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abstract: Spreading populations are subject to evolutionary pro-
cesses acting on dispersal and reproduction that can increase invasion
speed and variability. It is typically assumed that dispersal and de-
mography traits evolve independently, but abundant evidence points
to correlations between them that may be positive or negative and ge-
netic, maternal, or environmental. We sought to understand how
demography-dispersal correlations modify the eco-evolutionary dy-
namics of range expansion. We first explored this question with the
beetle Callosobruchus maculatus, a laboratory model in which evolu-
tionary acceleration of invasion has been demonstrated. We then
built a simulationmodel to explore the role of trait correlations in this
system and more generally. We found that positive correlations am-
plify the positive influence of evolution on speed and variability while
negative correlations (such as we found empirically) constrain that
influence. Strong negative genetic correlations can even cause evolu-
tion to decelerate invasion. Genetic and nongenetic (maternal and
environmental) correlations had similar effects on some measures
of invasion but different effects on others. Model results enabled us
to retrospectively explain invasion dynamics and trait evolution in
C. maculatus and may similarly aid the interpretation of other field
and laboratory studies. Nonindependence of demography and dis-
persal is an important consideration for understanding and predict-
ing outcomes of range expansion.

Keywords: spatial sorting, life-history evolution, trait correlations,
G-matrix, biological invasion.

Introduction

Understanding the factors that govern the rate of spatial
expansion is a long-standing problem in population biol-
ogy and takes on urgency in the context of two key di-
mensions of contemporary global change: range expan-
sion by invasive species and climate change migration by
native species. Classic ecological theory tells us that the
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dynamics of range expansion are driven by the combined
forces of local birth/death processes (“demography”) and
individual movement (“dispersal”; Skellam 1951; Okubo
1980; Kot and Schaffer 1986; Kot et al. 1996). Recently,
ecologists have begun to examine the consequences of
individual variation, especially heritable variation, in de-
mography and dispersal traits and how eco-evolutionary
feedbacks can modify the dynamics of range expansion.
Individuals that vary in dispersal ability are expected

to become sorted along an expanding population front
(Shine et al. 2011). Spatial sorting generates an overrepre-
sentation of highly dispersive phenotypes at the invasion
vanguard, the spatial analogue of classical natural selec-
tion (Phillips and Perkins 2019). If dispersal is heritable,
nonrandom mating among highly dispersive individuals
may promote the accumulation of high-dispersal alleles
at the expanding edge through a positive feedback. Fur-
thermore, if negatively density-dependent demography
generates a fitness advantage at the invasion front, which
is often characterized by low density, high-dispersal alleles
may be favored by “spatial selection” (the combination of
spatial sorting with a leading-edge fitness advantage; Phil-
lips et al. 2010; Perkins et al. 2013). Low-density conditions
at the vanguard can also result in natural selection for
increased reproductive rates (“r-selection”; Phillips et al.
2010). Because, under a wide range of conditions, invasion
speed is determined by dispersal and low-density repro-
ductive rate, the combined action of these evolutionary
processes is expected to increase the speed of invasions
(Phillips 2015). A surge of recent experimental work sup-
ports this theoretical prediction (Williams et al. 2016;
Ochocki and Miller 2017; Weiss-Lehman et al. 2017; Van
Petegem et al. 2018). Several studies also show more vari-
ation in speed across replicate expansions than would be
expected in the absence of evolution (Phillips 2015; Ocho-
cki and Miller 2017; Weiss-Lehman et al. 2017; Williams
et al. 2019). Increased variability likely reflects the stochas-
tic fixation of alleles at the leading edge due to the serial
founder events that characterize invasive spread—a spatial
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232 The American Naturalist
analogue of genetic drift called “gene surfing” (Edmonds
et al. 2004; Klopfstein et al. 2006; Excoffier and Ray 2008;
Peischl et al. 2015; Phillips 2015;Weiss-Lehman et al. 2019).
Most theoretical models of the eco-evolutionary dy-

namics of range expansion assume that dispersal and low-
density reproductive rate (hereafter, “fertility”) evolve inde-
pendently. If, however, these traits are genetically correlated,
then it is impossible to predict evolutionary outcomes with-
out knowing both the magnitude and the sign of the cor-
relation (Lande and Arnold 1983; Chenoweth et al. 2010).
Quantitative genetics offers a convenient framework to ex-
plore sources of (co)variation in ecologically important traits.
Total phenotypic variation in a single quantitative trait can
be partitioned into underlying variance components, in-
cluding additive genetic variance (variance that can be ex-
plained by the inheritance of alleles), maternal effects (var-
iance generated by maternal identity or condition), and
environmental variance (any residual, nonheritable vari-
ance caused by extrinsic factors; Lynch and Walsh 1998;
Kruuk 2004; Wilson et al. 2010). This framework can be
extended to account for multiple traits and the correlations
between them. Genetic correlationsmay arise through plei-
otropy (a subset of genes influencing multiple traits) and/
or physical linkage (spatial association of alleles on chro-
mosomes; Roff 1997), while environmental correlations
arise fromplastic responses to the environment that are non-
independent across traits. Maternal effects, too, may have
multivariate consequences, as when maternal condition
influences a suite of offspring traits (Thiede 1998; Wilson
et al. 2005). There are, then, many ways for dispersal and
fertility to interact via trait correlations; the correlations
can be positive or negative, and they can be the result of
some combination of genetic, maternal, and environmen-
tal influences.
Given the energetic cost of dispersal, it is often assumed

that negative correlations in the form of trade-offs between
dispersal and life-history traits should be important drivers
of invasion dynamics (Hanski et al. 2006; Chuang and
Peterson 2016). However, it is not clear that we should ex-
pect to see such bivariate trade-offs in nature (Saltz et al.
2017) or even that trade-offs should necessarily be associ-
ated with negative genetic correlations (Houle 1991). In
the Glanville fritillary butterfly (Melitaea cinxia), variation
tightly linked to a single gene (Pgi) generates a positive ge-
netic correlation between dispersal propensity and clutch
size (Hanski et al. 2006; Bonte and Saastamoinen 2012).
Conversely, speckled wood butterflies (Pararge aegeria)
at range margins demonstrate a heritable negative correla-
tion between dispersal propensity and clutch size (Hughes
et al. 2003), while the damselfly Coenagrion scitulum ex-
hibits no genetic correlation between dispersal and clutch
size (Therry et al. 2014). Environmental correlations, on
the other hand, may arise through any number of extrinsic,
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nonheritable factors that generate plastic phenotypic re-
sponses. Female blue tits (Parus caeruleus) show a positive
environmental correlation between dispersal and future
fertility that is related to current brood size: females that
were experimentally assigned to rear small broods in one
year dispersed farther and had increased fertility in the fol-
lowing year relative to females assigned large broods (Nur
1988). Negative environmental correlations between dis-
persal and fertility have been demonstrated in the green-
veined white butterfly (Pieris napi), where individuals ex-
posed to a controlled temperature/photoperiod regime that
mimicked summertime conditions had higher dispersal and
lower fertility than did individuals exposed to a springtime
regime (Karlsson and Johansson 2008). Indeed, widespread
evidence for dispersal “syndromes”—the covariation of dis-
persal with other life-history and behavioral traits within
(Clobert et al. 2009) or between (Stevens et al. 2014; Comte
and Olden 2018) species—suggests that the classical as-
sumption of demography and dispersal rates as independent
parameters may break down for eco-evolutionary models
that incorporate trait heterogeneity. How, then, should we
expect the magnitude and sign of demography-dispersal
covariance to alter predictions about range expansion?
Only three previous studies, to our knowledge, have ex-

