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abstract: In the context of climate change and species invasions,
range shifts increasingly gain attention because the rates at which they
occur in the Anthropocene induce rapid changes in biological assem-
blages. During range shifts, species experience multiple selection pres-
sures. For poleward expansions in particular, it is difficult to interpret
observed evolutionary dynamics because of the joint action of evolu-
tionary processes related to spatial selection and to adaptation toward
local climatic conditions. To disentangle the effects of these two pro-
cesses, we integrated stochastic modeling and data from a common gar-
den experiment, using the spider mite Tetranychus urticae as a model
species. By linking the empirical data with those derived form a highly
parameterized individual-based model, we infer that both spatial selec-
tion and local adaptation contributed to the observed latitudinal life-
history divergence. Spatial selection best described variation in dispersal
behavior, while variation in development was best explained by adap-
tation to the local climate. Divergence in life-history traits in species
shifting poleward could consequently be jointly determined by con-
temporary evolutionary dynamics resulting from adaptation to the
environmental gradient and from spatial selection. The integration of
modeling with common garden experiments provides a powerful tool
to study the contribution of these evolutionary processes on life-history
evolution during range expansion.

Keywords: global change, Tetranychus urticae, quantitative genetic
trait divergence, pattern-oriented modeling, dispersal evolution, saw-
tooth pattern.

Introduction

Numerous species are currently shifting their ranges be-
cause of contemporary climate change (Parmesan 2006)
or are expanding them after being introduced in a new en-
vironment (Richardson and Rejmanek 2011). During such

shifts and range expansions, species undergo multiple se-
lection pressures (Phillips et al. 2010). Especially for pole-
ward range shifts or expansions, a straightforward interpre-
tation of the observed evolutionary dynamics is hampered
because of the simultaneous evolutionary responses to the
changing local environmental conditions and to the expan-
sion process per se.
Species expanding or shifting their range poleward ex-

perience a change in temperature and growing season that
could affect their life histories. The lower temperatures in
northern regions can affect species’ diapause behavior (e.g.,
the Colorado potato beetle; see Piiroinen et al. 2011; Leh-
mann et al. 2014, 2015), and especially in multivoltine spe-
cies, changes in the length of the growing season have an
impact on development time, growth rate, and adult size.
Because of the gradual shortening of the growing season,
a gradually faster development is needed to attain an equal
number of generations within this decreasing time frame.
At a certain point, however, development speed is at is max-
imum. At this point, voltinism abruptly decreases (i.e., loss
of a generation), in turn allowing a sudden relaxation of de-
velopment speed. This mechanism of a step-by-step reduc-
tion in voltinism with increasing latitude creates a typical
sawtooth pattern in development time (i.e., alterations of
gradual increase and sudden decrease in development speed;
see Roff 1980; Kivela et al. 2011; Levy et al. 2015). Further-
more, high-latitude populations tend to compensate for the
low temperatures that plastically reduce growth rate through
the evolution of genetically faster growth rates (i.e., counter-
gradient variation; see Conover and Schultz 1995). In some
instances, development time canmoreover share an underly-
ing mechanism with growth rate (Kivela et al. 2011), and to-
gether these two traits can impact adult size, leading to either
bigger, smaller, or equal-sized individuals in more northern
regions (Blanckenhorn and Demont 2004). Apart from these
climatic changes, many range-shifting species may also suffer
from changes in habitat quality and quantity. However, this is
mainly restricted to native range climate-tracking species (as
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opposed to invasive species), for which deteriorating habitat
is one of the main explanations for the occurrence of their
initial range limits (North et al. 2011; Hargreaves et al.
2014).

On top of this pressure to adjust to the changing local
environment, the process of range expansion in itself en-
tails a strong selection pressure. First, since the most dis-
persive phenotypes accumulate at the expansion front, as-
sortative mating takes place (Phillips et al. 2010; Shine et al.
2011). This results in increased dispersal abilities at the range
front, as has been illustrated theoretically (e.g., Travis and
Dytham 2002; Burton et al. 2010; Perkins et al. 2013) as well
as empirically throughfield and common garden studies (e.g.,
Phillips et al. 2006; Mitikka and Hanski 2010; Hill et al. 2011;
Huang et al. 2015) and experimental evolution (Fronhofer
andAltermatt 2015). Dispersal evolution thus affects (Kubisch
et al. 2014) and is affected by range expansion (reviewed in
Hill et al. 2011). Second, because of the locally low densities
at the leading edge, individuals in the vanguard of an ex-
panding range are predicted to experience r rather than K
selection, which would translate into a higher investment
in reproduction (Phillips 2009; Phillips et al. 2010). Range ex-
pansion thus results in a positive selection for dispersal be-
cause of the interaction between spatial sorting (and thus as-
sortative mating) of dispersive phenotypes and an increased
population growth rate driven by density release at the ex-
pansion front. Through both mechanisms, range expansion
therefore contributes to a process of spatial selection (Shine
et al. 2011; Perkins et al. 2013).

