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Colonization and expansion into novel landscapes determine the
distribution and abundance of species in our rapidly changing
ecosystems worldwide. Colonization events are crucibles for rapid
evolution, but it is not known whether evolutionary changes arise
mainly after successful colonization has occurred, or if evolution
plays an immediate role, governing the growth and expansion
speed of colonizing populations. There is evidence that spatial
evolutionary processes can speed range expansion within a few
generations because dispersal tendencies may evolve upwards at
range edges. Additionally, rapid adaptation to a novel environment
can increase population growth rates, which also promotes spread.
However, the role of adaptive evolution and the relative contribu-
tions of spatial evolution and adaptation to expansion are unclear.
Using a model system, red flour beetles (Tribolium castaneum), we
either allowed or constrained evolution of populations colonizing a
novel environment and measured population growth and spread.
At the end of the experiment we assessed the fitness and dispersal
tendency of individuals originating either from the core or edge of
evolving populations or from nonevolving populations in a common
garden. Within six generations, evolving populations grew three
times larger and spread 46% faster than populations in which evo-
lution was constrained. Increased size and expansion speed were
strongly driven by adaptation, whereas spatial evolutionary pro-
cesses acting on edge subpopulations contributed less. This experi-
mental evidence demonstrates that rapid evolution drives both
population growth and expansion speed and is thus crucial to con-
sider for managing biological invasions and successfully introducing
or reintroducing species for management and conservation.

eco-evolutionary dynamics | range expansion | dispersal evolution |
rapid evolution | adaptation

volution can proceed so rapidly that it shapes ecological

dynamics (1-4). However, the role of rapid evolution in
colonization and expansion into novel landscapes is unresolved,
despite its potential importance in predicting and managing bi-
ological invasions (5) and conducting successful translocations,
introductions, and reintroductions of species (6-8). Many forms
of rapid evolution have been demonstrated in colonizing pop-
ulations, including local adaptation to new habitats (5), the
evolution of geographic clines along climatic gradients (9, 10),
and the evolution of dispersal ability (11, 12). However, it is
generally unknown whether evolved differences in colonizing
populations are outcomes that arise after those populations have
successfully established and spread (13) or if evolution acts as an
architect of colonization, determining the growth of colonizing
populations and the speed of expansion.

Population growth rate and dispersal are traits theoretically
predicted to jointly determine the speed of range expansion (14—
16). Ecological theory treats population growth rate and dispersal
as fixed characteristics of species (14-16). If there is genetic var-
iation for these traits, they may instead rapidly evolve as organisms
colonize and disperse through novel environments. If populations
adapt to novel aspects of the environment, population growth
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rates could increase across the entire range (17), driving an in-
crease in the speed of range expansion (14, 16, 18).

Concurrently, spatial evolutionary processes can increase dis-
persal tendency via spatial sorting, and either increase or decrease
growth rate of individuals residing at the edge of expansions relative
to the range core (19, 20). Spatial sorting occurs when individuals
exhibiting traits that enhance dispersal accumulate at range edges
and mate with each other (19, 20). Theory predicts that this sorting
will increase the frequency of dispersive genotypes at the range
edges in subsequent generations compared with individuals residing
in the population core (19, 20). Population growth in the expanding
edge can evolve relative to the core to either increase or decrease.
Increased growth rates in low-density edge populations can evolve
via reductions in Allee effects (21) or via increases in reproduction
(essentially favoring r-selected individuals) (19, 22, 23). Decreased
growth rates also can evolve in two ways. First, in a process called
gene surfing, serial founding events occurring at the expanding edge
can lead to an increase in the frequency of deleterious alleles in a
spatial analog to genetic drift (24-26). The reduction in fitness as-
sociated with the buildup of deleterious alleles at the expanding
edge is called expansion load (24-26). Second, growth rates may
also decrease in edge populations if there is a tradeoff between
dispersal and reproduction (27, 28).

The individual, additive, or antagonistic effects of the above
spatial evolutionary processes acting on dispersal tendencies and
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population growth rates at range edges, combined with the po-
tential effects of adaptation on overall population growth rates,
will thus jointly determine the population dynamics and speed of
range expansion of colonizing populations. Because previous
experiments have largely been restricted to evaluating rapid
evolution in populations spreading in natal environments to
which they are already adapted (29-33), the roles and interac-
tions of multiple evolutionary processes, including adaptation to
a novel environment, remain unknown.

