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Effect of prey availability on growth-rate trajectories of
an aquatic predator, the viperine snake Natrix maura
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The energy gained by an organism is used for maintenance, growth and reproduction. In habitats with limi-
ted resources, these processes compete for available energy and may induce intraspecific variation in body
condition, growth trajectories and reproductive output. We tested the hypothesis that populations exposed
to higher food availability are able to grow faster, and attain larger body sizes in the viperine snake (Nazrix
maura). We estimated snake age by counting growth lines in the skull’s ectopterygoid bone, and compared
body size growth curves from three Iberian populations exposed to temporal variation of food resources avai-
lability. In the three localities, and in males and females, the growth curves followed a quadratic function that
tended to an asymptotic value as growth slowed down. Growth curves showed slower growth rates and an
early asymptote for males, in agreement with the reverse sexual dimorphism in body size of this species. We
also detected interpopulational differences, with the Ebro Delta population exhibiting slower growth rates
and smaller asymptotic body size in both sexes. This population inhabits rice fields with an artificial water-
flow cycle, a condition that implies a shorter period of prey availability for snakes, compared to the other two
populations, where prey is available for longer periods of time. Moreover, high proportion of snakes with tail
breakage in this population indicated high predation pressure. These environmental conditions suggest that
food availability and predation pressure may be concurrently acting to produce smaller N. maura at the Ebro
Delta than at the other two populations.
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Efecto de la disponibilidad de presas en las trayectorias de crecimiento de un depredador acudtico, la culebra
viperina Natrix maura. Los organismos invierten su energfa en mantenimiento, crecimiento y reproduccion.
En hébitats con una disponibilidad de recursos limitada, estos procesos compiten por la energfa disponible y
pueden inducir variacién intraespecifica en la condicién corporal, trayectorias de crecimiento y rendimiento
reproductivo. Hemos comprobado en la culebra viperina (Natrix maura) la hipétesis de que las poblaciones
con una mayor disponibilidad de recursos son capaces de crecer mds rdpido y alcanzar tamafios corporales
mayores. En este estudio estimamos la edad de los individuos contando las lineas de crecimiento en el hueso
pterigoideo del crdneo, y comparamos las curvas de crecimiento corporal de tres poblaciones ibéricas expues-
tas a variacion temporal en la disponibilidad de recursos alimentarios. En las tres localidades, y tanto en
machos como en hembras, las curvas de crecimiento siguieron una funcién cuadrdtica con tendencia a valo-
res asintdticos a medida que el crecimiento disminufa. Las curvas de crecimiento mostraron tasas menores y
una asintota mds temprana en machos, de acuerdo con el dimorfismo sexual reverso en tamafo corporal en
esta especie. Asimismo detectamos diferencias interpoblacionales, con la poblacién del delta del Ebro mos-
trando tasas de crecimiento menores y un menor tamafo corporal asintético en los dos sexos. Esta poblacién
ocupa arrozales con ciclos artificiales de disponibilidad de agua, una condicién que implica un periodo mds
corto de disponibilidad de presas en comparacién con las otras dos poblaciones, donde las presas estdn dis-

DOL: http://dxdoiorg/10.11160/bah.14001/ Supplementary material available online



36 FILIPPAKOPOULOU ET AL.

ponibles durante periodos de tiempo mds prolongados. Por otra parte, una mayor proporcién de individuos

con colas partidas sugiere una mayor presién de depredacién. Estas condiciones ambientales sugieren que la

disponibilidad de alimento y la presién de depredacién pueden estar actuando simultdneamente producien-

do N. maura de un tamano menor en el Delta del Ebro que en las otras dos poblaciones.

Key words: capacidades cognitivas; navegacién; orientacién; Rumanfa; sefiales visuales; Tulcea.

Organisms have the capacity to extract
energy from their environment, process that
energy, and allocate it to maintenance and
production (CONGDON ez al., 1982, 2001;
MCNAB, 2002). Energy used for maintenan-
ce covers two targets: i) standard maintenan-
ce, i.e. the basal energetic cost of living, and
ii) activity maintenance, i.e. the energy requi-
red for activities such as digestion and loco-
motion. The energy allocated to production
supports growth and reproduction. For many
organisms, most energy is used for mainte-
nance and far less is used for production
(DURANT ez al.,, 2007). For example, non-
avian reptiles spend 80% of their energy bud-
get on maintenance and 20% on production
(CONGDON et al., 1982).