Local adaptation to changing climatic conditions and
spatial selection can thus jointly impact evolutionary dy-
namics in species expanding poleward. However, we lack
a clear understanding of their relative importance in shap-
ing quantitative genetic trait differentiation along latitudi-
nal gradients. For example, a greater investment in thorax
mass in northern populations of an insect species can re-
sult from spatial selection (dispersiveness is selected for at
the range front) as well as from local adaptation (lower
temperatures might decrease muscle efficiency). Likewise,
increased dispersal in plant populations near the range
edge could purely result from mechanisms to avoid in-
breeding (adaptation to low mate availability; Hargreaves
and Eckert 2014) but could also be caused by spatial se-
lection. Insights are, to date, mainly derived from theory
(Perkins et al. 2013; Hargreaves et al. 2015) or from correl-
ative—often phenotypic—approaches (Therry et al. 2014a,
2014b, 2014c, 2015).

Here, we combine common garden breeding and an
individual-based model (IBM) to study the putative causes
of multivariate trait evolution during poleward range expan-
sion.With a full life-history perspective, we assess latitudinal
quantitative genetic trait differentiation in the two-spotted
spider mite Tetranychus urticae Koch (Acari, Tetranychi-

dae), which has recently expanded its European range. By
contrasting empirical patterns in life-history trait divergence
with those derived from a stochastic IBM, we are able to de-
termine whether this trait divergence is best explained by
only local adaptation, only spatial selection, or their joint
action.

Material and Methods

Life-History Evolution along the Sampled Gradient

Study Species. The herbivorous spider mite Tetranychus
urticae is an agricultural pest species with a worldwide dis-
tribution. It reproduces through arrhenotokous partheno-
genesis, whereby unfertilized eggs develop into males and
fertilized eggs into females. Sex ratio in T. urticae is usually
female biased (3∶1; Krainacker and Carey 1989), but moth-
ers can alter the sex ratio of their young (Young et al.
1986). Each female may produce more than 50 female off-
spring, and at optimal temperatures (277–307C), mites can
complete their life cycle in 8–10 days (Sabelis 1981). The
species can engage in aerial long-distance dispersal (making
use of aerial currents), which is preceded by a unique pre-
dispersal behavior. Like many arthropods, T. urticae can
go into diapause when conditions are suboptimal (e.g., food
shortage, desiccation, cold). This ability is restricted to the
adult stage of the species. From approximately 1983 on-
ward, the mite species has expanded its European range
from the Mediterranean to (at least) southern Scandinavia
(K. H. P. Van Petegem, personal observation); this oc-
curred at least partially through aerial long-distance dis-
persal (a detailed description of the mite’s range expansion
can be found in Carbonnelle et al. 2007).

Population Sampling. We collected spider mites during the
summers of 2011 and 2012 along an 800-km latitudinal gra-
dient fromnorthwestern Belgium (51.17N) to northernDen-
mark (57.77N; fig. 1). To minimize variation due to adapta-
tion to different host plant species and human pressure (e.g.,
harvesting, pesticides) and to maximize latitudinal, climatic
variation relative to variation in continentality (i.e., longitu-
dinal variation), we searched for mites on a small selection
of host plants within (semi-)natural area along the coast
(see “Field Collection Sites,” available online). In 2011, we
collected spider mites in 20 sites. In 2012, we collected them
in 12 out of these 20 sites, thereby omitting populations that
were very close to one another. To avoid mites being in
common garden conditions too long (allowing domestica-
tion), trait assessments were split up over two consecutive
years. Diapause incidence, longevity, fecundity, egg survival,
juvenile survival, and development time were assessed with
mites collected in 2011, while dispersal propensity, dispersal
latency, sex ratio, and adult size were assessed withmites col-
lected in 2012.
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Common Garden and Synchronization. Common garden
breeding techniques are robust methods for detecting ge-
netic variation among populations. In both 2011 and 2012,
a common garden stock population was thus generated in
the lab for each collection site by putting between 50 and
several hundred mites from the collection site on whole
bean plants (Phaseolus vulgaris, variety Prélude). Beans
are known to be a highly favorable host for T. urticae. Mites
from different collection sites are therefore not expected to
show substantial genetic variation in fitness on this plant
species (Agrawal et al. 2002; Gotoh et al. 2004). However,
though we selected our common garden conditions to be
as neutral as possible, different populations (genotypes)
may still have reacted differently toward these standardized
conditions (see sec. A1.1; sec. A1–A6 available online). We,
however, minimized this bias in our analyses by following a
pattern-oriented approach, thereby avoiding a direct com-
parison of empirical trait values with modeled ones. The
common garden stock populations were maintained at
room temperature with a light regime of 16L∶8D. Mites
remained in these stock populations for one to four gen-
erations (with the exception of the assessment of sex
ratio, where they were in common garden for about 20 gen-
erations). Subsequently, before the start of an experiment,
a synchronization of the mites was performed to obtain a
large pool of same-aged, mated adult females (see sec. A1.2).
With the exception of diapause incidence (which was per-
formed almost immediately after population sampling), all
trait assessments were thus performed with at least third-
generation mites (at least one generation in the stock popu-
lation, plus one generation of synchronization). The relatively
short stay in common garden was chosen as a balance be-
tweenexcludingdirect environmental effects (phenotypicplas-
ticity, environmentally induced maternal effects) and keeping
as much of the original genotypic differentiation as possible
(i.e., preventing loss through adaptation to the newhost [bean]
or the lab environment).