plored the eco-evolutionary dynamics of invasion under
trait correlations, with a focus on trade-offs between life-
history and dispersal traits. Burton et al. (2010) simulated
invasions with a tripartite trade-off among low-density re-
productive rate, competitive ability, and dispersal, finding
that for populations invading empty space, traits that pro-
mote fertility and dispersal should be maintained at the in-
vasion front at the expense of competitive ability. Perkins
et al. (2016) further showed that in simulated invasions,
trade-offs cause evolved increases in dispersal to rapidly at-
tenuate once the wave front has passed through a given
location. Fronhofer and Altermatt (2015) used an exper-
imental system (freshwater ciliates) and simulations to
show that evolved increases in dispersal lead to reductions
in foraging, with consequences for the shape of the inva-
sion wave. These studies made the important step of incor-
porating trait covariance into models of range expansion
but, because they imposed a particular trait relationship
(negative, strong, genetically based), they do not reveal
the more general consequences of variation in the sign,
magnitude, and type of trait correlations. Also, previous
studies of demography-dispersal trade-offs have focused
on trait evolution during spread but not on the ecological
outcomes of invasion speed and variability. Although there
is an expectation that evolutionary processes can make
invasions more variable (Williams et al. 2019), it is not
clear how trait correlations interact with other evolution-
ary processes to influence variability in invasion outcomes.
Understanding the factors that drive invasion variability is
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Trait Correlations and Invasion Dynamics 233
essential for making useful predictions about the range of
possible trajectories for spreading populations.
In this study, we used a combination of laboratory ex-

periments, quantitative genetics models, and individual-
based simulations to explore how demography-dispersal
trait correlations, arising from genetics, maternal effects,
and/or environment, influence trait evolution during
range expansion and the ecological dynamics of spread.
We explored this question first in a specific empirical set-
ting, building on a model system for the evolutionary ac-
celeration of range expansion, and then more generally.
In a previous study we showed that rapid evolution ac-
celerated the expansion of bean beetles (Callosobruchus
maculatus [Chrysomelidae]) spreading through laboratory
mesocosms and also elevated replicate-to-replicate vari-
ability in invasion speed (Ochocki and Miller 2017). Sur-
prisingly, evolutionary acceleration was due entirely to
rapid evolution of dispersal distance; there was no evidence
that fertility evolved during range expansion despite pre-
dictions that it should (Ochocki and Miller 2017). Here,
we quantified the architecture of these traits, including
their genetic, maternal, and environmental variances and
covariances. We then integrated experimental trait estima-
tion with a spatially explicit, individual-based model that
combines population genetics and density dynamics. The
model allowed us to retrospectively evaluate whether and
how trait correlations contributed to the evolutionary ef-
fects on traits (increased dispersal, no change in fertility)
and range expansion (increased mean and variance of in-
vasion speed) that we observed in our previous study. Next,
we used the system-specific parameters as a starting point
to ask, more generally across parameter space, how the full
range of possible demography-dispersal trait correlations
influence the eco-evolutionary dynamics of spread. To our
knowledge, our study is the first to connect trait covariance
with eco-evolutionary dynamics of invasion, a connection
whose importance has been widely anticipated (Phillips et al.
2010; Perkins et al. 2013; Chuang and Peterson 2016) but
not previously demonstrated.
Material and Methods

We conducted this study in three parts. First, we mea-
sured dispersal and density-dependent fertility from indi-
viduals with known pedigree. This enabled us to infer the
genetic, maternal, and environmental variances and co-
variances (and thus correlations) between dispersal and
fertility using hierarchical Bayesian estimation of a quanti-
tative genetics model. Second, we used estimates from this
statistical model to parameterize a stochastic simulation
of bean beetle range expansion. The model allowed us to
generate system-specific predictions for evolved trait changes
and spread dynamics. Last, we varied the (co)variances of
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dispersal and fertility beyond the particular values of the
beetle system to more generally evaluate how trait corre-
lations influence invasion dynamics.
Bean Beetle Experiment

Study System. The bean beetle Callosobruchus maculatus
is a stored-grain pest that feeds on legumes, spending its
entire developmental life inside a single bean (Mitchell
1990). Adult beetles, which require neither food nor water,
emerge after ∼28 days of development. Adults live ∼10 days,
during which they disperse, mate, and reproduce. The short
generation time and convenient rearing conditions make
this species a popular model system in population biology,
including previous studies of life-history traits, population
dynamics, and range expansion (Bellows 1982; Mitchell
1990; Miller and Inouye 2011, 2013; Ochocki and Miller
2017; Wagner et al. 2017).
Laboratory populations of C. maculatus are typically

highly inbred, often for dozens or hundreds of gener-
ations. We created a genetically diverse population that
was founded with 54 beetles (♀ : ♂ ≈ 1 : 1) haphazardly
chosen from each of 18 laboratory lines (960 beetles in to-
tal), each line having been originally isolated from differ-
ent parts of the species’ global distribution (Downey et al.
2015). This was the same genetic make-up of the popula-
tions used in our previous range expansion experiments
(Ochocki and Miller 2017). Individuals in this mixed pop-
ulation interbred in a resource-unlimited environment
for seven generations before the start of the experiment,
to allow for sufficient genetic mixing and to reduce link-
age disequilibrium (Roughgarden 1979; Ochocki andMiller
2017). Beetles were maintained in a climate-controlled
growth chamber on a 16L∶8Dphotoperiod at 287C through-
out the experiment. The beetles used in this experiment were
reared on black-eyed peas (Vigna unguiculata [Fabaceae]).

Trait Measurement. We used a nested full-sib/half-sib
breeding design to measure genetic, maternal, and envi-
ronmental variances and covariances in our laboratory-
reared populations of C. maculatus. This design allows
the estimation of these variances from a single generation
of trait measurement and does not require information
on the parental genotypes or phenotypes (Falconer and
Mackay 1996; Conner and Hartl 2004; Wilson et al. 2010).
We created half-sib families by mating a single sire to three
virgin dams and replicated this process 50 times to get 150
unique full-sib families, each nested within one of 50 half-
sib families. After a 48-h mating period, each dam was
transferred to an individual petri dish for oviposition. Petri
dishes contained 50-g black-eyed peas, essentially unlim-
ited resources for a single female, and dams were permit-
ted to oviposit ad lib. until senescence. Adults emerged after
2.101.198 on March 03, 2020 14:48:02 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).



