
Evolution. 39(2), 1985, pp. 260-277

PROXIMATE MECHANISMS OF SEXUAL SELECTION IN WOOD FROGS

RICHARD D. HOWARD

Department ofBiological Sciences, Purdue University, West Lafayette, IN 47907

AND

ARNOLD G. KLUGE

Museum ofZoology, and Division ofBiological Sciences,
University ofMichigan, Ann Arbor, MI48109

Abstract.-Observations and several types of field experiments on the mating behavior of
wood frogs have revealed the proximate mechanisms for a size-related reproductive ad
vantage in both males and females. For females, larger individuals produce larger clutches;
for males, larger individuals can better remain clasped to females when contested by rival
males and can better depose males clasped to other females. No results obtained support
of the existence of mate choice in either males or females.

Males were estimated to be 4.74 times as variable as females in the number of zygotes
produced per individual per season; however, much of the variation in male RS resulted
from a male-biased sex ratio at the breeding site rather than from sexual selection. After
taking sex ratio effects into consideration, males were estimated to be only 1.63 times as
variable as females.

Patterns of variation in RS in males and females are associated with numerous sex-specific
differences in life history and morphology. Life history differences include differential growth
rates, ages at sexual maturity, and rates of mortality. Interpretation of how the body size
dimorphism (females larger than males) in this species relates to sexual selection is consistent
with information on how similar variations in body size influence RS for each sex, and how
males and females differ in the functional relationship between body size and RS. Average
RS increases more with body size in females than in males. Although body size directly
influences RS for females, the possibility exists that, for males, other anatomical features
correlated with body size more directly affect RS. Preliminary evidence suggests that sexual
selection influences male arm length and that the male body size: RS relationship results
as an incidental correlation.
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A major goal of evolutionary biology
is to document how specific processes
effect patterns observed in nature. The
process of sexual selection involves the
interaction between variation in repro
ductive success (RS) and proximate
mechanisms of mate choice and com
petition for mates to produce sexual dif
ferences in phenotypic attributes. Unfor
tunately, attempts to identify processes
are limited by the particular research
methods used, and our understanding of
patterns can be significantly affected by
the number and quality of studies on re
lated taxa.

We report the results of a four year
study on a local population of approxi
mately 7,400 wood frogs, Rana sylvatica,
in which we simultaneously observed the
undisturbed mating behavior of about
90% of the individuals and used the re-

mainder in controlled field experiments.
This research was undertaken primarily
to elucidate the proximate mechanisms
responsible for an observed pattern of
non-random mating (Howard, 1980;
Berven, 1981). We also determined the
amount of variation in RS (number of
zygotes produced) for each sex and con
sidered how the different means by which
males and females maximize RS might
be related to sex-specific differences in
life history and morphology.

Wood frogs are classified as "explo
sive" breeders (Wells, 1977a): their mat
ing period usually lasts less than one week,
with most breeding occurring within 24
hr. Such extreme mating synchrony has
been predicted to reduce variance in mat
ing success among males, because one or
a few individuals cannot physically mo
nopolize a majority of breeding females
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(Trivers, 1972; Emlen and Oring, 1977),
and to increase the likelihood that male
male competition will be exploitative
rather than overtly aggressive (Wells,
1977a).

Choosing among alternative proxi
mate mechanisms for both male-male
competition and mate choice by females
is aided by experimentation, because
many factors can be controlled while in
vestigating the importance of one or a
few variables. However, such experi
mentation may entail creation of un
realistic, or at least evolutionarily novel,
social and ecological conditions. Thus,
experimental results can be difficult to
interpret in terms ofthe natural situation.
To identify any such experimental arti
facts, we performed experiments in which
all relevant variables were controlled and
experiments in which only one variable
was controlled. In addition, we made
comparable observations on naturally
breeding individuals.

All our observational and experimen
tal results support the notion that male
male competition is a potentially impor
tant selective force in wood frogs. The
possibility of mate choice by females is
unsupported.

MATERIALS AND METHODS

Our study of wood frogs took place
during 1980-1983 in Saginaw Forest of
the University of Michigan, 1.5 kilo
meters west of Ann Arbor. The frogs'
breeding activity occurred in a semiper
manent woodland pond with a surface
area approximately 90 x 50 m and a
maximum depth of 1.5 m. Overwintering
sites were in the surrounding mixed ev
ergreen and deciduous forest, particular
ly south ofthe pond. The pond was com
pletely encircled by aim high fence of
3.2 mm mesh galvanized hardware cloth,
which allowed us to monitor accurately
movements of frogs to and from the
breeding environment. All individuals
captured against the outside of the fence
each spring were counted and sexed, and
the body sizes (snout-ischium length) of
most were recorded to the nearest 0.1

mm. Estimates of survivorship and
growth rate were obtained by recaptures
of 364 of the 5,877 individuals which
were given unique toe clips during 1980
1982. Only one individual from our pop
ulation was recaptured in a sample of680
individuals from a smaller population,
500 m north of the pond.

