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Abstract 

During range expansion, differences can evolve between populations at the core and expanding edge of a range. Theory and experiments often 
focus on range expansions across uniform environments, but in nature, many range expansions occur over environmental gradients that present 
no v el selection pressures. We study phenotypic e v olution at the core and edge of a range expansion across a gradient, and the expression 
of genetic variation of core populations in novel environments. We focus on the timing of winter dormancy in a beetle (Diorhabda carinulata), 
expanding from northern areas with cold winters to southern areas with milder winters. Phenotypes of core populations are consistent with 
adaptation to northern environments and maladaptation to southern ones. Ho w e v er, phenotypes of edge populations vary, indicating potential 
adaptation to more variable conditions across the southern sites. Clear shifts in phenotype at the edge relative to the core suggest rapid e v olution 
in response to southern climates. Herit abilit y in a core population was high in a local environment but undetectable in a no v el (edge) en vironment. 
These results show that core populations have adapted to their local environments, and that long-distance movement into novel environments 
may reduce heritable genetic variation on which selection can act, and thus hinder adaptation. 
Keywords: heritability, evolvability, diapause, phenology, biological control, photoperiodism 
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Introduction 

Understanding the factors that allow expansions of species’ 
distributions is a major theme of ecology and evolutionary 
biology ( Holt, 2003 ). Theory and model systems show that 
when an organism is introduced into a new location, and 

its range starts to expand from there, differences evolve be- 
tween populations at the introduction origin, or core of a 
range, and those at the expanding front, or edge ( Miller et 
al., 2020 ). These differences can arise due to processes in- 
ternal to the populations, such as spatial sorting of better 
dispersers at the expanding edge ( Shine et al., 2011 ; Travis 
& Dytham, 2002 ) and “surfing” of deleterious alleles lead- 
ing to reduced fitness at the edge (expansion load; Peischl et 
al., 2015 ). Additionally, populations expanding their ranges 
are subject to external selection pressures, and when an ex- 
pansion spans environmental or latitudinal gradients, core,
and edge populations experience different environments, in 

which different traits or trait values may be advantageous 
( Colautti & Barrett, 2013 ). In this case, populations at the 
a
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dge may need to adapt to the novel environment at the edge
or range expansion to continue. 

There is a strong body of research demonstrating adapta- 
ion to novel environments well after range expansion has 
ccurred (e.g., Batz et al., 2020 ; Carbonell et al., 2021 ;
ttonen et al., 2022 ; Lancaster et al., 2015 ; Medley et al.,
019 ; Oduor et al., 2016 ; Urbanski et al., 2012 ). Such adap-
ation is thought to be crucial to successful range expansion
 Colautti & Barrett, 2013 ), but empirical data on adapta-
ion to environments at the front of active range expan-
ions is scarce. Newly established expanding edge popula- 
ions may exhibit phenotypes consistent with local adapta- 
ion to the new environment, populations may be incom- 
letely adapted, or populations may be maladapted. Indeed,
aladaptation to the local environments in the expanded 

ange is not uncommon ( Brady et al., 2019a , b ; Ebeling et
l., 2011 ; Ross et al., 2009 ; Zhao et al., 2013 ). 
The key to adaptation is, of course, genetic variation. If 

here is ongoing migration from the core to the edge, mal-
daptive variation may overwhelm selection at the edge and 
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hereby prevent optimal adaptation to the local environment
 Lenormand, 2002 ). However, the alternative of insufficient
enetic variation can also constrain adaptation and range ex-
ansion. Populations at the edge may have reduced genetic
ariation due to repeated founder events during spread (e.g.,
atts et al., 2010 ), which could also lead to maladaptation
hen expanding across an environmental gradient. The ex-
ression of genetic variation is particularly dependent on the
nvironment for threshold traits, which show discrete char-
cter states underlain by quantitative trait variation, since
mall changes in the environment can cause large changes
n phenotypes. Thus, insights into potential constraints on
ange expansion can be gained by focusing on trait variation
t the core of the range, and how the expression of such vari-
tion is influenced by different environments encountered
cross latitudinal gradients. 
In temperate climates, latitudinal gradients include a shift-

ng range of winter conditions that organisms often per-
ist through in a dormant state. The timing of dormancy
s often under strong stabilizing selection because entering
ormancy either earlier or later than optimal will decrease
eproductive output and survival probability ( Bean et al.,
007 ; Enriquez & V isser, 2023 ; Koštál, 2006 ). Latitudinal
lines in the timing of dormancy are found in many taxa
 Bradshaw & Holzapfel, 2001 , 2007 ; Ittonen et al., 2022 ;
rbanski et al., 2012 ) and provide strong evidence of adap-

ation to distinct climates by latitude in animals ( Hut et al.,
013 ; Tyukmaeva et al., 2011 ) and plants ( Yang et al., 2021 ).
hus, during a range expansion across latitude in a seasonal
nvironment, a main constraint will be whether populations
an adapt to the seasonality of the new location ( Bradshaw
 Holzapfel, 2007 ; Chuine, 2010 ; Grevstad & Coop, 2015 ;
revstad et al., 2022 ; Iler et al., 2021 ; Joschinski & Bonte,
021 ; van Asch et al., 2007 ). 
Here, we study an active range expansion across an envi-

onmental gradient in seasonality to understand the evolu-
ionary shifts in phenology of populations at the expansion
ront relative to the range core. The northern tamarisk bee-
le ( Diorhabada carinulata ) was introduced to the United
tates for biological control of a widespread invasive ripar-
an plant. The tamarisk beetle overwinters in a dormant state
alled diapause, which is triggered in the late summer when
aylengths become shorter than a threshold daylength. Inter-
stingly, the beetle was released across a wide latitudinal gra-
ient but did not establish south of 38 

◦N. Beetles introduced
n the south likely entered diapause too early in the season
nd so burned through fat reserves early and could not suc-
essfully overwinter ( Bean et al., 2007 ; Enriquez & V isser,
023 ). After establishment in more northern areas, however,
eetle populations successfully expanded southwards ( Bean
t al., 2012 ). 

