ny = NoWtexp (10.5)
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Stochastic models

The above paragraph used the word “likely,” which is styicpeaking inaccurate.
The model is deterministic and treats as a continuous variable, and so numbers
will not actually reach zero. Ergo, no extinction. A rigosanalysis of extinction
(i.e., N = 0) requires one to grapple with the fact that organisms arerelis, and
births and deaths are probabilistic. This is a large andexgihg problem. Holt and
Gomulkiewicz (1997) used a branching process approachamigre this problem,
assuming genetic variation at a single haploid geneticdothey developed a proba-
bility generating function, and found that the qualitatbaaclusions drawn from the
deterministic model are upheld. Recently, Orr and Unck{2e87) have developed
stochastic models that also include novel mutations, aached similar conclusions.
But for stochastic models to be analytically tractableythave to simplify many of
the complex phenomena that occur in declining populatidftsen a population is
declining towards extinction, while simultaneously evoty, many stochastic pro-
cesses are at play at the same time. Genetic variation @aelbe changing due to
selection, and as numbers get small the vicissitudes of deaphic stochasticity
loom large. Gene frequencies and genetic variation changea drift, and when
multiple genetic loci are considered (as is appropriatejfa@ntitative traits such as
body size and thermal tolerance), linkage disequilibriuan shift stochastically. If
populations decline slowly, mutational input can providggnificant source of ge-
netic variation.

To develop an understanding of coupled evolutionary andodgaphic dynamics
when all these processes are occurring at once, in prevaperp we have reported
the results of simulation studies based on individual-8&sedels in which we track
each individual and its genotype in source and sink enviemts(e.g., Holt et al.
2005). These models include all the above sources of sticivasiability. Here we
just briefly sketch the assumptions of the models, and ptesienv results, that help
motivate the metapopulation model presented below.

The basic life-history framework of these models is showRigm 10.3. Individuals
move synchronously through a series of life history sta@etection occurs on a
trait that influences juvenile survival, and density depere is imposed as a ceiling
number of breeding adul{g(). In our genetic assumptions, we follow those used by
Burger and Lynch (1995) in exploring evolution in a constaphanging environ-
ment. There are loci that contribute additively to a single quantitativaitrz, with
free recombination. In the source, mutational input manstaariation (according
to a continuum-of-alleles model), with a Gaussian distidouof mutational effects,
and an environmental noise term (a zero-mean, unit-vagi@sssian random vari-
able). Therefore, heritability emerges as an output of tbdeh rather than being a
fixed quantity [as in the above model (10.1)-(10.4)]. Mutatcan also occur (and
at the same rate) in the sink. Juvenile survival is a Gaudsiaction of an indi-
vidual's phenotypéz), with different habitats having different phenotypes atakh
survival reaches its maximum (so an individual adapted ¢osthurce generally has
low survival in the sink). We allow the source population éach an evolutionary
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equilibrium, with an emergent heritability of the trait mtting the balance between
mutation, selection, and drift, and then we pluck a propagdladults at random
and place them as immigrants in the sink habitat. After dtiiga large number of
times, and across a wide range of parameter values, pagterergie that characterize
when one might observe colonization outside the niche.

Persistence in the sink requires adaptation, and becalggzation is occurring out-
side the niche, and adaptation is not instantaneous, @altioin attempts can readily
fail. Fig. 10.4 shows examples of time-series of populasiae against time. In these
examples, 64 individuals are introduced into the sink. Sattempted colonizations
(the solid lines) fail, but others succeed (dashed lind®r an initial period of de-
cline. Even though all colonizing propagules are drawn fthensame type of source
population, there is considerable heterogeneity amongesstul replicate coloniz-
ing episodes (see Discussion).

