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Abstract

Evolutionary theory predicts that the process of range expansion will lead to differences between core and edge population in
life history and dispersal traits. Selection and genetic drift can influence reproductive ability while spatial sorting by dispersal
ability can increase dispersal at the edge. However, the context of individuals (e.g., population density and mating status) also
impacts dispersal behavior. We evaluated theoretical predictions for evolution of reproductive life history and dispersal traits
using the range expansion of a biological control agent, Diorhabda carinulata, or northern tamarisk beetle. We found divergence
of fecundity, age at first reproduction, and female body size between core and edge populations. We also show that density
and mating status influence dispersal and that dispersal increases at the edge of the range. We demonstrate that theory of
evolution during range expansions applies to the range expansion of a biocontrol agent, especially when the ecological context
is considered.

1. Introduction

Understanding the ecological and evolutionary processes at play during range expansion is key to predicting
the spread of invasive species (Hastings et al. 2005), potential success of biological control agents (Szűcs
et al. 2019), and the ability of threatened species to track recent climate change (Mustin et al. 2009).
During range expansion, the landscapes encountered by expanding populations represent novel selective
environments (Brown et al. 2013; Van Petegemet al. 2016), and simultaneously, the expansion itself can be
a catalyst for evolution through spatial sorting and genetic bottlenecks (Phillips et al. 2010b; Shine et al.
2011). Thus, range expansion can result in evolved differences in reproductive life history and dispersal traits
between populations at the core of the range and the edge of the expansion front (Simmons & Thomas 2004;
Peischlet al. 2013; Phillips 2015). Population density can also change across range expansions, and associated
differences in competitive environment and mate availability can immediately affect dispersal traits (Brown
et al. 2013; Pettit et al. 2016). Little is known about how evolutionary and plastic responses will interact
in natural range expansions across heterogeneous environments. Here, we combine predictions regarding the
evolution of life history and dispersal traits across range expansions with conceptual understanding of the
ecology of dispersal to place range expansion theory in ecological context and develop refined predictions. We
test these new predictions using the range expansion of an introduced biological control (hereafter, biocontrol)
agent to improve our understanding and ability to predict the speed and extent of range expansions.

1.1 Life history evolution during range expansions
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Life history traits, such as fecundity and age at first reproduction, are predicted to either increase or de-
crease during range expansions, depending upon whether selection or non-adaptive evolutionary processes
are dominant at the expansion front (Phillips et al. 2010b). Selection at the expansion front is hypothesized
to differ from the core due to differences in density between edge and core (Burton et al. 2010; Fronhofer
& Altermatt 2015). Species undergoing range expansion generally have lower population densities at the
edge, where individuals are dispersing to uncolonized territory, and higher densities at the core (Burton
et al. 2010; Altwegg et al.2013). This means that individuals at the edge will experience exponential, or
density-independent, population growth, while those at the core experience logistic, or density-dependent,
population growth (Phillips et al. 2010b). Thus, selection at the low density edge will favor increased
fecundity and younger age at first reproduction relative to the core (Fig. 1A) (Phillips et al. 2010b).

In contrast, when non-adaptive processes are dominant, reduced fitness, or expansion load, is predicted
at the edge relative to the core due to accumulation of deleterious alleles (Fig. 1B) (Travis et al.2007;
Peischl et al. 2013; Peischl & Excoffier 2015). This can occur when edge populations are so small that they
experience strong genetic drift and deleterious alleles ‘surf’ the wave of expansion during repeated founder
events (Klopfstein et al. 2006). Expansion load has been predicted using models (Peischl et al.2013) and
demonstrated in one plant (González-Mart́ınez et al.2017). This pattern of reduced fecundity at the edge
relative to core might also be generated through trade-offs between dispersal, reproduction, and competitive
ability (Burton et al. 2010; Phillips et al. 2010b; Fronhofer & Altermatt 2015).