Here, we specifically ask (1) how populations from the
ecently colonized edge and from the core of the intro-
uced range respond to daylength cues, (2) whether these
esponses are consistent with local adaptation, and (3) if ex-
osure to novel environments shifts the expression of quan-
itative genetic variation, and thus may have influenced ini-
ial patterns of establishment of the beetle. We performed a
eciprocal environment experiment with populations from
cross the range to assess local adaptation of diapause tim-
ng traits. To assess quantitative genetic variation, we mea-
ured heritability of the diapause traits in two environments.
e expect that populations from core and edge will be
dapted to the cues of their home environment and that
ovel environments may decrease the heritability of dia-
ause traits, which could constrain adaptation during range
xpansion. 

aterials and methods 

tudy system 

he northern tamarisk beetle ( D. carinulata : Coleoptera,
hrysomelidae, hereafter the tamarisk beetle or simply

he beetle) is a specialist on the invasive woody shrub
amarisk ( Tamarix spp .). Starting in 2001, tamarisk bee-
les originally from Fukang, China, and Chilik, Kaza-
hstan, were released as a biological control agent into
he United States to help manage the shrub ( Bean et al.,
007 ; Stahlke et al., 2022 ). The range expansion of the
amarisk beetle southward in the United States follows the
arget host, which grows along rivers, creating naturally
eparated expansion fronts that provide meaningful pop-
lation replicates. Molecular genetic diversity has largely
een maintained during the southward range expansion
 Stahlke et al., 2022 ). Edge populations have evolved in-
reased dispersal and fecundity relative to core populations,
ndicating both spatial sorting and selection at the edge
 Clark et al., 2022 ). 

Diapause in the tamarisk beetle is initiated in late sum-
er or fall by a photoperiod cue, which is slightly influ-

nced by temperature ( Bean et al., 2007 ; Dalin et al., 2010 ).
ll life stages, from larva to adult, are sensitive to photope-

iod and diapausing adult females resorb their reproductive
rgans and no longer lay eggs ( Bean et al., 2007 ; Koštál,
006 ). Mechanistically, individuals store information about
hotoperiod across several days and initiate diapause when
 threshold has been reached ( Takeda & Suzuki, 2022 ).
revious experiments on the tamarisk beetle have shown
hat adult females ceased oviposition 5–20 days after being
laced in diapause-inducing daylengths, with fewer days re-
uired in shorter daylengths ( Bean et al., 2007 ; Bean et al.,
007 ). 

nsect collections and rearing 

e collected at least 200 adult tamarisk beetles by hand
rom Tamarix spp. at each of eight sites, four in the north-
rn (core) and four in the southern (edge) parts of the range
n the United States ( Table 1 , Figure 1 ) in Fall 2017 and
pring 2018 (details of collections are in Clark et al., 2022 ).
e chose original release sites from the biocontrol program

s the northern core sites ( Carruthers et al., 2008 ), and the
outhern expansion front for the southern edge sites. The
opulations at the southern edge had arrived within the pre-
ious year, except for population G (La Joya, New Mex-
co), which likely arrived 4 years prior to our collection,
ased on survey data ( https:// riversedgewest.org/ documents/
revious- annual- tamarisk- beetle- maps ). We collected at the
ore established site G to avoid collecting a cryptic sibling

pecies that was expanding northward within the same river
ystem. To standardize the effects of maternal environment,
eetles were maintained in bulk in growth chambers under
eproductive conditions of 16/8 hr light/dark per day and
5/20 

◦C day/night and fed fresh tamarisk as needed for one
eneration. 

https://riversedgewest.org/documents/previous-annual-tamarisk-beetle-maps
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Table 1. Location and climate of tamarisk beetle collection sites. 

Site Lat. Long. Elevation (m) 
Av e. annual cumulativ e 
degree (days) 

Ave. first frost 
date 

Day-length at 
first frost (hr) 

North/core A 

1 Lovell, Wyoming 44.856 −108.207 1115.35 1438 Oct. 2 11.73 
B Humboldt, Nevada 40.063 −118.590 1189.62 1841 Sep. 30 11.87 
C 

2 Delta, Utah 39.144 −112.958 1386.43 1767 Oct. 8 11.54 
D 

3 Pueblo, Colorado 38.268 −104.721 1448.19 1990 Oct. 15 11.27 
South/edge E Little Colorado River, 

Arizona 
34.593 −109.611 1669.56 2043 Oct. 13 11.45 

F Wickenburg, Arizona 34.422 −112.701 1204.74 3516 Nov. 18 10.32 
G La Joya, New Mexico 34.342 −106.864 1433 2547 Oct. 29 10.91 
H 

4 Blythe, California 33.912 −114.533 96.9 4524 Dec. 12 9.94 

Note . Elevation data are from USGS TNM Elevation Tool. Degree days were calculated by the phenology model for the tamarisk beetle at USPest.org with 
temperature thresholds of 11.1 and 36.7 ◦C, averaged for four to 10 years before collections (2008–2017), depending on availability of weather station 
data. First frost day was calculated as the first day after the summer with a daily low temperature at or below 0 ◦C and averaged for the same 10-year 
period. Daylength at first frost shows how the appropriate photoperiod cue for diapause will change based on latitude and winter onset. All temperature data 
were retrieved from the National Oceanic and Atmospheric Administration for the closest available station to the collection location. Sites indicated with 
superscripts were also sampled in Stahlke et al. (2022) with site codes from that paper as follows: 1 1WY; 2 34UT; 3 2CO; 4 Near 12AZ. 