The one or two common oviposition
sites that formed in the pond each spring
were observed on a 24 hr basis. Obser
vations were taken from elevated paint
ers' platforms to minimize disturbance.
In 1981, the body sizes of 568 mated
males and females were taken immedi
ately after oviposition, and, each time a
male mated successfully, a single strand
ofcotton thread was tied around his waist.
Multiple waist bands provided evidence
ofpolygyny, and these data provided the
basis for estimating matings and repro
ductive success (see Appendix for a de
tailed calculation of these parameters).
Periodic surveys in the study pond and
the only other nearby breeding aggrega
tion revealed no case in which a marked
male mated away from the monitored egg
deposition site. Females mated only once
each season, and the reproductive suc
cess of that sex was estimated from the
number of oviducal eggs in a sample of
110 individuals ofknown body size which
were accidentally killed during the four
years ofstudy. Each clutch was dried and
weighed, and the number of eggs/clutch
was extrapolated from an egg number/
dry weight regression.

Several data analyses involved the use
of body size categories. In all experi
ments, we recognized small, medium, and
large males and females, which were
<37.5, 37.6-41.5, and >41.6 mm, re
spectively (males), and <40.5, 40.6-45.5,
and >45.6 mm, respectively (females).
The limits of the small and large cate
gories are approximately 1 SD from the
average body size recorded for each sex
in 1980 (Nmales= 1,607, Nfemales= 1,227).

We conducted two types of field ex
periments: those in the pond, which in
volved the natural breeding population,
and those which used 1.8 m diameter
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children's plastic swimming pools par
tially submerged in the pond. We refer
to these as "pond release" and "pool"
experiments, respectively. The pool ex
periment, first carried out in 1981 and
replicated in 1982, considered how den
sity and body size of competing males,
and the sizes of the males and females in
amplexus influenced the number of am
plexed males displaced from their mates.
No statistical difference was detected be
tween years; thus, the data were treated
as replicates. The density of competing
males was a three-level factor-low, me
dium, and high (15, 30, and 60 males/
pool, respectively). The density cate
gories were comparable to those ob
served far from, near to, and at a well
established common oviposition site. Size
ofcompeting males was also a three-level
factor-small, medium, and large. The
third factor consisted of four categories:
small male in amplexus (x) with small
female, small male x large female, large
male x small female, large male x large
female. Three pairs of frogs representing
each of these categories were added to
each pool. The pairs in each level were
marked with the same color thread,
stitched into the skin of the dorsal neck
region, so that a male deposed from a
female could be readily detected. The pool
experiments ran 6.5 hr, which was the
approximate average time it took an am
plexed pair to reach the common ovi
position site from the margin ofthe pond.
The four pair-size combinations were
created by placing males and females of
the desired size combinations together in
ice chests the night before the experiment
was run.

Our analysis of sexual dimorphism in
arm length (humerus + radioulna) uti
lized measurements taken from skeletons
prepared from 133 males and 109 fe
males accidentally killed during the study.
Urostyle and snout-vent lengths were
significantly correlated in the two sexes
(r = 0.77; P < 0.001); however, we used
urostyle length as the measure of body
size in this analysis because it could be
measured more accurately and it ex-

plained significantly more ofthe variance
in arm length than did snout-vent length.

Standard parametric and nonparamet
ric statistical abbrevations are employed
throughout the text. The Student-New
man-Keuls test was used to detect sig
nificant trends in the three factors used
in the ANOVA.

RESULTS

Life History and Reproductive Success

During 1980-1983, the adult wood frog
population at Saginaw Forest Pond var
ied from 5,202 to 8,955 individuals. In
all years, the sex ratio of adults entering
the pond was male-biased (range = 1.85
4.00 males/female; Fig. 1). Several de
mographic factors probably contributed
to this bias: (1) Females had higher
size-specific growth rates than males
(ANCOVA: F 1,325 = 550.18; P < 0.001;
Fig. 2); however, despite a higher growth
rate, most females became sexually ma
ture one year later than males did (see
also Berven [1981]). (2) Recapture of 122
of the 2,704 marked females and 242 of
the 3,173 marked males indicated that
yearly survival rate of females was lower
than that of males (8.0% vs. 12.5%, re
spectively). Thus, lack of sexually im
mature females at the breeding site and
higher mortality rates offemales effected
a male-biased breeding sex ratio.

Males and females also differed in time
ofarrival at the pond (Fig. 1). Individuals
left their overwintering sites and entered
the breeding pond during a period of 12
30 days depending on weather condi
tions. Males typically preceded females
into the pond, although considerable
temporal overlap in arrival times oc
curred (Fig. 1). In addition, larger males
often entered the pond earlier than small
ermales(r = -0.32, N= 1,240, P < 0.01
in 1981; r = -0.12, N= 1,187, P < 0.01
in 1982). No significant relationship be
tween body size and time of arrival ex
isted for females.

