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Abstract

The relationship between male ejaculate traits and reproductive success is an important

consideration for captive breeding programs. A recovery plan for the endangered Louisiana

pinesnake includes captive breeding for the release of young to the wild. Semen was col-

lected from twenty captive breeding male snakes and ejaculate traits of motility, morphol-

ogy, and membrane viability were measured for each male. Semen traits were analyzed in

relation to the fertilization rate of eggs produced from pairings of each male with a single

female (% fertility) to determine the ejaculate factors contributing to reproductive success. In

addition, we investigated the age- and condition-dependence of each ejaculate trait. We

found significant variation in the ejaculate traits of males and normal sperm morphology (�x =

44.4 ± 13.6%, n = 19) and forward motility (�x = 61.0 ± 13.4%, n = 18) were found to be the

best predictors of fertility. No ejaculate traits were found to be condition-dependent (P >
0.05). Forward progressive movement (FPM) (�x = 4 ± 0.5, n = 18) was determined to be

age-dependent (r2 = 0.27, P = 0.028), but FPM was not included in the best model for rate of

fertilization. Male Louisiana pinesnakes do not appear to experience a significant decline in

reproductive potential with age (P > 0.05). The observed average rate of fertilization in the

captive breeding colony was below 50% and only those pairings with a male having >51%

normal sperm morphology avoided a 0% rate of fertilization. Identification of the factors con-

tributing to the reproductive success of captive breeding Louisiana pinesnakes is of consid-

erable conservation value in the recovery of the species, and captive breeding programs

should use assessments of ejaculate traits to plan breeding pairs for maximum reproductive

output.

Introduction

We live in the age of the Anthropocene and biodiversity is decreasing at an alarming rate. Ex
situ captive breeding programs can be an important part of conservation programs for the

preservation and recovery of threatened and endangered species [1, 2]. Captive breeding and
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successful development of assisted reproductive technologies, such as artificial insemination,

benefit from detailed knowledge of reproductive physiology, and we lack basic information on

the factors affecting reproductive success for most wildlife species.

Investigations of reproductive success in natural populations is challenging because of the

difficulty in disentangling the many factors that influence success, particularly the role played

by male and female factors. In species where males have a higher lifetime reproductive success

relative to females, males are predicted to be under intense sexual selection [3]. While sexual

selection research has often focused on male traits associated with pre-copulatory selection

(e.g., ornamentation and weaponry [4]), there is a growing appreciation for the exaggeration

of traits resulting from post-copulatory selection, particularly those associated with male ejacu-

lates [3, 5, 6]. Post-copulatory selection pressure is expected to shape all aspects of male expen-

diture on ejaculate, including sperm form, function, number, and motility [7–10]. The

increased pressure to produce higher quality semen, and associated energetic costs, can trans-

late to condition-dependent sperm quality whereby males in higher body condition produce

higher quality sperm [11]. There is an assumption that strong selection would result in uni-

formly high values among males; however, male fertility in natural populations has been

shown to vary considerably among individuals [12]. In the reptile Anolis sagrei, males in better

body condition have longer sperm and higher sperm counts, changes that also occur in

response to the level of competition for mates [13, 14].

Factors affecting reproductive success and post-copulatory selection has received much

attention in the contexts of livestock breeding and human infertility treatment. Results of live-

stock studies attempting to link specific sperm traits to fertility have been contradictory or

inconclusive [15–17]. Fertility assessments in humans continue to use analyses of standard

semen characteristics including measures of motility, but there is significant evidence that

motility is an unreliable predictor of pregnancy [18–20]. Studies of fertilization success in wild-

life species have found several aspects of semen characteristics, such as sperm velocity [12, 21],

sperm membrane viability [22], and sperm morphology [12], to be indicators of fertility, but

no metric of reproductive success has been consistently identified across taxonomic groups.

However, our understanding of postcopulatory mechanisms is limited in taxa other than

mammals, birds, and insects [3].

In attempting to review squamate sperm competition, researchers [3] found only two com-

parative analyses of sperm competition in the literature for squamates. In snakes, there is evi-

dence [23] that aspects of sperm morphology and overall sperm size change with increased

sperm competition. However, others [24] have found no relationship between the strength of

sperm competition and sperm morphology for at least one species of lizard. Therefore, it is dif-

ficult to draw strong conclusions for how sperm competition affects sperm characteristics in

squamate reptiles. There is a need to investigate reproduction in a wider range of reptile spe-

cies to truly understand the importance of sperm competition in squamates.

Semen characteristics of snakes have received some attention, but this has primarily been

limited to studies focused on cryopreservation (e.g., [25]) and not factors affecting fertilization

success. In addition to theoretical considerations of sperm evolution in reptiles, there are prac-

tical questions regarding assessment of individuals as breeders in ex situ captive breeding pro-

grams. An alarming proportion of species of reptile are of conservation concern [26], and we

currently know too little about the factors that contribute to reproductive success in reptiles

for effective use of ex situ captive breeding programs for most reptile species.

An additional factor to consider when attempting to identify drivers of reproductive success

in a species is age. Studies in multiple species have found both sperm and seminal fluid to be

affected by age and it is generally assumed that reproductive performance of males declines

with age [27]. However, there is a need for more comparative studies on additional species
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with variable modes of reproduction and life expectancies to improve our understanding of

reproductive aging [28–30]. There are striking differences in reproductive aging going from

rapid senescence and death after a first breeding season (e.g., salmonids) to negligible reproduc-

tive senescence (e.g., naked mole rats, Heterocephalus glaber) [28]. Despite recent investigations

of reproductive success in lizards [13, 24, 31] and a comparative study of semen quality between

two age classes of pit viper [32], male fertility and aging remains understudied in reptiles.