234 The American Naturalist
∼28–30 days of development. We measured dispersal and
density-dependent fertility in the adult offspring. Raw data
from this experiment are publicly available in the Dryad
Digital Repository (https://doi.org/10.5061/dryad.n804b6d;
Ochocki et al. 2020).
Dispersal. We measured dispersal ability by allowing

beetles to disperse for 2 h across one-dimensional arrays
of 60-mm petri dish “patches.” Each patch in these arrays
was interconnected by 1/8-inch plastic tubing and con-
tained seven black-eyed peas, the same dispersal environ-
ment as in our range expansion experiment (Ochocki and
Miller 2017). Dispersal trials began with 16 full siblings
(eight females and eight males) in a starting patch, with
a sufficient number of patches to the left and right so that
beetles could disperse in either direction without encoun-
tering the edge of the environment. We chose to use
16 beetles because that was the largest number of individ-
uals that we could reliably obtain from our full-sibling
families while maintaining a 1∶1 sex ratio among the dis-
persing individuals. After 2 h of dispersal, we recorded
the number of patches that each beetle dispersed to, which
allowed us to estimate a dispersal kernel for each full-
sibling family.
Fertility. After dispersal, we gathered female beetles

and transferred each of them to an isolated petri dish with
one unrelated male where they could mate and oviposit;
we counted the number of offspring that emerged over
the following 28–30 days to estimate fertility for each fe-
male. While our main focus was low-density fertility in
leading-edge environments, we additionally quantified
density dependence in fertility so that our simulations
could include realistic population dynamics behind the
advancing front. To induce density dependence in fertil-
ity, each oviposition dish contained a resource density of
either one, three, five, or 10 black-eyed peas. Given the
opportunity, females will attempt to distribute their eggs
approximately uniformly among available beans (Mitch-
ell 1990), so that the number of eggs per bean is inversely
proportional to the number of beans available. Larval
competition within a bean has a strong negative effect
on larval survival to adulthood, so that any larva’s survival
probability decreases with the number of eggs per bean
(Giga and Smith 1991). It is therefore possible to vary
the strength of larval competition that offspring experi-
ence simply by varying the number of beans available to
females for oviposition. Thus, dishes containing one black-
eyed pea were expected to yield high egg densities, result-
ing in high-competition larval environments; dishes con-
taining 10 black-eyed peas were expected to yield low egg
densities, resulting in low-competition larval environ-
ments. Postdispersal females were haphazardly assigned
to one of the four oviposition densities. Because of the rel-
atively low number of female dispersers in each full-sibling
This content downloaded from 128.04
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family, we opportunistically supplemented fertility trials
with full-sibling females that were not included in the dis-
persal trial. We attempted to replicate each bean density
at least three times per full-sib family; we made note of
fertility trials using undispersed females, and preliminary
analyses did not reveal any differences in fertility between
dispersed and undispersed individuals.
Since the density-dependent competition described here

is among full siblings, it is important to consider whether
competition among full siblings might be different than
competition among unrelated individuals. Conveniently,
experimental evidence shows that the strength of compe-
tition among developing larvae of C. maculatus does not
vary with relatedness (Smallegange and Tregenza 2008).
Thus, changes in fertility in response to changing resource
availability under this design likely reflect true measures of
intraspecific competitive ability and are likely not influ-
enced by reduced competition due to kinship.

Statistical Analysis.We used the animal model to estimate
genetic, maternal, and environmental variances and co-
variances of dispersal and demography traits (Lynch and
Walsh 1998; Kruuk 2004; Wilson et al. 2010). The animal
model is a hierarchical linear mixed model that partitions
genetic variance in quantitative traits based on associa-
tions between kinship and trait values of offspring, even
if trait values of parents are not known (as in our study).
Because dispersal and fertility were measured as counts
(patches moved and number of offspring, respectively),
we used a generalization of the animal model for non-
Gaussian traits (de Villemereuil et al. 2016). This distinc-
tion is important because, in the generalized animalmodel,
genetic variation in traits manifests at two scales: the scale
of the observations and a “latent” scale that corresponds
more directly to the trait values expected due to kinship
but that can be studied only through random realizations
(deVillemereuil et al. 2016). As we describe in the next sec-
tions, we focus throughout on genetic variance, covariance,
and heritability of dispersal and demography traits on their
latent scales (a log scale for both traits). Since we could only
measure density-dependent fertility in females, we focused
our analysis exclusively on data collected from females,
and the simulation model that follows is correspondingly
female dominant.
Dispersal. Previous studies estimating C. maculatus dis-

persal kernels have found negative binomial or Poisson in-
verse Gaussian kernels to provide the best fit to dispersal
data (Miller and Inouye 2013; Ochocki and Miller 2017;
Wagner et al. 2017). While this was also the case in the
present study when data were aggregated across families,
a Poisson kernel provided the best fit to family-level dis-
persal data. This is likely due to the fact that heterogene-
ity in the mean among families generates an aggregate
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response that is negative binomially distributed. We thus
modeled the dispersal distance d of individual i from sire
j and dam k as

dijk e Poisson(lijk), ð1Þ
where lijk is the mean and variance of the Poisson distri-
bution. The expected value for dispersal distance is de-
fined by a linear model that includes a grand mean (md)
and accounts for additive genetic contributions from both
parents (ad

jk), maternal identity (md
k), and residual devia-

tion of observation i (edi ):

log(lijk) p md 1 ad
jk 1md

k 1 edi : ð2Þ
The genetic (ad

jk), maternal (md
k), and environmental (edi )

random variables for dispersal distance are further defined
below in relation to fertility.
Fertility. Unlike dispersal, fertility was measured with re-

spect to density. We imposed density dependence by ma-
nipulating the resources available to an individual female
rather than density per se. We analyzed the data using the
framework of the Beverton-Holt model of population growth,
modified so that population density is expressed as the ratio
of females to beans:

Nt11

B
p

r(Nt=B)
11 ((r 2 1)=K)(Nt=B)

: ð3Þ

Setting Nt p 1 and multiplying both sides by B gives
the expected offspring production of single females in var-
iable bean environments:

Nt11 p
r

11 (r 2 1)=KB
: ð4Þ

Here, B is the number of beans available, r is low-density
fertility, and K is the carrying capacity per bean (i.e., the
number of beetles that one bean could support). Our
aim was to identify variation in r that was attributable
to pedigree and covariance with dispersal. There is a well-
documented covariance between statistical estimates of r
and K in density-dependent population models (Hilborn
and Walters 1992), and this prevented us from modeling
both r and K as heritable traits. Instead, we assume a fixed
value ofK and allow r to vary among individuals according
to a quantitative genetic model of inheritance.
We treat the number of offspring produced by female i

from sire j and dam k (Nijk) as a Poisson random variable,
with the expected value given by equation (4)