With such simulations in hand, we can quantify adaptivewiaiation as a function of
the degree of initial maladaptation and the number of calsrin the initial propag-
ule. The maladaptation is the difference between the plpmooptima of source
and sink, a larger value indicating a lower expected fithés®orce individuals in-
troduced into the sink. Fig. 10.5 shows two patterns, emipimasthe relationship
between adaptive colonization and on one hand the harslfdss sink environ-
ment, and on the other the number of individuals in the calogi propagule. In
Fig. 10.5a (adapted from Holt et al. 2005), we depict the pbiliy of adaptive col-
onization as a function of the degree of maladaptation éxpeed in the sink by
immigrants drawn from the source, for three different ppga sizes (numbers of
introduced individuals). In the figure the top axis trarstamaladaptation (the bot-
tom horizontal axis) into fitness. Even in favorable envinemts inside the niche,
where fitness exceeds unity at low densities, demographahasticity can doom
small propagules, but large propagules should be able ablest with a probability
near one. However, in unfavorable environments, wheresfitieinitially less than
unity, in the absence of genetic variation extinction isugad regardless of initial
population size. Given that genetic variation is presestifathe examples of Fig.
10.4), adaptive colonization becomes possible. The hathleesink environment,
however, the less likely this will occur. Basically, theseaifootrace between demog-
raphy (pushing a population towards extinction), and evmfuby natural selection
(increasing fitness). When initial fithess is low, and prapagize is small to modest,
demography will overwhelm evolution, and colonizationlvail.

The larger the number of individuals, the greater the chari@daptive coloniza-
tion. Fig. 10.5b shows that the likelihood of persistencer@thousand generations
(which essentially always requires adaptation to the simkrenment) has a sig-
moidal dependence upon the logarithm of the number of iddidis introduced into
the sink. Recent experiments using yeast introduced inp@raxental sink habi-
tats (created by increasing the salt concentration of théiuneto be outside the
initial niche of the species) by Andy Gonzalez and Grahanh &d1cGill Univer-
sity (pers. comm.) have demonstrated a sigmoidal deperddmpopulation survival
on the logarithm of initial numbers in a sink, consistenthatihe prediction of this
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Individual-based Model
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Figure 10.3 Schematic diagram of the life cycle in each laabitthe individual-based model,
indicating the sources of stochasticity included. Noté tihigration from the source to the sink

occurs before density regulation, and immigrants and eesichave equal chances entering the
mating pool.
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Figure 10.4 Sample trajectories for adult population sikg@bpulations introduced into a sink
habitat. Initially, all populations decline in abundanseme going extinct (solid), but some
rebounding (dashed)X = 64, mutational rate per haplotype = 0.01, mutational variance
a? = 0.05, strength of selectiow? = 1, propagule size = 64; 4 births per pair. The difference
between source and sink phenotypic optima is 2.5.

individual-based model. A variety of different assumps@bout the genetic archi-
tecture underlying trait variation can also generate toiationship between initial
population size and persistence (R. Gomulkiewicz, persingg. A function that
gives a good phenomenological fit to the output of these iddal-based simula-
tions is a logistic function of IV, andd:

Ng

N§ + o' exp{a’do} (106)

Prob(adaptive colonization| Ny, dy) =

whereaq, o/, anda” are all positive constants.

Of course, if there are repeated attempts at colonizat®loya as there is a non-zero
probability of adaptive colonization, eventually adajatatto the sink will occur. If
the probability of adaptive colonization per colonizingubds p, the probability of
successful colonization aftercolonization attempts i5 — (1 — p)™. In a mild sink,
where initial fitness is not much below unity,is not far below one, and adaptive
colonization is likely over reasonably short time-horigoBut in a severe sink, where
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Figure 10.5 The probability of persistence and adaptatisna function of (a)(top panel)
degree of initial maladaptation in the sink habitat, foethdifferent sizes of initial colonizing
propagule, and (b)(bottom panel), initial population si@¢her parameters as in Figure 10.4,
except panel (b) has a fecundity of 2 rather than 4.
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p is very low, there can be a very long lag before successfulmizdtion occurs.
Niche conservatism thus may not be absolute, but refleci-ggadibrial, long-term
transients.