The Louisiana pinesnake, Pituophis ruthveni, is a large-bodied, non-venomous colubrid

endemic to longleaf pine habitats in Louisiana and Texas and is listed as threatened by the U.S.

Fish and Wildlife Service (Federal Register, 2018) and endangered by CITES [33, 34]. A con-

sortium of zoos has established an ex situ captive breeding program for the species to produce

offspring for reintroduction to the wild. The captive breeding colony provides a unique oppor-

tunity to study reproduction in a wildlife species with consideration of individual age and

body condition. Males are thought to be sexually mature at 1+ years of age and have been

recorded to reproduce in captivity at> 27 years of age. There are no studies of reproduction in

the wild for this species despite its imperiled conservation status. There is a published descrip-

tion of breeding season for the Louisiana pinesnake [35], which is based on capture frequency

and trap associations of male and female snakes but this does little to advance our understand-

ing of reproductive success. Furthermore, no nest of a Louisiana pinesnake has ever been

found in the wild which limits our ability to understand fertility rates of natural clutches and

places more emphasis on investigations of captive breeding individuals to characterize impor-

tant factors for reproductive success. A recent study [36] described the timing and develop-

ment of follicles in female Louisiana pinesnakes but much remains unknown about male

reproductive characteristics. Here, we investigated the relationship between semen characteris-

tics of breeding males and reproductive success in captive Louisiana pinesnakes. We aimed to

evaluate the effects of age and body condition on semen characteristics and reproductive suc-

cess to better understand reproductive ageing in reptiles while developing methods for assess-

ing the reproductive potential of male snakes for the recovery of this species.

Materials and methods

Animals and location

Snakes used in this study were 20 pairings of a single male with a single female (n = 40 snakes,

n = 20 clutches) located at two captive breeding facilities near or within their historic range /

climate: Fort Worth Zoo (Ft. Worth, Texas, USA) and Ellen Trout Zoo (Lufkin, Texas, USA).

Males at Ellen Trout Zoo ranged in age from 4 to 21 years and males at Fort Worth Zoo ranged

from 4 to 19 years of age. Photoperiod and temperature were adjusted throughout the annual

cycle of breeding animals to mimic natural climate conditions and stimulate reproductive

cycles and mating. Snakes were housed individually and fed weekly with commercially pro-

duced chicks, rats, or some combination of the two, which was based on size of the snake and

feeding behavior of individuals. Water was provided to all snakes ad libitum.

To allow for breeding, a male and a female Louisiana pinesnakes were placed together in a

single large cage for at least 30 days starting in March (Fort Worth Zoo) or April (Ellen Trout

Zoo). Snakes were separated in June and July, and females were provided with a nest box for

oviposition. Differences in dates of introduction and separation were based on temperature

cycle at each breeding location. Females included in the study had incomplete breeding

histories.

The research project was conducted as part of the Association of Zoos and Aquarium’s Spe-

cies Survival Plan for the Louisiana pinesnake, and all research was approved by an Institu-

tional Animal Care and Use Committee (IACUC #2020–4, IACUC #2021-01-19).
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Incubation of eggs

Once eggs were laid, they were removed from their nest box and gently placed in an incubation

box. Incubation boxes were 12” x 12” x 4” plastic containers filled with a 1:1 ratio of vermiculite to

water. Each incubation box contained a single clutch from a female, and each egg was candled at

least once during the incubation period to confirm fertilization. Incubation boxes were housed

inside larger incubators to maintain temperature and humidity. Eggs were incubated at a temper-

ature of 25–30˚C until hatching which occurs ~66 days from oviposition. Fertilization of eggs was

determined via the visible presence of an embryo in an egg which presented as a dark spot with

distinct venation on the inside of the egg during candling. Emergence of a neonate snake at the

end of the incubation confirmed fertilization. Percent fertility was calculated as the percentage of

eggs laid that were successfully fertilized [37] and was used in statistical tests to identify male

semen characteristics that contributed significantly to reproductive success.

Twenty females that were each paired with a single male laid a clutch of eggs that ranged

between 2 and 10 eggs (�x = 6.4 ± 2.4). Fertilization rates ranged between 0 and 100% with the

average rate being 47.9 ± 41% (Table 1). No females double clutched in 2021 and males were

only paired with a single female.

Semen collection methods

Semen was collected for assessment using ventral massage [38–40] from seven males (mass

range 920–1426 g) from seven breeding pairs at Ellen Trout Zoo and thirteen males (mass

range 945–3180 g) from thirteen pairings at Fort Worth Zoo. Briefly, semen collection

involved placing individuals in a bucket with a small amount of water at room temperature

prior to semen collection to encourage defecation. Manual expression of semen was achieved

by applying pressure to the ventral side of the snake starting at mid-body and slowly moving

towards the cloaca. Semen was expelled from the vas deferens into the open cloaca without the

need to evert the hemipenes. Semen was collected from the cloaca with a micropipette and

transferred to a tube containing 50 μl of “H10” which consisted of TL Hepes (Caisson Labora-

tories Inc. #IVL01) supplemented with 10% Fetal Bovine Serum (v/v, Sigma-Aldrich #F7524).

Typically, 1–5 fractions of ejaculate were collected from each snake per session. Fractions were

stored on ice at 4˚C from time of collection until processing (� 2 h).

Semen analyses

Fractions were initially assessed for volume, color (tan, yellow, white, clear), and texture (thin,

thick, flaky) during collection and those fractions found to be clear of contaminants and con-

taining motile sperm were combined for each individual. The combined semen sample was

Table 1. Summary table of male traits and fertilization rate of pairings from assessments of 20 captive breeding Louisiana pinesnakes.

