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Abstract

The theoretical trade-off between immune and endocrine investment in mating animals has received mixed empirical support, particularly in
reptiles. We investigated the relationship between male sexual characteristics, diet, and immune response to stress in an island population of
tuatara (Sphenodon punctatus) across two mating seasons. Tuatara are promiscuous, with a highly skewed mating system where males face
significant competition for access to mates and postcopulatory competition for fertilization success. We found that tuatara sperm viability and
swim speed were negatively associated with male body condition and the ratio of heterophils to lymphocytes. Additionally, sperm swim speed
was negatively associated with spine area, mite load, and the total number of circulating white blood cells, but was positively associated with
tick number. This is likely a function of social dynamics in this system where larger male size predicts greater spatial overlap with potential rivals
and increased tick load. Because the production of sexual characteristics may be costly, we also investigated the effect of diet on sperm quality.
We did not identify an association between diet and sperm viability. However, sperm swim speed was negatively associated with carbon-13
and positively associated with nitrogen-15. We suspect that these results reflect the influence of seabird-based nutrients in this island ecosys-
tem, particularly polyunsaturated fatty acid, and antioxidant damage on tuatara sperm. In total, these results provide evidence of a trade-off

between pre- and post-copulatory sexual characteristics and the immune and endocrine systems in male tuatara.
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Sexual selection can lead to the production of expensive char-
acteristics in males, which typically bear the lower cost of
gamete production (Darwin 1871; Johnstone et al. 1996). The
fitness burden imposed by producing dramatic phenotypes and
high-quality sperm in response to the pressures of female mate
choice and competition with potential rivals is often the result
of complex interactions between the immune and endocrine
systems (Guillette et al. 1995). The immune—endocrine trade-
off occurring in reproductive males is regulated by increases
in testosterone and other androgenic steroids linked to sperm
production, surges in mating behavior and aggression, and the
development of physical traits under selection through female
choice (Zeller 1971; Stokkan 1979; Wingfield et al. 1990;
Oppliger et al. 2004). However, increases in androgenic steroids
can have negative effects on male fitness. First, testosterone is
a known immunosuppressant and can increase an individual’s
susceptibility to pathogens, parasites, and disease (Hamilton and
Zuk 1982; Folstad and Karter 1992). Second, testosterone can
increase metabolic rate, which leads to a reduction in body con-
dition via mass loss (Marler and Moore 1988; Marler et al. 1995;
Oppliger et al. 2004). These factors, combined with the energetic
demands of performing complex mating behaviors, competing
with potential rivals, expressing dramatic phenotypes, and pro-
ducing high-quality sperm, have led to the development of many

theories surrounding the functional trade-offs experienced by
reproducing males of anisogamous species.

Although theoretical support for trade-offs between
immune function and the quality of reproductive charac-
teristics is strong (Hamilton and Zuk 1982; Folstad and
Karter 1992; Rowe and Houle 1996), empirical support in
the literature is mixed (e.g. Roberts et al. 2004; Simons et al.
2012). Many studies looking at immune—endocrine trade-
offs focus only on secondary sexual characteristics. However,
primary sexual characteristics, such as sperm quality, are
equally important for fertilization success in males (Friesen
et al. 2017; Liipold and Pitnick 2018). Because pre- and post-
copulatory sexual selection often both act within a given mat-
ing system, there is a necessary energetic trade-off between
the two (Liipold et al. 2014; Kahrl et al. 2016). Thus, male
body condition and the ability to dedicate energetic resources
to the production of sexual characteristics may modulate
the trade-off between immune and endocrine systems (e.g.,
Simmons 2012; Dines et al. 2015). Further, dietary intake has
been found to directly influence ejaculate traits in some reptile
species (Kahrl and Cox 20135). For this reason, energetic fac-
tors like diet and nutrient intake should be considered as part
of a whole-system approach to investigating reproductive and
immune dynamics.
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Reptiles, the first truly terrestrial vertebrate ectotherms,
have diverse life histories and mating systems (Moore 2008).
Although there is great diversity among reptiles, promiscu-
ity of both sexes and pre- and post-copulatory competition
between males is common throughout the taxa (Olsson and
Madsen 1998). These strong, sexually selective pressures
make reptiles an ideal study system for investigating the rela-
tionship between primary and secondary sexual characteris-
tics and measures of male reproductive fitness. Experimental
studies on the effects of testosterone on immune function,
body condition, and reproductive traits have found mixed
support for the presence of an immuno-endocrine trade-off
in reptiles (Oppliger et al. 2004; LaVere et al. 2021), though
the condition-dependence of reproductive characteristics and
the modulating role of diet on reproduction in the taxa is
broadly supported (e.g., Oppliger et al. 2004; Kahrl and Cox
2015). Still, taxa-specific research, particularly from reptile
groups outside of Lacertilia, is needed to fill in the large gaps
in our understanding of this foundational relationship.

