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Introduction

Abstract

Seasonal time constraints are usually stronger at higher than lower latitudes
and can exert strong selection on life-history traits and the correlations
among these traits. To predict the response of life-history traits to environ-
mental change along a latitudinal gradient, information must be obtained
about genetic variance in traits and also genetic correlation between traits,
that is the genetic variance-covariance matrix, G. Here, we estimated G for
key life-history traits in an obligate univoltine damselfly that faces seasonal
time constraints. We exposed populations to simulated native temperatures
and photoperiods and common garden environmental conditions in a labo-
ratory set-up. Despite differences in genetic variance in these traits between
populations (lower variance at northern latitudes), there was no evidence
for latitude-specific covariance of the life-history traits. At simulated native
conditions, all populations showed strong genetic and phenotypic correla-
tions between traits that shaped growth and development. The variance—
covariance matrix changed considerably when populations were exposed to
common garden conditions compared with the simulated natural conditions,
showing the importance of environmentally induced changes in multivariate
genetic structure. Our results highlight the importance of estimating vari-
ance—covariance matrixes in environments that mimic selection pressures
and not only trait variances or mean trait values in common garden condi-
tions for understanding the trait evolution across populations and environ-
ments.

covariance in specific environments will substantially
affect evolution (Blows & Hoffmann, 2005; Puentes

The additive genetic variance of a trait is a key parame-
ter that determines evolutionary potential of the trait.
However, organisms are not collections of isolated traits
that evolve independently. Instead, they are composed
of genetically, functionally and developmentally corre-
lated traits that may adaptively (or maladaptively) cov-
ary across environments and populations (Stearns et al.,
1991; Pigliucci & Preston, 2004). Therefore, the level of
genetic variance of individual traits and their genetic
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et al, 2016). For example, when populations of the
same species differ in their genetic variance and corre-
lations among traits, these populations may differ in
their response to environmental changes such as global
warming (Etterson & Shaw, 2001).

The genetic variance—covariance matrix, G, summa-
rizes multivariate genetic structure of characters in
focus. Hence, evaluation of size, shape and direction of
G allows for robust predictions of evolutionary out-
comes (Conner & Hartl, 2004; Agrawal & Stinchcombe,
2009). Ignorance of G when predicting evolutionary
changes in traits might cause over- or underestimation
of the evolutionary capacity of a trait (Prokop & Drob-
niak, 2016). For example, although two leaf traits in
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Chamaecrista fasciculata showed substantial genetic vari-
ances, a strong negative genetic correlation between
the traits explained considerably slower adaptive evolu-
tion of individual traits than would be expected if
genetic covariance had been ignored (Etterson & Shaw,
2001). By contrast, femur length in humans was not a
character under direct selection along a latitudinal cline
but continued to show change in evolutionary time
because of its correlation with other limb characters
(Savell et al., 2016).

The genetic variance—covariance matrix can vary con-
siderably when organisms experience different environ-
ments (Stearns et al., 1991; Pigliucci, 2005; Doroszuk
et al.,, 2008; Sikkink et al., 2015). Typically, changes in
G require many generations when the change is driven
by selection, migration, mutation and drift (Arnold
et al., 2008). However, environmental effects on G may
occur within a generation, which might happen
because an environmental change releases genetic vari-
ation that was hidden in the past environment (McGui-
gan & Sgro, 2009). In support of strong environmental
effects on G, Wood & Brodie (2015) concluded in a
review that variation in size, shape and direction of G
can change as much or more between environments
than between populations, indicating that short-term
environmental effects on multivariate genetic structure
can be as strong as the multigeneration effects across
populations.

In addition to steady increases in annual ambient
temperature (IPCC, 2013), unpredictable environmental
extremes are predicted to become more frequent during
global climate change (Bailey & van de Pol, 2016). An
increasing number of studies show that the current G-
matrix structure in a population can change consider-
ably when the population experiences new realistic
environmental conditions (Stoks et al., 2014; Bybee
et al., 2016). Such studies are required because they
reveal whether the environmental change imposed is
sufficiently strong to cause a substantial change in G,
upon which natural selection can work (Wood & Bro-
die, 2015).

In temperate regions, high-latitude populations of
ectothermic animals are exposed to greater seasonal
time constraints than those of low-latitude populations,
because the growth season becomes progressively
shorter and colder towards the geographic poles. Latitu-
dinal compensating mechanisms by which high-latitude
organisms compensate for the brief growth season by
showing faster growth and development than would be
otherwise expected have been widely documented
(Dmitriew, 2011; Sniegula et al., 2012a, 2017; Orizaola
et al., 2014). These compensating mechanisms could be
caused by genetic change or phenotypic plasticity, with
phenotypic plasticity referring to phenotypic changes of
a given genotype in response to the experienced condi-
tion. Such adaptive latitudinal differentiation in life-his-
tory traits describes past evolutionary outcomes of

those populations. Nevertheless, the level of evolution-
ary potential and genetic constraints in terms of a mul-
tivariate approach of traits has rarely been evaluated
across latitudes (Kause et al, 2001; Colautti & Barrett,
2011; Shama et al., 2011). With such information, we
can understand the constraints and evolution of com-
pensatory growth and development of organisms at
high latitudes.