10.3 Anisland-mainland model with infrequent adaptive cobnization

The bottom line is that in a metapopulation, in colonizingptynhabitats outside
the niche, higher propagule numbers, or an increase in dygiéncy of colonizing

attempts, should facilitate adaptive colonization. Thisild lead to both distance
and area effects on the rates of adaptive colonization. Tineber of colonization

attempts into an island per unit time should decline withréasing distance from a
source. The number of viable individuals in a colonizinggargule could also decline
with distance (e.g., due to mortality in transit). The numiifgoropagules landing on
an island might increase with island size. Productive sesjror sources large in
area, are more likely to be the progenitors of adaptive dnédion into sink habitats,

simply because more colonization attempts should emeoge $uch sources.

We can modify the familiar equilibrial model of island biaggraphy (MacArthur and
Wilson 1967) to include adaptive colonization as followsltHand Gomulkiewicz
1997). Each island can be in one of three states: empty, thg@@onized and mal-
adapted, and adapted. The fraction of islands in each satespectively?, P,,,
andP,. A simple dynamical model describing transitions amongéhsates is:

dP,,
— = cm(1 = Po = Pr) = EPyy — e P,
(10.7)
P _ pp, — eoP,.
dt

wherec,, is the rate of colonizatior,,, is the rate of extinction of maladapted popu-
lations,e, is the rate of extinction of adapted populations, &hi$ the rate at which
maladapted populations become adapted. (The sum of the fitaretions is 1, so
Py=1-P,—-P,)

At equilibrium,

(10.8)

P = CmCa .

o em(E+eq)+ (E+em)eq
The total occupancy i#* = P; + P . The fraction of occupied islands that are
adapted i/ (E + e, ). Adaptation means that there will be genetic differertiati
between the island and mainland populations, and so thistiyé the fraction of
occupied islands that have endemic species. A little mdatijorn of (10.8) shows
that adaptation increases occupancy,if< e,,, which makes intuitive sense. It is
interesting that the degree of endemism on occupied islanust affected by either
the colonization rate, or the rate of extinction of malaedgiopulations, but only the
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rate of evolution and the rate of extinction of adapted pafiohs. This conclusion
is altered if there is heterogeneity among islands or spagiextinction rates (R.D.
Holt, unpublished results).

At this point we could use expression (10.6) to craft someamprantitative pre-
dictions about how island area and distance might affectlikeéihood of niche
evolution. Rather than pursue that route, we instead natetiiere is an important
evolutionary process that we have not yet considered whoatpticates predictions
about the relationship between distance (between thediglad mainland) and the
likelihood of observing niche evolution — gene flow.

10.4 Gene flow and population extinction

The expected relationship between island distance andkéihbod of adaptive
colonization could break down if dispersal is sufficientlgduent that there are im-
migrants entering the population each generation, beazaserent gene flow can
hamper local adaptation. The classic view of the evolutipi@pact of dispersal
is that it leads to gene flow that can force local populatiomayafrom their local
adaptive optima. The genetic reason is that in a sexual ep@dth random mat-
ing, if selection in the local environment leads towardsladaptation, on average
immigrants should carry genes that lower fithess, compardioket genes carried by
residents. The offspring of crosses between a residentraimdraigrant should thus
have lower expected fitness than do the offspring of crossegden two residents.
This reproductive cost is what drives the classic scendrgene flow “swamping”
selection, potentially permanently preventing local adépn. On top of this, a high
rate of immigration can lead to ecological effects such aspmtition which depress
the fitness of residents, and thus hamper selection impydecal adaptation.