Resources available in the environment
are often limited, and tasks such as mainte-
nance, growth, and reproduction may com-
pete for energy to optimise their respective
output values (LESSELLS, 1991; STEARNS,
1992). Consequently, the allocation of
energy to one particular process could occur
at the expense of others (STEARNS, 1976,
1989; SHINE, 1980). Foragers occasionally
face periods in which food is scarce or even
non-existent, and stress caused by a reduction
in prey availability may constrain the rate of
energy intake (REZNICK ez al., 1990). In these
situations, organisms may allocate less energy
to growth and reproduction, and more to
maintenance, in order to increase their chan-
ces of survival (FORSMAN & LINDELL, 1991).

Snakes are an adequate group for studying
a variety of biological and ecological aspects
related to how the partition of energy to dif-
ferent competing needs is affected by resour-
ce levels (FORSMAN & LINDELL, 1996; SHINE
et al., 2002; BOBACK, 2003). Most female
snakes are capital breeders, which accumula-
te body reserves for long periods before
reproduction for fuelling vitellogenesis
(BONNET et al, 1994; NAULLEAU &
BONNET, 1996). They continue to grow after
attaining reproductive status (ANDREWS,
1982), and therefore adult body size and
reproductive output can interact and vary
depending on the local conditions of prey
availability (AUBRET & SHINE, 2007). How
food availability drives some snake reproduc-
tive parameters (i.e. reproductive outputs)
has been widely studied in snakes (reviewed
in SHINE, 2003). In contrast, few studies have
examined the effects of food availability on
snakes’ growth trajectories, due to the inhe-
rent complexity of long-term monitoring stu-
dies. Snakes show a high degree of ontogene-
tic plasticity, and environmental factors
impacting early life stages can modify later
growth rates (MADSEN & SHINE, 1993;
O’STEEN, 1998; AUBRET et al., 2004). In this
context, we hypothesize that intraspecific dif-
ferences in growth trajectories and / or repro-
ductive output will appear among popula-
tions under different availability of food
resources, ultimately affecting the maximum
body size attained by snakes.
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We examined this hypothesis within the
viperine snake Natrix maura, an aquatic pre-
dator that feeds on a wide range of prey types
(SANTOS, 2004) and whose diet is modulated
by the availability of aquatic prey (SANTOS ez
al., 2000). In this species, seasonal variation
in prey availability influenced the amount of
energy stored in several body compartments,
and affected reproductive output (SANTOS &
LLORENTE, 2004; SANTOS et al, 2007).
When prey were scarce, V. maura delayed its
reproductive timing until females obtained
sufficient reserves (SANTOS et al, 2005).
These results highlight how food availability
may influence energy-demanding processes
in this aquatic snake.

In this study, we examined how prey-
availability regimes may affect intraspecific
growth patterns and offspring size in V. maura.
We hypothesized that populations under
different prey-availability regimes differ in
their growth-rate responses due to con-
flicts in energy allocation between energy-
demanding processes (e.g. growth and
reproduction). Natrix maura shows strong
sexual dimorphism in body size, as females
are larger and achieve sexual maturity at
larger sizes than males (SANTOS, 2004), a
feature that allows grow-rate trajectories to
be compared intersexually. To analyse
inter-population and sexual differences in
growth rates, we measured the growth tra-
jectories of three N. maura populations
inhabiting two natural habitats, a wetland
and a river, and one artificial habitat with
high food availability, a fish farm. We
expect faster growth rates in the larger sex
(females), and in populations that expe-
rience longer periods of prey availability
irrespective of sex.

MATERIALS AND METHODS
Study area

Natrix maura is a medium-sized aquatic
snake that inhabits Western Mediterranean
natural (ponds, rivers, marshes, streams) and
artificial water bodies (SANTOS, 2004). We
examined 168 N. maura specimens (in
the

the

Barcelona and Granada), from three Iberian

collections in Animal

Biology
Departments  at Universities  of
populations with different environmental
characteristics. Each locality was sampled to
measure prey availability for viperine snakes,
as described below.

