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ABSTRACT
Reproductive phenology of snakes varies widely among species, 
likely in!uenced by biotic and abiotic factors related to seasonality. 
In Neotropical regions, where seasonal variation in temperature 
and photoperiod is minimal, the factors regulating the reproductive 
phenology of snakes remain poorly known, despite the great diver-
sity of species found in this region. We hypothesise that the phe-
nology of tropical aquatic snakes is directly in!uenced by local 
precipitation patterns and resulting water levels. We studied for 
the "rst time the reproductive cycle of a neotropical aquatic ovipar-
ous snake, Helicops pastazae, in a mountain river in the Andean 
foothills of Colombia. To do so, we sampled 212 snakes from 2013 
to 2017 and classi"ed the monthly reproductive stages of the adult 
snakes. In females we observed follicular development and pre-
sence of oviductal eggs, in males we performed histological ana-
lyses of testes, kidney, and deferent ducts. Females showed 
a marked seasonal reproductive cycle, with secondary vitellogenic 
individuals mainly clustered during the high precipitation months, 
ovigerous stages found throughout low precipitation months, and 
with egg-laying occurring from low precipitation to the early dry 
seasons. Males produced spermatozoa throughout the year 
indicating year-round reproduction at a population level. We 
found sexual dimorphism in tail length, with both juvenile and 
adult males showing signi"cantly longer tails than females, while 
adult females were larger than males and showed greater midbody 
width, head length, and head width. The reproductive activity of 
H. pastazae is highly seasonal in females, driven by regional rainfall 
patterns, whereas males are reproductive thorough the year, being 
a permanent resource for females.
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Introduction

Seasonality is de"ned as cyclic changes in climatic variables during the year and these 
occur to some extent in most places of the world (Lieth 2013). Climatic seasonality causes 
populations to time their reproductive activity in order to maximise survival rate and 
reproductive success, especially in ectothermic organisms such as reptiles (Whittier and 
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Crews 1987; Brown and Shine 2006). The reproductive cycles of reptiles may be deter-
mined by intrinsic, genetically determined factors and/or by extrinsic climatic factors such 
as temperature, photoperiod, and precipitation (Fitch 1970; Licht 1971, 1972). Reptiles 
inhabiting temperate regions with marked seasonality in temperature and photoperiod 
are in!uenced by the interaction of these two factors and tend to have reproductive 
cycles with short periods of strongly seasonal activity (Fitch 1970; Whittier et al. 1987; 
Aldridge et al. 2009). In contrast, low-latitude regions show little annual variation in 
temperature or photoperiod, making precipitation the main climatic factor showing 
seasonality (Galvin 2015). Although the reproductive cycles of tropical reptiles seem to 
be in!uenced by precipitation patterns, these cycles do not necessarily show a similar 
pattern among species, even within the same locality (Sexton et al. 1971; Duellman 1978; 
Fitch 1982; James and Shine 1985; Shine and Brown 2007). This variation among species 
within the same locality maybe explained in part by phylogenetic constraints, however, 
local adaptation along with plasticity to respond to local environmental conditions are 
likely to be important determinants in explaining the seasonality in these organisms 
(Dunham and Miles 1985). Among tropical reptiles, the reproductive cycles of snakes 
remain poorly studied, despite the high diversity of species found in this region (Mathies 
2011).

Snakes are among the most interesting models to study reproductive cycles due to 
their high taxonomic and ecological diversity. Snakes have conquered fossorial, terrestrial, 
arboreal, and aquatic habitats in multiple linages, which may result in a wide variety of 
behavioural, morphological, and physiological adaptations related to reproduction (Vitt 
1992). The ability to exploit an aquatic environment in some snakes comes with repro-
ductive trade-o#s in order to adapt to this new habitat (Shine 1988). In temperate zones, 
aquatic snakes follow a pattern similar to terrestrial snakes and restrict their reproductive 
activity towards the warmer months of spring and summer (Kofron 1979; Aldridge 1982; 
Santos and Llorente 2001; Ford et al. 2004). In the tropics, precipitation patterns can cause 
annual or recurrent !ooding and may have a dramatic impact on the ecology and 
reproductive activity of aquatic snakes inhabiting streams or !oodplains (Brown and 
Shine 2002; Avila et al. 2006; Brooks et al. 2009). Most of these studies, however, have 
been conducted in the tropical regions of Australasia, while Neotropical species of South 
America have been less studied. The few studies conducted in the Neotropics focus on 
viviparous aquatic snakes that retain the developing embryos and thereby protect o#-
spring from adverse environmental sources of mortality such as egg predation, subopti-
mal thermal conditions, !ooding or dehydration of the eggs; which may allow the 
evolution of reproductive cycles less dependent on environmental conditions (De 
Aguiar and Di-Bernardo 2005; Avila et al. 2006).