In this study, we examined latitudinal ditferentiation
in the genetic variance—covariance of life-history traits
using the damselfly Lestes sponsa (Hansemann). This
damselfly has a wide latitudinal distribution (Boudot &
Kalkman, 2016) and therefore faces strong time con-
straints at high latitudes (Sniegula et al., 2016c). These
constraints are magnified because this damselfly is obli-
gate univoltine (one generation per season; Jodicke,
1996); thus, when conditions deteriorate, premature
development cannot be prolonged by an extra season.
As a result, directional or stabilizing selection on life-
history traits should be stronger in northern popula-
tions because less time is available for growth and
development. Thus, because of strong time constraints
on life-history traits, genetic variation should be
reduced in the north, and the same might hold for the
genetic covariance. Therefore, we would expect that
the G-matrix characteristics change along a latitudinal
gradient in organisms that have an obligate 1-year life
cycle. However, despite strong empirical support that
fitness-related traits are common targets of selection
and shape important ecological interactions (Dmitriew,
2011; Sniegula ef al., 2016b), we lack a good under-
standing of the changes in the genetic variance—covari-
ance matrix (G) along a latitudinal gradient and in the
structure of G when latitudinal populations are exposed
to a new environment.

Because egg development time, larval development
time and larval growth are important life-history traits
that affect, for example, mating success and survival
(De Block & Stoks, 2005; O’Connor et al., 2014), but
see Potter et al. (2011), the correlations of these traits
along a latitudinal gradient are of interest. We esti-
mated and compared pairwise variance—covariance
structures for egg and larval development time and lar-
val growth rate of L. sponsa originating from replicated
high-, central- and low-latitude populations, separated
by a total distance of 2730 km. Variation in egg devel-
opment time causes variation in hatching date, and
hatching date determines the time period available for
growth, development and reproduction (Gotthard,
2001). Similarly, variation in larval development and
growth rate causes variation in time to and size at
emergence, which should be optimized along a latitudi-
nal gradient (Dmitriew, 2011). We asked the following
questions: (Ql) What is the genetic variance and
covariance structure of the three traits along a latitudi-
nal gradient, and (Q2) how does the genetic variance
and covariance structure of the three traits change
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when larvae are exposed to a new environment? To
answer these questions, we raised full sibs under labo-
ratory conditions. Q1 was answered by raising larvae in
their native temperature and light regime conditions at
their origin of collection (latitude). By simulating the
seasonal change in these two environmental factors at
the origin of the larval population, we simulated the
time constraints the larvae were exposed to under nat-
ural conditions. Q2 was answered by raising larvae in a
common garden environment using a constant temper-
ature and light regime and therefore exposing larvae to
a novel environment to which they had never been
exposed.

Materials and methods

Study species

Lestes sponsa is a widespread and common species in
Europe, with a broad north-south distribution (Boudot
& Kalkman, 2016; Fig. 1). This damselfly is an obligate
univoltine species. The eggs, which are laid in summer,
are the overwintering stage. Larvae hatch during the
subsequent spring, and individuals emerge and mature
in summer (Jodicke, 1996). Previous studies on the life
history of L. sponsa indicate latitudinal differentiation in
mean trait values and differences in additive genetic
variance of life-history traits across latitudes. High-lati-
tude populations that are seasonally time- and ther-
mally constrained evolve more synchronous egg

20°E

Fig. 1 Map showing the sampled populations (filled circles) and
the European distribution of the damselfly Lestes sponsa (shaded
part of the map: modified after Boudot & Kalkman, 2016).
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development and hatching than central- and low-lati-
tude populations, respectively (Sniegula et al., 2016c).
High-latitude individuals also have faster and more syn-
chronous larval growth and emergence than popula-
tions from central and low latitudes, respectively
(Sniegula et al, 2016c¢). Similarly, lower additive
genetic variance in egg development time and larval
growth occurs in high-latitude populations than in cen-
tral- and low-latitude populations, respectively (Snieg-
ula et al., 2016a). Additional studies also show that day
length (photoperiod) plays a key role in shaping these
traits across different latitudes and is involved in com-
pensatory growth at high latitudes (Sniegula & Johans-
son, 2010; Sniegula et al, 2014). However, these
previous studies have not quantified the genetic vari-
ance—covariance matrix (G) between traits involved in
compensatory mechanisms and whether the latitude of
origin affects G.

Field sampling

Two replicated populations in three latitudinal distant
European regions were sampled (Fig. 1), which were
high-, central- and low-latitude populations. Coordi-
nates of sampled populations are given in Table S1.
Note that the between-population distance in the repli-
cated populations within all regions was small enough
to allow extensive gene flow (Geenen et al.,, 2000), and
previous studies on damselflies, including L. sponsa,
show that differences in life histories within regions are
smaller than those between regions (Shama et al., 2011;
Sniegula ef al, 2014). Field sampling of populations
occurred in 2013 on the following dates: 29 June to 2
July at low latitude, 23 July to 28 July at central lati-
tude and 6 August to 10 August at high latitude. For
each population, we sampled mating females to receive
full-sib families for the analysis, which was accom-
plished by catching males and females and then allow-
ing them to mate in small field insectaries. Once
mating occurred in the insectaries, the mated females
were transferred to plastic jars with wet filter paper on
a side for egg laying. We transported jars with females
to a nearby indoor building at a temperature of 22 °C
with a natural photoperiod. Females were maintained
in this building until eggs were deposited onto the wet
filter paper, typically within 48 h after mating. From
each population, females produced the following num-
ber of full-sib families: high latitude, 16 and 28; central
latitude, 32 and 17; low latitude, 36 and 18. We sup-
posed that offspring within each egg clutch contained
full sibs, because the proportion of the female’s off-
spring sired by the last male with whom she copulated
is not less than 95% (Corbet, 1999). Our design did not
allow estimation of maternal effects, but Sniegula et al.
(2016a) showed that maternal effects were low, for
example maximum 12% in egg development time and
0.9% in larval growth rate in these populations. After
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egg deposition eggs were transported in darkness (in a
cooler box at a temperature of 22 °C) to a laboratory at
the Institute of Nature Conservation PAS in Krakow,
Poland. The transportation required between one (cen-
tral-latitude populations) and three (high-latitude pop-
ulations) days, and such transportation has no etfect on
L. sponsa development (Sniegula & Johansson, 2010;
Sniegula et al., 2014).

