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Abstract

Trade-offs between juvenile survival and the development of sexually selected traits can cause ontogenetic conflict between
life stages that constrains adaptive evolution. However, the potential for ecological interactions to alter the presence or
strength of these trade-offs remains largely unexplored. Antagonistic selection over the accumulation and storage of resources
could be one common cause of environment-specific trade-offs between life stages: higher condition may simultaneously
enhance adult ornament development and increase juvenile vulnerability to predators. We tested this hypothesis in an orna-
mented dragonfly (Pachydiplax longipennis). Higher larval body condition indeed enhanced the initial development of its
intrasexually selected wing coloration, but was opposed by viability selection in the presence of large aeshnid predators. In
contrast, viability selection did not oppose larval body condition in pools when aeshnids were absent, and was not affected
when we manipulated cannibalism risk. Trade-offs between larval survival and ornament development, mediated through
the conflicting effects of body condition, therefore occurred only under high predation risk. We additionally characterized
how body condition influences several traits associated with predator avoidance. Although body condition did not affect
burst distance, it did increase larval abdomen size, potentially making larvae easier targets for aeshnid predators. As high
body condition similarly increases vulnerability to predators in many other animals, predator-mediated costs of juvenile
resource accumulation could be a common, environment-specific limitation on the elaboration of sexually selected traits.

Keywords Ecological agents of selection - Ontogenetic conflict - Natural selection

Introduction

Despite sexual selection favoring continuous exaggeration of
secondary sexual traits (Andersson 1994), these traits often
exhibit tremendous diversity in size, shape, and intensity
across natural populations (e.g., Moczek and Nijhout 2003;
Svensson et al. 2004; Martin et al. 2014). Evaluating the
environmental and developmental causes of this variation
can highlight important factors that promote and constrain
phenotypic diversification. For example, spatiotemporal
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variation in the strength of mate competition or the efficiency
of signal transmission can drive diversification by altering
the strength or form of sexual selection (Endler 1992; Miller
and Svensson 2014). Spatiotemporal differences in natural
selection opposing secondary sexual traits can further shape
the extent of elaboration by causing trade-offs between sur-
vival and mate acquisition (Endler 1980; Andersson 1994;
Zuk et al. 2006; Heinen-Kay et al. 2015). Moreover, as
sexually selected traits commonly require resources that are
accumulated throughout the life cycle (Kasumovic 2013;
Morehouse 2014), viability selection may also oppose fea-
tures of their development in non-reproductive seasons or
life stages (Jennions et al. 2001; Kotiaho 2001). In these
cases, the trait values that improve reproductive success in
one life stage ultimately reduce survival in another, and there
is “ontogenetic conflict” over the development of the sexu-
ally selected trait (sensu Sinervo and Calsbeek 2003; Cals-
beek and Goedert 2017; see also Chippindale et al. 2001).
However, the potential for ecological and/or developmental
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factors to moderate such fitness trade-offs between life stages
or seasons has received only limited attention.

Diversification of sexual phenotypes may be especially
influenced by variation in the strength of trade-offs between
the development of sexually selected traits and juvenile
survival (Jennions et al. 2001; Cornwallis and Uller 2010;
Mojica and Kelly 2010). For instance, differences in preda-
tors, pathogens, or other sources of mortality among juve-
nile habitats could alter survival costs of sexual phenotype
development. Then, for a genotype that produces an advan-
tageous sexual phenotype, the likelihood of ever reaching
maturity and even being exposed to sexual selection would
differ widely among juvenile environments (Hadfield 2008;
Mojica and Kelly 2010; Johnson and Hixon 2011). Indeed,
such trade-offs between life stages are known to maintain
genetic variation in secondary sexual traits within natu-
ral populations (Brooks 2000; Robinson et al. 2008) and
inhibit phenotypic exaggeration under even strong artificial
selection (Hine et al. 2011). Examining how the juvenile
environment modifies the strength, or even presence, of
trade-offs between juvenile survival and sexual phenotype
development could, therefore, illuminate important, but per-
haps overlooked, factors underlying the diversity of second-
ary sexual traits. Yet, the potential for these environment-
dependent trade-offs between life stages remains largely
unexplored.