Nijk e Poisson
 

rijk
11 (rijk 2 1)=KBijk

!
: ð5Þ

As in equation (2), low-density fertility is described by a
linear model that includes a grand mean (mr) and accounts
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for additive genetic (ar
jk), maternal (mr

k), and environmen-
tal (eri ) effects:

log(rijk) p mr 1 ar
jk 1mr

k 1 eri : ð6Þ
Linking dispersal and fertility. Finally, to model genetic,

maternal, and environmental variances and covariances,
we link the corresponding random deviates. The vector ajk
contains the additive genetic random deviates (also known
as “breeding values”) for dispersal (ad

jk) and fertility (a
r
jk) and

is distributed according to a multivariate normal distribu-
tion centered on the average of the breeding values for both
parents (the “midparent value”) with variance-covariance
matrix G/2:

ajk e MVN

 
aj 1 ak

2
,
G
2

!
, ð7Þ

G p

"
VG,d CG

CG VG,r

#
: ð8Þ

Here, VG,d and VG,r are the additive genetic variances in the
latent trait values for dispersal and fertility and CG is the ad-
ditive genetic covariance between the latent trait values. In
equation (7), dividing G by 2 accounts for the expected ad-
ditive genetic variance among full siblings compared with
the population as a whole (Roughgarden 1979).
Maternal effects are distributed similarly such that mk

contains elements md
k and mr

k from equations (2) and (6),
respectively, and is distributed as

mk eMVN(0,M), ð9Þ

M p

"
VM,d CM

CM VM,r

#
: ð10Þ

Finally, the environmental deviates—individual-to-
individual variation that is not explained by pedigree, also
known as “overdispersion” (de Villemereuil et al. 2016)—
are treated similarly, where the vector ei contains elements
edi and eri and is distributed as

ei eMVN(0,E), ð11Þ

E p

"
VE,d CE

CE VE,r

#
: ð12Þ

In the bean beetle system, microsite variation in larval en-
vironment is a good candidate for the environmental var-
iation E, as host beans may vary in, for example, nutrient
content, water content, geometry, age, and so on. For all
covariances, genetic, maternal, and environmental correla-
tions were derived as r p C=((Vd)

1=2(Vr)
1=2). Assuming
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that genetic, maternal, and environmental effects are not
correlated with each other, the total phenotypic variance
in each trait is simply the sum of all variance components
(e.g., VP,d p VG,d 1 VM,d 1 VE,d). All analyses in this sec-
tion were performed in R version 3.4.0 (R Core Team
2015) using rstan (Stan Development Team 2015). Because
models were fit in a Bayesian framework, we can quantify
parameter uncertainty through their posterior distributions.
Code for these analyses may be found at https://github.com
/bochocki/correlatedtraits.
Simulating Invasions with Correlated Traits

We simulated sexually reproducing populations spreading
across a one-dimensional landscape in discrete time and
discrete space, based on our empirical estimates for the
C.maculatus system. AlthoughC.maculatus has two sexes,
we simulated hermaphroditic populations for tractability.
Each simulation began with 20 individuals in a single
starting patch; we modeled each individual as expressing
a dispersal and fertility phenotype following the statistical
model defined above. The additive genetic (ajk), maternal
(mk), and environmental (ei) deviates for each individual
were drawn at random given covariance matrices G, M,
and E. The initial conditions of the simulation mimic a
This content downloaded from 128.04
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small founding population being introduced to an empty
landscape from some genetically well-mixed source popu-
lation. Complete details of the simulations are provided in
the appendix (available online).
For analysis of the simulation output, we defined an

invasion’s extent in each generation as the location of
the individual farthest to the right of the starting patch.
Since the duration of spread was fixed, the final extent
is proportional to mean invasion speed (patches per gen-
eration), and this is how we frame the interpretation that
follows. To understand how trait variation and covaria-
tion altered simulated invasion outcomes, we focused
on mean invasion extent after 20 generations and the co-
efficient of variation (CV) in extent as a measure of vari-
ability. We also quantified trait evolution in the simula-
tions by comparing the genetically based quantitative
trait values (population mean m plus breeding value ajk)
between the value in the center patch in generation 0
and the value at the range-edge patch in generation 20.
We first ran the simulated invasions with parameter

values estimated from the C. maculatus laboratory experi-
ments (table 1) to establish whether the model could gen-
erate invasion outcomes that were qualitatively consistent
with our previous experimental work. We contrasted re-
sults against a “no-evolution” scenario in which genetic
variances were set to zero and redistributed across maternal
Table 1: Estimates of key parameters from the beetle experiment
Parameter
 Description
2.101.198 on March 
and Conditions (http:
Mean (95% CI)
Dispersal:

md
 Mean dispersal phenotype (log(patches))
 1.64 (1.54 to 1.74)

VG,d
 Additive genetic variance in dispersal
 .03 (.000042 to .14)

VM,d
 Maternal variance in dispersal
 .1 (.047 to .17)

VE,d
 Environmental variance in dispersal
 .25 (.17 to .32)

VP,d
 Total phenotypic variance in dispersal
 .38 (.31 to .47)
Fertility:

mr
 Mean fertility phenotype (log(offspring))
 2.74 (2.6 to 2.87)

VG,r
 Additive genetic variance in fertility
 .033 (.026 to .096)

VM,r
 Maternal variance in fertility
 .018 (.000078 to .05)

VE,r
 Environmental variance in fertility
 .29 (.24 to .35)

VP,r
 Total phenotypic variance in fertility
 .35 (.3 to .4)

K
 Carrying capacity per bean
 3.56 (3.14 to 4.04)
Both:

CG
 Additive genetic covariance
 2.0071 (2.049 to .014)

CM
 Maternal covariance
 2.011 (2.039 to .0095)

CE
 Environmental covariance
 2.049 (2.093 to 2.005)

rG
 Additive genetic correlation
 2.17 (2.87 to .75)

rM
 Maternal correlation
 2.26 (2.79 to .45)

rE
 Environmental correlation
 2.18 (2.33 to 2.019)
Note: Parameter estimates are grouped by the demographic process that they correspond to: dispersal, fertil-
ity, or both. Percentages show parameter estimates in the 95% credible interval (CI) and the median (50%) pa-
rameter estimate.
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Trait Correlations and Invasion Dynamics 237
and environmental components; this allowed us to contrast
simulated invasions with and without genetic variation in
demography and dispersal traits, holding total phenotypic
variation constant. We did not attempt direct quantitative
comparison between our previous experiment and present
simulation because they differed in some known, important
ways (e.g., for convenience, the simulations assumed her-
maphroditism). We generalized the C. maculatus–specific
results by exploring realistic variation in trait correlations
and genetic variance. To test the role of variation in the sign
and magnitude of trait correlations and contrast the effects
of genetic, maternal, and environmental correlations, we
varied rG, rM, and rE factorially such that each correlation
coefficient took a range of values (20.9, 20.45, 0.0, 0.45,
and 0.9 for rG; 20.9, 0, and 0.9 for rM and rE). To further
expand beyond the beetle system—where additive genetic
variance accounted for a minority of the total phenotypic
variance in dispersal (VG,d ! VM,d ! VE,d) and fertility
(VG,r ! VM,r ! VE,r ; table 1)—we replicated the full range
of trait correlations across variation in trait heritabilities
by modifying the proportion of total phenotypic variance
that was genetically based. We considered two additional
cases, one in which phenotypic variance for both traits was
evenly distributed between additive genetic, maternal, and
environmental components (VG,d p VM,d pVE,d p VP,d=3
and VG,r p VM,r p VE,r p VP,r=3) and another in which
all of the phenotypic variation was assumed to be genetically
based (VG,d p VP,d and VG,r p VP,r). The complete param-
eter space of the simulations is described in the appendix.
We replicated each parameter combination 1,000 times.
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Results