Fig. 10.6 shows an example of this effect for the individoated model described
above, for two habitats coupled by equal per capita ratesovement. Initially, we
allow a population in each habitat to reach evolutionanjldarium. There is ceiling
density dependence, with 64 breeding adults in each halbhattwo habitats differ
from each other very sharply in phenotypic optima, howeaelifference of 6 on the
scale shown in Fig. 10.5a). Each generation, there is a pilipaf 0.1 that an indi-
vidual will move from its natal habitat (here we are allowimgp-way dispersal, and
not just a flow of individuals from the source to the sink). Tigeire shows the tra-
jectory of population size in each habitat (censused afiecton, but before density
dependence is imposed). Because of demographic stodtyastiere is fluctuation
in population size around its equilibrium. Initially, ins@ generations, one habitat
has more individuals; in others, the other habitat doestftimeline; the dashed line
indicates equal population sizes), so the two habitats irensaghly demographic
equals. But eventually the system drifts to a state in whielng are consistently more
individuals in one habitat than the other (heavy line), dreddystem then collapses to
a state in which the species is completely adapted to oneghadnd no individuals
survive selection in the other habitat. The reason is thanhasetries in abundance
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Figure 10.6 Population size phase plot for the individuzddrl model for two populations
differing in phenotypic optima by 6 (a large amount) and watigration of 10% of each pop-
ulation each generation to the other habitat. Each halsitahited to 64 mating individuals;

other parameters as in Figure 10.4. Initially (thin lindle habitat with the larger population
size varied with time. Eventually, however, the populatiorhabitat 1 starts to decline, and
due to positive feedback this leads to its maladaptationextidction (heavy line), i.e., no

individuals survive the phase of the life cycle where sébecbccurs.

between habitats lead to more individuals leaving the labhndance habitat, than
returning to it. This implies that relatively more matingglie low-abundance habitat
are between residents and immigrants, which on averagadegfocal adaptation
in this habitat, which in turn further decreases populasiaer. Thus, relatively mod-
est asymmetries in abundance are quickly magnified by aiy@&#edback process,
enhancing the role of gene flow suppressing local selectibarefore, once the lo-
cal population is moderately maladapted, it quickly losesbility to replace itself,
and so relies entirely upon immigration. If we now were to offtmigration, the
individuals found in the “wrong” habitat would be so stropgtaladapted there, that
extinction would be inevitable.

Ronce and Kirkpatrick (2001) called this phenomenon “ntigreal meltdown.” Hard-
ing and McNamara (2002) suggest that this perverse effaetonfirent dispersal on
persistence might be called an “anti-rescue” effect. Thedidea is that asymmet-



A METAPOPULATION MODEL WITH MALADAPTIVE GENE FLOW 205

rical dispersal can lead to a kind of suppression of natwglgiction. The example
shown in the figure is for a single pair of patches. But muchstimae phenomenon
should emerge in metapopulations comprised of a mixturestihdt kinds of habi-
tats, where selection operates in different directiongffer@nt habitats (e.g., optimal
body size might vary with temperature or food availabilifiyo much dispersal from
one habitat type to another could lead to enhanced extmcii@s.

Broadly, we can imagine three avenues through which genelietween habitats
could elevate extinction rates in a metapopulation. Ringtre could be direct extinc-
tion, as in the example of migrational meltdown shown in Hi§.6. Second, gene
flow could lead to depressed average population size (anm@gamin Holt 1983),
and thus increase the risk of local extinction due to denyagcastochasticity. Fi-
nally, a population which is displaced from its local adeptptimum is likely to
suffer a reduced growth rate when rare, which means thathiaider for it to re-
bound following a disturbance.

10.5 A metapopulation model with maladaptive gene flow

We now develop a metapopulation model that captures therftdsthese microevo-
lutionary processes, and show that the enhancement ofdatiattion rates by gene
flow can lead to alternative evolutionary states in a hetemegus landscape. In this
model, space is implicit, rather than explicit. A speciesugges two distinct habitat
types(i = 1,2), each of which occupy a fractidly of the patches on a landscape.
The fraction of the total patches that are of tyaed occupied ig;. The colonization
rate from patch type to patch typej is c¢;;. Because adaptive colonization should
be more difficult than colonization that does not requirepaatéon, we assume that
cross-habitat colonization, though it may occur, happéreslawer rate than does
colonization within a given habitat type.

