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population of a territorial reptile (tuatara)
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Investigating the mating system of a population provides insight into the evolution of reproductive patterns, and
can inform conservation management of threatened or endangered species. Combining behavioural and genetic
data is necessary to fully understand the mating system and factors affecting male reproductive success, yet
behavioural data are often difficult to collect for threatened species. In the present study, we use behavioural data
and paternity analyses to characterize the mating system of a high density population of a long-lived, ancient
reptile (tuatara, Sphenodon punctatus). We further investigate the phenotypic traits (including body size, body
condition, tail length, and ectoparasite load) that affect male reproductive success. Our behavioural data reflect a
seasonally monogamous system with low levels of polyandry and polygyny that are consistent with male mate
guarding. Male reproduction is highly skewed (only 25-30% of males are successful), and body size is the primary
predictor of male reproductive success. Based on the genetic data, multiple paternity was found in only 8% of
clutches, and the results of the paternity analyses showed monandrous clutches from socially polyandrous females.
Our behavioural and genetic results revealed complexities in female mating patterns that support the potential
for cryptic female choice or sperm competition. This warrants further experimental investigation into the
mechanisms underlying reptile fertilization and the disparities between social and genetic polyandry in wild
populations. © 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 161-170.
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INTRODUCTION & Blumstein, 2000) and can be critical for successful
captive breeding programs (Moore et al., 2008b).
Combining paternity data with behavioural data is
necessary to achieve a complete understanding of
the mating systems and the factors affecting male
reproductive success and offspring fitness in natural
populations. Yet collecting mating data for many
threatened or endangered reptiles is notoriously dif-
ficult because the animals are often cryptic and occur
at low population densities (Morrison, Keogh & Scott,
2002). Therefore, many recent studies have relied
- — solely on genetic analyses to explain mating patterns,
*Corresponding author. Current address: University of and these have revealed high incidences of multiple
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Highway, Juneau, AK 99801, USA. paternity in reptiles (Uller & Olsson, 2008). However,
E-mail: moore.jennifer@gmail.com inferring female mating patterns from paternity

Investigating the mating system of a population or
species provides insight into the evolution of repro-
ductive patterns across taxa. Knowledge of the
mating system can also inform conservation manage-
ment because natural variation in mating success, the
number and sex ratios of mating populations, and
reproductive skew affect population genetic diversity
(by influencing the effective population size; Anthony

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 161-170 161



162 J. A. MOORE ET AL.

alone can be misleading. Paternity and multiple
mating are not directly linked because single pater-
nity clutches can result from multiply mated females
if sperm competition or cryptic female choice is occur-
ring (Eberhard & Cordero, 2003; Uller & Olsson,
2008).

Non-avian reptiles provide a good contrast to well-
studied avian systems because they mostly lack
parental care, which is one of the primary influences
on the mating patterns of birds (Griffith, Owens &
Thuman, 2002). Few reptiles are monogamous (i.e.
the close association of one male and one female,
often involving cooperation in breeding; Wickler &
Seibt, 1983), and even fewer show long-term pair
bonding (but see lizards in the social genera Tiliqua
and Egernia; Bull, 2000; Bull, Cooper & Baghurst,
1998; Chapple, 2003). Furthermore, multiple pater-
nity occurs at extremely high frequencies in some
reptile populations (e.g. 95-100% for some turtles;
Jensen et al., 2006; Zbinden et al., 2007), and is gen-
erally dependent upon: (1) mate encounter rates; (2)
the degree of pair bonding; and (3) clutch size. Pre-
dictions from well-studied lizards are that larger
species may be more likely to be monogamous because
the spatial organization of large male lizards only
allows for defence of one female (or one female’s home
range; Stamps, 1983).

In the present study, we combine behavioural and
genetic data to examine the mating system and varia-
tion in male reproductive success for a wild popula-
tion of tuatara (Sphenodon punctatus). Tuatara are
the sole living representatives of the ancient reptilian
order Rhynchocephalia, which diverged from their
sister taxa (squamates) approximately 250 Myr ago
(Rest et al., 2003). Endemic to mainland New Zealand
and the outlying islands, the range of tuatara is now
restricted to approximately 30 small offshore islands
mainly as a result of predation by introduced
mammals. Tuatara are sexually dimorphic and highly
territorial and, similar to many lizard systems, their
mating system is characterized by intense male-male
competition (Gillingham & Miller, 1991), no male
parental care, and nesting that occurs outside of
home ranges (Shine, 1988; Cree et al., 1991). Tuatara
differ from most lizards in that they are long-lived
(80-100 years), and breeding intervals are prolonged
for females (i.e. asynchronous reproduction occurs
every 2-5 years, with 8—10 months from insemination
to oviposition; Cree, Cockrem & Guillette Jr, 1992).

Because tuatara have medium to large body sizes
relative to ecologically similar, territorial species, and
territories of male tuatara only overlap an average of
four females (not all of which are receptive every
year; Cree et al. 1992; Moore, Daugherty & Nelson,
2009), we expect that wild tuatara may exhibit a
high degree of seasonal monogamy with long-term

polygyny (Stamps, 1983). Furthermore, male repro-
ductive success is likely to be based on large body size
(Cree et al., 1992; Finch & Lambert, 1996) because
large males monopolize local areas where females are
most dense (Moore et al., 2009), meaning that repro-
ductive skew may be high (i.e. because sexually
mature male body size is highly variable). We also
examine the role of parasite loads (which can be
affected by testosterone; Folstad & Karter, 1992),
body condition and tail autotomy (which can have
energetic and social costs; Martin & Salvador, 1993;
Chapple & Swain, 2002) on male mating success. In a
study of a captive population of tuatara, male repro-
ductive success was highly skewed toward the largest
male (of four), and the frequency of multiple paternity
was low (18%, or three of 16 clutches; Moore et al.,
2008b). However, multiple paternity has yet to be
found in wild tuatara (Hay & Lambert, 2008). By
examining the social and genetic mating system of
this archaic reptile, we aim to shed new light on
patterns of mating system evolution in vertebrates,
particularly reptiles, and to inform future conserva-
tion efforts for tuatara.