We evaluated the role of rapid evolution during colonization
by founding red flour beetle (Tribolium castaneum) populations
in a novel environment that posed an adaptive challenge but in
which persistence and population growth were possible even
without adaptation. We imposed two treatments: normally evolving
populations, and populations in which we constrained evolution.
In this latter no-evolution treatment, we replaced beetles one-
for-one each generation with offspring of individuals drawn
randomly from a large source population. This prevented ad-
aptation, and is an approach used in parasite-host studies (3, 34,
35). Because we were interested in spatial expansion, this control
also prevented spatial evolutionary processes while maintaining
demographic processes. We incorporated dispersal into our de-
sign by using a linear series of habitat patches connected by holes
as experimental landscapes that allowed populations to expand
their range. We tracked population growth and expansion for six
generations. Using a common garden experiment, we then eval-
uated adaptation to the novel environment, and whether dis-
persal tendencies evolved.

Results and Discussion

We found that evolving populations grew faster and 2.89 (95%
CI 2.24-3.73) times larger than nonevolving populations (para-
metric bootstrap, treatment by generation interaction: P = 0.0001)
within the first six generations (Figs. 1 and 24). Evolving pop-
ulations also expanded their range 46.0% faster than populations
that were restricted from evolving (CI 32.2-62.0%, parametric
bootstrap, treatment by generation interaction: P = 0.0001; Figs. 1
and 2B). The magnitude of the effect of evolution increased with
time, and was evident within only three generations (Figs. 1 and

2B). The large differences between the evolution and no-evolution
treatment suggest that evolution strongly drives range expansions,
even within the first few generations. There was also substantial
variation among evolving populations, particularly in population
size (Fig. 24). This variation among evolving populations could be
linked to the amount of genetic variation the founders harbored
by chance at the start (36). In this system, the amount of genetic
variation can strongly influence population sizes in these experi-
mental arenas (17).

Population growth rates, measured in the common garden, more
than doubled in evolving populations compared with nonevolving
populations, confirming adaptation to the novel environment
[parametric bootstrap, treatment: P = 0.0001; multiplicative
increase in growth rate averaged across densities on log scale:
2.73 (CI 1.72-5.77); Fig. 3A, intercept in Fig. 3B indicates
density-independent growth rates, which differ by 0.44 on log
scale (CI 0.188-0.708)]. Such adaptive increases in growth rates
can directly increase expansion speed (14, 16).

In theory, at the range edge lower density can select for in-
dividuals with high reproductive rates, whereas expansion load or
tradeoffs between dispersal and reproduction may lower pop-
ulation growth rate. Population growth rates in our experiment
remained similar between the core and edge of evolving pop-
ulations (difference at average density = 0.049 on log scale, CI
—0.066-0.166; parametric bootstrap, location: P = 0.409). It is
possible that the above-described spatial evolutionary processes
increasing or decreasing population growth rates at the edge
acted together in opposing directions to balance growth rates
between the core and edge of evolving populations. However, it
is probable that the increase in growth rates across the entire
population due to adaptation was so high (Fig. 3) that it over-
whelmed the more subtle effects of spatial selection acting on life
histories at the expanding edge (37).

If spatial evolution of dispersive genotypes contributed to the
observed rapid expansion speed of evolving populations then
individuals at range edges would show increased dispersal ten-
dencies compared with individuals from the core or from non-
evolving populations. We did not find a statistically significant
effect of evolution on dispersal tendency at the edge or in the
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Fig. 1. Density (mean number of individuals per habitat patch) of T. castaneum populations through space and time, showing population growth and range
expansion. Populations were founded with 20 individuals (generation 0) in patch 1 (distance spread = 0) in a novel environment and were either allowed to

evolve (A) or prevented from evolving (B) for six generations.
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Fig. 2. (A) Total population size (number of individuals) and (B) distance
spread of T. castaneum populations founded with 20 individuals that were
either allowed to evolve (red) or prevented from evolving (blue) in a novel
environment for six generations. Populations were initiated in the first patch
of linear landscapes. The distance spread indicates the distance between the
farthest habitat patch into which adults dispersed in any given generation
and the core patch within a landscape of linearly connected habitat patches.
Model means are shown as bolded lines and shading represents boot-
strapped 95% Cls. Individual replicate raw data are shown as thin red lines
(evolution treatment) or thin blue lines (no-evolution treatment). In B, thin
lines are offset to reveal overlapping values. Dashed lines between gener-
ations 3 and 5 for 10 replicates of evolving populations represent linear
interpolations of spread for generation 4 for which data were missing.