As predators preferentially consume prey that are easier
to capture and handle (Gosler et al. 1995; Van Buskirk et al.
1997; Mikolawjewski et al. 2006), environment-specific
trade-offs between juvenile survival and sexual phenotype
development could commonly arise over the resource accu-
mulation used in the production of sexually selected traits.
For example, higher juvenile body condition often enhances
the development of sexually selected traits (Kasumovic
2013; Morehouse 2014), but also increases vulnerability
to predators by making individuals slower and/or easier
targets (Gosler et al. 1995; Zamora-Camacho et al. 2014).
The strength of the resulting ontogenetic conflict over the
development of secondary sexual traits, mediated by this
potential functional constraint, would then depend on the
predators in the juvenile environment. Here, we experi-
mentally test for predator-mediated variation in trade-offs
between larval survival and adult ornament development
using the territorial dragonfly, Pachydiplax longipennis
(Burmeister). This broadly distributed, North American
dragonfly inhabits ponds with a wide range of aquatic preda-
tors as a larva (McCauley et al. 2008), and produces intra-
sexually selected melanin wing ornaments that vary substan-
tially in size and intensity across its range (Paulson 2012,
Moore and Martin 2016, MPM, unpublished data). Wing
pigmentation in odonates is well suited for examining such
patterns, because these ornaments have long been a model
system for understanding trade-offs between survival and
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reproduction (e.g., Grether 1996a; Svensson et al. 2004), and
aspects of melanin-synthesis pathway are strongly affected
by the larval environment (Stoks and Cérdoba-Aguilar 2012;
Debecker et al. 2015). In P. longipennis, this wing coloration
is essential during male—male competition over the repro-
ductive territories in which males copulate with females and
into which females oviposit (Moore and Martin 2016). If
condition-mediated trade-offs between larval survival and
adult ornament development depend on predation risk, then
high-condition larvae will have improved adult ornament
development if they emerge, but also lower survival in the
presence of larval predators.

Methods
Focal species and study overview

Pachydiplax longipennis (Burmeister) is a medium-sized
dragonfly with a wide distribution across North America
(Paulson 2012). In the northern extent of the range, where
this study was conducted, P. longipennis is univoltine (Wiss-
inger 1988; MPM, personal observation). After overwin-
tering, the larvae of P. longipennis and most other pond-
dwelling dragonflies move towards the shore and rapidly
complete the final three-to-four development stages before
emergence (Wissinger 1988). Larval dragonfly assemblages
subsequently exhibit tremendous hetero- and conspecific
size asymmetries during this period, leading to extremely
high rates of intraguild predation and cannibalism (Wiss-
inger 1992; Hopper et al. 1996; Crumrine et al. 2008).

In this study, we first examined how larval body condition
influences ornament development and how environmental
context modifies selection on larval body condition by rear-
ing uniquely marked individuals in outdoor wading pools
that differed in intraguild predator and cannibalism regime.
We then assessed several performance and morphological
correlates of larval condition that can affect vulnerability to
predators (Mikolawjewski et al. 2006; Strobbe et al. 2009):
escape distance, abdomen size, and cuticle darkness.

Aim 1: ornament development and viability
selection

We collected P. longipennis larvae from a pond at Case
Western Reserve University’s Squire Valleevue Farm (Hunt-
ing Valley, Ohio, USA), at three different times (16—18 May,
28-29 May, and 31 May 2016). We maintained larvae in
473 mL opaque plastic cups filled with dechlorinated water
at a 15:9 L:D photoperiod in a laboratory at Case Western
Reserve University (Cleveland, Ohio, USA). We uniquely
marked each larva by injecting a coded wire tag (North-
west Marine Technology Inc., Shaw Island, Washington,
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USA) ventrally into its abdomen (Catania and McCauley
2015). We measured head width, a proxy for body size
(Corbet 1999) using an ocular micrometer. We blot dried
larvae, gently induced them to expel water from their rec-
tal branchial chambers, and measured mass to the nearest
0.0001 g using an electronic balance. To assess the repeat-
ability of this method, we massed 86 larvae twice with a
week between measurements. Repeatability was high
(R=0.921, Fg,45=24.27, P<0.001; Lessells and Boag
1987). We estimated larval body condition for each indi-
vidual using the residuals from a log.—log, regression of
body mass on head size (Jakob et al. 1996). We provide a
detailed rationale for the validity of this condition estimate
in Appendix 1 of the Electronic Supplementary Material.
Briefly, in P. longipennis, this metric satisfies the require-
ments for a proxy of an individual’s accumulated resources
that are available for future growth, development, or physi-
ological maintenance, because it: (1) is independent of head
size (r=—28.125x 107", £,,,=0, P>0.999); (2) increases
with food quantity received (0.064 +0.025, F, ,,=6.72,
P=0.013, n=44); (3) is positively associated with pro-
ducing an energetically costly melanin immune response
(75.529+£30.755, F| 49=5.90, P=0.020, n=44), and is
positively associated with time until emergence overall and
enables developmental acceleration under high predation
risk (Moore et al. 2018). In addition, this metric is positively
correlated with fat stores in odonates with highly similar and
very disparate body shapes (see Appendix 1 of Electronic
Supplementary Material).