The Ebro Delta (ca. 00 45 E, 400 42’ N,
5 m above sea level) is a wetland partially
covered by rice fields. Rice-crop cycles cause
disturbances to aquatic species due to chan-
ges in the regime of water flow. Canals and
rice fields overflow from April to October,
when they dry up until the following April.
We studied 93 individuals of N. maura cap-
tured in 1990 and 1991. The snake’s diet at
this population was composed of the green
frog Pelophylax perezi and two fish species
Cyprinus carpio and Gambussia  holbrooki
(SANTOS et al., 2000). Prey availability was
estimated by sampling 4-6 canals monthly,
from April to November 1991, as this is the
habitat most frequently used by N. maura
for foraging (SANTOS & LLORENTE, 1998).
Samples were taken using a 2 m hand net
(60 x 60 cm, 1.8 mm mesh). The net was
positioned near the bottom of the canal, and
moved unidirectionally along 10 meter tran-
sects, collecting fish and other prey types.
This method efficiently samples all vertebra-
tes, except large fish (FAsoLa, 1986), but
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these specimens / taxa are not consumed by
the viperine snake (SANTOS & LLORENTE,
1998). Collected prey specimens were identi-
fied to the species level, measured (+ 1 mm),
and their dry weight mass calculated by the
linear regressions of dry mass on body
length (biomass; GONZALEZ-SOLIS et al.,
1996). We then calculated N. maura’s prey
biomass per square meter of canal to obtain
monthly variation in available biomass in
the habitat.

The Matarranya River (ca. 0° 12’ E, 41° 13’ N,
508 m above sea level) has a typical
Mediterranean water regime, with seasonal
flow changes related to rainfall periods; the
highest flows occur in spring and autumn,
and the lowest in summer. We studied 30
female N. maura individuals collected bet-
ween 1984 and 1986 (the absence of males
precluded a sexual comparison at this popu-
lation). The snake’s diet was composed of
P perezi, and four fish species, Barbus graell-
sii, Chondrostoma miegii, Squalius cephalus
and Salaria fluviatilis (SANTOS et al., 2000).
Fish were sampled every two months from
1984 to 1986. Surveys were performed with
standard electrofishing equipment (device of
direct current, 4500 W generator, working
voltage of 300-400 V, intensity of 1.5-2.0 A,
and a 30 cm anode), efficient for estimating
fish densities (BOHLIN ez al, 1989).
Electrofishing was conducted three times in
river sections ca. 100 m long previously con-
fined with nets. Captured fish were identi-
fied to the species level, counted, weighed (+
0.1 g), measured (+ 1 mm), and released at
the localities they were caught. Abundance
estimates were made using the Zippin
(1958) method and the CAPTURE software
(White et al., 1978).

Riofrio (4° 10" W, 37° 10’ N, 485 m
above sea level) is a fish farm in the south of
the Iberian Peninsula devoted to raising
Oncorhynchus mykiss. We studied 45 N. maura
collected between 1988 and 1990; their
diet was exclusively composed by fish (J.M.
Pleguezuelos, unpublished data). Data on
number of fish per water volume (prey avai-
lability) and their average size were provi-
ded by fish farmers. We used this informa-
tion to calculate fish wet mass per square
meter of water.

No snakes were killed for this study.
Snout-vent length (SVL) of individuals at
the time of collection was available for the
Ebro Delta and the Matarranya River popu-
lations. In the Riofrio fish farm, snakes were
killed by fish farmers to reduce predation
upon fish, and we obtained body-size mea-
sures from preserved specimens. The proce-
dure to estimate fresh body size of the sna-
kes is explained below.