MATERIAL AND METHODS
STUDY SITE AND ANIMALS

The study took place on Stephens Island (Marlbor-
ough Sounds, 40°40’S, 174°00’E), where the largest
population of tuatara occurs (i.e. an estimated
30-50 000 individuals, over 90% of extant tuatara;
Gaze, 2001). Stephens Island is a 150-ha island com-
posed of two distinct habitat types with markedly
different densities of tuatara: remnant native coastal
forest (approximately 2700 tuatara ha™) and grass-
land pasture (approximately 200 tuatara ha™'; Moore
et al., 2009) that was cleared in the early 1900s for
grazing livestock.

On Stephens Island, tuatara occupy home ranges
year-round, except when females migrate to nesting
rookeries. Mating, which peaks in March (austral
autumn), occurs in home ranges, and is a long process
(taking anywhere from 60-90 min; J.A. Moore,
unpubl. data) that involves a conspicuous courtship
followed by copulation (via cloacal apposition, as
tuatara lack an intromittent organ), with males
remaining mounted on top of females, shuddering
periodically, for up to 1 h until the female moves away
(Gillingham, Carmichael & Miller, 1995; Fig. 1). The
spatial structure of Stephens Island tuatara provides
no evidence for sneaker males (i.e. small males that
do not defend territories, and rove throughout mul-
tiple home ranges) (Moore et al., 2009).

In November 2004, three circular study plots
(314-615 m? were located from an accessible track
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Figure 1. Tuatara (Sphenodon punctatus) mating on
Stephens Island, New Zealand. Mating is a lengthy
process involving courtship and copulation, with the male
remaining mounted on top of the female, as shown here,
for up to 1 h. Photo courtesy of Jeanine Refsnider.

running through a section of remnant forest on
Stephens Island (Moore et al., 2007, 2009). All tuatara
in the study plots were captured by hand for marking
and measuring, and capture location, snout-vent
length (SVL), tail length (VT), regenerated tail length
(R), mass, and sex were recorded. Blood samples
(0.1-1.0 mL) were taken from the caudal vein/artery
of all captured tuatara and stored at —80 °C. Tuatara
have two types of ectoparasites (mites, Neotrombicula
spp., Acari: Trombiculidae: Goff, Loomis & Ainsworth,
1987; ticks, Amblyomma sphenodonti: Barker &
Murrell, 2004). Mites have an obvious peak in abun-
dance during the tuatara mating season (Godfrey,
Bull & Nelson, 2008). We counted mites and ticks for
each individual because parasites may affect health
or condition (S. Godfrey, pers. comm.) or reflect immu-
nocompetence from high testosterone levels (Folstad
& Karter, 1992; Salvador et al., 1996). When more
than 100 mites were present, we counted the number
of mites within a defined area, and estimated mite
loads based on the total infected area of the animal.
Ectoparasite counts were conducted after each mating
season (Godfrey et al., 2008). A passive integrated
transponder (PIT) tag (AVID Identification Systems,
Inc.) was inserted subcutaneously anterior to the left
rear leg for future identification of individuals. A
subset (N =100) of these animals, as well as mated
pairs from 2005 and 2006, were marked using a
unique coloured bead tag inserted through the nuchal
crests (Fisher & Muth, 1989) to allow for identifica-
tion of individuals from a distance. Individuals
without bead tags were identified by PIT tags and,
from a distance, by individual idiosyncrasies in tail,
head, or crest morphology.

FIELD DATA COLLECTION

Mating activity was monitored during the peak of
three consecutive mating seasons (5—30 March 2005,
28 February to 28 March 2006, and 27 February to
27 March 2007). Monitoring was limited to tracks
because of the fragile nature of the study site (i.e. it
is heavily burrowed by seabirds and tuatara). Acces-
sible tracks in the forest were monitored daily by one
or two observers from 13.00 h until dark (approxi-
mately 21.00 h), by slowly walking along tracks and
visually surveying for courtship or mating activity. All
courtships were observed until there was an outcome
(i.e. mating occurred or the pair was interrupted by
the female or a rival male). Most unsuccessful court-
ships ended quickly. However, successful matings
took up to 1 h; thus, there is a small chance that we
might have missed some mating activity if multiple
pairs were mating simultaneously in different areas.
Unmarked pairs of tuatara that were opportunisti-
cally observed mating were captured by hand, PIT-
tagged, measured, weighed, and blood samples and
ectoparasite counts were taken after mating con-
cluded. Pairs were returned immediately after pro-
cessing to their capture locations. Handling and
processing did not appear to affect behavioural inter-
actions because some pairs were observed remating
less than 30 min after release. In 2007, monitoring
was expanded to include low density pasture sites. A
500-m long dirt road running through the pastures
was surveyed each night after dark until approxi-
mately 00.00 h. Activity of pasture and forest tuatara
differs. Pasture tuatara rarely emerge from their
burrows during daylight hours because of a lack of
cover from avian predators, whereas forest tuatara
are active during the day and night, but activity in
the forest shifts to foraging after dark (J. Moore,
unpubl. data; Gillingham et al., 1995). Thus, forest
and pasture surveys were conducted during peak
mating activity for each habitat type.

