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Developmental costs of male sexual traits in the
water strider Rheumatobates rileyi

Kathleen P. Westlake and Locke Rowe

Abstract: Natural selection is thought to impose costs on sexually selected traits and thereby constrain their
evolutionary modification. Where sexually selected traits involve increases in size or structural elaboration,
development of the traits may be costly. Males of some species in the water striderRjfegwsatobatebave

dramatically elaborated antennae and legs. In a pair of experimerfieamatobates rileyive tested the hypothesis

that in males, the development rate is decreased and mortality increased relative to unelaborated females during the
final instar, when these traits were substantially developed. In the first experiment, we reared individual larvae through
to adult that were brought into the laboratory during the third, fourth, and fifth (final) instars. The development rate
was reduced and the mortality increased during the final intermolt period in males relative to females. The effect on
development rate was highly significant, but the effect on mortality was not. Notably, there was no effect of sex on the
duration of the fourth instar, when male modifications are not expressed. In a second experiment, 4 potentially
cannibalistic adults were included with fifth-instar larvae. We found no effect of potential cannibals on either
development rate or mortality of instars. However, as in the first experiment, the development rate was significantly
reduced in males relative to females. Mortality of males was also higher than that of females, although this effect was
not significant. Meta-analysis of all our mortality results indicate that mortality of developing fifth-instars was higher

in males than in females. Our results are consistent with the hypothesis that development of elaborate sexual traits in
male R. rileyi is costly.

Résumé: La sélection naturelle est réputée imposer des colts a I'évolution de certains caracteres sexuels et en limite
donc les modifications évolutives. Dans les cas ou ces caractéres sexuels supposent des augmentations de taille ou des
modifications structurales, I'expression de ces caractéres peut étre colteuse. Les méales de certaines espéces de
patineurs du genr&heumatobatesnt des antennes et des pattes remarquablement élaborées. Au cours d’'une paire
d’expériences suRheumatobates rileynous avons éprouvé I'hypothése selon laquelle la vitesse de développement est
retardée et le taux de mortalité augmente chez les méales par comparaison a des femelles a antennes et pattes non
élaborées au dernier stade, moment ou ces caractéres sont déja bien développés. Au cours de la premiére expérience,
nous avons élevé des larves jusqu’au stade adulte, larves qui ont été apportées au laboratoire au cours des stades 3, 4,
et 5 (stade terminal). Au cours de la derniére intermue, la vitesse de développement est devenue plus faible et la
mortalité plus élevée chez les méles que chez les femelles. La diminution de la vitesse de développement était
significative, 'augmentation de la mortalité ne I'était pas. Le sexe n'avait pas d’'effet sur la durée du quatrieme stade,
puisque les modifications structurales des males n’étaient pas encore exprimées. Dans une deuxieme expérience, quatre
adultes présumés cannibales ont été mis en présence de larves de cinquieme stade. Ni la vitesse de développement ni
le taux de mortalité des larves n'ont été affectés. Cependant, comme dans la premiere expérience, la vitesse de
développement des males était significativement ralentie par rapport a celle des femelles. Le taux de mortalité des
males était également plus élevé que celui des femelles, mais cet effet n'était pas significatif. Une méta-analyse de

tous nos résultats sur la mortalité indique que la mortalité des larves males en développement au cinquieme stade est
plus élevée que celle des femelles. Nos résultats corroborent I'hypothése selon laquelle le développement de caractéeres
sexuels élaborés chéz. rileyi est colteux.

[Traduit par la Rédaction]

Introduction the benefits gained under sexual selection. Thus, natural se
lection is thought to constrain the action of sexual selection
on male traits (reviewed in Bradbury and Andersson 1987,
Kirkpatrick and Ryan 1991; Andersson 1994). Potential costs
St exaggerated secondary sexual characteristics include in
creased predation risk, reduced foraging success, and
Received August 31, 1998. Accepted March 15, 1999. decreased development rate. It is therefore necessary to
N identify and determine these costs in order to understand the
K.P. Westlake and L. Rowe. Department of Zoology, joint effect of sexual and natural selection on sexually se
University of Toronto, Toronto, ON M5S 3G5, Canada. lected traits (Partridge and Endler 1987; Kirkpatrick and
IAuthor to whom all correspondence should be addressed ~ Ryan 1991; Schluter et al. 1991; Andersson 1994). Costs
(e-mail: Irowe@zoo0.toronto.edu). may be divided into three overlapping classes, those associ

Models of evolution by sexual selection predict that traits
subject to female preference will evolve in the preferred di
rection until costs imposed by expressing these traits balan
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Fig. 1. Partial line drawing of adult male (right) and female (leR) rileyi, indicating the dimorphism in size and modification of the
antennae and legs.

