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Current Zoology 60 (6): 768-777, 2014

The evolution of copulation frequency and the mechanisms
of reproduction in male Anolis lizards

Michele A. JOHNSON'", Maria Veronica LOPEZ', Tara K. WHITTLE',
Bonnie K. KIRCHER', Alisa K. DILL', Divina VARGHESE', Juli WADE?

! Trinity University, Department of Biology, One Trinity Place, San Antonio, Texas 78212, USA
? Michigan State University, Departments of Psychology and Zoology, East Lansing, Michigan 48824, USA

Abstract The evolution of many morphological structures is associated with the behavioral context of their use, particularly for
structures involved in copulation. Yet, few studies have considered evolutionary relationships among the integrated suite of
structures associated with male reproduction. In this study, we examined nine species of lizards in the genus Anolis to determine
whether larger copulatory morphologies and higher potential for copulatory muscle performance evolved in association with
higher copulation rates. In 10-12 adult males of each species, we measured the size of the hemipenes and related muscles, the
seminiferous tubules in the testes, and the renal sex segments in the kidneys, and we assessed the fiber type composition of the
muscles associated with copulation. In a series of phylogenetically-informed analyses, we used field behavioral data to determine
whether observed rates of copulation were associated with these morphologies.We found that species with larger hemipenes had
larger fibers in the RPM (the retractor penis magnus, a muscle that controls hemipenis movement), and that the evolution of larg-
er hemipenes and RPM fibers is associated with the evolution of higher rates of copulatory behavior. However, the sizes of the
seminiferous tubules and renal sex segments, and the muscle fiber composition of the RPM, were not associated with copulation
rates. Further, body size was not associated with the size of any of the reproductive structures investigated. The results of this
study suggest that peripheral morphologies involved in the transfer of ejaculate may be more evolutionarily labile than internal

structures involved in ejaculate production [Current Zoology 60 (6): 768777, 2014].

Keywords Anolis, Copulation, Hemipenes, Lizards, Reproduction, Reptiles

The behavioral context in which a morphological
structure is used can determine the selective pressures
that drive its evolutionary trajectory. This relationship is
well known in the context of copulation, in which varia-
tion in morphologies that facilitate mating behaviors is
often strongly associated with the evolution of mating
systems. In particular, species in which males expe-
rience strong sexual selection, and/or those that copulate
frequently, often evolve enhanced copulatory structures.
For example, testis size is associated with mating strate-
gy in taxa as diverse as primates (Harcourt et al., 1995),
bats (Pitnick et al., 2006), birds (Birkhead and Mgller,
1992), frogs (Byrne et al., 2002), and butterflies (Gage,
1994); males of species who experience greater sperm
competition generally have larger testes (reviewed in
Lupold et al., 2014). In addition, interspecific variation
in penis size and shape are associated with mating sys-
tem across many invertebrate and mammalian taxa (re-
viewed in Hosken and Stockley, 2004), and variation in
male phallus length in waterfowl is likely due to varia-
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tion in the strength intersexual selection across species
(Brennan et al., 2007). Successful copulation requires
the integration of multiple structures that serve diverse
physiological and behavioral functions, and thus selec-
tion likely acts concurrently on these structures. How-
ever, the multiple components underlying copulation are
rarely evaluated in a single study. Here, we examined
the morphology and physiology of the suite of struc-
tures that underlie ejaculation in a group of Anolis lizard
species to determine if these traits evolved in associa-
tion with copulation behavior.

Detailed descriptions of reptilian reproductive struc-
tures have revealed that they are often highly variable
among species (e.g., Dowling and Savage, 1960; Arnold,
1986), yet studies of this variation in relation to mating
system or copulation behaviors remain relatively rare.
Reptiles provide an excellent taxonomic group in which
to study relationships between copulatory morphologies
and behaviors, as their reproductive behaviors are easily
observed in their natural environments, mating strate-
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gies vary among species (e.g., Stamps, 1983; Tokarz,
1995), and the relevant structures are well described
(e.g., Wade, 2005). Other taxa present more challenges
to these types of investigations. For example, mammal
and insect copulatory structures have been frequently
studied, but it is often extremely difficult to observe
reproductive behaviors in the wild. In contrast, while
the behaviors of some fishes and particularly birds can
be more readily monitored, these groups of organisms
generally do not have penes, so comparisons involving
copulatory organ structure are not feasible.

Although the gross anatomy of the male reproductive
system of reptiles is similar to other amniotes, several
important distinctions exist between reptilian reproduc-
tive morphology and that of other vertebrate taxa (re-
viewed in detail in Gist, 2011; Kumar et al., 2011; Fig.
1). In brief, sperm is produced in the seminiferous tu-
bules of the two testes, where it empties into bilateral
efferent ductules that lead to the epididymides (Jones,
1998), the main locations of male sperm storage in rep-
tiles. As in mammals, each epididymis is a highly coiled
tube adjacent to a testis. The caudal end of the epididy-
mis becomes the ductus deferens (or, vas deferens),
which leads to the penile groove of one of the two
paired copulatory organs called hemipenes. From this
groove, the sperm is transferred to a female during co-
pulation (Gist, 2011).

Testis -

Fig. 1 Morphological structures involved in lizard copu-
lation

CF = caudofemoralis, RPM = retractor penis magnus, TPN = trans-
versus penis magnus. When not everted, the hemipenis lies largely
under the TPN. Line drawing by Terrin N. Blackmon.