Data Collection and Statistics. A detailed overview of the
applied methodology during data collection can be found
in sections A1.3–A1.8. In short, we measured the following
10 life-history traits for all populations: dispersal propensity,
dispersal latency, diapause incidence, fecundity, longevity,
adult size, egg survival, juvenile survival, sex-specific devel-
opment time, and sex ratio (all resulting data are deposited
in the Dryad Digital Repository: http://dx.doi.org/10.5061
/dryad.n0c67 [Van Petegem et al. 2016]). Because it was not
possible to assess all traits simultaneously for one individual
mite, several different, independent experimental setups were
constructed. Thus, though the unit of observation was always
an individual mite, the different traits were not assessed for
one and the same individual. The first six traits were assessed
for only female mites (not relevant for males). Using estab-

lished behavioral assays (see Li and Margolies 1994; Van Pe-
tegem et al. 2015), dispersal was assessed by quantifying a
female’s propensity and latency (i.e., the period of decision-
making) to perform a unique predispersal behavior tightly
linked to aerial dispersal. Because dispersal is density depen-
dent (Harrison 1980; Denno and Peterson 1995), we mea-
sured these dispersal behaviors at different densities. We fur-
thermore obtained a population-level measure for intrinsic
growth rate by multiplying values of lifetime fecundity with
juvenile survival, egg survival, and 1/sex ratio (i.e., ratio of
daughters to total number of offspring). These values were
resampled (using the sample size of sex ratio, which was the
lowest of all four traits) from the quantified distributions of
the respective traits.
We performed a multivariate distance-based ANOVA

to test for variation in multivariate life-history parameter
space (all 10 measured life-history traits), using the vegan
and permute packages of RStudio (ver. R 3.2.3; RStudio
Team 2015; for more detailed information, see sec. A1.9).
The multivariate test showed significant variation in
life-history strategies among the different populations
(F1, 8 p 2:23, P p :044, R2 p 0:22 for the subset of 12 pop-
ulations sampled in both 2011 and 2012 [and hence all 10
measured traits]; F1, 16 p 3:31, P p :012, R2 p 0:17 for
18 of the 20 populations sampled in 2011 [and hence the
subset of six traits measured for only 2011]).
This validated the use of subsequent univariate analyses,

which were performed using (generalized) linear mixed
models (SAS ver. 9.4; SAS Institute 2013). For each trait
separately, differentiation along the latitudinal gradient
was assessed. Latitude, mite density (for dispersal propen-
sity), and host plant species were the independent var-
iables. The patterns found for latitude were maintained
when we used the local average yearly temperature or the
coastal distance to the uppermost population as the inde-
pendent variable instead of latitude (K. H. P. Van Petegem,
unpublished data). We tested trait differentiation related
to host plant identity because the dominant host plant spe-
cies in the field changed with latitude and could thus have
affected the latitudinal signal. In all cases, we corrected for
nonindependence of our data within single populations by
adding maternal line and other experimental sources of de-
pendency as random effects (for a detailed outline of the
different models, see sec. A1.9). Effective denominator de-
grees of freedom for the tests of fixed effects were computed
according to a general Satterthwaite approximation. Because
the variance explained by random effects varied among the
different dependent variables in our study, these effective de-
nominator degrees of freedom were different for each statis-
tical model.
Additionally, because we theoretically expect a sawtooth

pattern for development time, we used segmented linear
regression on the population averages (Muggeo 2003, 2008),
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following multiple breakpoint analyses for data fitting.
Davies’s tests indicated the presence of three breakpoints.
Analysis of deviance with the linear model was used to ver-
ify a putative better fit of the segmented linear regression
(sawtooth) versus a linear regression (Crawley 2007). These
analyses were done in RStudio (ver. R 3.2.3; RStudio Team
2015), using the segmented package (Muggeo 2008).

Inferring Mechanisms by Contrasting the Empirical Data
with a Parameterized Individual-Based Model

The Individual-Based Model (IBM). We here only outline
the basic principles of the IBM but provide a detailed de-
scription and motivation in section A2 (the modeling code
is available in GitHub: https://github.com/jeroenboeye/Van
-Petegem-et-al._Evolution-during-range-expansion_code).
We designed a stochastic, individual-based, and spatially ex-
plicit model to simulate the evolutionary dynamics in T. ur-
ticae along a climatic gradient comparable to the onewe stud-
ied empirically. The IBM is inspired by an IBM of Bancroft
andMargolies (1999) that simulated thedynamics amongT.ur-
ticae, its host plant, and its predator. We adjusted this ex-
isting IBM to simulate population dynamics at a time step
basis of 1 day (for which empirical data were available) in
a simplified model landscape. This landscape consisted of
a grid of 100 rows (latitude) and five columns (longitude).
Local population dynamics were simulated within each of these
grid cells. The grid reflects a latitudinal range of 1,000 km
(10# 10-km2 grid cells) and corresponds with the macro-
geographic scale at which we sampled T. urticae in the field.
The length of the growing season, determined by seasonal var-
iation in temperature, was defined at the grid level by two
trigonometric functions, which were based on actual data.