Figure 1. Collection sites for the tamarisk beetle in the western United States. Letters refer to Table 1 . Core sites are original release sites of the 
tamarisk beetle. Edge sites were at the expanding range edge when collected. All sites were used to examine the pattern of local adaptation of 
diapause timing. Genetic variation of diapause timing was only measured for site C. 
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R eciprocal en vironment experiment 

To quantify differences between populations in diapause re- 
sponses (Question 1), we subjected adult female tamarisk 

beetles from all collection locations to two photoperiods 
simulated in growth chambers in the lab and tracked initia- 
tion of diapause. After eclosion as adults, randomly chosen 

adult females from the second lab generation were reared in- 
dividually in 0.24 L plastic containers with mesh lids, at re- 
productive photoperiods (16 hr of light per day) and mated 

with at least one male from the same collection location.
Thirteen to sixteen days post-adult emergence, females were 
switched to one of two treatments that represented diapause- 
inducing photoperiods that occur before winter conditions 
in the north (14:20 hr: min of light per day) or south (12:40 

hr: min of light per day). 
The daylength treatments were based on preliminary tests 
f critical daylength (daylength at which 50% of a popula-
ion enters diapause) performed in 2017 (1 year prior to our
ollections, unpublished data, author). The 14:20 hr: min of 
ight treatment is close to the critical daylength for the pop-
lation in Delta, Utah (core site C) and occurs on July 27
t that site. The 12:40 hr: min of light treatment is close to
he critical daylength of Topock Marsh, Arizona (near edge 
ite H) and occurs on September 6 at that site. Containers
f beetles were rotated between four total programmable 
rowth chambers during the light period each day, keep- 
ng the daylength treatment experienced by each individual 
onstant, to equalize growth chamber effects within treat- 
ents. Temperatures were warmer in the light period and 

ooler during the dark period to more closely mimic natural
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onditions, as in the standard rearing procedure above. The
verage temperature was 22.99 

◦C in the longer-daylength
reatment and 22.64 

◦C in the shorter-daylength treatment. 
Each day after the switch to diapause-inducing

aylengths, we recorded whether each female laid any
ggs in the previous 24 hr. When a female had not laid
ggs in 7 consecutive days, that individual was scored as
n diapause, starting from the first day with no eggs ( Bean
t al., 2007 ). Containers were inspected for eggs for 43
ays, and females that were still laying eggs at that time
ere scored as reproductive (not in diapause). In our pilot

xperiments, there was no instance of a female that stopped
viposition for 7 consecutive days starting to lay eggs again,
o we consider cessation of oviposition to be a reliable
ndicator that a female had started the process of entering
iapause. We recorded two diapause responses for each
emale: diapause incidence (diapause initiated or not) and
umber of days to enter diapause after starting the assigned
aylength treatment for those that entered diapause during
he experiment. We measured an average of 33 and min-
mum of 10 females per population per treatment, for a
otal of 521 individuals, 71 of which died before the end
f the experiment, precluding the measurement of diapause

ncidence and timing. 

eciprocal environment statistical analyses 
e determined whether diapause responses have evolved

rom the core to the edge of the range expansion (Question
) by analyzing differences between collection locations in
oth diapause incidence and days to diapause. For diapause
ncidence, we fit a Bayesian logistic regression with logit link
unction in which the proportion of beetles in diapause was
redicted by beetle origin (core or edge), daylength treat-
ent (northern or southern diapause-inducing daylengths),

nd their interaction as fixed effects and collection loca-
ion (factor with eight levels) as a random effect. We used
 Bayesian model for this analysis because, unlike similar
requentist models, it can estimate parameters in cases of
omplete separation (which happens when a predictor vari-
ble or combination of predictor variables perfectly predicts
n outcome, which we see in our data as 100% of core
ndividuals entered diapause in the short daylength treat-
ent) ( Gelman et al., 2008 ). We selected uninformative pri-
rs and obtained 3,000 post-warmup draws. To further ex-
mine how the proportion of beetles in diapause varied by
ollection site, we estimated the proportion of beetles in di-
pause from each collection site from the random effect in
he same model. 

We analyzed days to diapause responses with three main
odels: two negative binomial models (to account for
verdispersion in the count data) and one survival regression
odel. We fit negative binomial models on, first, the com-
lete dataset (including diapausing and non-diapausing in-
ividuals), and second, the subset of individuals that entered
iapause. For the complete dataset, non-diapausing beetles
ere given a value of 43 days until diapause since this was

he last day on which we collected data. Non-diapausing in-
ividuals represent biologically important variation within
he data and assigning 43 days to these individuals is a con-
ervative way to include them in the dataset, since these in-
ividuals will likely never enter diapause at the treatment
aylengths. While including all samples slightly inflates es-
imates of mean days until diapause, it gives a more com-
lete picture of differences in diapause responses across col-
ection locations. Excluding non-diapausing samples more
ccurately estimates days until diapause for those that did
nter diapause. In both negative binomial models, days un-
il diapause were predicted by beetle origin (core or edge),
aylength treatment, and their interaction as fixed effects
ith a log link function. Collection location was included
s a random effect. The linear parameterization of the neg-
tive binomial (where variance increases linearly with the
ean: V = μ( 1 + ϕ ) , where μ is the mean and ϕ is the
ispersion parameter) was used in the model with all sam-
les, and the quadratic parameterization (where variance in-
reases quadratically with the mean: V = μ( 1 + μ/ϕ )) was
sed for the diapausing individuals subset, which minimized
verdispersion for each model. To produce population-level
stimates of days until diapause, we replaced beetle origin
north/core or south/edge) with collection location as a fixed
ffect in each negative binomial model. 