In most of its Iberian range, N. maura
becomes active in March (JAEN & PEREZ-
MELLADO, 1989; SANTOS & LLORENTE,
2001). Although N. maura may be occasio-
nally active in sunny winter days (SANTOS &
LLORENTE, 2001; MALKMUS, 2008), experi-
mental studies demonstrated that digestion
stops and prey are regurgitated when body
temperature falls below 10°C (HAILEY &
DAVIES, 1987a). Thus, snakes are typically
active in water temperatures above 13.0-
17.8°C in Iberia (HAILEY et al., 1982; JAEN &
PEREZ-MELLADO, 1989). At the Ebro Delta,
field observations indicate that N. maura
starts its activity when air temperature is ca.
12°C  (authors’ personal observations;
SANTOS, 2004), thus, we assumed that snakes
were not active below this temperature.
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To determine the foraging period for each
population, we collated temporal variation in
prey availability and mean air temperatures, the
latter obtained from the Agencia Estatal de
Meteorologia. As explained previously, food
availability was measured with different
methods at each population. However, our
objective was not to compare the amount of
food availability among the sites, but to know
when prey were available at each study site. We
assumed that foraging activity started in all
three study sites when prey were available and
air temperature was higher than 12°C.

Snake body size and age

We measured the snout-vent length
(SVL) of freshly caught individuals from the
Ebro Delta and Matarranya River popula-
tions using a cord placed along the mid-dor-
sal line of the body. In general, preserved ani-
mals (in 75% ethanol) from the Riofrio
population had shrunk. To compare SVL
measurements from the three populations,
we estimated the SVL of Riofrio at the time
of collection following the procedures outli-
ned by SANTOS ez al. (2011).

We estimated the snakes™ ages by skeleto-
chronology (CASTANET ez al., 1977). Previous
studies in . maura demonstrated that the
ectopterygoid is a suitable flat bone to obser-
ve growth marks (HAILEY & DAVIES, 1987a).
Likewise, WAYE & GREGORY (1998) detected
little variation in the number of layer counts
between the caudal vertebrae and the ectop-
terygoid in Thamnophis spp. garter snakes
from Canada; 20 out 37 (54%) of the ani-
mals examined by these authors had the same
number of growth layers in both bones, and
only four individuals (10.8%) showed more

layers in the ectopterygoid bone than in the
caudal vertebrae (maximum difference was
two layers).

We removed the right ectopterygoid from
168 individuals of N. maura. To facilitate
skeletochronology procedures, bones were
photographed with an optic microscope
(Leitz Dialux 20) at 40 X magnification.
Each photograph was analysed carefully, and
growth marks counted following procedures
described in PEABODY (1961), i.e. each dense
line in the bone corresponded to an active
osteogenesis period followed by low or lack of
osteogenesis (no visible marks). To prevent
inaccurate interpretations influenced by bone
size (WAYE & GREGORY, 1998), we carried
out a blind test: a code was assigned to each
bone, and growth mark numbers were not
assigned to specific bones until all readings
were completed. Additionally, we counted
the number of layers on caudal vertebrae of
10 randomly selected N. maura specimens,
following procedures by WAYE & GREGORY
(1998). Vertebrae were decalcified with 4% for-
maldehyde and 3% nitric acid during 1 h 45
min, and sections of 14 um thickness were
made with a cryomicrotome and stained with
0.05 Ehrlich's Haematoxilyn. The number of
layers on caudal vertebrae and ectopterygoid
bones were identical for each of the ten indi-
viduals examined (Fig. S1), supporting the
reliability of our procedure for aging snakes.

Data analysis

After checking that body sizes were
evenly distributed throughout the entire age
range, we verified whether SVL significantly
differed between populations using Analysis
of the Variance (ANOVA). Male and female
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N. maura were analysed separately because of
sexual dimorphism in body size. To estimate
growth curves, we conducted quadratic and
logistic regressions between the estimated age
and SVL for both sexes in the three popula-
tions with STATISTICA 8.0 (STATSOFT,
2007) and MatLab 7.0 (MATHWORKS, 1996)
softwares. Once we confirmed our data fitted
a quadratic regression function, we perfor-
med intersexual and interpopulation compa-
risons for both sexes in growth trajectories.
Sexual and interpopulation differences in
growth rates were tested by comparing line
slopes using SMATR Software (FALSTER et al.,
2006). This program adjusts comparative
categories to a linear regression model and
conducts two types of tests: the standardised

major axis test (SMA), which reports growth-
rate differences, and the Wald test, which
reports elevation differences that indicate dif-
ferent body sizes at birth. Finally, the maxi-
mum of each quadratic function was calcula-
ted to find the asymptotic growth point. This
point indicates the age at which growth
slows, and the maximum size reached by the
study population.