Experiment 1: simulated conditions

The purpose of this experiment was to estimate the
genetic variance and covariance structure of the three
traits along a latitudinal gradient under conditions that
simulated those occurring at the origin of the sampled
populations. For this purpose, individuals were raised
from hatching until emergence in incubators for which
we programmed conditions simulating natural tempera-
tures and photoperiods (thermo-photoperiods) at the
sampled latitudes. Three incubators were used at the
Institute of Nature Conservation PAS in Krakow,
Poland. To simulate seasonal changes in thermo-photo-
periods, we changed the thermo-photoperiod once a
week (every Friday), except in the winter simulation.

We obtained shallow water temperatures (optimal
habitat for damselfly larvae, Corbet, 1999) during the
growth season at each sampling latitude using the lake
model FLake (Lake Model Flake, 2009). The photope-
riod regimes that we applied included both morning
and evening civil twilights at the latitude of each study
site. We initiated weekly changes in latitude-specific
thermo-photoperiods when eggs overwintered in the
simulated winter conditions. Graphs showing tempera-
tures and photoperiods used during experiment 1 are
in Fig. S1.

After arrival in the laboratory, we placed egg clutches
in plastic containers (cm, height 5 cm) with 250 mL of
mixed dechlorinated tap and filtered pond water and
placed these containers with eggs in the latitude-speci-
fic incubators with water temperature and light condi-
tions resembling late summer at each sampled latitude.
We used one container for each egg clutch. Tempera-
tures for high-, central- and low-latitude incubators
were 19.2 °C, 21 °C and 24.8 °C, respectively; photope-
riods (L-D) for high-, central- and low-latitude incuba-
tors were 20:57-3:03, 17:38-6:22 and 16:31-7:29 h:min
L-D, respectively. After 3 weeks of maintaining eggs in
these thermo-photoperiods, we initiated winter condi-
tions by first lowering temperature to 15 °C but main-
taining the photoperiod. On the next day, we adjusted
the temperature to 5 °C and set photoperiod to L-D
0:24 h. All egg clutches were maintained in these win-
ter conditions for 28 days.

We initiated spring conditions on dates when water
temperature exceeded 12 °C (Lake Model Flake, 2009)
at the origin of the latitudes sampled. We chose these
temperatures and corresponding photoperiods because

L. sponsa begins to hatch when water temperature
increases above 10 °C (Corbet, 1956). From these dates,
we started simulating weekly changes of temperatures.
As the larvae hatched, they were moved from the egg
containers and introduced to plastic containers (diame-
ter 7 cm, height 4 cm) in which they were maintained
individually until emergence. Ten offspring from each
female (family) were reared, resulting in a total of 1470
individuals at the start of this experiment. Throughout
the experiment, the individual larvae were fed daily
with an average of 350 (SE: 26.8, N = 10) laboratory-
reared Artemia salina nauplii.

The temperature simulation was stopped on 25 July
for high-latitude (20.2 °C), 15 August for central-lati-
tude (21 °C) and 12 September for low-latitude (22 °C)
larvae because on these dates in natural conditions
temperatures begin to fall. At this date, some individu-
als that had not emerged remained in the incubators.
Therefore, these temperatures were maintained until
the end of the experiment, that is until emergence of
the last high-latitude individual (7 February 2014),
which corresponded to 17 October, 26 September and 3
September for high-, central- and low-latitude popula-
tions, respectively. Photoperiods in all incubators fol-
lowed natural changes until the end of the experiment.
For graphical visualization of thermo-photoperiods, see
Fig. S1.

Experiment 2: common garden

The purpose of this experiment was to estimate the
genetic variance and covariance structure of the three
traits for populations at the three latitudinal gradient
positions under conditions that simulated a novel envi-
ronment with regard to temperature and light regime.
We then used these data to compare whether the
genetic variance—covariance matrix differed between
the simulated and common garden conditions. There-
fore, we reared larvae from hatching until emergence
in common garden conditions. Specifically, we grew
high-, central- and low-latitude larvae under a constant
thermo-photoperiod corresponding to the average
thermo-photoperiod of the three sampled latitudes over
the growth period. Because they do not experience
constant light or temperature regime during ontogeny,
this environment was novel to all populations. How-
ever, the environment differed in time constraints,
because a very late season was simulated for the south-
ern populations and a late season for the central and a
somewhat late season for the northern ones. With
regard to temperature, the environment simulated the
week with highest average daily temperature experi-
enced for the central population, and therefore, the
northern and southern populations experienced a
somewhat higher and lower temperature, respectively,
than the average daily maximum over the season. We
randomly picked six eggs from eight families (four from
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each population) from each latitude position at the end
of the simulated winter period. Offspring from these
eight females were also used in the simulated experi-
ments described above. This gave a total of 144 larvae
at the start of common garden experiment. We placed
these eggs in a fourth incubator with a temperature of
21.9 °C and photoperiod 19:25-04:35 L-D. We chose
this temperature because all populations used in this
experiment experienced it for at least several hours a
day during midsummer (SS unpublished data). The
photoperiod chosen matched the longest day length
during the growth season at a mid-latitude location
along the transect of our study latitudes (55°N).

