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1 | INTRODUCTION

Abstract

Urbanization is among the most important and globally rapidly increasing anthropo-
genic processes and is known to drive rapid evolution. Habitats in urbanized areas typi-
cally consist of small, fragmented and isolated patches, which are expected to select for
a better locomotor performance, along with its underlying morphological traits. This, in
turn, is expected to cause differentiation in selection regimes, as populations with dif-
ferent frequency distributions for a given trait will span different parts of the species’
fitness function. Yet, very few studies considered differentiation in phenotypic traits
associated with patterns in habitat fragmentation and isolation along urbanization gra-
dients, and none considered differentiation in sexual selection regimes. We investi-
gated differentiation in flight performance and flight-related traits and sexual selection
on these traits across replicated urban and rural populations of the scrambling damsel-
fly Coenagrion puella. To disentangle direct and indirect paths going from phenotypic
traits over performance to mating success, we applied a path analysis approach. We
report for the first time direct evidence for the expected better locomotor performance
in urban compared to rural populations. This matches a scenario of spatial sorting,
whereby only the individuals with the best locomotor abilities colonize the isolated
urban populations. The covariation patterns and causal relationships among the pheno-
typic traits, performance and mating success strongly depended on the urbanization
level. Notably, we detected sexual selection for a higher flight endurance only in urban
populations, indicating that the higher flight performance of urban males was rein-
forced by sexual selection. Taken together, our results provide a unique proof of the

interplay between sexual selection and adaptation to human-altered environments.
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Sullivan, Bird, & Perry, 2017). Urbanized areas typically consist of

small, fragmented and isolated patches (Parris, 2016). In addition,

Urbanization is a major human-induced selective force driving rapid urban roads with heavy traffic can act as strong barriers to the move-

phenotypic change and evolution (Alberti, 2015; Alberti et al., 2017; ment of many organisms, including flying insects (Munoz, Torres, &

Megias, 2015). As a result, urban habitats will likely not be colonized
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by a random set of immigrants from rural populations (e.g., Evans et al.,
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2009). Surprisingly few studies, however, considered differentiation
in phenotypic traits associated with patterns in habitat fragmentation
and isolation along urbanization gradients (but see Cheptou, Carrue,
Rouifed, & Cantarel, 2008; San Martin y Gomez & Van Dyck, 2012;
Schoville, Widmer, Deschamps-Cottin, & Manel, 2013; Dubois &
Cheptou, 2016).

One trait frequently studied in relation to habitat fragmentation
and isolation in general is dispersal ability (Baguette, Legrand, Fréville,
Van Dyck, & Ducatez, 2012; Cote et al., 2017). Traits related to disper-
sal ability such as locomotor performance (e.g., Phillips, Brown, Webb,
& Shine, 2006) and its underlying morphological traits are usually in-
creased in fragmented and isolated populations (Baguette et al., 2012;
Van Dyck & Matthysen, 1999). However, depending on the spatial re-
source distribution, mobility can also be reduced in fragmented land-
scapes (Bergerot, Merckx, Van Dyck, & Baguette, 2012). Colonization
of empty patches is a process tightly associated with dispersal ability.
Consequently, similar findings have been reported in studies compar-
ing edge and core populations of range expanding species: increased
dispersal ability is common in the more recently colonized edge pop-
ulations (Hill, Griffiths, & Thomas, 2011). Both spatial sorting (Shine,
Brown, & Phillips, 2011), the process where only the organisms with
the best locomotor abilities end up at the range front, and local adap-
tation (Travis & Dytham, 2002) may contribute to dispersal-enhancing
phenotypes at invasion fronts, although spatial sorting has been sug-
gested as the main driver (Van Petegem, Boeye, Stoks, & Bonte, 2016).
Considering that urban habitats are colonized by rural source popula-
tions (e.g., Evans et al., 2009), and given the typically fragmented and
isolated urban habitats (e.g., Cane, Minckley, Kervin, Roulston, & Neal,
2006; Luck & Wu, 2002), only the best dispersers from the rural pop-
ulations are likely to enter urban habitats. Therefore, we could expect
an increased locomotor performance and associated phenotypic traits
in urban populations.