In contrast to mammals, however, there are no ac-
cessory sex glands in male reptiles except the renal sex
segments of the kidneys, structures found only in lizards
and snakes (Gist, 2011; Kumar et al., 2011). Secretions
from the renal sex segments are thus the major compo-
nent of male semen. These structures are responsive to
androgens (e.g., Prasad and Reddy, 1972; Crews, 1980;
Neal and Wade, 2007a), and increase to their maximum
size during the period of sperm production (Holmes and
Wade, 2004; Sever and Hopkins, 2005).

Copulation in lizards and snakes occurs when a male
mounts a female, positions his pelvis under hers, and
everts one of his two bilateral hemipenes into her cloac-
al vent (Crews, 1978; Shine et al., 2000). Movement of
the independently-controlled hemipenes is directed by a
pair of ipsilateral muscles in the rostral region of the tail
(Fig. 1). Eversion through the cloacal vent is caused by
contraction of the transversus penis (TPN) muscles, and
after copulation, retraction of the hemipenes back into
the tail occurs via contraction of the retractor penis
magnus (RPM; Arnold, 1984).

Few studies to date have investigated the evolution
of the mechanistic traits underlying copulatory beha-
viors of reptiles in general, and lizards in particular (but
see Gredler et al. 2014 for a recent review of genital
development in reptiles). Yet, studies examining varia-
tion in these traits within single species (a literature
comprehensively reviewed in Norris and Lopez 2011)
provide a wealth of data from which to base evolutio-
nary hypotheses, as morphological and physiological
traits that vary among individuals with differing copu-
latory behaviors may be those most likely to vary across
species with different mating systems. For example, the
structures that support male copulation are commonly
absent or reduced in size in females: female renal sex
segments in lizards are dramatically smaller than those
in males, and females of many species lack hemipenes
and the muscles that move them altogether (e.g., Ray-
naud and Piecau, 1985; Ruiz and Wade, 2002; Kumar et
al., 2011; but see Holmes et al., 2005). Further, many
lizards breed seasonally, with cyclical transitions in
morphology and behavior that are primarily activated
by increased circulating sex steroid hormones. However,
while some copulatory structures change in size with
season (most notably, testes and renal sex segments; e.g.,
Holmes et al., 2005; Neal and Wade, 2007a), compari-
sons between intact (non-gonadectomized) males in the
breeding and nonbreeding seasons have generally
shown few differences in other copulatory morpholo-
gies (e.g., Holmes and Wade, 2004, 2005). In addition,
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tests of breeding vs. nonbreeding males have revealed
changes in the fiber type composition of the muscle that
controls extension of the anole dewlap (a throat fan in-
volved in courtship and aggressive behavior), demon-
strating seasonal variation in the physiological capacity
of this muscle (Holmes et al., 2007; although this study
did not find a seasonal effect on fiber type composition
within the RPM). Finally, Neal and Wade (2007b) con-
sidered the behavioral implications of morphological
variation among breeding season male lizards and found
that breeding male green anoles Anolis carolinensis that
copulated more frequently displayed enhanced renal sex
segments, larger fibers in the muscle that moves the
dewlap (but not the RPM muscle), and larger somata in
the amygdala, a brain region involved in the display of
sexual behaviors.

The goal of this study was to determine the evolu-
tionary relationships between the frequency of copula-
tion behavior (an important component of a species'
mating system) and the morphology and physiology of a
group of structures that support copulation. In this study,
we used nine species of Anolis lizards that exhibit sub-
stantial variation in mating behavior.We used phyloge-
netically-informed statistical analyses to test the fol-
lowing evolutionary predictions, extending from the
traits identified in the single-species studies described
above: 1) species with larger copulatory morphologies
have evolved higher copulation rates, and 2) species
with the potential for higher performance in copulatory
muscles, as measured by muscle fiber type, have
evolved more frequent use of the copulatory muscles.
We also examined relationships among the copulatory
morphologies themselves to determine whether these
traits evolved together in this group.

1 Materials and Methods

1.1 Morphological measurements

Adult male lizards were captured by hand or noose
during the summer breeding season (May-July) from
the localities listed in Johnson and Wade (2010), with
Anolis brevirostris, A. coelestinus, A. cybotes, A. olssoni
collected near Baoruco, Dominican Republic; 4. baho-
rucoensis collected near Polo, Dominican Republic; A.
grahami, A. lineatopus, and A. valencienni collected on
the north shore of Jamaica; and 4. carolinensis collected
in southern Louisiana, USA. These lizards were the
same individuals from which tissues were collected for
the study described in Johnson and Wade (2010). Each
animal was kept in an air-filled plastic bag until mea-
surements were taken. Following transportation to a

field laboratory near each collection site, we measured
each lizard's snout-vent length (SVL) using a ruler, and
mass using a Pesola spring scale. Each animal was then
rapidly decapitated (the average time from field capture
to decapitation was 82 min). After confirming that each
male had large, vascularized testes (indicating that it
was in breeding condition), we immediately collected
the testes, kidneys, and a portion of the tail that included
the hemipenes and associated muscles, and all tissues
were frozen on dry ice. Tissues were transported on dry
ice to Michigan State University, where they were
stored at -80°C until further processing.