Parameter Ellen Trout Zoo Fort Worth Zoo Combined

Mean SD N Mean SD N Mean SD N

Mass (g) 1232 184.3 7 1826.5 664 13 1618.5 611.4 20

Age (years) 13.7 7.6 7 8 5.3 13 10 6.6 20

% Forward Motility 62.2 10.9 6 60.4 14.9 12 61 13.4 18

% Total Motility 71.7 9.1 6 69.4 12.4 12 70.2 11.2 18

FPM Index 3.9 0.6 6 4 0.5 12 4 0.5 18

Concentration x 106 per ml 986.7 712.2 5 619.6 517.7 13 721.6 580.6 18

% Membrane Viability 84.7 10.3 6 66.4 18 13 72.2 17.9 19

% Normal Morphology 54.7 14.5 6 39.6 10.6 13 44.4 13.6 19

% Acrosome Integrity 58.7 14.2 6 41.2 11 13 46.7 14.3 19

% Fertility 57.6 42.6 7 42.7 40.6 13 47.9 40.8 20

https://doi.org/10.1371/journal.pone.0282845.t001
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then diluted to a total of 1:8 to 1:10 (semen: total volume) with H10 depending on combined

sample volume and sperm concentration.

Fresh diluted samples were then immediately assessed for several metrics of semen characteris-

tics. Sperm motility was characterized by the number of individual sperm that were moving/ mov-

ing forward/ non-moving and percent total motility and percent forward motility calculated for

100 randomly observed sperm. Simultaneously, FPM was assigned on a scale of 0 to 5 (scale

0 = non-motile, 5 = fast and straight motility). Sperm concentration of fixed sperm (1% parafor-

maldehyde / saline) was determined using a hemocytometer (Bright-Line, American Optical Cor-

poration). Percent membrane viability of sperm was determined using an eosin-nigrosin-based

live-dead stain (Jorvet Stain, Jorgensen Laboratories, Inc., Loveland, CO, USA) and counting the

first 100 sperm. Sperm morphology and acrosome integrity was assessed by Pope’s stain [41].

Morphology of the first 200 sperm encountered was categorized as having “normal” or “abnor-

mal” morphology by examining the acrosome, sperm head, midpiece, and tail for abnormalities

including swollen head, bent midpiece, broken tails, membrane droplets, and additional abnor-

malities (Fig 1). Sperm without abnormalities were considered normal. Acrosome integrity of 200

individual spermatozoa was categorized as absent, present, or damaged. All assessments of sper-

matozoa were completed using either an Olympus BX60 or CX41 phase contrast microscope

(motility, FPM, and plasma membrane integrity at a magnification of 400x, concentration at

400x, and morphology and acrosome integrity at 1000x under oil immersion).

Body condition index

We measured snout-vent length (SVL, cm) and body mass (g) for all snakes included in the

study. We measured SVL using analyses of pictures with the software ImageJ. An index of

body condition (BCI) was calculated for each male as the residual of the linear regression of

log-body mass (g) and log-SVL (cm) for the 20 male snakes included in the study.

Statistical analyses

Percent fertility was used in statistical models as our measure of reproductive success for males.

We investigated the effects of 10 male characteristics on fertilization success (% fertility): age, % for-

ward moving sperm, % total sperm motility, FPM, % sperm viability, % sperm with normal mor-

phology, % sperm with acrosome integrity, concentration of sperm, male BCI, and breeding

location. We tested for an effect of each male characteristic on % fertility using linear regression

models by adding independent variables and looking for significant terms. We added and removed

independent variables and combinations of up to three variables at a time to investigate effects of

each and then used AICc model selection to select the final model with the lowest AICc value.

Pearson correlation tests were used to test for linear correlations between age and each of seven

male semen characteristics measured (% forward motility, % total motility, FPM Index, sperm con-

centration, % viability, % normal morphology, and % acrosome integrity) and BCI with each of the

same seven male characteristics. We also tested for correlation between age and BCI using a Pearson

correlation test. We used a Student’s T-test to detect any differences in BCI between locations. All

statistical tests were performed using program R (version 3.6.0) and alpha was set at 0.05.

Results

Semen collections

Semen was successfully collected from all breeding males; although not all individuals (n = 3)

produced samples of sufficient quantity to assess all semen characteristics. There was consider-

able variation observed in semen characteristics of males (Table 1).
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Reproductive success and male characteristics

The final model with the lowest AICc value identified normal sperm morphology as having a

significant positive effect on fertility rate (F1,14 = 6.04, P = 0.028) (Fig 2A) while forward motil-

ity had a marginally positive effect on fertilization (F1,14 = 2.68, P = 0.124) (Fig 2B). The loca-

tion of breeding snakes was not included in any of the top models (Table 2) and no significant

interactive effects were detected.

We observed considerable variation in BCI values for males and no difference (Student’s t-

test, t = –0.79, d.f. = 18, P = 0.44) was found between the BCI of males from Fort Worth Zoo (�x
= 0.01 ± 0.09) and Ellen Trout Zoo (�x = –0.02 ± 0.05). Correlation tests did not identify any

instances of condition dependence as no significant relationships were found between BCI

and semen characteristic measured (Fig 3). Age was not found to be a significant predictor of

Fig 1. Microscopic images of sperm from the Louisiana pinesnake stained using a Pope’s stain on sperm with A) normal morphology and sperm

demonstrating abnormalities including B) bent acrosome, C) missing acrosome, D) shortened acrosome, E) missing head, and F) missing tail. All images

taken at 1000X magnification using an Olympus 0X40 phase-contrast microscope. Bars = 50 μm.

https://doi.org/10.1371/journal.pone.0282845.g001
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male fertility in the model of best fit, but increasing age significantly correlated with reduced

FPM (r2 = 0.27, P = 0.028) and marginally with decreasing concentration of sperm (r2 = 0.14,

P = 0.131) (Fig 4).