Changes in phenotypes caused by evolution may generate feed-
back loops from evolution to ecology (Hendry, 2016). One such im-
portant but relatively understudied by-product of differences in mean
phenotypic traits between populations is its effect on the direction
and strength of selection. Populations with different frequency distri-
butions for a given trait will span different parts of the species’ fitness
function. When the fitness function of the species is nonlinear, this
will result in different selection patterns in the different populations
(Endler, 1986; Figure 6.5 in Conner & Hartl, 2004). Therefore, the
human-induced changes in mean phenotypic traits in urban habitats
(Alberti et al., 2017; Sullivan et al., 2017) can be expected to result
in different selection regimes between urban and rural populations.
This may be especially true for sexual selection in mating systems such
as scrambling competition where increased locomotor performance is
selected for (Husak & Fox, 2008). We therefore hypothesize the higher
mean values of locomotor traits that are to be expected in urban pop-
ulations to generate different sexual selection patterns on these traits.

We investigated differentiation in flight performance and flight-
related traits and sexual selection on these traits between urban and
rural populations of the scrambling damselfly Coenagrion puella. Due
to their conspicuous mating behaviour localized at pond margins,
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damselflies are ideal study organisms to study sexual selection in
natural populations (Cérdoba-Aguilar, 2008). We quantified flight
performance (flight endurance and flight speed) and measured a set
of flight-related phenotypic traits including wing morphology and
physiology (relative fat content and flight muscle ratio) of mated and
unmated males. To reveal the covariation patterns between the flight-
related traits, flight performance and mating success and whether
these differed between urban and rural populations, we used a path
analysis approach, a powerful tool to investigate sexual selection
(Kingsolver & Schemske, 1991). We expected sexual selection for a
higher flight endurance, as this increases the chances of encounter-
ing mates in scrambling species (Husak & Fox, 2008). In line with this,
we expected increased investment in morphological and physiological
traits enhancing flight performance in mated males, although costs
associated with mating may obscure patterns of sexual selection on
these traits (e.g., energy reserves: Blanckenhorn, Kraushaar, & Reim,
2003; Blanckenhorn, Kraushaar, Teuschl, & Reim, 2004). Based on
the characteristics of urban habitats discussed above (Parris, 2016),
we predicted urban males to show a higher flight performance and
associated phenotypic traits compared to rural males. Given that sex-
ual selection patterns can be shaped by mean phenotypic trait val-
ues (Endler, 1986), we predict differentiation in sexual selection on
flight performance between urban and rural populations. Given the
expected higher flight endurance in urban populations, and the finding
that flight endurance only positively influences mating success above
a threshold value in the study species (Gyulavari, Therry, Dévai, &
Stoks, 2014), we predicted stronger sexual selection on flight endur-

ance in urban populations.

2 | MATERIALS AND METHODS

2.1 | Study populations and sampling

Coenagrion puella is one of the most common damselflies in Europe
(Dijkstra & Lewington, 2006), occupying ponds in both rural and urban
areas (Goertzen & Suhling, 2013). We studied three rural popula-
tions (Bierbeek, Bornem and Houwaart) and three urban populations
(Leuven, Mechelen and Oudenaarde). All six populations were situ-
ated within a 45-km radius in Flanders, Belgium (Table S1, Fig. S1). We
used a two-step procedure using geographic information system (GIS)
for the selection of urban and rural ponds. First, we selected three
urban plots with >15% built-up area, and three rural plots with <3%
built-up area, all 3 x 3 km. Next, we selected a subplot of 200 x 200 m
in each plot, with the same urbanization level following the same cri-
teria of percentage built-up area. This way we made sure that both
the direct environment, represented by subplots, and the broader
surroundings, represented by plots, reflected the same urbanization
level. This sampling design was also applied in a recent study by Piano
etal. (2017).

