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INTRASEXUAL COMPETITION ALONE FAVORS A SEXUALLY DIMORPHIC
ORNAMENT IN THE RUBYSPOT DAMSELFLY HETAERINA AMERICANA

GREGORY E GRETHER!
Animal Behavior Group, Division of Environmental Studies, University of California, Davis, California 95616

Abstract.—I studied the sex-limited red spots on the wings of male rubyspot damselflies (Hetaerina americana) in
relation to territoriality and fitness in the wild. Both observational and experimental (wing spot manipulation) studies
indicated that wing spots were selected through competition among males for mating territories, not through female
choice or direct competition for females. Males with naturally or artificially large wing spots were more successful
at holding territories and consequently mated at higher rates than males with relatively small wing spots. In contrast,
sexual selection on male body size appeared to operate among nonterritorial males at the clasping stage of the mating
sequence, perhaps because larger males were better at clasping females forcibly. Of four models proposed to explain
the evolution of ornaments through territory competition, only the agonistic handicap model makes predictions con-

sistent with the results of this study.

Key words.—Body size, coloration, intrasexual competition, mate choice, Odonata, sexual conflict, sexual selection.
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Following Darwin (1871), most students of sexual selec-
tion have assumed that sex differences in traits such as col-
oration and plumage evolve through mate choice, while sex
differences in traits such as weaponry and strength evolve
through intrasexual competition (reviewed in Bradbury and
Andersson 1987; Kirkpatrick 1987; Pomiankowski 1988;
Harvey and Bradbury 1991; Kirkpatrick and Ryan 1991; An-
dersson 1994; Johnstone 1995). However, this dichotomy has
a long history of detractors (e.g., Fisher 1930; Huxley 1938;
reviewed in Butcher and Rohwer 1989; Andersson 1994),
and a host of recent empirical studies appear to contradict it.
Numerous studies report intrasexual selection of male or-
naments (e.g., Bakker and Sevenster 1983; Kodric-Brown
1983; Rowland 1984; Silberglied 1984; Mgller 1987, 1988;
Rgskaft and Rohwer 1987; Collias 1990; Ligon et al. 1990;
Moore 1990; Metz and Weatherhead 1992; Warner and
Schultz 1992; Marchetti 1993; Olsson 1994; Savalli 1994,
Zucker 1994) and at least one study reports intersexual se-
lection of male weaponry (Goransson et al. 1990).

These new data suggest that mate choice and intrasexual
competition have similar evolutionary effects, but there are
reasons to remain skeptical. First, the intrasexual functions
of ornaments are poorly understood (Andersson 1994). Why
do traits with no effect on competitive ability influence the
outcome of contests? How is this evolutionarily stable? Al-
though several intrasexual selection models of ornament evo-
lution have been proposed (e.g., Rohwer 1975, 1982; Zahavi
1977; Maynard Smith and Harper 1988; Grafen 1990a; John-
stone and Norris 1993), none has been tested extensively.
Second, ornaments often appear to be favored by both male-
male competition and female choice, or female choice alone,
but very few studies reporting intrasexual selection of or-
naments have convincingly ruled out mate choice (Butcher
and Rohwer 1989; Warner and Schultz 1992; Andersson
1994). In theory, either mechanism of sexual selection could
set the stage for the other (Johnstone and Norris 1993). In-
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tersexually selected ornaments are often condition dependent
(reviewed in Mgller 1990; Zuk 1992; Nicoletto 1993; An-
dersson 1994; Hill 1995) and may provide information about
their bearers that competitors could profitably exploit. Hence,
the functions of ornaments in intrasexual competition might
have evolved secondarily, after the ornaments evolved
through mate choice.

In this paper, I present evidence that the sexually dimorphic
wing coloration of the rubyspot damselfly, Hetaerina amer-
icana, is maintained by competition among males for mating
territories and not by female choice. Although this result does
not rule out intersexual selection of wing coloration in the
evolutionary past, it strengthens the case for intrasexual com-
petition as an independent mechanism of ornament evolution.
In light of other work on this species (Grether in press, un-
publ. data), the results of this study are consistent with just
one of the models proposed to explain the evolution of or-
naments through intrasexual competition (see Discussion).

Mature male rubyspots have red metallic exoskeletons and
a large red spot at the base of each wing (Johnson 1963;
Grether 1995). Females, in contrast, have faint amber wing
spots and cryptically patterned bodies that vary from brown
to green (Grether 1995; see Dunkle 1990). Male wing spots
increase in size and chroma with age, reaching a terminal
(i.e., fully developed) stage after sexual maturity (Grether
1995). They are displayed both during territorial contests and
in precopulatory interactions with females (Johnson 1962).

To measure selection on a suite of male characters, I gath-
ered data on the lifetime mating success of a cohort of males
(Grether 1996). Selection gradient analyses (Lande and Ar-
nold 1983) indicated that male wing spots and body size were
independently subject to directional sexual selection for in-
creased size, after controlling for wing spot ontogeny and
seasonal size variation (Grether 1996). Experimental manip-
ulations of wing spot size confirmed the presence of direct
sexual selection on this trait (Grether 1996). The goal of the
present study was to identify the mechanisms of selection on
wing spots and body size at the level of male-male compe-
tition and female choice.

This species has a lek mating system (Bradbury 1985) in
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which males compete for perching sites along stream riffles
where females oviposit. Females obtain no nuptial gifts or
parental care from their mates and usually lay eggs outside
their mate’s territory (Weichsel 1987). Hence, female mate
preferences, if any, are probably based on the characteristics
of males themselves (see Borgia 1979; Conrad and Pritchard
1991). Territory residency carries a strong mating advantage
(this paper), but is not required for mating. Thus, sexual
selection of male characters could occur through territory
competition, through female choice among residents or non-
residents, or though direct competition for females among
residents or nonresidents. To distinguish among these pos-
sible mechanisms of sexual selection, I examined the rela-
tionship between mating rate components and both natural
and experimentally manipulated wing spots.

MATERIALS AND METHODS

Study Site

This study was carried out at Bear Creek, a small perennial
stream in pine-oak woodland in the Coastal Range of Colusa
County, California (39°01'N, 122°23'W, elev. 260 m). He-
taerina americana is the most abundant odonate and the only
calopterygid species at this site. The work described below
centered on an 88 m section of Bear Creek referred to as the
study area.