1.2 Dispersal evolution during range expansions

Here, we consider traits affecting dispersal separately from reproductive life history traits (Bonte & Dahirel
2017). Range expansion theory predicts that a population at the expanding edge will evolve increased di-
spersal ability relative to a population at the core through the process of spatial sorting (Shine et al. 2011).
During range expansion, individuals with greater dispersal ability are more likely to arrive at the range edge
and disperse to new territory, resulting in populations at the expanding edge being a non-random selection
of better dispersers. Since dispersal ability is a heritable trait in many species (Dällenbach et al. 2018),
this gradient is further reinforced by assortative mating between individuals on the edge. Spatial sorting
has been predicted using mathematical models (Fisher 1937; Kot 1996; Travis & Dytham 2002; Bénichou et
al.2012) and demonstrated using model organisms (Simmons & Thomas 2004; Fronhofer & Altermatt 2015;
Van Petegem et al. 2016; Ochocki & Miller 2017; Szücs et al. 2017; Weiss-Lehman et al. 2017). The evolution
of increased dispersal at range edges has also been documented empirically, both in species whose ranges
are shifting due to climate change (Cwynar & MacDonald 1987; Thomas et al. 2001; Simmons & Thomas
2004; reviewed in Hill et al. 2011), and in invasive species (Phillips et al. 2006, 2010a; Monty & Mahy 2010;
Berthouly-Salazar et al. 2012; Lombaert et al. 2014; Merwin 2019; but see Ashenden et al. 2017).

External conditions, such as population density, can be important signals to individuals about the potential
costs and benefits of emigration (Clobert et al. 2009; Endriss et al. 2019) and can influence dispersal evo-
lution along expansion fronts (Traviset al. 2009). Species that exhibit positive density-dependent dispersal
(increased dispersal at high densities) may be less likely to evolve increased dispersal ability at the edge of
the range expansion where population density can be low (Travis & Dytham 2002; Fronhoferet al. 2017),
while species with negative density-dependent dispersal (increased dispersal at low densities) may be more
likely to evolve increased dispersal abilities and generate accelerating expansion fronts (Altwegg et al. 2013).
For many species, high population density can signal strong intraspecific competition, which may increase
emigration. Alternatively, high population density can signal high mate availability, which may decrease
emigration.

How an individual incorporates external conditions into dispersal behavior also depends on internal state,
such as whether an individual has previously mated (Clobert et al. 2009). A mated individual may increase
its fitness by dispersing from high density environments to reduce competition and inbreeding (Clobert et al.
2009), while an unmated individual may increase its fitness by dispersing from low density environments to
increase the chances of finding a mate. Here, we combine the predictions from spatial sorting theory (Shine
et al.2011) with those from informed dispersal theory (Clobert et al.2009) to develop the refined predictions
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shown in Fig. 1C. We predict edge populations will disperse more often or further than core populations,
but dispersal will also depend upon mating status and density (Fig. 1C), thus we can only be confident
in our dispersal comparisons across a range when controlling for those contexts. Since we seek to apply
evolutionary theory to natural range expansions, these refined predictions will enable us to evaluate the
evolution of dispersal during range expansion and how expression of such evolutionary shifts might depend
upon both external and internal factors that organisms experience.

1.3 Study system

While evolutionary theory and research on model systems predict evolution during range expansions, there are
few tests of the theory on non-model organisms from natural populations (but see Phillips et al. 2006, 2010a;
Wolz et al. 2020) and no studies on introduced biocontrol agents (Szűcs et al. 2019), or species imported
from the native range of an exotic pest for long-term control (Heimpel & Mills 2017). Evolution of biocontrol
agents post-release is of interest to the biocontrol community (Wright & Bennett 2018). Evolutionary changes
in host preference are a particular concern (Van Klinken & Edwards 2002), but understanding the evolution
of fecundity and dispersal are crucial to improving efficacy of the agent across the range of a target pest
species (Szűcs et al. 2019).