The IBM simulated the behavior and life history of adult
female mites, because females are the reproducing sex and
adult females the main dispersers. No mating limitations
and recombinations were consequently implemented. Us-
ing data from Sabelis (1981), development, longevity, mor-
tality, and fecundity of the mites were all simulated ac-
cording to the local grid cell temperature. Mites followed
a pattern of exponential growth. However, as a compro-
mise to maintain high computational efficiency, individuals
were randomly deleted as soon as more than 200 mites oc-
cupied a grid cell. We assumed density-independent aerial
dispersal among grid cells, because the large spatial scale
used (10# 10-km2 grid cells) did not allow us to sensibly
incorporate density dependence (which is important at the
level of a single leaf or plant). Dispersal mortality was set rel-
atively high and reflects transience and settlement costs
(90%; see De Roissart et al. 2015). The probability for an in-
dividual mite to engage in aerial long-distance dispersal was
modeled as an unconditional nearest-neighbor dispersal
rate, determined by a single locus subject to selection/muta-

tion. Other traits subject to selection and mutation were de-
velopment, fecundity, and the timing of diapause onset and
termination. A linear trade-off between development and
fecundity was implemented in order to constrain the evolu-
tionary trajectories. This trade-off function was coded by a
single-locus trait that altered the balance of investment be-
tween development and fecundity. Because no empirical
data on such a trade-off are available, we tested several
functions where the maximal increase or decrease in perfor-
mance of either trait was limited to 10% or 20% (assumed
realistic, conservative percentages). In total, four trade-off
balances (10%-10%, 10%-20%, 20%-10%, 20%-20%) were
thus modeled. For instance, 10%-20% implies that a maxi-
mum 10% increase/decrease in development corresponds
with a maximum 20% decrease/increase in fecundity (see
sec. A2.6).
Because we aimed to contrast evolutionary dynamics

resulting from spatial selection and local adaptation, we
tested three competing major model scenarios: (1) a sce-
nario of range expansion along a homogeneous gradient,
(2) a scenario with range expansion along a latitudinal cli-
matic gradient, and (3) a scenario where evolution could
occur within this same heterogeneous gradient but with-
out the process of range expansion. In the stable range sce-
nario (scenario 3), individuals were initialized along the en-
tire climatic gradient. For scenarios with range expansion
(scenarios 1 and 2), only the 10 southernmost rows were
initialized with genetically diverse individuals, thereby al-
lowing range expansion toward the northern grid cells. This
range expansion was constrained in scenario 2 by the sea-
sonal conditions that affected development, survival, and
fecundity. All simulations were run via high-performance
computing (Ghent University). A total of 100 replicates were
run for each of 12 specific model scenarios (three major
model scenarios # four trade-off balances). The IBM was
halted after 100,000 time steps (i.e., when the entire range
was more or less fully occupied in all eight specific model
scenarios that included range expansion).

Comparison of Empirical and Simulation Results.We tested
how closely the empirically observed latitudinal patterns of
life-history traits matched those predicted by the IBM.More
specifically, we performed goodness-of-fit tests on summary
statistics of those three life-history traits that were subject to
selection and for which a comparison between empirical
and simulation data could be made: the regression slopes
against latitude of intrinsic growth rate, dispersal, and de-
velopment time, and the amplitude and wavelength of the
sawteeth for development time (for more information on
these five summary statistics, see sec. A3). We compared the
empirical and simulation data with a pattern-oriented ap-
proach (Grimm et al. 2005), using approximate Bayesian
computation to select the specific model scenarios for which

Evolution during Range Expansion 489



a derived summary statistic best matched that from the em-
pirical data (Csillery et al. 2010; Baiser et al. 2013; Wiegand
and Moloney 2014). We ran three competing major model
scenarios (scenarios 1–3), each of which was coupled with
four implemented trade-off balances between development
and fecundity (all 10%/20% combinations), giving a total of
12 specific model scenarios. Posterior distributions of the
five summary statistics were obtained from 100 indepen-
dent runs of each of these 12 specific model scenarios, while
distributions of the empirically derived summary statistics
were generated via bootstrapping. The goodness-of-fit tests
were performed by summing the squared differences be-
tween 100 randomly sampled values from the empirical
summary statistic distributions and from the distributions
for each of the 12 specific model scenarios. This procedure
was repeated 10,000 times to determine the frequency with
which each specific model scenario was found to be best
matching an empirical life-history pattern.

Subsequently, we assessed which selection pressure (spa-
tial selection vs. local adaptation) best matched the ob-
served latitudinal life-history patterns. For each of the three
competing major model scenarios, we therefore summed
the frequencies obtained in the previous step over all four
trade-off balances. We thereby obtained three (one for
each major model scenario) integrated frequencies, equally
weighted over the four trade-off balances, for each of the
five summary statistics. These integrated frequencies were
then used to calculate Bayes’s factors to infer—for each
life-history pattern separately—the best-fitting major model
scenario. This gave an idea of the most likely selection pres-

sure shaping this life-history trait’s variation along the lati-
tudinal gradient. A Bayes’s factor of 3 or more for a model
comparison ofmodel A versus B implies thatmodelA ismore
strongly supported by the data (Kass andRaftery 1995). Thus,
if, for example, model scenarios including range expansion
gave a markedly better (Bayes’s factor of three or more) fit
than the stable range scenario for a specific life-history pat-
tern, than spatial selection was inferred as the most likely
selection pressure shaping the latitudinal pattern of this
life-history trait.