Sexual dimorphism is another important aspect of the reproductive biology of snakes 
and the direction and degree of dimorphism vary among species (Fitch 1981). The most 
common dimorphism in snakes is larger females hypothesised to be driven by fecundity 
selection favouring larger clutches or litter (Fitch 1981; Shine 1994; Rivas and Burghardt 
2001). However, some species with male-male combat are biased towards larger males 
(Shine 1994). Furthermore, most studies of sexual dimorphism in snakes focus on adult 
individuals, ignoring the possibility of encountering dimorphic traits in neonates and 
juveniles, hence the timing of expression are unknown (Krause and Burghardt 2007; 
Tomovic et al. 2010). Thus, evaluating sexual dimorphism may provide insights into 
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evolutionary trade-o#s in body size between sexes and help elucidate the reproductive 
behaviours within a species.

Colombia is a Neotropical country characterised by the presence of three Andean 
mountain ranges with countless montane rivers that host a diversity of aquatic species 
(Kattan et al. 2004; Collen et al. 2014). Montane rivers are subject to !ash !ooding as short- 
lived but dramatic events that can endanger downstream populations (Wohl 2013). 
Among the species inhabiting these rivers is Helicops pastazae (Shreve, 1934), 
a nocturnal aquatic snake distributed along the foothills of the Eastern Andes from Peru 
to Venezuela (Rossman 1976). Unlike most species of Helicops (Wagler 1830), females of 
H. pastazae are oviparous and lay their eggs under large rocks along the river’s edge (Braz 
et al. 2016; García-Cobos and Gómez-Sánchez 2019). However, apart from a few observa-
tions of a diet based primarily on "sh (Almendáriz et al. 2017), defensive behaviour and 
reproductive mode (García-Cobos and Gómez-Sánchez 2019), there is little information 
available regarding ecological aspects of this aquatic snake.

The present study aims to elucidate the reproductive biology of the aquatic snake 
H. pastazae at a riparian site in the eastern foothills of the Cordillera Oriental of the 
Colombian Andes. To achieve this, we describe the reproductive cycle, sexual 
dimorphism in adults and juveniles, clutch size, and minimum size of sexual maturity 
for both males and females. Moreover, we evaluate if the reproductive cycles of 
females and males are in!uenced by the marked rainfall seasonality in the region. We 
hypothesise that rainfall seasonality a#ects directly the reproductive cycles of females 
due to rising water levels in the river that may drown eggs or carry away neonates. 
This hypothesis predicts that egg-laying and hatching should occur between low 
rainfalls and dry season to avoid mortality. Overall, this study contributes to expand-
ing our understanding of what factors determine the reproductive cycle of 
Neotropical aquatic snakes.

Materials and methods

Study site

This study took place along the Bata River located in the municipality of Santa María, 
Boyacá Department, Colombia (04.857694, $073.265389), at 800 m above sea level 
(Figure 1(a)). Santa María is a small town surrounded by well-conserved tropical mon-
tane forests with a mean annual temperature of 24ºC and a mean annual rainfall of 
4594.8 mm. Based on 19 years of data of monthly precipitation from 2000 to 2019 taken 
from IDEAM (Instituto de Hidrología, Meteorología y Estudios Ambientales), we de"ned 
the following seasonal regime: dry season runs from January to April (season mean 
precipitation of 140.5 mm), high-rainfall wet period from May to August (season mean 
precipitation of 593.9 mm), plus a low-rainfall wet period from September to December 
(season mean precipitation: 422.4 mm). Unfortunately, the Bata River is very close to the 
urban area of Santa María, receiving sewage water from the community and lacks 
a riparian forest. Also, the Bata River has been anthropogenically modi"ed to the 
Hydroelectric water dam ‘Chivor’ (Figure 1(d)). The discharge of the water is regulated 
by the dam sta# and depends on the amount of accumulated water, e.g. in years of 
extremely high rainfall, the dam out!ow may open two to four times in between the 
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months of August and September and each time for 3 days (Figure 1(e)). Like most 
mountainous rivers, the Bata river is surrounded by di#erent sized rocks and su#ers 
short but drastic !ooding during torrential rainfalls and when the dam upstream is 
discharged. These two events greatly increase the !ow and water levels of the rivers 
resulting in the !ooding and repositioning of the surrounding rocks (Figure 1(c)).