Diorhabda carinulata , the northern tamarisk beetle, was collected from two central Asian sites and released in
2001 into the western United States for the biological control of invasive riparian shrubs in the genus Tamarix
, also known as saltcedars or tamarisk (DeLoachet al. 2003). Beetles have dispersed southward from a few
initial release sites (Bean et al. 2012, Fig. 2) following remote riparian corridors, which likely represent
independent dispersal pathways. Success of the program has provided impetus for research, including this
study, focused on the evolutionary and ecological processes enabling beetles to suppress a major invasive
plant across western North America (Bean et al. 2012). In addition to practical implications for invasive
plant control on a vast geographic scale, the D. carinulata range expansion provides an excellent study system
within which to test the predictions of range expansion theory because original release sites are known, and
the range expansion has been monitored (Bean & Dudley 2018).

In this study, we used a common garden approach to compare life history and dispersal traits of eight
populations collected from the core and edge of the D. carinulata range in the western US. We evaluated the
reproductive life-history traits of fecundity and age at first reproduction, and body mass, which is often linked
to fecundity. We predicted either increased reproductive capacity if selection at low densities is the dominant
process at the edge of the range expansion (Fig. 1A) or decreased reproductive capacity ifexpansion load
or trade-offs are the dominant processes at the edge (Fig. 1B). We evaluated dispersal by measuring traits
linked to both emigration propensity and flight ability using tethered flight mills. To better contextualize
flight behaviors, we quantified dispersal in mated and unmated individuals reared at high and low densities.
We predicted an interaction between density and mating status and an additive increase in dispersal ability
in beetles from edge populations (Fig. 1C).

2. Materials and methods

2.1 D. carinulata populations

Eight collections of D. carinulata were made from across the introduced range of the species. Four collections
were from well-established original introduction sites in the north of the range and represent the range core.
Another four collections were from the newly established southern edge of the range (Fig. 2, Table S1). The
La Joya, New Mexico population (H in Fig. 2 and Table S1) was collected slightly behind the probable edge
in 2017 in order to avoid collecting other Diorhabda species and their hybrids that were moving northward
and overlapping the D. carinulata range (Ozsoy et al. 2019). Two populations (one core and one edge) were
collected Fall 2017 and the first lab generations were put into reproductive diapause to reduce the number
of lab generations before the start of the experiment. All other populations were collected in Summer 2018
and cultured in the lab for one generation to standardize maternal environment effects prior to starting
experiments (Table S1). All insects were reared in growth chambers under reproductive conditions, with
a 16h/8h light/dark cycle and 25°C/20°C day/night temperatures and were fed fresh tamarisk 3 times per
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week or as needed.

2.2 Life history traits

Newly emerged adult females of the first lab generation were weighed before feeding and reared individually
thereafter. Three days after eclosion, each female was paired with a male from the same population of about
the same age and allowed to mate for 24 hours before the male was removed. Each 0.24 L container with a
female was checked daily for oviposition. All eggs that were laid on the first day of oviposition were counted to
provide a measure of early fecundity and the age at first reproduction in days was recorded. If an individual
had not oviposited within 10 days of emergence, they were counted as non-layers (Lewis et al. 2003).

2.3 Dispersal traits

Dispersal ability was measured for male D. carinulata since, in the field, they have been observed dispersing
first and using pheromones to attract mixed-sex aggregations of reproductive adults (Cossé et al. 2005).
After emergence as adults, males were randomly assigned to a density treatment and a mating treatment.
Males assigned to the mated treatment were paired with a female from the same population for 24 hours.
The males were thereafter reared in 0.24 L containers in groups of five (high density) or alone (low density).
All males in each high-density container were of the same mating treatment. All containers received the same
surplus amount of fresh tamarisk, regardless of how many beetles were in the container. Male beetles were
weighed on the day of the dispersal trial.

We assessed dispersal of male beetles using tethered flight mills (Maeset al. 2014; Jones et al. 2016; Tanaka
& Murata 2017; Dällenbach et al. 2018; Minter et al. 2018), similar in design to Maes et al. (2014) (Appendix
S1). Between 6 and 23 days after eclosion, each beetle was given a one-hour flight trial to take any number
of flights. Data from each trial was converted into four dispersal parameters: presence of at least one flight,
number of flights, total flight distance, and average flight speed (Appendix S2).