Considerable variation occurred in fe
male RS. Larger, older individuals pro-
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FIG. 1. Date of arrival of reproductively mature male and female wood frogs at Saginaw Pond. A.
1980. B. 1981. C. 1982. D. 1983. Total numbers of males and females per year are listed to the right in
each panel.

duced clutches that contained as much
as five times the number ofeggs as those
of smaller, younger females (R2 = 0.61,
P < 0.001, N = 110 females). The coef
ficient of variation (CV) in number of
zygotes produced by these successfully
breeding fem.ales· was 28.91 (x =
599.68 -;- SD = 173.38 x 100).

Approximately 61% of the males did
not mate (see Appendix). Such lack of
mating success resulted from the male
biased sex ratio and, to a lesser degree,
the polygynous activity of a few males.
The CV in number of matings obtained
by males was 131.53; however, this mea
sure is not comparable to that given above

for females because the two estimates are
based on different currencies, mates and
zygotes (Howard, 1979, 1983). Estimates
of the number of zygotes produced per
male (see Appendix) resulted in a CV in
RS of 137.06. The ratio ofCV in zygote
production for the sexes was 4.74 in favor
of males (137.06/28.91).

As in other wood frog studies (Howard,
1980; Berven, 1981), male body size was
correlated with mating success in our
population. Based on a sample of 539
naturally breeding pairs in 1980, male
size was significantly correlated with
probability ofmating (r = 0.66; P < 0.05;
12 male size categories were employed).
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FIG. 2. Size-specific growth curves for wood frogs, 1980-1982. The regressions for males and females
are based on log-body size. The differences in symbols are defined in the inset and the x axis is on a log
scale.

This trend was corroborated in 1981:
larger males had a significantly greater
chance of mating one or more times (r =
0.53; P < 0.05; 14 male size categories)
and of mating two or more times (r =
0.68; P < 0.05; 12 male size categories).
In addition, the slight tendency for pos
itive size assortment in mated pairs (Fig.
3) means that larger males might also fer
tilize more eggs per mating.

Given that male and female RS were
measured in the same currency, the rel
ative influence of body size on variation
in RS can also be assessed for the sexes.

Although RS increased with body size
for each sex, the expected value of RS
increased considerably more with size
in females than in males (ANCOVA:
F 1,24 = 45.410, P < 0.001; Fig. 4). The
regression lines differed significantly in
slope (F1•23 = 24.948, P < 0.001). In ad
dition, variation in body size explained
much more of the variation in average
RS in females than in males, R2 = 0.946
vs. 0.429 respectively. Although the rel
atively large amount ofunexplained vari
ation in male RS could be influenced by
traits other than body size, it is also likely
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E
E

ing amplexed pairs and, sometimes, de
posing amplexed males (Fig. 5). We
conducted the pool experiments to de
termine whether males of different sizes
were equally successful at remaining am
plexed to females when potentially com
peting males were present. We controlled
the size of males and females in amplex
us, and the size and density ofcompeting
males. Results indicated that not all pair
ing combinations were equally stable
(Table 1). In particular, small males
paired with large females were more eas
ily deposed than were males ofany other
pair-size category (Fig. 6A); more males
amplexed to females were deposed in the
presence of large competing males than
in the presence ofsmall or medium-sized
competing males (Fig. 6B); and more
males amplexed to females were deposed
when competing males were in high den
sity than in low or intermediate density

"'N
iii

8
III 40

~

~
~

that chance is a very important factor.
Given the male-biased sex ratio, 2,667
males (57.6% of all males present; see
Appendix) went unmated due solely to
the rarity of females in 1981. The effect
of such a biased sex ratio can be roughly
estimated by comparing the CV in male
RS based on our sample of 568 matings
with what could occur given a similar
sample from a population with an equal
sex ratio of breeding adults. In the hy
pothetical case, the polygynous activity
of some males would result in a CV of
46.99 for number of zygotes produced
(see Appendix). The male/female ratio of
CV would be only 1.63. Rough estimates
of the relative importance of sexual se
lection and sex ratio bias suggest that 34%
(46.99/137.06) ofthe observed variation
in number of zygotes/male is potentially
due to sexual selection and 66% (90.07/
137.06) ofthe variation could result from
the male-biased sex ratio.

Proximate Mechanisms: Pool
Experiments

We initiated several experiments to as
certain the proximate mechanisms that
influenced differential RS among males.
The possibility of female preference for
larger males was tested by releasing fe
males into fenced pens in the pond which
contained marked males ofvarious sizes,
and into regions of the pond containing
unmarked males. Results were unambig
uous: the slightest movement by females
resulted in their immediate amplexus by
the nearest male. Thus, if females ever
attempted to select particular males as
mates, they would rarely be successful.
Based on these experiments and some
direct observations of free ranging fe
males we concluded that initial pairing
was random with respect to male body
size and that the observed differential
success of larger males occurred after the
first pairing. We also conducted two ex
periments to detect female mate choice
after pair formation, but we found no
evidence ofthis in either case (see below).

In contrast to female choice, we com
monly observed unpaired males attack-
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(Fig. 6C). None of the interaction terms
in the ANOVA was statistically signifi
cant (Table 1); however, more than two
replicates of the experiment may be re
quired to detect trends.