Figure 1. Habitat of Helicops pastazae in the Bata River. (a) Map locating the studied population of H. 
pastazae. (b) Adult female of H. pastazae. (c) Bata River during the dry season surrounded by rocks and 
relictual forest. (d) Chivor dam. (e) Discharge of the water dam of Chivor. Photographs A-D by Diego 
A. Gómez-Sánchez, and photograph E by Adrian Pinzón.
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Specimen collection

Despite the anthropogenic e#ects the Bata river is exposed to, a large population of the 
aquatic snake H. pastazae inhabits this river (Figure 1(b)). We searched for individuals of 
H. pastazae under rocks along the river edge in a transect of 800 m for 3 hours during each 
month from August 2016 to July 2017. A total of 167 individuals (66 adult females, 30 
adult males and 71 juveniles) were collected during this period of "eldwork. After six 
months of sampling (February through July 2017), we no longer euthanised the neonates 
we found (N = 43) instead, we recorded the occurrence of these individuals along with 
digital photographs that included a scale. We classi"ed neonates as all individuals smaller 
than 230 mm SVL. This size was established based on the SVL of the largest individual that 
presented an umbilical scar. Euthanised individuals were given a cardiac injection of 2% 
xylocaine, "xed in 10% bu#ered formalin and stored in 70% ethanol (Simmons 2002). 
Additionally, we examined 45 specimens from the same locality deposited in the reptile 
collection (ANDES-R) of the Museo de Historia Natural C.J Marinkelle, Universidad de los 
Andes, Bogotá, Colombia, that were collected during 2014–2015.

Procedures for manipulating and euthanising individuals were approved by the 
Institutional Committee on the Care and Use of Laboratory Animals (CICUAL). The indivi-
duals were collected under permits provided by the Autoridad Nacional de Licencias 
Ambientales (ANLA) de Colombia (‘Permiso Marco de Recolección de Especímenes de 
Especies Silvestres de la Diversidad Biológica con Fines de Investigación No Comercial’, 
Resolución No 1177 to the Universidad de Los Andes).

Sexual dimorphism

We sexed the adults by performing a mid-ventral incision and extracting the reproduc-
tive tracts that were later used for reproductive measurements. Juveniles and neonates 
were sexed with a sub-caudal incision in order to visualise the presence of hemipenes. 
In order to evaluate sexual dimorphism in both adults and juveniles, we measured the 
following four morphological variables: snout-vent length (SVL), tail length (TL), mid- 
body width (MW), head width (HW), and head length (HL). Cephalic measurements were 
taken with a caliper, while the body measurements were taken using a string stretched 
along the ventral side of the preserved specimen which was posteriorly measured with 
a ruler.

Female reproductive biology

We classi"ed the reproductive stage of each female according to the presence of oviduc-
tal eggs or based on the diameter of the largest follicle and its colouration. The repro-
ductive stages were categorised as follows: (1) previtellogenic (whitish, transparent 
follicles with a diameter less than 5 mm), (2) vitellogenic I (yellowish follicles with 
a diameter between 5 and 15 mm), (3) vitellogenic II (yellowish follicles with a diameter 
greater than 15 mm) and (4) gravid (presence of oviductal eggs). Minimum size at sexual 
maturity was established based on the SVL of the smallest female that had vitellogenic II 
follicles or oviductal eggs. To determine clutch size and its correlation with SVL, we 
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counted oviductal eggs and vitellogenic II follicles of each female. To evaluate the 
asymmetry between the right and left ovaries, we measured these with a digital caliper.

Male reproductive biology

We measured the length, width, and thickness of the right testicle to estimate the 
testicular volume using the ellipsoid formula applied by Pleguezuelos and Feriche 
(1999). We also performed histological sections of the right testicle, kidney, and deferent 
ducts in order to establish an accurate classi"cation of the reproductive stage considering 
the following seven possible spermatogenic stages proposed by Ballinger and Nietfeldt 
(1989): 1) division of germinal cells, 2) appearance of primary spermatocytes, 3) presence 
of secondary spermatocytes, 4) early spermatids at lumen, 5) transforming spermatids and 
a few spermatozoa, 6) abundant spermatozoa in the lumen, and 7) early testicular 
regression. Tissue samples were dehydrated in an ethanol series of increasing concentra-
tions (70%, 80%, 90%, 96% and 100%), cleared in xylene, and embedded in para%n. 
Transverse sections of 5 µm slices were obtained using a rotatory microtome and were 
stained using the traditional haematoxylin and eosin preparation. Minimum size at sexual 
maturity was established based on the SVL of the smallest male with mature sperm in the 
lumen of the seminiferous tubules or deferent ducts.