To investigate ornament development and viability
selection, we raised these marked and measured larvae in
outdoor wading pools, where we manipulated predation
risk by altering the presence/absence of Anax junius and
the size variation of our focal P. longipennis larvae (n=4
pools per A. junius X conspecific size variation combina-
tion). For pools with A. junius (Anax present, n =8 total
pools), we introduced two ultimate instar A. junius larvae
1 h after the release of our focal larvae, and replaced them
when they were emerged (n = 6 larvae) or were found dead
(n=3 larvae). To manipulate conspecific size variation,
we divided focal larvae into four groups within each col-
lection period: relatively large and small ultimate instars
and relatively large and small penultimate instars. We ran-
domly assigned larvae within each group to either high- or
low-size variation treatments, where high-size variation
pools had a 2:1 ratio of large-to-small ultimate instars and
a 1:2 ratio of large to small penultimate instars, and low-
size variation pools had the opposite (Fig. S3). Because
the available larvae differed among the collection peri-
ods, the ratio of instars differed slightly among blocks
(Table S1), but was the same between treatments within
a block. Between treatments, mean head sizes were equal
(mean + SD: low =4.961 +0.107; high=4.972 +0.151;

F113=0.04, P=0.840), and head size variation dif-
fered by ~24% (mean coefficient of variation + SD:
low=0.116 +0.015, high=0.144 £0.023; F; 13=7.62,
P=0.0162).

Three days after marking, we introduced 30 P. lon-
gipennis larvae by their assigned treatment each to 100 L
plastic wading pools that we filled with aged water,
~0.003 m> of aquatic vegetation, ~0.011 m? of leaf litter,
and ~ 1400 cm?® of benthic substrate. To provide a self-
sustaining prey base for the larvae, we introduced 100 mL
of concentrated Daphnia magna 10 days before releas-
ing P. longipennis larvae. We also permitted the natural
colonization of prey species (e.g., Culicidae, Chironomi-
dae, and Hylidae spp.) up until the day prior to dragonfly
introduction, after which we covered pools with window
screen. We checked for adults daily and sacrificed them
in a freezer set to —22.8 °C immediately upon recovery.
As coded wire tags could be found in adults or their exo-
skeletons, we collected both when possible. After 20 days,
we recovered surviving larvae, and stored them in 95%
ethanol in the same freezer. Two larvae accidentally were
not measured prior to release into the wading pools at the
beginning of the experiment and were excluded from all
analyses. In addition, five Anax larvae had to be replaced
from one Anax-present pool, and we have, therefore,
excluded it. However, all results are robust to its inclusion.

Ornament development

To characterize how larval body condition influences the
initial stages of ornament development, we gently removed
the wings of the sacrificed males that successfully emerged
from our experimental wading pools (n =26 males), and
took pictures of them in a dark box against a standard white
background. We assessed if larval body condition influenced
the initiation of ornament development on the day of emer-
gence (1 =initiated development, 0 =had not initiated devel-
opment) using a generalized linear-mixed-effects model with
a binomial error distribution and pool as a random effect.
Given that males without coloration are largely unable to
defend breeding territories, males that initiate ornament
development earlier will be able to occupy and hold territo-
ries earlier in their adult lifespans (Sherman 1983; Moore
and Martin 2016). As fixed effects, we included larval body
condition, head size, Anax presence, conspecific size vari-
ation, and the interactions between the traits and the treat-
ments. Models including interactions between Anax presence
and head size would not converge, likely due to relatively
few males successfully emerging from the Anax-present
treatment (n =6 males), and we thus only included the main
effect of Anax presence and its interaction with larval body
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condition. We report overall condition-dependent patterns
of emergence elsewhere (Moore et al. 2018).