Tuatara (Sphenodon punctatus) are endemic to Aotearoa
New Zealand and are the only surviving species of the once
widespread and diverse reptile order Rhynchocephalia (Figure
1) (Cree 2014). Relict populations of tuatara are now found
only on offshore islands surrounding mainland Aotearoa New
Zealand, where tuatara forage on diverse communities of
insects, seabirds, and herpetofauna; additionally, restoration
efforts have led to the establishment of translocated popula-
tions in fenced, mainland ecosanctuaries and reintroductions
to islands which would have had historical populations of
tuatara. Rhynchocephalians diverged from their closest rel-
atives, squamate reptiles, approximately 250 mya and repre-
sent an important evolutionary link to basal amniotes.

Tuatara are sexually dimorphic and reach reproductive
maturity at approximately 12-135 years of age (Dawbin 1982;
Castanet et al. 1988). Adult male tuatara are larger with
wider jaws and larger dorsal and nuchal spines than females
of the species (Cree 2014). Tuatara have mating systems with
documented polygyny, polyandry, and within-clutch multiple
paternity (Moore et al. 2009). Further, access to mating is
highly skewed, with only approximately the largest and most
aggressive 25% of males having success within a mating sea-
son, which occurs at the end of the summer (February—March)

(Moore et al. 2009). The percentage of males that success-
fully fertilize eggs after mating is not known. Females are
only receptive to mating approximately once every four years,
though this likely varies among island populations (data col-
lected on Takapourewa, Cree et al. 1992); tuatara display
extremely limited maternal care in the form of occasional nest
guarding after egg deposition (Guillete et al. 1990). Males do
not display any known paternal care. Female tuatara exhibit
delayed fertilization but do not have a known organ for pro-
longed sperm storage (Gabe and Saint Girons 1964; Cree et
al. 1991, 1992). The decoupling of mating and fertilization in
tuatara allows for the possibility of sperm competition and
cryptic female choice. Further, male tuatara are not known to
produce a postcopulatory plug. The factors influencing female
mate choice are not fully understood in tuatara, though cur-
rent theory suggests that male body size and certain aspects
of coloration, like reflectance, are the best predictors of male
mating success (Gillingham et al. 2009; Miller et al. 2009).

To better understand the relationship between male repro-
ductive fitness, immune response to stress, and diet in reptiles,
we undertook an in situ study on mating tuatara. Over the
course of two mating seasons, we collected a suite of pheno-
typic characteristics potentially related to male mating suc-
cess and compared them against hematological markers of
immune stress, dietary profiles created using stable isotopes,
and measures of sperm quality.

Materials and Methods

Field methods

We sampled mating male tuatara on Takapourewa (Stephens
Island), Cook Strait, New Zealand (40.670°S,173.997°E) dur-
ing two consecutive seasons (2021 and 2022). Takapourewa
is a 150-ha island reserve which hosts the largest and most
dense population of tuatara, as well as a rich community of
seabirds, invertebrates, and other herpetofauna (Walls 1978;
East et al. 1995; Tennyson 1998; Cree 2014; Anderson 2018).

During both sampling seasons (approx. four weeks each),
we conducted nightly visual surveys from 16:00 to when
activity quieted for the night, typically around 02:00. In each
survey we looked for tuatara mating in the heavily populated
portion of the island known as Keeper’s Bush (~2,732 tuatara/

Figure 1. A male tuatara basks on Takapourewa. Many large, white spines are visible on his dorsal and nuchal crests. Mites are visible as bright orange

patches on the skin.
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ha; Moore et al. 2009). When we encountered a mating pair,
we hand-captured the individuals and used a sterile syringe
to collect any sperm visible on the outside of either tuatara’s
cloaca. We then separated sperm samples into two aliquots to
assess sperm viability and swim speed.