Marking, Aging and Morphometrics

Methods of marking, aging, and measuring animals are
described in Grether (1996). Here I provide a synopsis of
those methods. Animals were marked on the left hindwing
with a unique three digit number. Animals captured on the
day of adult emergence are easily identified; I used recapture
data on these individuals to estimate the ages of animals first
captured later in life. Newly emerged males have an area
with pink veins and clear cells at the base of their forewings.
As males age, most of the cells in the pink vein area fill with
red pigment to form the wing spot, which reaches a terminal
size by about 14 d postemergence. I also measured three other
characteristics of the wing spots (fullness, continuity, and
homogeneity) and three body size characters (left forewing
length and width, thorax width).

Lifetime Mating Success Study

Mating Rate Estimates.—In 1991, lifetime mating success
(LMS) estimates were obtained for a cohort of males that
remained within the study area throughout their reproductive
lives (Grether 1996). Mating rates were calculated as LMS
divided by age at death minus five, because 6 d was the
earliest age at first mating observed among males during this
study. Methods of monitoring mating success, survival, and
dispersal are described in Grether (1996).

Territorial Status.—Males only defend territories during
the mating period, that is, the time of the day when females
mate and oviposit (Weichsel 1987; Grether and Grey in
press). In late September, for example, this period begins at
about 1100 h and ends by 1730 h. At other times, the behavior
of residents (males with territories) and nonresidents (males
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without territories) is indistinguishable. All statements below
refer to the mating period unless otherwise indicated.

The territorial status of males usually can be inferred from
their degree of site fidelity. Residents return to defend the
same site daily until they die or are evicted, as opposed to
“time sharing” (Koenig 1990) or establishing new territories
daily (Pezalla 1979). Except when mating or fighting, resi-
dents perch on their territories continuously (Johnson 1962).
In this study, territory sizes ranged from about 1 to 4 m?
(Grether, unpubl. data). Nonresidents are also faithful to par-
ticular stretches of creek, but range more widely than resi-
dents.

Other cues are also useful for distinguishing residents from
nonresidents (except when nonresidents are challenging res-
idents or fighting over vacant sites). Residents typically perch
in direct sunlight within 20 cm of rippling or turbulent water
on emergent objects or vegetation overhanging the creek
(Johnson 1961). Nonresidents, in contrast, usually perch in
areas with slow moving water where territorial defense is
rare, or in the shade of the stream bank or on high perches
over the bank within other males’ territories. Residents tol-
erate or fail to detect intruders that remain motionless, but
immediately chase mature males flying within their territory
boundaries. Nonresidents, in contrast, rarely chase other
males and usually behave submissively when attacked.

I monitored the territorial status of males through multiple
daily records of their locations and agonistic interactions.
Locations were recorded in three dimensions by reference to
the stream and markers placed along the banks. I also re-
corded whether males were perched in sun or shade. In total,
I recorded the location of males on 14,964 occasions, for an
average of 226.7 records per day. These data were supple-
mented with 11,399 records collected outside the mating pe-
riod to monitor mortality and dispersal. On average, the lo-
cation of each male in the LMS cohort was recorded 3.8 =
0.1 times per day (mean * SE, n = 51).

I recognized two types of agonistic interactions. In one-
way chases, the male being chased did not double back or
circle his opponent. These were brief (< 3 s) and frequent.
I only attempted to record one-way chases that seemed help-
ful for documenting changes in territory ownership. In two-
way chases, two or more males flew back and forth or circled
each other (Johnson 1963). These ranged from brief skir-
mishes between neighboring residents to prolonged interac-
tions involving several residents and intruders. I recorded the
boundaries of these fights and the identities of the males
involved. In total, 249 one-way chases and 543 two-way
chases were recorded.

All categories of data described in this section were com-
bined to determine the territorial status of each male on each
day of the study. Territory status assignments were based
solely on these data, without knowledge of an individual’s
mating success or wing spot size.

Sampling Bias.—Although I tried to record all matings that
occurred in the study area, I undoubtedly missed some. The
analyses described below rely upon the assumption that the
matings of residents and nonresidents were equally likely to
be recorded. Because I could not test this assumption directly,
I examined factors that could have led to sampling bias.

A complete rubyspot mating sequence is comprised of
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eight distinct events: clasping, precopulatory tandem flight,
copulation initiation (male flutters wings and pulls female
forward), copulation (sperm removal and transfer), post-
copulatory tandem flight, submergence (male releases female
and she crawls under the water), probing (female probes with
her ovipositor), and oviposition. After the female submerges,
her mate perches in a characteristic ‘‘guarding’’ posture, for
a variable duration, immediately above the submergence site
(Johnson 1961; Bick and Sulzbach 1966; Weichsel 1987).

Variables that might have influenced the probability that I
detected a mating pair include: L, the length of time the pair
was in tandem; D, the distance traveled by the pair while in
tandem; 7, the time of day; G, guarding duration (I inferred
60 of 552 matings from the presence of a male in the guarding
posture immediately above a submerged ovipositing female);
and the location of the oviposition site. I obtained minimum
estimates of G by subtracting the time a male started guarding
from the time I last saw him guarding. Oviposition site lo-
cations were represented by two variables: X, the distance
along the stream from an arbitrary point; and S, the speed of
the stream current. S was scored on a three point scale, based
on the degree of disturbance of the water surface: (1) smooth
(slow); (2) rippling (medium); (3) turbulent (fast). These rank
scores correlated well with actual current speed measure-
ments (ry = 0.94, n = 12, P < 0.002).

For each male that mated at least once during the study (n
= 272), I calculated resident and nonresident values for each
variable. When multiple measurements were available for a
particular male, I used mean values of L, D, T, and G, and
the last recorded values of X and S in the analysis. I tested
for territory status effects on L, D, T, and G using unpaired
t-tests; paired tests would have been less powerful because
most males did not mate as both residents and nonresidents.
Variables were log or square-root transformed for these tests,
as necessary, to eliminate significant kurtosis, skewness, and
heteroscedasticity (Sokal and Rohlf 1981). Sample sizes vary
between tests because complete information was not avail-
able for all matings.