2.4 Statistical Analyses

Weight of female beetles at adult emergence was analyzed with a linear mixed model, with range as a fixed
effect and population as a random effect. Weight of male beetles at the time of the dispersal trial was analyzed
with a linear mixed model, with range (core or edge), rearing density (low or high), mating status (unmated
or mated), and all interactions as fixed effects, age as a fixed covariate, and population as a random effect.

Since some females did not lay eggs within 10 days, the 24-hour egg count data were split into two datasets,
one including the egg count for laying individuals, and the other including the binary response (laying or
non-laying) for all individuals, in order to assess whether probability of laying and fecundity differed between
core and edge populations. To account for overdispersion in the dataset, a negative-binomial mixed model
was fit to the count data (excluding non-laying individuals) using the glmmTMB package version 1.0.2.1
(Brooks et al. 2017) with range, weight, and age as fixed effects and population as a random effect. A logistic
mixed model was fit to the binary dataset with range and weight as fixed effects and population as a random
effect. Since we were primarily interested in differences between the core and edge of the range and to avoid
correlations among predictor variables, we fit the same models as above, but excluded weight as a predictor
given our findings of significant differences in weight between core and edge (see Results).

Age at first reproduction was analyzed using a Conway-Maxwell Poisson mixed model, which correctly
accounts for under-dispersion in this dataset (Brooks et al. 2019), with range and weight as fixed effects
and population as a random effect. Because range and weight were correlated, we fit the same model again
excluding weight as a predictor.

For each of the four dispersal measurements (presence of flight, number of flights, total distance, and average
speed), the same factors were included in the full models. Density, mating status, range, and all interactions
were fixed effects. Weight at the time of dispersal trial, age, mill friction, and temperature were fixed co-
variates. Population of origin and trial date were random effects. Unlike in the life history data, range and
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weight of male beetles at the time of dispersal trial were not correlated, so weight was always included as a
predictor variable in the models.

The presence of at least one flight was analyzed with a binomial model with the packages lme4 version 1.1-26
(Bates et al. 2015) and lmerTest version 3.1-3 (Kuznetsova et al. 2017). The number of flights during the
1-hour trail was analyzed using negative binomial and Poisson mixed models in the glmmTMB package and
a final model was chosen based on residual diagnostics from the DHARMa package version 0.3.3.0 (Hartig
2020). Total distance was a count of revolutions of the flight mill and thus a discrete variable. Six models
were fit to the total distance variable: a linear mixed model on log-transformed distance, a negative binomial
mixed model, a generalized Poisson model (commonly used for highly right skewed data with a high frequency
of low counts (Joe & Zhu 2005; Brooks et al. 2019)), and a zero-inflated version of each of those, using the
glmmTMB package. A final model was chosen based on residual diagnostics from the DHARMa package.
Average speed during the 1-hr trial included only trials in which the beetle took at least one flight and was
analyzed with a linear mixed model using lme4 and lmerTest.

In all dispersal models, the three-way interaction was dropped from the model if it was not significant.
Significance of random effects was determined by comparing models with a χ2 test. Post hoc comparison
of means was done with the emmeans package version 1.5.4 (Lenth 2020). All analyses for both life history
and dispersal traits were done in R version 3.6.2 (R Core Team 2018).

3. Results

3.1 Life History Traits

We collected weight and egg count data from 130 core and 140 edge femaleD. carinulata , and age at first
reproduction from 104 core and 118 edge females. We weighed 279 core and 311 edge males on the day of
their dispersal trials.

The weight of females at adult emergence ranged from 6.5 to 14.7 mg. Females from the edge of the range
were larger than females from the core (core mass=9.65 mg, edge mass=10.30 mg; F=8.04, p=0.030; Fig.
3A). The population random effect was not significant (variance=0.06, χ2=2.53, p=0.112).