Males of C.puella search for females by patrolling low at the
breeding pond and display scramble competition for mates. Female
choice behaviour is thought to be not important in this species (Banks
& Thompson, 1985). To assess sexual selection on traits, we sampled
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mated and unmated males in all six populations during July 2013.
Comparing trait values between sets of mated and unmated males is
an often used method to detect sexual selection (e.g., Blanckenhorn,
Morf, Mihlhduser, & Reusch, 1999; Gosden & Svensson, 2008). We
categorized males as mated when they were caught in tandem posi-
tion or copulation. Unmated males were those not associated with a
female but that were active at the reproduction site. As the average du-
ration of association between a couple is ca. 2 hr (Banks & Thompson,
1985), and we collected all individuals between 11:00 and 15:00 hr
when sexual activity peaks, we lowered the probability of wrongly cat-
egorizing a male as unmated that would have mated that day. Yet, we
cannot fully exclude that we might have missed matings on a given
day and that our sample of “unmated” males contained males that
would have mated that day. Nevertheless, this would make our re-
sults of sexual selection conservative as it would introduce noise in the
data set and make it harder to detect phenotypic differences between
our samples of mated and unmated males. Despite this limitation, this
technique has been successfully applied to detect signals of sexual se-
lection in damselflies (e.g., Gosden & Svensson, 2008), including the
study species (Gyulavari et al., 2014). In total, 576 males (292 mated,
284 unmated) were collected on sunny days near the border of their
breeding pond (Table S1). All males were transferred individually to the
laboratory in 50-ml plastic cups (diameter: 3.5 cm; height: 7 cm) and
were maintained in an incubator at 14°C until the start of the flight
test. To control for potential effects of the time span between capture

and the flight test, we recorded the time of capture of each individual.

2.2 | Flight test

We tested the flight performance (flight speed and flight endurance)
of individuals following the methodology used before in damselflies
(Gyulavari et al., 2014, 2017; Therry, Gyulavari, Schillewaert, Bonte, &
Stoks, 2014). Flight performance traits were quantified when animals
were flying in a plexiglass flight tube (diameter: 50 cm; height: 200 cm)
in a temperature-controlled room (21.5 + 0.5°C). The individual to be
tested was placed in its cup at the bottom of the flight tube and was
allowed to acclimatize for 3 min. To initiate the flight test, the cup was
gently rotated horizontally until the individual took off. All flight tests
were conducted on the day of capture.

A typical flight bout consisted of an initial, fast and linear upward
trajectory, followed by a slower trajectory where the individual step-
wise ascended and eventually reached the highest vertical distance
of its flight trajectory. The frictionless surface of the tube prevented
individuals from resting on the tube walls. Hence, a flight bout ended
when the individual landed on the bottom of the flight tube. We re-
corded the following parameters during each flight bout: (i) the height
reached during the initial trajectory (“initial height”), (i) the duration of
this initial trajectory (“initial duration”) and (iii) the total duration of the
flight bout (“total duration”). The flight tube was graded every 10 cm
to allow estimating the height parameters. The flight durations were
measured using a chronometer (accuracy 0.01 s). We estimated flight
speed as “initial height”/"initial duration”, whereas “total duration” was
interpreted as flight endurance. Each individual was tested only once.

Flight performance tested this way has been shown to be repeatable
in another damselfly (Gyulavari et al., 2017) and to be related to mat-
ing status in the field (Gyulavari et al., 2014; Therry et al., 2014).

To correct for potential influences of body temperature on flight
performance, we measured the thorax temperature of individuals to
the nearest 0.1°C with a micro-thermocouple (BAT-12 type, Physitemp
Instruments, Clifton, NJ) directly after the flight test. We also counted
the number of mites attached to individuals that were tested for their
flight performance, as water mites have been shown to negatively in-
fluence flight ability (e.g., Nagel, Zanuttig, & Forbes, 2010) and mat-
ing success in male damselflies (Forbes & Robb, 2008), including the
study species (Thompson, Hassall, Lowe, & Watts, 2011). Due to time
constraints, we performed the flight test on a subset of individuals
collected on a given day (total N = 338, see Table S1). Individuals with

damaged wings were not tested.

2.3 | Flight-related physiological traits

We measured two flight-related physiological traits of all collected
males, based on the protocol by Swillen, De Block, and Stoks (2009):
relative fat content and relative flight muscle mass. After removing
wings and legs, we separated the head, thorax and abdomen using
scissors. The thorax of each individual was placed separately in
Eppendorf tubes, dried for 48 hr at 60°C and weighted to the nearest
0.01 mg using a microbalance. To extract the fat, we added 1.5 ml
dichloromethane (99%) to the Eppendorf tubes, and placed them on
an automatic shaker for 24 hr. After removal of the dichloromethane
with the dissolved fat, we dried the body parts for another 48 hr at
60°C and weighed them again. Fat content was calculated by sub-
tracting the dry masses before and after fat extraction. To obtain mus-
cle mass, we added 1.5 ml NaOH (0.35 M) to the Eppendorf tubes to
break down all muscle tissue. Finally, we placed the tubes on a shaker
for 24 hr, and after removal of the NaOH with dissolved muscle tissue,
we weighted the dried thorax without muscles. Flight muscle mass
was quantified as the difference in dry mass of the thorax before and
after this procedure; the flight muscles of odonates make up most of
the thorax (Marden, 1989). Relative fat content was calculated as the
ratio of fat mass in the thorax to body dry mass, whereas flight muscle

ratio was calculated as the ratio of muscle mass to thorax dry mass.