Mating Rate Components.—Given a particular trait z that
covaries positively with mating rate, the female choice hy-
pothesis predicts that males with larger values of the trait
mate at higher rates than other males of the same territorial
status. The same prediction follows from the hypothesis that
z is selected through direct competition for females. In con-
trast, the territory competition hypothesis predicts that males
mate at higher rates while holding territories than when they
do not and that males with larger values of the trait hold
territories for a greater proportion of their reproductive lives.
To test these predictions, which are not mutually exclusive,
I subdivided the mating rate of each male into three com-
ponents:

W, = Wm‘th‘t + Wm.n(1 - Wp.t)’ 1

where W,, is the overall mating rate (mating credits per day;
defined in Grether 1996), W,,, is the territorial mating rate
(mating credits per day as a resident), W, , is the nonterri-
torial mating rate (mating credits per day as a nonresident),
and W, is the proportion of days during the male’s repro-
ductive life span on which he held a territory (‘‘territory
tenure,” hereafter). Thus, the female choice and direct com-
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petition hypotheses predict positive covariance of z with W, ,
or W, , or both, whereas the territory competition hypothesis
predicts W,,, > W,, , and positive covariance of z with W, .
Since W,, is completely determined by W, ,W,,,, and W,,,
any of these hypotheses could be rejected if its predictions
did not hold.

To further explore the mechanism of selection on char-
acters that covaried with the nonterritorial mating rate (see
Results), I divided the nonterritorial mating rate of each male
into subcomponents corresponding to specific stages in the
mating sequence:

Wm.n = Wmn.lWm4n42Wm.n43Wm.n44» (2)

where W, , | is the number of clasping attempts per day (as
a nonresident), W, ,, , is the proportion of attempts that led
to clasping, W,,, 5 is the proportion of claspings that led to
copulation, and W,,, 4 is the number of mating credits per
copulation (defined in Grether 1996). The fourth subcom-
ponent primarily reflects a male’s success in reclasping mates
that resurface with unlaid eggs. When calculating subcom-
ponents, I only included cases in which the female was 7 d
of age or older, because no females were observed to mate
successfully at younger ages.

The mating rate subcomponent approach (eq. [2]) has the
potential to reveal the stage in the mating sequence at which
a particular character is selected, but some caveats are in
order. First, different mating rate subcomponents were mea-
sured with different amounts of error. All mating events were
recorded on an all-observed-occurrences basis (Grether
1996), but events differed in duration and thus in the prob-
ability of detection. Failed clasping attempts were quite brief
(< 5 s) and most undoubtedly were missed. Thus, the ob-
served rate of clasping attempts, W,,, |, underestimates the
true rate, and consequently, W, , , overestimates the rate of
claspings per attempt. A second practical limitation is that
statistical power diminishes as a fitness component is sub-
divided into multiplicative parts.

Selection Coefficients.—The covariance of a character with
relative fitness is mathematically equivalent to the within
generation change in the mean of the character due to direc-
tional selection, that is, the directional selection differential
(Lande and Arnold 1983; Arnold and Wade 1984; Falconer
1989). When components of fitness are multiplicative and
correspond to sequential “‘episodes” of selection, the selec-
tion differential can be partitioned into additive parts cor-
responding to the separate episodes (Arnold and Wade 1984).
However, the mating rate components (eq. [1]) were neither
multiplicative nor sequential, so I calculated selection dif-
ferentials separately for each component, without adjusting
for figurative shifts in the character mean at previous epi-
sodes. Selection differentials calculated in this way are not
additive, but they still provide information on the relative
strength of selection through different fitness components
(see Arnold and Wade 1984; Koenig and Albano 1987; Con-
ner 1988). Subcomponents of the nonterritorial mating rate
(eq. [2]) were multiplicative and sequential, so I partitioned
the nonterritorial selection differential into additive parts.

Selection differentials measure the direct effects of selec-
tion on a character plus the indirect effects of selection on
other correlated characters. Selection gradients, in contrast,
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TaBLE 1.

GREGORY F. GRETHER

Directional selection differential estimates, calculated as the covariance of characters with relative fitness components using

the sample of cohort males with mature wing spot measurements (sample 1).

Mating rate component

Territory Nonterritorial Territorial Overall
tenure mating rate mating rate mating rate
Character Wy W Wy s Wy
Wing width -0.022 0.114%** 0.012 0.027
Wing length —0.050 0.222 0.115 0.087
Thorax width —0.005 0.043 0.019 0.019
Pink vein area —0.137 2.843%** 0.632 0.984*
Wing spot size 1.248%** 1.084 1.264 1.720**
Wing spot fullness 0.083**** —0.035 0.022 0.052*
Wing spot continuity 0.085§ —0.098 0.052 0.034
Wing spot homogeneity 0.105%** —0.005 0.073 0.089§

§ P <0.10; * P < 0.05; ** P < 0.02; *** P < 0.01; **** P < 0.0001.

measure only the direct effects by holding the other characters
constant (Lande and Arnold 1983). Due to the small sample
size and large correlations among characters, it was necessary
to reduce the number of characters before calculating selec-
tion gradients (Lande and Arnold 1983; Endler 1986; Mitch-
ell-Olds and Shaw 1987; Crespi and Bookstein 1989; Anholt
1991). I extracted the first two principal components from
the eight characters listed in Table 1. The resulting factors
were readily interpretable as a body size factor and a wing
spot factor (see Grether 1996). Directional selection gradients
were estimated using multiple regression (see Grether 1996).

Selection coefficient estimates were calculated for two
samples of LMS cohort males. Sample 1 comprised the 51
cohort males with terminal wing spot measurements. Sample
2 included sample 1 plus 21 cohort males last measured after
sexual maturity, but before their wing spots reached terminal
size. It was necessary to use sample I for measuring selection
on the wing spot characters, to eliminate ontogenetic effects
(Grether 1996). Sample 2 provided better estimates of selec-
tion on the ontogenetically fixed characters (wing length,
wing width, thorax width, pink vein area), due to the larger
sample size and greater variance in relative mating rate
(Grether 1996).