Response variables

Lestes sponsa eggs overwinter in a fixed embryonic stage
(Jodicke, 1996), and we measured individual egg devel-
opment time as number of days between the date of
initiation of spring and the date of hatching. Larval
development time was estimated as number of days
between the date of hatching (day 1) and the date of
emergence. Larval growth rate was estimated as final
instar larva head width/larval development time (days)
between hatching and emergence. We used larval head
width instead of adult head width, because a high pro-
portion of larvae failed to emerge successfully, and
head width measurements are unreliable on insects that
do not successfully emerge. We also used larval head
width because the trait strongly correlates with other
size measurements in odonates (Corbet, 1999), includ-
ing adult mass (Mikolajewski et al., 2004). We did not
use size at emergence as a response variable in our
analyses because this trait is a combined component of
development time and growth rate. Admittedly also
growth rate is determined by size, but we chose to use
only one of these two covarying traits. In addition, past
studies on insects have found that adult size is
explained by variation in growth rate rather that devel-
opment time (Simons ef al., 1998).

Statistical methods

Estimation of genetic correlations was performed using
a set of general linear mixed models, specifying proper
(co)variance structures. Because the model with all
considered phenotypic traits was not stable and exhib-
ited convergence problems, we analysed the traits in
pairs (each model estimated parameters for a specific
pair of traits). Analyses were based on full-sib genealog-
ical relationships (i.e. omitting the dam random term in
mixed models). This approach has been used successful
in past studies to partition variance in similar genetic
analyses (Shama ef al, 2011; Sniegula ef al, 2014).
Moreover, the extent of maternal effects in our study
species (major potential inflator of broad-sense genetic
parameters) is negligible (Sniegula er al., 2016a).

Genetic covariance across latitudes 857

Damselflies are often sexually dimorphic in life-his-
tory traits (De Block & Stoks, 2003; Johansson et al.,
2005; Sniegula et al, 2016b). Therefore, we included
sex in the analyses (see Tables S2 and S3), and thus,
genetic correlations/variance estimates presented in the
results account for possible differences between sexes
(as well as latitudinal differences in trait means). We do
however not discuss sex-specific results in our discus-
sion, as we had too few replicates of each sex for a
comprehensive interpretation of sex effects.

The full-sib approach estimates the genetic (co)vari-
ance in each trait as twice the (co)variance associated
with the sire (or genetic family) term. Initially, we
included population ID within regions as an additional
random term in the analyses. This inclusion did not
influence final results, and therefore, we merged popu-
lations within regions in all models to increase the
power of genetic (co)variance analyses. All models were
analysed in ASReml-R v. 3.0 software.

Simulated conditions

Our primary goal was to estimate genetic covariances
between analysed traits and the differences in these
covariances between the three latitudes. Thus, we fitted
a series of models that varied in the degree of (co)vari-
ance matrix structuring (Lynch & Walsh, 1998),
Table 1. In all cases, the matrices might exhibit two
levels of heterogeneity: (co)variances of traits differing
between regions (henceforth referred to as separate/one
estimate(s) of G across regions) and trait variances dif-
fering between traits within regions (henceforth
referred to as heterogeneous G variances). Table 1 lists
in detail all fitted models. In all models (except for
numbers 5 and 6), residual (co)variances were fully
unconstrained  (allowing for nonzero residual

Table 1 Structure of all fitted models, described from the point of
view of genetic and residual components: Regional G, whether
G-matrices are specific for different regions; Het. G, whether
G-matrices within regions allow for different trait genetic
variances; covg, whether genetic covariance between traits is
estimated; Het. R, whether residual matrices within regions allow
for different trait residual variances; covg, whether residual
covariance between traits is estimated.

Model id Regional G Het. G COovg Het. R COVR
1 Yes Yes #0 Yes #0
2 Yes Yes =0 Yes #0
3 No Yes #0 Yes #0
4 No Yes =0 Yes #0
5 Yes Yes =0 Yes =0
6 Yes Yes =0 No =0
7 Not entirely* Yes #0 Yes #0

*Regional G-matrices but genetic covariances between traits fixed
to be equal between regions.
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covariances) and allowed to differ between regions. To
avoid biases resulting from inadequately specified resid-
ual (co)variances, we always used heterogeneous resid-
ual variances (i.e. allowed for different residual
variances for different traits in different regions), with
estimated residual covariances (which might have con-
tributed to the above-mentioned lack of convergence in
some of the preliminary models; however, with differ-
ent traits, the model should always allow for differing
residual (co)variances to avoid biased estimates of
genetic parameters). The models were compared in
pairs to test relevant hypotheses using the likelihood
ratio test. The likelihood ratio tests used twice the dif-
ference in likelihood of respective models as the test
statistic, assumed to follow a chi-squared distribution
when d.f. equal to the number of additional (co)vari-
ance parameters estimated by the more complex model
in each pair. The rationale behind each of the pairwise
comparison is given in the right hand of Table 2.