Third, we analyzed days until diapause with a survival re-
ression model. While this model has the benefit of account-
ng for censoring in the data (since not all individuals en-
ered diapause and some individuals died before the end of
he experiment), it assumes that non-diapausing individuals
ould eventually enter diapause, which is likely not a good
ssumption. We fit this model on data from all collection lo-
ations, and separately by collection location. Methods for
his analysis are presented in the Supplemental Materials . 

The logistic model was fit with the brms package ( Bürkner,
017 ), negative binomial models with the glmmTMB R
ackage ( Brooks et al., 2017 ), and survival models in the sur-
ival R package ( Therneau, 2020 ). We used the DHARMa
ackage ( Hartig, 2024 ) to assess overdispersion and model
t with Q–Q and residual vs. fitted plots. Statistical signifi-
ance of effects was determined with Wald chi-square tests
n the car package ( Fox & Weisberg, 2019 ) or by compar-
ng the 95% credible interval to 0 in the case of the Bayesian
odel. Post-hoc tests of differences between marginal means
ere done using the emmeans package ( Lenth, 2025 ). 

esting for local adaptation 

fter determining the diapause responses of each popula-
ion to the daylength treatments, we assessed whether those
esponses are consistent with local adaptation (Question 2)
ased on the relationship between the treatment daylengths
nd critical daylength, and by examining whether diapause
esponses are associated with environmental gradients. Be-
ause our methods for measuring diapause timing did not
nclude explicit fitness metrics, we use these two complemen-
ary analyses to evaluate whether the populations are likely
ocally adapted. 

For a well-established population, the critical daylength is
ften considered to be the optimal diapause timing in that
nvironment due to strong stabilizing selection on diapause
iming ( Chuine, 2010 ; Van Asch & V isser, 2007 ), so that di-
pause is neither too early in the season (reducing time for
eproduction and increasing mortality during a longer dia-
ause period) nor too late in the season (exposing individu-
ls to lethal cold and starvation) ( Bean et al., 2007 ; Enriquez
 V isser, 2023 ; Koštál, 2006 ). If critical daylength is close

o a treatment daylength, this indicates that the population
s likely adapted to that environment. Since the treatment
aylengths were chosen to be close to the critical daylengths

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag015#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpag015#supplementary-data
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of a northern core and a southern edge population, a good 

fit to the environment is indicated by about 50% of a pop- 
ulation entering diapause. We expect that populations that 
are reasonably adapted to environments similar to the treat- 
ment will vary above and below 50% rather than being ex- 
actly 50%. We expect this because core and edge environ- 
ments were each represented by only one treatment in our 
experiment, while our replicate core and edge populations 
were from different latitudes and elevations (within the core 
and within the edge regions). While varying around 50% in 

diapause supports adaptation, all individuals or no individu- 
als from a population entering diapause are maladaptive for 
that environment. All in diapause indicates the population 

would enter diapause too early, while none in diapause indi- 
cates the population would enter diapause too late. For each 

population, we evaluated the proportion of individuals from 

each population entering diapause in each treatment using 
the logistic regression from above and compared the confi- 
dence intervals around the proportion in diapause to 50% 

to determine whether the population was likely adapted to 

that treatment. 
We also looked for gradients in diapause responses that 

correlated with environmental variables, which is a com- 
mon method to look for evidence of adaptation ( Hut et al.,
2013 ). Our choice of sites aimed to capture differences be- 
tween core and edge, with real constraints on what could be 
sampled for both those types of sites (core only from original 
release sites, and edge from the most recently established lo- 
cations possible). Thus, the sampled sites were not directly 
designed to test for clines across environmental variables.
Despite this, our sites varied across several environmental 
variables, allowing an initial exploration of the role of the 
environment on evolution of diapause responses. We char- 
acterized the environment of each collection location with 

latitude, elevation, total annual cumulative growing degree 
days (11.1 

◦C lower threshold, 36.7 

◦C upper threshold),
and day of first frost ( Table 1 ) because all of these variables 
influence the length of the growing season and the optimal 
diapause timing. Because these variables are highly corre- 
lated across these eight sites, we performed a principal com- 
ponent analysis and used the resulting first axis (PC1) as the 
environmental variable in further analyses. We fit a linear 
mixed model in which days to diapause was predicted by 
PC1, the treatment daylength, and their interaction. Random 

intercepts were included for collection location. We included 

non-diapausing individuals, as above, by assigning 43 days 
to diapause. 

Quantitative genetic variation 

To understand how genetic variation in diapause timing and 

its expression may have influenced initial patterns of estab- 
lishment and range expansion (Question 3), we measured 

genetic variation in days until diapause in a population at 
the origin of the expansion. 

We focused on one collection site (site C, Delta, Utah) at 
the origin of the range expansion ( Carruthers et al., 2008 ),
which we collected in 2019 using the same methods as for 
the eight populations used above. The Delta population is 
considered to be well adapted to its location because the crit- 
ical daylength has been stable for many years. We expect di- 
apause trait means and variances of this population will be 
similar to when it was introduced in 2001, since diapause 
iming has not been under strong selection and the popula-
ion has remained large (unpublished data, author). This site 
s especially relevant to the southward range expansion be- 
ause the specific ecotype released in Delta has been shown
o be the dominant ecotype of the range expansion to the
outh ( Stahlke et al., 2022 ). 