The selection coefficient estimates do not rely upon dis-
tributional assumptions (Lande and Arnold 1983), but the
standard parametric significance tests assume normality of
residuals (Neter et al. 1985). This assumption was not always
met in this study, so I recalculated all P-values smaller than
0.10 (according to the parametric method) by resampling
(Simon 1992). The parametric and resampling methods al-
ways gave identical results with respect to significance at the
95% confidence level. No parametric tests have been devel-
oped for additively partitioned selection coefficients, so I
tested components of the nonterritorial selection coefficient
(eq. [2]) by resampling.

Manipulation Experiment

The lifetime mating success study controlled for wing spot
ontogeny and body size, but other factors could lead to an
indirect relationship between wing spots and mating rate
components. To determine whether wing spot size affects
mating rate components directly, in 1992 I enlarged the fore-
wing spots of a sample of males with red ink (Berol Pris-

macolor Marker-3). I applied clear ink (Berol PM-121) to the
same region of the wings on a second group of males, to
control for the extra handling and the addition of weight to
the wings, and left a third group of males unmanipulated.
For further information on the experimental manipulation and
method of sampling mating rates, see Grether (1996).

I tested for treatment effects on the territorial and nonter-
ritorial mating rates in ANCOVAs with the log number of
days males were in the study as residents or nonresidents,
respectively, as covariates. Treatment X covariate interaction
terms were not significant and so were removed from the
models (Neter et al. 1985). Mating rates were square-root
transformed to reduce heteroscedasticity, skewness, and kur-
tosis (Sokal and Rohlf 1981).

RESULTS

Lifetime Mating Success Study

Sampling Bias.—The observed mating rates of residents
were higher than those of nonresidents (see below); the ques-
tion considered here is whether a difference in this direction
could be a spurious sampling effect. That is, was I more likely
to detect the matings of residents? The results indicate that
sampling biases, if any, would have led to a difference in the
opposite direction. Nonresidents were in tandem significantly
longer than residents (mean *= SD: nonresidents 1208.9 *
825.1, n = 14; residents 647.2 = 363.7, n = 30; t = 3.34,
P < 0.01), so there was more time for me to find nonresidents
in tandem. There was no significant difference between non-
residents and residents in the minimum guarding duration (¢
= 1.16, df = 74, P > 0.1), the time of day at which mating
occurred (¢ = 0.26, df = 326, P > 0.7), the distance moved
by the pair between copulation and oviposition sites (mean
+ SD; nonresidents: 23.0 = 26.3 m, n = 21; residents: 15.4
+ 18.5 m, n = 50; t = 2.01, P > 0.05), or the current speed
at oviposition sites (Mann-Whitney test, z = 0.04, P > 0.9;
n = 98 nonresidents, 120 residents). The oviposition sites of
nonresidents and residents were distributed in similar fash-
ions along the stream; both were clustered in areas with fast
moving water (rank correlations between current speed and
the number of pairs ovipositing in 150 one-meter sections of
creek; nonresidents: r, = 0.45, P < 0.0001; residents: r, =
0.43, P < 0.0001). These results agree with my impression
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Fig. 1. Relationship between territorial status, mating rate, and
the wing spot factor for the 51 cohort males with terminal wing
spot measurements (sample I). (A) Mating rate (mean + SE) versus
territorial status. Only data on the 44 cohort males that held a
territory are represented in this figure. Mating rates of the seven
males that never held a territory were significantly lower than the
other males’ overall mating rates (unpaired t-test, + = 3.07, df =
49, P < 0.004) but not their nonterritorial mating rates (¢ = 0.69,
df = 49, P > 0.4). (B) Territory tenure as a function of the wing
spot factor. The solid line shows the shape of the function, as es-
timated by the cross-validated cubic spline method (Schluter 1988).
Dotted lines represent standard errors of the function, as estimated
from from 1000 bootstrapped replicates of the data set.

that the matings of nonresidents were at least as easy to detect
as those of residents.

Wing Spot Selection (Sample 1).—Wing spot characters ap-
peared to be selected through competition for mating terri-
tories and not through female choice or direct competition
for females. As predicted by the territory competition model:
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TaBLE 3. Directional selection differential estimates for the on-
togenetically fixed characters, calculated as the covariance of char-
acters with relative fitness components using the full sample of
cohort males measured after sexual maturity (sample 2).

Mating rate component

Territory Nonterritorial ~ Territorial Overall
tenure mating rate  mating rate  mating rate
Character Wy Wi W Wy,
Wing width 0.010  0.138*** —0.034 0.044§
Wing length 0.058  0.300* 0.007  0.163*
Thorax width 0.017  0.063** 0.017 0.038%**
Pink vein area 0.577  2.910%** —0.063 1.323%**

§ P < 0.10; * P < 0.05; ** P < 0.02; *** P < 0.01; **** P < 0.0001.

(1) males mated at higher rates while holding territories than
when they did not (paired #-test, t = 5.14, df = 43, P <
0.0001; Fig. 1a); and (2) males with larger values of the wing
spot characters held territories for a greater proportion of
their reproductive lives (Table 1). The latter result was not
an indirect effect of selection on body size: none of body
size characters covaried significantly with territory tenure
(Table 1), and the selection gradient of territory tenure on
the wing spot factor was positive and highly significant (Table
2; Fig. 1b). In contrast to the predictions of the female choice
and direct competition models, none of the wing spot char-
acters covaried significantly with either the territorial mating
rate or the nonterritorial mating rate (Tables 1 and 2).

Body Size Selection (Sample 2).—Body size also appeared
to be under directional sexual selection, but the mechanism
was different from that favoring larger wing spots. Each of
the body size characters covaried positively and significantly
with the nonterritorial mating rate, but none covaried sig-
nificantly with the territorial mating rate or territory tenure
(Table 3). Likewise, the nonterritorial selection gradient on
the body size factor was significant (3; = SE = 0.59 = 0.18,
t = 3.19, P = 0.002), but the territorial and territory tenure
selection gradients were not (territorial, B; = SE = —0.004
* 0.169, P > 0.9; territory tenure, B; = SE = 0.09 = 0.08,
P > 0.2). On the basis of these results, the territory com-
petition hypothesis for body size selection can be rejected.
It appears that larger body size gives nonresidents an ad-
vantage in acquiring mates, but not in acquiring territories.
There was no evidence that larger body size provides a mating
advantage for residents.