Data analysis

Statistical analyzes were performed with R software version 3.4.2 and with a P-value < 0.05 
as the criteria for signi"cance. Normality of the data was checked using the Shapiro-Wilk 
test. As the follicular diameter and number of eggs or vitellogenic II follicles in females 
were not normally distributed, even after transforming the data, non-parametric tests 
were applied regarding these variables. Testicular volume and sexual dimorphism vari-
ables (snout-vent length, tail length, mid-body width, head length and head width) 
showed a normal distribution. We tested for sexual dimorphism separately in adults and 
juveniles using four ANCOVA with the SVL as an independent covariable of the following 
four morphological dependent variables: tail length, mid-body width, head length, and 
head width. To evaluate sexual dimorphism in mid-body width of adults, we used only 
previtellogenic females, since gravid and vitellogenic females possessed a wider mid- 
body (F4;62= 39.25, P-value <0.001).

To analyse di#erences in follicular diameter among months and seasons, a Kruskal- 
Wallis test was performed followed by a paired Mann-Whitney test to establish which 
months and seasons were signi"cantly di#erent. Testicular volume showed a correlation 
with snout-vent length (R2= 0.78, t = 6.84, P-value < 0.001, n = 35) and an ANCOVA test 
between months and season was performed with SVL as a covariable.

To evaluate di#erences in the frequency of the reproductive stages of females and males 
within our three seasons (dry, high rainfall, and low rainfall), we performed G-tests. 
Di#erences in the frequency of encounter of females, males, and neonates between the 
three seasons was also evaluated with a Chi-square test. The correlation between SVL and 
number of eggs and vitellogenic II follicles was evaluated using a Spearman rank correlation 
test. Since the lengths of the right and left ovaries were strongly correlated with SVL (right 
ovaries: rs = 0.50, S = 26997, P-value < 0.001; left ovaries: rs = 0.68, S = 17261, P-value < 0.001), 
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we evaluated the di#erences between the length of the ovaries with an ANCOVA test using 
SVL as a covariable. We also conducted an ANCOVA with SVL as a covariable to evaluate if 
the size of the ovaries varied among reproductive stages.

Results

Sexual dimorphism

Females were remarkedly larger in SVL than males (Figure 2(a)). The largest female 
collected (715 mm SVL) measured approximately twice the length compared to the 
largest male (446 mm SVL) (Table S1). For both juveniles and adults, sexual dimorphism 
was evidenced in the tail length, with males presenting signi"cantly longer tails than 
females (Figure 2(b–c); Table S1), indicating that this sexual dimorphism trait is evident 
throughout ontogenetic growth. Mid-body width, head length, and head width were not 
dimorphic in juveniles (Figure S1, Table S1); whereas adults showed signi"cant di#erences 
between sexes, as females show a larger size in these three variables compared to males 
(Figure 2(d–f), Table S1).

Female reproductive cycle

A total of 70 adult females of H. pastazae were analysed; over the entire study 32% of 
females were previtellogenic, 32% vitellogenic I, 22% vitellogenic II, and 14% were gravid. 

Figure 2. Sexual dimorphism in juveniles and adults body shape of H. pastazae. (a) Snout-vent length 
for both juveniles and adults. (b) Juveniles tail length. (c–f) Sexual dimorphism in adults. (c) Tail length. 
(d) Head length. (e) Head width. (f) Mid-body width considering only previtellogenic females. Closed 
circle: males. Opened circles: females.
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The smallest female with oviductal eggs measured 402 mm SVL, indicating this as the 
minimal size of sexual maturity for females of H. pastazae. Vitellogenic II females also 
showed previtellogenic and vitellogenic I follicles in their ovaries. However, gravid 
females never had simultaneously vitellogenic II and oviductal eggs, demonstrating 
a discontinuous reproductive cycle without an immediate reproductive event after 
parturition.

Follicular diameter varied signi"cantly across months (Kruskal-Wallis, H = 49.13, P-value 
< 0.001, df = 10) and among the three established rainfall seasons (Kruskal-Wallis, 
H = 18.81, P-value < 0.001, df = 2), showing a marked seasonality in follicular growth 
(Figure 3(a)). The largest follicles of females found in the dry season (January-April) were 
signi"cantly smaller (mean ± SD = 5.47 ± 1.15 mm, n = 25) compared to the follicular size 
of the individuals found during the following high rainfall season (May-August; mean ± 
SD = 13.16 ± 5.31 mm, n = 19; Mann-Whitney, W = 446, P-value < 0.001, n = 44; Figure 3 
(a)). A signi"cant di#erence in follicular and egg size was also found between the low 
rainfall (September-December; mean ± SD = 9.78 ± 8.07 mm, n = 16) and high rainfall 
seasons (Mann-Whitney, W = 214, P-value = 0.04, n = 35). However, no statistical di#er-
ence was found when comparing the follicular diameter of females in low and dry seasons 
(Mann-Whitney, W = 188, P-value = 0.76, n = 41).