If dispersal is at random, there should be an increasingafjropagules across
the two habitats, as the occupancy in either habitat inesakhis means that the
opportunity for migrational meltdown (or the other mectsams by which gene flow
can increase extinction listed above) in a patch of tygaould increase with the
occupancy of patch typg This is modeled by making the extinction rate for each
patch type an increasing function of the occupancy of theropfatch type, with
baseline extinction rates; the extinction rates then increase wjthat proportional
ratesy;;. A metapopulation model that permits both adaptive colativn, and anti-
rescue due to migrational meltdown, is as follows:

d
% = (h1 — p1)(c11p1 + c12p2) — e1(1 + v12p2)p1,
(10.9)
dpa
i (ha — p2)(ca2p2 + c21p1) — e2(1 + Y21p1)p2.

The first terms on the right-hand side describe colonizaif@mpty habitats of each
habitat type, due to dispersers moving both within- and agriwabitat types, in a
metapopulation that is a mixture of two habitats (Holt 1997)
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As a limiting case of the above model, we assume that there ¢sass-colonization
into empty habitats;;, = c2; = 0, so the equations reduce to:

% = (h1 — p1)eipr — er(1 + yi2p2)p1,
(10.10)
% = (ha — p2)caap2 — e2(1 + y21p1)p2-
For Eq. (10.10), an equilibrium with neither species présestable if and only if
e; > ciih; (10.11)

for each habitat type. If this is true for habitat typdut not for habitatj, then
the species can increase when rare in the latter habitatwdhdo to the stable
equilibrium densityp; = (cj;h; — e;)/c;; (while fixing p; = 0). This equilibrium
can also be stable if inequality (10.11) is violated for ba¢ibitat types, because the
presence of the species in one habitat type increases tinetéxt rate in the other,
and therefore makes it harder for the species to persis {oeincrease when rare).

The condition fotp; to increase when rare at the abope @nly) equilibrium is
ei[l + Yij (ij hj — ej)/cjj] < ciih;. (1012)

Assumingy;; > 0, this condition requires a lower basic extinction rat€or higher
cishi) than would be required if;; = 0 [or p; = 0, either of which give the condi-
tione; < ¢;;h;, which is the reverse of condition (10.11)]. Similarly, it species is
established in habitat it can prevent invasion of habitgtin some cases for which
habitatj could otherwise be invaded. Therefore, there is the pdisgibf two stable
alternative equilibrial landscapes, in each of which aatigb to one habitat sup-
presses presence and adaptation to the other. These @tetaadscape states arise
when inequality (10.11) is violated for each habitat typtiim (i.e., each habitat type
could be invaded if the other one was not already occupied)jrrequality (10.12)
is also violated for each habitat type (i.e., neither cambeaded if the other is at its
equilibrium). In the symmetrical case, this reduces to ve (wherec;; = c20 = ¢,
v12 = Y21 = v ande; = ey = e). In this symmetrical case, there is an equilibrium
with both habitats occupied, but it can be shown that thisligum is unstable, if
the two single-habitat equilibria are both stable.

In the case above, the presence of the species in one haipahas only a nega-
tive effect on the species in the other habitat type, thrangleased extinction rate,
because we assumed there was no cross-colonization. éf iheross-colonization,
then the presence of the species in one habitat type carageits occupancy in
the other through colonization. However, it is still possifor there to be alternative
stable equilibria, if the negative effect on extinction isagter than the positive effect
of cross-colonization. But it is reasonable to expect thtat@ative stable equilibria
will be less likely with cross-colonization.