Architecture of Callosobruchus maculatus
Demography and Dispersal Traits

We found evidence for additive genetic variation in de-
mography and dispersal traits, although genetic and ma-
ternal variances were small in magnitude relative to envi-
ronmental variances (table 1). Dispersal distance and
fertility exhibited a similar amount of total phenotypic
variance, and a similar fraction of it was attributed to ad-
ditive genetic effects, suggesting similar evolutionary po-
tential of the two traits.
There was a negative correlation (Pearson’s r p 20:118)

between raw phenotypic values of dispersal distance and
fertility (averaged over variation in bean densities; fig. 1A),
indicating that long-distance dispersers tended to pro-
duce fewer offspring. Underlying these raw observations,
our quantitative genetics analysis revealed that demography
and dispersal traits inC.maculatuswere linked through addi-
tive genetic, maternal, and environmental correlations; poste-
rior means for all of these correlations were negative (table 1;
fig. 1B). Given estimation uncertainty, as quantified by the
Bayesian posterior probability distributions, the genetic, ma-
ternal, and environmental correlations were, respectively, 2,
4.6, and 68.7 times more likely to be negative than positive.
Simulation Results

Simulations of C. maculatus Invasion. Simulations of eco-
evolutionary spread dynamics using point estimates from
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fertility, which were negatively correlated (Pearson’s r p 20:118). B, Trait correlations estimated from the quantitative genetic model, in-
cluding additive genetic (rG), maternal (rM), and environmental (rE) correlations. Vertical lines show the posterior means, and translucent
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the beetle system generated results that were consistent
with our previous experimental studies of C. maculatus
invasions (fig. 2). Evolving invasions spread farther and
had elevated variability in final extent across simulation
replicates compared with invasions with the same amount
of phenotypic variance in demography and dispersal traits
but in which none of it was genetically based. As we found
experimentally, the evolutionary effect on variability was
proportionally much stronger than the effect on the mean
invasion speed. Trait evolution in the simulated invasions
also aligned well with empirical observations: range-edge
patches showed a genetically based increase in dispersal
ability and virtually no evolved change in fertility (fig. 2).

Generalizing Beyond the C. maculatus System. Invasion
speed and variability. We found that evolutionary changes
in invasion speed and variability were general outcomes
when there was genetic variation in demography and dis-
persal traits but that trait correlations could modify how
evolution shapes these ecologicalmeasures of spread, quan-
titatively and even qualitatively. Under the trait variances
estimated from the beetle system, simulated invasions were
fastest when genetic, maternal, and environmental corre-
lations were all strongly positive and were slowest when
these correlations were strongly negative (fig. 3A, inset).
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Comparing invasions with versus without genetic variation
and quantifying their difference in speed as a fold change,
figure 3A shows that evolution accelerated spread even un-
der the strongest negative genetic correlation, where evolved
increases in dispersal ability necessarily meant evolved de-
creases in fertility and vice versa. More positive genetic cor-
relations led to stronger evolutionary acceleration, since se-
lection could favor high-dispersal/high-fertility phenotypes.
Variance in invasion outcome, measured as the CV of final
invasion extent across simulation replicates, was also greater
for invasionswith versus without genetically based trait varia-
tion, and the evolutionary increase in variance was positively
related to the genetic correlation (fig. 3D). Under beetle-
specific parameters, nongenetic trait correlations (rM and
rE) weakly affected the degree to which evolution accelerated
invasion because they similarly boosted the speeds of evolv-
ing and nonevolving invasions (fig. A1; figs. A1–A3 are
available online). The black points in figure 3A and 3D iden-
tify the beetle system in the context of variation in rG, rM, and
rE. This visualization illustrates how, in this system, empiri-
cally observed increases in invasion speed and variability due
to evolution were likely constrained by the negative genetic
correlation between dispersal and fertility, whereas the trait
correlations stemming from maternal and environmental
effects had little influence on evolutionary outcomes.
Effects of trait correlations on themean and CV of inva-

sion speed described above generally held when we ex-
panded the simulations beyond beetle-specific parameters
to explore cases of greater genetic variation in dispersal and
fertility, but this expanded parameter space provided sev-
eral additional insights. First, as expected, the influence
of genetic correlations on mean invasion speed increased
as the proportion of additive genetic variance increased
(fig. 3A–3C). Second, maternal and environmental corre-
lations had a greater influence under greater genetic vari-
ance in demography and dispersal, particularly for mean
invasion speed. Interestingly, the magnitude of evolution-
ary acceleration responded in the opposite way to maternal
and environmental correlations as it did to genetic cor-
relations, being greatest at negative values of rM and rE.
This was likely because, even in the absence of evolution,
invasions were accelerated by positive environmental and
maternal correlations (fig. A1); thus, there was more “room
for improvement” in speed via evolution when nongenetic
negative trait correlations held invasions back. It is also
noteworthy that maternal and environmental correlations
seemed to have interchangeable effects in this regard.
Third and most importantly, we found that it was pos-

sible for evolution to decelerate invasions (fig. 3C). The
evolutionary decrease in invasion speed occurred only
when dispersal and fertility traits were highly heritable
and genetic correlations were strongly negative, such that
the best dispersers at the leading edge were very likely to
Fertility
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Figure 2: Simulation results for Callosobruchus maculatus inva-
sions. Bars show the natural logarithm of fold change due to evo-
lution in invasion metrics and demography and dispersal traits for
simulation results corresponding to empirical estimates for C. mac-
ulatus (table 1). White bars show the mean and coefficient of var-
iation (CV) of final extent after 20 generations of spread, and the
fold change is relative to invasions with no genetically based trait
variation but similar amounts of total phenotypic variance. Black
bars show genetically based quantitative trait values for dispersal
distance (md 1 ad) and low-density fertility (mr 1 ar), and fold
change compares the mean range-edge genotype in generation 20
with the initial genotype in generation 1. The log fold change in fer-
tility was very close to zero.
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Figure 3: Trait correlations modify evolutionary effects on invasion speed and variability. A–C, Fold change in final invasion extent due to
evolution (inset in A shows raw final extent for evolving invasions). D–F, Fold change in the coefficient of variation (CV) of final extent due
to evolution. For all panels, responses are shown in relation to rG (X-axes), rM (colors), and rE (line types). Gray lines at y p 0 indicate no
difference between invasions with and without additive genetic variation in dispersal and fertility. Columns correspond to three cases of
genetic variation: A, D, genetic, maternal, and environmental variances estimated from the beetle system (VG ! VM ! VE); B, E, equal dis-
tribution of variance components (VG p VM p VE); C, F, all phenotypic variance is genetically based (VG p VP). Black points in A and D
show outcomes using parameter estimates from the Callosobruchus maculatus system.
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carry low-fertility alleles. Even under conditions where evo-
lution decelerated spread, evolutionary effects increased
variance across replicates (fig. 3D–3F). Thus, the evolution-
ary increase in variance across realizations of spread was a
general result across the dimensions of parameter space
that we considered, but the evolutionary increase in average
speedwas not: genetically based trade-offs between dispersal
and reproduction could sometimes cause an evolutionary
slowdown.
Trait evolution. Simulation results for evolved trait changes