RESULTS

Estimates of food-availability

Comparisons of temporal variation in air
temperatures and food availability at each
population (Fig. 1) suggested that the fora-
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ging period estimates is six months for the
Ebro Delta population, and slightly longer
than seven months at the Matarranya River
and the Riofrio fish farm. In the Ebro Delta,
rice-field farmers regulate the water flow to
keep the rice fields dry until the end of April,
and consequently prey are not available for
water snakes until this period (SANTOS ez al.,
2000). At the Riofrio fish farm, fish are avai-
lable the entire year, and food availability
varies due to fish cohorts replacement every
three months. In summary, as food resources
were available all year at Matarranya and
Riofrio, foraging activity of viperine snakes in
these localities is likely regulated by environ-
mental temperature.

Age estimates and growth curves

The estimated age of V. maura, calculated
by counting the ectopterygoid growth marks
ranged from 0 to 22 years (the oldest snake
was a female from the Matarranya River,
595 mm SVL). The relationship between
estimated age and SVL was adjusted in all

cases to quadratic and logistic distributions,
with a goodness of fit ca. 80% (Table 1).
Because both adjustments had a similar coef-
ficient of determination, we chose the qua-
dratic regression, which allowed us to calcu-
late the asymptotic curve more easily.

The equations of the quadratic regres-
sions indicated that the growth of males
from the Ebro Delta and Riofrio slowed
down at the same estimated age (18.9 and
18.7 years respectively; Table 1), whereas
the asymptotic point for Ebro Delta fema-
les was 19.7 years. This finding suggests
that females continue growing for a longer
period than males. Females from
Matarranya and Riofrio apparently exhibi-
ted linear growth; this could be an artefact
as some individuals reached the largest SVL
measured in this study. Thus, to estimate
the maximum size attained by females in
the Matarranya and Riofrio populations, we
assumed 20 years as the asymptotic point,
based in the maximum age registered for
females in the Ebro Delta and southeastern

Iberia (HAILEY & DAVIES, 1987b).

Table 1: Quadratic and logistic goodness of fit (R?), and quadratic equation of the relationship between age
and body size in Natrix maura males and females at the three study populations. Using the quadratic equation,

we calculated the age at which growth slows downs (asymptotic point) as well as the maximum body size rea-
ched (snout-vent length, SVL). The asymptotic points for females from the Matarranya and Rioftio popula-
tions (in brackets) were estimated following the procedure detailed in the text.

R? logistic  R? quadratic Quadratic Age Max SVL
Group model model equation (years) (mm)
J Ebro Delta 0.8173 0.8165 SVL =143.55 + 28.14 x - 0.74 ¥ 18.9 410.0
? Ebro Delta 0.8689 0.8738 SVL = 127.70 + 37.37 x - 0.95 x* 19.7 496.2
? Matarranya 0.8569 0.8527 SVL =188.39 + 25.61 x—0.11 x (20) 656.59
d Riofrio 0.8948 0.8923 SVL =178.19 + 32.27 x - 0.86 x* 18.7 480.0
? Riofrio 0.7782 0.7781 SVL = 177.55 + 33.44 x - 0.59 x* (20) 610.35
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At the Ebro Delta, females were larger than
males of the same age (ANOVA, F,, = 10.9,
P =0.001). As stated, the asymptotic points of
the same age differed by about one year, and at
this age females had a much larger SVL than
males (496 and 410 mm, respectively).
Predicted growth rates were 14.28 mm / year for
males and 18.08 mm / year for females.
Consequently, the slopes of the regression
lines differed significantly (SMA test, T = 7.5,
P = 0.007; Fig. 2).

Ebro Delta females were smaller than those
from Riofifo (ANOVA, F,, = 7.53, P = 0.007)
and Matarranya (F, , = 13.04, P = 0.0005), but
females from Matarranya and Riofrio had simi-
lar body sizes (F, 5, = 0.61, P = 0.4). We assumed
that the asymptotic point of the females did not
differ among the three populations (19.7 years),
and at this age females from Riofrio and the
Matarranya had a much larger SVL than those
from the Ebro Delta (609, 650, and 496 mm,
respectively; Fig. 3). The predicted growth rate
for Riofrio females was 22.80 mm / year, that is
4.72 mm / year higher than for the Ebro Delta
females. The slopes of the regression lines did
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Figure 2: Relationship between age and body size
(snout-vent length, SVL) for Natrix maura males
(empty circles and dotted line) and females (closed
circles and solid line) in the Ebro Delta.