Although we found females in di#erent reproductive stages during the same season, 
there was not an equitable distribution of the stages (G = 59.16, P-value < 0.001, df = 6; 
Figure 4(a)). At the beginning of the calendar year during the dry season (January-April) 
we found that most females were previtellogenic (n = 13) or vitellogenic I (n = 12) 

Figure 3. Monthly variation in gonadal measurements and reproductive stages versus mean rainfall by 
month. Striped bars indicate the 4-month dry season. White bars indicate the high-rainfall portion of 
the wet season and grey bars indicate the low-rainfall portion. (a) Monthly variation in the follicular 
diameter and reproductive stages in H. pastazae. Dark grey triangles: previtellogenic follicles. Squares: 
vitellogenic I follicles. Dark grey circles: vitellogenic II follicles. Open circles: females with oviductal 
eggs. (b) Monthly variation in testicular volume (mm3) and spermatogenic stages. Open circles: Stage 
4 (early spermatids at lumen). Gray triangles: stage 5 (transforming spermatids at lumen). Dark grey 
circles: stage 6 (abundant spermatozoa at lumen). White squares: Stage 7 (testicular regression).
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compared to the following high rainfall season (May-August) in which the frequency of 
adult females changed to being vitellogenic I (n = 9), vitellogenic II (n = 10), with a single 
gravid female found. Females in the low rainfall season (September-December) repre-
sented all four reproductive stages. At the beginning of this season, females were 
principally vitellogenic II (n = 5), followed by gravid females with oviductal eggs (n = 9), 
and lastly adult non-reproductive females (previtellogenic) (n = 10). Only one individual 
was found vitellogenic I in November during this season (Figure 4(a)). Moreover, neonates 
(SVL < 230) were captured during all months of the year except December. However, the 
encounter with neonates was more frequent during the dry season (X2 = 30.39, P-value < 
0.0001, df = 4, Figure S2).

Clutch size ranged from 3 to 18 eggs (mean ± SD = 8.7 ± 4.3, n = 10) and the number of 
oviductal eggs and vitellogenic II follicles was positively correlated with the SVL of females 
(vitellogenic II follicles: rs à 0.53, P-value = 0.048, n = 14; oviductal eggs: rs à 0.80, 
P-value = 0.005, n = 10, Figure S3). The right ovaries of females were longer than the 
left ovaries (right ovaries mean ± SD = 65.62 ± 22.02 mm; left ovaries mean ± 
SD = 44.6 ± 15.38 mm; F2;132= 24.83, P-value < 0.0001) and had more vitellogenic II 
follicles or eggs (right oviduct mean ± SD = 6.4 ± 2.4 mm; left oviduct mean ± 
SD = 3.6 ± 2.1 mm, t = 4.4, P-value < 0.0001, n = 25). The length of both ovaries also 
changed between the reproductive stages (right ovaries: F4;64= 7.05, P-value < 0.0001; left 
ovaries: F4;64= 17.9, P-value < 0.0001).

Males reproductive cycle

We analysed a total of 35 adult males distributed throughout all months of the year 
except July. From the total number of adult males collected, only one was in stage 4, one 

Figure 4. Proportion of adult females and males of H. pastazae in di!erent reproductive stages by 
season. (a) Females in previtellogenic (dark grey), vitellogenic I (light grey), vitellogenic II (white), and 
gravid (black) stages. (b) Males in stage 4 (black), stage 5 (dark grey), stage 6 (light grey), and stage 7 
(white) of spermatogenesis. The numbers above the bars represent the sample size.
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presented a maturing testis in stage 5, while the majority (85.3%) showed a maximum 
reproductive activity in stage 6, 8.8% (3 snakes) were found in the testicular regression 
stage 7. The smallest reproductive male measured 276 mm SVL.

The ANCOVA did not show a signi"cant di#erence in the testicular volume among 
months (F11;20=0.92, P-value = 0.53, df = 10) or seasons (F3;28=0.06, P-value = 0.93, 
df = 2), indicating no seasonality in the testicular volume (Figure 3(b)). The spermato-
genic stages of males were roughly similar throughout the seasons (G = 7.79, 
P-value = 0.25, df = 6), but with a dominance of stage 6, maximum reproductive activity, 
found throughout all the months and seasons of the year, and stages 4, 5, and 7 
restricted to the dry season (Figure 4(b)).

In stage 6 a high amount of mature sperm is found in the lumen of the seminiferous 
tubules and the thick seminiferous epithelium is principally composed by late spermatids. 
The only adult male found in spermiogenesis (stage 4, January), showed undi#erentiated 
spermatids at the margin of the seminiferous epithelium. Maturing testes (stage 5, March) 
had transforming spermatids. Three individuals with post-reproductive testes or early 
regression (stage 7, March and April) had a reduced and disintegrated seminiferous 
epithelium and rests of spermatozoa in the lumen of the seminiferous tubules ("gure 
S4). Independent of the reproductive stage, mature males possessed spermatozoa in the 
lumen of their deferent ducts and had a hypertrophied sexual segment of the kidney 
all year round.