Results

Life-History Evolution along the Sampled Gradient

Dispersal Propensity and Latency. Dispersal propensity and
latency both significantly varied with latitude: dispersal pro-
pensity increased with latitude (F1, 2,235 p 33:93, P ! :001;
fig. 2A), while dispersal latency showed the exact opposite
trend (F1, 469 p 12:16, P ! :001; fig. 2B). Dispersal propen-
sity and latency were density dependent, but this density de-
pendence did not vary with latitude (propensity: F2, 2,230 p
0:03, P p :97; latency: F2, 467 p 2:71, P p :068). There was
no effect of host plant species on dispersal propensity
(F3, 2,232 p 1:85, P p :14) or dispersal latency (F3, 464 p
0:60, P p :62).

Diapause Incidence. No correlation between latitude and
diapause incidence was found (F1, 18:68 p 0:05, P p :82; see
sec. A4). Instead, diapause incidence was significantly af-

Figure 2: Dispersal propensity (A) and dispersal latency (B) for each sampled population along the latitudinal gradient. Populations means
are given 51 SE (bars). Regression lines (on population averages) are shown together with their R2 values.
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fected by the host plant on which the mites were collected
(F3, 50:13 p 9:86, P ! :001; see sec. A4).

Fecundity and Longevity. Lifetime fecundity (F1, 71 p 14:75,
P ! :001; fig. 3A) and longevity (F1, 65:1 p 11:41, P p :0012;
fig. 3B) both decreased significantly with latitude. For daily
fecundity, however, no variation with latitude was found
(F1, 68 p 0:69, P p :41). Instead, daily fecundity was af-
fected by the host plant species (F3, 69 p 5:59, P p :0017;
see sec. A4). For lifetime fecundity, no effects of host plant
species were found (F3, 68 p 1:62, P p :19). For longevity,
there was a general effect of host plant species (F3, 66:3 p 3:72,
P p :016), but none of the adjusted P values were significant
in the pairwise post hoc Tukey tests.

Egg Survival, Juvenile Survival, and Development Time.
The relative amount of hatched eggs increased significantly
with latitude (F1, 103:1 p 6:76, P p :011; fig. 3C), but the
proportion of juvenile mites reaching the adult life stage
showed no latitudinal pattern (F1, 1,315 p 0:19, P p :67;
see sec. A4). Furthermore, toward higher latitudes, female
(F1, 66:1 p 11:03, P p :0015) and male (F1, 62:1 p 18:84, P !

:001) spider mites had a significantly shorter development
time (i.e., a faster development; fig. 3D). There was no effect
of host plant species on the development time of females
(F3, 57:4 p 1:89, P p :14) or males (F3, 60 p 2:21, P p :096)
or on egg survival (F3, 44:38 p 2:51, P p :071) or juvenile
survival (F3, 1,312 p 1:90, P p :13).

Fitting the expected sawtooth pattern (see sec. A4) in-
stead of a linear predictor increased the amount of variance
in development time explained from 36.4% to 80.9% in
males (F7, 10 p 6:06, P p :006) and from 13.3% to 61.2%
in females (F7, 10 p 2:26, P p :11). The deviance following
segmented regression (sawtooth pattern) was (marginally)
significantly lower than that for the linear pattern (one-
tailed x2 tests; males: deviance p 2:70, P ! :001; females:
deviance p 3:33, P p :054).

Sex Ratio and Adult Size. Sex ratio (the proportion of
males among offspring) increased significantly toward
higher latitudes (F1, 61:97 p 6:73, P p :012; fig. 3E). With
increasing latitude, populations were thus increasingly male
biased. Adult size, in contrast, did not vary with latitude
(F1, 342 p 1:19, P p :28; see sec. A4). Instead, the adult size
of the female spider mites was significantly affected by the
host plant species from which they were collected
(F3, 343 p 3:64, P p :013; see sec. A4). There was no effect
of host plant species on sex ratio (F3, 50:9 p 2:10, P p :11).

Intrinsic Growth Rate. Intrinsic growth rate decreased sig-
nificantly toward higher latitudes (F1, 8 p 6:20, P p :038;
fig. 3F).

Inferring Mechanisms by Contrasting the Empirical Data
with a Parameterized Individual-Based Model