To further examine the causes of body size selection, I
partitioned the nonterritorial selection differentials into ad-
ditive components corresponding to consecutive stages in the

TABLE 2. Directional selection grédient estimates (B * SE) and adjusted R?, from linear multiple regressions of relative fitness components
on the body size and wing spot factor scores for the sample of cohort males with mature wing spot measurements (sample 1).

Character

Body size factor

Wing spot factor

Fitness component B, = SE B, = SE R,
Territory tenure —0.06 = 0.06 0.31 £ 0.06%*** 0.30%***
Nonterritorial mating rate 0.51 * 0.20%* —0.08 = 0.20 0.09*
Territorial mating rate 0.12 = 0.11 0.21 = 0.13 0.04
Overall mating rate 0.18 = 0.09§ 0.23 = 0.09** 0.13%*

§ P < 0.10; * P < 0.05; ** P < 0.02; *** P < 0.01; **** p < (0.0001.
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TABLE 4. Nonterritorial mating rate selection differentials partitioned into additive components corresponding to successive stages in
the mating sequence, for the full sample of cohort males measured after sexual maturity (sample 2). Numbers in the %S columns indicate
the percentage contribution of the subcomponent selection differential, S;, to the total nonterritorial mating rate selection differential, S.
Because the body size factor was orthogonal to the wing spot factor and expressed in standardized units, the body size factor selection
differential is equal to the body size factor selection gradient. Selection differential estimates were tested for significance by bootstrapping.

Nonterritorial mating rate subcomponent

Clasping attempts Claspings Copulations Mating credits Mating credits
per day per attempt per clasping per copulation per day
Wm.n 1 Wm.n,Z mn.3 Wm nd4 Wm,n
Character M %S M %S S3 %S M %S S
Wing width -0.016 —-11.7 0.124§ 89.8 0.009 6.9 0.021 15.0 0.138***
Wing length '—0.062 —20.5 0.266 88.6 0.054 18.0 0.042 14.0 0.300*
Thorax width 0.014 21.6 0.039 61.3 0.004 5.8 0.007 11.3 0.063**
Pink vein area 0.492 16.9 1.897 65.2 0.224 7.7 0.297 10.2 2.911%**
Body size factor —0.005 -0.8 0.464 79.1 0.053 9.1 0.074 12.7 0.587***

§ P < 0.10; * P < 0.05; ** P < 0.02; *** P < 0.01.

mating sequence (eq. [2]; Table 4). No selection differential
components were significant (P > 0.05), but their relative
magnitudes suggest that body size selection occurred pri-
marily at the clasping stage (Table 4). That is, large nonres-
idents mated at higher rates than small nonresidents primarily
because they were better at clasping females.

Manipulation Experiment

Premanipulation.—The sham and enlarged wing spot treat-
ments were randomized successfully with respect to all mea-
sured variables. Thirty-five (43.2%) of the 81 males with
enlarged wing spots were residents on the day before the

Territory tenure

Sh'am

Wing spot treatment

Unmanip.

Enlarged

Fig. 2. Effect of the wing spot enlargement on territory tenure.
Bars depict treatment group means; vertical lines represent one SE.
Numbers above the columns are the corresponding samples sizes.

night they were manipulated versus 33 (42.8%) of the 77
sham controls (G test, P > 0.9). In the subset of males for
which mating and territorial data were available for one or
more days prior to the manipulation (67 enlarged, 58 sham),
there was no significant difference between treatment groups
in overall mating rate (F) j,; = 0.04, P > 0.8), nonterritorial
mating rate (F; g3 = 0.18, P > 0.6), territorial mating rate
(F1 66 = 0.06, P > 0.8), or territory tenure (F; ;53 = 0.15, P
> 0.7). (Degrees of freedom differ between tests because not
all males were observed as both residents and nonresidents.)
There also were no significant differences between the en-
larged and sham treatment groups in natural wing spot size
(Fl,156 = 0.45, P > 0.5), Wlng length (F1,156 = 0.49, P >
0.4), wing width (F ;56 = 2.95, P = 0.09), or thorax width
(F1156 = 0.41, P > 0.5).

Postmanipulation.—The results of the manipulation ex-
periment were consistent with the results of the LMS study.
As predicted by the territory competition model, males with
enlarged wing spots held territories on a greater proportion
of days than both sham and unmanipulated controls (F 3¢5
= 10.94, P < 0.0001; post-hoc pairwise Bonferroni tests,
both P < 0.001; Fig. 2). Territory tenures of the control
groups did not differ significantly (Bonferroni test, P > 0.9).
In contrast to the predictions of the female choice and direct
competition models, there was no significant effect of the
wing spot enlargement on the territorial mating rate (F3 60
= 0.91, P > 0.4) or the nonterritorial mating rate (F 33 =
1.35, P > 0.25). The higher overall mating rates of males
with enlarged wing spots (Grether 1996) appeared to be due
to a positive correlation between the overall mating rate and
territory tenure (r = 0.22, n = 368, P < 0.0001). That is,
males with enlarged wing spots mated at higher rates than
controls because they held territories on a greater proportion
of days than controls.

DiscussioN

The results provided clear evidence for contrasting mech-
anisms of sexual selection on wing spots and body size. Wing
spots appeared to be selected through competition for mating
territories (Tables 1 and 2, Figs. 1 and 2), while body size
appeared to be selected through female choice or direct com-
petition for females (Tables 3 and 4, see below).
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Body size selection operated primarily among nonresidents
at the clasping stage of the mating sequence (Table 4). It is
not difficult to imagine how larger size could give nonresi-
dents an advantage in clasping females. Males frequently
attempt to clasp females by pinning them against the ground
or vegetation (pers. obs.). Although females are significantly
larger than males in some dimensions, the size distributions
of the sexes overlap broadly (Grether 1995). Males on the
upper end of the size distribution are larger than a greater
proportion of females than are males on the lower end, and
thus may be able to forcibly clasp more females. Male dam-
selflies cannot force females to copulate (Corbet 1963), but
may be able to detain them long enough to make resistance
unprofitable. If so, this may be viewed as an example of body
size selection through female choice, in that female resistance
favors larger males, or as an example of body size selection
through intersexual conflict (see West-Eberhard 1987; Arn-
qvist 1992; Rowe et al. 1994; Weigensberg and Fairbairn
1994). Large males may also have an intrasexual competitive
advantage when several males simultaneously attempt to
clasp the same female (in midair or against the substrate).
Both forcible clasping attempts and clasping attempts by mul-
tiple males occur most frequently along slow stretches of
creek, where nonresidents congregate and territorial defense
is rare (pers. obs.).