STATISTICAL ANALYSIS

To examine the effects of individual phenotypic dif-
ferences on male mating success, we performed a
binary logistic regression analysis in R (R Core Devel-
opment Team, 2006) with mating success (success-
ful =1, unsuccessful =0) as the dependent variable.
We chose to implement a binary logistic regression
analysis because so few males had multiple partners.
Males were categorized as successful if they were ever
observed mating. Males were categorized as unsuc-
cessful if they were monitored for = 2 mating seasons,
in our focal study plots, and were never observed
mating. We excluded some marked males on the
periphery of the study plots because behavioural
observations were limited. Predictor variables
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included SVL, body condition (defined as the residu-
als from a regression of log-transformed mass/log-
transformed SVL), tail length ratio (defined as
VT/VT + SVL), mite load, and tick load. We defined
mite load as the residuals from a linear regression of
mite count/(SVL + VT) to control for body size. A
comparable statistic was calculated for tick load.
After correction for body size, mite and tick loads
were not correlated with SVL or mass. We did not
include mass in the logistic regression analysis
because it is highly correlated with SVL (r=0.94,
P <0.001). Models were tested in a backward step-
wise manner, starting with the full model, with vari-
ables removed in an iterative process based on their
relative Akaike’s information criterion (AIC) values.
AIC values were rescaled to AAIC for interpretation.
The best model was selected based on a AAIC of zero,
and terms were analysed for significance within the
models using analysis of variance (ANOVA).

To examine whether successful males differed with
respect to habitat type (or population density), we
compared mean log-transformed SVL and mass, body
condition, tail length ratio, and mite and tick loads of
successful males in the pastures to successful males
in the forest using an ANOVA. Although the mean
size of forest males is slightly smaller than pasture
males (N. Nelson, unpubl. data), this is driven pri-
marily by the larger range of sizes at the lower end of
forest males (because of their higher density). Body
sizes of mated individuals did not differ between
years (male: Fy51 = 1.4; female: Fy50 =2.32, P> 0.1), so
data were pooled across years, within habitat types.
We used only the first record from individuals that
were measured multiple times. Data are reported
as the mean + SE and all data were checked for
normality and homogeneity of variances, or were
appropriately transformed. P < 0.05 was considered
statistically significant.

PATERNITY ANALYSIS

In November 2005 (nesting season), ten gravid
females that had been observed mating in the previ-
ous mating season were fitted with backpack radio
transmitters and tracked to their nests. Females were
allowed to lay eggs naturally and nests were exca-
vated to collect eggs. Many nest sites proved inacces-
sible and complex; thus, we were only able to collect
partial clutches from three females in 2005. One of
these clutches failed, probably because they had been
disturbed by another female prior to collection. In
October 2006 and 2007, we located ten more gravid
females that had been observed mating during the
previous mating seasons, and induced oviposition
by injecting oxytocin (concentration 10 IU mL™,
10 IU kg body mass) intraperitoneally. We held

females overnight in cardboard boxes and collected
eggs as they were laid throughout the night. Females
were then returned to their capture locations. All eggs
were incubated at Victoria University of Wellington,
and toe-clips were collected from all hatchlings the
following year and stored at —80 °C until processing.

Genomic DNA was extracted from toe-clips of
hatchlings (one per individual) and blood from
mothers and candidate fathers (5-10 uL) using a
proteinase K phenol-chloroform protocol (Sambrook,
Fritsch & Maniatis, 1989). DNA was quantified using
a Nanodrop ND-1000 spectrophotometer. Seven
highly polymorphic microsatellite loci were amplified
using polymerase chain reaction (PCR) (C2F, C11P,
E1IN, H5H, A12N, C12F, H4H; Aitken et al., 2001;
Hay & Lambert, 2008) in 15-uL reactions. Reactions
and PCR conditions were conducted sensu Moore
et al. (2008b) and Hay & Lambert (2008). Amplified
products were combined for genotyping and were run
on an ABI 3730 Genetic Analyzer (Applied Biosys-
tems, Inc.). Alleles were visualized using Genemapper
software (Applied Biosystems, Inc.) and sizes were
manually scored by the same observer (J.A.M.).

We checked offspring genotypes manually to
confirm maternity. Paternity was assigned for all off-
spring based on seven locus genotypes using the com-
puter program CERVUS, version 3.0 (Marshall et al.,
1998; Kalinowski, Taper & Marshall, 2007), which
calculates LOD scores (i.e. the log of the overall
likelihood that the candidate parent is the true
parent). Positive LOD scores indicate that the puta-
tive father is more likely to be the true father than
not be the true father, and vice versa for negative
LOD scores. Candidate fathers were those that were
observed mating with each female and, for females in
our focal study plots, we also included males that
lived within close spatial proximity to each female.
Clutches were determined to have multiple paternity
if more than one offspring per clutch was assigned to
a different father with > 95% confidence, and that
this assignment was based on two or more loci (i.e.
to account for potential offspring-parent mismatches
due to microsatellite mutation).