Frozen tissues were sectioned at 20 um and stained
using hemotoxylin and eosin. All subsequent measure-
ments were performed with the observer blind to the
species of each tissue sample. Using Image]J (NIH)
software, for each individual we measured the cross-
sectional area of 10 renal sex segments and 30 semini-
ferous tubules. Because the seminiferous tubules are
coiled in the testes, we only measured tubules that were
round and symmetrical in a given section, to ensure that
our measures of cross-sectional area of these structures
were comparable among individuals and species. On
each side of the tail, we also measured 25 arbitrarily-
selected RPM muscle fibers at the proximal end of the
muscle, and 25 arbitrarily-selected caudofemoralis (CF)
muscle fibers in the same section of tissue, following
Ruiz and Wade (2002) and Holmes and Wade (2004).
Measures of the CF were used as a procedural control,
as this muscle occurs in the same cross-sections of tis-
sue as the RPM, but is not involved in movement of the
hemipenis during copulation. Because this muscle re-
gulates thigh movement (Snyder, 1954), there was no
reason to expect the muscle fiber size to vary with re-
spect to copulation behavior. Finally, we measured the
cross-sectional area of the hemipenes in 4 or 5 sections
of tissue at approximately 300 um intervals (Four sec-
tions were measured in species for which the length of
the hemipenes did not exceed approximately 1,000 um;
for all other species, 5 sections were measured). Meas-
ures of all morphological traits were averaged within
each individual for use in statistical analysis.

1.2 Muscle fiber typing

To obtain measures of fiber type in the RPM muscle,
we used histological stains for myosin ATPase (an indi-
cation of contraction speed; Guth and Samaha, 1969)
and succinate dehydrogenase (SDH, an indication of
metabolic capacity), following Rosen et al. (2004) and
Holmes et al. (2007). For both stains, we thawed alter-
nate sections of muscle tissue for each individual, and
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air-dried slides at room temperature for 30 min.

To stain for myosin ATPase, we placed slides in 2%
buffered paraformaldehyde (0.1 M sodium cacodylate,
0.18 M CaCl,, 0.34 M sucrose, pH 7.6) for 5 min, and
then in alkaline preincubation solution (18 mM of CaCl,
in 100 mM of alkaline buffer solution (Sigma), pH 10.3)
for 15 min. Slides were then incubated in incubation
solution (2.7 mM ATP, 50 mM KCI, 18 mM CaCl, in
100 mM alkaline buffer solution (Sigma), pH 9.4) for
60 min at 37°C. Between each step, slides were rinsed
twice in Tris buffer (100 mM Tris, 18 mM CaCl,, pH
7.8). After the incubation period, we rinsed the slides
three times in 1% CaCl,, incubated for 3 min in 2%
CoCl,, rinsed in distilled water, and then incubated for 3
min in 1% ammonium sulfide. Then, the slides were
rinsed in distilled water, and held under running deio-
nized water for 5 min. Finally, we coverslipped the
slides with Aquamount (Fisher Scientific).

To stain for SDH, after thawed sections of muscle
tissues were dry, we incubated slides for 37 min at 37°C
in 130 mM Tris buffer (pH 7.4) with 0.2 mM nitroblu-
etetrazolium (Sigma) and 60 mM sodium succinate.
Slides were then rinsed under running deionized water
for 1 min, dehydrated in a series of ethanol solutions,
cleared in xylene, and coverslipped with DPX (Fisher
Scientific).

Because RPM muscle fibers are generally homoge-
neously stained throughout the muscle of an individual
anole lizard (Holmes et al., 2007), we did not differen-
tiate among fiber types within each muscle. In all spe-
cies, RPM fibers were scored as slow-oxidative fibers
(all fibers stained light with the myosin ATPase stain,
and intermediate with the SDH stain), consistent with
Holmes et al. (2007). However, for both stains, in-
creased staining intensity indicates higher enzyme ac-
tivity, and so we calculated the average stain intensity
(measured as relative optical density, OD) for each li-
zard following Holmes et al. (2007). We calculated this
relative OD by measuring the OD in 20 arbitrarily se-
lected RPM fibers using ImageJ (NIH). We then meas-
ured OD in 10 lightly-stained fibers in the ischiocauda-
lis (IC), a muscle that stains light and dark fibers for
both enzyme stains and is visible in the same tissue sec-
tions as the RPM. Our calculation of relative OD for
each lizard was the ratio of the OD of RPM fibers to the
OD of IC fibers, a measure that controls for variation in
staining intensity among individuals, across species, and
among staining runs.

1.3 Behavioral data collection
To determine whether male copulatory morphologies

are associated with copulation rates, we used previous-
ly-collected field behavioral data from each species.
Each species was observed for a minimum of 40 hours
during the summer (June—July) breeding season, in the
same location that lizards were collected for the mor-
phological measurements described above. All observa-
tions occurred between 0600 and 1900, and never dur-
ing inclement weather (i.e., rain).

Behavioral data collection for 4. bahorucoensis, A.
coelestinus, A. cybotes, and A. olssoni from the Domi-
nican Republic and 4. grahami, A. lineatopus, and A.
valencienni from Jamaica is described in Johnson et al.
(2010). In brief, for each of these 7 species, 1-2 appro-
ximately 500 m? plots were established, and each lizard
captured within the plot was given a unique mark. Focal
observations of marked individuals generally lasted for
20 min, but for the more cryptic species 4. bahorucoen-
sis and A. valencienni, observations lasted for a maxi-
mum of 3 hours. Each lizard was observed for a maxi-
mum of five periods, or 5 hours, and data from multiple
observations of a given lizard were averaged for use in
statistical analyses. During each focal observation, all
observed behaviors were recorded, including copula-
tions. Observations of A. brevirostris in the Dominican
Republic (described in Johnson and Wade, 2010; Cook
et al., 2013) and A. carolinensis in Louisiana (described
in Johnson et al., 2011) were similar, except that un-
marked lizards were observed. A copulation rate (num-
ber of copulations per hour) was calculated for each
individual, and averaged for each species for use in
subsequent analyses.