At least four models have been proposed to explain the
evolution of ornaments used in territory competition: priority,
identity badge, status signaling, and agonistic handicap. Un-
der the priority model (Butcher and Rohwer 1989), conspic-
uous ornaments signal territory ownership from a distance;
signaling owners and receiving intruders benefit alike by
avoiding unnecessary interactions (Huxley 1938; Peek 1972;
Borgia 1979; Hansen and Rohwer 1986). The identity badge
model (Rohwer and Rgskaft 1989) supposes that novel or-
naments initially give good fighters an advantage by making
them more recognizable, but then spread through the popu-
lation by mimicry (for similar ideas, see West-Eberhard 1983,
Krebs and Dawkins 1984; Weldon and Burghardt 1984). Both
of these models predict that ornament size and competitive
success are uncorrelated, once the ornament has spread in
the population (Butcher and Rohwer 1989), and ‘therefore
may be rejected in the present study.

Two versions of the status signaling model have been pro-
posed: the uncorrelated asymmetry model and the correlated
asymmetry model. Under the uncorrelated asymmetry model
(Rohwer 1982; Maynard Smith and Harper 1988; Johnstone
and Norris 1993), the size of an ornament signals aggres-
siveness (not fighting ability). More aggressive individuals
gain priority of access to resources, but suffer higher costs
of aggression. This model is only stable, however, when (1)
the value of the contested resource is trivial relative to the
costs of fighting; and (2) cheaters producing deceptively large
ornaments are ‘‘punished’’ by conspecifics (Maynard Smith
and Harper 1988). The first assumption seems unlikely to
hold for rubyspot territories, since territory residents mated
three times as often as nonresidents. The second assumption
also appears to be false: males with experimentally enlarged
wing spots held territories on a greater proportion of days
and mated at higher rates than controls. If punishment oc-
curred, it apparently was insufficient to offset the advantages
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of cheating. Moreover, the uncorrelated asymmetry model
predicts that males with different sized ornaments have equal
lifetime fitness (Maynard Smith and Harper 1988; Johnstone
and Norris 1993). In contrast, I found that lifetime mating
success increased with wing spot size (Grether 1996).

In the correlated asymmetry version of the status signaling
model, individuals with high fighting ability (FA) gain greater
access to resources by producing large ornaments; individuals
with low FA produce small ornaments because, for them, the
social costs of signaling high FA outweigh the benefits (Roh-
wer 1975, 1982; Maynard Smith and Harper 1988; Butcher
and Rohwer 1989). This version of the status signaling model
has not been formalized mathematically, but it appears to be
a special case of the agonistic handicap model in which the
costs of the signal are social (Grafen 1990a,b).

Under the agonistic handicap model (or agonistic indicator
model; Andersson 1994), traits with no effect on FA evolve
as honest indicators of FA, provided that larger values of the
trait are more costly and the cost of a given value of the trait
is lower for individuals with higher FA (Zahavi 1977; Grafen
1990a). Larger wing spots apparently are more costly: males
with experimentally enlarged wing spots suffered higher mor-
tality than controls (Grether, unpubl. data). The prediction
that wing spot costs are lower for males with higher FA
remains to be tested, but the evidence obtained thus far sug-
gests that this prediction also holds. Males with larger natural
wing spots lived longer (Grether 1996), despite the increased
mortality of males with experimentally enlarged spots (Greth-
er, unpubl. data), which implies that wing spots are condition
dependent (see Mgller 1990; Zuk 1992; Nicoletto 1993; An-
dersson 1994; Hill 1995). Thus, the applicability of the ag-
onistic handicap model to this system hinges on the as-
sumption that males with larger wing spots not only are more
viable but also have higher fighting ability.

The agonistic handicap model is not restricted to compe-
tition for territories; it could explain the evolution of signals
used in competition for resources of any type (Zahavi 1977,
Grafen 1990a). To my knowledge, this is the first study to
satisfy the main predictions of this model while ruling out
the known alternatives.

ACKNOWLEDGMENTS

I thank J. H. Grether, R. M. Grey, and T. C. Veldhuizen
for outstanding field assistance, W. J. Hamilton III, J. A.
Stamps, and P. S. Ward for invaluable advice and comments
on previous versions of the manuscript; and M. Ryan and
two anonymous reviewers for comments on the final version.
A. Smernes Jr. kindly permitted me to use his land for the
fieldwork. D. E Grether, R. J. Grether, W. J. Hamilton III, K.
Hayashi, P. S. Rodman, and J. A. Stamps lent essential field
equipment. D. Schluter provided the program for calculating
cubic splines. I am especially grateful to my wife Edy for
help with all aspects of the study. Financial support was
provided by the Animal Behavior Society, Jastro Shields, the
National Science Foundation (IBN-9311928), the National
Science Foundation Animal Behavior Research Training
Group, Phi Beta Kappa Northern California Association, Sig-
ma Xi, The Scientific Research Society, and the University
of California.



1956

LITERATURE CITED

ANDERSSON, M. 1994. Sexual selection. Princeton Univ. Press,
Princeton, NJ.

ANHOLT, B. R. 1991. Measuring selection on a population of dam-
selflies with a manipulated phenotype. Evolution 45:1091-1106.

ARNOLD, S. J., AND M. J. WADE. 1984. On the measurement of
natural and sexual selection: Theory. Evolution 38:709-719.

ARNQVIST, G. 1992. Pre-copulatory fighting in a water strider:
Inter-sexual conflict or mate assessment? Anim. Behav. 43:559—
567.

BAKKER, T. C. M., AND P. SEVENSTER. 1983. Determinants of dom-
inance in male sticklebacks (Gasterosteus aculeatus 1..). Behav-
iour 86:55-71.

Bick, G. H., AND D. SuLzBACH. 1966. Reproductive behaviour of
the damselfly, Hetaerina americana (Fabricus) (Odonata: Cal-
opterygidae). Anim. Behav. 14:156-158.