provide amechanistic basis for the invasionmetrics described
above and help contextualize the trait changes observed
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in the C. maculatus system (fig. 4). For the conditions of
the beetle system (fig. 4A) and more generally (fig. 4B,
4C), dispersal showed strong, positive evolutionary re-
sponses across all values of genetic and environmental
correlations, consistent with expectations for dispersal
evolution via spatial sorting. Evolved increases in dispersal
were strongest under positive demography-dispersal ge-
netic correlations (rG), whereas maternal (rM) and envi-
ronmental (rE) trait correlations had virtually no influence
on trait evolution.
In contrast to dispersal, the direction of evolutionary

change in fertility during invasion was strongly dependent
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Figure 4: Simulation results for evolutionary change in dispersal and fertility. A, Genetic, maternal, and environmental variances estimated
from the beetle system (VG ! VM ! VE). B, Equal distribution of variance components (VG p VM p VE). C, All phenotypic variance is
genetically based (VG p VP). Lines show the natural logarithm of fold change in dispersal (log(patches)) and fertility (log(offspring)) in
relation to rG (X-axis), rM (colors), and rE (line types). Fold change compares trait values (md 1 ad and mr 1 ar) in the farthest occupied
patch after 20 generations of range expansion to their respective starting values. Black points show outcomes using parameters estimates
from the Callosobruchus maculatus system.
2.101.198 on March 03, 2020 14:48:02 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).



Trait Correlations and Invasion Dynamics 241
on the sign and magnitude of genetic correlations. Under
no correlation (rG p 0), there were evolved increases in
fertility (stronger when there was more genetic variation
in this trait), consistent with theoretical expectations for
r-selection on fertility at low-density wave fronts. Across the
parameter space we considered, strong evolved increases in
fertility occurred only when it was positively genetically
linked to dispersal, whereas strong negative correlations
caused an evolved decrease in fertility at the invasion front.
Regardless of direction, the magnitude of the evolutionary
response in fertility was lower than that of dispersal (fig. 4),
despite similar levels of genetic variance in the beetle system
(table 1) and in our generalized cases (appendix). Thus, spa-
tial sorting of dispersal generally predominated r-selection
on low-density fertility such that, in the face of genetically
based trade-offs, the balance always tipped in favor of in-
creased dispersal ability at the invasion front.
Predicted trait changes specific to the C. maculatus sys-

tem are shown as black points in figure 4A. In this context,
it is clear that the overall evolutionary responsewas expected
to be greater for dispersal than for fertility, regardless of the
genetic correlation between them. However, the outcome of
no change in fertility was likely a consequence of the mod-
erately negative genetic correlation in this system.
We have focused our analyses on the contrast between

invasions with versus without genetically based trait var-
iation as a measure of how evolution affects invasions.
This approach combines evolutionary processes that are
unique to spreading populations (spatial sorting) with
those that are not and thus represents the “total” effect
of evolution. In the appendix, we present simulation re-
sults that isolate the specific influence of spatial sorting
from other evolutionary processes. These additional anal-
yses reveal how genetic correlations may continue to in-
fluence invasion dynamics even when spatial sorting is
suppressed. Thus, the total effect of evolution on invasion
dynamics (figs. 3, 4) was largely but not entirely driven by
spatial sorting.
Discussion

Long-standing ecological theory and more recent eco-
evolutionary work emphasize the key roles of demography
and dispersal traits—and the evolutionary forces that act
on them—as drivers of invasion dynamics. But in both
classes of theory, regeneration and movement are usually
assumed to operate independently. On the other hand, dif-
ferent bodies of literature emphasize connections between
demography and dispersal traits through amyriad ofmech-
anisms, ranging from trade-offs and costs of dispersal (typ-
ically corresponding to negative correlations) to dispersal
“syndromes” that package several life-history and move-
ment traits into a multivariate phenotype (typically corre-
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sponding to positive correlations). Our work unifies both
ends of this continuum into a cohesive framework for un-
derstanding the role of trait correlations in invasion dynam-
ics and carries significance at two levels. First, the quanti-
tative genetics experiment and empirically parameterized
simulation model allowed us to retrospectively diagnose
the contributions of demography-dispersal correlations to
observed spread dynamics and trait evolution in the Cal-
losobruchus maculatusmodel system. Our findings that trait
architecture imposed important constraints on trait evolu-
tion and invasion dynamics provide a novel window of in-
sight onto this empirical case study. Second, the generalized
simulationmodel expanded our breadth of inference, reveal-
ing which outcomes were particular to the trait architecture
of C. maculatus and which were more general.
It is widely expected from evolutionary theory that ge-

netic correlations can constrain how traits evolve in re-
sponse to selective processes (Schluter 1996; Walsh and
Blows 2009), and this has been previously shown in the con-
text of range-expanding populations (Burton et al. 2010;
Fronhofer and Altermatt 2015; Perkins et al. 2016). Our
work builds on these expectations for trait evolution to
show, for the first time, how the sign, magnitude, and
type of correlation between demography and dispersal af-
fects higher-level ecological outcomes of range expansion,
specifically, speed and variability across realizations. Our
finding that under some conditions negative genetic cor-
relations can cause an evolutionary slowdown of range
expansion, for example, highlights the value of connecting
trait evolution to ecological outcomes. We also provide
novel evidence that trait covariance determines the extent
to which evolution can amplify variability across realiza-
tions of spread. Collectively, our results identify trait corre-
lations as a key factormodulating how evolution shapes tra-
jectories of biological invasion. Belowwe discuss our results
in greater detail and connect their conceptual significance
to the broader literature.
Simulated invasions based on C. maculatus parameters

recapitulated our previous experimental results (Ochocki
and Miller 2017): invasions subject to the influence of se-
lective forces on dispersal and fertility at the low-density
leading edge were faster (on average), were more variable,
and showed evolved increases in dispersal but not fertility
compared with invasions in which that influence was sup-
pressed (fig. 2). This correspondence bolstered our confi-
dence that the simulation model was an appropriate vehi-
cle for testing how trait correlations contributed to those
results. We found that, qualitatively, evolutionary increases
in mean and variance were expected for C. maculatus re-
gardless of trait correlations: even a strict genetic trade-off
(rG p 21) could not have prevented evolutionary acceler-
ation.However, the sign andmagnitude of correlations could
modify the strength of the response. Specifically, increasing
2.101.198 on March 03, 2020 14:48:02 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).