2.4 | Wing morphometrics

We quantified flight-related wing characteristics using geometric
morphometrics (Rohlf & Slice, 1990). We photographed the left hind
wing of all males, and digitized the images in the tpsDig2 software
(Rohlf, 2015). To capture a detailed wing shape, we placed seven land-
marks along the wing outline where it is intersected by major wing
veins, and five semi-landmarks where intersections were not consist-
ent between wings (Fig. 52). The landmark coordinates were imported
into the software tpsRelw (Rohlf, 2015), where they were subjected to
a generalized procrustes analysis in order to remove any non-shape-
related differences due to variation in position, orientation and size
(Rohlf & Slice, 1990). During this process, semi-landmarks are allowed
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to slide along their tangent vectors to minimize the shape differences
between specimens. After this step, the consensus conformation was
compared with each specimen to generate shape variables termed
partial warps. Finally, a principal component analysis was performed
on these partial warp scores to compute relative warps. The first three
relative warps explained 81.4% of the wing shape variation (relative
warp 1 = 59.7%, relative warp 2 = 12.3%, relative warp 3 = 9.4%), and
further analyses were conducted with these three relative warps. We
visualized changes in wing shapes associated with increasing and de-
creasing relative warp scores by presenting transformation grids (Fig.
S4) using the R package “geomorph” (Adams & Otarola-Castillo, 2013).

Wing size was estimated as centroid size, the square root of the
summed squared distances from each landmark to the geometric cen-
tre of each wing (Bookstein, 1991). As centroid size and body size are
strongly correlated in damselflies (e.g., Outomuro & Johansson, 2011),
we used wing centroid size as a proxy for body size (e.g., Outomuro,
Adams, & Johansson, 2013; Outomuro et al., 2016). Finally, wing load-
ing was measured as the ratio of total wet body mass to wing area,

which was calculated as the polygon area enclosed by the landmarks.

2.5 | Statistical analyses

To test for an effect of urbanization level (urban vs. rural) on the physi-
ological (i.e., relative fat content and flight muscle ratio), wing morpho-
logical (i.e., centroid size, wing loading and three relative warps) and
flight performance (i.e., flight endurance and speed) traits, we con-
structed separate linear mixed-effect models per response variable.
We included mating status (unmated vs. mated) and its interaction
with urbanization level as an additional term in all models to control
for potential variation in the traits due to mating status. All models had
a normal error structure and the identity link and included population
(nested within urbanization level) as a random effect.

To investigate for effects of the morphological and physiological
traits on mating success, whether these effects are direct or indirectly
mediated via flight performance, and differed between urban and
rural males, we used a path analysis approach (Grace, 2006). This is a
special case of structural equation modelling (SEM) that contains only
observed variables. SEM allows to explore covariation patterns and
causal relationships among variables (Grace, 2006). More specifically,
we applied the generalized multilevel path analysis approach (Shipley,
2009) which allows for the implementation of non-normally distrib-
uted (here binomial values of mating success), hierarchically structured
data (here nested random effect of population), which cannot be ap-
plied in the traditional variance-covariance-based SEM. This method
has recently been successfully applied in several studies (e.g., Duffy,
Lefcheck, Stuart-Smith, Navarrete, & Edgar, 2016; Jing et al., 2015;
Laliberte, Zemunik, & Turner, 2014; Theodorou et al., 2016).

We constructed an a priori path model (Fig. S3) based on previous
research that investigated relationships between physiological and
morphological traits and flight performance and/or mating success
in damselflies (De Block & Stoks, 2007; Gosden & Svensson, 2008;
Grether, 1996; Gyulavéri et al.,, 2014, 2017; Outomuro et al., 2016;
Steele, Siepielski, & McPeek, 2011; Swillen et al., 2009; Therry et al.,
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2014). As relative warps are unique shape variables that cannot be
compared between studies, we could not predict their effect on the
here used response variables. Hence, we included all possible paths
between the three relative warps and the response variables (i.e.,
both flight performance traits and mating success) in the a priori path
model. We also added the correlation between wing centroid size and
wing loading to the path model. In addition, we added correlations
between wing centroid size and the three relative warps to account
for allometric effects.