core for either low (parametric bootstrap, source at low density:
P = 0.269) or high densities (parametric bootstrap, source at high
density: P = 0.776) due to high variability in dispersal tendency.
However, lack of significance does not allow us to conclude that
dispersal evolution was negligible compared with adaptation to the
novel environment. Indeed, our estimates for dispersal tendency
are in line with theoretical predictions (19, 20), and evidence from
other experimental evolution studies (29-32). We found that dis-
persal tendency of descendants of individuals from range edges
(last two to three patches) was 12.3% (CI —22.3-61.7%) higher
than that of individuals from nonevolving populations, and 54.1%
(CI -1.6-150.3%) higher than that of descendants of the core of
evolving populations, when dispersing at low densities (Fig. 4). This
increase is consistent with evidence from range expansions in na-
ture, where highly dispersive phenotypes were found in edge
populations in a number of butterfly and cricket species (38—41),
invasive plants (42), cane toads (11), and invasive ladybird beetles
(12). We also found that descendants of individuals from the core
were 27.1% (CI —13.7-55.6) less likely to disperse out of low-
density patches than individuals from nonevolving populations
(Fig. 4). This is consistent with an evolved response of core indi-
viduals to take advantage of low-density conditions that they do not
normally experience. Individuals from the core may have perceived
the low-density environment as high quality and therefore exhibi-
ted lower dispersal tendencies in that environment, favoring re-
production over dispersal. Finally, our results show striking accord
with the findings of Weiss-Lehman et al. (31) who used the same
system to infer spatial evolution in a natal environment, both in
terms of increased dispersal of individuals from the edge and
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decreased dispersal of those from the core when at low density
(Supporting Information). Thus, on balance, it is likely that spatial
evolution played some role in increasing expansion speeds and thus
should be considered relative to adaptive evolution of population
growth rates.

To estimate the relative contributions of spatial evolution and
adaptive evolution to expansion speed, we used results for pop-
ulation growth rates and dispersal tendency from the common
garden to calculate the linear approximation of the expansion
speed, 2v/7D, where r is the density independent population
growth rate and D is the diffusion coefficient (Methods). Evolving
populations were estimated to expand 39% faster than non-
evolving ones, a value similar to the observed 46% difference in
expansion speed. We estimated that most of the increase in ex-
pansion speed stemmed from differences in growth rate associated
with adaptation (29 of the 39%). Spatial evolutionary processes
increasing dispersal at the edge played a smaller role (accounting
for at most 10 of the 39%), which was of comparable magnitude to
the effect found in a previous study (6%) where populations were
not challenged to adapt to a novel environment (31). These results
suggest that adaptation to the novel environment and the ac-
companying increase in growth rates were the main drivers of
increased expansion speed with spatial evolutionary processes
playing a relatively smaller, although potentially important, role.

Furthermore, the interaction of an increased carrying capacity
with positive density-dependent dispersal is not accounted for in
these linearized calculations but it could have contributed to a
further increase in expansion speed in the evolving populations.
Evolution more than doubled carrying capacity (parametric
bootstrap, treatment: P = 0.0001), increasing population densi-
ties in the core (first patch) of evolving populations to an average
46.5 individuals (CI 39.5-54.9), relative to 21.6 individuals (CI
18.6-25.1) in nonevolving populations (Fig. S1). In this experi-
mental system, carrying capacity is jointly determined by pop-
ulation growth rate and intraspecific interaction strength (ref. 43
and Supporting Information). Because intraspecific interaction
strength was little influenced by evolution (similar slopes in Fig.
3B), the increase in carrying capacity was largely due to evolution
of increased population growth rate. Dispersal was strongly
density dependent, but the degree of density dependence was
little affected by evolution (Fig. 4). In the common garden, beetles
were more likely to move out of the first patch in higher-density
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Fig. 3. (A) Average growth rate across densities, and (B) density-dependent
growth rates of T. castaneum populations measured in a common garden
using descendants from evolving populations or individuals from the source
population representing nonevolving populations. The density-independent
(intrinsic) growth rate is the intercept at density = 0 in B. Growth rates for
the core and edge subpopulations of evolving landscapes were pooled for
analyses since they were similar. Error bars (A) and shading (B) represent
bootstrapped 95% Cls.
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Fig. 4. Dispersal tendency (probabilities of dispersing) of first-generation
descendants of T. castaneum individuals sampled either from the core or edge
of populations evolving and spreading in a novel environment for six gener-
ations or of individuals originating from the source population of the no-
evolution treatment. Dispersal tendency was calculated using the proportion
of individuals that dispersed out of the first patch of a landscape that was
founded with 10 (low density) or 33 (high density) individuals in a common
garden experiment. Bars represent bootstrapped 95% Cls.