242 The American Naturalist
the genetic correlation from negative to positive values in-
creased the accelerating and variance-amplifying effects of
evolution. Thus, the negative genetic correlation that we de-
tected between dispersal and fertility inC.maculatus (fig. 1)
caused the evolutionary increases in invasion speed and
variability observed in our previous study to be weaker than
they would have been under no, or especially positive, ge-
netic correlations (fig. 3).
The increase in evolutionary acceleration with increasing

strength of demography-dispersal correlation was a general
result, not one limited to beetle-specific parameter estimates
(fig. 3). This likely occurred because positive correlations
align the dominant axis of phenotypic variation with the di-
rection of selection, with high-dispersal/high-fertility (and
therefore high-invasion speed) phenotypes favored at the
leading edge (Phillips et al. 2010). The positive effect of ge-
netic correlations may also reflect some contribution of en-
hanced spatial selection, whereby the evolution of greater
reproductive rates at the leading edge strengthen spatial se-
lection on dispersal (Perkins et al. 2013). On the other hand,
negative genetic correlations constrain evolutionary accel-
eration of invasion—a result anticipated by recent theory
(Phillips and Perkins 2019)—since an evolved increase in
one trait would mean an evolved decrease in the other. Im-
portantly, our simulations revealed that a strongly negative
demography-dispersal genetic correlation, combined with a
large amount of heritable variation, can actually decelerate
invasion (fig. 3C). Two previous theoretical studies have
reported the potential for evolution to decelerate invasion
when there is an Allee effect that selects against phenotypes
that occur in low-density, leading-edge patches (Travis and
Dytham 2002; Shaw and Kokko 2015). The accumulation
of deleterious mutations at expanding fronts (“expansion
load”) is another evolutionary process that can slow down
invasions (Gilbert et al. 2017; Peischl and Gilbert 2020).
Our results identify genetically based trade-offs as a new

mechanism for evolutionary deceleration of spread. It is cur-
rently unknown how commonly conditions align to cause
evolutionary deceleration of expanding populations via neg-
ative genetic correlations, but the possibility of it should cause
us to reconsider general expectations for eco-evolutionary
invasion dynamics in light of genetic architecture.
If trade-offs between dispersal and life-history traits are

common, as empirical studies suggest, then such negative
correlations may be an important factor limiting the
speed of range expansion and constraining the evolution
of superinvaders. For example, Fronhofer and Altermatt
(2015) found that spatial sorting favored the evolution
of increased dispersal in freshwater ciliates, but this traded
off with foraging success, leading to the dominance of
“prudent” resource depletion strategies at range margins.
The cane toad invasion of Australia is a classic case of
evolution during range expansion (Phillips et al. 2006), yet
This content downloaded from 128.04
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evolved increases in dispersal ability have been associated
with reduced reproductive rates at the leading edge (Hudson
et al. 2015), suggesting that negative correlations may
constrain evolutionary acceleration in this system, as we
showed in C. maculatus. Other examples, however, sug-
gest the inverse case of positive trait correlations promot-
ing rapid range expansion. In western bluebirds, positive
genetic correlation of dispersal propensity and aggressive
behavior allowed them to expand into the territory of a
competitor species (Duckworth and Badyaev 2007; Duck-
worth and Kruuk 2009). Our results provide new context
for interpreting the consequences of trait correlations and
their associated evolutionary constraints (if negative) or
opportunities (if positive) in range-expanding species such
as these.
Perhaps not surprisingly, the role of genetic correlations

as a decelerating or accelerating factor depended on the
amounts of genetic variation in demography and dispersal
traits (fig. 3). This suggests that historical factors may be
an important contingency on the expression of genetically
based correlations and their ecological consequences. For
example, genetic bottlenecks associated with species’ intro-
ductions may limit genetic variances and covariances in
range-expanding species (Dlugosch and Parker 2008;
Wagner et al. 2017). In the western bluebird system, histor-
ical metapopulation dynamics were important for the main-
tenance of alternative dispersal/aggression phenotypes,
which promoted subsequent range expansion (Duckworth
2008). Furthermore, genetic architecture of demography
and dispersal traits may itself evolve during expansion
(Arnold et al. 2008), as selective processes deplete genetic
variation and covariation at the expansion front. This was
likely the case in our experiments and simulations, al-
though we did not quantify such changes.
In addition to increasing the average speed of invasion,

evolution of demography and dispersal traits can also am-
plify variability across realizations of spread. This result
that has been shown in previous theoretical and experi-
mental studies (Phillips 2015; Ochocki and Miller 2017;
Weiss-Lehman et al. 2017; but for a case of evolution de-
creasing variability, see Williams et al. 2016) and is typi-
cally interpreted as a signature of gene surfing, whereby
founder events at the low-density leading edge lead to sto-
chastic allele fixation that either reinforces or opposes
the direction of selection on demography and dispersal
(Edmonds et al. 2004; Klopfstein et al. 2006; Excoffier
and Ray 2008; Peischl et al. 2015). Our new results indi-
cate that genetic correlations are an important modifier
of invasion variability (fig. 3), likely for reasons related
to their influence on average speed. Under a positive ge-
netic correlation, the major axis of phenotypic variance
spans low dispersal/low fertility (and thus low invasion
speed) to high dispersal/high fertility (and thus high
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invasion speed). Stochastic fixation of alleles sampled from
this axis of variation should therefore generate a wide
range of invasion speeds across realizations. Conversely,
under a negative genetic correlation, the major axis of
phenotypic variance spans low dispersal/high fertility to
vice versa; opposite ends of this axis are phenotypically
different but similar in their resulting invasion speeds,
due to the counteracting effects of the two traits. These
outcomes echo the classic result for invasion by diffusion,
where asymptotic speed equals 2(rD)1=2, and are consis-
tent with recent theory that highlights the compensatory
nature of selection on spatial (D) versus temporal (r) com-
ponents of fitness (Phillips and Perkins 2019). The range
of variation in invasion speed should therefore be smaller
under a negative demography-dispersal correlation than
a positive one, all else equal. In this way, increasing a ge-
netic correlation from negative to positive values increases
the opportunity for fixation of ecologically different pheno-
types. Empirical work has shown that evolutionary effects
on replicate-to-replicate invasion variance may themselves
be highly variable across systems (reviewed in Williams
et al. 2019). Our results suggest that, as with mean invasion
speed, understanding the genetic architecture of demog-
raphy and dispersal traits may help resolve this heteroge-
neity across studies.
Empirical studies of range-core versus range-edge values