To assess sperm viability, we combined 10 pL of sperm with
10 pL Sperm VitalStain™ (Nidacon), which contains both
eosin and nigrosine. We pipetted the 20 pL combined sam-
ple onto a microscope slide and created duplicate pull-apart
slides for each mating within 15 minutes of sperm collection.
We allowed slides to dry at room temperature and stored
them in a light-proof box until return to the mainland.

To assess sperm swim speed, we pipetted 6 pL of fresh sperm
into a 20 pm, two-chambered Leja® slide (LSC-20-01-02-B;
Gytex Pty Ltd.) and recorded movement at ambient temper-
ature within 15 minutes of sample collection using a Gigabit
Ethernet camera (Basler Scout ACA780-75GC), Eclipse E200
microscope with phase contrast, and a Sperm Class Analyzer
program (SCA; Microptic). When sperm samples were too
concentrated for sperm to swim in a monolayer in the cham-
ber, samples were diluted by either a 1:2 or 1:3 semen:PBS
dilution, which does not affect tuatara sperm motility (Lamar
et al. 2021).

For each male tuatara, we recorded snout-vent length
(SVL), body mass (g), jaw width (mm), jaw length (mm),
number of attached ticks (the tuatara tick, Archaeocroton
sphenodontii), and mite (Neotrombicula spp.) load (scored as
an ordinal value from 0 to 4). A mite load score of 0 indicated
no mites present, a score of 1 indicated less than 20 mites,
a score of 2 indicated 20-50 mites, a score of 3 indicated
50-100 mites, and a score of 4 indicated greater than 100
mites present. We also took a photograph of the nuchal and
dorsal spines next to a size standard, collected 1-2 nail trims
(approximately > 0.001 grams of nail material) from the dis-
tal tip of a rear foot for dietary stable isotope analysis, and
drew up to 0.5 mL of whole blood from the ventral coccygeal
vein to assess leukocyte profile. Blood draws were carried out
within 15 minutes of capture. Using this untreated blood, we
made a smear, which was allowed to dry at room tempera-
ture until returned to the mainland. Any mating male tuatara
that did not have existing permanent identification was given
a passive integrated transponder in the left flank. Finally, we
marked all tuatara with a temporary number using a non-
toxic, xylene-free marker and released individuals at their
capture locations.

Lab methods

To assess tuatara sperm viability, we counted a minimum
of 100 sperm cells per mating using a Nikon Eclipse E200
microscope at x400 bright field magnification. For three mat-
ing events, we were only able to count 59-79 sperm cells due
to the small overall sample volume. We report sperm viability
values as % viable cells. To measure sperm swim speed (curvi-
linear velocity; VCL (pm/s)), we analyzed the videos recorded
for each sample in the field using SCA software (Lamar et al.
2023).

To assess average dietary makeup over an extended period,
we used inert nail tissue from the rear digits (Lamar etal. 2022).
We sonicated nail trims in a 1:1 dichloromethane:methanol
solution to remove debris and submitted the cleaned samples
to GNS Science (Institute of Geological and Nuclear Sciences
Limited), Te Pt Ao (Lower Hutt, New Zealand) for carbon-13
and nitrogen-15 analyses. Higher levels of carbon-13 indicate
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a relative increase in the amount of marine input into a diet,
while nitrogen-15 levels are enriched as the dietary trophic
level increases. We present stable isotope values as parts per
thousand (%o).

To generate leukocyte profiles, we stained dried blood
smears with a commercial Romanowsky stain (Gribbles
Veterinary Supply) and fixed slides with a DPX mountant
(Sigma—Aldrich) and coverslip. Once dry, we counted the
first 100 leukocytes encountered on each slide and identified
them to type (Desser 1978; Claver and Quaglia 2009). We
estimated the total number of circulating leukocytes (cells x
10°/L) by counting all leukocytes in 10 fields at x400 mag-
nification, calculating the per-field average, and multiplying
by 2 (Sykes IV and Klaphake 2008). Finally, we calculated
the ratio of heterophils:lymphocytes (H:L), a commonly used
metric for assessing immune response to stress (Davis et al.
2008).