800

i “e.. Ebro Delta i
“a.. Matarranya River i
“o._ Riofrio fishfarm Al R
600 A
E s00
E
= 400

300

200

100
0 2 4 6 8 10 12 14 16 18 20 22

Growth lines (age)
Figure 3: Relationship between age and body size
(snout-vent length, SVL) for Natrix maura females
in the Ebro Delta (closed circle and dotted line),
Matarranya River (triangles and dashed line) and
Riofrio (empty circles and solid line).

not differ significantly in any of the three pairwi-
se comparisons (Table 2, SMA test), perhaps
because of the small sample sizes available for
this test. However, we found significant differen-
ces in the elevation of the regression lines in
Ebro Delta - Riofrio, and Ebro Delta -
Matarranya (Table 2, Wald test), a finding con-
sistent with the observed differences in annual
growth rates.

Similarly, Riofrio males were larger than
those from Ebro Delta (ANOVA, F, , = 14.05,
P = 0.0003). The asymptotic point did not
differ between the two populations (see
above), and at that this point, Riofrio males
had a much larger SVL than those from the
Ebro Delta (480 and 410 mm, respectively;
Fig. 4). Predicted growth rate in Riofrio
males was 17.48 mm / year, 3.20 mm / year
higher than in the Ebro Delta males.
Although the slopes of the regression lines
did not differ significantly (SMA test, T = 0.130,
P =0.71), their elevations did (Wald test Stat
= 124.9, P = 0.0001) (Fig. 4) in agreement
with variation in annual growth rate.
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Table 2: Interpopulation comparisons of slopes (SMA test) and asymptotes (Wald test) calculated from

the age versus body size quadratic equation in female Natrix maura in three populations within the

Iberian Peninsula.

Slope comparisons

Asymptote comparisons

Compared groups (SMA test) (Wald Test)

Ebro Delta and Riofrio T=05 P=04 Stat = 18.8, P = 0.003
Ebro Delta and Matarranya T=04P=0.5 Stat = 15.3, P = 0.02
Riofrio and Matarranya T=04,P=05 Stat = 10.58, P = 0.44

Reproductive traits

The hatchlings from the Ebro Delta were
smaller (151.4 + 2.2 mm, N = 28) than those
from Riofrio (166.2 + 4.4 mm, N = 17;
Mann-Whitney U test, Z = 2.72, P = 0.007).
No data were available for body size of hatch-
lings from the Matarranya River.

DiIsCcUSSION

The use of growth marks of the ectoptery-
goid for age determination and their correla-
tion with body size indicated sexual and inter-
population variation in growth trajectories in

so0| @, Ebro Delta o 5
Mo Riofrio fishfarm

200

100

o 2 4 6 8 10 12 14 16 18
Growth lines (age)

Figure 4: Relationship between age and body size

(snout-vent length, SVL) for Natrix maura males in

the Ebro Delta (closed circles and dotted line) and

Riofrio (empty circles and solid line).