Boraia, G. 1979. Sexual selection and the evolution of mating
systems. Pp. 19-80 in M. S. Blum, and N. A. Blum, eds. Sexual
selection and reproductive competition. Academic Press, New
York.

BrADBURY, J. W. 1985. Contrasts between insects and vertebrates
in the evolution of male display, female choice, and lek mating.
Pp. 273-289 in B. Holldobler, and M. Lindauer, eds. Experi-
mental behavioral ecology. Sinauer, New York.

BrADBURY, J. W., AND M. B. ANDERSSON, ED. 1987). Sexual se-
lection: Testing the alternatives. John Wiley & Sons, New York.

BUTCHER, G. S., AND S. ROHWER. 1989. The evolution of con-
spicuous and distinctive coloration for communication in birds.
Curr. Ornithol. 6:51-108.

CoLLias, N. E. 1990. Statistical evidence for aggressive response
to red by male three-spined sticklebacks. Anim. Behav. 39:401—
403.

CONNER, J. 1988. Field measurements of natural and sexual se-
lection in the fungus beetle, Bolitotherus cornutus. Evolution 42:
736-749.

ConraD, K. E, AND G. PRITCHARD. 1991. An ecological classifi-
cation of odonate mating systems: The relative influence of nat-
ural, inter-sexual and intra-sexual selection on males. Biol. J.
Linn. Soc. 45:255-269.

CoRBET, P. S. 1963. A biology of dragonflies. Quadrangle Books,
Chicago.

Crespl, B. J., AND E L. BOOKSTEIN. 1989. A path-analytic model
for the measurement of selection on morphology. Evolution 43:
18-28.

DArwiIN, C. 1871. The descent of man, and selection in relation
to sex. J. Murray, London.

DunkLE, S. W. 1990. Damselflies of Florida, Bermuda and the
Bahamas. Scientific Publishers, Gainesville, FL.

ENDLER, J. A. 1986. Natural selection in the wild. Princeton Univ.
Press, Princeton, NJ.

FALCONER, D. S. 1989. Introduction to quantitative genetics. 3d
ed. Longman Scientific & Technical, New York.

FISHER, R. A. 1930. The genetical theory of natural selection. 2d
ed. Clarendon Press, Oxford.

GORANSSON, G., T. vON ScHANTZ, I. FROBERG, A. HELGEE, AND H.
WiTTZELL. 1990. Male characteristics, viability and harem size
in the pheasant, Phasianus colchicus. Anim. Behav. 40:89-104.

GRAEFEN, A. 1990a. Biological signals as handicaps. J. Theor. Biol.
144:517-546.

. 1990b. Sexual selection unhandicapped by the Fisher pro-
cess. J. Theor. Biol. 144:473-516.

GRETHER, G. E 1995. Natural and sexual selection on wing col-
oration in the rubyspot damselfly Hetaerina americana. Ph.D.
diss., Univ. of California, Davis.

1996. Sexual selection and survival selection on wing
coloration and body size in the rubyspot damselfly, Hetaerina
americana. Evolution 50:1939-1948.

GRETHER, G. E, AND R. M. GREY. In press. Novel cost of a sexually
selected trait in the rubyspot damselfly Hetaerina americana:
Conspicuousness to prey. Behav. Ecol.

HANSEN, A. J., AND S. ROHWER. 1986. Coverable badges and re-
source defence in birds. Anim. Behav. 34:69-72.

GREGORY F. GRETHER

HARVEY, P. H., AND J. W. BRADBURY. 1991. Sexual selection. Pp.
203-233 in J. R. Krebs and N. B. Davies, eds. Behavioural
ecology, an evolutionary approach. Blackwell, Oxford.

HiLL, G. E. 1995. Ornamental traits as indicators of environmental
health: Condition-dependent display traits hold promise as po-
tent biomonitors. Bioscience 45:25-31.

HuxLEY, J. S. 1938. Threat and warning coloration in birds, with
a general discussion of the biological functions of colour. Pp.
430-455 in E C. R. Jourdain, ed. Proc. Eighth Int. Ornithol.
Congr. University Press, Oxford.

JonnsoNn, C. 1961. Breeding behaviour and oviposition in He-
taerina americana (Fabricus) and H. titia (Drury) (Odonata:
Agriidae). Can. Entomol. 93:260-267.

. 1962. A description of territorial behavior and a quanti-

tative study of its function in males of Hetaerina americana

(Fabricus) (Odonata: Agriidae). Can. Entomol. 94:178-191.

. 1963. Interspecific territoriality in Hetaerina americana
(Fabricus) and H. titia (Drury) (Odonata: Calopterygidae) with
a preliminary analysis of the wing color pattern variation. Can.
Entomol. 95:575-582.

JOHNSTONE, R. A. 1995. Sexual selection, honest advertisement
and the handicap principle: Reviewing the evidence. Biol. Rev.
70:1-65.

JOHNSTONE, R. A., AND K. NORRIS. 1993. Badges of status and the
cost of aggression. Behav. Ecol. Sociobiol. 32:127-134.

KIRKPATRICK, M. 1987. Sexual selection by female choice in po-
lygynous animals. Annu. Rev. Ecol. Syst. 18:43-70.

KIRKPATRICK, M., AND M. J. Ryan. 1991. The evolution of mating
preferences and the paradox of the lek. Nature 350:33-38.

Kobric-BrRowN, A. 1983. Determinants of male reproductive suc-
cess in pupfish (Cyprinodon pecosensis). Anim. Behav. 31:128-
137.

KoENIG, W. D. 1990. Territory size and duration in the white-tailed
skimmer Plathemis lydia (Odonata: Libellulidae). J. Anim. Ecol.
59:317-333.

KoEenig, W. D, aAND S. S. ALBANO. 1987. Lifetime reproductive
success, selection, and the opportunity for selection in the white-
tailed skimmer Plathemis lydia (Odonata: Libellulidae). Evo-
lution 41:22-36.

KRrEBs, J. R., AND R. DAWKINS. 1984. Animal signals: Mind-read-
ing and manipulation. Pp. 380-402 in J. R. Krebs and N. B.
Davies, eds. Behavioural ecology: An evolutionary approach.
Blackwell, Oxford.

LANDE, R., AND S. J. ARNOLD. 1983. Measuring selection on cor-
related characters. Evolution 37:1210-26.