1.4 Statistical analyses

We conducted a series of ANOVAs, followed by Tu-
key's HSD post hoc tests, to determine whether species
differed in each of the morphological traits: SVL; mass;
cross-sectional areas of seminiferous tubules, renal sex
segments, hemipenes, and RPM muscle fibers; and rela-
tive OD from myosin ATPase and SDH stains (A multi-
variate analysis was not appropriate in this case, be-
cause due to histological artifacts, not all measures were
available for all lizards). We also conducted a series of
ANCOVAs, with SVL as the covariate, to determine
whether species differed in these traits when controlling
for variation in body size.

To determine whether morphological traits evolved
in association with each other and/or with copulation
rates, we used a series of phylogenetically-informed
statistical analyses, performed using the phylogeny of
Anolis lizards in Rabosky and Glor (2010) and pruned
to only include the species in this study (Fig. 2). We
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Fig. 2 Phylogeny of nine Anolis lizard species used in this
study, pruned from the anole phylogeny in Rabosky and
Glor (2010)

calculated phylogenetic independent contrasts (Felsens-
tein, 1985) on species' averages for all morphological
traits and copulation rate using the ape package (Paradis
et al., 2004) in the statistical program R (R Core Team,
2013).

To determine relationships among morphological
traits, we used contrast data for each pair of traits to
calculate uncentered correlations (analogous to forcing
a regression through the origin; Garland et al., 1992).
We determined the p-value for each correlation by forc-
ing the regression of each pair of traits through the ori-
gin, using the statistical program SPSS. Further, to de-
termine whether copulation rate was associated with
morphological traits across species, we performed a
stepwise multiple regression, forced through the origin,
where contrasts for copulation rate was the dependent
variable and contrasts of the copulatory morphologies
(listed above) were the independent variables.We also
conducted a similar, non-phylogenetic stepwise regres-
sion using species averages for each trait.

To compare the strength of the relationships between
copulation rate and two highly correlated traits (hemi-
penis size and RPM fiber size), we performed an Akaike
information criteria (AIC) model selection test using the
MuMIn package (Barton, 2012) in R. We generated the
AIC analyses from a multiple linear regression with
both hemipenis size contrasts and RPM size contrasts as
independent variables and copulation rate contrasts as
the dependent variable. We evaluated models based on
their AAICc values, used to compare the strength of
each model to the highest-ranked model, and used
Akaike weights (w) to evaluate the likelihood that a
given model was the strongest predictive model.

Because SVL exhibited non-significant but moderate
correlations with hemipenis and RPM fiber sizes (see
Results), we also conducted regression analyses testing

the relationship between contrasts of each of these traits
and copulation rates, including SVL contrasts as a cova-
riate.

2 Results

2.1 Differences among species in copulatory mor-
phologies

The nine species of anoles displayed significant dif-
ferences in body size (SVL and mass) and most of the
copulatory morphologies, including sizes of the semini-
ferous tubules, hemipenes, and RPM fibers, and the
relative OD of SDH stains (Tables 1 and 2). However,
three traits did not differ among species: the size of the
renal sex segments in the kidneys, the muscle fiber size
in the CF (the procedural control measure), and the rela-
tive OD of myosin ATPase stains, for which there were-
marginally significant differences among species (Tables
1 and 2). When controlling for differences among spe-
cies in body size, SVL was a significant covariate for
each trait (all P < 0.02), and all morphological traits
significantly differed among species (all P < 0.04) ex-
cept CF fiber size (P = 0.37).
2.2 Evolutionary relationships among copulatory
morphologies

Correlation analyses among copulatory morphologies
revealed a strong positive relationship between hemipe-
nis size and the fiber size of the RPM, a muscle that
moves the hemipenes (Table 3; Fig. 3). Further, SVL
and mass were positively correlated with one another
and with the size of CF muscle fibers, and SVL was
correlated with the density of SDH staining (Table 3).
Other measures of copulatory morphology were not
correlated with one another, and most were not corre-
lated with body size (Table 3).
2.3 Relationships between copulatory morpholo-
gies and copulation rates

To determine the relationship between copulation
rates and copulatory morphologies, we conducted a
stepwise multiple regression using all morphological
traits. Hemipenis size was revealed to be the strongest
predictor of the evolution of copulation rates (Fy; =
7.88, P = 0.026, R* = 0.53), with all other morphologi-
cal traits excluded in this analysis, such that lineages
with larger hemipenes copulated with higher frequency.
However, a nonphylogenetic analysis indicated that
RPM fiber size was the strongest predictor of copulation
rate (Fy; = 12.8, P = 0.009, R? = 0.65). Because con-
trasts of hemipenis size and RPM fiber size were
strongly correlated (Table 3), we also conducted a re-
gression with RPM contrasts as the only independent
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Table 1 Morphological trait means (and standard error) for nine Anolis lizard species