N. maura. With respect to interpopulation
variation, we acknowledged that snakes and
food availability at each population were
collected in different years, and the causal lin-
kage among food availability and growth tra-
jectories must be interpreted with caution.
The Mediterranean Basin is quite unpredicta-
ble year to year in climate and available food
resources (BLONDEL et 4/, 2010), and annual
variation in food resources could potentially
modify snake’s growth trajectories. However,
two of the snake populations, the Ebro Delta
and Riofrio, use food resources strongly con-
trolled by humans because rice fields always
follow a regular and constant cycle at the Ebro
Delta (GONZALEZ-SOLIS & Ruiz, 1996), and
fish production in Riofrio is constant throug-
hout the year (A. Domezain, personal com-
munication). These facts provide compelling
evidence that collecting snakes in different
years presumably do not affect growth inter-
population variation in growth trajectories. A
second shortcoming of our study is that snakes
from populations where potential prey are
more abundant, may consume significantly
more prey than those from populations with
fewer trophic resources. There are several evi-
dences that the percentage of V. maura indivi-
duals with recent prey in stomach varied with
prey availability (RUGIERO ez al, 2000;
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SANTOS et al., 2000), and we also found inter-
population differences in the proportion sna-
kes with recent prey (32.5% [N = 40] at
Matarranya, SANTOS et al., 2006; 13.4%
[N = 343] at the Ebro Delta, SANTOS et al.,
2000; 29.9% [N = 97] at Riofrio, authors’
unpublished data). At the Ebro Delta for ins-
tance, the percentage of individuals with
recent prey varied monthly in parallel to the
increase of food availability after the rice field
flooding, and raised in May to 21.8%, when
availability was already high (SANTOS e 4.,
2000). Thereafter, the low availability of food
at the Ebro Delta during part of the feeding
period may obscure interpopulation differen-
ces in growth rates in V. maura;the differences
exist, but may arise from different regimes of
prey availability, from differences in the
amount of prey availability, or from both fac-
tors. These shortcomings do not affect our fin-
ding of sexual variation at a single locality.

Sexual variation in growth trajectories

The relationship between estimated age
and SVL fits a quadratic regression model in
the three populations. This model assumes
that snakes experience a period of rapid
growth during two thirds of their lifespans,
slowing down in the last third of their lives.
In Matarranya and Riofrio however, the
oldest females seemed to continue to grow
and reach larger sizes, and this precluded cal-
culation of asymptotic body size. This result
was first reported by HAILEY & DAVIES
(1987a) for female N. maura in the Jalén
River (eastern Spain), and suggests that large,
older females, do not stop growing. The
maximum age recorded by the ectopterygoid
growth marks from the Matarranya River

females, 22 years, evidences the long lifespan
attained by some females. This is the oldest
estimated age for N. maura, as the maximum
age previously reported was 20 years for a
female from the Jalén River (HAILEY &
DavVIEs, 1987b). The lack of an asymptotic
female body size is not the consequence of
unlimited growth of V. maura, but the result
of some females reaching a very large size, a
phenomenon that is likely in dimorphic
snake species in which females grow larger
than males (SHINE, 1980).

The comparison of the slopes of the regres-
sion lines during the active growing period
shows that female growth rate was higher than
that of the males. Moreover, sexual differences
in growth trajectories indicate that the age at
which growth slows down in males and fema-
les varies by one year, happening earlier in
males. Age and body size of sexual maturity
also vary between sexes: males mature earlier
and at smaller body size (2-3 years old, SVL
220-250 mm) than females (4-6 years old, SVL
312-350 mm; DUGUY & SAINT GIRONS, 19665
HaiLEy & DAvIES, 1987a,c; FERICHE &
PLEGUEZUELOS, 1999; SANTOS & LLORENTE,
2001). Sexual dimorphism in these traits may
be related to the fecundity selection theory
applied to snakes, because females are larger
than males in those species where larger body
sizes have been selected to favour the increase
in abdominal cavity for accommodating larger
clutches or litters (SHINE, 1993).

Interpopulation variation in growth trajectories

Interpopulation comparisons suggested
that snakes in the Ebro Delta were younger
and smaller than in the Matarranya River and
Riofrio populations. Our results indicated slo-
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wer growth trajectories in the Ebro Delta
population, this fact contributing to the sma-
ller body size attained by these snakes. The
interpopulation comparisons also showed that
the asymptotic SVL of the growth curves in
males were smaller in the Ebro Delta than in
Riofrio. Similar results were obtained when
comparing the Ebro Delta versus the
Matarranya and Riofrio females. Although the
slopes of the regression lines did not show sig-
nificant interpopulation differences, the
asymptotic point and the estimated annual
growth rates did. Moreover at the Ebro Delta,
the high proportion of snakes with the tail
broken suggests a high predation pressure
(SANTOS et al, 2011). These environmental
conditions suggest that food availability and
predation pressure may be concurrently acting
to produce smaller V. maura at the Ebro Delta
than at the other two populations.