Discussion

Individual semen characteristics of males have a significant effect on rate of fertilization in cap-

tive breeding Louisiana pinesnakes. There was considerable variation in the ejaculate quality

of male snakes. Males that produced semen of higher quality, as characterized by a greater per-

centage of sperm with normal morphology and forward motility, had higher levels of repro-

ductive success. Interestingly, sperm morphology has been linked to reproductive success in

some species such as humans and domestic livestock [42–44], but for others [8, 45, 46]. Such

conflicting results across taxonomic groups raises several interesting questions regarding

which traits selection is acting on during post-copulatory selection and what other factors

influence ejaculate traits (e.g., reproductive mode—summarized for snakes by [23]. Recent

investigations of mammalian reproduction have found that the movement of sperm through

the female reproductive tract is regulated by a complex array of female tract factors which may

be the mechanism for selection on sperm of normal morphology and optimal motility to reach

the egg [47]. There remains much we do not understand about the evolution of sperm form

and function and the role of sexual selection, particularly in reptiles [47, 48].

The Louisiana pinesnake is fossorial and females have relatively small home ranges, but

males are known to make large distance movements [49, 50]. Males have been found in traps

with females indicating males have some ability to find mates [35]. It is probable that females

will mate with multiple males in the wild which would presumably lead to sperm competition

Fig 2. Scatterplots of the linear relationship between A) percent sperm with normal morphology and percent fertility (r2 = 0.24, P = 0.03) and B) percent sperm

with forward motility (r2 = 0.12, P = 0.16) of semen from 20 adult male Louisiana pinesnakes. Solid line represents a significant regression line at the 0.05 level,

while a dashed line represents a non-significant regression line and shading shows the 95% CI.

https://doi.org/10.1371/journal.pone.0282845.g002

Table 2. Summary table of top Anova models based on lowest AICc scores for fertilization rate in captive breeding Louisiana pinesnakes (n = 20).

Model AICc Model Parameters F value DF P value

Model 1 21.32 % Forward Motility 2.68 1, 14 0.124

% Normal Morphology 6.04 1, 14 0.028�

Model 2 22.07 % Normal Morphology 5.49 1,17 0.032�

Model 3 22.73 % Forward Motility 2.46 1,14 0.139

% Normal Acrosome 4.43 1,14 0.054

�statistically significant at alpha level of 0.05.

https://doi.org/10.1371/journal.pone.0282845.t002
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[9, 23, 51]. Our results provide support for post-copulatory selection on semen quality in

reptiles.

The role of cryptic female choice following copulation [52] is unknown in the Louisiana

pinesnake. Sperm storage does occur in snakes, and we cannot discount the possibility of its

occurrence here but, based on our experience with captive breeding and artificial insemination

Fig 3. Scatterplots of the linear relationship between A) body condition index (BCI) and percent total motility, B) BCI

and percent forward motility, C) BCI and forward progressive motility, D) BCI and concentration of sperm, E) BCI

and percent viability of sperm, F) BCI and percent acrosome integrity, and G) BCI and percent normal morphology of

semen from 20 adult male Louisiana pinesnakes. Dashed lines represent a non-significant regression line at the 0.05

level and shading shows the 95% CI.

https://doi.org/10.1371/journal.pone.0282845.g003
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experiments (MRS Unpublished Data), sperm storage is rare in this species. For example, in

each of seven years of records from three Louisiana pinesnake breeding facilities, females that

were not paired with a male during a breeding season laid unfertilized eggs that year, even if

mated in previous seasons, whereas there has been no instance of a non-bred female laying fer-

tilized eggs.

Fig 4. Scatterplots of the linear relationship between A) age and percent total motility, B) age and percent forward

motility, C) age and forward progressive motility, D) age and concentration of sperm, E) age and percent viable sperm,

F) age and percent normal acrosome, G) age and percent normal morphology of semen, and H) age and body

condition of 20 adult male Louisiana pinesnakes. Dashed lines represent a non-significant regression line at the 0.05

level and shading shows the 95% CI.

https://doi.org/10.1371/journal.pone.0282845.g004
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While it can be assumed that females contribute to the fertilization rates of eggs, it is beyond

the scope of this study to measure all possible factors that contribute to reproductive success,

and we instead focus here on ejaculate traits of males. Captive breeding males showed a con-

siderable range in values of normal sperm morphology (11% to 69%). Normal sperm morphol-

ogy is a somewhat generic phrase to describe the physical aspect of all parts of a sperm

(reviewed in [53]), and our assessments included examination of the acrosome, head, mid-

piece, and tail (Fig 1). Successful fertilization is assumed to require normal morphology of

each of these components. Measuring the effects of variation in sperm morphology on sperm

performance is complex [54], but morphology is known to affect motility of sperm, such as

velocity [31, 55, 56]. Normal acrosome function is necessary for the head to penetrate the zona

pellucida of an ovum and deliver its contents—the haploid genome of the sire and a nonge-

netic payload of RNAs and proteins [57]. Despite the significant finding for an effect of sperm

morphology on fertilization rate, we found considerable overlap in the values of normal sperm

morphology across males whose pairings produced both fertile and infertile eggs making the

identification of a threshold for infertility difficult. For example, one male with a relatively low

percentage of sperm with normal morphology (35%) successfully fertilized multiple eggs (67%

fertility). We can, however, set a threshold for fertility as all male snakes with normal morphol-

ogy of>51% fertilized at least one egg laid by their mate (>0% fertility).

The primary deformity of sperm we observed in males was a deformed or missing acro-

some, but two males had sperm with detached heads as their main deformity. Sperm morphol-

ogy can change seasonally (e.g., [58]), but the mechanisms behind poor sperm morphology are

generally understudied in all taxonomic groups, apart from laboratory mice and humans (e.g.,

[59], see review by [60]). As such, it is not currently possible to determine the causes of acroso-

mal abnormality and infertility [61] and limits our ability to mediate sperm deformity in our

captive breeding population.