\

ated with use of the trait (e.g., displays and calls), with-posto cannibalism, and irDolania sp., elaborated male legs
sessing the trait (e.g., the aerodynamic costs of elongatdoecome stuck in the partially shed exuviae.
tails), and with building the trait during development. One of the most striking cases of sexual dimorphism
The last class has received little attention, despite th@ccurs in the water strider geni®heumatobategFig. 1),
view that developmental costs may be common (Partridgavhere extreme modifications of the antennae, fore, mid, and
and Endler 1987). Sexual selection for large body size irhind legs, abdomen, and genitalia occur in males. As is typi
males is one case where developmental costs are likely. Igal of water striders (Rowe et al. 1994; Arnqgvist 1997), the
Drosophila melanogasterfor example, large males have mating behavior oR. rileyi Bergroth, 1892 (one of the more
higher mating success (Partridge and Farquhar 1983; Pahighly elaborated species in the genus) is characterized by
tridge et al. 1987), but artificial selection for large body sizeintense sexual conflict over the mating decision (Westlake
in this species results in a longer larval period (Robertsorl998). Males use their elaborated antennae and hind legs
1960), and an increase in larval mortality under some condito forcefully grasp females during premating struggles and
tions (Partridge and Fowler 1992). In molting organisms, thetherefore increase control over the outcome. Therefore,
evolution of complex secondary sexual traits may be-conwe expect strong sexual selection on these modifications.
strained by their costly interference with the molting pro Rheumatobates rileypasses through five instars prior to the
cess. In the chernetid pseudoscorp@imocheirus arizonen  final adult molt and it is in this final molt that the dimorphic
sis males possess enlarged pedipalps, which are used @haracters are substantially expressed (personal observation;
initiate mating by forcefully grasping females (Zeh 1887 see also Silvey 1931). Slight differences between the sexes
19870). However, the increase in pedipalp size is associateth structure of antennae and hind legs are observed first in
with prolonged nymphal development (Zeh 1887Similarly,  the third to fifth instars, including thickening and elongation
sexually selected elaborations of the integument in males d¥f these appendages in males, but it is not until the ultimate
the water strideiGerris odontogasteArngvist 1994) and molt that the sexual dimorphism becomes dramatic.
the mayfly Dolania sp. (Peters and Peters 1986) appear to In this study we test the hypothesis that these secondary
interfere with the molting process and thereby increase morsexual traits impose developmental costs on nialeileyi.
tality at molt. In G. odontogasterthe duration of the uki  We predicted that development of these modifications would
mate molt is extended in males, resulting in increased exposudecrease the development rate and increase mortality during
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Fig. 2. Relationship between the observed final intermolt period Table 1. Results of ANOVA on the effect of sex on the final
(mean £ SE) and sex for those larvae that molted once, twice, oimtermolt period for individuals in which this molt is their first
three times during the experiment. Solid circles indicate males or second molt completed in the laboratory.
and open circles indicate females. Larvae in the class that molte= -
once were collected during their final intermolt period, and this S°U'ce df Mean square  F ratio P
is why the observed intermolt period is so short relative to thoseFirst molt
in the other two classes (see Methods and Results for further Sex 1 63493.029 4.903 0.029
discussion). Error 102 12949.473
Second molt