Simulated vs. common garden conditions

Analysis of genetic correlations in individuals reared
under common garden conditions was carried out to
compare the G-matrix structure with that in the simu-
lated conditions. We analysed the measured traits in
similar pairs of characters, estimating separate (co)vari-
ance matrices for individuals reared in common garden
and simulated native conditions. This analysis involved
five types of models, Table 4: (la) genetic (G) and
residual (R) variances different in common garden (cg)

and simulated condition (sim) groups, genetic and
residual covariances between traits (r, and r.) equal to
zero; (2a) G and R covariances uniform across cg and
sim groups, r, = 0; (3a) only R covariances different
between cg and sim groups, r, = 0, 7. = 0; (4a) G and R
variances different in cg and sim groups, ry # 0, 7. = 0;
(5a) G and R variances different in cg and sim groups,
rg 70, 7. #0; and (6a) identical to 5a, but genetic
covariances forced to be equal between the simulated
and common garden conditions. The models were cho-
sen because they represent progressively more complex
hypotheses, from completely treatment-specific matrices
to complete uniformity across the cg/sim groups. Mod-
els were compared with likelihood ratio tests in a simi-
lar manner. In these analyses, we did not consider
regions for two reasons. First, the analysis on the simu-
lated data set (see previous paragraph and Results)
showed no strong evidence of differences in the G-
matrix among regions. Second, the common garden
data set had too few replicates per region to accommo-
date this additional level of structuring in the
G-matrices. Additionally, the comparison between
larval development time and growth rate was not anal-
ysed, because we had too few replicates to run the
model. However, we present graphical results for
regions based on phenotypic correlations. It is impor-
tant to note that comparisons here are made using two
groups with differing sample sizes (147 families in total
for simulated conditions, 24 families for common gar-
den experiment). However, as in both cases they were
sampled from the identical populations, our results will

Table 2 Pairwise model comparisons. For model identifiers, please see Methods.

Models Log-likelihood ratio d.f. P

Comparison interpretation

Egg development time and growth rate

5vs. 6 601.09 4 < 0.001 Residual variances different between regions
2vs. 5 66.69 3 < 0.001 Residual covariances different from zero
2vs. 4 33.51 4 < 0.001 Genetic variances different between regions
3vs. 4 12.35 1 < 0.001 Genetic covariances between traits different from zero (ignoring region differences in variances)
1vs. 3 42.05 6 < 0.001 Region-specific (co)variance matrices rather than a single (co)variance matrix for traits
1vs. 2 20.89 3 < 0.001 Assuming region-specific G, genetic correlations are nonzero
7 vs. 1 0.03 2 0.967 Constraining genetic covariances to be identical; yields an equally good fit
Egg development time and larval development time
5vs. 6 603.55 4 < 0.001 Residual variances different between regions
2vs. 5 69.45 3 < 0.001 Residual covariance different from zero
2vs. 4 32.58 4 < 0.001 Genetic variances different between regions
3vs. 4 13.39 1 < 0.001 Genetic covariance between traits different from zero (ignoring region differences in variances)
1vs. 3 39.93 6 < 0.001 Region-specific (co)variance matrices rather than a single (co)variance matrix for traits
1vs. 2 20.74 3 < 0.001 Assuming region-specific G, genetic correlations are nonzero
7 vs. 1 0.34 2 0.712 Constraining genetic covariances to be identical; yields an equally good fit
Larval development time and growth rate
5vs. 6 56.91 4 < 0.001 Residual variances different between regions
2vs. 5 933.40 3 < 0.001 Residual covariance different from zero
2vs. 4 0.32 4 0.960 Genetic variances not different between regions
3vs. 4 11.32 1 < 0.001 Genetic covariance between traits different from zero (ignoring region differences in variances)
1vs. 3 1.70 6 0.760 Region-specific (co)variance matrices rather than a single (co)variance matrix for traits
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not be biased (in both cases random families represent
an unbiased sample from all possible family effects pre-
sent in the population). Moreover, as we were not
interested in cross-experiment genetic correlations (i.e.
correlations between the common garden and simu-
lated conditions), we were not restricted to using only
individuals belonging to the same families.

Results

Simulated native conditions: question 1

Patterns of genetic correlations differed substantially
between different pairs of traits (Tables 2 and 3). How-
ever, no evidence for region-specific patterns was found
for any genetic correlation between traits (Table 2:
model 7 vs. 1). Nevertheless, genetic variance differed
among regions for all traits and was considerably lower
in the north (Tables 2 and 3).

In two pairs of traits, egg development time—growth
rate and egg development time-larval development
time, initial evidence indicated region-specific (co)vari-
ance matrices (Table 2: 1 vs. 3). However, this pattern
was driven mostly by regional differences in genetic
variances in specific traits (Table 3). More specifically,
for egg development time—growth rate and egg develop-
ment time-larval development time trait pairs, models
with genetic covariances not fixed at zero but con-
strained to be uniform performed equally well com-
pared with fully unconstrained models (Table 2: 1 vs.
7), providing no support for region-specific genetic cor-
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larval growth rate, the G-matrices were apparently
homogenous between regions (models 1 vs. 3 compar-
ison), and therefore, we did not run the model compar-
isons 7 vs. 1 and 2 vs. 1.

Overall patterns of genetic correlations supported
strong positive genetic correlations between egg devel-
opment time and growth rate (ranging from 0.88 to
0.94 between regions) and strong negative genetic cor-
relations for egg development time-larval development
time (range —0.90 to —0.99) and larval development
time—growth rate (range —0.94 to —0.99; Table 3).
Phenotypic correlations are shown graphically in Fig. 2.

In two cases (egg development time—growth rate and
egg development time—larval development time), resid-
ual covariances showed clear differences between
regions (Table 2: 1 vs. 2 and Table 3). This result sug-
gested that nongenetic environmental factors and
effects not accounted for in our models were mostly
responsible for between-region differences in trait cor-
relations observed in our data at the phenotypic level.