The weight of males at the time of the dispersal trial (thus, after feeding ad libitum ) ranged from 6.9 to
19.3 mg. There was no difference in weight of males between core and edge populations (F=0.67, p=0.445).
Older beetles were larger than younger beetles (F=46.55, p<0.001) and males reared at high density were
larger than those reared at low density (high mass=12.2 mg, low mass=11.8 mg; F=15.09, p<0.001). The
population random effect was significant (variance=0.10, χ2=18.11, p<0.001).

The number of eggs from the first day of reproduction ranged from 0 to 30. The proportion of beetles
laying eggs during the study did not differ between the core and edge of the range (core proportion=0.813,
edge proportion=0.845, χ2=0.46, p=0.499). Of those that oviposited during the study, edge beetles were
slightly more fecund (core eggs=10.9, SE=0.40; edge eggs=12.0, SE=0.40; χ2=3.39, p=0.067) (Fig. 3B).
Age at first reproduction was not a significant predictor of the number of eggs laid (χ2=0.01, p=0.916),
but larger females laid more eggs (χ2=5.79, p=0.016). The population random effect was not significant
(variance=0.001, χ2=0.11, p=0.738). When weight was excluded as a predictor due to its correlation with
range, range became a significant predictor of fecundity (core eggs=10.8, SE=0.45; edge eggs=12.1, SE=0.46;
χ
2=4.45, p=0.035).

Age at first reproduction ranged from three to seven days after adult emergence. Edge beetles reproduced
slightly earlier than core beetles (core age=5.51 days, SE=0.11; edge age=5.24 days, SE=0.10; χ2=3.64,
p=0.058; Fig. 3C). Weight at emergence was not a significant predictor of age at first reproduction (χ2=1.92,
p=0.166). When weight was excluded from the model due to correlation with range, range became a
significant predictor of age at first reproduction (core age=5.54 days, SE=0.11; edge age=5.22 days, SE=0.10;
χ
2=5.01, p=0.025). The population random effect was not significant (variance=0.00, χ2=0, p=1).

3.2 Dispersal
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We collected dispersal data from 279 males from the core and 311 males from the edge, with 65 to 81 males
in each density-mating treatment combination and at least 15 from each population. Average speed was
calculated for 231 core and 266 edge males that took at least one flight, with 56 to 71 males in each density-
mating treatment combination. Results for covariates and random effects are in Table S2. The three-way
interaction between range, density, and mate status was not significant in any model, so it was removed.

During the dispersal trials, 84.2% of all beetles took at least one flight. For presence of flight, the interaction
between density and mate status was marginally significant (χ2=3.01, p=0.083), such that unmated beetles
were more likely to fly than mated beetles at low density, but there was no difference between mated and
unmated at high density (Fig. 4A). The interaction between mate status and range was significant (χ2=4.14,
p-value=0.042), such that unmated edge beetles had significantly higher probability of flight than unmated
core beetles (core probability=0.84, edge probability=0.93; p=0.021), but there was no difference for mated
beetles (core probability=0.86, edge probability=0.84; p=0.722; Fig. 4B).

The number of flights during the 1-hr trial ranged from 0 to 13 (median=2). Based on residual diag-
nostic plots, the negative binomial mixed model best met assumptions of normality of residuals and was
chosen as the final model. The interaction between density and mate status was marginally significant
(χ2=3.48, p=0.062), such that unmated beetles took more flights than mated beetles at low density and the
opposite at high density (Fig. 5A). The interaction between density and range was significant (χ2=4.93,
p-value=0.026), such that at low density, beetles at the edge took more flights than core beetles (core
flights=1.68, SE=0.15; edge flights=2.13, SE=0.17; p=0.040), but there was no difference at high density
(core flights=2.03, SE=0.16; edge flights=1.93, SE=0.15; p=0.625; Fig. 5B).