The captive breeding population of Louisiana pinesnakes was started with 19 founder indi-

viduals from both wild and captive sources. Inbreeding is a concern with captive breeding pro-

grams and small populations with varying degrees of fertility can be a result of inbreeding [62–

64]. In this study, seven mating pairs (out of 20) produced zero fertile eggs. We are not able to

determine all the factors that might have contributed to the low level of reproductive success

in captive animals. In humans, where sperm characteristics have been the most intensively

studied, fertility issues can be caused by multiple factors including genetic abnormalities, mito-

chondrial mutations, sexual abstinence, lifestyle and environment, radiation, heat exposure,

pollution, stress, infections, among others (reviewed in [65]). Unfortunately, the Louisiana

pinesnake is secretive and seldom observed in nature. There is little known about the repro-

ductive activity of this species in the wild and no oviposition site has ever been observed for

the Louisiana pinesnake.

The few field studies that have addressed infertility in wild populations have shown that

reduced male fertility or temporary male infertility may be more common than previously

thought [66, 67], but these studies have been limited to mammals and birds. There are no

known studies of fertility in wild snakes. In one study of wild lizards (Lacerta agilis) [37],

found little evidence of infertility in males and observed a relatively high fertilization rate of

76.7 ± 29.4%. The low fertility rate of captive breeding Louisiana pinesnakes in our study

(47.9 ± 40.8%) is concerning, but more information on fertility and fertilization rates in wild

reptile populations, particularly snakes, is needed before any meaningful comparisons can be

drawn.

Infertility of males can result from environmental stressors such as food scarcity or patho-

gens (reviewed in [68]). While food availability is not an issue in our breeding colony of

snakes, captivity itself may present a significant stressor to snakes. We did see considerable
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variation in the BCI values of males. Body condition is often used as a measure of health and

fitness in wild animals, and individuals in better body condition are assumed to be healthier

and have higher lifetime reproductive output. We predicted that the potential selection pres-

sure on semen quality of males would lead to condition-dependent semen characteristics

which would be directly linked to reproductive success [13]. However, we found no evidence

that males with higher BCI produced higher quality semen. Investigations of body mass and

reproduction have not always found male body mass to be an indicator of reproductive success

(e.g., roosters, Gallus gallus, [69]). Clearly, the connection between individual body condition

and ejaculate quality requires further investigation in reptiles as does the mechanisms driving

variation in ejaculate traits of Louisiana pinesnakes.

Age was not found to be a significant predictor of male fertility in our study. Interestingly,

we found increasing age to significantly correlate with reduced FPM and marginally with con-

centration of sperm in semen which agrees with previous study [70], but neither of these met-

rics of sperm quality were identified as important predictors of reproductive output in

Louisiana pinesnakes. The declines we observed in FPM do not appear to be a strong factor in

reproductive output based on fertilization success. This result agrees with other studies that

have found no effect of age on reproductive output in a captive breeding setting (e.g., whoop-

ing crane, Grus americana, [71]), while age was found to be a factor in captive breeding of the

red wolf, Canis rufus [72]. Male pinesnakes reproduced in captivity up to ~28 years old (SR

Unpublished Data). The influence of male age on aspects of semen quality is inconsistent

across taxonomic groups whereby in some species younger males have poorer quality semen

(cheetahs, Acinonyx jubatus, [73]; Baird’s tapir, Tapirus bairdii, [74]) while in others younger

males have better quality semen (rats, Rattus norvegicus, [75]; humans, Homo sapiens, [76]).

To further complicate matters, a study of reproductive fitness in lizards found males of an

intermediate age produced offspring of the highest viability [77]. The only other study of

semen quality and age in snakes [32] found seasonal and age effects on measures of sperm

motility and concentration in the pit viper Bothrops insularis, but how these factors affected

rates of fertilization was not measured. It should be noted that reproductive ageing does not

affect both sexes equally [78–81], and female age, which we did not consider here, might con-

tribute to reproductive success in Louisiana pinesnakes. Overall, there is considerable variation

across species [82], and further studies are required in both captive and wild reptiles to better

understand reproductive aging.

The recovery of the Louisiana pinesnake requires a multi-faceted approach that includes a

successful captive breeding program. The identification of sperm morphology as a predictor of

male reproductive output in this species will provide significant value to captive breeding

efforts, and sperm morphology should be assessed in all males involved in captive breeding

programs for other snake species of conservation concern. Further study across a wider taxo-

nomic breadth of reptiles is needed to improve our understanding of the male and female fac-

tors that affect reproductive success in captivity and the wild. This is particularly important in

the context of conservation as a considerable number of reptiles are threatened with extinction

[26].
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6. Lüpold S, Manier MK, Puniamoorthy N, Schoff C, Starmer WT, Luepold SHB, et al. How sexual selec-

tion can drive the evolution of costly sperm ornamentation. Nature 2016; 533: 535–538. https://doi.org/

10.1038/nature18005 PMID: 27225128

7. Gomendio M, Roldan ERS. Sperm competition influences sperm size in mammals. Proc Roy Soc Lond.

B 1991; 243: 181–185. https://doi.org/10.1098/rspb.1991.0029 PMID: 1675796

8. Gage MJG, Macfarlane CP, Yeates S, Ward RG, Searle JB, Parker GA. Spermatozoal traits and sperm

competition in Atlantic salmon: relative sperm velocity is the primary determinant of fertilization success.