Without cross-colonization, we showed above that the gganione habitat type can
completely exclude it in the other (the alternative stalgjeiléria have 0 occupancy
for one habitat type). If there is cross-colonization, tittem presence of the species
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in one habitat type guarantees its persistence in the dthaugh colonization from
one habitat type to the other. Therefore, if there are altive stable equilibria, both
habitat types will have a positive occupancy in both eqtidifassuming both cross-
colonization terms are positive). The system [Eqg. (10.9)how more difficult to
analyze, because all equilibria (other than= p, = 0) have both habitats occupied,
and must be solved by setting the derivatives in (10.9) todsatving forp; and
p2. Unfortunately, there are no simple closed-form expressfor these equilibria in
general.

One case that can be solved with cross-colonization is to@ssymmetry. So again
let C11 = €22 = C, Y12 = V21 = 7 andel = e9 = ¢, and in addition |ef212 = Co1 =
¢, (“z” for cross). In this case, there is a symmetric equilibriwhich can be solved
by setting the derivative in (10.9) to 0, setting = p> = p, and solving fom. This

gives the symmetric equilibrium

p=|h(c+ecy)—e]/(c+ e+ ey). (10.13)

It is instructive to examine the isoclines for the model (Fif.7). For example, the
isocline forp; is found by setting the derivative in the first equation of.@Go

0, giving an equation relating; andp-. This isocline is hyperbolic. It has a ver-
tical asymptote ap; = hicia/(e1712 + ¢12) and intersects the positiyg axis at
(h1c11 — e1)/c11. The isoclines always cross in the first quadrant (assumatly b
cross-colonization terms are positive). For some paramdtee isoclines cross only
once, but for others they can cross three times (Fig. 1h7thé symmetric case,
if the magnitude of the slope of the-isocline is higher at the symmetric equilib-
rium (as in Fig. 10.7), then this isocline is higher than phdsocline forp; values
just below the equilibrium. However, thg -isocline has a vertical asymptote at a
positive p;, while the ps-isocline is approaching an oblique asymptote. Therefore,
the isoclines must cross again at a lower and by a similar logic they must also
cross at a higher; . In this case, the symmetric equilibrium is unstable, ardelare
alternative stable equilibria. The condition for this is

(ev —¢)(hc—e€) > heg(2¢+ ¢ + ) + ecy. (10.14)

If ¢, = 0, this reduces to the symmetric result above (the speciesotaersist

unlesshc > e, so the second term on the left must be positive). The presehc
cross colonization makes alternative stable states méireutti since not only must
~ve > ¢, but it must be higher by a greater amount, for greatefThe parameters
used in Fig. 10.7 satisfy inequality (10.14), and there&dternative equilibria exist,
as shown.

Thus, migrational meltdown can lead to alternative stataltes in a metapopulation,
assuming cross-colonization between habitat types isaotdbmmon. It can also
lead to other effects, which we note below.
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Figure 10.7 Isoclines for a symmetric metapopulation medti two alternative equilibrial
states. Dashed line is isocline for habitat type 1. Parammateh = 0.5, ¢ = 0.3, ¢, = 0.001,

e = 0.1 andy = 4. The species, if adapted to one habitat type, by gene floncmirftly
elevates extinction in the other habitat type that it remmaialadapted there and hence sparsely
occupies the available habitat patches.

10.6 Discussion

We have presented several complementary models that provitting blocks for
examining niche evolution in heterogeneous landscapestaied with models that
look closely at evolutionary processes in particular fabithat have conditions out-
side a species’ niche requirements, where with rare diahendinction is inevitable
unless there is adaptive evolution, and with frequent digerecurrent gene flow
can hamper adaptation.