Results from the pool experiments can
be correlated with observations on the
breeding behavior of free-ranging wood
frogs. Partitioning the mating success data
obtained in 1981 on naturally breeding
individuals into the four pair-size com
binations used in the pool experiments
reveals that the frequencies of the four
combinations were unequal (Fig. 3). In

particular, fewer pairs of the small
male x large female category were ob
tained than one would expect at random.

To determine whether the behavior of
amplexed females affected the chance that
their male suitor would be deposed, we
monitored pairs of the four pair-size
combinations in all nine treatments dur
ing the 1982 pool experiment. Females
in the four pair-size categories did not
differ with respect to the number oftimes
they moved toward a nearby competing
male (i.e., a potential deposer of their
suitor; ANOVA: F3•32 = 1.00; P = 0.41),
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FIG. 5. An example of male-male competition in wood frogs. A small male, identified by the thread
tied to its dorsum, is amplexed to a large female, in the usual anuran axillary embrace. A. The pair is
present at the common oviposition site (note egg masses) but has yet to begin egg laying; a large male
has amplexed the female in the inguinal region. B-C. The large male shifts to an axillary embrace. D.
The small male is deposed from the female.

the number of times they moved away
from a contesting male (F3•32 = 1.04; P =
0.39), or the number ofcontests in which
they were involved (F3•32 = 0.88; P =
0.46).

Proximate Mechanisms: Pond
Release Experiments

Additional agreement between natu
rally breeding individuals and pool ex
periments was obtained in 1982 and 1983

when pairs of all four size combinations
were simultaneously released in the pond
(Table 2). After release, the common egg
deposition site was monitored for 24 hr
to determine whether the four size com
binations were equally stable. Pairs be
gan egg deposition, on average, 6.3 hr
after release (range = 0.63-25.35 hr;
1982). About 21% of the original males
were deposed before their female's arriv
al at the egg deposition site. Once again,
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competition appears to have been greater
in the pools, perhaps as a result of con
finement or because 64% of the pairs re
leased in the pond completed egg depo
sition in less time than the 6.5 hr allotted
to the pool experiments. However, de
spite these differences in magnitude, sim
ilar trends were observed in the pond re
lease and pool experiments.

The pond release experiments were also
used to test for the possibility of female
choice because females that attempted to
rid themselves ofsmaller amplexed males
were predicted to take longer, on average,
to reach the common egg deposition site;
however, no differences were observed in
average time of arrival at the egg depo
sition site among the four pair-size com
binations (F3•127 = 0.84; P = 0.47). Fi
nally, pairs of the four pair-size
combinations were released into experi
mental pools in the absence ofmale com
petitors to determine whether the fe
males themselves would dislodge
unwanted suitors. After 6.5 hr, all males
remained firmly clasped to their original
mates.

An Alternative Hypothesis
Visual inspection ofamplexed pairs led

us to predict that a male's arm length
could influence his ability to remain
clasped to females when contested by
other males. In the extreme case, small
males cannot encompass the chest oflarge
females and may be particularly vulner
able to the prying actions of rival males
(Fig. 5). The possibility of longer arm
length providing reproductive advan
tages is consistent with the observed cor
relation between male body size and RS
because larger males possess longer arms
(R2 = 0.799, P < 0.001, N = 133; Fig.
7).

Preliminary support for the arm length
hypothesis would be obtained if the al
lometric relationship between arm length
and body size differs between the sexes;
that is, assuming no advantage of longer
arms in females, we expect males to have
longer arms than females at every body
size. As we predicted, males have signif-
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FIG. 6. Graphical descriptions of the main ef
fects in the three-way ANOVA comparing number
of male wood frogs deposed from their respective
females (see Table I), 1981-1982. A. The four pair
size categories. B. Size ofcompeting males. C. Den
sity ofcompeting males. Means compared using the
Student-Newman-Keuls test.

we observed significantly fewer small
males amplexed to larger females suc
cessfully mating relative to the other three
pair-size combinations.

In general, fewer males ofany pair-size
combination were deposed in the pond
release experiments than in the pool ex
periments. The degree of male-male
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TABLE I. ANOV A table comparing average number of male wood frogs deposed from their females (see
text).

Source of variation 55 df M5 F P

Main Effects 23.21 7 3.32 8.23 0.001
I. Pair-size categories 11.15 3 3.72 9.23 0.001
2. Size of competing males 9.19 2 4.60 11.41 0.001
3. Density of competing males 2.86 2 1.43 3.55 0.039

Two-way Interactions 9.67 16 0.60 1.50 0.154 n.s.
I x 2 4.14 6 0.69 1.71 0.146 n.s.
I x 3 4.81 6 0.80 1.99 0.093 n.s.
2 x 3 0.72 4 0.18 0.45 0.773 n.s.

Three-way Interaction
I x 2 x 3 7.28 12 0.61 1.51 0.167 n.s.