Larval survival

We evaluated how predator treatment modified viability
selection on larval body condition using a generalized linear-
mixed-effects model with each individual’s survival as the
response (Lande and Arnold 1983; Chenoweth et al. 2012).
We designated all individuals, whose tags were not recov-
ered as dead. In some cases, adults emerged successfully
from their exoskeletons, but died after falling into the water,
and we scored these individuals as “survivors”, because they
likely would have survived if not for the window screen cov-
ering the tanks. We included body condition, head size, the
quadratic effects of body condition and head size, Anax pres-
ence, conspecific size variation, and all interactions as fixed
effects, and pool nested within block as a random effect. We
scaled individuals’ phenotypes to a mean of zero and stand-
ard deviation of one within each pool (Lande and Arnold
1983). When a significant trait by treatment interaction was
observed, we compared the strength and direction of the
linear and non-linear selection coefficients within each of
the treatments that differed (Chenoweth et al. 2012). We
also computed the opportunity for selection in such treat-
ments (variance in survival dived by its squared mean), a
standardized measure of fitness variation that quantifies the
upper potential limit to the strength of selection (Arnold
and Wade 1984). We calculated selection coefficients and
their standard errors with the logistic regression approach
(Janzen and Stern 1998; Mitchell et al. 2013) and used pro-
jection pursuit regression to visualize the fitness surface
(Schluter and Nychka 1994). Mixed-effects models were
fit with ‘lme4’ (Bates et al. 2014) and projection pursuit
regression with ‘stats’ (R Core Team 2014). Selection coef-
ficients and standard errors that were alternatively calculated
from generalized additive mixed-effects models (Morrissey
and Sakrejda 2013; ‘gsg’ package’, Morrissey and Sakrejda
2014) were highly similar (Table S2).

Aim 2: performance, morphological,
and physiological correlates of body condition

We also quantified the effects of larval body condition on
several traits known to affect vulnerability to predators. We
first evaluated how body condition (calculated using residu-
als from log.—log, regression as described above) affected
escape performance using 60 ultimate instar larvae that we
collected in July 2016 from the same source pond as for the
wading pool experiment. We placed each larva next to a
ruler in the center of a clear plastic box (34.6 cm Lx21 cm
Wx12.4 cm H) filled with 1 L of aged water, gently prodded
its abdomen, and measured the distance (mm) of its initial
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escape burst three times. This performance metric should
reflect an individual’s ability to move out of the attack radius
of other dragonfly larvae (Corbet 1999). We used a gen-
eral linear model to consider how mean burst distance (log,
transformed) varied with body condition and head size.

We also characterized how body condition influences
morphological traits that affect predation risk. We collected
larvae in Oct 2016 from the same source pond as the wad-
ing pool study, and reared 44 of them in the laboratory in
473 mL plastic cups under a 13:11 L:D photoperiod (to
match conditions at time of this experiment). To generate
additional variation in condition, we provided larvae with
a 1.5 mL aliquot of concentrated D. magna (mean + SD
15.9 + 3.8) either 6 (high food) or 2 (low food) times per
week (see also Appendix 1 in Electronic Supplementary
Material). After 21 days, we took digital photographs of
each larva against a brightfield background with a dissecting
microscope. We calculated relative abdomen size using the
residuals from a log.—log, regression of dorsal area (meas-
ured from digital photographs in Image J; Rasband 2012)
on head size. From the photographs, we also scored cuticle
darkness, as 255 (maximum white value)—the mean grey
value of the abdomen (e.g., Fedorka et al. 2013). Darker
cuticles are typically thicker and thus more difficult to punc-
ture (Corbet 1999). We used separate regressions to assess
the relationships between larval body condition and relative
abdomen size and cuticle darkness. We also included food
treatment in models to account for any effects that acted in
addition to its direct influence on body condition.

Results

Aim 1: ornament development and viability
selection

Ornament development

The probability of a male initiating ornament development
on the day that it emerged increased with larval body con-
dition (parameter estimate + SE, hereafter: 1.939+0.974,
27 =6.46, P=0.011, Fig. 1, n=26), but was not influenced
by larval head size, Anax treatment, conspecific size varia-
tion treatment, or any interactions (all )(]2 <2.01, P>0.156).