The first deterministic model [Eqgs. (10.2)-(10.4)] leadsh&uristic insights about
how initial population size and the degree of maladaptatifinence the likelihood
of extinction rather than adaptive changes sufficient tanitgpersistence in a sink
habitat. These results motivate studies of individuakeldasodels (IBMs) that in-
corporate stochasticity in both demography and genetiess@ IBMs confirm the
suggestions drawn from the deterministic models and helpligint issues that war-
rant closer theoretical scrutiny.
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One of these issues is distinguishing among distinct sguroeariation in adaptation
to sink environments. Consider again the populations of Figd. Although all col-
onizing propagules are drawn from the same type of sourcelatipn, the surviving
populations show considerable heterogeneity in theiepadtof evolutionary rescue.
Some populations start to evolve higher fitness permittergiptence quite quickly,
and then rapidly reach their maximum population, at whiaytare fully adapted.
Others barely hang on, and then even after they evolve srfflgito persist, take
longer to increase fitness and eventually reach full adaptéand maximum popu-
lation size). To understand this heterogeneity in respgrisés useful to reflect on
the sources of genetic variation in these novel populatimashow this variation is
altered by drift, recombination, and mutation.

There are only two possible sources of genetic variatioménsink. First, coloniz-
ing propagules can sample preexisting variation in the musecond, there can
be mutational input. Without novel mutations arising in ik, evolutionary res-
cue entirely depends upon genotypes with expected fithesgegrthan unity being
potentially present in this initial sample from the sourtiee(genotypes may only
be “potentially” present because they are generated bynmaind recombination
among the immigrants and their descendents, rather theallit present in the ini-
tial generation). At low population sizes, genetic vadatis lost by drift. The longer
a population spends at low numbers, the greater the amowatriation brought in
by sampling from the source that will be lost by drift. If a pdgtion persists in a
genetically depleted state after going through such a lattiemeck, further evolu-
tion may largely depend upon the input of novel mutationsctvivill typically play
out over a longer time scale than the reassortment of vamnigiesent in the initial
propagule. In Fig. 10.4, the populations that spend thetgseéime at low densi-
ties also seem to have the most sluggish rate of evolutiore gmey have adapted
sufficiently to survive.

Models of demographic stochasticity show that initial plagion size has a large ef-
fect on population persistence, even in favorable enviemm If mean fitness is less
than one, and there is no evolution, the probability of ettom is unity. With genetic
variation permitting adaptive colonization, we have shdlat initial population size
again has a strong influence on population persistenceeHnerseveral distinct rea-
sons that initial population size matters in adaptive ciziation into a sink. First, a
larger colonizing propagule means more variation from thece is sampled. Sec-
ond, for a given rate of decline in the sink, a larger initiapplation provides a larger
demographic window for novel mutations to arise and poédigtrescue the declin-
ing population. In a homogeneous population declining atrsstant rate, a classic
result in branching process theory is that the number ofaaidn events that occur
before extinction for a population initially at siz€, and declining at average rate
Ris Nyo/(1 — R) (Feller 1968, p. 299). Since mutation happens during rafitio,
the potential input of novel mutations should be governedh@ynumber of repli-
cation events. All else being equal, larger initial popiolas have greater scope to
experience novel mutations permitting adaptation andgiersce, before extinction,
than do small populations. In like manner, the less harslsitileenvironment (i.e.,
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the closer initial fitness is to unity), the larger the numbfreplication events that
will be observed before extinction, and so the greater thgodpnity for the input
of novel mutations. An interesting challenge for futuredtetical work is to tease
apart the relative roles of sampling from established patais andn situ mutation
as sources of genetic variation for selection to act upomin@opulations. (A simi-
lar partitioning pertains to recurrent immigration; vaioa can be sampled from the
source, or generated by mutation in the sink.)