RESULTS

From three consecutive mating seasons, we recorded
a total of 97 mating events from 75 pairs (62 males,
69 females) in the forest (IV =54 pairs) and pasture
(N =21 pairs) on Stephens Island. Using behavioural
data from the forest only, where animals were inten-
sively monitored, the average frequency of seasonal
polyandry and polygyny was low (7% of mated
females were polyandrous and 9% of mated males
were polygynous; Table 1). No individuals of either
sex had more than two mates per season. On average,
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Table 1. Behavioural mating patterns of tuatara (Sphenodon punctatus) in remnant forest (Keepers Bush), on Stephens
Island during three mating seasons, including the percentage of females with multiple partners per season (percent
polyandry) and the percent of males with multiple partners per season (percent polygyny), frequency of remating with the

same partner, and the percent of males that are successful (male reproductive skew)

Season Percent polyandry* Percent polygyny* Rematingt Male reproductive skew:
2005 11.1 (18) 4.8 (21) 14.0 (22) 10.9 (6)
2006 0.0 (10) 14.3 (7) 40.0 (10) 11.9 (5)
2007 9.1 (22) 9.1 (22) 22.7 (22) 9.1 (5)
Average 6.7+ 34 94+28 256 +7.6 Overall§ 29.1 (14)

*Total number of mated females (polyandry) and males (polygyny) are shown in parentheses.

fTPercentage of pairs that mated > 1 time per season, total number of mated pairs are shown in parentheses.
FPercentage of males that were successful, total number of successful males are shown in parentheses.

§Number of males that mated in any season over the total number of focal males (not the sum of skew per season, as

some males mated in multiple seasons).

Table 2. Characteristics of successful male tuatara (Sphenodon punctatus) in the low density pasture habitat and the

high density forest habitat on Stephens Island

Pasture (V=18)

Forest (N =44)

Mean + SE Range Mean + SE Range
Mass (g)* 552.8 + 49.2 300-707 635.4 + 16.6 470-830
Snout-vent length (mm) 2515+ 7.3 213-273 259.5 2.9 229-292
Body condition -0.5+0.2 -1.4-04 0.05 +0.2 -2.1-1.5
Tick load 0.06 + 0.01 0.002-0.1 0.04 +0.01 0.004-0.3
Mite load 0.6 +0.3 0-2.6 1.3+0.2 0-4.5
Tail length ratio* 0.4 +0.03 0.3-0.5 0.5+0.01 0.2-0.5

*Significant differences between forest and pasture males (P < 0.05).

we observed 24% of pairs remating at least once and
up to five times throughout the season. Only one
female was observed mating in multiple seasons
(in 2005 and again in 2007) and she was polyandrous.
We marked a total of 201 individuals (107 males, 87
females, and seven juveniles) in our focal study plots.
Only 29% of males within the focal study plots were
ever successful, leaving the majority of males unsuc-
cessful in all three seasons (Table 1). Of the successful
males, only 14% of males were observed mating in
multiple seasons, and all of these were polygynous
(i.e. had different mates each season). No male was
observed mating in all three seasons.

The best logistic regression model of successful
(N =62) versus unsuccessful (N =52) males included
SVL and tail length ratio (AAIC = 0.0). The next best
model, which was competitive with the best model,
included SVL, tail length ratio, and body condition
(AAIC =0.93). The only predictor that was significant
in the best models was SVL (=0.10, z=44,
P <0.0001). Mean SVL for successful males was
258.0 £ 2.7 mm (range =213-292 mm) and 221.0

+3.5mm (range=165-263 mm) for unsuccessful
males. Successful males had significantly shorter tails
relative to their body length than unsuccessful males
(mean tail length ratio, successful males=0.45+
0.008, unsuccessful males =0.48 + 0.006; F;112=4.7,
P =0.03). Only 14% of males (ten unsuccessful and six
successful) had complete tails (i.e. had never auto-
tomized a portion of their tail).

There were no significant differences in SVL
(FI,GO = 36, P= 006), bOdy condition (FI,GO = 06,
P =0.4), mite load (F14=1.9, P=0.2), or tick load
(F141=0.9, P=0.3) between successful males in the
forest and the pasture. On average, successful males
in the forest were significantly heavier (mean mass
forest males = 628.3 + 14.2, pasture males =559.6 +
25.2, F160=6.8, P=0.01) and had longer tails (mean
tail length ratio forest males =0.47 + 0.009, pasture
males = 0.42 + 0.02, F16 =5.9, P <0.02) than success-
ful males in the pasture (Table 2).

Paternity was assigned to a total of 76 offspring
(from 12 clutches; genotypes presented in the
Supporting information, Table S1). Based on the
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Table 3. Summary of data from clutches sampled from wild female tuatara (Sphenodon punctatus) on Stephens Island.

Every clutch is from a different female

Sired by observed Sired by

Hatchlings (candidate) unobserved Multiple
Clutch Year (N) father (V) father (V) paternity
GG 2005 5 5 0 No
BW 2005 2 2 0 No
PGW 2006 10 10 0 No
YPY 2006 4 0 4 No
PWB 2006 8 8 0 No
wYy 2006 10 10 0 No
C 2007 4 4 0 No
B 2007 10 10 0 No
E 2007 6 0 6 No
F 2007 4 2 2 Yes
A 2007 7 7 0 No
D 2007 6 6 0 No

behavioural data, only one of these females was
polyandrous; mothers of the other 11 clutches were
only observed mating with one male. Paternity was
assigned to candidate fathers with >95% confidence
for 64 offspring (from nine clutches). The LOD scores
(i.e. the sum of the log-likelihood ratios of each locus)
from these 64 offspring were all positive and in the
range 0.9-7.4. The father’s genotype matched predic-
tions based on behavioural observations for 84.2% of
the offspring (IV = 64, 95% confidence interval = 76.0—
92.4%; Table 3). Two clutches (IV =10 offspring) were
sired by unsampled males that were never observed
mating with the females (i.e. offspring had negative
LOD scores and mis-matched candidate father alleles
at 2—4 loci per individual), and the mate based on
behaviour was not represented in the clutch. Multiple
paternity was found in one clutch (N =4 offspring),
with paternity split equally between the male that we
observed mating with the female, and an unknown
(unsampled) male. No clutches had more than two
sires. All offspring in the clutch from the polyandrous
female (based on behaviour) were sired by one of the
males with which she was observed mating. Based on
the genetic data, 8% of females were polyandrous
(Table 3).