Copulatory event

During the entire year of "eldwork (August 2016-July 2017) we encountered only one 
copulatory event involving one vitellogenic I female (SVL = 455 mm) and one reproduc-
tive male (SVL = 410 mm) on 25 April 2017 at 5:00 pm). The weather was unusual that day 
with substantial rainfall during the whole day, which ceased at around 5:00 pm. The rains 
caused !ooding that left exposed a small elevated patch of sand and rocks where we 
encountered the copulatory event under one rock, along with four additional adult 
females under separate nearby rocks.

Discussion

Sexual dimorphism in tail length was demonstrated in juveniles and in adults, with males 
having longer tails compared to females, indicating that tail length is a dimorphic trait 
present since birth. However, the other three morphological variables (head length, head 
width and mid-body width) were only dimorphic for adult individuals, as females present 
signi"cantly larger sizes of these traits. Longer tails in neonates and juvenile males 
support the hypothesis that male squamates are born with a higher number of subcaudal 
scales and tail vertebrae in order to hold the hemipenes (King et al. 1999; Shine et al. 
1999). On the other hand, our "ndings did not support sexual dimorphism in head 
dimensions or mid-body width within juveniles of H. pastazae. Previous studies show 
that these morphological traits tend to be dimorphic in neonates when family e#ects, or 
maternal identity, is considered (Krause and Burghardt 2007; Tomovic et al. 2010). 
However, in our studied population it was not possible to identify the parents of each 
neonate.
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The evolution of sexually dimorphic traits in snakes may be driven by sexual or natural 
selection pressures such as: 1) intraspeci"c male-male competition 2) alternative repro-
ductive strategies in females to increase fecundity, and 3) reduction in intraspeci"c 
competition for food resources (Fitch 1981). In addition to the possible morphological 
constraints imposed by hemipenes (higher number of tail vertebrae to hold the hemi-
penes), longer tails in males might also be explained by male-male competition (Shine 
1994). For example, mate competition among males can be performed by tail wrestling 
during courtship as males search for a better grasp while copulating with females, 
imposing a selective advantage for males with longer tails (Shine et al. 1999). The longer 
tails of males in H. pastazae could suggest that males of this species engage in tail 
wrestling during copulation, though we have no behavioural data to test this hypothesis.

Our "ndings of adult females with larger SVL and mid-body width is common in snakes 
and may be driven by fecundity selection on females to increase clutch size (Fitch 1981; 
Shine 1994; Rivas and Burghardt 2001). Here, we showed that clutch size was indeed 
positively correlated with females SVL in wild H. pastazae. The length of the right and left 
ovaries was also correlated to SVL. Moreover, we found that the asymmetric ovaries varied 
in size between reproductive stages, which could partly explain the sexual dimorphism in 
mid-body width considering that females should have enough space to carry vitellogenic 
I and vitellogenic II follicles. On the other hand, smaller body size in males is also 
associated with improved locomotor behaviour within snake species, in which males 
show more active foraging strategies than females (Shine and Shetty 2001). Di#erence 
in foraging behaviour could cause intraspeci"c dietary divergence, as has been reported 
in various aquatic snakes such as in the American water snakes (Natricinae, Bonaparte 
1838), "le snakes (Acrochordidae, Bonaparte 1831), and marine elapids (Shetty and Shine 
2002). Although we did not study diets or behavioural di#erences in our population, we 
think it is possible that larger females with dietary divergence can be driving head size 
dimorphism, as females can ingest larger prey items than males, resulting in having larger 
heads. This head size dimorphism and intersexual resource partitioning has been reported 
in Helicops leopardinus (Schlegel 1837) as females present larger heads and consume 
larger prey items compared to males (Avila et al. 2006).