SVL Mass (g) Seminif::::rl:lg)Tubules Renal S(re;;r:ze)gments He(l::lill::;;les

A. bahorucoensis 41.3%(0.75) 1.3%(0.08) 0.134% (0.008) 0.0194* (0.0018) 0.81% (0.16)
A. brevirostris 44.0° (0.54) 2.5%(0.08) 0.183% (0.007) 0.0150° (0.0026) 1.89% (0.14)
A. carolinensis 62.8" (0.87) 5.3%4(0.12) 0.140% (0.014) 0.0184 (0.0015) 2.79% (0.28)
A. coelestinus 64.0° (1.38) 6.2° (0.40) 0.140° (0.008) 0.0149° (0.0011) 172" (0.20)
A. cybotes 61.3 (1.79) 6.7% (0.60) 0.227° (0.009) 0.0230° (0.0019) 2.31(0.30)
A. grahami 60.2° (1.41) 5.9 (0.48) 0.166 (0.014) 0.0179* (0.0021) 2.20% (0.44)
A. lineatopus 58.3° (1.00) 4.8*(0.23) 0.217°(0.015) 0.0174* (0.0011) 1.00% (0.14)
A. olssoni 42.9° (1.35) 1.2 (0.31) 0.143" (0.011) 0.0188"(0.0016) 0.80° (0.14)
A. valencienni 62.5% (0.58) 42°(0.18) 0.202™ (0.003) 0.0186" (0.0016) 3.819(0.17)

RPI(\;lufliZ;)ers CF Fibers (um?) l\;ll{gls;iliiT(l)’]a)s)e SDH (Relative OD) Copulation/h
A. bahorucoensis 550° (70) 2783 (193) 0.93% (0.05) 0.97* (0.008) 0.00%
A. brevirostris 9934 (58) 2906" (252) 1.01* (0.07) 0.95* (0.006) 0.16
A. carolinensis 759" (143) 3191 (236) 1.11*(0.07) 1.00° (0.010) 0.10
A. coelestinus 651™ (90) 3386 (222) 1.10% (0.04) 1.01° (0.004) 0.03
A. cybotes 11484 (201) 3436" (341) 0.89% (0.05) 0.99" (0.012) 0.05
A. grahami 12947 (143) 3709° (374) 0.82° (0.09) 0.98% (0.005) 0.23
A. lineatopus 769 (85) 3529° (392) 0.98° (0.03) 1.00° (0.005) 0.14
A. olssoni 485° (137) 2493* (308) 0.96° (0.04) 0.98% (0.005) 0.00%
A. valencienni 1232% (65) 3107* (223) 0.97* (0.04) 1.00° (0.006) 0.28

Values with different superscripts are statistically different (P < 0.05) in Tukey's HSD post hoc tests. 1 indicates species for which no copulations
were observed during focal observation periods (although copulations in these species were observed at other times). CF = caudofemoralis, OD =
optical density, RPM = retractor penis magnus, SDH = succinate dehydrogenase, SVL = snout-vent length.

Table 2 ANOVAs comparing morphological traits across
nine Anolis species. Each trait was analyzed in a separate

ANOVA
df F P
SVL 8, 106 74.7 <0.001
Mass 8, 106 432 <0.001
Seminiferous Tubules 8, 106 10.4 <0.001
Renal Sex Segments 8, 106 1.69 0.109
Hemipenes 8,106 9.89 <0.001
RPM Fibers 8, 106 6.54 <0.001
CF Fibers 8, 106 1.76 0.094
Myosin ATPase 8, 106 2.01 0.059
SDH 8, 106 431 <0.001

CF = caudofemoralis, RPM = retractor penis magnus, SDH = succi-
nate dehydrogenase, SVL = snout- vent length.

variable, and found that RPM fiber size is also a sig-
nificant predictor of the evolution of copulation rate
(F17 =139, P =0.030, R* = 0.51). AIC analyses com-
paring independent contrasts of both predictor variables
yielded a best model with hemipene size only (AAICc =

-52.7). This model was supported with an Akaike’s
weight (w) of 0.474, indicating that there is a probabili-
ty of 47.4% that this is the best model. The next best
model included RPM size only (AAICc = -52.6); this
model had approximately the same support as the he-
mipene model with a w of 0.453. The model including
both RPM size and hemipenis size contrasts had the
lowest support (AAICc =-49.0, w = 0.072).

Although hemipenis and RPM fiber sizes were not
significantly correlated with SVL in this dataset (Table
3), the r values for these correlations were moderate
(greater than 0.4). Therefore, to confirm that differences
in body size were not driving the results of our analyses,
we repeated the regressions between contrasts of these
morphologies and copulation rate including SVL con-
trasts as a covariate. The loss of statistical power in
these analyses, resulting from the loss of a degree of
freedom from the covariate, caused the results to be
marginally significant, but the relative effect sizes allow
us to assess the potential impact of SVL on the copula-
tion morphologies. In the analysis with hemipenis size
and SVL (F, = 3.49, R* = 0.54, P = 0.099), hemipenis
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Table 3 Uncentered correlations among copulatory morphologies in nine species of Anolis lizards

Mass Sel}‘i‘:ﬁ::us g:;;ﬂeiet: Hemipenes ;}ll:rs CF Fibers ,1:[]2,;:1;; SDH
SVL 0.901** 0.278 -0.006 0.582 0.433 0.706* 0.309 0.798*
Mass 0.290 0.005 0.345 0.501 0.899** 0.069 0.557
Seminiferous Tubules 0.333 0.222 0.415 0.269 -0.071 0.118
Renal Sex Segments 0.122 0.206 -0.056 -0.509 -0.008
Hemipenes 0.667* 0.062 0.244 0.302
RPM Fibers 0.465 -0.405 -0.101
CF Fibers -0.172 0.372
Myosin ATPase -0.481

** indicates P < 0.001, * indicates P < 0.05. SVL = snout-vent length, RPM = retractor penis magnus, CF = caudofemoralis, SDH = succinate de-

hydrogenase.