Individuals flew up to 2.3 km (median=8 m), during the 1-hr trial. Based on residual diagnostic plots, the
zero-inflated generalized Poisson model best met assumptions of normality of residuals and was chosen as
the final model. The interaction between density and mate status was significant, such that unmated beetles
flew further than mated beetles at low density, but the opposite at high density (χ2=6.13, p=0.013; Fig.
6A). The range main effect was also marginally significant, such that edge beetles flew further than core
beetles (core distance=59.6 m, SE=10.01; edge distance=69.5, SE=11.45; χ2=2.998, p=0.083).

Average flight speed ranged from 0.138 m/s to 0.914 m/s. None of the main effects or two-way interactions
between range, density, and mate status were significant (Fig. 6B).

4. Discussion

We used the recent range expansion of D. carinulata biocontrol agents to study the evolution of life history
and dispersal traits between core and edge populations. We merged the distinct bodies of theory that focus
on evolution during range expansion (e.g. Phillipset al. 2010b; Shine et al. 2011; Peischl & Excoffier
2015; Peischl et al. 2015) and on informed dispersal (Clobertet al. 2009; De Bona et al. 2019) to refine
predictions for how dispersal may differ across a range expansion in different ecological contexts (Fig. 1C).
We examined dispersal traits of mated and unmated individuals reared at high and low densities. We also
tested divergent theoretical predictions regarding fitness at range edges (Fig. 1A, B). We found that core
and edge populations diverged in fecundity, age at first reproduction, female body size, and dispersal traits.

Low population densities on the edge of expanding ranges lead to two alternative evolutionary outcomes for
life history traits such as body size, fecundity, and age at first reproduction, depending on whether selection
at low densities or expansion load is dominant at the edge. We found that edge populations laid on average
one more egg per day than core populations on the first day of reproduction. This could sum to a substantial
difference in fitness if the difference persists throughout the lifespan of the insect, as D. carinulata continue to
reproduce throughout their multi-week adult lifespan. We used weight as an additional gauge of fecundity,
since insect body size is related to how many eggs females can fit in their bodies and egg production in
general (Berger et al. 2012). We found this association to hold in D. carinulata. While female weight
increased at the edge, male weight did not shift across the range. Based on our results from female weight,
fecundity, and age at first reproduction, theory suggests that evolution may be driven by lower density at the
edge compared to the core, leading to a shift in selection as the dominant process acting across this range
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expansion (Fig. 1A), rather than expansion load (Fig. 1B).

Several characteristics of D. carinulata and its range expansion are consistent with finding no evidence of
expansion load at the edge. Expansion load occurs when genetic diversity is low at the edge, but neutral
genetic diversity has been retained along D. carinulataexpansion fronts from core to recently colonized
populations (Stahlkeet al. 2021, in revision). Ecologically important genetic variation also appears to be
high at the edge, as during this range expansion, the timing of diapause induction has rapidly evolved (Beanet
al. 2012). Even though population densities may be lower at the edge than in the core, this species tends
to aggregate (Cosséet al. 2005; Bean et al. 2007b), which may allow it to maintain high enough population
densities on the range edge to reduce the consequences of serial founder events and gene surfing inherent in
range expansion. Finally, biocontrol agents in general might maintain more genetic variation than invasive
species, since agents are often collected from multiple source populations and population sizes are deliberately
large before field releases to avoid reducing variation that could increase establishment in the field (Szűcs et
al.2017).

The evolution of dispersal traits during range expansion has been a topic of great interest in invasion biology.
Other studies have shown an increase in dispersal traits in edge populations, including an increase in long-
winged morphs of the Australian field cricket in edge populations (Simmons & Thomas 2004) and longer
legged cane toads at the edge of the invasion front (Phillips et al. 2006). Dispersal evolution during range
expansion has been studied within the context of density-dependence (Altwegg et al. 2013; Bitume et al.2013;
Fronhofer et al. 2017), but rarely in the context of other external or internal conditions. Without explicitly
taking these factors into account, measurements of dispersal can be difficult to interpret. Across all metrics
of dispersal, we found that density and mating status interacted as predicted by informed dispersal theory:
unmated individuals at low density and mated individuals at high density dispersed more often and further.
For dispersal distance, edge beetles flew further than core beetles across all density and mating treatments,
which shows the additive effect of the edge predicted by spatial sorting theory.