Heritability ( h 

2 ) and evolvability ( I A ) are metrics useful
or understanding the genetic variation available for evo- 
ution of phenotypic traits ( Hansen et al., 2011 ; Houle,
992 ; Lynch & Walsh, 1998 ). Heritability scales additive 
enetic variation by total phenotypic variation of a trait,
hile evolvability scales additive genetic variation by the 
ean value of the trait. Evolvability has been suggested to be

he better measure of evolutionary potential, while heritabil- 
ty has been used historically, so we provide both ( Hansen
t al., 2011 ; Houle, 1992 ). Because heritability and evolv-
bility are functions of the environment in which they are
easured ( Lynch & Walsh, 1998 ), we used two daylength

egimes that simulated diapause-inducing daylengths from 

he northern (home) and southern (away) parts of the range.
he light period was 13:55 hr: min in the northern treat-
ent and 13:26 hr: min in the southern treatment. The
orthern treatment was slightly shorter than the critical 
aylength of the Delta population, which would induce di- 
pause in about 80% of individuals, based on previous 
easurements of critical daylength ( Bean et al., 2007 ). The

outhern treatment was the daylength that would induce di- 
pause in all or nearly all individuals, and represents the
ritical daylength of tamarisk beetles living near Lake Mo- 
ave, Nevada, about 480 km south of Delta. The temper-
ture was 28/20 

◦C lights-on/lights-off for both treatments.
nteractions between temperature and daylength in diapause 
nitiation have been shown to be minimal for this population
 Dalin et al., 2010 ). 

We used a paternal half-sibling breeding design ( Lynch 

 Walsh, 1998 , p. 554) to estimate genetic variance com-
onents of days until diapause in two parallel experiments,
ne for each of the two daylength environments. Thirty-nine 
ires (males) of the second lab generation were each mated to
even or eight randomly chosen dams (females). Eggs were 
ollected from each dam and reared in full-sibling families.

hen larvae were third instars, density was standardized to 

5 larvae per full-sibling family per 0.24 L container to re-
uce environmental variation that might obscure additive 
enetic variation. After mating with non-siblings, two fe- 
ales from each full-sibling family were split to be used in

he two experiments, one for each daylength environment.
dult females were reared individually for 43 days, and days
ntil diapause were measured as above. We excluded from 

he analysis the offspring from sires that did not produce
nough offspring for at least two adults per treatment, re-
ulting in 35 successful half-sib families, with between 2 and
 dams per sire producing offspring (average 5). Days until 
iapause were measured on 180–185 female adult offspring 
er daylength treatment. 

nalysis of genetic variation 

on-diapausing individuals were assigned a value of 43 

ays until diapause, a conservative approach, as described 

bove for the analysis of the reciprocal environment data.
ariance components were estimated using restricted maxi- 
um likelihood separately for each of the two experiments 

i.e., each daylength), with sire as a random effect ( Lynch &
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Figure 2. Model estimates of (A) proportion of individual D. carinulata in diapause and (B) da y s until diapause in northern and southern diapause-inducing 
daylength treatments. Circles indicate means of core/north and edge/south. Squares indicate means for individual core and edge populations. Statistical 
results presented are from core/edge model only. For (A), ∗ indicates 95% CI does not o v erlap 0, and + indicates 90% CI does not o v erlap 0. For (B), 
p -values from Wald Chi-square tests are presented as follows: ∗∗∗p < .001; ∗∗p < .01; ∗p < .05; + p < .1. Error bars are 95% credible intervals (A) or 
confidence intervals (B). In (B), points in the background indicate days until diapause for each individual measured and non-diapausing beetles are 
included at a value of 43 days to diapause. 
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 alsh, 1998 ). V ariance due to dam and dominance variance
re included in the error variance in this design ( Lynch &
alsh, 1998 , p. 554–555). Additive genetic variance is esti-
ated as V A 

= 4 × V sire and total phenotypic variance as
 P = V sire + V resid ( Lynch & Walsh, 1998 ). Narrow-sense
eritability ( h 

2 ) was calculated as h 

2 = V A 

/ V P . Evolvability
 I A 

), or the expected proportional change in a trait under
 unit strength of selection, was calculated as I A 

= V A 

/ m 

2 ,
here m is the trait mean ( Hansen et al., 2011 ; Houle, 1992 ).
ikelihood ratio tests were used to determine the significance
f the sire variance component ( V sire ). Standard error and
onfidence intervals around V A 

, V P , h 

2 , and I A 

were calcu-
ated with a bootstrap method, following Houde and Pitcher
 2016 ). In short, samples of sires were drawn from the ob-
ervations with replacement up to the original sample size,
nd the variance components, heritability, and evolvability
ere calculated as above for each sample. A total of 1,000

andom samples were drawn, and variance, standard error,
nd confidence intervals were calculated from the resulting
istribution. 
Analyses were performed in R version 4.5.1 ( R Core

eam, 2025 ). We describe our results using the language of
clarity” as proposed by Dushoff et al. (2019) . 

esults 

ore and edge populations have diverged 

he reciprocal environment experiment revealed differences
etween core and edge populations in diapause responses to
he two daylength treatments, with edge populations requir-
ng shorter daylengths to enter diapause, entering diapause
ess frequently, and taking longer to initiate diapause than
ore populations in the same daylength treatments. The two
easurements of diapause responses, proportion in diapause

nd days until diapause, are strongly negatively correlated
cross all populations in both daylength treatments ( −0.96
earson correlation coefficient) ( Figure S1 ). 
In the northern daylength environment (i.e., the critical

aylength of one of the core populations), responses of bee-
les from the core and edge of the range diverged ( Table S1 ),
ith 64% of individuals from the core entering diapause,

ompared to only 11% of individuals from the edge (post-
oc comparison of means odds ratio = 13.7, 95% highest
osterior density (HPD) does not overlap 0) ( Figure 2A ).
imilarly, core and edge populations diverged in the length
f time to enter diapause in the northern daylength (Tables
2 and S3), with beetles from the core taking 10.7 days, and
eetles from the edge taking 23.4 days ( Z = −3.24, p =