DISCUSSION

The results obtained in the present study support
three main findings. First, the predominant mating
system for territorial tuatara on Stephens Island is
seasonal monogamy with polygyny across seasons.
Second, all mating activity is dominated by a small
proportion of males (25-30%, that may change over
time), and male mating success depends largely upon
body size. Lastly, multiple paternity occurs at a very

low frequency (8.3% of clutches), and comparing the
social and genetic mating systems has revealed com-
plexities in mating patterns of individuals.

VARIANCE IN MALE REPRODUCTIVE SUCCESS

It is not surprising that large body size is the stron-
gest phenotypic determinant of mating success for
male tuatara because this is the case in many reptil-
ian taxa that are characterized by male-male compe-
tition (Cooper & Vitt, 1993; Shine et al., 2000; Lebas,
2001; Stapley & Keogh, 2005; Salvador et al., 2008). A
more intriguing finding is that successful males had
shorter tails, relative to their body size, than unsuc-
cessful males, which is contrary to previous findings
of tail autotomy having negative consequences for
reptile energy stores (Dial & Fitzpatrick, 1981;
Doughty & Shine, 1998), survival (Fox & McCoy,
2000), locomotor performance (Chapple & Swain,
2002), social status (Martin & Salvador, 1993), and
reproductive success (Martin & Salvador, 1993;
Hofmann & Henle, 2006; Salvador et al., 2008). If the
costs of tail autotomy are outweighed by the benefits
of large body size, losing a tail probably has a negli-
gible effect on social status and reproductive success.
Tail loss may also be a byproduct of age (i.e. the
longer a male competes in this system, the greater the
likelihood of losing a significant proportion of his tail).
Successful males may also be more aggressive and
more prone to fighting (e.g. for fallow deer, Dama
dama; McElligott & Hayden, 2000), which may
increase the frequency of tail loss in reptiles.

SOCIAL MATING SYSTEM

Very few reptiles show within-season monogamy, and
even fewer have long-term pair fidelity (Bull, 2000).
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Monogamy in vertebrates is usually assumed to be
maintained through parental care (Emlen & Oring,
1977), mate guarding (Stamps, 1983), or because
unattended females are somehow disadvantaged. In
reptiles, long-term monogamy appears to have
evolved only in highly social lizards (of the Australian
Egernia and Tiliqua genera) that exhibit indirect
parental care and benefit from the increased vigilance
of aggregative family living (Bull & Pamula, 1998;
Bull, 2000; Chapple, 2003; Chapple & Keogh, 2006).
Tuatara parental care is negligible, aside from the
occasional short period of nest guarding by females
(Refsnider et al., 2009), and unattended females do
not appear to be disadvantaged in any way (J.A.
Moore, pers. observ.). Seasonal monogamy in tuatara
may be facultative and the result of strong mate
guarding (Moore et al., 2009). Male tuatara can
defend multiple females (Moore et al., 2009) but,
because the female reproductive interval is so long
(approximately 4 years; Cree et al., 1992), only one of
these females is likely to be receptive in any given
season. This means that successful males vary in the
number of partners that they have per year, depend-
ing on the receptivity of the females to which they
have regular access. For female tuatara, male terri-
toriality and mate guarding limits access to other
potential mates (similar to territorial lizards like
Anolis sagrei; Tokarz, 1998), resulting in mostly
seasonally monogamous pairings with long-term
polygyny dominated by large males. However, females
do not always return to the same home burrows
(i.e. territories) after nesting, which should increase
their access to new mates and result in long-term
polyandry.

GENETIC MATING SYSTEM

The present study is the first to document multiple
paternity in a wild population of tuatara, although
the phenomenon is widespread throughout other rep-
tiles (Uller & Olsson, 2008). Hay & Lambert (2008)
genotyped eight tuatara clutches from two popula-
tions (Stephens and North Brother Island) and found
only single paternity clutches. Their results, when
combined with the results obtained in the present
study, suggest that the frequency of multiple pater-
nity is very low in wild tuatara populations. A higher
frequency of multiple paternity (18.8% of clutches)
was found in a small captive population of tuatara
(Moore et al., 2008b) but comparisons are difficult
because the population dynamics of wild and captive
populations are quite different, and the number of
individuals in captive populations is markedly
smaller than most wild populations. The lowest rates
of multiple paternity in wild reptile populations are
found in: (1) the social Egernia and Tiliqua skinks

(with multiple paternity of clutches in the range
2.6-25%; Bull et al., 1998; Gardner, Bull & Cooper,
2002; Stow & Sunnucks, 2004; Chapple & Keogh,
2005); (2) species with low mate encounter rates (e.g.
0-10% of clutches in some populations of Leatherback
turtles, Dermochelys coriacea; Rieder et al., 1998,
Dutton, Bixby & Davis, 2000; Crim et al., 2002); and
(3) species with small clutch sizes (Uller & Olsson,
2008). Tuatara do not have a strong social structure
(Moore et al., 2008a), and some populations occur in
high densities. Thus, the low rates of multiple pater-
nity in tuatara are most likely the result of small
clutch sizes (averaging nine eggs, Cree et al., 1992)
combined with low mate encounter rates due to ter-
ritoriality and mate guarding rather than low popu-
lation density (e.g. for territorial Ctenophorus lizards;
Lebas, 2001). The results obtained in the present
study only hint at the potential for density effects in
the mating system of tuatara because smaller males
appear to have a better chance of mating success at
lower densities (in the pasture habitat), and the one
multiple paternity clutch was from a female living in
this habitat. Future research should aim to better
understand the links between population density, the
mating system, and rates of multiple paternity in
wild reptile populations (Kokko & Rankin, 2006).