Anolis grahami

hemipenis

RPM muscle

Anolis lineatopus

5%

hemipenis
500 pm
—_

R %,
S

Fig.3 Representative hemipenis and RPM fiber sizes of two species similar in body size, but differing in copulation rates
Anolis grahami exhibits high copulation rates and has large hemipenes and fibers in the RPM, a muscle that moves the hemipenes. Anolis lineatopus
exhibits low copulation rates, and has small hemipenes and RPM muscle fibers.

size had a stronger relationship with copulation rate (stan-
dardized B coefficient = 0.66, P = 0.100) than SVL (stan-
dardized f coefficient = 0.11, P = 0.75). Likewise, in the
analysis with RPM (F,4 = 3.49, R* = 0.56, P = 0.099),
RPM size also had a stronger relationship with copula-
tion rate (standardized B coefficient = 0.62, P = 0.087)
than SVL (standardized B coefficient = 0.23, P = 0.47).

3 Discussion
The findings of this study indicate that, independent-

ly of body size, species that copulate more frequently
evolved larger male copulatory organs (i.e., hemipenes)
and larger fibers in the muscles that control the move-
ment of those organs. However, the performance capaci-
ty of the hemipene-associated RPM muscle, as meas-
ured by fiber type composition, did not vary with the
frequency of copulation behavior. In addition, we found
no evidence that the two primary structures involved in
production of the ejaculate (seminiferous tubules in the
testes and renal sex segments in the kidneys) evolved in
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association with copulation frequency.

The relationship between hemipenis size and RPM
muscle fiber size in our data is an intuitively appealing
one, as a larger structure logically requires larger mus-
cle fibers to control its movement. This finding is sup-
ported by the results of intraspecific studies of diverse
taxa, in which larger structures are used more frequently
and supported by larger muscles (e.g., clawed frogs:
Sassoon and Kelley, 1986; midshipmen fish: Bass, 1990;
zebra finches: Arnold, 1997; Wade, 2001). Further, our
finding that larger hemipenis sizes have evolved in as-
sociation with greater copulation frequency across spe-
cies is consistent with a general intraspecific pattern in
invertebrate and mammalian taxa that larger penes are
associated with increased male fitness (reviewed in
Hosken and Stockley, 2004). However, the tight colli-
nearity of hemipenis and RPM fiber sizes makes it dif-
ficult to determine whether either one is the primary
mechanism driving the evolution of copulation fre-
quency, or if copulation frequency is primarily the result
of the behavioral integration of the functions of these
two traits.

In addition, the present study cannot directly distin-
guish whether more frequent behavioral use of the he-
mipenes results in the growth of larger hemipenes and
associated musculature, or whether the larger size of the
structures in some species has evolved to facilitate their
more frequent use. With regard to muscle fiber size and
use, "training effects" — in which the use of a muscle
results in its growth — are common in mammalian taxa,
but there remains no evidence in squamate reptiles of an
increase in fiber size directly caused by muscle use on
the order of the interspecific differences in fiber size
reported here (Eme et al., 2009, but see Husak et al. in
review). Thus, larger muscle fibers may be more likely
to support increased behavioral use of the hemipenes in
frequently copulating species, rather than their frequent
use causing the growth of larger fibers.

Surprisingly, while the species in this study differed
in the sizes of the seminiferous tubules, this trait was
not associated with copulation frequency. Perhaps vari-
ation in sperm morphology, number, or swimming
speed (reviewed in Simmons and Fitzpatrick, 2012) is
more closely associated with copulation rate among
anoles than the size of the seminiferous tubules. In ad-
dition, a relationship between overall testis size and
mating system has been reported in many animal taxa,
including mammals, birds, reptiles, amphibians, and
invertebrates (reviewed in Calhim and Birkhead, 2007),
and testis size, while not measured here, may be a

stronger predictor of copulation rate than seminiferous
tubule size. Further, we found that the size of the renal
sex segments, the sole accessory glands contributing to
male semen in reptiles, did not differ across anole spe-
cies. This suggests that a seasonal threshold effect might
occur, in which the increased testosterone associated
with the onset of the summer breeding season causes
the renal sex segments to increase to the size needed to
produce the fluids in the ejaculate (e.g., Prasad and
Reddy, 1972; Crews, 1980; Neal and Wade, 2007a), but
once that size is attained, further growth has no benefit.

Additionally, we found no association between RPM
fiber type composition and copulation rates across anole
species. This finding is consistent with the results of
Holmes et al. (2007), who found no variation within
green anole Anolis carolinensis RPM fiber type across
season or testosterone treatments. Together, these results
indicate that fiber type variation is not associated with
intra- or interspecific variation in copulatory behaviors.

In sum, the results of this study propose that the pe-
ripheral reproductive morphologies (hemipenes and
associated musculature) are more evolutionarily labile
than internal copulatory structures. While the docu-
mented variation in reptile hemipenis morphology (e.g.,
Dowling and Savage, 1960; Arnold, 1986) indicates that
this trait is particularly labile, our study suggests that at
least one aspect of this variation (size) is directly asso-
ciated with copulation behaviors. In addition, our find-
ing that the fiber size of a muscle that controls hemipe-
nis movement is positively associated with the size of
the hemipenes and the frequency of their use contrasts
with the results from a similar study of the dewlap and
associated musculature in the same group of species, in
which muscle fiber size was not related to dewlap size
or behavioral use (Johnson and Wade, 2010). Thus, simi-
lar morphological traits may evolve differently with
regard to the specific behaviors they support. By simul-
taneously considering multiple components of the re-
productive system, we can begin to determine how
morphological variation in these traits is associated with
the evolution of the copulation behaviors that determine
mating strategies.