0012) ( Figure S2 ). When individuals that did not enter di-
pause were included in the averages, the pattern remains
n the same direction (core = 19.6 days, edge = 32.8; Z =
1.98, p = .0477; Figure 2B ). In the northern treatment,

here is some variation between the collection locations in
oth the proportion and days to diapause in the northern
aylength treatment ( Figure 2 , Figure S3 ). 
In the southern daylength environment (near the critical

aylength of an edge population), 99% of core beetles en-
ered diapause, compared to only 84% of edge beetles (post-
oc comparison odds ratio = 863.1, 95% HPD does not
verlap 0) ( Figure 2A , Table S1 ). Additionally, core bee-
les entered diapause faster than edge beetles when non-
iapausing beetles were included in averages (core = 7.0
ays, edge = 15.0 days; Z = −2.821, p = .0048) ( Figure
B , Table S2 ). Considering only those that entered diapause,
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Figure 3. Associations between diapause responses and the environment of the collection sites. Points indicate the response of each individual in the 
e xperiment. T he black line and shaded area indicate model predictions and 95% confidence interv al, with slope and 95% confidence interv al of the 
slope indicated at the bottom of each panel. Individuals that did not enter diapause were given a value of 43 days to diapause, as described in the 
methods. The environment is summarized with the first axis of a PCA with increasing scores corresponding to higher latitude, higher elevation, lower 
cumulative annual growing degree days, and earlier first frost day. PCA1 explained 77% of variation in these variables across these sites. 
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core beetles took 4.2 days to enter diapause, compared to 6.9 

days for edge beetles ( Z = −2.342, p = .0192) ( Figure S2 ,
Table S3 ). While there was very little variation in diapause 
responses between the core collection locations within the 
short-day treatment, the edge locations exhibited striking 
variation. Individuals from two edge locations had similar 
responses to the northern locations with nearly all individ- 
uals entering diapause, while very few individuals from the 
other two edge locations entered diapause ( Figure 2 , Figure 
S3 ). Results of the survival analysis showed similar patterns 
for both daylength treatments ( Figure S4 ). 

Populations are likely locally adapted 

We use two lines of evidence to suggest that the differences 
we find between core and edge populations of D. carinulata 
are due to local adaptation to the environment across the 
range: (1) the relationship of responses to known population 

critical daylengths and (2) the correlation between responses 
and environmental gradients. 

First, beetles from all four northern sites appear to be 
adapted to the northern environment, since they entered di- 
apause in intermediate proportions, ranging from 51% to 

82% for individual populations ( Figure 2A , Figure S3A ,
Table S4 ). This is consistent with the treatment daylength 

being close to their critical daylength in the field, however 
with some variation between populations, which is expected,
given different latitudes and elevations of collection sites 
within the core and edge regions. In particular, sites A and B 

appear to be adapted to enter diapause at a longer daylength 

(earlier in the year) than our treatment, given their high 

diapause proportions. Nearly complete diapause of core 
populations in the southern environment (99%, Figure 2A ,
Figure S3A , Table S4 ) indicates that northern populations 
are maladapted to the southern environment since individ- 
uals would diapause too early in the summer, reducing fit- 
ness. This is consistent with these beetles failing to establish 
t southern sites when they were first released for biological
ontrol ( Bean et al., 2012 ). 

Low diapause incidence of two edge populations in the 
orthern treatment ( ∼2%, Figure 2A , Figure S3A , Table
4 ) indicates that many individuals would be susceptible 
o winter freezes and are thus maladapted to the north-
rn part of the range. However, two southern sites, sites E
nd G, appear to remain adapted to the northern daylength
reatment, since 36%–70% entered diapause. In the south- 
rn daylength treatment, the four edge populations varied 

n their responses. Nearly all (95%–99%) individuals from 

ites E and G entered diapause in the southern environ-
ent treatment (like the northern beetles), while only 41%–
7% of individuals from both sites F and H entered dia-
ause ( Figure 2A , Figure S3A , Table S4 ). This suggests dif-
erences in the biology of the populations, such that popu-
ations E and G are adapted to enter diapause at daylengths
onger (earlier in the year) than the treatment, while sites
 and H appear to be relatively adapted to the treatment
aylength. 
Second, we tested for clines in diapause traits with respect

o site conditions to determine if the population divergence 
s likely due to local adaptation. The first PC axis of four en-
ironmental variables explained 77% of variation across the 
ites, with higher values on this axis corresponding to higher
atitudes, higher elevation, lower annual degree days, and 

arlier first frost ( Figure S5 ). We found a strong association
etween diapause timing and the environmental score (PC1) 

n both daylength treatments ( F 6.43 = 23.23, p = .002), with
aster diapause initiation at sites with higher latitude, higher 
levation, lower annual degree days, and earlier first frost 
 Figure 3 ). These clines suggest that variation in the environ-
ent, and specifically in the length of the growing season, is
riving differences between the core and edge of the range,
nd that environmental variation within the core and edge is
ikely driving fine-scale adaptation of diapause timing across 
he range. 
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Figure 4. Variation in da y s until diapause among half-sibling families from 

site C in northern (home) and southern (a w a y) da ylength en vironments. 
Family estimates (95% CI) are ordered along the x -axis by increasing 
mean da y s until diapause in the home treatment. B ack ground points 
sho w da y s until diapause f or individuals in the northern and southern 
environments. 
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Through these analyses, we find that the pattern of dia-
ause responses that we see across the range of the tamarisk
eetle is likely the result of adaptation of diapause timing
o local conditions, particularly the length of the growing
eason. 