Curr Biol. 2004; 14: 44–47. PMID: 14711413

9. Simmons LW, Fitzpatrick JL. Sperm wars and the evolution of male fertility. Reproduction 2012; 144:

519–534. https://doi.org/10.1530/REP-12-0285 PMID: 22984191

10. Pahl T, McLennan HJ, Wang Y, Achmadi AS, Rowe KC, Aplin K, et al. Sperm morphology of the Rat-

tini–are the interspecific differences due to variation in intensity of intermale sperm competition? Reprod

Fertil Dev. 2018; 30: 1434–1442. https://doi.org/10.1071/RD17431 PMID: 29773110

11. Andersson M. Evolution of condition-dependent sex ornaments and mating preferences: sexual selec-

tion based on viability differences. Evolution. 1986; 40: 804–816. https://doi.org/10.1111/j.1558-5646.

1986.tb00540.x PMID: 28556175

12. Gomendio M, Malo AF, Garde J, Roldan ERS. Sperm traits and male fertility in natural populations.

Reproduction 2007; 134: 19–29. https://doi.org/10.1530/REP-07-0143 PMID: 17641085

13. Kahrl AF, Cox RM. Diet affects ejaculate traits in a lizard with condition-dependent fertilization success.

Behav Ecol. 2015; 26: 1502–1511.

PLOS ONE Factors affecting male fertility in a captive breeding population of endangered snake

PLOS ONE | https://doi.org/10.1371/journal.pone.0282845 March 10, 2023 12 / 16

https://doi.org/10.1098/rstb.2020.0079
http://www.ncbi.nlm.nih.gov/pubmed/33070739
https://doi.org/10.1038/nrg774
https://doi.org/10.1038/nrg774
http://www.ncbi.nlm.nih.gov/pubmed/11967551
https://doi.org/10.1038/nature18005
https://doi.org/10.1038/nature18005
http://www.ncbi.nlm.nih.gov/pubmed/27225128
https://doi.org/10.1098/rspb.1991.0029
http://www.ncbi.nlm.nih.gov/pubmed/1675796
http://www.ncbi.nlm.nih.gov/pubmed/14711413
https://doi.org/10.1530/REP-12-0285
http://www.ncbi.nlm.nih.gov/pubmed/22984191
https://doi.org/10.1071/RD17431
http://www.ncbi.nlm.nih.gov/pubmed/29773110
https://doi.org/10.1111/j.1558-5646.1986.tb00540.x
https://doi.org/10.1111/j.1558-5646.1986.tb00540.x
http://www.ncbi.nlm.nih.gov/pubmed/28556175
https://doi.org/10.1530/REP-07-0143
http://www.ncbi.nlm.nih.gov/pubmed/17641085
https://doi.org/10.1371/journal.pone.0282845


14. Kustra MC, Kahrl AF, Reedy AM, Warner DA, Cox RM. Sperm morphology and count vary with fine-

scale changes in local density in a wild lizard population. Oecologia 2019; 191: 555–564. https://doi.org/

10.1007/s00442-019-04511-z PMID: 31624957

15. Foote RH. Fertility estimation: a review of past experience and future prospects. Anim Reprod Sci.

2003; 75: 119–139. https://doi.org/10.1016/s0378-4320(02)00233-6 PMID: 12535588

16. Rodriguez-Martinez H. Laboratory semen assessment and prediction of fertility: still utopia? Reprod

Domest. 2003; 38: 312–318. https://doi.org/10.1046/j.1439-0531.2003.00436.x PMID: 12887570

17. Thundathil JC, Dance AL, Kastelic JP. Fertility management of bulls to improve beef cattle productivity.

Theriogenology 2016; 86: 397–405. https://doi.org/10.1016/j.theriogenology.2016.04.054 PMID:

27173954

18. Drobnis EZ, Overstreet JW. Natural history of mammalian spermatozoa in the female reproductive

tract. Oxford Reviews of Reproductive Biology 1992; 14: 1–45. PMID: 1437209

19. Lewis SEM. Is sperm evaluation useful in predicting human fertility? Reproduction 2007; 134: 31–40.

https://doi.org/10.1530/REP-07-0152 PMID: 17641086

20. Gosálvez J, Holt WV, Johnston SD. Sperm DNA fragmentation and its role in wildlife conservation. In:

Holt W, Brown J, Comizzoli P, editors. Reproductive Sciences in Animal Conservation. Vol. 753.

Advances in Experimental Medicine and Biology. New York: Springer Press; 2014. Pp. 357–384.

21. Laskemoen T, Kleven O, Fossøy F, Robertson RJ, Rudolfsen G, Lifjeld JT. Sperm quantity and quality

effects on fertilization success in a highly promiscuous passerine, the tree swallow Tachycineta bicolor.

Behav Ecol Sociobiol. 2010; 64: 1473–1483.

22. Garcia-Gonzalez F, Simmons LW. Sperm viability matters in insect sperm competition. Curr Biol. 2005;

15: 271–275. https://doi.org/10.1016/j.cub.2005.01.032 PMID: 15694313

23. Tourmente M, Gomendio M, Roldan ERS, Giojalas LC, Chiaraviglio M. Sperm competition and repro-

ductive mode influence sperm dimensions and structure among snakes. Evolution 2009; 63: 2513–

2524. https://doi.org/10.1111/j.1558-5646.2009.00739.x PMID: 19490075

24. Kahrl AF, Johnson MA, Cox RM. Rapid evolution of testis size relative to sperm morphology suggests

that post-copulatory selection targets sperm number in Anolis lizards. J Evol Biol. 2019; 32: 302–309.