for life-history and movement traits have been rapidly ac-
cumulating, often but not always supporting the theoreti-
cal expectation of increased dispersal and reproductive
output at the range edge (reviewed inChuang and Peterson
2016). Our results show that, in the C. maculatus system
and in general, the evolutionary response of dispersal
distance exceeded that of low-density reproductive rate,
which only showed a strong evolved increase when it was
genetically linked to dispersal (fig. 4). Furthermore, under
negative genetic correlations, it was always dispersal that
increased at the expense of fertility (evolutionary accelera-
tion occurred as long as gains in dispersal more than com-
pensated for losses in fertility). These results point to two
reasons why we detected no change in fertility in our pre-
vious invasion experiment: (1) the predominance of spatial
sorting of dispersal over r-selection on fertility and (2) the
negative genetic correlation between the two traits, which
further limited any evolved increase in fertility. Our trait
evolution results also shed light on empirical results else-
where in the literature, including evidence for evolved in-
creases in dispersal but decreases in fertility in range-edge
populations (Hughes et al. 2003; Simmons and Thomas
2004). Working with laboratory invasions of flour beetles,
Weiss-Lehman et al. (2017) found that evolution increased
the mean and variance of invasion speed at the population
level while, at the trait level, dispersal increased but fertility
significantly decreased; in our simulations, a negative ge-
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netic correlation often yielded exactly these results. By con-
sidering both invasion dynamics and underlying traits, our
results highlight their sometimes counterintuitive connec-
tions, including cases where evolved increases in dispersal
ability may fail to accelerate or even decelerate range expan-
sion due to corresponding reductions in fertility.
Our findings that dispersal evolution generally exceeded

fertility evolution and was the more important driver of
evolutionary acceleration are consistent with previous ex-
periments (Weiss-Lehman et al. 2017) and simulations
(Burton et al. 2010), although the opposite has also been
found (Van Petegem et al., 2018). To our knowledge, cur-
rent theorymakes no predictions about the relative roles of
these eco-evolutionary pathways. For example, the analyt-
ical model of Phillips and Perkins (2019) predicts perfect
symmetry between these two traits as they influence evo-
lutionary effects on expansion. Notably, their model did
not include density dependence (as ours did), which may
weaken r-selection on fertility and favor a dominant role
of spatial sorting. Additional theoretical work is needed
to understand what determines the relative importance of
dispersal and demography traits in evolving range expan-
sions, as they clearly do not always play symmetrical roles.
While genetic correlations are clearly consequential for

the eco-evolutionary dynamics of spread, our work also
provides guidance on the relative roles of genetic, mater-
nal, and environmental trait correlations, all of which are
commonly reported in the literature and were detected in
the C. maculatus system (fig. 1). Any positive phenotypic
correlations that cause high-dispersal/high-fertility trait
values to co-occur within individuals at the expanding
front will always have a positive effect on the speed of
invasion and vice versa for negative phenotypic corre-
lations, regardless of whether the trait correlation is ge-
netically based. However, in invasion variability and trait
evolution, the roles of genetic correlations were generally
much greater than those of environmental correlations.
Thus, as future studies begin to consider demography-
dispersal correlations in spread dynamics, there may be
some contexts or applications in which isolating genetic
versus nongenetic contributions would be of little impor-
tance and others where separating the two may be critical.
We have treated trait correlations as statistical phe-

nomena; we know little about how or why they arise in
the beetle system, biologically. The two traits that we con-
sider are more likely metatraits that capture many phys-
iological processes, behaviors, and morphological char-
acters. Understanding these lower-level mechanisms was
not essential for the purposes of our study but may be im-
portant in other contexts. Other work we have done in
this system suggests that dispersal distance is density de-
pendent, with beetles (especially females) traveling greater
distances with increasing conspecific density (T. E. X.
2.101.198 on March 03, 2020 14:48:02 PM
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Miller and B. D. Inouye, unpublished data). All of the dis-
persal trials in the present study used a constant density, so
density dependence does not confound interpretation of
the dispersal results. However, it is possible that the appar-
ent genetic variation in innate dispersal distance is actually
genetic variation in sensitivity to conspecific density. The
mechanistic basis for the negative correlations between dis-
persal and fertility (in all covariance components; fig. 1) is
similarly unclear, but other life-history trade-offs inC. mac-
ulatus have been attributed to resource acquisition (Messina
and Fry 2003). Thus, it is possible that the bean environ-
ment of larvae (the resource consumption stage) affected
the expression of demography-dispersal trade-offs in the
adult stage. There was also evidence for maternal effects,
which are well documented for C. maculatus and may re-
flect the influence of maternal age or mating frequency
(Fox 1993), although no previous studies in this system
have explored maternal effects on dispersal, to our knowl-
edge. Our dispersal setup was not intended to mimic nat-
ural conditions for this species, but we think it provides a
reasonable approximation given thatC.maculatus is a pest
of stored grains. Therefore, our trait estimates carry some
meaning beyond the particular context of our laboratory
experiment.
There are some assumptions and limitations of our work

that merit consideration andmay suggest avenues for future
research. First, while we explored environmental sources of
trait variation, the environments of both our empirical sys-
tem and simulation model were constant and homoge-
neous. It is likely that we would have detected a stronger sig-
nal of nongenetic variation in our empirical estimates and a
stronger influence of environmentally based trait correla-
tions in our simulations with amore realistic, heterogeneous
landscape. Second, we focus on short-term evolutionary dy-
namics, ignoring, for example, genetic variants introduced by
mutation. Other studies suggest that, over longer timescales,
mutation may be an important factor in eco-evolutionary
spread dynamics (Burton et al. 2010; Fronhofer and Alter-
matt 2015; Shaw and Kokko 2015; Peischl and Gilbert 2020).
Third, our quantitative genetics model was relatively sim-
ple, including only additive genetic,maternal, and environ-
mental components. Other potentially important sources
of trait variation include dominance, epistatic, and epige-
netic effects, all of which would have been rolled into our
additive genetic or maternal estimates because of their as-
sociation with kinship. It is common for models of quan-
titative traits to focus solely on additive genetic and en-
vironmental effects (Wilson et al. 2010), but it would be
useful to know, in our system and generally, how much
bias is introduced by this simplifying assumption and how
it could affect key conclusions.
Conclusion. In summary, our work provides a new level

of understanding for how rapid evolution of demography
This content downloaded from 128.04
All use subject to University of Chicago Press Terms 
and dispersal traits can modify the dynamics of biological
invasion. That trait architecture matters is not particularly
surprising, yet until now there has been little guidance on
how itmatters.We show that trait correlations are an impor-
tant modifier on the eco-evolutionary dynamics of spread,
able to amplify or constrain—and in some cases, reverse—
evolutionary increases in invasion speed and variability.
Our findings should aid in the interpretation of empirical
patterns of trait evolution and population expansion, as
we have shown with our bean beetle case study. As studies
of individual heterogeneity increasingly intersect with clas-
sic ecological questions and models, the ways in which trait
values covary across individuals will be an important con-
sideration, as our work demonstrates.
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