In contrast to dispersal distance, when we measured emigration potential, core and edge beetles responded
differently to density and mating contexts. For presence of flight, beetles from edge populations were espe-
cially sensitive to mating status and were more likely to initiate flight when unmated. For number of flights,
beetles from edge populations were more sensitive to density and took more flights when at low density.
These results suggest that core and edge beetles have evolved to initiate dispersal based on different density
and mating status cues. The conditions at the edge of the range that have given rise to these patterns in
emigration are not yet clear. Population density has not been measured across the range, but if population
densities are lower at the edge than the core, as assumed by most range expansion theory, dispersal from
low densities would be beneficial to unmated edge beetles looking for a mate. But, at the higher density
core, emigrating from low density may not increase the chances of finding a mate. Beetles from core and
edge may have also adapted to different density environments, which would impact their responses to these
factors (De Bona et al. 2019). Our dispersal results show the effects of both spatial sorting of dispersal
ability and informed dispersal at the edge of the D. carinulata range expansion. The context of dispersal
decisions should be accounted for in the design of future studies since core and edge populations can evolve
different responses to these conditions.

During range expansion, heterogeneous environments exert selection pressures, which can interact with the
spatial processes of range expansion. For example, maladaptation during range expansion can slow down the
expansion, which in turn would impede spatial sorting by dispersal ability (Gilbert et al. 2017). During its
range expansion, D. carinulata was maladapted to photoperiod cues at southern latitudes (Bean et al. 2007a,
2012) and possibly to higher temperatures in southern latitudes (Herrera et al. 2005). Despite this, we found
that D. carinulata showed the signatures of spatial sorting and selection for increased fecundity. Our results
suggest that spatial processes during range expansion can be important to natural range expansions over
heterogenous environments.

We have demonstrated evolution of both dispersal and life history traits in D. carinulata and we do not see
evidence of a trade-off between these dispersal and life-history traits, though we were unable to measure
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all traits within the same individuals. Dispersal traits increased while female weight and fecundity also
increased and age at first reproduction decreased at the edge of the range expansion. Other study systems
have shown a trade-off between dispersal and reproduction traits at the edge (Hughes et al. 2003; Kelehear
& Shine 2020). As Bonte & Dahirel (2017) argue, dispersal can be seen as a life-history trait that evolves
independently, and that may be the case here. Alternatively, there may exist trade-offs between the traits
we studied and other traits not measured here, such as lifespan or immune system development or function
(reviewed in Chuang & Peterson 2016).

Long-term success of the Tamarix-Diorhabda biocontrol program requires D. carinulata to continue its spread
to cover the range of the target weed and to adapt to new environments. Our results contribute further
evidence that there is sufficient genetic variation for adaptive evolution to occur. We show an increase in
both reproductive and dispersal ability at the edge, which will enableD. carinulata to continue and possibly
accelerate its range expansion in the future (Phillips et al. 2010a). As the first test of evolutionary theory
of range expansions in a biocontrol agent, we show that these theoretical predictions can be applied to
range expansions across heterogeneous environments, especially when the ecological context the individuals
experience is included.

As range expansions of invasive species, biocontrol agents, and threatened species tracking changing climates
all become more common in the modern age, predicting the dynamics of range expansions is becoming
increasingly important. By utilizing the Tamarix-Diorhabdabiocontrol system, we demonstrate an evolved
increase in weight and fecundity and a decrease in age at first reproduction at the edge of the range expansion.
Additionally, we demonstrate a density- and mating status-dependent increase in emigration potential and
an overall increase in flight distance at the edge of the range expansion. Our results suggest that evolutionary
processes impacting range expansion can act simultaneously with adaptation to environmental gradients.
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