The present study underlines the importance of
combining behavioural data with genetic data to
obtain a complete picture of the mating system of a
population or species. The integration of molecular
studies has overturned long standing paradigms in
avian behavioural ecology (e.g. that birds are mono-
gamous; Petrie & Kempenaers, 1998; Griffith et al.,
2002) and a better understanding of the mating
systems of non-avian reptiles may support equally
contentious insights (e.g. that females play an active
role in mating or that they do benefit from polyandry;
Madsen, 2008; Uller & Olsson, 2008). When taken
alone, our behavioural and genetic estimates provided
similar levels of polyandry at the population level
(7-8% of females). Results were less consistent at the
individual level. For example, some socially poly-
androus females would have gone undetected if we
had only examined paternity, which revealed monan-
drous clutches. Similarly, had we relied on behaviour
alone, we would have missed some instances of
multiple paternity or polyandry that were revealed by
the paternity results. When combined, the social and
genetic data reveal a much higher level of multiple
mating by female tuatara (approximately 25% of
females).

The occurrence of single paternity clutches from
females with two social mates suggests that either
sperm competition or cryptic female choice is present
in tuatara. Unfortunately, we only had one monan-
drous clutch from a polyandrous female where we
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sampled both mates. The primary male, who sired all
of her offspring, was monogamous and remated with
the female multiple times throughout the season. The
secondary male was polygynous that season, and only
mated with the sampled female once, and we were
unable to sample the offspring from the second
female. Although speculative, these results suggest
that two mating strategies may have evolved for male
tuatara: (1) to focus on one female and remate with
her throughout the season to ensure fertilization or
(2) to mate once or twice with multiple females in a
territory, while risking losing paternity to other
males. Spatial and behavioural data do not support a
sneaky mating strategy, as males do not rove freely
throughout territories and mating is always preceded
by the stereotypical, conspicuous courtship display
(Gillingham et al., 1995; Moore et al., 2009). Further
experimental data are needed to fully elucidate post-
copulatory phenomena in female tuatara, and in rep-
tiles generally.

ACKNOWLEDGEMENTS

We thank the New Zealand Department of Conserva-
tion, particularly Clare Allen, Mike Aviss, Jon DeVries,
and Peter Gaze for support and permits (NM-18922-
CAP) to conduct field work on Stephens Island. We also
thank Ngati Koata no Rangitoto ki te Tonga Trust
for supporting our research. Jim Gillingham, Hilary
Miller, Susan Keall, Kelly Hare, Kim Miller, Katie
McKenzie, Kristina Ramstad, Libby Liggins, Dave
Moore, and the Victoria University of Wellington her-
petological hatchet group provided assistance in the
field and comments on the manuscript. Research was
conducted with Victoria University of Wellington
animal ethics approval (permit #2006R12). Funding
was provided by the Allan Wilson Centre for Molecular
Ecology and Evolution, the Zoological Society of San
Diego, and Education New Zealand.

REFERENCES

Aitken N, Hay JM, Sarre SD, Lambert DM, Daugherty
CH. 2001.
(Sphenodon spp.). Conservation Genetics 2: 183—-185.

Anthony LL, Blumstein DT. 2000. Integrating behaviour
into wildlife conservation: the multiple ways that behaviour
can reduce Ne. Biological Conservation 95: 303-315.

Barker SC, Murrell A. 2004. Systematics and evolution of
ticks with a list of valid genus and species names. Parasi-
tology 129: S15-S36.

Bull CM. 2000. Monogamy in lizards. Behavioural Processes
51: 7-20.

Bull CM, Cooper SJB, Baghurst BC. 1998. Social
monogamy and extra-pair fertilization in an Australian
lizard, Tiliqua rugosa. Behavioral Ecology and Sociobiology
44: 63-72.

Microsatellite DNA markers for tuatara

Bull CM, Pamula Y. 1998. Enhanced vigilance in monoga-
mous pairs of the lizard, Tiliqua rugosa. Behavioral Ecology
9: 452-455.

Chapple DG. 2003. Ecology, life-history, and behavior in the
Australian Scincid genus Egernia, with comments on the
evolution of complex sociality in lizards. Herpetological
Monographs 17: 145-180.

Chapple DG, Keogh JS. 2005. Complex mating system and
dispersal patterns in a social lizard, Egernia whitii. Molecu-
lar Ecology 14: 1215-1227.

Chapple DG, Keogh JS. 2006. Group structure and stability
in social aggregations of white’s skink, Egernia whitii.
Ethology 112: 247-257.

Chapple DG, Swain R. 2002. Effect of caudal autotomy on
locomotor performance in a viviparous skink, Niveoscincus
metallicus. Functional Ecology 16: 817-825.