To calculate the dorsal and nuchal spine area (mm?) for each
individual, we analyzed spine photos using Gimp v2.10.32’s
“measure” tool and our photographs taken in the field, which
included a size standard. We also recorded the total number
of dorsal and nuchal spines for each male.

Statistical analysis

We conducted all statistical analyses in R version 4.3.0 (R
Core Team 2023) with an alpha level of 0.05. First, we calcu-
lated the gape index according to King (2002):

7 (jaw length x jaw width) = 4 (1)

To standardize for the effects of tail loss and regrowth in this
species with caudal autotomy, we calculated the body condi-
tion index (BCI) as (Hoare et al. 2006):

log (weight)
log (SVL) (2)

To assess the swim speed (VCL) of tuatara sperm, we
z-transformed velocity data and calculated the between- and
within-male variance and intraclass correlation (ICC) for all
sperm samples with at least 100 analyzed sperm. Briefly, we
calculated ICC as the proportion of between-male variance to
the total variance (both between- and within-male variance)
of different numbers of fastest sperm per sample (1-5, 1-10,
1-20, 1-50, and 1-100). We aimed to identify the subpopula-
tion that maximized between-male variance while minimizing
within-male variance, to allow for comparison of the sperm
most likely to enter the female reproductive tract (Nakagawa
and Schielzeth 2010; Lara et al. 2020). Based on the results of
these analyses, we present all sperm swim speed data as the
mean of the 5 fastest sperm per male. We tested for differences
in sperm viability and swim speed between sample years using
Welch’s ¢-tests.

We tested for normality of all quantitative variables (Table
1) using a series of Shapiro-Wilk tests. All variables had a
normal distribution except male spine number, H:L ratio,
and number of ticks. However, using the rcompanion pack-
age (Mangiafico 2022), we were able to bring all abnormally
distributed values into a normal distribution. Next, we tested
for multicollinearity among all quantitative variables. Only
one pair of variables had correlation values greater than
10.55l: SVL and gape index (0.73) (Supplementary Table
S1). Next, we calculated the coefficients of variance for SVL
(4.98) and gape index (11.65). Because tuatara body size,
particularly in relation to potential male mating success, is
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Response variables

Explanation

Sperm viability
Sperm VCL

Fixed effects

% live sperm cells in sample

Mean curvilinear velocity (pm/s) of the fastest 5 sperm cells in sample

Gape index Metric quantifying how large tuatara can open their mouths (see Equation 1)
BCI Body condition index (see Equation 2)
Carbon-13 Unadjusted carbon-13 value, expressed as parts per thousand (%o)

Nitrogen-15

Unadjusted nitrogen-15 value, expressed as parts per thousand (%o)

Spine area mm? area of the large, white dorsal and nuchal spines

Spine number

Number of dorsal and nuchal spines

Total WBC Estimated number of total circulating leukocytes

H:L Ratio of heterophils to lymphocytes, as counted on blood smear

Tick number

Number of Archaeocroton sphenodonti of all life stages

Mite score Ordinal value indicating the level of Neotrombicula spp. infestation

Random effect

Year 2021 or 2022

BCI: body condition index; H:L: heterophil to lymphocyte ratio; VCL: curvilinear velocity (swim speed); WBC: white blood cells

primarily considered using BCI (Hoare et al. 2006; Moore
2008), and because SVL varied relatively little across our data
set and was correlated with a much more variable morpho-
logical trait potential under female selection (gape index), we
removed SVL from further analyses.

To quantify the amount of variation in phenotypic char-
acteristics potentially the object of female mate choice, we
calculated the coefficients of variance for BCI, gape index,
spine number, and spine area. Because BCI may change
throughout the course of the energetically demanding mat-
ing season (Jessop et al. 2004), we visualized the relationship
between sample date and BCI and calculated the adjusted R?
and P-value for this relationship using a simple linear model.
We also investigated the relationship between male spine area
and date captured mating, as spines may be lost in this species
through antagonistic interactions with other males as the sea-
son progresses; we calculated the adjusted R? and P-value for
this relationship using another linear model.