Explained 40.15 35 1.15 2.85 0.001
Residual 14.50 36 0.40

Total 54.65 71 0.77

o

other species appear to mate at random,
at least with respect to the particular male
traits considered. Unfortunately, this
typically means random relative to male
body size, because size can be measured
easily and is likely to influence RS.
Whether or not male traits other than size
contribute to non-random mating pat
terns is largely unknown (but see Ryan,
1980a). The operation of male-male
competition and/or female choice in the
non-randomly mating species is usually
inferred from observational data; only in
a few cases have investigators conducted
field or laboratory experiments to distin
guish more clearly among alternative hy
potheses. An additional complication is
that, too often, conclusions concerning
the relative importance of the two pro
cesses of sexual selection are based on
two commonly observed and easily re
corded outcomes: size dependent mating
success and size assortative mating. As
pointed out by Arak (1983b), these out
comes can be consistent with, but not
unambiguous evidence for, both male
male competition and female choice.
Necessary and sufficient conditions for
documenting male-male competition as
a selective force must involve some mea
surement of the processes and their out
comes: for example, differential and re
peatable success of particular males (or
classes of males) in male-male interac-

MALE MATING SUCCESS
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32 21fil
oJ)
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TABLE 2. Number of male wood frogs in the four
pair-size categories that were deposed in the pond
release experiment. Within each block, number in
upper left refers to 1982 data, lower right refers to
1983 data; central numbers combine data for both
years. More small males paired to large females
were deposed relative to other categories (x2 = 42.6;
P < 0.001; combined data).

icantly longer arms than females of the
same size (ANOCOVA: F 1 239 = 119.54,
P < 0.001; Fig. 7). The regression equa
tions for the sexes differed significantly
in slope (F1•238 = 5.28, P = 0.023).

DISCUSSION

Non-Random Mating in Anurans
Non-random mating patterns have now

been clearly demonstrated for at least 22
out of 30 species of anurans (Table 3).
Trends are unclear for four species be
cause each includes populations that mate
randomly as well as non-randomly. Four
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Saginaw Pond. Differences in symbols are defined in inset.

tions, as well as a recognizable reproduc
tive benefit for winners in male-male en
counters. Similarly, documentation that
mate choice by females is adaptive should
require demonstrating that females select
particular males (or classes of males) as
mates and actively reject other males, as
well as showing that some reproductive
benefit accrues to discriminating females
(see also Halliday, 1983; Parker, 1983).
Several authors have recently suggested
that non-random female mating prefer
ences may be neutral with respect to fe
male RS in species in which males pro
vide no parental investment in young

(Lande, 1980; Kirkpatrick, 1982; Ar
nold, 1983). However, this prediction
largely results because female RS is de
fined solely on the basis of zygote pro
duction, not on the subsequent success
of the zygotes produced. Earlier theories
of mate choice did not require that dis
criminating females produce more zy
gotes than randomly mating females, but
only that the sons of discriminating fe
males obtained some mating advantage
(e.g., Fisher, 1958; Trivers, 1972).

Our investigation demonstrates non
random mating in a wood frog popula
tion. All observations and experiments
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TABLE 3. Evidence for non-random mating and components of sexual selection.

Male- Male-
male male

compe- compe- Female Female
Mating Mating tition tition choice choice

ran- non- irnpli-. demon- impli- demon-
Genus Species Study dorn! random cated strated cated strated

Bufo americanus Licht, 1976 X X

Gatz, 1981a X X

Wilbur et aI., 1978 X

Kruse, 1981 X

Bufo bufo Davies and Halliday, 1979 X x
Bufo calamita Arak,1983a x x
Bufo canorus Kagarise Sherman, 1980 x x x
Bufo cognatus Sullivan, 1982a, 1982b x x
Bufo exsul Kagarise Sherman, 1980 x x
Bufo fowleri Fairchild, 1981 x x
Bufo quercicus Wilbur et aI., 1978 x x
Bufo terrestris Wilbur et aI., 1978 x
Bufo typhonius Wells, 1979 x x
Bufo woodhousei Sullivan, I982c. 1983 x x x

Woodward, 1982 x
Centrolenella colymbiphyllum McDiarmid, 1978 x
Centrolenella fleischmanni Greer and Wells, 1980 x x
Centrolenella valerioi McDiarmid, 1978 x
Hyla chrysoscelis Godwin and Roble, 1983 x
Hyla cinerea Gerhardt, 1982 x
Hyla crucifer Gatz, 1981b x
Hyla marmorata Lee and Crump, 1981 x
Hyla regilla Whitney and Krebs,

1975a. 1975b x x
Hyla rosenbergi Kluge, 1981 x x x
Hyla versicolor Fellers, 1979a. 1979b x

Gatz,198lb x x x
Physalaemus pustulosus Ryan, I980a, 1983 x x
Rana catesbeiana Howard, 1978 x x x

Emlen, 1976; Ryan, 1980b x x x
Rana clamitans Wells, 1977b; 1978 x x x
Rana sylvatica Howard, 1980; x x x

Berven, 1981 x x x 4

Rana temporaria Savage, 1961 x
Arak, 1983b; Halliday, 1983 x x

Triprion petasatus Lee and Crump, 1981 x
Scaphiopus bombifrons Woodward, 1982 x
Scaphiopus couchi Woodward, 1982 x 2 x
Scaphiopus multiplicatus Woodward, 1982 x 3 x

I Random relative to any phenotypic trait considered. which was usually body size.
23 of 4 populations sampled.
3 I of 2 populations sampled.
4 Male choice.

conducted support the existence ofmale
male competition but provide no evi
dence for female choice. In particular,
relative to smaller males, larger males are
better at remaining clasped to females
and in deposing males amp1exed to other
females. As a result, larger males ob
tained a significant mating advantage.
These results greatly clarify an earlier

study (Howard, 1980) and agree with re
ports on another wood frog population
(Berven, 1981).