enetic variance of days until diapause 

e estimated variance components, heritability, and evolv-
bility of days until diapause for individuals from northern
ore site C (Delta, Utah) in two daylength environments.
amily means for days until diapause were more variable

n the northern (home) environment, ranging from 10.5 to
7 days, than in the southern (away) environment, ranging
rom 6.9 to 8.4 days (where here we refer to home and away
ather than north and south because only one core site was
ested in the two environments; Figure 4 ). Genetic variance
omponents strongly depended on the environment in which
hey were measured. Variance due to sire was highly statisti-
ally clear in the northern environment (LRT 1 = 10.95, p =
0009), but not in the southern environment (LRT 1 = 0.41,
 = .52). Total phenotypic variance and additive genetic
ariance were reduced in the southern environment com-
ared to the northern environment ( Figure 5A , Table S5 ).
eritability of days until diapause was estimated at 0.74

95% CI 0.13, 1.45) in the northern environment and 0.15
95% CI 0, 0.58) in the southern environment ( Figure 5B ,
able S5 ). Evolvability of days until diapause was statisti-
ally clearly positive in the northern environment ( I A 

= 0.50
0.08, 1.08)), but not clearly different from zero in the south-
rn environment ( I A 

= 0.04 (0, 0.10), Figure 5C , Table S5 ). 

iscussion 

ocal adaptation 

e studied a range expansion of the tamarisk beetle across
0.9 degrees of latitude representing an environmental gra-
ient from earlier to later onset of unfavorable winter con-
itions. In a striking example of rapid evolution, the newly
stablished southern populations at the edge of the range ex-
ansion diverged in response to photoperiod from the north-
rn core populations they originated from only 20–30 gen-
rations (10 years) prior. The differences between core and
dge are genetically based, as revealed by the common gar-
en design. Furthermore, we find that local populations re-
pond to diapause-inducing light regimes in ways that would
ikely maintain higher mean fitness than non-local popula-
ions, and form clinal gradients associated with climate vari-
bles, suggesting local adaptation to environmental condi-
ions across the range expansion. 

Populations from the expanding edge were generally more
ariable in their diapause responses than those from the core
f the range. While the four core sites have been established
ince 2001 ( Carruthers et al., 2008 ), the four edge sites used
n this study had arrived there within about a year of the
ime of collection. It may be that additional time would al-
ow further adaptation to the seasonality of their locations.

owever, much of the variation among edge sites may be
riven by differences in climate and seasonality of their local
nvironments, such as timing and variability of winter onset,
ost plant senescence, and growing season length. Tempera-
ure in the fall may be one factor that is especially important
n matching diapause timing with a local environment and
eather in any particular year. In the tamarisk beetle, there

s some evidence that diapause is delayed if temperatures are
arm in the fall, especially in southern sites where winters
re milder ( Bean et al., 2007 ; Dalin et al., 2010 ). The role of
emperature-sensitivity in diapause timing or the quality of
he host plant as food has not been well explored in this sys-
em but doing so would further illuminate how adaptation
nd adaptive phenotypic plasticity facilitate establishment
n novel environments ( Dalin et al., 2010 ; Lankinen et al.,
013 ; Winterhalter & Mousseau, 2007 ). The outcome of se-

ection in newly established range edges will depend on how
ong a population has been in an area, gene flow between
opulations, the strength of selection and heritable genetic
ariation in the new environment, and the role of adaptive
lasticity at each location. Repeated sampling in these loca-
ions could provide additional insight into ongoing adapta-
ion after colonization. 

uantitative genetic variation 

e found substantial heritability and evolvability of days
ntil diapause in core site C at a photoperiod near its critical
hotoperiod but not at a photoperiod representing a more
outhern environment. This shows that there is ample un-
erlying genetic variation in diapause-related traits, in agree-
ent with other studies of heritability of diapause ( Erickson

t al., 2020 ; Tanaka & Murata, 2017 ). Additionally, it shows
hat expression of this variation depends on the environ-
ent. In the southern environment, tamarisk beetles exhib-

ted reduced variation overall, both additive and total phe-
otypic variation. Our results align with diapause being a
hreshold trait, which is a trait with discrete phenotypes (e.g.,
iapause and non-diapause) underlain by a continuous vari-
ble with a threshold ( Roff, 1996 ; Tanaka & Murata, 2017 ).
ecause nearly all individuals reached the threshold for dia-
ause induction in the southern environment, there was little
ariation in the trait and no heritability. This may help ex-
lain why early releases of the tamarisk beetle failed below
8 

◦N but were able to establish there via dispersal more than
 decade later. In the early releases, northern-adapted indi-
iduals mistimed diapause in southern locations by entering
iapause too early ( Bean et al., 2007 ), a response we still
ee in core populations subjected to the southern environ-
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Figure 5. Estimates of components of genetic variation (bootstrap 95% CI) for days until diapause for females from core site C in two daylength 
environments, which are close to the critical daylength of the population (home), and shorter than the critical daylength (away). Some confidence 
intervals are not visible because they are smaller than the point. (A) Total phenotypic and additive genetic variation. (B) Herit abilit y. (C) Evolvability. 
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ment in this study. However, the genetic variation that could 