Finally, we analyzed the relationship between immune
stress, diet, and sexual characteristics using two separate gen-
eralized linear mixed effects models (GLMMs) constructed in
R’s Ime4 package (Bates et al. 2015). An explanation of model
parameters can be found in Table 1; we generated two sets of
models—one with sperm swim speed as the response varia-
ble and another with sperm viability as the response variable.
GLMMS were constructed with all possible combinations of
noncorrelated predictor variables; the year was included as
a random effect to account for stochastic processes beyond
the scope of this study. We rescaled all predictor variables to
reduce variance inflation and averaged predictors from the
top-ranked models using AICc. We report the formulas and
sum of predictor model weights for averaged models with a
delta AICc of < 2 (Barton 2022).

Results

We collected sperm samples from 14 males in 2021 and 24
males in 2022; no males were found mating in both years.

One viability sample was not able to be assessed due to slide
quality, thus, for viability 7 = 37 (Table 2).

Six sperm samples had less than 100 sperm with analyzed
swim speeds (24-84 cells/sample). Using the remaining 32
sperm samples, we analyzed the between- and within-male
variance for different subpopulations of sperm and found that
between-male variance was highest (0.887) and within-male
variance was lowest (0.140) when analyzing the 5 fastest
sperm per sample (Supplementary Table S2). Because all sam-
ples had at least 5 analyzed sperm, no samples were excluded
from swim speed analysis (7 = 38) (Table 2).

For both metrics of sperm quality, there was a significant
difference between years. Viability scores were significantly
higher for sperm samples collected in 2021 than in 2022
(¢=3.09,df =28.27, P = 0.005), while the mean sperm swim
speed for each sample was higher in 2022 than in 2021
(t=-3.52,df = 34.99, P = 0.001). However, the range of val-
ues for both metrics in 2022 encompassed the values found in
the smaller 2021 sample size.

We were able to bring the three non-normally distributed
model variables into a normal distribution by transforming
with the following lambda values: spine number (4 = 4.075),
H:L ratio (A =-0.075), and tick number (1 =-0.25). The
coefficients of variation for male phenotypic characteristics
were as follows: BCI = 2.01, gape index = 11.65, spine num-
ber = 41.74, and spine area = 49.46. We found that the BCI
of males captured during mating decreased slightly as the
mating season progressed (adjusted R?>=0.093, P =0.035).
There was no significant relationship between spine area and
date captured mating for male tuatara in this study (adjusted
R?>=-0.01,P =0.578).

Three GLMMs for each sperm quality metric had A AICc
scores < 2 (Table 3). For both measures of sperm quality, BCI
was the most significant or equal first predictor (Table 3) and
was negatively related to sperm quality (Supplementary Table
S1). For sperm viability, the H:L ratio was the only other sig-
nificant predictor and was negatively correlated to % viabil-
ity. For sperm swim speed, all measures except spine number
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and gape index were found in the top model (Table 3). Tick
numbers and nitrogen-15 values had a positive relationship
with sperm swim speed, although all other variables had a
negative predictive relationship in our velocity models: H:L
ratio, total WBC count, mite score, carbon-13 value, and
spine area. Full model weights for all predictors in significant
models are provided in Table 4.

Discussion

We investigated the relationship between male reproductive
traits and factors that may influence postcopulatory competi-
tion success, particularly sperm viability and swim speed, in a
wild, robust population of tuatara. Because mating is highly
skewed in this species, with only approximately 1 in 4 males
gaining the opportunity to mate within a season (Moore et
al. 2009), we did not expect to see significant variation in the
phenotypic characteristics of mating males. We suspected that
strong directional selection on body condition index (BCI),
the likely object of female choice in this species, would act
as an evolutionary spandrel driving collinear exaggeration of
other characteristics possibly under selection (Gillingham et
al. 2009; Moore et al. 2009). Although there was no rela-
tionship between sperm quality and two phenotypic meas-
ures potentially under female choice (spine number and gape
index), there was support for a negative relationship between
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BCI and each metric of sperm quality. Further, there was sup-
port for a negative relationship between spine area and sperm
swim speed.