In our pond release experiments, the
four most extreme pair-size combina
tions were made equally common arti
ficially; however, the frequency of these
combinations became decidedly non
random by the time of egg deposition.
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These findings call into question the ac
curacy of detecting non-random mating,
or the degree of non-random mating, by
the commonly used technique ofcollect
ing amplexed pairs haphazardly in the
breeding habitat (e.g., Wilbur et aI., 1978;
Lee and Crump, 1981; Gatz, 1981b).
Typically, investigators who use this
method compare the body size of paired
males with unpaired males in the same
population to determine the existence of
a male size advantage. Not only is the
true mating status ofan "unpaired" male
unclear, the entire process of male-male
competition or mate choice does not end
for any particular amplexed pair until egg
deposition (see also Verrell, 1983). Thus,
such studies might be expected to un
derestimate consistently the degree of
non-random mating and of sexual selec
tion.

In an excellent study on another wood
frog population, which utilized field ob
servations and laboratory experimenta
tion, Berven (1981) suggested that male
wood frogs exercised mate choice by pre
ferring larger females. No such phenom
enon was observed in our population. In
fact, the most stable pair-size combina
tion in both our experiments and obser
vations of naturally breeding pairs was
large males paired to small females (Fig.
6A). The ecological and social conditions
that might make male mate choice likely
are unclear. Also, Berven's (1981) report
of a female-biased sex ratio in several of
the ponds he studied appears to represent
a unique finding in this species (Banta,
1914; Wright, 1914; Howard, 1980; this
study).

Unlike earlier investigations on wood
frogs (Howard, 1980; Berven, 1981), a
slight positive size assortment existed for
successfully mated pairs in the popula
tion we studied (Fig. 3). Given the large
amount of variation present in our sam
ple of571 individuals, a similar tendency
would be difficult to discern in smaller
samples. In addition, given the effect of
male density on frequency of amplexed
males deposed (Fig. 6C) and the tendency
for small males to be more sensitive to

male-male competition (Fig. 6A), size as
sortment may only occur under high pop
ulation densities. A similar density effect
has been suggested for Rana temporaria
(Arak, 1983b), a European species that
closely resembles wood frogs in ecology
and behavior. The size assortment ob
served in our study was consistent with
experimental results on male-male com
petition; in particular, small males paired
to large females occurred less frequently
than expected. Such size assortative mat
ing has been proposed as a means to en
sure high fertilization success in some
species of anurans (Licht, 1975; Davies
and Halliday, 1977) but it confers no such
benefit in other species (e.g., Howard,
1978; Kruse, 1981). We could also detect
no such advantage in wood frogs. Despite
considerable variation in relative sizes of
mated pairs, a random sample of 13 egg
masses deposited by pairs of unknown
size revealed no instance in which less
than approximately 97% of the eggs were
fertilized (see also Seigel, 1983).

Sexual Selection and Sex Ratios
Synchronous mating by females in a

population has been predicted to affect
the form and intensity of male-male
competition and female choice in all
species (Trivers, 1972; Wells, 1977a;
Emlen and Oring, 1977; Parker, 1983).
Although mating synchrony is a definite
factor in the wood frog mating system
(Howard, 1980; Berven, 1981), the ef
fects ofa male-biased sex ratio must also
be considered. Preponderance of males
should increase both male-male compe
tition for the relatively scarce females and
the likelihood offemale choice due to the
reduction in time and energy spent lo
cating a large number of males when
searching for a suitable mate (Parker,
1983).

Emlen and Oring (1977) suggest that
the operational sex ratio (OSR), the ratio
ofthe number ofadult males to the num
ber of receptive females at any point in
time, estimates the intensity ofsexual se
lection. This measure has several poten
tial methodological pitfalls (Kluge, 1981
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p. 135) and may be less useful in pre
dicting selection intensity than are mea
sures incorporating the amount of vari
ation in RS (Wade, 1979; Wade and
Arnold, 1980; Howard, 1983); however,
the OSR should serve as a reasonable
index of the intensity of male-male com
petition because it measures the scarcity
of a limiting resource-females. In our
population, we estimate that the OSR av
eraged 16:1 during peak mating activity
in 1980, and that the OSR was consid
erably higher in the vicinity of the egg
deposition site. Species with more pro
longed breeding seasons seem to have
lower OSR values than those we ob
served for wood frogs. For example, the
OSR for Hyla rosenbergi ranged from
6.9:1 to 9.3:1 (Kluge, 1981), and for Rana
catesbeiana the OSR was 5.7:1 (Emlen,
1976). Presumably, the overall male
biased adult breeding sex ratio largely
contributed to the relatively high OSR in
wood frogs; overall adult breeding sex
ratios in H. rosenbergi and R. catesbei
ana were close to 1:1.