Common garden vs. simulated conditions:
question 2

The estimates of G-matrices in the common garden
experiment were different from those estimated under
simulated natural temperature and photoperiod condi-
tions. Two of the analysed pairs in the common garden
conditions showed weaker genetic correlations: egg
development time-growth rate; 74, = 0.25 & 0.39 and
Tgsim = 0.75 £ 0.025 for common garden (cg) and sim-

relations between traits. For larval development rate vs. ulated (sim) conditions, respectively, and egg
Table 3 Genetic and residual correlations in pairs of traits at the three analysed latitudes.
Traits Region: Southern Region: Central Region: Northern
Egg dev. time* vs. growth ratet 0.21 £ 0.07 0.88 + 013 0.08 £+ 0.03 0.90 + 0.08 0.002 + 0.001 0.94 + 019
0.82 + 0.05 0.26 + 0.02 0.02 + 0.001
0.50 + 0.05 014+ 0.07 0.57 + 0.04 013+ 0.06 0.03 + 0.07 0.00 0,04
1.49 £ 0.14 0.78 + 0.07 0.51 £ 0.06
Egg dev. time* vs. Larval dev. timef 0.21 £ 0.07 ~0.99% 0.08 4+ 0.03 ~0.90 + 0.09 0.002 £ 0.001 ~0.99%
0.82 + 0.05 0.26 + 0.02 0.02 + 0.001
~0.45 + 0.05 010£005 4604 0,04 0112005 407 4 0.06 0.04 & 0.02
1.356 £ 0.12 0.73 + 0.06 0.38 + 0.04
Larval dev. time* vs. growth ratef 0.07 + 0.05 _0.94 + 0.05 0.09 + 0.04 _0.96 + 0.02 0.04 + 0.02 ~0.99%
1.20 £ 0.11 0.66 + 0.05 0.38 + 0.04
~0.95 + 0.006 012£007 49510005 018008 4954 0.004 0.09 +0.05
1.29 £ 0.1 0.73 + 0.06 0.52 + 0.06

Each 2 x 2 submatrix (i.e. combination of region and traits’ pair) provides estimates of relevant variances (diagonal elements, top value—
genetic variance; bottom value-residual variance) and correlations (upper off-diagonal-genetic variance; lower off-diagonal-residual vari-

ance). Standard errors were estimated using the delta method.
*Traits represented in rows of covariance matrices.
+Traits represented in columns of covariance matrices.

iCorrelations constrained at the space boundary of the parameters (i.e. close to £1).
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Fig. 2 Phenotypic correlations between larval growth rate (mm day ')—egg development time (days), larval development time (days)—egg
development time and larval growth rate-larval development time across high-, central- and low-latitude populations of Lestes sponsa
grown in simulated conditions. Residual least square lines are shown (for residual correlation coefficients see Table 3). Note that for egg
development time in high-latitude populations, the y-axis values differ from those of other latitude populations for better visualization.
Correlation coefficients based on raw data with 95% CI in brackets and P-values: growth rate-egg development time, high-latitude,
r=0.16 (0.02; 0.29), P = 0.022, central latitude, r = 0.58 (0.50; 0.65), P < 0.001, low latitude, r = 0.42 (0.32; 0.51), P < 0.001; larval
development time—egg development time, high latitude, r = —0.17 (—0.30; —0.03), P = 0.015, central latitude, r = —0.57 (—0.64; —0.50),
P < 0.001, low latitude, r = —0.39 (—0.48; —0.28), P < 0.001; growth rate-larval development time, high latitude, r = —0.94 (—0.96;
—0.92), P <0.001, central latitude, r = —0.95 (—0.96; —0.94), P < 0.001, low latitude, r = —0.94 (—0.95; —0.93), P < 0.001.

development time vs. larval development time; 1y, =
0.50 £ 0.27 and rgsm = —0.91 & 0.26 for common gar-
den and simulated conditions, respectively. The G-
matrix between these two trait pairs differed signifi-
cantly between the two treatments, as indicated by the
model comparisons la vs. 2a and la vs. 3a (Table 4).
However, the genetic correlations did not ditfer

between the two treatments for either of the two trait
pairs (5a vs. 6a; Table 4). Sample size limitations inflat-
ing estimates of standard errors likely explained the
absence of a significant difference. Nevertheless, the
magnitude of effects (i.e. the correlations themselves)
in the simulated treatment for this analysis matched
those estimated in the larger analysis above (simulated
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Table 4 Model comparisons for data comparing individuals reared in common garden and simulated conditions. In descriptions,
‘treatment’ refers to two opposing groups: common garden vs. simulated rearing conditions.

Models Log-likelihood ratio d.f. P

Comparison interpretation

Egg development time and growth rate

1avs. 2a 191.73 2 < 0.001 Model with both G and R matrices depending on treatment fits data better
1avs. 3a 183.97 1 < 0.001 G-matrix depends on treatment after accounting for R matrix dependence on treatment
4avs. 1a 4.35 1 0.003 Residual correlation(s) between traits differ from zero
bavs. 4a 2.51 1 0.024 Genetic correlation(s) between traits differ from zero
bavs. 1a 6.87 1 < 0.001 Genetic correlation(s) between traits differ from zero
5a vs. 6a 0.33 1 0.460 Difference between correlations in treatment groups not statistically significant
Egg development time and larval development time
lavs. 2a 192.98 2 < 0.001 Model with both G and R matrices depending on treatment fits data better
lavs. 3a 184.85 1 < 0.001 G-matrix depends on treatment after accounting for R matrix dependence on treatment
4avs. 1a 2.59 1 0.023 Residual correlation(s) between traits differ from zero
Savs. 4a 2.25 1 0.033 Genetic correlation(s) between traits differ from zero
bavs. 1a 4.84 1 0.002 Genetic correlation(s) between traits differ from zero
5a vs. 6a 1.15 1 0.128 Difference between correlations in treatment groups not statistically significant

conditions). These results suggested that a difference
occurred in the genetic correlation between the two
treatments  (simulated vs. constant conditions),
although further confirmation is required in studies
with more statistical power than ours. Phenotypic cor-
relations from the common garden experiment are
shown graphically in Fig. S2.