25. Blank MH, Novaes GA, de Agostini Losano JD, Sant’Anna SS, Vieira SEM, Grego KF, et al. Insights on

sperm assays and cryopreservation in six Neotropical pit vipers. Cryobiology 2022; 106: 55–65. https://

doi.org/10.1016/j.cryobiol.2022.04.003 PMID: 35443195

26. Cox N, Young BE, Bowles P, Fernandez M, Marin J, Rapacciuolo G, et al. A global reptile assessment

highlights shared conservation needs of tetrapods. Nature 2022; 605: 285–290. https://doi.org/10.1038/

s41586-022-04664-7 PMID: 35477765

27. Sepil I, Hopkins BR, Dean R, Bath E, Friedman S, Swanson B, et al. Male reproductive aging arises via

multifaceted mating-dependent sperm and seminal proteome declines, but is postponable in Drosoph-

ila. Proc Natl Acad Sci. 2020; 117: 17094–17103.

28. Cohen AA. Aging across the tree of life: the importance of a comparative perspective for the use of ani-

mal models in aging. Biochim. Biophys. Acta Mol Basis Dis. 2018; 1864: 2680–2689. https://doi.org/10.

1016/j.bbadis.2017.05.028 PMID: 28690188

29. Comizzoli P, Holt WV. Breakthroughs and new horizons in reproductive biology of rare and endangered

animal species. Biol Reprod. 2019; 101: 514–525. https://doi.org/10.1093/biolre/ioz031 PMID:

30772911

30. Comizzoli P, Ottinger MA. Understanding reproductive aging in wildlife to improve animal conservation

and human reproductive health. Front Cell Dev Biol. 2021; 19: 680471. https://doi.org/10.3389/fcell.

2021.680471 PMID: 34095152

31. Kahrl AF, Kustra MC, Reedy AM, Bhave RS, Seears HA, Warner DA, et al. Selection on sperm count,

but not on sperm morphology or velocity, in a wild population of Anolis lizards. Cells 2021; 10: 2369.

32. Silva KB, Zogno MA, Camillo AB, Pereira RJG, Almeida-Santos SM. Annual changes in seminal vari-

ables of golden lancehead pitvipers (Bothrops insularis) maintained in captivity. Anim Reprod Sci. 2015;

163: 144–150.

33. Rudolph DC, Burgdorf SJ, Schaefer RR, Conner RN, Maxey RW. Status of Pituophis ruthveni (Louisi-

ana pine snake). Southeastern Nat. 2006; 5: 463–472.

34. International Union for Conservation of Nature [IUCN]. The IUCN red list of threatened species: Pituo-

phis ruthveni. 2022. Available from https://www.iucnredlist.org/species/63874/12723685

35. Pierce JB, Rudolph DC, Melder CA, Gregory BB. Pituophis ruthveni (Louisiana pinesnake) Reproduc-

tion/breeding phenology. Herp Rev. 2016; 47: 315.

PLOS ONE Factors affecting male fertility in a captive breeding population of endangered snake

PLOS ONE | https://doi.org/10.1371/journal.pone.0282845 March 10, 2023 13 / 16

https://doi.org/10.1007/s00442-019-04511-z
https://doi.org/10.1007/s00442-019-04511-z
http://www.ncbi.nlm.nih.gov/pubmed/31624957
https://doi.org/10.1016/s0378-4320%2802%2900233-6
http://www.ncbi.nlm.nih.gov/pubmed/12535588
https://doi.org/10.1046/j.1439-0531.2003.00436.x
http://www.ncbi.nlm.nih.gov/pubmed/12887570
https://doi.org/10.1016/j.theriogenology.2016.04.054
http://www.ncbi.nlm.nih.gov/pubmed/27173954
http://www.ncbi.nlm.nih.gov/pubmed/1437209
https://doi.org/10.1530/REP-07-0152
http://www.ncbi.nlm.nih.gov/pubmed/17641086
https://doi.org/10.1016/j.cub.2005.01.032
http://www.ncbi.nlm.nih.gov/pubmed/15694313
https://doi.org/10.1111/j.1558-5646.2009.00739.x
http://www.ncbi.nlm.nih.gov/pubmed/19490075
https://doi.org/10.1016/j.cryobiol.2022.04.003
https://doi.org/10.1016/j.cryobiol.2022.04.003
http://www.ncbi.nlm.nih.gov/pubmed/35443195
https://doi.org/10.1038/s41586-022-04664-7
https://doi.org/10.1038/s41586-022-04664-7
http://www.ncbi.nlm.nih.gov/pubmed/35477765
https://doi.org/10.1016/j.bbadis.2017.05.028
https://doi.org/10.1016/j.bbadis.2017.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28690188
https://doi.org/10.1093/biolre/ioz031
http://www.ncbi.nlm.nih.gov/pubmed/30772911
https://doi.org/10.3389/fcell.2021.680471
https://doi.org/10.3389/fcell.2021.680471
http://www.ncbi.nlm.nih.gov/pubmed/34095152
https://www.iucnredlist.org/species/63874/12723685
https://doi.org/10.1371/journal.pone.0282845


36. Oliveri M, Sandfoss MR, Reichling SB, Richter MM, Cantrell JR, Knotek Z, et al. Ultrasound description

of follicular development in the Louisiana pinesnake (Pituophis ruthveni, Stull 1929). Animals 2022; 12:

2983. https://doi.org/10.3390/ani12212983 PMID: 36359108

37. Olsson M, Shine R. Advantages of multiple matings to females: a test of the infertility hypothesis using

lizards. Evolution 1997; 51: 1684–1688. https://doi.org/10.1111/j.1558-5646.1997.tb01491.x PMID:

28568628

38. Mengden AG, Platz CG, Hubbard R, Quinn H. Semen collection, freezing and artificial insemination in

snakes. In: Murphy JB, Collins JT, editors. Contributions to Herpetology Reproductive Biology and Dis-

eases of Captive Reptiles. St. Louis; St. Louis University. 1980. Pp. 71–78.

39. Fahrig BM, Mitchell MA, Eilts BE, Paccamonti DL. Characterization and cooled storage of semen from

corn snakes (Elaphe guttata). J Zoo Wildl Med. 2007; 38: 7–12.