Sex 1 16169.422 9.495 0.003
400 | Error 71 1702.855

fof M

300 were held individually as in experiment 1, and in treatments 3 and
r 4, larvae of each sex were held individually with 4 adults (2 males
and 2 females) that served as potential cannibals. There were 30
replicates per treatment. Experimental individuals were placed in
water-filled pails (4.5 L) and kept at an ambient temperature of
200 | }: 22°C (¥2°C). Experimental individuals (both larvae and cannibals)
in all treatments were held at low food availability and then
3 E starved periodically to enhance the potential for cannibalism. All
treatments were subjected to the same feeding schedule. In detail,
100 ! ! L the food limitation/starvation schedule was as follows: each-indi
1 ) 3 vidual was fed 1 fly for the first 34.6 h, starved for the next 67.5 h,
fed 2 flies over the next 52.0 h, starved for the next 20.0 h, and fed
NgAggygrlg;;N 1 fly for the remaining 56.8 h of the experiment. Individuals were
fed again after only 20.0 h of starvation near the end of the experi-
ment because mortality was high, presumably resulting in part
molt in males relative to females. Moreover, we expectedrom starvation. Larvae were reared to the adult stage or until they
these effects to occur only in the ultimate instar and moltdied. Molting fate (dead or alive) and intermolt period was re-
when these traits are substantially developed. We conductet$rded for each individual. Dead cannibals were replaced in the
two experiments on field-collected larv&. rileyi to test ~ €xperiment as necessary. ) )
these predictions. In the first experiment larvae were rearegd For the analysis of development rates in both experiments, data
individually through the penultimate and ultimate larval or individuals that died while molting or that emerged deformed

inst In th d h i included tenti IIwere excluded. Intervals between check times varied significantly
Instars. In the second experiment we inciuded potentia thoughout the experiment, owing to practical considerations,

cannibalistic adults to test the additional hypothesis thaj,erefore the midpoint between the last check time and the time

mortality of males during the final molt would be elevated that individual had molted was used as an estimate of molt time.
because of prolonged exposure to cannibals, as has been pre

viously shown in another species (Arnqvist 1994).

INTERMOLT PERIOD (h)

Results
Methods Development rate
_ The final intermolt period was significantly longer in
Experiment 1 males than in females in the first experiment (Fig. 2; Ta

Larval water striders were collected in early July 1997 from nat p|e 1). For individuals in which this molt was their first,

ural populations inhabiting canals in Holland Marsh, just northwestgacqnd. or third molt in the laboratory, the observed male
of Toronto, Ontario. These larvae were maintained collectively in f ’

; : o o
bins in the laboratory until the experiment. For the experiment, szntermolt period was, on average, 37.4% (50.6 h), 9.1%

third- to fifth-instar larvae were placed individually in water-filed (30-0 h), or 14.1% (43.3 h) longer, respectively, than that of
pails (4.5L), fed every other day with 4 frozen fruiit flies per indi fémalés. We note that some development of fifth instars had
vidual, and kept at an ambient temperature of 22°C (x2°C).0ccurred prior to their collection for the experiment. This is

Molting fate (dead or alive) and duration of the observed intermoltwhy their intermolt period is so low (see the points at the

period were recorded for each individual. We used intermolt periodeft of Fig. 2). Therefore, it is possible that females had a
as an index of development rate. Larvae were reared to the adughorter intermolt period in part because of some acecumu

stage or until they died. During the experiment, 28 larvae died fonated effects prior to the experiment. For example, females
unknown reasons (not at molt) or escaped. We did not con&demay hatch more quickly than males, and if there were- syn

these any further because we were interested only in those th%hrony of egg laying within a sex, then females would be

died during molt. Of the remaining 192 larvae, 109 began the exg et into the fifth instar when collected. Alternatively,-de

periment as fifth-instar larvae (45 males, 64 females), 76 as fourth-

instar larvae (35 males, 41 females), and only 7 as third-instar IarveIOpment may simply have been faster for females than

vae (5 males, 2 females). males in the field. To control for either possibility, we ana
lyzed results separately for larvae that had undergone the
Experiment 2 molt to the fifth instar in the laboratory and those that were