Discussion

We found strong genetic and phenotypic correlations
in the characters shaping growth and development
across and within populations. Due to the fact that the
growth season is short at northern latitudes, northern
populations of this species are more time-constrained
than southern ones. This difference in time constrains
is accentuated by species-specific life histories, that is
an obligatory univoltine damselfly overwintering in the
egg stage that must complete whole larval develop-
ment, emerge and breed within a season (Corbet,
1999; Sniegula et al.,, 2016¢). The evidence for region-
specific phenotypic variance—covariance matrices along
the latitudinal gradient was weak, and the genetic (co)-
variance structures did not differ between the regional
latitudes (Table 3). By contrast, genetic variance for
single traits differed between latitudes, with variance
lower in the north. Thus, the answer to question one
is that genetic variance is lower in the north but that
the genetic covariance does not differ between lati-
tudes. We emphasize that this pattern was found under
native conditions which is the relevant measure at
these latitudes for describing the current variance—
covariance matrix. Notably, the direction and shape of
G-matrices changed when populations were grown in
common garden conditions compared with the simu-
lated natural photoperiod and temperature dynamics
(Table 4). Hence, the answer to question 2 is that the

novel environment changed the estimated genetic
architecture of traits to some extent. This result under-
lines the importance of environmentally induced
changes in multivariate genetic structure. Admittedly, a
full factorial design would have provided more infor-
mation on the variance—covariance along the studied
gradient.

We found strong positive genetic correlation between
growth rate of larvae and egg development time. We
suggest that a positive correlation is caused by selection
on compensatory growth. Individuals that require a
longer time for egg development and therefore hatch at
later dates are selected for faster growth to reach
threshold larval size and emerge before the end of the
season. Additionally, the most time-constrained high-
latitude females produce larger offspring (eggs and
hatchlings) than less time-stressed central and southern
females, despite having the smallest adult size (Sniegula
et al., 2016b). These time-constrained northern popula-
tions also have the highest growth rate (Sniegula et al.,
2016a). Large offspring might have several advantages
in time-constrained populations (Eckerstrom-Liedholm
et al.,, 2017); for example, large size at hatching allows
an increase in threshold size for prey capture, resulting
in increased food intake and growth rate (Hirvonen &
Ranta, 1996; Karl & Fischer, 2008).

A negative genetic relationship was observed
between larval development time and egg development
time, which suggests a genetic trade-off between these
two traits. As L. sponsa most likely is very time-con-
strained because of overwintering eggs, we suggest that
a long egg development time must be compensated by
a short larval period, because adults must emerge
before the onset of winter. Additionally, we found a
negative genetic correlation between larval develop-
ment time and growth rate, which is a common pattern
in many organisms (reviewed in Dmitriew, 2011),
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because a high growth rate results in decreased time to
emergence into the adult stage.

Our results showed weak divergence in genetic corre-
lations between traits among the studied regions. For
all three pairwise correlations, the whole G-matrix dif-
fered significantly between regions, but we found no
significant difference between regions in any of the
three pairwise comparisons for the genetic correlations.
This result suggests that the differences observed in the
G-matrix were caused by differences in genetic variance
between regions. Using the same data set, we showed
previously that the genetic variance for these traits is
significantly lower in the northern regions (Sniegula
et al., 2016a), and the same pattern was found in the
current analysis. These northern populations consist of
several hundreds of individuals and are surrounded by
other populations. Hence, even though the role of drift
cannot be excluded, it seems likely that our results are
due to stronger selection in the north. Estimates on
effective population size (Ne) would help to clarify this.
One would therefore also expect a stronger correlation
between pairwise traits in northern regions compared
with southern regions. The absence of a stronger corre-
lation in the north in our study could be because these
life-history traits are tightly connected by important
trade-offs similarly in all regions and would work in
the same direction in this strongly time-constrained
species. Hence, it would be very costly to break them
apart. We suggest that this would probably not apply to
ectotherms that are not obligate univoltine, that is that
can increase their generation number or voltinism
when growth season becomes longer, that is, towards
lower latitudes, or vice versa. In this case, organisms
often show more complex responses to environmental
variables at the phenotypic level (variation in number
of generations per season in relation to environmental
variables, e.g. Kivela efal, 2011; Sniegula efal.,
2012b).

We acknowledge that the results discussed above
could be at least partly due to nonadditive (dominance,
epistasis and/or maternal) effects: life-history traits
measured in this experiment can harbour considerable
nonadditive genetic effects (Roff, 1997) that could not
be partitioned in full-sibling analyses. However, our
previous analyses based on half-sibling experimental
design indicated that maternal effects influenced up to
12% of genetic variance in measured traits across stud-
ied populations (Sniegula ef al, 2016a). Although a
12% effect is not negligible, maternal effects should not
be the major drivers of potential evolutionary changes
in the study system.