What factors can account for these diffe-
rences? Higher predation pressure at the Ebro
Delta is caused by a high number of snake’s
predators (SANTOS ez al., 2011). Differences
in annual grow rates might be caused for
interpopulation differences in the length of
the feeding season, inferred by combining
environmental temperatures and food availa-
bility. The monthly percentage of snakes with
recent prey at the Ebro Delta (the only loca-
lity where these data were available) confir-
med that snakes scarcely fed when rice fields
were dry, whereas did when fields flooded up
(SANTOS ez al., 2000). Although there are not
monthly values of the percentage of snakes
with recent prey for Matarranya River and
Riofrio, the comparison of the average values
for the three populations (13.4%, 32.5%,
and 29.9%, for Ebro Delta, Matarranya and
Riofrio, respectively) supports the reduced

feeding opportunities of N. maura at the
Ebro Delta. According to life-history theory,
energy-demanding activities (e.g. maintenan-
ce, growth and reproduction) depend on an
organism’s feeding success (STEARNS, 1976).
Some snakes have flexible strategies for adjus-
ting the relative amount of energy allocated
to body growth and storage in response to
food availability (FORSMAN & LINDELL,
1996). Our findings indicate that snakes at
the Ebro Delta experience a shorter feeding
season compared to the Matarranya River
and Riofrio populations. The Ebro Delta is a
wetland area with high productivity rates
(Fores & CoMiN, 1992); however, restric-
tions in prey availability in this habitat are
related to the rice-field irrigation system,
which begins in April and ends in early
autumn after rice harvesting. The rice-field
cycle limits prey availability for N. maura, as
fields and canals dry up from October to
April, and aquatic prey become unavailable.
Accordingly, snakes in the Ebro Delta have
access to prey for 1-2 month less (on average)
than snakes in the other two populations. On
the contrary, we suggest that similarities in
growth trajectories between the Matarranya
and Riofrio snakes are primarily caused by a
similar feeding season and presumably no
the
Matarranya River has among the highest

limitation in food resources, as

diversity and density of fish in Europe (DE
SOSTOA, 2001) and Riofrio is a fish farm.

Interpopulation differences in the size of hatchlings

We found that the size of N. maura hatch-
ling at the Ebro Delta was smaller than at
Riofrio. Variation in the length of the feeding

season experienced by each population may
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affect food-intake rates, which in turn may
influence variation in hatchling size. In support
of this explanation, SEIGEL & FORD (2001)
found that Thamnophis marcianus showed a
marginal difference in neonate mass from
females with access to higher prey availability.
Moreover, SPARKMAN et /.(2007) showed that
larger or older females had larger offspring, a
result that fit our Ebro Delta-Riofrio compari-
son. Reproduction is energetically demanding,
and consequently we would expect a trade-off
between growth and reproductive output,
especially where food availability is limited. In
snakes, prey availability can affect reproductive
output by limiting the number of females
reproducing per year (SHINE & MADSEN,
1997; PLEGUEZUELOS et al, 2007), litter or
clutch size (LOURDAIS ¢t al., 2002), or offspring
or hatchling body size or mass (FORD &
SEIGEL, 2011). Adult N. maura females repro-
duce every year throughout their range
(SANTOS, 2004), and SANTOS et 4/ (2005) did
not find any differences in clutch size (relative
to female size) among the three populations
studied here despite variation in the timing and
duration of prey availability. Collectively, these
findings suggest that clutch size (scaled
for female size) is a fixed parameter within
N. maura. Thus, our study found that N. maura’s
reproductive plasticity is manifested through
hatchling size, and varies according to female
food intake rates, which in turn may be deter-
mined by the duration of the period of prey
availability (GREGORY & LARSEN, 1993, 1996;
SEIGEL & FORD, 2001). Interpopulation diffe-
rences in clutch and/or offspring size is based
on the idea that local selective pressures are dri-
ving reproductive traits to maximize fitness on
a particular geographic area (FORD & SEIGEL,
2011). Most snakes are capital breeders and

tend to gather resources over a long period
prior to expending them during the short
reproduction period (BONNET et al, 1994;
NAULLEAU & BONNET, 1996). Our study illus-
trates that intraspecific comparison among
populations that experience different food regi-
mes can exemplify the evolutionary strategies
displayed by ectothermic organisms in energy-
allocation decisions.
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