Larval survival

When considering how predator regime influenced viabil-
ity selection, we detected a significant interaction among
head size, body condition, and Anax presence (;(12=4.75,
P=0.029; Fig. 2, n=448), indicating that Anax presence
altered selection on head size and body condition. Con-
specific size variation did not affect viability selection (all
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Fig. 1 Pachydiplax longipennis males with higher larval body con-
dition were more likely to initiate ornament development on the day
of emergence (n=26). Each point represents whether or not a male
began developing ornamentation (1 =initiated ornament production,
0=did not initiate ornament production), and points are jittered verti-
cally by 0.1 to improve visual clarity

Fig.2 Fitness surfaces for (a)
Pachydiplax longipennis

larvae in pools (a, b; n=208)
with or (¢, d; n=240) without
predatory Anax junius larvae.
Surfaces were calculated with
projection pursuit regression
using cubic splines estimated
by generalized cross validation.
In contour plots showing the
fitness surfaces in two dimen-
sions (b, d), points represent
individuals that either survived
(circles) or died (x’s), and lines
illustrate regions of relative
fitness. A color version of this
figure is available online
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;(2 <1.11, P>0.292), and there was no evidence of stabiliz-
ing or disruptive selection on either trait (both y*<0.29,
P>0.591). We therefore compared selection on larval con-
dition and head size between pools with and without Anax
predators. Anax presence decreased overall survival (present
46.2%, absent 60.8%), resulting in ~80% greater among-
individual fitness variation (present 1.6876, absent 0.9319).
When Anax were present, larval survival increased strongly
with head size and decreased strongly with body condition
(Fig. 2a, b, Table 1, n=208). In contrast, in pools without
A. junius, the fitness landscape showed marginal evidence of
correlational selection that favored large larvae with inter-
mediate body condition and intermediately sized larvae with
very high body condition (Fig. 2c, d, Table 1, n=240). How-
ever, in these pools without A. junius, larval survival did not
decrease with larval body condition overall, and also the
positive relationship between larval survival and head size
was > 37% weaker (Table 1). Qualitative comparisons of just
high-condition larvae between these two predator treatments
revealed similar patterns of survival. Larvae with a body
condition 1 SD above average had 42% (15/36) and 26%
(8/31) survival in the Anax-absent pools and Anax-present
pools, respectively. Moreover, 71% (5/7) and 0% (0/5) of
larvae with a body condition 2 SD above average survived in
the Anax-absent pools and Anax-present pools, respectively.
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Table 1 Viability selection gradients on Pachydiplax longipennis head size (log, transformed) and body condition in pools with and without

Anax junius

Treatment Trait Model estimate + SE Selection gradient+SE ;(2 P

Anax present Head size 0.608+0.172 0.344+0.097 14.39 <0.001
Body condition —0.338+0.157 —0.191+0.089 4.87 0.027
Head size X body condition 0.259+0.204 0.146+0.115 1.64 0.200

Anax absent Head size 0.481+0.136 0.215+0.061 14.26 <0.001
Body condition —-0.213+0.138 —0.096 +0.062 2.51 0.113
Head size X body condition —-0.309+0.167 —0.137+£0.073 3.67 0.062

There was a significant interaction among head size, body condition, and Anax presence in the full model ( )(12=4.75, P=0.029), indicating
differences in selection between these treatments (Chenoweth et al. 2012). Model estimates, their standard errors, and the significance tests
are those from the logistic regression model. Selection coefficients and their standard errors are calculated from the logistic regression model
estimates using the techniques advocated by Janzen and Stern (1998) for binomially distributed fitness metrics. Directional selection coefficients

were estimated after removing the cross-product (correlational) terms

The average selection gradient calculated within each pool
also showed that directional selection opposed body condi-
tion in pools with, but not without, A. junius (see Appen-
dix 2 in Electronic Supplementary Material). Together, this
broadly supports differences in directional selection on body
condition between predator treatments.