Three consistent (i.e., consistent over all the trade-off bal-
ances) patterns in life-history divergence along the lati-
tudinal gradient emerged from the IBM: an increase in
dispersal toward the range front in the range expansion
scenarios, a stepwise decrease in voltinism toward the
north in the scenarios with an environmental gradient,
and an overall lower temperature for diapause termina-
tion than for diapause onset in all scenarios (see sec. A5).
Our results furthermore show that the chosen trade-
off balance in our model (maximum effect on develop-
ment vs. maximum effect on fecundity) affected volt-
inism and the relative investment in development versus
fecundity (see sec. A2.6) and, as such, the goodness of
fit of our three major model scenarios for the summary
statistics in development time and intrinsic growth rate
(table 1; fig. 4).
The goodness of fit for the five summary statistics clearly

showed differences between the three competing major
model scenarios (table 1; fig. 4). The stable range scenario
poorly predicted the empirically observed dispersal pro-
pensity but provided some of the strongest supports for
the pattern in development time. Overall, however, the sta-
ble range scenario performed rather badly. The scenario
with range expansion in a homogeneous landscape showed
a moderate overall fit but provided the strongest support
for the empirical pattern in intrinsic growth rate. The sce-
nario with range expansion along an environmental gradi-
ent resulted in the best overall fit, with the highest values
for dispersal propensity and good to strong support for
the patterns in intrinsic growth rate and development time.
In terms of evolutionary scenario (range expansion vs. sta-
ble range and environmental gradient vs. no gradient), the
range expansion scenarios clearly provided a much stron-
ger support for the empirical pattern in dispersal than the
stable range scenario (Bayes’s factor p 40:15), while no dif-
ference in support was found between the scenarios with and
without an environmental gradient (Bayes’s factor p 0:79).
In contrast, the best support for the empirical pattern in de-
velopment time was provided by the scenarios with
an environmental gradient (especially concerning the slope
[Bayes’s factor p 1:99] and amplitude [Bayes’s factor p
3:66] of the pattern), while no difference in support was
found between model scenarios with or without range ex-
pansion (slope: Bayes’s factor p 0:56; amplitude: Bayes’s
factor p 0:56). Regarding intrinsic growth rate, no clear
difference between the evolutionary scenarios was found
(range expansion vs. stable range: Bayes’s factor p 1:41; gra-
dient vs. no gradient: Bayes’s factor p 0:74), though the
two best fits with the empirical data were provided by range
expansion scenarios (see table 1).
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Figure 3: Lifetime fecundity (A), longevity (B), egg survival (C), development time (D), sex ratio (E), and intrinsic growth rate (F) for each
sampled population along the latitudinal gradient. Population means are given 51 SE (bars). Regression lines (based on population means)
are shown together with their R2 values. In D, development time is shown separately for females (filled circles) and males (open circles).

492



T
ab
le

1:
R
es
ul
ts

fr
om

go
od

ne
ss
-o
f-
fi
t
an
al
ys
es

be
tw
ee
n
em

pi
ri
ca
l
da
ta

an
d
th
e
th
re
e
co
m
pe
ti
ng

m
aj
or

m
od

el
sc
en
ar
io
s

M
od

el
pa
ra
m
et
er
s

Fi
tt
in
g
an
al
ys
is
re
su
lt
s
(%

be
st

fi
t)

R
an
ge

dy
n
am

ic
s

E
nv

ir
on

m
en
ta
l

gr
ad
ie
n
t

M
ax
im

um
%

tr
ad
e-
of
f
ef
fe
ct

de
ve
lo
pm

en
t

M
ax
im

um
%

tr
ad
e-
of
f
ef
fe
ct

fe
cu
n
di
ty

D
is
pe
rs
al

pr
op

en
si
ty

(s
lo
pe
)

In
tr
in
si
c
gr
ow

th
ra
te

(s
lo
pe
)

D
ev
el
op

m
en
t

ra
te

(s
lo
pe
)

D
ev
el
op

m
en
t
ra
te

(w
av
el
en
gt
h)

D
ev
el
op

m
en
t
ra
te

(a
m
pl
it
ud

e)