In general, we found that genetic and phenotypic
correlations were similar in sign and strength. Based
on this result, the environmental effects had the same
effect as those of the genetic effects in simulated
native conditions. Results from our previous experi-
ment where we grew populations of L. sponsa

originating from different latitudes in different pho-
toperiods (a key environmental factor that shapes life
history in temperate odonates) indicated the presence
of a strong phenotypic plasticity in life-history traits
(Sniegula et al., 2014). In that experiment, a long day
length increased larval growth and development rate
compared to a short day length in all studied popula-
tions, indicating strong and adaptive environmental
effects (Sniegula et al., 2014). However, there was low
genetic variance and hence weak evolutionary poten-
tial of reaction norms in development time and
growth rate (Sniegula et al, 2014) — similarly to our
current results for genetic variance in individual traits
measured in individuals grown in simulated native
conditions.

The strong divergence in genetic variances of the G-
matrix structures (but with no divergence in genetic
correlations) between regions is consistent with many
other studies that have compared the G-matrix among
populations within a species (e.g. Brodie, 1993; Podol-
sky et al, 1997; Ashman, 2003; Cano et al, 2004;
Arnold et al., 2008; Teplitsky et al., 2011; Delahaie et al.,
2017).

In contrast to our study, Paccard et al. (2016) found
that genetic correlations were weaker at the range mar-
gins (south and north) of Arabidopsis lyrata, which they
interpreted as a consequence of stronger genetic drift at
range margins. However, as we argue above, our popu-
lations in the northern region consisted of hundreds of
individuals, in addition to other nearby populations;
therefore, drift might be of less importance in our
study. Additionally, and perhaps more importantly,
Paccard er al. (2016) estimates of genetic variance and
covariance were from a common garden environment
and thus not at the natural condition the plants experi-
ence. Therefore, direct comparisons with our results are
difficult as we used natural environmental condition.
In addition, a comparison with our common garden
results is unrealistic as the two common garden experi-
ments (theirs and ours) differ very much in their envi-
ronmental conditions.

Our results also highlight the importance of studying
potential changes of life-history traits using a variance—
covariance approach. If traits had been studied individ-
ually, we would have found that southern populations
had a higher potential to respond to selection, because
these populations showed a higher variance in the traits
studied, as also found in Sniegula et al. (2016a). Nota-
bly, the genetic covariances did not differ between
regions, and therefore, the responses of the populations
across the latitudinal gradient would not be confounded
by genetic covariance differences between latitudes for
the traits studied. This is not always the case, and the
difficulty of predicting evolutionary responses of life-
history traits using isolated traits are noted repeatedly
(Pigliucci & Preston, 2004; Brookfield, 2016). For exam-
ple, Paccard et al. (2016) concluded that variation in
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isolated traits of Arabidopsis lyrata would be a poor pre-
dictor of potential selection in their study because of
the structure of the genetic correlations between the
traits studied.

Although genetic variation for life-history traits was
low and genetic correlations between the traits were
strong in the northern region, we cannot predict that
these populations would respond faster or slower to
environmental change than those at more southern
regions in which variances were higher. The reason is
that environmental change might release heritable vari-
ation in a new environment (cryptic genetic variation).
Such variation likely facilitates adaptation in a new
environment because phenotypic buffering mechanisms
are disrupted (Paaby & Rockman, 2014). In fact, our
common garden experiment suggested this, because
genetic correlation became weaker in the common gar-
den experiment. However, predictions must be based
on realistic environmental change. We used a common
garden approach to simply explore how and whether
the G-matrix changed; therefore, in our case, simula-
tion of future predicted temperature change and effects
on the G-matrix would be of interest. Nevertheless, the
conditions chosen for the common garden experiment
could be interpreted as a strong seasonal time con-
straints for newly hatched individuals, and the most so
for southern latitude populations and the least so for
northern latitude populations. The northern population
would need to experience much longer day length for
strong time constraint (Sniegula ef al., 2016a,c).

Several empirical studies show that the environment
has a strong effect on the G-matrix (Johansson et al.,
2012; Sikkink et al., 2015; Green et al., 2016), and in a
review, Wood & Brodie (2015) found that between
environmental effects were equal to or stronger than
between-population effects. Our study supports the
finding of their review, because we found large differ-
ences within populations in the G-matrix depending
on whether populations were raised in a common gar-
den experiment with constant temperature and pho-
toperiod or in an environment that simulated natural
changes in photoperiod and temperature. The main
cause of the difference in the G-matrix in our study
was that the genetic variance differed along the gradi-
ent. Nevertheless, our results highlight the importance
of the environment in the understanding of the G-
matrix. We emphasize that is important to design the
experiment carefully when the goal is to understand
the structure of the G-matrix under natural conditions
and to determine the effects of environmental changes
on the matrix structure (Conner et al., 2003). A com-
mon approach in G-matrix studies is to move an
organism to a common garden environment and then
use the results from such an experiment to make pre-
dictions on the effects on environmental change. How-
ever, for a qualitative prediction on changes between
natural environments, we suggest to conduct
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experiments where organisms are grown in different
environmental conditions, preferably in conditions that
mimic native ones as well as those that are predicted
by climate models. This is because the changes in G-
matrix observed are very environment-specific as
shown in our study and in others (Wood & Brodie,
2015; Brookfield, 2016). With a common garden
approach to describe the genetic correlation differences
between regions, a very different pattern would have
emerged in our study. With those results, the interpre-
tation would have been that the traits were less geneti-
cally correlated than they actually were at their origin
of sampling and environment. Hence, one should be
aware of which question is undertaken by each experi-
mental set-up.
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