The identified negative relationship between sperm quality,
quantified in this study as highly viable and fast-swimming
sperm samples, and body condition in mating male tuatara
was significant, despite BCI being the phenotypic character-
istic that varied the least in our dataset. This supports theo-
retical work that suggests increased investment in secondary
sexual characteristics should result in a decrease in sperm
quality due to testosterone-mediated increases in metabolic
rate (Marler and Moore 1988; Marler et al. 1995; Oppliger
et al. 2004). Testosterone can also increase the frequency of
aggression and other mating-associated behaviors, further
increasing energy costs for males. Importantly, although we
identified a negative relationship between body condition
and sperm quality, the males found mating in this study likely
still comprise the top 25% of males on the island in relation
to overall body size. Additionally, we identified a weak pat-
tern where males with lower BCI were caught mating for the
first time later in the season than larger males. It is impor-
tant to note that we do not assume to observe every mating
event from every male in this study, and thus it is unclear if
the males in poorer body condition captured mating for the
first time later in the season have undergone losses in mass
over the course of the season or have always been in poorer

Table 2. Summary statistics for all quantitative variables in this study. Units are given when applicable

Mean (+SE) Range Units n

Sperm viability 58.44 (+0.04) 3.38-94.53 % live 37
Sperm VCL 78.94 (£6.73) 4.45-172.20 pm/s 38
Gape index 2324.84 (+43.95) 1734-2873 - 38
BCI 1.17 (0.00) 1.10-1.21 - 38
Carbon-13 -21.89 (x0.12) -23.60 to -20.50 %o 38
Nitrogen-15 16.86 (=0.18) 15.10-20.00 %o 38
Spine area 455 (£37) 100-939 mm? 38
Spine number 29.95 (x0.63) 16-36 - 38
Total WBC 7.87 (x0.35) 4.00-13.40 cells x 10°/L 36
H:L 0.8 (x0.08) 0.21-2.92 - 36
Tick number 20.03 (+3.74) 3-101 - 38
BCI: body condition index; H:L: heterophil:lymphocyte ratio; VCL: curvilinear velocity; WBC: white blood cells.
Table 3. Results for sperm quality metric GLMMs. We report only models with AAICc scores < 2
Model formula + (1lyear) Intercept AICc Delta
Sperm viability

~BCI + H:L 1.69 4.9 0.00

~BCI 3.03 5.6 0.64

~H:L -0.69 6.5 1.57
Sperm velocity

~BCI + spine area + H:L + mite score + tick number + total WBCs +c - 13 +n - 15 —704.00 321.7 0.00

~BCI + H:L + mite score + tick number + total WBCs + ¢ - 13 + 7 - 15 —-738.10 322.6 0.83

~BCI + spine area + H:L + tick number + total WBCs + ¢ =13 +n - 15 -681.60 323.5 1.78

BCI: body condition index; c-13: carbon-13 (%o); H:L: heterophil:lymphocyte ratio; n-15: nitrogen-15 (%o).
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Table 4. The sum of weights for predictor variables in models with AAICc
scores < 2. nindicates the number of models containing that fixed effect

Response variable Fixed effect n Sum of weights
Sperm viability
BCI 2 0.79
H:L ratio 2 0.67
Sperm velocity
BCI 3 1.00
H:L ratio 3 1.00
Tick number 3 1.00
Total WBCs 3 1.00
Carbon-13 3 1.00
Nitrogen-15 3 1.00
Mite score 2 0.80
Spine area 2 0.68

condition; if so, these males may be relegated to late-season
mating opportunities due to large males dominating
early-season opportunities. Regardless, our results may sug-
gest a decrease in BCI in male tuatara throughout the mating
season. We suggest that future work investigate changes in
body condition, sperm quality, and mating success of individ-
uals tracked across the duration of a season to better parse
the effects of the energetic burden of mating and sperm pro-
duction in male tuatara.