40. Sandfoss MR, Whittington OM, Reichling S, Roberts BM. Toxicity of cryoprotective agents to semen

from two closely related snake species: the endangered Louisiana pinesnake (Pituophis ruthveni) and

bullsnake (Pituophis cantenifer). Cryobiol. 2021; 101: 20–27.

41. Pope CE, Zhang YZ, Dresser BL. A simple staining method for evaluating acrosomal status of cat sper-

matozoa. J Zoo Wild Med. 1991; 22: 87–95.

42. Snook RR. Sperm in competition: not playing by the numbers. TREE 2005; 20: 46–53. https://doi.org/

10.1016/j.tree.2004.10.011 PMID: 16701340

43. World Health Organization [WHO], WHO laboratory manual for the examination and processing of

human semen 5th Edition. Geneva, Switzerland. 2010.

44. Attia S, Katila T, Andersson M. The effect of sperm morphology and sire fertility on calving rate of Finn-

ish Ayrshire AI bulls. Reprod Domest Anim. 2016; 51: 54–58. https://doi.org/10.1111/rda.12645 PMID:

26660630

45. Cramer ER, Laskemoen T, Kleven O, LaBarbera K, Lovette IJ, Lifjeld JT. No evidence that sperm mor-

phology predicts paternity success in wild house wrens. Behav Ecol Sociobiol. 2013; 67: 1845–1853.

46. Saetre CLC, Johnsen A, Stensrud E, Cramer ER. Sperm morphology, sperm motility and paternity suc-

cess in the bluethroat (Luscinia svecica). PLoS ONE 2018; 13: e0192644.
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75. Lucio RA, Tlachi-López JL, Eguibar JR, Ågmo A. Sperm count and sperm motility decrease in old rats.

Physiol Behav. 2013;110–111: 73–79. https://doi.org/10.1016/j.physbeh.2012.12.015 PMID: 23296084

76. Johnson SL, Dunleavy J, Gemmell NJ, Nakagawa S. Consistent age-dependent declines in human

semen quality: A systematic review and meta-analysis. Ageing Res Rev. 2015; 19: 22–33. https://doi.

org/10.1016/j.arr.2014.10.007 PMID: 25462195

77. Richard M, Lecomte J, De Fraipont M, Clobert J. Age-specific mating strategies and reproductive

senescence. Mol. Ecol. 2005; 14: 3147–3155. https://doi.org/10.1111/j.1365-294X.2005.02662.x

PMID: 16101780

78. Nussey DH, Kruuk LEB, Morris A, Clements MN, Pemberton JM, Clutton-Brock TH. Inter- and intrasex-

ual variation in aging patterns across reproductive traits in a wild red deer population. Am Nat. 2009;

174: 342–357. https://doi.org/10.1086/603615 PMID: 19653847

79. Altmann J, Gesquiere L, Galbany J, Onyango PO, Alberts SC. Life history context of reproductive aging

in a wild primate model. Ann NY Acad Sci. 2010; 1204: 127–138. https://doi.org/10.1111/j.1749-6632.

2010.05531.x PMID: 20738283

80. Sparkman AM, Blois M, Adams J, Waits L, Miller DAW, Murray DL. Evidence for sex-specific reproduc-

tive senescence in monogamous cooperatively breeding red wolves. Behav Ecol Sociobiol. 2017; 71: 6.

PLOS ONE Factors affecting male fertility in a captive breeding population of endangered snake

PLOS ONE | https://doi.org/10.1371/journal.pone.0282845 March 10, 2023 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/8792218
https://doi.org/10.1016/j.fertnstert.2007.10.047
https://doi.org/10.1016/j.fertnstert.2007.10.047
http://www.ncbi.nlm.nih.gov/pubmed/18206146
https://doi.org/10.1098/rspb.2000.1084
http://www.ncbi.nlm.nih.gov/pubmed/10853729
https://doi.org/10.1002/zoo.21538
http://www.ncbi.nlm.nih.gov/pubmed/32141645
https://doi.org/10.1007/s43032-020-00408-y
http://www.ncbi.nlm.nih.gov/pubmed/33289064
https://doi.org/10.1006/anbe.1997.0575
http://www.ncbi.nlm.nih.gov/pubmed/9480703
https://doi.org/10.3390/vetsci7020069
http://www.ncbi.nlm.nih.gov/pubmed/32466565
https://doi.org/10.1023/a%3A1025823730733
https://doi.org/10.1023/a%3A1025823730733
http://www.ncbi.nlm.nih.gov/pubmed/14620590
https://doi.org/10.1016/j.theriogenology.2016.04.080
https://doi.org/10.1016/j.theriogenology.2016.04.080
http://www.ncbi.nlm.nih.gov/pubmed/27283782
https://doi.org/10.1016/j.physbeh.2012.12.015
http://www.ncbi.nlm.nih.gov/pubmed/23296084
https://doi.org/10.1016/j.arr.2014.10.007
https://doi.org/10.1016/j.arr.2014.10.007
http://www.ncbi.nlm.nih.gov/pubmed/25462195
https://doi.org/10.1111/j.1365-294X.2005.02662.x
http://www.ncbi.nlm.nih.gov/pubmed/16101780
https://doi.org/10.1086/603615
http://www.ncbi.nlm.nih.gov/pubmed/19653847
https://doi.org/10.1111/j.1749-6632.2010.05531.x
https://doi.org/10.1111/j.1749-6632.2010.05531.x
http://www.ncbi.nlm.nih.gov/pubmed/20738283
https://doi.org/10.1371/journal.pone.0282845


81. Bender LC, Piasecke JR. Reproductive senescence in free-ranging North American elk Cervus elaphus

Cervidae. Mammalia 2019; 83: 593–600.
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