To account for nonlinear relationships in the path model, we con-
ducted an exploratory step where we tested for potentially interesting
quadratic effects. We ran separate mixed-effect models with either
flight endurance, flight speed or mating success as response variable,
and the linear term of a given trait as fixed effect. We then included the
quadratic term of the trait as an additional fixed effect and compared
the AIC values of the two models (i.e., model with linear vs. model with
linear + quadratic fixed effect). We selected the quadratic relationship
for the path model if the model with the quadratic term decreased
the AIC score by 2 or more (i.e., resulted in a better supported model,
Burnham & Anderson, 2002). Based on these exploratory analyses (data
not shown), we included four additional paths to our a priori model:
the quadratic term of relative fat content and centroid size with flight
endurance as response variable, and the quadratic term of the second
relative warp and centroid size with mating status as response variable.

We analysed the a priori path model by translating the path dia-
gram into a set of linear mixed-effect models (following Shipley, 2009):
(i) flight endurance regressed against physiological and morphological
traits; (ii) flight speed regressed against physiological and morpho-
logical traits; and (iii) mating success regressed against flight perfor-
mance, physiological and morphological traits. In addition, we tested
whether the following variables had an effect on flight performance
by including them as covariates to the models: number of mites, body
temperature, time of the flight test and time span between capture
and flight test. We also tested whether number of mites had an in-
fluence on mating success. None of these covariates had a significant
effect (all p >.13), and they were excluded from further analyses. All
models incorporated population (nested within urbanization level) as
random effect. This approach takes into account that individuals from
the same populations are not independent replicates, thereby avoiding
pseudoreplication. Flight performance variables were modelled with
linear mixed-effect models and had a normal error structure and the
identity link, whereas mating success was modelled with generalized
linear mixed-effect models with a binomial error structure and a logit-
link function. Flight endurance, flight speed and wing centroid size
were log-transformed. All continuous variables were standardized (i.e.,
mean-centred and divided by the standard deviation). As we had direc-
tional hypotheses for the relationship between flight performance and
mating success (i.e., increased mating success with higher flight per-
formance, Gyulavari et al., 2014; Therry et al., 2014; Gyulavari et al.,
2017), we report one-sided p-values for the corresponding path co-
efficients. For the other path coefficients (i.e., paths going from phys-
iological and morphological traits to flight performance and mating
success), we report two-sided p-values.
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FIGURE 1 Mean (+1SE) values for flight-related traits of
Coenagrion puella males originating from urban and rural populations.
(a) Relative warp 1, (b) relative warp 2, (c) relative warp 3, (d) centroid
size (unitless measure), (e) wing loading (unitless measure), (f) flight
muscle ratio and (g) relative fat content. Given are least-squares
means

To test whether the relationships between variables differed be-
tween the two urbanization levels, we then evaluated the a priori
path model separately for urban and rural populations (see Minden
et al., 2016; Theodorou et al., 2016 for a similar approach). In addi-
tion, we directly compared the path coefficients derived from the two
separate path models (i.e., only urban vs. only rural) using the stan-
dard approach for comparing regression coefficients (Zar, 1999; see
Dingemanse, Dochtermann, & Wright, 2010 for a similar approach).
We compared path coefficients that had a p <.05 in either urban or
rural models. For acquiring goodness-of-fit indices of the path mod-
els, we applied Shipley’s d-sep test (Shipley, 2002) which tests for any
unrealized paths in the model, and provides Fisher’s C statistics where
the significance of unrealized paths is combined (see Shipley, 2009 for
the calculations). By comparing the Fisher’s C statistics to a X2 distri-
bution, we rejected or accepted each of the three models (i.e., models
with p > .05 were accepted).

All analyses were performed using R version 3.2.3 (R Core Team
2013). We used the “Ime4” package (Bates, Maechler, Bolker, &
Walker, 2015) for mixed-effect models, and the “piecewiseSEM” pack-
age (Lefcheck, 2016) for conducting path analyses. To control for mul-
tiple testing, we corrected for false discovery rate (FDR; Benjamini &
Hochberg, 1995) when necessary.
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FIGURE 2 Mean (+1SE) values for flight performance traits of
Coenagrion puella males originating from urban and rural populations.
(a) Flight endurance, measured as total flight duration, and (b) flight
speed. Given are least-squares means

3 | RESULTS

Urban males had higher positive scores for the relative warp 3
(Figure 1c; X2 =10.32,df = 1, p =.001, after FDR correction: p = .006).
Moreover, urban males had a higher flight endurance (Figure 2a;
X2 =32.73, df = 1, p < .001, after FDR correction: p <.001). None of
the other measured traits differed significantly between urban and
rural individuals (Figures 1 and 2; all p > .20), neither did urban-rural
differences depend on the mating status (Urbanization level x Mating
status: all p > .12).