Environmental heterogeneity provides an opportunity é@al adaptation, but gene
flow can prevent this from occurring. When adaptation is neglfor persistence,
gene flow can enhance extinction risks for some local pojpuisat Our model for
a metapopulation in a landscape comprised of two distinoitéiatypes shows that
alternative landscape states are possible, in which aespbgibeing initially adapted
to one habitat prevents itself from becoming adapted totieroThe model suggests
that evolutionary “dominance” in a metapopulation is mdkely if 1) cross-habitat,
adaptive colonization is difficult (i.e., in our quantitaigenetics model, there is a
large difference in adaptive optima in the two habitatsye2urrent gene flow across
habitats substantially increases extinction risks in #@pient habitat; and 3) one
habitat is sparse in the landscape, or high in intrinsicetiton rate, or low in intrin-
sic colonization rate, relative to the other habitat. Gitteese conditions, “success
breeds success,” and the habitat that a species becomésdattapan indirectly sup-
press adaptation in the other habitat, and thus constraifrdhbtion of the landscape
occupied by the species.

The model helps point out the importance of historical auggncies for determining
the ultimate habitat range of a species. A species that zasithis landscape may
evolve in a number of different directions, leading to diffiet ultimate patterns of
habitat specialization. If it is difficult to colonize acsobabitats, but the anti-rescue
effect is unimportant, a species initially adapted to just babitat type may invade
and rapidly fill up those habitats to which it is initially Wildapted, and then begin
to colonize the other habitat (Fig. 10.8a). If adaptive o@ation is difficult, then this
may be a slow process. If dispersal is sufficient in magnitodead to anti-rescue
effects (migrational meltdown), then a variety of addisbphenomena may occur.
A species may initially be a generalist, adapted to bothtathiBut if one habitat
is sparse, and the other widespread, generalization mayshebkecause adaptation
is biased towards the more common habitat. Or a species ntagllsgde adapted
initially to the sparser habitat, but then switch in its Habspecialization over to the
other, more widespread, habitat, and lose its ability tgigem its ancestral habitat
(Fig. 10.8b). In this case, niche evolution is actually &heiswitch between habitats.
Note that there is only one stable equilibrium for the par@mseof both panels of
Fig. 10.8. The equilibrium is symmetric for the parameteoichs leading to Fig.
10.8a, but very asymmetric for the parameter choices uséiiri 0.8b, with habitat
1 having a very low occupancy.

One limitation in the above model is that when the speciesipies a substantial
fraction of both habitat types in a landscape, the immigrahbwing up in any given
occupied patch are likely to be a mixture of emigrants froeheaf the habitat types.
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Figure 10.8 (a) Time plots for symmetric metapopulation elogith » = 0.5, ¢ = 0.3,

¢, = 0.001, e = 0.1, andvy = 0.5. Initially, habitat type 2 is empty, while habitat type 1 has
an occupancy of 0.001. Because within-habitat-type calion is much higher than cross-
colonization, habitat type 2 is occupied only after a lagTime plots for the metapopulation
model that is symmetric except for abundance of the two habjipes and colonization rates.
Parameters ark; = 0.3, ho = 0.7, ¢; = 0.4, ¢ = 0.3, ¢, = 0.001, ¢ = 0.05 and~y = 4.
Initially, habitat type 2 is empty, while habitat type 1 hassrcupancy of 0.01. Because habitat
type 2 is more abundant on the landscape, the species thakeito suppress the species in
habitat type 1.
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This observation does not affect our conclusions about xfstemce of alternative
stable equilibria, but could shift the range of parameténeswhere one observes
this outcome.

Future extensions of this work will include examining ewtau in spatially explicit

landscapes, and a consideration of multiple habitat tygme&anged in various spa-
tial configurations. Studies with individual-based modal¢andscapes with three
distinct habitats reveal some unexpected effects, reflgttow the interplay of dis-
persal and selection affects the entire distribution @l@llvalues, within and among
habitats (Holt and Barfield, in prep.). Understanding nicbeservatism and evolu-
tion requires a simultaneous consideration of how the sira®f the environment
influences the pattern and strength of natural selectioth,hamav selection in con-
junction with other evolutionary forces modifies the poolvafiation available for

evolution. Grappling with this issue is central to many bagiestions in evolution-
ary biology, and is also of urgent practical importanceggithe rapidly changing
environments we humans are currently forcing the biota®flobe to experience.
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