Cooper WE, Vitt LJ. 1993. Female mate choice of large male
Broad-Headed Skinks. Animal Behaviour 45: 683—693.

Cree A, Cockrem JF, Guillette LJ Jr. 1992. Reproductive
cycles of male and female tuatara (Sphenodon punctatus) on
Stephens Island, New Zealand. Journal of Zoology 226:
199-217.

Cree A, Daugherty CH, Schafer SF, Brown D. 1991.
Nesting and clutch size of tuatara (Sphenodon guntheri) on
North Brother Island, Cook Strait. Tuatara 31: 9-16.

Crim JL, Spotila LD, Spotila JR, O’Connor M, Reina R,
Williams CJ, Paladino FV. 2002. The leatherback
turtle, Dermochelys coriacea, exhibits both polyandry and
polygyny. Molecular Ecology 11: 2097-2106.

Dial BE, Fitzpatrick LC. 1981. The energetic costs of tail
autotomy to reproduction in the lizard Coleonyx brevis
(Sauria, Gekkonidae). Oecologia 51: 310-317.

Doughty P, Shine R. 1998. Reproductive energy allocation
and long-term energy stores in a viviparous lizard
(Eulamprus tympanum). Ecology 79: 1073-1083.

Dutton P, Bixby E, Davis SK. 2000. Tendency toward single
paternity in leatherbacks detected with microsatellites. In:
Abreu-Grobois FA, Briseno-Duenias R, Marquez R, Sarti L,
eds. 18th international symposium on sea turtle biology and
conservation. Washington, DC: National Oceanic and Atmo-
spheric Administration, 156.

Eberhard WG, Cordero C. 2003. Sexual conflict and female
choice. Trends in Ecology & Evolution 18: 438-439.

Emlen ST, Oring LW. 1977. Ecology, sexual selection, and
evolution of mating systems. Science 197: 215-223.

Finch MO, Lambert DM. 1996. Kinship and genetic diver-
gence among populations of tuatara Sphenodon punctatus
as revealed by minisatellite DNA profiling. Molecular
Ecology 5: 651-658.

Fisher M, Muth A. 1989. A technique for permanently
marking lizards. Herpetological Review 20: 45-46.

Folstad I, Karter AdJ. 1992. Parasites, bright males, and the
immunocompetence handicap hypothesis. American Natu-
ralist 139: 603-622.

Fox SF, McCoy JK. 2000. The effects of tail loss on survival,
growth, reproduction, and sex ratio of offspring in the lizard
Uta stansburiana in the field. Oecologia 122: 327-334.

Gardner MG, Bull CM, Cooper SJB. 2002. High levels of

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 161-170



TUATARA MATING SYSTEM 169

genetic monogamy in the group-living Australian lizard
Egernia stokesii. Molecular Ecology 11: 1787-1794.

Gaze P. 2001. Tuatara recovery plan 2001-2011. Wellington:
Biodiversity Recovery Unit, New Zealand Department of
Conservation.

Gillingham JC, Carmichael C, Miller T. 1995. Social
behavior of the tuatara, Sphenodon punctatus. Herpetologi-
cal Monographs 9: 5-16.

Gillingham JC, Miller TdJ. 1991. Reproductive ethology of
the tuatara Sphenodon punctatus: applications in captive
breeding. International Zoo Yearbook 30: 157-164.

Godfrey SS, Bull CM, Nelson NJ. 2008. Seasonal and
spatial dynamics of ectoparasite infestation of a threatened
reptile, the tuatara (Sphenodon punctatus). Medical and
Veterinary Entomology 22: 374-385.

Goff ML, Loomis RB, Ainsworth R. 1987. Redescription of
Neotrombicula naultini (Dumbleton, 1947) and description
of two new species of chiggers from New Zealand (Acari:
Trombiculidae). New Zealand Journal of Zoology 14: 385—
390.

Griffith SC, Owens IPF, Thuman KA. 2002. Extra pair
paternity in birds: a review of interspecific variation and
adaptive function. Molecular Ecology 11: 2195-2212.

Hay JM, Lambert DM. 2008. Microsatellite DNA loci iden-
tify individuals and provide no evidence for multiple pater-
nity in wild tuatara (Sphenodon: Reptilia). Conservation
Genetics 9: 1039-1043.

Hofmann S, Henle K. 2006. Male reproductive success and
intrasexual selection in the common lizard determined by
DNA-microsatellites. Journal of Herpetology 40: 1-6.

Jensen MP, Abreu-Grobois FA, Frydenberg J, Loe-
schcke V. 2006. Microsatellites provide insight into con-
trasting mating patterns in arribada vs. non-arribada olive
ridley sea turtle rookeries. Molecular Ecology 15: 2567—
2575.

Kalinowski ST, Taper ML, Marshall TC. 2007. Revising
how the computer program CERVUS accommodates geno-
typing error increases success in paternity assignment.
Molecular Ecology 16: 1099-1106.

Kokko H, Rankin DdJ. 2006. Lonely hearts or sex in the city?
Density-dependent effects in mating systems. Philosophical
Transactions of the Royal Society of London Series B, Bio-
logical Sciences 361: 319-334.

Lebas NR. 2001. Microsatellite determination of male repro-
ductive success in a natural population of the territorial
ornate dragon lizard, Ctenophorus ornatus. Molecular
Ecology 10: 193-203.

Madsen T. 2008. Female nonavian reptiles benefit from mul-
tiple matings. Molecular Ecology 17: 3753.