Although a high OSR may increase the
likelihood ofselection for mate choice by
females, the tendency of males to grasp
anything nearby that could be a female
should reduce a female's ability to eval
uate males without being clasped. In ad
dition, the intense male-male competi
tion for paired females could result in
injury or death to females that attempt
male choice after initial pairing. Proxi
mate benefits of mate choice are not ob
vious. Males do not defend resources re
quired by females. Potential long-term
benefits include selection of mates with
higher genetic quality as reflected by fast
er growth rate or greater ability to survive
to old age (e.g., Trivers, 1972; Borgia,
1979; but see Lande, 1981; Kirkpatrick,
1982). While these benefits are possible
in wood frogs, the relatively low varia
tion in growth rate of similarly-sized
males (Fig. 2) and their short lifespan,
regardless of size, render these consid
erations unlikely.

Considerable variation exists within
each sex in zygote production. Body size

explains much more of this variation in
females than males, R2 = 0.946 vs. 0.429,
respectively. Much of the unexplained
variation in male RS could result from
the male-biased sex ratio; that is, even in
the absence of male-male competition
and female choice, 57.6% of the males
must go unmated. By contrast the effects
of polygyny resulted in only 3.3% of the
males going unmated (see Appendix). Sex
ratio bias must produce a significant ran
dom component of the variation in male
RS. But how large? A crude estimate pre
dicts that it could account for as much
as 66% of the total variation in male RS.
Although this prediction is most proba
bly an overestimate, it suggests that the
remaining 57.1% of unexplained varia
tion in male RS could easily be due to
chance rather than unmeasured pheno
typic traits. For this reason, we suspect
that the relative variability in RS be
tween the sexes potentially affecting sex
ual traits is much closer to 1.63, the sex
ratio-corrected estimate of male CV/fe
male CV, than to 4.74, the CV ratio ob
tained when sex ratio bias is not consid
ered. Complications in comparing RS
variation between the sexes have been
noted by other authors (e.g., Payne and
Payne, 1977) and have recently been in
corporated into statistical estimates of
male RS (Wade and Arnold, 1980). How
ever, we suggest that before a sex ratio
bias is considered as an aspect of sexual
selection (e.g., Price, 1984), experiments
should be performed that quantify how
differences in overall sex ratio within a
species influence relative variation in RS
between the sexes.

Sexual Selection and Dimorphism

Numerous investigators have reported
that female wood frogs exceed males in
body size (e.g., Wright and Wright, 1949;
Bellis, 1961; Wells, 1978; Howard, 1980;
Berven, 1981), as is typical ofanuran
species in which males do not engage in
combat for mating territories or females
(Wells, 1978; Shine, 1979; Woolbright,
1983). Similar results occurred in the
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our population: .x female body size =
42.86, SD = 3.28, N = 539; .x male body
size = 39.77 mm, SD = 2.33, N = 1,598.
Relating the size dimorphism pattern of
wood frogs to sexual selection requires
several types of information for each sex
including how body size influences sur
vival (Lande, 1980), how RS varies with
body size, and the functional relationship
between body size and RS.

The functional relationship between
female body size and RS is straightfor
ward: variation in RS results from the
volume ofeggs that females can hold, and
egg capacity increases directly with fe
male size. The situation is more complex
for males. Males employ numerous mat
ing behaviors that could influence their
RS. Our results suggest that large male
size only increases their ability to remain
clasped to females when paired and to
depose males amplexed to other females.
Variation in male body size may have
little or no effect on performance ofother
male mating behaviors. Large male size
may confer reproductive advantages by
influencing overall strength needed in
male-male competition. Alternatively, at
least some of the observed effect of body
size on RS might result from correlations
between body size and other phenotypic
characteristics that more directly affect
RS.

Our arm length analysis suggests that
the correlation between male body size
and RS could be an incidental effect of
the relationship between male size and
arm length. However, this result is also
consistent with several other hypotheses,
and more supporting data are necessary
before any firm conclusions can be
reached. Data on the biomechanics of
arms during amplexus and a comparative
survey of other species might be espe
cially revealing. Relative to the latter, we
predict that sexual differences in the arm
length-body size relationship should be
more common in species like wood frogs
in which males primarily compete for fe
males that are already in amplexus. In
species with male combat, overall
strength (hence large body size) may con-

tribute more to success in wrestling con
tests than clasping ability. As a result,
males may be similar to females in arm
length but may differ in other regards (e.g.,
diameter ofarm bones, arm muscle bulk).