have fueled adaptation of northern-adapted individuals and 

matched diapause initiation with the climate in the south- 
ern environment was not expressed in this environment. The 
high heritability and evolvability we observed when individ- 
uals were close to the home environment suggest that adap- 
tation can be rapid, if the environmental gradient is gradual 
or movement across it is relatively slow so that heritability 
and evolvability can be maintained ( Polechová & Barton,
2015 ). The tamarisk beetle’s range expansion since about 
2010 was enabled by evolution of diapause timing, with bee- 
tles initiating diapause at shorter daylengths at southern lat- 
itudes ( Bean et al., 2012 ). That evolution was likely made 
possible by the maintenance of heritability of diapause tim- 
ing during gradual movement southward, with few human 

translocations. 
The trait days until diapause allowed us to measure in- 

dividual variation in the developmental response to pho- 
toperiod. It might also provide information needed to deter- 
mine the molecular basis of dormancy in insects. Despite the 
importance of photoperiodism in determining the response 
to changing environments ( Bradshaw & Holzapfel, 2007 ; 
Emerson et al., 2009 ), the integration of photoperiod sen- 
sors, summation of photoperiod information, and hormonal 
signaling of diapause remain poorly understood ( Saunders et 
al., 2004 ). Experimental work shows that the sum of infor- 
mation gained over several light cycles determines whether 
insects follow continuous development or switch to diapause 
( Saunders, 2002 ; Takeda & Suzuki, 2022 ). This may pro- 
ceed like a molecular bucket filling with a molecule when 

days are short, with diapause initiated when the bucket fills 
up. Shorter days fill the bucket faster than longer days. Our 
findings suggest that photoperiod summation varies between 

individuals (e.g., variation in bucket size or rate of accumula- 
tion at different photoperiods), is heritable, and evolves. This 
information may provide additional insight into the molec- 
ular mechanism and evolution of the photoperiodic cue that 
is not evident from population-level critical daylength mea- 
surements. Future genomic studies may be able to use this 
trait to examine the genes that underlie individual variation 

in diapause timing. 
mplications for range expansions 

uring the tamarisk beetle range expansion, dispersal ability 
as increased in edge populations compared to core popula- 
ions, especially at low densities, and females from the edge
re more fecund compared to those from the core ( Clark et
l., 2022 ), showing that spatial sorting, evolution of density- 
ependent dispersal, and selection on reproductive ability 
ave occurred during this range expansion. Here, we show 

hat adaptation to novel environments along a latitudinal 
radient occurred alongside these spatial processes. With- 
ut evolution of diapause timing, the southward expansion 

ikely could not have occurred, as indicated by failure of the
nitial introductions of the beetles to southern latitudes. Even 

ith rapid evolution, modeling reveals that the need for di-
pause timing to evolve across the environmental gradient 
lowed the expansion southward relative to what it would 

ave been had there been no latitudinal gradient ( Benning
t al., 2024 ), in alignment with findings of Hargreaves and
ckert (2014) . 
Our results suggest that introductions or human translo- 

ations of biological control agents or species of conserva- 
ion concern to ecologically distinct sites done with good in-
entions may actually hinder adaptation and establishment 
f genetic variation is not expressed in those novel envi-
onments. Indeed, while more than 50% of biocontrol pro- 
rams achieve some level of control ( Hinz et al., 2020 ), many
gents fail to establish after release ( Heimpel & Mills, 2017 ;
chulz et al., 2019 ) and assisted migration of species facing
uman-caused climate change is also frequently unsuccess- 
ul ( Butt et al., 2021 ; Schäfer et al., 2020 ). Many hypotheses
o explain these failures focus on the role of ecological inter-
ctions between the agent and biotic or abiotic features of
ts environment, while others emphasize the role of depleted 

enetic variation and lack of adaptation ( Forsman, 2014 ; 
eimpel & Mills, 2017 ; Schäfer et al., 2020 ; Schulz et al.,
019 ). Our research reveals another alternative: underlying 
llelic variation may be adequate for selection to act on, but
t may not be expressed as heritable trait variation in new
nvironments after release. This may be especially evident in 

hreshold traits, including some traits related to morphology,
igration behavior, and life history ( Roff, 1996 ). Here, we
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how that diapause timing is a highly heritable trait in local
nvironments, but even a relatively small mismatch with the
nvironment depleted the heritability of the trait. Studies of
eritability and evolvability of ecologically important traits

n the relevant environments prior to release may be bene-
cial in predicting both suitability for the environment and
bility of an agent to adapt post-release. 
The genetic paradox of invasions posits that introduced

pecies will have low genetic variation because of small pop-
lation sizes and repeated population bottlenecks ( Dlugosch
t al., 2015 ; Estoup et al., 2016 ). The paradox is, then, how
o invasive species persist, expand their ranges, and ulti-
ately thrive in introduced environments? Some have ar-

ued that for many invasions, the assumptions of the para-
ox are faulty—quantitative genetic diversity remains high
fter introduction, and that variation can be selected on
o match the population with its introduced environment
 Dlugosch & Parker, 2008 ; Estoup et al., 2016 ). For the
amarisk beetle in North America, we show that additive ge-
etic variation for an ecologically important trait, diapause
iming, remains high, and can evolve quickly. Biological con-
rol agents may particularly fall into this category, especially
f multiple source populations are collected, and population
izes are maintained through quarantine and mass rearing
 Sz űcs et al., 2019 ). 

As many species expand their ranges across environmen-
al gradients, it is vital to understand the processes of local
daptation and maintenance of genetic variation in newly
stablished habitats at the range edge. The appropriate tim-
ng of dormancy will be crucial for many species in tem-
erate climates to persist in novel environments. For inva-
ive species, biological control agents, and natural popula-
ions facing rapid environmental changes caused by climate
hange, understanding patterns of adaptation and expressed
enetic variation will help to predict future movement and
stablishment in novel environments. 
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