The a priori path model where urban and rural populations were
combined (Figure 3a) was strongly supported by the data (C,, = 7.19,
p =.969). Males with a lower fat content (p =.015), higher scores for
relative warp 1 (slender wings, Fig. S4; p = .017) and higher wing load-
ing scores (p =.007) had a higher flight endurance. Moreover, a sig-
nificant negative quadratic effect of centroid size (p =.016) indicated
that males with intermediate sized wings had higher flight endurance.
Flight speed was not influenced by any measured physiological or mor-
phological trait (all p > .20). Males with a lower wing loading (p = .014)
had a higher mating success. Furthermore, a significant positive qua-
dratic effect of relative warp 2 (p =.016) indicated that individuals
with extreme high (short and broad wings) or low scores (long and
slender wings) for relative warp 2 had a higher mating success (see
also Fig. S4).

When we ran the a priori path model separately for urban and
rural males (Figure 3b), the goodness-of-fit of the path models slightly
increased (urban: C,, =7.75, p=.956; rural: C,,=8.49, p=.933),
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FIGURE 3 Path diagrams depicting the relationships between
morphological and physiological traits, flight performance and mating
success in urban and rural populations of the damselfly Coenagrion
puella. Shown are path diagrams of (a) the “combined model”, where
combined data of urban and rural populations were used, and (b)
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increase clarity, only significant (p < .05) paths are shown. Paths with
quadratic terms are indicated with?

suggesting the covariation patterns differed between urban and rural
males. The path model for urban males showed that higher values for
relative warp 1 (p =.028) and wing loading (p = .019) were positively
associated with flight endurance. As in the combined path model,
flight endurance decreased with increasing fat content for urban males
(linear effect: p = .009). Moreover, this decrease had a quadratic com-
ponent (p =.014). A significant negative quadratic effect of centroid
size (p = .026) indicated that males with intermediate sized wings had
a higher flight endurance. Flight speed of urban males was not influ-
enced by any physiological or morphological trait (all p > .13). A longer
flight endurance (one-sided p = .0305) increased the mating success of
urban males. Mating success was affected by the quadratic term of rel-
ative warp 2 (p = .033), indicating that individuals with short and broad
wings or long and slender wings had a higher mating success. The path
model for rural males, on the other hand, revealed that no variable
had a significant effect on flight performance. Instead, we found links

to mating success that were not present in the path model for urban

T, V|| £y

males (Figure 3): males with lower values for wing loading had higher
mating success (p = .013), whereas a significant negative quadratic ef-
fect of centroid size (p = .035) indicated that males with intermediate
centroid sizes had increased mating success.

Direct comparison confirmed several path coefficients to differ
significantly between urban and rural models: the path going from the
quadratic term of fat content (t = 4.85, df = 32, p <.001) to flight en-
durance and paths from flight endurance (t = 2.68, df = 32, p =.011),
the quadratic term of relative warp 2 (t = 2.75, df = 32, p = .009) and
the quadratic term of centroid size (t = 3.92, df = 32, p <.001) to mat-
ing success. Significance of the differences did not change after con-
trolling for FDR (Table S3). This confirmed that flight endurance was

only under sexual selection in urban populations.

4 | DISCUSSION

As expected, urban damselfly populations were differentiated from
rural populations by having a higher flight endurance. Moreover,
urban individuals differed in their wing shape, as captured by higher
scores for relative warp 3. Also the covariation patterns and causal
relationships among the phenotypic traits, performance and mating
success differed between urban and rural populations. Notably, in line
with our prediction, the higher flight performance of urban males was
reinforced by sexual selection. We discuss these findings in terms of

potential adaptations to urban habitats.