We identified a negative relationship between sperm swim
speed and spine area. The spines of male tuatara able to suc-
cessfully secure matings on Takapourewa have significantly
more white, reflective area than the spines of unsuccessful
males. This suggests that female tuatara may be using spine
reflectance to choose a mate (Gillingham et al. 2009). The
negative relationship found in our study between males with
larger, showier spines and slower swimming sperm may
therefore reflect a trade-off in investment between primary
and secondary sexual characteristics. Importantly, male-male
antagonistic interaction is frequent during the mating sea-
son, particularly in the densely populated Keeper’s Bush area
where our sampling occurred (Moore et al. 2009), and we
often observed males grabbing onto each other’s nuchal crests
during aggressive interactions. Thus, although this relation-
ship may be the result of an energetic trade-off, it may also
reflect that more aggressive males are likely to be engaged in
antagonistic interactions (which result in damage to the dor-
sal and nuchal spines) and have faster sperm.

Due to the presence of polyandry, polygyny, and the poten-
tial for sperm storage in this species, we suspected male
tuatara would have significant investment in primary sex-
ual characteristics. This investment could result in immune
stress via a testosterone-induced immunocompetence hand-
icap, a theoretical trade-off that has received mixed empiri-
cal support. Thus, only the most immunologically fit males
would be able to bear the cost of reproduction while staying
healthy. This hypothesis is supported by our model results.
Besides decreased BCI, the only other significant predictor of
high sperm viability in our models was a low ratio of H:L,
a measure used to indicate a hematopoietic stress response
(Davis et al. 2008; Greenspan et al. 2017; Carbillet et al.
2019). Functionally, this occurs because heterophils are part
of the body’s first line of defence, the innate immune system,

while lymphocytes are part of the adaptive immune system
(Zimmerman et al. 2010; Minias 2019). In addition to a lower
ratio of H:L, lower numbers of total WBCs were associated
with faster swimming sperm. Leucocytosis, or an increase in
WBCs, can be used to indicate stress, though with less con-
fidence than the H:L ratio (Gross and Siegel 1983; Hulff et
al. 2005; Davis et al. 2008; Han et al. 2020). Thus, tuatara
exhibiting reduced hematological signs of stress, illness, or
injury, had faster swimming sperm.

In addition to hematological signs of immune challenge, we
collected two measures of ectoparasite load: mite score (an
ordinal value ranging from 0, no mites, to 4, lots of mites) and
the number of attached ticks. Both measures of ectoparasite
load were valuable predictors of sperm swim speed. Tuatara
with fewer mites had faster-swimming sperm, which supports
the presence of an immune trade-off with primary sexual
characteristics in this species, as mites and their associated
wounds likely trigger an immune response in tuatara. Tuatara
play host to two species of trombiculid mites (Neotrombicula
sphenodonti and N. naultini) which are not host-specific and
are found on other reptiles living on Takapourewa (Goff
et al. 1987; Godfrey et al. 2008). These mites can occur in
extremely large densities on tuatara (previous work estimated
max of 6,000 mites/tuatara; Godfrey et al. 2008), particu-
larly around the neck and leg folds (Supplementary Figure
S1). Tuatara mite loads vary significantly seasonally and
annually, peaking in the summer and in years after cooler
temperatures (Godfrey et al. 2008). During our sample col-
lection, male tuatara was regularly observed with bloody,
damaged skin around large mounds of mites (Supplementary
Figure S1). In fact, these were the only cases of external injury
observed in males included in this study. Although previous
work found no link between body condition and peak mite
load (Godfrey et al. 2010b), the presence of a hematopoietic
immune response is not always associated with changes in
BCI in tuatara (Lamar et al. 2024). Thus, it is possible that
the immune challenge presented by extreme mite loads and
their associated wounds resulted in immune activation and
decreased sperm swim speed in tuatara.

The positive relationship between the numbers of attached
tuatara ticks (Archaeocroton sphenodonti) and increased
sperm swim speed was unexpected. Tuatara body condition
and peak seasonal tick load have been found to be negatively
correlated in previous years (Godfrey et al. 2010b), a trend
also observed in our dataset. Previous work found a strong
social factor to tuatara tick load—males with greater network
connection, measured via in-strength of individual connected-
ness, were associated with higher levels of ticks than less con-
nected individuals (Godfrey et al. 2010a). Thus, there may be
strong spatial and behavioral influences on tick load, particu-
larly in relation to mating season dynamics, which explain the
unexpected patterns found in this study. We suggest further
work be carried out looking at the effects of spatial dynamics
and social interaction on the fitness of mating male tuatara.