Aim 2: performance and morphological correlates
of body condition

Mean escape distance was not associated with larval body
condition (F} 5,=1.40, P=0.241, Fig. 3a, n=60), but tended
to increase with head size (1.800+£0.969, F, 5;,=3.45,
P=0.068). Relative abdomen size increased with body
condition (0.571+0.097, F; 40=34.87, P<0.001, Fig. 3b,

n=44), but was not additionally influenced by food treat-
ment or the interaction with condition (both F; 49<0.90,
P>0.349). Cuticle darkness marginally increased with body
condition (24.166 + 12.744, F 4,=3.66, P=0.063, n=44),
but was not additionally affected by food treatment or the
interaction with condition (both F 49<1.72, P>0.197).

Discussion

While the evolution of sexually selected traits may be sub-
stantially influenced by differences in the strength of trade-
offs between their development and juvenile survival (Jen-
nions et al. 2001; Robinson et al. 2008; Mojica and Kelly
2010; Hine et al. 2011), the potential for, and ecological
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Fig. 3 Effects of body condition on a Pachydiplax longipennis larva’s a mean escape distance (n=60), b relative abdomen size (n=44), and ¢
cuticle darkness (n=44). Each point represents an individual, and individuals are the same in panels b and ¢
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causes of, variation in the resulting ontogenetic conflict
between the juvenile and adult life stages remains largely
unexplored. Using an ornamented dragonfly, we exam-
ined how the larval environment could influence trade-offs
between juvenile survival and the development of sexually
selected male wing coloration, which is vital to an important
adult fitness component (territorial success). Specifically,
we considered: (1) how larval body condition influenced
the development of intrasexually selected wing ornaments
and (2) how viability selection on larval body condition var-
ied with larval predation risk. Higher larval body condition
improved the early development of the intrasexually selected
wing ornaments (Fig. 1), and was directly opposed by viabil-
ity selection only in pools with predatory A. junius (Fig. 2a,
b). The accumulation of resources used for producing intra-
sexually selected adult wing coloration is, therefore, associ-
ated with lower larval survival when larval predation risk
is high. Conversely, when the large predatory A. junius was
not present, viability selection did not directly oppose larval
body condition overall (Fig. 2¢, d). Thus, trade-offs between
larval survival and the development of intrasexually selected
wing coloration can depend on the larval predation regime.
This highlights the potential for context dependence in trade-
offs between adult and juvenile fitness components, and fur-
ther indicates the importance of considering antagonistic
selection over features of ornament development prior to
maturity (Jennions et al. 2001; Cornwallis and Uller 2010).

The extent to which ontogenetic conflict between the
juvenile and adult life stages will limit the adaptive evolu-
tion of sexually selected traits depends largely on the rela-
tive magnitudes of the fitness costs incurred through lower
juvenile survival versus the fitness benefits gained through
improvements to adult fitness components (Mojica and
Kelly 2010; Johnson and Hixon 2011). Although we did not
directly estimate the relationship between early ornament
development and territorial success in this study, produc-
ing coloration sooner after emergence will enable a male to
begin holding breeding territories earlier in the adult stage
(Moore and Martin 2016), which in turn will greatly enhance
its opportunity to acquire mates over its adult lifespan (Sher-
man 1983; see also Koenig and Albano 1987; Moore 1990;
Suhonen et al. 2008). In pools with A. junius, males with a
larval body condition that was 1 SD above average had 38%
lower larval survival than those males that were 1 SD below
average (Table 1, Fig. 2a, b). Conversely, the probability of
beginning ornament development on the day of emergence
was 63.8% greater for those high-condition males than the
low-condition males (Fig. 1). All else being equal (van Tien-
deren 2000), the benefits of this earlier ornament develop-
ment for those high-condition males would have to improve
territorial success by 59.6% to offset the observed survival
costs—equivalent to an additional 1.7 days over which a
male holds a territory in our population (mean number of

days holding a territory + SD =2.8 +2.2; Moore and Martin
2016). While increases to territorial success of this magni-
tude are certainly plausible (Sherman 1983; Grether 1996b),
and other adult fitness benefits of high larval body condi-
tion may further offset these costs (e.g., female fecundity,
Stoks and Cérdoba-Aguilar 2012), our results indicate that
predator-mediated viability selection against larval body
condition can substantially limit the net benefits of the early
development of an intrasexually selected trait.