Females and males of the aquatic snake H. pastazae, exhibit temporally contrasting 
reproductive cycles, at least in the eastern foothills of the Cordillera Oriental of the 
Colombian Andes. Females have a clear seasonal reproductive cycle whereas males do 
not. Seasonality in the reproduction of females is partly explained by the high energy 
allocation that females invest in producing eggs compared to the ‘cheaper’ sperm 
production in males (Shine 1980; Hayward and Gillooly 2011), although gametogenesis 
can also be energetically expensive in males of some species (Olsson et al. 1997). The 
presence of adult previtellogenic females indicates that this population has a period of 
quiescence within its reproductive activity showing a discontinuous reproductive cycle. In 
contrast, adult males were mainly found in stage 6, maximum production of spermatozoa, 
during the entire year with only a few individuals having maturing testes or testes in 
regression during the dry season but maintaining spermatozoa in their deferent ducts. 
Consequently, males constitute a permanent reproductive resource for females. 
Therefore, according to the classi"cation of Mathies (2011), females of this population 
show a discontinuous seasonal cycle, meanwhile males have a continuous aseasonal cycle 
at the population level.
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Extensive studies of the reproductive cycles of females of other Helicops have been 
centred in southern Brazil, where precipitation and temperature show high seasonal 
variation. In these subtropical regions, populations of both H. leopardinus and 
H. infrataeniatus Jan (1965) tend to concentrate their reproductive e#orts during the 
warmer seasons of the year, which in the case of H. infrataeniatus concurs with parturition 
within the rainy season (De Aguiar and Di-Bernardo 2005; Avila et al. 2006). However, the 
reproductive cycles of population of Helicops inhabiting the tropical region have not been 
well studied. Scartozzoni (2009) states that most species within the Hydropsini tribe 
[Helicops, Hydrops (Wagler 1830), Pseudoeryx (Fitzinger 1826)] exhibit a seasonal repro-
ductive cycle. However, the data on the reproductive timing of some species in this work 
is based on specimens collected throughout a wide distribution across Brazil, thus ignor-
ing geographic variation within the reproductive cycles. Other aspects of the reproductive 
biology such as clutch size of H. pastazae (3–18 oviductal eggs) is within the range 
reported for other species of the genus, independently of their reproductive modes, 
such as H. leopardinus (4–11 embryos; Avila et al. 2006), H. infrataeniatus (1–25 embryos; 
De Aguiar and Di-Bernardo 2005), H. angulatus (Linnaeus 1758) (4–20 oviductal eggs or 
embryos; Cunha and Nascimento 1981; Martins and Oliveira 1998; Ford and Ford 2002; 
Braz et al. 2016) and H. modestus Günther 1861 (24 embryos; Da Silva and Travaglia- 
Cardoso 2015). We did not "nd any evidence of interspeci"c variation in the minimum size 
at sexual maturity, relative to the average SVL of H. pastazae females (relative size: 1.5) 
compared to females of H. infrataeniatus (relative size: 1.38; De Aguiar and Di-Bernardo 
2005) and H. leopardinus (relative size 1.4; Avila et al. 2006).

We posit that rainfall patterns and consequently water level of the river are the 
main factors regulating the reproductive cycle of H. pastazae, since we found that 
this oviparous species lays its eggs under large rock during the dry season, approxi-
mately 2 m away from the river (García-Cobos and Gómez-Sánchez 2019). Although 
this is a single-clutch observation, we believe this is a pattern followed by most 
females of the population considering that the Bata River is mostly surrounded by 
rocks, limiting the places where females may oviposit the eggs (Figure 1(c)). 
However, we cannot discard the possibility that females may move to the surround-
ing forest to lay their eggs. Moreover, the mountainous Bata river experiences short 
but dramatic !ooding events during the sporadic storms in the rainy season that 
increase the !ow of the river. We hypothesise that if females lay eggs during the 
period of high rainfall, the sudden increase of the !ow and water levels of the river 
could either drown or smash the eggs. Although it has been reported that other 
species of Helicops, such as H. angulatus and H. hagmanni Roux 1910, may lay eggs 
during the rainy season, we believe that the speci"c habitat of mountain rivers that 
H. pastazae inhabits is a greater threat due to the abrupt !ooding events compared 
to the !ooding occurring in the lowland rivers, ponds, or back waters in which 
H. angulatus and H. hagmanni live (Martins and Oliveira 1998; Ford and Ford 2002). 
Unfortunately, most of the information we know about egg-laying in H. angulatus is 
based on captive females that laid eggs under laboratory conditions (Rossman 1973; 
Gorzula and Señaris 1998; Ford and Ford 2002), with only one observation of a clutch 
of eggs buried in the soil near a stream (Braz et al. 2016). Incubation time may also 
explain di#erences in reproductive cycles. For example, eggs of H. angulatus may 
have very short periods of incubation (16–17 days; Rossman 1973) compared to 
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H. pastazae (45 days; García-Cobos and Gómez-Sánchez 2019). Even though the 
estimated incubation time of eggs in H. pastazae is based on a single observation, 
and time could vary among individual clutches, as has been reported for 
H. angulatus, females probably would not risk their brood by laying eggs during 
the rainy season, expecting that the eggs will hatch before the onset of sudden 
storms of the season. Our results agree with the oviparous aquatic natricine snake, 
Tropidonophis mairii (Gray 1841), that breeds during the dry season (Brown and Shine 
2002).