than lower-density dispersal arenas (parametric bootstrap, density:
P = 0.001), regardless of whether individuals originated from the
core or edge of evolving populations or nonevolving populations
(parametric bootstrap, density by location interaction: P = 0.282;
Fig. 4). The linearized calculations above describe a classic
“pulled” traveling wave where the density-independent rates of
growth and dispersal at the expansion front determine the speed,
whereas density-dependent dispersal changes the traveling wave to
a “pushed” type (44-46). In pushed fronts, the speed is de-
termined by a larger part of the wave, which can speed the ex-
pansion relative to pulled fronts (44-46). Thus, the steeper wave
front of the evolving populations (Fig. 1) combined with density-
dependent dispersal (Fig. 4) likely increased the velocity of the
expansion (Supporting Information). We expect that the possibility
of evolution increasing carrying capacity, which in turn alters in-
vasion speed, may be general, because positive density-dependent
dispersal is a common response to competition in insects (47),
birds, and mammals (48). To conclude, consideration of density-
dependent dispersal reinforces that evolution of growth rate was
the main driver of expansion speed, because an effect of density-
dependent dispersal is an indirect effect of growth rate.

Our experimental design simulated a sudden, large, environ-
mental change that invasive species or biological control agents
would experience when introduced into a novel environment. Na-
tive populations face similar environmental shifts following distur-
bance events such as deforestation. By implementing a control for
evolutionary processes, we show clearly that rapid evolution drives
both increases in population densities and expansion speed. Thus,
evolution can be an architect of successful colonization and range
expansion from the outset. Overall, our findings suggest that pro-
moting demographic and genetic processes that increase evolu-
tionary potential should be an important consideration in planning
introductions of biological control agents or translocations or
rereleases of threatened or declining species. For example, in-
creasing the number of individuals released or augmenting earlier
releases with more individuals may provide a buffer against the
demographic cost of selection, increasing the time available for

13504 | www.pnas.org/cgi/doi/10.1073/pnas.1712934114

adaptation to occur (21, 49). Further, rapid adaptation can be
facilitated by ensuring sufficient genetic variation in founders or
by enabling admixture between isolated populations (17, 49-52).
Conversely, preventing admixture and multiple introductions
should be a priority for invasive species, because rapid evo-
lution can drive invasions by increasing population growth
rates and densities, and thus the rate of range expansion.

Methods

Experimental Design. Source populations of T. castaneum used for the ex-
periment were reared on a standard medium consisting of 95% wheat flour
and 5% brewer’s yeast, and maintained as described in Szlcs et al. (53). To
evaluate the effects of evolution on population dynamics and spread into a
novel habitat, we founded populations in a novel environment that con-
sisted of 98.8% corn flour, 1.14% wheat flour, and 0.06% brewer’s yeast.
This environment represents a novel carbohydrate source and a nutritional
challenge for T. castaneum, and causes an initial reduction of the growth
rate (R = N¢/N,_,) of the SF strain used as the source population, to just above
1 (53) (Fig. S2). Thus, the environment presents an evolutionary challenge,
but populations would not be expected to decline to extinction de-
terministically and can grow even without adaptation.

Populations were founded (generation 0) by placing 20 adults in the first
patch of a linear landscape with novel medium consisting initially of five
habitat patches connected by 2-mm-diameter holes on the sides, following
Melbourne and Hastings (54). Maternal environment can influence fecundity
strongly in T. castaneum (49, 55, 56), and thus beetles from the source
population spent a single generation in the novel medium before the start
of the experiment to reduce maternal carryover effects from the natal en-
vironment. Adults were allowed to lay eggs for 24 h and were then re-
moved, leaving the eggs to develop to adults. Thirty-four days later, barriers
between habitat patches were removed to allow dispersal for 24 h. Dispersal
was then halted by replacing the barriers, and adult beetles were censused
by patch and provided with fresh medium in which to lay eggs for 24 h,
reinitiating the cycle. These procedures were repeated for six generations,
with extra patches added to the end of the landscapes each generation to
ensure dispersal was not limited by the size of the landscape.