Many studies ofanurans have reported
male size advantages in reproduction
(e.g., Wells, 1977b; Howard, 1978;
Woodward, 1982; Ryan, 1983). Unfor
tunately, few ifany phenotypic attributes
were usually measured other than male
size (but see Ryan, 1980a, 1983). The
proximate mechanisms used by males to
obtain mates often differ dramatically
among species, and it is likely that var
ious phenotypic characters correlated
with male body size may affect repro
ductive success as much or more than
body size itself. Future studies of sexual
selection should include measurements
of numerous male and female character
istics that can be predicted to influence
RS, as well as measurements of repro
ductive parameters (Arnold and Wade,
1984). Only in this manner can specific
hypotheses be tested concerning the phe
notypic consequences ofsexual selection.
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ApPENDIX

The methods used to estimate annual mating and
reproductive success in wood frogs are complicated
because the effects of both polygyny and sex ratio
bias must be considered. Our calculations are based
on the 1981 breeding season. In that year, the breed
ing population contained 4,631 males and 1,964
females; these figures differ from those reported in
Figure IB because they have been corrected for the
accidental deaths of individuals that occurred dur
ing our handling procedures.

Data used in estimating mating and reproductive
success in our study come from a sample of 568
pairs ofwood frogs that we observed produce fertile
egg masses. Females mated with one male, whereas
males mated with as many as three females. As a
result, our sample consisted of568 females and 524
males. Body sizes ofall parents were measured im
mediately after oviposition.

Mating Success.- Table 4 summarizes the mat
ing patterns for male and female wood frogs. For
both sexes, we report the number and relative fre-

TABLE 4. Number of male wood frogs in three categories of mating success and number of females that
mated with males of each category.

Males Females
Male mating

success Number Sample Number Sample Estimated number
category observed frequency observed frequency in population

Monogamy 482 0.9199 482 0.8486 1,667
Bigamy 40 0.0763 80 0.1408 276
Trigamy 2 0.0038 6 0.0106 21
Totals 524 1.0000 568 1.0000 1,964
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TABLE 5. Estimated number ofmatings per male
wood frog in the population.

1981

o

Number of
males 2,819 1,667 138 7

Sample
frequency 0.6087 0.3621 0.0298 0.00 IS

quency ofindividuals categorized by their own mat
ing success (males) or that oftheir mates (females).
For females, we extend our sample data to predict
the number ofeach type offemale in the population.
Similar population estimates for males require in
formation on the effects of polygyny and sex ratio
(Table 5). First, the number ofmales obtaining one
mating is 1,667 (the number of females that mated
with monogamous males); the number of males
achieving two matings is 138 (half the number of
females that mated with bigamous males); and the
number ofmales achieving three matings is 7 (one
third the number of females that mated with triga
mous males). Thus, 1,812 males (39.1%) mated at
least once and 4,631 - 1,812 = 2,819 males went
unmated (Table 5). Of the 2,819 unmated males,
4,631 - 1,964 = 2,667 males (57.6%) did not mate
because of the shortage of females; the remaining
2,819 - 2,667 = 152 males (3.3%) went unmated
as a result ofthe polygynous activity ofother males.
The estimated frequencies and the mating success
statistics (x = 0.425, SO = 0.559, CV = 131.53)
were then extrapolated to the entire male popula
tion from these data.

Reproductive Success. - Estimates are expressed
in number of zygotes per parent. Unlike the pre
ceding analysis, we base all summary RS statistics
on the original sample of 568 matings rather than
on population projections. The number of ovidu
cal eggs, illustrated in terms of body size, was used
to estimate female RS. We employed the regression
equation, Y = 51.066X - 1574.7, extracted from
the female clutch size: body size relationship, and

the body sizes of the 568 known parents to deter
mine male RS. This parameter was estimated first
for males with the highest degree of polygyny. We
solved for the number of zygotes in the last clutch
fertilized by a trigamous male, using the regression
equation and the body size of the female parent
involved. Because we did not record the identity of
each individual male in our sample, the numbers
of zygotes in each of the remaining two matings
were estimated by randomly selecting a previously
mated male of the same body size as the trigamous
male in question and, with the size of that male's
mate, solving for number ofzygotes. The same pro
cedure was used to estimate the numbers ofzygotes
in the clutches sired by bigamous individuals. Mo
nogamous males were all those males remaining in
the sample, and their RS was determined using the
described regression technique.

Some number of unmated males must be includ
ed in our sample if the estimate of average male
RS is to reflect accurately all degrees of mating suc
cess that occur in the population. We know that a
total of 524 males actually mated in our sample of
568 observed matings. To estimate the number of
unmated males relevant to 568 females we solved
for number of males (X) by using the overall pop
ulation sex ratio,

X 4,631
568 = 1,964 '

X= 1,339,

and subtracting the number ofmales known to have
mated in the observed sample (1,339 - 524 = 815).
Thus, 815 entries of males siring zero zygotes were
used to estimate male RS statistics (x = 244.10,
SO = 334.56, CV = 137.06). For a hypothetical
population with a I: I sex ratio, we assumed our
sample consisted of 568 males and 568 females.
Because 524 males mated successfully, 44 entries
of males siring zero zygotes were used to estimate
male RS statistics (x = 575.45, SO = 270.41,
CV = 46.99).