4.1 | Differentiation in performance and flight-
related traits between urban and rural populations

A key novelty of our study was the support for our prediction of a
higher flight endurance in urban damselflies. This is in line with a re-
cent interspecific study conducted in the same location (i.e., Flanders,
Belgium), reporting that urban communities of carabid beetles con-
sisted of species with better dispersal capacities compared to rural
communities (Piano et al., 2017). While few intraspecific studies found
indications of a better locomotor phenotype in urban populations
(San Martin y Gomez & Van Dyck, 2012; Schoville et al., 2013), this
was not general (Evans, Chamberlain, Hatchwell, Gregory, & Gaston,
2011), and no study directly compared flight performance between
urban and rural populations. The latter is important as assumed phe-
notypic proxies for locomotor ability are not always empirically con-
firmed (e.g., Hanski, Breuker, Schops, Setchfield, & Nieminen, 2002). A
higher flight endurance was expected given that urban ponds need to
be colonized from source populations in rural areas (e.g., Evans et al.,
2009) and habitats are more fragmented in urban areas (e.g., Cane
et al., 2006; Luck & Wu, 2002). Given these characteristics of urban
habitats, the selection for a better locomotor ability in more isolated
urban populations resembles the selection forces experienced at inva-
sion fronts and in fragmented landscapes. High dispersal abilities at
invasion fronts are predicted by spatial sorting: the better dispersers
will be the ones colonizing new habitats at the front, and assortative
mating between fast-dispersing individuals at invasion fronts results in
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further increase in dispersal ability (Shine et al., 2011). Similarly, frag-
mented landscapes are expected to drive increased locomotor perfor-
mance, facilitating easier movement between isolated habitat patches
(Dover & Settele, 2009; Van Dyck & Matthysen, 1999). The few stud-
ies that directly compared locomotor ability in these related contexts
mostly were consistent with a higher locomotor ability at expansion
fronts and in populations located in more fragmented landscapes.
Indeed, cane toads evolved a higher locomotor ability at the invasion
front (Shine, 2012), and flight endurance increased at the range ex-
pansion front in the damselfly Coenagrion scitulum (Swaegers et al.,
2015). Further, the butterfly Pieris brassicae showed a higher flight
performance with increasing landscape fragmentation (Ducatez et al.,
2013). As we worked with field-caught individuals, besides spatial
sorting also plastic responses related to higher water temperatures in
urban ponds may have been at work (for the study region, Brans et al.,
2017). Yet, we recently showed that larvae of the damselfly Ischnura
elegans reared at higher temperatures showed lower flight endurance
in the adult stage (Arambourou, Sanmartin-Villar, & Stoks, 2017), mak-
ing our finding of a higher flight endurance in the urban populations
occupying warmer ponds conservative.

Changes in flight-related morphology associated with colonization
events and landscape fragmentation is common in flying insects and
is suggested to facilitate dispersal ability (Dover & Settele, 2009; Hill
et al., 2011; Van Dyck & Matthysen, 1999). The direction of reported
trait changes, however, is not consistent, especially so for wing size
and shape. Longer and narrower wings, that is higher “wing aspect
ratios,” have been reported for damselfly populations at range expan-
sion fronts (Calopteryx splendens: Hassall, Thompson, & Harvey, 2009)
and occupying fragmented habitats (C. maculata: Taylor & Merriam
1995). Studies with the speckled wood butterfly Pararge aegeria re-
ported higher (Hughes, Dytham, & Hill, 2007) or lower wing aspect ra-
tios (Hill, Thomas, & Blakeley, 1999) at edge populations compared to
the core populations, whereas another study revealed no relationship
between landscape fragmentation and wing aspect ratio in the same
species (Merckx & Van Dyck, 2006). Moreover, larger wings in urban
compared to rural populations have been documented in insects (the
grasshopper Chorthippus brunneus: San Martin y Gomez & Van Dyck,
2012; the butterfly Pieris rapae: Schoville et al., 2013), and were sug-
gested to result from selection for increased mobility. On the other
hand, decreasing patch connectivity was associated with decreasing
wing length in the blue-winged grasshopper Oedipoda caerulescens,
and was explained by lower investment in dispersal ability due to in-
creasing cost of dispersal (Heidinger, Hein, & Bonte, 2010).