LiGoN, J. D., R. THORNHILL, M. ZUK, AND K. JOHNSON. 1990. Male-
male competition, ornamentation and the role of testosterone in
sexual selection in red jungle fowl. Anim. Behav. 40:367-373.

MARCHETTI, K. 1993. Dark habitats and bright birds illustrate the
role of the environment in species divergence. Nature 362:149—
152.

MAYNARD SMITH, J., AND D. G. C. HARPER. 1988. The evolution
of aggression: can selection generate variability? Phil. Trans. R.
Soc. Lond. B 319:557-570.

MEeTz, K. J., AND P. J. WEATHERHEAD. 1992. Uncovering coverable
badges in red-winged blackbirds. Anim. Behav. 43:223-229.
MiTcHELL-OLDs, T., AND R. G. SHAwW. 1987. Regression analysis
of natural selection: Statistical and biological interpretation.

Evolution 41:1149-1161.

Moiller, A. P. 1987. Variation in badge size in male house sparrows
Passer domesticus: Evidence for status signalling. Anim. Behav.
35:1637-1644.

. 1988. Badge size in the house sparrow Passer domesticus:

Effects of intra- and intersexual selection. Behav. Ecol. Socio-

biol. 22:373-378.

. 1990. Parasites and sexual selection: Current status of the
Hamilton and Zuk hypothesis. J. Evol. Biol. 3:319-328.

MOORE, A.J. 1990. The evolution of sexual dimorphism by sexual
selection: The separate effects of intrasexual selection and in-
tersexual selection. Evolution 44:315-331.

NETER, J., W. WASSERMAN, AND M. H. KuTNeEr. 1985. Applied
linear statistical models: Regression, analysis of variance, and
experimental designs. 2d ed. Irwin, Homewood, IL.




INTRASEXUALLY SELECTED ORNAMENTS

NicoLeTTO, P. E 1993. Female sexual response to condition-de-
pendent ornaments in the guppy, Poecilia reticulata. Anim. Be-
hav. 46:441-450.

OLssON, M. 1994. Nuptial coloration in the sand lizard, Lacerta
agilis: An intra-sexually selected cue to fighting ability. Anim.
Behav. 48:607-613.

PEEK, E W. 1972. An experimental study of the territorial function
of vocal and visual display in the male red-winged blackbird
(Agelaius phoeniceus). Anim. Behav. 20:112-118.

PEzALLA, V.M. 1979. Behavioral ecology of the dragonfly Libellula
puchella Drury (Odonata: Anisoptera). Am. Midl. Nat. 102:1-
22.

PoMiAaNKOWSKI, A. N. 1988. The evolution of female mate pref-
erences for male genetic quality. Pp. 136-184 in P. Harvey and
L. Partridge, eds. Oxford surveys in evolutionary biology. Ox-
ford Univ. Press, Oxford.

ROHWER, S. 1975. The social significance of avian winter plumage
variability. Evolution 29:593-610.

. 1982. The evolution of reliable and unreliable badges of
fighting ability. Am. Zool. 22:531-564.

ROHWER, S., AND E. R8KAFT. 1989. Results of dyeing male yellow-
headed blackbirds solid black: Implications for the arbitrary
identity badge hypothesis. Behav. Ecol. Sociobiol. 25:39-48.

R8KAFT, E., AND S. ROHWER. 1987. An experimental study of the
function of the red epaulettes and the black body color of male
red-winged blackbirds. Anim. Behav. 35:1070-1077.

Rowe, L., G. ARNQVIST, A. SIH, AND J. KRUPA. 1994. Sexual con-
flict and the evolutionary ecology of mating patterns—Water
striders as a model system. Trends Ecol. Evol. 9:289-293.

RowLaNnD, W.J. 1984. The relationships among nuptial coloration,
aggression, and courtship of male three-spined sticklebacks,
Gasterosteus aculeatus). Can. J. Zool. 62:999-1004.

SavaLLl, U. M. 1994. Tail length affects territory ownership in
the yellow-shouldered widowbird. Anim. Behav. 48:105-111.

1957

SCHLUTER, D. 1988. Estimating the form of natural selection on a
quantitative trait. Evolution 42:849-861.

SILBERGLIED, R. E. 1984. Visual communication and sexual selec-
tion among butterflies. Pp. 207-223 in R. I. Vane-Wright and P.
R. Ackery, eds. The biology of butterflies. Academic Press, Lon-
don.

SiMON, J. L. 1992. Resampling: The new statistics. Resampling
Stats, Arlington, VA.

SokaL, R. R., AND E J. RoHLF. 1981. Biometry. 2d ed. Freeman,
New York.

WARNER, R. R., AND E. T. ScHuLTZ. 1992. Sexual selection and
male characteristics in the bluehead wrasses, Thalassoma bifas-
ciatum: Mating site acquisition, mating site defense, and female
choice. Evolution 46:1421-1442,

WEICHSEL, J. I. 1987. The life history and behavior of Hetaerina
americana (Fabricus) (Odonata: Calopterygidae). Ph.D diss.
Univ. of Michigan, Ann Arbor.

WEIGENSBERG, I., AND D. J. FAIRBAIRN. 1994. Conflicts of interest
between the sexes: A study of mating interactions in a semi-
aquatic bug. Anim. Behav. 48:893-901.

WELDON, P. J., AND G. M. BURGHARDT. 1984. Deception divergence
and sexual selection. Zeitschrift fur Tierpsychol. 65:89-102.
WEST-EBERHARD, M. J. 1983. Sexual selection, social competition,

and speciation. Q. Rev. Biol. 58:155-183.

. 1987. Conflicts between and within the sexes in sexual
selection. Pp. 180—195 in J. W. Bradbury and M. B. Andersson,
eds. Sexual selection: Testing the alternatives. Wiley, New York.

ZAHAVI, A. 1977. Reliability in communication and the evolution
of altruism. Pp. 253-259 in B. Stonehouse and C. M. Perrins,
eds. Evolutionary ecology. Macmillan, London.

ZUCKER, N. 1994. Social influence on the use of a modifiable status
signal. Anim. Behav. 48:1317-1324.

ZuUK, M. 1992. The role of parasites in sexual selection: Current
evidence and future directions. Adv. Study Behav. 21:39-68.

Corresponding Editor: M. Ryan