Acknowledgements We thank the members of the Johnson
Lab at Trinity University, particularly Mary Camp, Roxana
Khozein, Diego Castro, and Tarick Megahed for their assis-
tance with morphological data collection; Kevin Mclntyre for
statistical advice; and Ariel Kahrl and an anonymous reviewer
for insightful comments on an earlier version of this manu-
script. For logistical support in the field, we thank the staffs of



776 Current Zoology

Vol. 60 No. 6

Circle B Farm and Discovery Bay Marine Laboratory in Ja-
maica; Coralsol Beach Resort and the people of Polo in the
Dominican Republic; and Jean Lafitte National Park, Barata-
ria in Louisiana. This work was supported by a Michigan State
University Provost Office Postdoctoral Fellowship to M.A.J.,
Trinity University's New Faculty Development Funds to
M.A.J., NSF 10S-0742833 to J.W., and NSF 10S-1257021 to
M.AJ.

References

Arnold EN, 1984.Variation in the cloacal and hemipenial muscles
of lizards and its bearing on their relationships. Symp. Zool.
Soc. Lond. 52: 47-85.

Arnold EN, 1986. The hemipenis of lacertid lizards (Reptilia:
Lacertidae): Structure, variation and systematic implications. J.
Nat. Hist. 20: 1221-1257.

Arnold AP, 1997. Sexual differentiation of the zebra finch song
system: Positive evidence, negative evidence, null hypothesis,
and a paradigm shift. J. Neurobiol. 33: 572-584.

Barton K, 2012. MuMIn: Multi-model inference. R package,
version 1.7.11. Available via http://CRAN.R—project.org/package=
MuMIn.

Bass AH, 1990. Sounds from the intertidal zone: Vocalizing fish.
Bioscience 40: 249-258.

Birkhead TR, Moller AP, 1992. Sperm competition in birds. Lon-
don: Academic Press.

Brennan PLR, Prum RO, McCracken KG, Sorenson MD, Wilson
RE et al., 2007. Coevolution of male and female genital mor-
phology in waterfowl. PLoS ONE 2(5): e418.

Byrne PG, Roberts JD, Simmons LW, 2002. Sperm competition
selects for increased testes mass in Australian frogs. J. Evol.
Biol. 15: 347-355.

Calhim S, Birkhead TR, 2007. Testes size in birds: Quality versus
quantity-Assumptions, errors, and estimates. Behav. Ecol. 18:
271-275.

Cook EG, Murphy TG, Johnson MA, 2013. Colorful displays
signal male quality in a tropical anole lizard. Naturwissen-
schaften 100: 993-996.

Crews D, 1978. Hemipenile preference: Stimulus control of male
mounting behavior in the lizard Anolis carolinensis. Science
199: 195-196.

Crews D, 1980. Interrelationships among ecological, behavioral,
and neuroendocrine processes in the reproductive cycle of
Anolis carolinensis and other reptiles. In: Rosenblatt JS, Hinde
RA, Beer CG, Busnel MC ed. Advances in the Study of Beha-
vior. New York: Academic Press, 1-74.

Dowling HG, Savage JM, 1960. A guide to the snake hemipenis: A
survey of basic structure and systematic characteristics. Zoo-
logica 45: 17-28.

Eme J, Owerkowicz T, Gwalthney J, Blank JM, Rourke BC et al.,
2009. Exhaustive exercise training enhances aerobic capacity
in American alligator Alligator mississippiensis. J. Comp.
Physiol. B 179: 921-931.

Felsenstein J, 1985. Phylogenies and the comparative method. Am.

Nat. 125: 1-15.

Gage MIJG, 1994. Associations between body size, mating pattern,
testis size and sperm lengths across butterflies. Proc. Roy. Soc.
B 258: 247-254.

Garland T, Harvey PH, Ives AR, 1992. Procedures for the analysis
of comparative data using phylogenetically independent con-
trasts. Syst. Biol. 41: 18-32.

Gist DH, 2011. Hormones and the sex ducts and sex accessory
structures of reptiles. In: Norris DO, Lopez KH ed. Hormones
and Reproduction of Vertebrates, Vol. 3. Reptiles. San Diego,
California: Academic Press, 117-139.

Gredler ML, Larkins CE, Leal F, Lewis AK, Herrera AM et al.,
2014. Evolution of external genitalia: Insights from reptilian
development. Sex. Dev. 8: 311-326.

Guth L, Samaha FJ, 1969. Qualitative differences between acto-
myosin ATPase of slow and fast mammalian muscle. Exp.
Neurol. 25: 138-152.

Harcourt AH, Purvis A, Liles L, 1995. Sperm competition: Mating
system, not breeding season, affects testes size of primates.
Funct. Ecol. 9: 468-476.

Holmes MM, Wade J, 2004. Seasonal plasticity in the copulatory
neuromuscular system of green anole lizards: A role for tes-
tosterone in muscle but not motoneuron morphology. J. Neu-
robiol. 60: 1-11.

Holmes MM, Wade J, 2005. Testosterone regulates androgen
receptor immunoreactivity in the copulatory, but not courtship,
neuromuscular system in adult male green anoles. J. Neuroen-
docrinol. 17: 560-569.