Any costs of developing or possessing sexually selected
characters that cannot be mitigated by increasing body con-
dition impose strong constraints on the elaboration of these
traits (Jennions et al. 2001; Kotiaho 2001; Hine et al. 2011;
Morehouse 2014). In pools with A. junius, high-condition
larvae had lower survival (Fig. 2a, b), despite high-condi-
tion larvae tending to actually have darker, thicker cuticles
(Fig. 3c) and being able to accelerate development in the
presence of A. junius (Moore et al. 2018). Previous work has
shown that aeshnid dragonfly larvae preferentially capture
and consume prey with bodies that are easier to grab and
hold, such as other odonates with relatively large abdominal
spines (Mikolawjewski et al. 2006) and tadpoles with rela-
tively wide and deep bodies (Van Buskirk et al. 1997). Con-
sequently, it may have been the relatively large abdomens of
high-condition larvae (Fig. 3b) that increased vulnerability
to predation by providing an easier target for the extend-
able, grasping mouthparts of A. junius. Although other
aspects of being large overall could improve performance
and decrease predation risk, larger abdomens are unlikely
to enhance other features of performance to offset any
predator-mediated costs of being an easier target. Given the
role of aeshnids as predators to other aquatic invertebrates
(Strobbe et al. 2009), amphibians (Anderson and Semlitsch
2016), and even small fish (Marchinko 2009), this potential
functional constraint of high body condition could similarly
constrain the benefits of sexual phenotypes in many animals.
Furthermore, as the accumulation of large energetic stores
often increases vulnerability to predators by making ani-
mals slower (Zamora-Camacho et al. 2014) and/or easier to
catch and handle (Gosler et al. 1995), environment-specific
trade-offs between juvenile survival and the development of
sexually selected traits, mediated through the effects of body
condition, could be common.

While our results show that differences in juvenile pre-
dation regime can modify the survival costs of developing
sexually selected traits, they also indicate that differences in
predators’ foraging ability may have important consequences
for variation in ontogenetic conflict. For instance, despite
cannibalism rates typically increasing with size asymmetry
in dragonflies (Crumrine et al. 2008) and other animals with
considerable among-individual size differences (e.g., fish:
Persson et al. 2003; salamanders: Wissinger et al. 2010), a
24% increase in conspecific size variation did not change the

@ Springer



104

Oecologia (2018) 188:97-106

strength or form of viability selection on larval body condi-
tion or head size—perhaps because of the gape limitations
of P. longipennis (Wissinger 1992; Corbet 1999). Conse-
quently, in contrast with the presence or the absence of A.
Junius, which can consume any naturally occurring larval
P. longipennis, differences in conspecific size variation are
unlikely to modify the juvenile survival costs of the resource
accumulation used in ornament production. This suggests
that functional differences among putative predators, such as
differences in gape limitation or foraging strategy (see also
Miehls et al. 2014), could crucially affect spatiotemporal
variation in trade-offs. More generally, as our understanding
of the effects of ecological agents of selection continues to
expand (Moore et al. 2016; Siepielski et al. 2017; Caruso
et al. 2017), considering variation within simplified habitat
categories (e.g., predation or competition) could further illu-
minate the shared and unique components of the ecological
causes of diversification (Langerhans and DeWitt 2004; Oke
et al. 2017).

Trade-offs between life stages are likely to be an impor-
tant constraint on adaptive evolution generally (Schluter
et al. 1991; Marshall and Morgan 2011), and the elabora-
tion of secondary sexual traits specifically (Jennions et al.
2001). However, their underlying ecological causes have
received only limited attention (see also Crean et al. 2011;
Monro and Marshall 2014). Overall, our results highlight
(1) how viability selection against body condition can lead
to trade-offs between larval survival and the development of
sexually selected traits and (2) how variation in an important
ecological factor, predation, could alter the strength of these
trade-offs. Although many animals accumulate resources for
the production of the adult phenotype primarily during the
juvenile stage (Morehouse 2014), the potential for ecological
interactions during this stage to generate fitness variation
that constrains the benefits of sexually selected traits has
been largely ignored (Jennions et al. 2001; Cornwallis and
Uller 2010; Kasumovic 2013). Further examination of how
ecological factors across the life cycle influence trade-offs
between juvenile survival and sexual phenotype develop-
ment therefore could ultimately yield exciting, novel insights
into the evolution of secondary sexual traits, and the optimi-
zation of trade-offs between life stages more broadly.
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