Marshall TC, Slate J, Kruuk LEB, Pemberton JM. 1998.
Statistical confidence for likelihood-based paternity infer-
ence in natural populations. Molecular Ecology 7: 639-655.

Martin J, Salvador A. 1993. Tail loss reduces mating
success in the Iberian rock-lizard, Lacerta monticola. Behav-
toral Ecology and Sociobiology 32: 185-189.

McElligott AG, Hayden TdJ. 2000. Lifetime mating success,
sexual selection and life history of fallow bucks (Dama
dama). Behavioral Ecology and Sociobiology 48: 203-210.

Moore JA, Daugherty CH, Nelson NdJ. 2009. Large male
advantage: phenotypic and genetic correlates of territorial-
ity in tuatara. Journal of Herpetology in press.

Moore JA, Hoare JM, Daugherty CH, Nelson NdJ. 2007.
Waiting reveals waning weight: Monitoring over 54 years
shows a decline in body condition of a long-lived reptile
(tuatara, Sphenodon punctatus). Biological Conservation
135: 181-188.

Moore JA, Miller HC, Daugherty CH, Nelson NdJ. 2008a.
Fine-scale genetic structure of a long-lived reptile reflects
recent habitat modification. Molecular Ecology 17: 4630—
4641.

Moore JA, Nelson NdJ, Keall SN, Daugherty CH. 2008b.
Implications of social dominance and multiple paternity for
the genetic diversity of a captive-bred reptile population
(tuatara). Conservation Genetics 9: 1243-1251.

Morrison SF, Keogh JS, Scott IAW. 2002. Molecular
determination of paternity in a natural population of the
multiply mating polygynous lizard Eulamprus heatwolei.
Molecular Ecology 11: 535-545.

Petrie M, Kempenaers B. 1998. Extra-pair paternity in
birds: explaining variation between species and populations.
Trends in Ecology & Evolution 13: 52-58.

R Core Development Team. 2006. R: a language and envi-
ronment for statistical computing. Vienna: R Foundation for
Statistical Computing.

Refsnider JM, Keall SN, Daugherty CH, Nelson NdJ.
2009. Does nest-guarding in female tuatara (Sphenodon
punctatus) reduce nest destruction by conspecific females?
Journal of Herpetology 43: 294-299.

Rest JS, Ast JC, Austin CC, Waddell PJ, Tibbetts EA,
Hay JM, Mindell DP. 2003. Molecular systematics of
primary reptilian lineages and the tuatara mitochondrial
genome. Molecular Phylogenetics and Evolution 29: 289—
297.

Rieder JP, Parker PG, Spotila JR, Irwin ME. 1998. The
mating system of the leatherback turtle: a molecular
approach. In: Byles R, Fernandez Y, eds. 16th International
Symposium on Sea Turtle Biology and Conservation. Wash-
ington, DC: National Oceanic and Atmospheric Administra-
tion, 120-121.

Salvador A, Diaz JA, Veiga JP, Bloor P, Brown RP. 2008.
Correlates of reproductive success in male lizards of the
alpine species Iberolacerta cyreni. Behavioral Ecology 19:
169-176.

Salvador A, Veiga JP, Lopez P, Abelenda M, Puerta M.
1996. The cost of producing a sexual signal: testosterone
increases the susceptibility of male lizards to ectoparasitic
infection. Behavioral Ecology 7: 145-150.

Sambrook J, Fritsch E, Maniatis T. 1989. Molecular
cloning. A laboratory manual. Cold Springs Harbor, NY:
Cold Spring Harbor Laboratory Press.

Shine R. 1988. Parental care in reptiles. In: Gans C, Huey
RB, eds. Biology of the reptilia, ecology B: defense and life
history. New York, NY: AR Liss, 275-329.

Shine R, Olsson M, Moore IT, LeMaster MP, Greene M,
Mason RT. 2000. Body size enhances mating success in
garter snakes. Animal Behaviour 59: F4-F11.

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 161-170



170 J. A. MOORE ET AL.

Stamps JA. 1983. Sexual selection, sexual dimorphism, and
territoriality. In: Huey RB, Pianka ER, Schoener TW, eds.
Lizard ecology: studies of a model organism. Cambridge:
Harvard University Press, 169-204.

Stapley J, Keogh JS. 2005. Behavioral syndromes influence
mating systems: floater pairs of a lizard have heavier off-
spring. Behavioral Ecology 16: 514-520.

Stow AdJ, Sunnucks P. 2004. High mate and site fidelity in
Cunningham’s skinks (Egernia cunninghami) in natural
and fragmented habitat. Molecular Ecology 13: 419-430.

Tokarz RR. 1998. Mating pattern in the lizard Anolis sagrei:

implications for mate choice and sperm competition.
Herpetologica 54: 388-394.

Uller T, Olsson M. 2008. Multiple paternity in reptiles:
patterns and processes. Molecular Ecology 17: 2566—-2580.

Wickler W, Seibt U. 1983. Monogamy: an ambiguous
concept. In: Bateson P, ed. Mate choice. Cambridge:
Cambridge University Press, 33-50.

Zbinden JA, Largiader AR, Leippert F, Margaritoulis D,
Arlettaz R. 2007. High frequency of multiple paternity in
the largest rookery of Mediterranean loggerhead sea turtles.
Molecular Ecology 16: 3703-3711.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Table S1. Genotypes of individual tuatara seperated by clutch, including maternal (F-) and putative paternal
(M-) genotypes (in bold). Allele mismatches between offspring and putative sires are underlined. Note the

putative null allele in locus CI2F for individual WYO05.
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