In late July 1997, 120 fifth-instar larvae were collected andcollected in fifth instar. It appears that the latter group of in
maintained as above. There were 4 potential cannibal x sex experdividuals entered the experiment about midway into the fifth
mental treatments (2 x 2). In treatments 1 and 2, larvae of each sdrstar (Fig. 2). Nevertheless, these analyses demonstrate that
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Fig. 3. Relationship between the observed final intermolt period Table 2. Results of ANOVA on the effect of sex and presence of
(mean £ SE) and sex for larvae reared in the presence and potentially cannibalistic adults on final intermolt period.
absence of adults. Solid circles indicate males and open circles

indicate females. Source df Mean square  F ratio p
Sex 1 23222.759 7.315 0.008
Adults 1 1232.484 0.388 0.535
= Sex x adults 1 846.572 0.267 0.607
a 10 Error 88 3174.512
o
=~
& - significant jump in mortality was observed at 164.5 h (5 males
= and 2 females died). The problem lies in the fact that all
5 80 | females, except the 2 that died, had completed molting by
= the time this second starvation period was experienced at
5 155-174 h. In contrast, many males from both treatments 1
= - and 3 had not yet molted; they experienced this second star
Z % vation period as larvae and likely suffered an increase in
50 ) ) m_ortality asa r_esult. In order to be co_nservative and remove
WITHOUT WITH th!s potential bias t(_)ward male mortality, data collected after
ADULTS ADULTS tr_ns second starvation period were excluded from the analy
sis.

o _ _Although males suffered higher mortality in the presence
males of both groups had significantly longer intermolt peri and absence of adults, the difference in mortality between
ods (Table 1). Thus, any effects from the field do not appeathe sexes was not significant in either case (Table 4). With
to have biased our results. Given the small sample size (@ut adults, males suffered 20.7% mortality and females
of individuals in which this molt was their third molt in the 11.19% §? = 0.373,p > 0.5), and with adults, males suffered
laboratory, analysis was not appropriate but the pattern wass.7% mortality and females 7.4%3(= 0.347,p > 0.5).
consistent. Surprisingly, we found no effect of these potentially canni-

As predicted, there was no sexual difference in the deVG'banstiC adults on morta"ty (the two Samp|es were homoge-
opment rates of fourth instars (ANOVAY; 74;= 0.023,p = neous; heterogeneity? = 0.603,p > 0.25)
0.881). Observed intermolt periods for males and females Although male mortality was greater than female mortal-
were 72.6 hif = 35, SE =9.94 h) and 74.5 m€E 41, SE = ity in all four tests performed, none of the tests yielded sta-
8.19 h), respectively. Note that all of these individuals en+istically significant results. This may be due in part to the
tered the experiment part way through their fourth instar. relatively small sample size in each test. To increase our

_In the second experiment, the final intermolt period waspower, we conducted a meta-analysis of these four inde-
similarly significantly longer in males than in females pendent tests (first and second molts completed in the labo-
(Fig. 3, Table 2).With and without potentially cannibalistic ratory in the first experiment and with and without adults
adults, males took 59.2% (38.0 h) and 41.0% (26.0 h) longefh the second experiment). We used the methods outlined
than females. The intermolt period was not significantly af by Kirby (1993) and Cooper and Hedges (1994). In brief,
fected by the presence of adults or the interaction betweege first transformed ourx? statistics to Pearson product-

adults and sex (Table 2). moment coefficientsy, and then to Fisher'g,. These are
_ ' our measures of effect size. Effect sizes were then weighted
Molting mortality by the sample size of each analysis. The weighted mean ef

As predicted, molting mortality was greater in males thanfect size was 0.104 and this was just significantly different
in females in the final molt in both experiments. In the first from zero p < 0.05, one-tailed test). We used a one-tailed
experiment, the data were analyzed separately by the nunest because our a priori hypothesis was directional.
ber of molts completed in the laboratory (Table 3). Males Of the 22 deaths observed during final molt in these ex
suffered higher mortality than females during the final moltperiments, 18 (14 males and 4 females) died during the pro
in each case, but not significantly so. For those individualsess of molting. The remaining 4 individuals completed the
in which this molt was their first in the laboratory, males molt but died immediately thereafter (1 female) or were so

suffered 8.9% mortality, while females suffered 1.6% €  deformed (2 males, 1 female), we concluded that they would
1.783,p > 0.1), and for those in which this molt was their not have survived in nature.