Holmes MM, Putz O, Crews D, Wade J, 2005. Normally occur-
ring intersexuality and testosterone-induced plasticity in the
copulatory system of adult leopard geckos. Horm. Behav. 47:
439-445.

Holmes MM, Bartrem CL, Wade J, 2007. Androgen dependent
seasonal changes in muscle fiber type in the dewlap neuro-
muscular system of green anoles. Physiol. Behav. 91: 601—
608.

Hosken DJ, Stockely P, 2004. Sexual selection and genital evolu-
tion. TREE 19: 8§7-93.

Johnson MA, Wade J, 2010. Behavioral display systems acrosss
nine Anolis lizard species: Sexual dimorphisms in structure
and function. Proc. Roy. Soc. Lond. B 277: 1711-1719.

Johnson MA, Revell LJ, Losos JB, 2010. Behavioral convergence
and adaptive radiation: Effects of habitat use on territorial be-
havior in Anolis lizards. Evolution 64: 1151-1159.

Johnson MA, Cohen RE, Vandecar JR, Wade J, 2011. Relation-
ships between testosterone, reproductive morphology and be-
havior in a natural population of the green anole lizard. Phy-
siol. Behav. 104: 437-445.

Jones RC, 1998. Evolution of the vertebrate epididymis. J. Reprod.
Fertil. Suppl. 53: 163-181.

Kumar S, Roy B, Rai U, 2011. Hormonal regulation of testicular
functions in reptiles. In: Norris DO, Lopez KH ed. Hormones
and Reproduction of Vertebrates, Vol. 3 Reptiles. San Diego,
California: Academic Press, 63—88.

Lupold S, Tomkins JL, Simmons LW, Fitzpatrick JL, 2014. Fe-
male monopolization mediates the relationship between pre-
and postcopulatory sexual traits. Nature Commun. 5: 3184.

Neal JK, Wade J, 2007a. Courtship and copulation in the adult
male green anole: Effects of season, hormone and female con-
tact on reproductive behavior and morphology. Behav. Brain
Res. 177: 177-185.

Neal JK, Wade J, 2007b. Androgen receptor expression and mor-
phology of forebrain and neuromuscular systems in male green



JOHNSON MA et al.: Copulatory mechanisms in lizards 777

anoles displaying individual differences in sexual behavior.
Horm. Behav. 52: 228-236.

Norris DO, Lopez KH, 2011. Hormones and Reproduction of
Vertebrates, Vol. 3 Reptiles. San Diego, California: Academic
Press.

Paradis E, Claude J, Strimmer K, 2004. APE: Analyses of phylo-
genetics and evolution in R language. Bioinformatics 20: 289—
290.

Pitnick S, Jones KE, Wilkinson GS, 2006. Mating system and
brain size in bats. Proc. Roy. Soc. B 273: 719-724.

Prasad MRN, Reddy PRK, 1972. Physiology of the sexual seg-
ment of the kidney in reptiles. Gen. Comp. Endocrinol. Suppl.
3: 649-662.

R Core Team, 2013. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.
Rabosky DL, Glor RE, 2010. Equilibrium speciation dynamics in
a model adaptive radiation of island lizards. PNAS 51: 22178-

22183.

Raynaud A, Pieau C, 1985. Embryonic development of the genital
system. In: Gans C, Billett F ed. Biology of the Reptilia. New
York: John Wiley & Sons, 147-300.

Rosen GJ, O'Bryant EL, Swender D, Wade J, 2004. Fiber type
composition of the muscle responsible for throat fan extension
in green anole lizards. Brain Behav. Evol. 64: 34—41.

Ruiz CC, Wade J, 2002. Sexual dimorphisms in a copulatory

neuromuscular system in the green anole lizard. J. Comp.
Neurol. 443: 289-297.

Sassoon D, Kelley DB, 1986. The sexually dimorphic larynx of
Xenopus laevis: Development and androgen regulation. Am. J.
Anat. 177: 457-472.

Sever DM, Hopkins WA, 2005. Renal sexual segment of the
ground skink Scincella laterale (Reptilia, Squamata, Scincidae).
J. Morphol. 266: 46-59.

Shine R, Olsson MM, LeMaster MP, Moore IT, Mason RT, 2000.
Are snakes right-handed? Asymmetry in hemipenis size and
usage in gartersnakes Thamnophis sirtalis. Behav. Ecol. 11:
411-415.

Simmons LW, Fitzpatrick JL, 2012. Sperm wars and the evolution
of male fertility. Reproduction 144: 519-534.

Snyder RC, 1954. The anatomy and function of the pelvic girdle
and hindlimb in lizard locomotion. Am. J. Anat. 95: 1-41.

Stamps JA, 1983. Sexual selection, sexual dimorphism, and terri-
toriality. In: Huey RB, Pianka ER, Schoener TW ed. Lizard
Ecology. Cambridge: Harvard University Press, 169—204.

Tokarz RR, 1995. Mate choice in lizards: A review. Herpetol.
Monogr. 9: 17-40.

Wade J, 2001. Zebra finch sexual differentiation: The aromatiza-
tion hypothesis revisited. Microsc. Res. Tech. 54: 354-363.
Wade J, 2005. Current research on the behavioral neuroendocri-

nology of reptiles. Horm. Behav. 48: 451-460.



	The Evolution of Copulation Frequency and the Mechanisms of Reproduction in Male Anolis Lizards
	Repository Citation
	Authors

	Microsoft Word - 09 Michele A. JOHNSON