St
ab
le

Y
es

20
10

.2
9

7.
71

.5
4

14
.3
8

1.
32

St
ab
le

Y
es

20
20

.4
4

.6
1

0
7.
17

29
.4
8

St
ab
le

Y
es

10
10

.3
10
.5
9

5.
92

6.
57

15
.4
1

St
ab
le

Y
es

10
20

.2
7.
26

40
.5
6

.8
6

1.
09

E
xp

an
si
on

N
o

20
10

11
.2
3

25
.0
8

3.
66

7.
24

.8
9

E
xp

an
si
on

N
o

20
20

5.
29

5.
66

3.
81

5.
66

5.
81

E
xp

an
si
on

N
o

10
10

11
.7
9

7.
66

5.
1

11
.8
6

1.
02

E
xp

an
si
on

N
o

10
20

10
.3
4

1.
88

7.
53

6.
32

4.
3

E
xp

an
si
on

Y
es

20
10

11
.5
5

18
.1
9

4.
98

12
.0
8

6.
59

E
xp

an
si
on

Y
es

20
20

14
.2
4

6.
38

6.
22

10
.6
9

14
.8
5

E
xp

an
si
on

Y
es

10
10

15
.3
6

4.
54

6.
58

10
.2

5.
78

E
xp

an
si
on

Y
es

10
20

18
.9
7

4.
44

15
.1

6.
97

13
.4
6

N
ot
e:
E
ac
h
sc
en
ar
io

ha
s
fo
ur

po
ss
ib
le
tr
ad
e-
of
f
ba
la
nc
es
,r
es
ul
ti
ng

in
a
to
ta
lo

f
12

sp
ec
ifi
c
m
od

el
sc
en
ar
io
s.
M
od

el
pa
ra
m
et
er
s
in
cl
ud

e
ra
n
ge

dy
n
am

ic
s,
pr
es
en
ce

or
ab
se
n
ce

of
an

en
vi
ro
nm

en
ta
lg

ra
di
en
t,
an
d

tr
ad
e-
of
f
ba
la
nc
es

(a
ll
co
m
bi
n
at
io
ns

of
a
m
ax
im

um
5
10
%

an
d
a
m
ax
im

um
5
20
%

tr
ad
e-
of
f
ef
fe
ct

on
de
ve
lo
pm

en
t
or

fe
cu
n
di
ty
).
O
n
th
e
ri
gh

t,
th
e
re
su
lt
s
of

th
e
an
al
ys
es

ar
e
sh
ow

n
.P

er
ce
n
ta
ge
s
in
di
ca
te

ho
w

of
te
n
a
sp
ec
ifi
c
m
od

el
sc
en
ar
io

pr
ov
id
ed

th
e
be
st
fi
t
fo
r
a
pa
rt
ic
ul
ar

su
m
m
ar
y
st
at
is
ti
c.
Su

m
m
ar
y
st
at
is
ti
cs

in
cl
ud

e
th
e
re
gr
es
si
on

sl
op

es
ag
ai
ns
t
la
ti
tu
de

of
in
tr
in
si
c
gr
ow

th
ra
te
,d

is
pe
rs
al
an
d
de
ve
lo
pm

en
t
ti
m
e,

an
d
th
e
am

pl
it
ud

e
an
d
w
av
el
en
gt
h
of

th
e
sa
w
te
et
h
fo
r
de
ve
lo
pm

en
t
ti
m
e.

493



Fi
gu

re
4:

P
os
te
ri
or

di
st
ri
bu

ti
on

s
of

fi
ve

su
m
m
ar
y
st
at
is
ti
cs

(t
he

re
gr
es
si
on

sl
op

es
ag
ai
ns
t
la
ti
tu
de

of
in
tr
in
si
c
gr
ow

th
ra
te
,d

is
pe
rs
al
an
d
de
ve
lo
pm

en
t
ti
m
e,
an
d
th
e
am

pl
it
ud

e
an
d
w
av
e-

le
ng
th

of
th
e
sa
w
te
et
h
fo
r
de
ve
lo
pm

en
t
ti
m
e;
se
e
se
c.
A
3,
av
ai
la
bl
e
on

lin
e)

ob
ta
in
ed

fr
om

10
0
in
de
pe
nd

en
t
ru
n
s
of

ea
ch

of
th
e
12

sp
ec
ifi
c
m
od

el
sc
en
ar
io
s,
to
ge
th
er

w
it
h
th
e
di
st
ri
bu

ti
on

s
of

th
e
em

pi
ri
ca
lly

de
ri
ve
d
su
m
m
ar
y
st
at
is
ti
cs
.T

he
de
n
si
ty

cu
rv
es

re
pr
es
en
t
th
e
po

st
er
io
r
di
st
ri
bu

ti
on

s,
w
hi
le
th
e
bl
ac
k
ci
rc
le
re
pr
es
en
ts
th
e
em

pi
ri
ca
lv
al
ue

fo
r
th
e
su
m
m
ar
y
st
at
is
ti
c.
T
he

ba
rs

sh
ow

th
e
95
%

cr
ed
ib
ili
ty

in
te
rv
al

ar
ou

nd
th
is
em

pi
ri
ca
l
va
lu
e
(c
al
cu
la
te
d
vi
a
bo

ot
st
ra
pp

in
g)
.



Discussion

Our common garden approach revealed considerable quan-
titative genetic divergence in life-history traits in populations
of Tetranychus urticae that were sampled along a latitudinal
gradient from range core to expansion front. Dispersal, sex
ratio, egg survival, fecundity, longevity, development time,
and the derived intrinsic growth rate showed strong latitudi-
nal patterns. By means of pattern-oriented modeling, we
demonstrated that local adaptation alone could not explain
increased dispersal at high latitudes and thus that spatial se-
lection likely must be in play. In contrast, latitudinal variation
in development time was best explained by scenarios includ-
ing local adaptation to the local climatic and seasonal condi-
tions. For intrinsic growth rate, the trends were less clear,
though the best fits were given by range expansion scenarios.
Overall, local adaptation and spatial selection seem to have
jointly shaped quantitative genetic divergence in the life his-
tory of this poleward-expanding arthropod.