second in the laboratory, males suffered 5.9% mortality,

vyhﬂt_a_females suffered noneﬁ(; 0.730,p> .0..25). Atest of Discussion

significance was not appropriate for individuals in which

this molt was their third in the laboratory, given the small Our study demonstrates that make rileyi take longer to

sample size (6); there was no mortality in either sex in thigpass through the final instar and suffer greater mortality dur

group. There was no mortality during the fourth- to fifth- ing the final molt than do females. These results are censis

instar molt. tent with the hypothesis that development of the remarkable
In the second experiment, the analysis of a sexual differelaboration of male secondary sexual characteristics in this

ence in mortality during the final intermolt period was com species have come at a cost. Such costs are predicted by

plicated by the apparent effect of starvation on survival. Amost models of trait evolution under sexual selection when
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Table 3. Mortality of the sexes during the final molt according to the number of molts
completed in the laboratory.

First molt Second molt Third molt
Males Females Males Females Males Females
No. dead 4 1 2 0 0 0
No. alive 41 63 32 41 4 2
Mortality (%) 8.9 1.6 5.9 0 0 0
Table 4. Mortality of the sexes during the final molt in the vidual tests of these differences did not attain significance,
presence and absence of potentially cannibalistic adults. subsequent meta-analysis of the entire data set revealed a
Without adult With adon significant increase in male mortality. Elevated male mertal
Ithout adults Ith adufts ity in our experiments resulted from incomplete and ursuc
Males Females Males Females cessful molts. Mortality typically occurred during the mid
No. dead 6 3 4 2 and latter stages of the molt as larvae were attempting-to ex
No. alive 23 24 20 25 tract themselves from the exuvium. We propose that this
Mortality (%) 20.7 11.1 16.7 7.4 resulted from the mechanical difficulties of extracting the

extreme modifications of their secondary sexual characters.

An example that parallels this type of developmental-con

the trait is at or approaching equilibrium (Bradbury and g aint in R, rileyi occurs inG. odontogasterThe length of

?gggrsi(\)l?h 198h7;d Kirklpatricktalnd R’tyanf 1991; I,IAndelrssto he sexually selected abdominal processes in males is posi
)- ough developmental CoSts of sexually Selec e.ively related to the duration of the ultimate larval molt,

traits are expl)e::teéj t?. be ?rlnmon, sudpportmgthewde%w C'gresumably because the processes constitute a mechanical
sparse (see Introduction). Below, we discuss the eviden indrance during molting (Arngvist 1994). This notion was

for developmenj[al costs of male mod|f|cat|onsF2!n rileyi. supported by laboratory observations of fifth-instar larvae
In both experiments, male development was increased b,

: é{ctually getting stuck in the abdominal region of the
about 26-50 h compared with that of females. Based on @,,,i;m during the ultimate molt (G. Arnquist, unpublished

total final-instar duration for females of approximately 300 hdata) Another example of this kind of developmental con-

in laboratory rearings (Fig. 2), this represents a 9-17% ir."straint is found in mayflies of the genBolania (Peters and

crease. Notably, this intersexual difference occurred only i : :
o ' . . eters 1986). The legs of these mayflies are sexually dimor-
Fhetflnal mstar._Intlerrpct))lttperlodt;]rom the f‘#:.th to the f'ftht hic and frequently break off during the ultimate molt in
Instar was equivalent between the sexes. 1his was eXpeclglyas and get stuck in the subimaginal exuvium.
because it is only during the final instar that morphology di- : L
Unexpectedly, the presence of potentially cannibalistic

erges greatly (Silvey 1931). Presumably, the male develop- X . . . _
verges g y (Silvey ) N 4 veron dults did not increase mortality for either sex in the second

ment rate is decreased because of the time required & i . ; .
construct the elaborate modifications experiment. In other water strider species, rates of cannibal