Our indicators of dietary composition, carbon-13 and
nitrogen-15, varied with sperm swim speed but not viabil-
ity. Higher (less negative) values of carbon-13 were positively
associated with better body condition and negatively associ-
ated with sperm swim speed. The relationship between higher
carbon-13 values and an increase in BCI in tuatara is likely
a reflection of the dietary increase in seabirds that occurs as
tuatara grow larger (Lamar et al. 2022). These seabirds offer
a bounty of nutrients not otherwise available in this harsh,
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island ecosystem—particularly polyunsaturated fatty acids
(PUFAs) (Cartland-Shaw et al. 1998; Cree et al. 1999; Lamar
et al. 2022). PUFAs are important for many aspects of male
reproduction, including the signaling of sperm towards their
target cells (Kubagawa et al. 2006). Additionally, PUFAs
increase calcium ion uptake, and calcium levels are associ-
ated with increased sperm motility and fertility in many
species (Kelly et al. 2003; Rahman et al. 2014; Harchegani
et al. 2019). Thus, PUFAs may be a primary reason for the
increased sperm swim speed seen in tuatara with diets richer
in marine nutrients.

Tuatara with faster swimming sperm had higher nitrogen-
15 values, which are useful in calculating the trophic level
of the consumer. With each increase in trophic level, there
is a subsequent 2 — 4% enrichment in collagen nitrogen-15
(Cabana and Rasmussen 1994). Thus, we assume that tuatara
with lower nitrogen-15 values are foraging at lower trophic
levels than their conspecifics with higher nitrogen-15 values.
There is evidence that vegetarian diets are rich in antioxidants
(Benzie 2003), and research on sex-based dietary differences
in Magellanic penguins (Spheniscus magellanicus) found that
significantly lower levels of the antioxidant a-tocopherol
were associated with higher trophic level foraging in males
(Colominas-Ciur6 et al. 2022). The nitrogen-135 signatures of
these tuatara with faster swimming sperm, which indicate a
diet of prey at lower trophic levels, could reflect a diet richer
in antioxidants.

Although PUFAs are beneficial for many cellular processes,
they are also oxidizable and highly susceptible to damage by
reactive oxygen species (ROS) (Dowling and Simmons 2009;
Nassan et al. 2018). Endogenous ROS produced during
immune response have been identified as a key factor in male
infertility (Dowling and Simmons 2009; Nassan et al. 2018),
and dietary supplementation of antioxidants has been sug-
gested as a suitable way to increase sperm quality (Zini et al.
2009; Nassan et al. 2018). However, information about the
specific types of antioxidants found in the Takapourewa
trophic web and their usefulness against ROS, which cause
cellular damage in tuatara, requires further research.

Research looking at ROS and antioxidants in reptile spe-
cies is extremely limited, but evidence exists for a significant
increase in reactive oxygen metabolites during digestion in
corn snakes (Pantherophis guttatus) (Butler et al. 2016),
suggesting that there may be implications for the timing of
mating and when tuatara in this study had last eaten. We
suggest further work investigating the role of antioxidants
in reptile sperm quality be carried out, as our results suggest
that diet may play a modulating role in tuatara sperm quality.
However, whether this effect is direct, occurs via changes in
male body condition, or reflects variation in prey availability
in different quality territories among males, is unclear.

In summary, we found evidence for trade-offs between
body condition, leukocyte markers of immune stress, and
sperm quality in the only living member of the reptile order
Rhynchocephalia. We found that two traits previously sus-
pected to be targets of female mate choice, spine area and
body condition, were negatively correlated with sperm quality
metrics. We suggest that this provides evidence for energetic
trade-offs between primary and secondary sexual character-
istics in tuatara. We also found evidence for the suppressive
effect of immune stress on sperm quality in male tuatara and
the modulating effects of diet, particularly trophic level and
marine input, on this relationship. It currently remains unclear
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whether these effects are the result of an energetic trade-off
in investment between the immune and endocrine systems, or
whether they represent a more hostile, direct immune chal-
lenge within the male reproductive tract. Regardless, these
results provide empirical support for the immunocompetence
handicap hypothesis in an evolutionarily unique study system
and highlight the energetic burden imposed by reproduction
on male reptiles.
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