Given these conflicting patterns in flight-related morphology asso-
ciated with colonization events and landscape fragmentation, it may
not be surprising that we have not found substantial differences in
wing size and shape between urban and rural populations in the cur-
rent study. Indeed, wing length (measured as centroid size) was not
significantly different between urban and rural individuals. Further, the
wing shape parameter relative warp 2, which can be considered analo-
gous to wing aspect ratio (negative scores of relative warp 2 imply long
and narrow wings; i.e., high wing aspect ratio), did not differ between
urban and rural males. The only signal of urban-rural differentiation

we detected was a higher score for relative warp 3 in urban compared
to rural populations. However, this wing shape variable explained only
ca. 9% of the total wing shape variation, hence only contributed little
to the higher flight endurance in urban males. Furthermore, the subtle
shape changes associated with relative warp 3, which are mainly fo-
cused on the wing apex (Fig. S4), make the interpretation of this wing

shape variation difficult.

4.2 | Differentiation in sexual selection on flight
performance between urban and rural populations

In agreement with theory and previous empirical findings, we found
positive sexual selection for higher flight endurance, yet only in the
urban populations. For damselflies, this pattern has been demon-
strated before, both directly by contrasting flight performance of
mated and unmated males (Therry et al., 2014; Gyulavari et al., 2017;
for the study species: Gyulavari et al., 2014), as well as indirectly
by showing sexual selection on flight-related traits (e.g., De Block
& Stoks, 2007). Increased flight performance in scrambling mating
systems is expected, as males with a higher mobility will encounter,
hence mate with, more females (Kelly, Bussiére, & Gwynne, 2008).
As suggested (Husak & Fox, 2008) and empirically shown (Gyulavari
et al., 2014; Therry et al., 2014), flight speed was not under sexual
selection, confirming that flight speed is less important for scramble
competitors. As expected, flight endurance was under sexual selec-
tion only in urban, and not in rural males. This somewhat matches
the absence of sexual selection on maximum flight distance in a rural
population of Lestes sponsa damselflies (Outomuro et al., 2016). The
differentiation between population types in selection on flight en-
durance can be explained by the associated differentiation in mean
flight endurance. Indeed, population differences in mean phenotypic
traits may affect the direction and strength of selection, as popula-
tions will then span different parts of the species’ fitness function
(Endler, 1986). For example, Steele et al. (2011) showed that tempo-
ral variation in mean body size of the damselfly Enallagma aspersum
resulted in changes in the experienced fitness function at a given
moment in time. For the present study, the shape of the overall fit-
ness function across all populations reveals that while lower flight
endurance is not under selection, flight endurance generates a mat-
ing advantage at higher endurance values (as present in the urban
males). This confirms the shape of the fitness function for flight en-
durance as was previously reported for the study species (Fig. 1b in
Gyulavari et al., 2014). We discuss the urban-rural differentiation
in sexual selection on flight-related traits and the differentiation in
covariation patterns with flight performance in more detail in the
Supporting Information.

Sexual selection is thought to accelerate adaptation to anthropo-
genic environments (Candolin & Heuschele, 2008), and at the same
time anthropogenic environments have been shown to shape sexual
selection (e.g., Candolin, Salesto, & Evers, 2007; Lane, Forrest, &
Willis, 2011). Despite these insights, we have an extremely limited
understanding of how urbanization, and even more general, hab-

itat fragmentation can alter sexual selection (Murphy, Battocletti,
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Tinghitella, Wimp, & Ries, 2016). A notable exception in vertebrates
is the divergence in sexually selected traits (male genitalia size and
dorsal-fin coloration) due to habitat fragmentation in Gambusia fish
(Giery, Layman, & Langerhans, 2015; Heinen-Kay, Noel, Layman, &
Langerhans, 2014); however, in this system, the main factors driving
this divergence were not fragmentation per se, but altered commu-
nity composition and water chemistry. We also have poor knowl-
edge whether sexual selection is aligned with natural selection and
thereby reinforces natural selection in driving adaptive divergence
between populations (Hendry, 2016). Our results provide the first
evidence for a higher flight endurance in urban populations that
was moreover associated with sexual selection for increased flight
endurance in urban populations. Given that the increased flight en-
durance at edge populations of a related Coenagrion damselfly has
been associated with genotypic differences (Swaegers et al., 2015),
we might expect evolutionary divergence in flight performance in
the derived urban damselfly populations. Together, this highlights
the intriguing pattern that while urbanization shapes flight endur-
ance and the associated sexual selection on endurance, the result-
ing sexual selection pattern reinforces the higher flight endurance
in urban populations. Our results thereby provide unique proof in a
single study system of the interplay between sexual selection and
adaptation to anthropogenic environments (Candolin & Heuschele,
2008).
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