We are aware of three other cases where a similar tim&™ aré relatively high and molting larvae are particularly

cost to development of secondary sexual characters has beffinerable (e.g., Andersen 1982; Arnqist 1994). Canribal

suggested. Mal®. arizonensishave enlarged pedipalps that ism of mo_lting individuals (almost always ma_les) has bggn
observed in laboratory communal pools at higher densities

are used for forcefully grasping the female during initiation S - -
of mating (Zeh 1983, 198%h). Zeh (198B) reported that in R_. rileyi, but it is not qlear how prevalent this is. Re
total larval development time was greater in males than feP€ating the experiment using known natural predators would
males. However, there was no attempt to associate the p8€ Instructive. _
riod of divergence in morphology with the period of diver ~ There is anecdotal evidence of a cost of male secondary
gence of development times, as we have done here. Hufgxual modifications under more natural conditions in another
and Simmons (1997) report that the expression of horn§ighly elaborated species é&heumatobatesR. aestuarius
(a Secondary sexual trait) retards deve|opment in malek a series Of. fle'q collections the adult sex ratio was 1:2, yet
of the horned beetl®nthophagus taurugtinally, in G. odonte ~ @mong the fifth-instar larvae, the sexes were more or less
gaster adult males, but not larvae, possess abdominal proequally represented (1.2:1) (Cheng and Lewin 1971). Cheng
cesses used to grasp the female during premating stugglégd Lewin (1971) suggest the possibility that males exhibit
(Arngvist 1989). Arngvist (1994) has demonstrated that finalgreater adult mortality or shorter longevity than females, but
molt duration is greater in mal&( odontogastérthan in fe it is also possible that males suffer higher mortality during
males. He argues that this may result from the physical-chathe final molt, as do those @&. rileyi. In R. aestuariusas in
lenges of removing these processes from the exuviae during- rileyi, male secondary sexual modifications are not signif
molt. It would be intriguing to measure molting duration in icantly expressed until the final molt (Cheng and Lewin
R. rileyi, where we may similarly expect male traits to-im 1971).
pede the process. In summary, our data are consistent with the hypothesis
Our results on molting mortality similarly support the-hy that the increase in development time and molting mortality
pothesis that there are developmental costs to male modifof males represent developmental costs of secondary sexual
cations inR rileyi. We found increased mortality of males traits. Yet, as in previous examples, they remain only corre
(during the final molt) in both experiments. Although indi lative. For example, differences in instar duration occur in
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a variety of other species of water striders in the genugheng, L., and Lewin, R.A. 1971. An interesting marine insect,
Limnoporus (e.g., Klingenberg and Spence 1993), where Rheumatobates aestuariysleteroptera: Gerridae), from Baja
dramatic dimorphisms are not present. Differences are not California, Mexico. Pac. Insectd3: 333-341.

consistent between species, occur at various instars durirfgeoper, H., and Hedges, L.V. 1994. The handbook of research syn
development, may appear, disppear, or even change signthesis. Russell Sage Foundation, New York. _

during development, and are rarely significant (Klingenberg"unt* J., and Simmons, L.W. 1997. Patterns of fluctuating asym
and Spence 1993). Thus, the evolutionary or functional cor metry in beetle horn_s: an experimental e_xamln.atlon of the honest
relates of these developmental differences are not known,. signalling hypothesis. Behav. Ecol. Sociobidl: 109-114.

The genusRheumatobatesnay provide an ideal group to w&;;; dKl'?Ne'i nlr?jj ﬁl‘g\\:va%‘:g data analysis with Systat. Van Nost
Eﬁézteaﬁgréisﬁgz 8‘; ?Agg?ﬁggﬁiﬂ'r;fdr%\g?éogrgceonrfa;ges_g;iiiirkpatrick, M., and Ryan, M.J. 1991. The evolution of mating prefer

L . . ences and the paradox of the lek. Nature (Lon85Q 33-38.
characteristics vary dramatically within the genus, and &lingenberg, C.P., and Spence, J.R. 1993. Heterochrony and

phylogeny has been proposed (Westlake 1999). A compara gjjometry: lessons from the water strider geriisinoporus
tive test of the evolutionary correlation between male modi  gyojytion. 47 1834-1853

fication and differences in development time and moltingparridge, L., and Endler, J.A. 1987. Life history constraints on
mortality between the sexes would be most informative. sexual selectionln Sexual selection: testing the alternatives.
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