The empirically observed increased dispersal at the range
front is in line with several studies on postglacial range ex-
pansion (Cwynar and Macdonald 1987), invasions (Travis
and Dytham 2002; Phillips et al. 2006; Huang et al. 2015),
and climate change (Thomas et al. 2001; Travis et al. 2013).
Because this pattern matched best with our range expan-
sion scenarios, this indicates that dispersal ability is posi-
tively selected at the expansion front through the process
of spatial selection and most likely not by adaptation to local
environmental conditions (i.e., local temperature and grow-
ing season length in our model). Evolution of dispersal along
a latitudinal gradient could, however, be equally affected by
factors related to changes in habitat quality and connectivity
(Bowler and Benton 2005), which were not included in our
modeling framework. A decrease in habitat quality and con-
nectivity, however, is theoretically expected to select against
dispersal (Moran andAlexander 2014), so this would oppose
our findings. It is interesting to notice that two populations
at the outermost range limit at the peninsula of Denmark
(which is surrounded by hostile matrix—the sea) are charac-
terized by reduced dispersal (see fig. 2A). While these points
do not obscure the general pattern, they potentially reflect
an elastic range margin due to gradients of habitat availabil-
ity and local extinction risk (Holt 2003; Kubisch et al. 2010;
Henry et al. 2013). An additional factor leading to increased
dispersal and colonization rates could be the ephemeral na-
ture of range populations (Duputie andMassol 2013), as, for
example, found in a plant species (Darling et al. 2008). How-
ever, in our study, host plants were readily available at the
range front and expected to be exhausted more slowly than
in the range core because of a lower intrinsic growth rate
of themites (see fig. 3F). Increased dispersal at the range edge
could also have been caused by increased temporal variation
in population sizes (McPeek and Holt 1992), resulting from

harsh climatological conditions, especially during winter. In
our model, however, this disturbance (see sec. A2.1) was
implemented in both the stable and a range expansion sce-
nario and can therefore not explain the difference in dispersal
between these two scenarios. Spatial selection may thus be
considered as a likely major driver of the evolution in dis-
persal in our study.
The empirically found latitudinal variation in develop-

ment time (slope and sawtooth statistics) matched best with
the scenarios that included adaptation toward an environ-
mental gradient. The gradual shortening in the growing
season from core to edge seems to have resulted in changes
in voltinism and consequent abrupt changes in develop-
ment time. Indeed, changes in development time are most
effective for maintaining an optimal reproductive outcome
when a restricted growing season leads to changes in volt-
inism (Roff 1980). The changes in development time did
not cause changes in adult size in our study. This suggests
that compensatory growth maintained a constant size at
maturity, despite large changes in the length of the growing
season (Conover et al. 2009). Interestingly, this might imply
an increased foraging efficiency at the rangemargin and thus
contradicts predictions of a dispersal-foraging trade-off, found
during experimental evolution in a protist (Fronhofer and
Altermatt 2015).
Concerning intrinsic growth rate, none of the three

model scenarios gave a markedly better fit. The best fits,
however, were provided by model scenarios with range ex-
pansion. Our empirically observed trend of a declining in-
trinsic growth rate with latitude, however, opposes theo-
retical expectations of evolution toward higher intrinsic
growth rates at the expansion front, where on average lower
population densities occur (Phillips 2009; Phillips et al.
2010). While Fronhofer and Altermatt (2015) showed that
density is not always lower at the range margin, we suspect
that it is in this case because of the overall shorter growing
season and colder temperatures in the north. We therefore
attribute the observed pattern in growth rate to trade-offs
between fecundity and other life-history parameters. In-
deed, the decline in intrinsic growth occurred despite faster
development times and higher egg survival and was there-
fore most likely driven by strong reductions in fecundity.
However, while some studies suggest that fecundity trades
off with dispersal (e.g., Zera and Denno 1997; Hughes et al.
2003), others have failed to detect this or even found a pos-
itive correlation (e.g., Saastamoinen 2007; Therry et al. 2015).
Furthermore, diapause incidence has been shownnot to con-
strain changes in fecundity in T. urticae (Ito 2009). We con-
ducted our study with a full life-history perspective and tested
for population-level correlations between multiple life-history
traits but did not detect any relevant trade-off (see sec. A6).
Because host plant variation covaried with the latitudinal

gradient, our latitudinal patterns could have been confounded
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by patterns of local adaptation to the host plant species in
the field. Tetranychus urticae is known to adapt to new host
plant species within 10–15 generations (Magalhães et al. 2007),
but we kept the mites in common garden for only two to five
generations (except for the assessment of sex ratio), which is
not sufficient to disrupt adaptation to a previous host plant
species (Magalhães et al. 2011). However, we corrected for
this potential bias in our analyses and found that host plant
could have masked only a pure latitudinal effect for daily fe-
cundity, where statistical models with host plant included
did not show a latitudinal effect while models without did.
In the case of diapause incidence, assessments were made
almost immediately after mites were gathered in the field.
Therefore, diapause incidence possibly still showed some en-
vironmentally induced phenotypic plasticity. Nevertheless,
diapause is known to harbor a very strong genetic compo-
nent (reviewed in Tauber et al. 1986).

By combining an empirical with a detailed, pattern-
oriented modeling approach, this study is the first to dem-
onstrate that local adaptation and evolution imposed by
the process of range expansion can jointly shape quantitative
genetic divergence during range expansion along a latitu-
dinal gradient. We were able to show that local adaptation
to the growing season probably affected development time,
while the expansion process per se likely induced evolution-
ary divergence in dispersal and potentially also in intrinsic
growth rate. In the current debate on the potential role of
local adaptation versus phenotypic plasticity during range
expansion, our results indicate that local adaptation has the
potential to effectively drive rapid genotypic changes (Co-
lautti and Barrett 2013). It can operate within the same
ecological time frame as the process of spatial selection, to-
gether thrusting evolutionary change along the expansion
front. To make reliable predictions for expanding popula-
tions, we should therefore acknowledge and take into ac-
count this interplay between both evolutionary forces.
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