Two treatments were implemented: one allowed T. castaneum pop-
ulations to evolve normally and one constrained evolution. The procedures
for evolving populations followed the protocol described above, with cen-
sused beetles used to found the next generation. In contrast, for populations
in which we constrained evolution, censused adults were discarded each
generation and replaced one-for-one with individuals from the stock colony.
These replacement individuals had spent a single generation in the novel
environment to minimize maternal environmental carryover effects while
also minimizing the opportunity for adaptation. The stock population was
of course still able to evolve via drift, as well as via natural selection. How-
ever, stock populations were maintained at over 2,000 reproductive indi-
viduals, a size at which drift should have been negligible over the course of
six generations. Further, populations had been maintained in our standard
laboratory environment for over 15 generations at the start of this experi-
ment, and thus should have been close to the adaptive peak for their natal
environment. Initially, there were 40 replicate populations, in two temporal
blocks of 20 replicates each, for both the evolution and no-evolution
treatments, but five evolving populations were inadvertently dropped and
one no-evolution population went extinct in the fifth generation, leaving
35 evolving and 39 nonevolving populations. Temporal blocks were started
1 wk apart.

Common Garden. At the end of the colonization experiment, we measured
growth rate and dispersal tendency at standardized densities to evaluate
adaptive evolution to the novel environment and dispersal evolution in edge
subpopulations. We sampled 40 individuals randomly both from the core
(first patch) and leading edge (last 2-3 patches) of evolving populations at
the end of generation 6. For the no-evolution treatment, 39 replicate sam-
ples of 40 individuals each were established with beetles drawn from the
stock population (which, maintained on resource-rich medium, had a high
growth rate and thus could easily provide this many surplus individuals each
generation). Sampled individuals from evolving populations and the stock
colony were reared for one generation in the novel environment to stan-
dardize maternal environment effects. The adults that emerged from this
generation that standardized maternal environmental effects were used
to assess adaptation to the novel environment. Adaptation was assayed
by placing 5, 10, 15, or 20 of these beetles to lay eggs for 24 h into indi-
vidual habitat patches and measuring population growth rate across these

Szlcs et al.
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densities over a single generation. Due to insufficient numbers of beetles
emerging from the experimental environment, ~4% of replicates were ini-
tiated with beetle numbers that were close to (within two individuals), but
not equal to, the standard densities of 5, 10, 15, or 20 beetles. We used
descendants of these same beetles to assay dispersal tendencies. We mea-
sured movement of beetles out of the first patch of a linear landscape at two
different densities (low, n = 10; high, n = 33). These densities were selected
based on the number of beetles available for the core and edge of each
evolving population and to represent a relatively low and a higher pop-
ulation density. Beetles spent 24 h in the first patch to allow for tunneling
and equilibrating, and then barriers between patches were removed to al-
low for dispersal. After a 24-h dispersal period, the number of individuals
that left the first patch was recorded.

Statistical Analyses. Population sizes and expansion speed (the slope of dis-
tance spread over time) of evolving and nonevolving populations across
generations were compared using linear mixed models. Population sizes were
natural logarithm-transformed to meet the assumption of normality. In both
models, treatment (evolution or no-evolution), generation (continuous value
from 0 to 6), their interaction, and temporal block (n = 2) were fixed effects.
Individual landscapes were included as random slopes across generations. At
generation 0, both treatments had the same population size (N, = 20) and
distance spread (first patch); therefore, the effect of interest is the
treatment-by-generation interaction, which reveals whether population size
and expansion diverged through time between treatments. Data were
missing for 10 replicates in the evolution treatment for generation 4 due to
a lost data sheet; however, that should have minimal impact on the results.

Because dispersal is often density dependent in insects and other or-
ganisms, we evaluated whether the carrying capacity, and thus equilibrium
population densities, differed between evolution treatments over time. We
focused on densities in the core (first patch) of the landscapes, because these
were likely closest to equilibrium and least influenced by expansion at the
range edge. We compared densities in the cores of evolving and nonevolving
populations using a linear mixed model and assessed whether these densities
had stabilized (the carrying capacity had been reached) or were increasing
(the carrying capacity had not yet been reached) during the last three
generations of the experiment. Fixed effects were evolution treatment,
generation, their interaction, and block. Individual landscapes were included
as random intercepts and slopes across generations. Densities were natural
logarithm-transformed to meet the assumption of homogeneity of variance.

Growth rates measured in the common garden experiment were compared
between offspring of individuals sampled either from the core or edge of
evolving populations to evaluate spatial evolutionary processes, and between
the evolution and no-evolution treatments to evaluate adaptation to the novel
environment. Growth rates were calculated as Ny/N;_; with each initial density,
N¢_1. One replicate in the common garden experiment went extinct and was
removed from the analysis. Fixed effects in the model assessing the effects of
spatial evolution were location (core or edge), initial density (continuous),
their interaction, and block. Individual landscapes were included as random
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