Other factors such as phylogenetic constraints and prey abundance may also be 
in!uencing the reproductive timing in H. pastazae. The oviparous aquatic snake, 
Natrix maura (Linnaeus 1758), regulates the timing of reproduction based on the 
availability of prey in this region (Santos et al. 2005). Since we did not evaluate "sh 
abundance in the di#erent seasons and there are no previous studies of "sh abun-
dance in the Bata River, we cannot discard the possibility that prey is also in!uencing 
the timing of reproduction in H. pastazae. Likely the hatching of neonates during the 
dry season coincides with higher densities of "shes or tadpoles, due to the lower 
water levels that restrict the foraging area. This agrees with parturition during the 
onset of the dry season of other viviparous aquatic snakes in a community of 
homalopsids inhabiting Cambodia and in the green anaconda, Eunectes murinus 
Linnaeus 1758 (Rivas 2000; Brooks et al. 2009). However, a di#erent reproductive 
pattern is shown in the viviparous aquatic snake Acrochordus granulatus (Schneider 
1799), as vitellogenesis happens in the dry season and parturition occurs during the 
wet season (Wangkulangkul et al. 2005). A di#erent scenario is also observed in the 
semi-aquatic snake, Erythrolamprus miliaris (Linnaeus 1758), as it presents 
a continuous reproductive cycle even in females, with the presence of oviductal 
eggs and vitellogenic II follicles all year round (Eisfeld and Vrcibradic 2019).

The histological testicular sections taken across months and seasons show that males 
of H. pastazae have a continuous cycle at the individual level and an aseasonal reproduc-
tive cycle at the population level. The male reproductive cycle of other species of Helicops 
has not yet been evaluated using appropriate histological sections in order to establish 
the reproductive stages. Scartozzoni (2009) evaluated spermatogenesis seasonality based 
on the variation in testicular volume, however, we did not "nd a correlation between 
testicular volume and reproductive stages in males of H. pastazae, suggesting that the 
volume of the testicles is not a precise measurement to elucidate reproductive cycles for 
males. As in females, we did not "nd any notable interspeci"c di#erence in the minimum 
size at sexual maturity relative to mean SVL in H. pastazae (relative size: 1.4) compared to 
males of H. leopardinus (relative size: 1.3; Avila et al. 2006) and H. infrataeniatus (relative 
size: 1.4; De Aguiar and Di-Bernardo 2005).

Reproductive cycles and the relative duration of spermatogenesis in male snakes inha-
biting tropical zones vary greatly among species and do not necessarily show direct 
correlation with climatic factors (Girons 1982). For example, males of the lancehead 
Bothrops atrox (Linnaeus 1758) in Brazilian Amazonia follow a seasonal semi-synchronous 
cycle with spermiation occurring during the rainfall season (Silva et al. 2019). A more 
common pattern reported in the tropical regions is found in the aquatic snakes Laticauda 
colubrina (Schneider 1799), Cerberus rynchops (Schneider 1799), Homalopsis buccata 
(Linnaeus 1758), and the brown tree snake Boiga irregularis (Bechstein 1802), with the 
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occurrence of spermatogenic males all year long (Berry and Lim 1967; Gorman et al. 1981; 
Mathies et al. 2010). However, the aforementioned species, except for L. colubrina, show 
variation in additional reproductive variables such as seminiferous tubule height, testis 
mass, or plasma testosterone. Although in this study we did not consider histological 
measurements of seminiferous tubule, our sections of testis, sexual segment of the kidney, 
and deferent ducts show that males of H. pastazae produce spermatozoa all year round with 
a few individuals in regression or maturing testis during the dry season. These few indivi-
duals were found during the same season (dry season) of non-reproductive females in 
stages of previtellogenesis and vitellogenesis I. Spermatogenesis is greatly constrained by 
low temperatures (Girons 1982). Therefore, the constant warm temperatures found in our 
studied region may explain the presence of reproductive males all year long. Moreover, the 
only copulatory event we found during this study happened at the end of the rainy season 
(April), when females are initiating the process of vitellogenesis.

Finally, our study population inhabits a river that has been modi"ed to serve as a water 
reservoir resulting in human control altering the natural cycle of the river. This loss of the 
natural !ow regime of the rivers could impact aquatic communities downstream from the 
dam by altering hydrological attributes such as !ood periods, intensity, and amplitude 
which directly a#ects the structure and functioning of the ecosystem (Agostinho et al. 
2008). Thus, as the reproductive cycle of H. pastazae is indeed in!uenced by the river 
pulses and oviposition happens at the river edge, a mismanagement of the water 
discharge may result in high mortality rates for egg clutches.
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