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PRE- AND POST-HATCHING FACTORS AFFECTING JUVENILE GROWTH
RATES IN THE YELLOW-SPOTTED RIVER TURTLE (Podocnemis unifilis)

FACTORES PRE Y POSECLOSION QUE AFECTAN LAS TASAS DE CRECIMIENTO DE JUVENILES DE LA
TORTUGA TERICAYA (Podocnemis unifilis)

Vivian P. Paez!, Brian C. Bock?

Abstract

Podocnemis unifilis eggs obtained from the Cahuinari National Park, Colombia were incubated artificially under constant
temperatures during two nesting seasons. A sample of the hatchlings produced were sexed to document the pivotal
temperature for this population (32 °C). It appears that during both nesting seasons, most nests on the study beach
produced individuals of each sex. The remaining turtles obtained in the laboratory were reared for one year in order to
study the effects of pre- and post-hatching factors on their growth rates. We documented maternal effects on egg sizes
and initial hatchling sizes each year, but not on subsequent juvenile growth rates. Incubation condition influenced both
initial hatchling sizes and growth rates, with turtles from the high temperature condition emerging at smaller initial sizes
and then demonstrating higher growth rates. By the end of the first year, these individuals were significantly larger than
their siblings that had experienced cooler incubation temperatures, which is consistent with predictions of the Charnov
and Bull hypothesis concerning the adaptive value of temperature-dependent sex determination. We also examined the
effects of diet, density, and basking opportunities on growth rates, and found that turtles that received meat in their diets
grew faster than those feed only vegetable matter. Turtles in the low density condition attained larger sizes in one of the
two years of the study, while access to direct sunlight for basking did not significantly alter growth rates.
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Resumen

Durante dos afios, incubamos artificialmente bajo temperaturas constantes huevos de Podocnemis unifilis obtenidos
del Parque Nacional Natural Cahunari, Colombia. Una muestra de los neonatos fueron sexados para documentar la
temperatura pivotal de esta poblacion (32 °C). Aparentemente, en ambas estaciones de anidacion, la mayoria de los nidos
en la playa de estudio produjeron individuos de ambos sexos. El remanente de las tortugas obtenidas de las incubadoras
por estacion reproductiva fue mantenido en cautiverio por un afio con el propdsito de estudiar los efectos de factores pre
y poseclosion en las tasas de crecimiento. En ambos afios, documentamos un efecto materno en el tamafio de los huevos
y en el tamafio inicial de los neonatos, pero no en las tasas de crecimiento posteriores. Las condiciones de incubacion
afectaron el tamaiio inicial de los neonatos y sus tasas de crecimiento. Los individuos incubados a temperaturas calidas
emergieron con tamaiios iniciales menores y luego presentaron tasas de crecimiento mayores. Para el final del primer
afio, estos individuos fueron significativamente mas grandes que sus hermanos incubados a temperaturas mas frias, lo
cual es consistente con las predicciones de la hipdtesis de Charnov y Bull sobre el valor adaptativo de la determinacion
sexual dependiente de la temperatura. También examinamos los efectos del tipo de dieta, la densidad y las oportunidades
de soleamiento en las tasas de crecimiento, y encontramos que las tortugas que recibieron carne en sus dietas crecieron
mas rapidamente que las que se alimentaron exclusivamente de material vegetal. Las tortugas en la condicion de densidad
baja alcanzaron tamafios mayores en uno de los dos afios del estudio, mientras que el acceso directo a la luz solar para el
soleamiento no afectd significativamente las tasas de crecimiento.
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INTRODUCTION

The yellow-spotted river turtle, Podocnemis unifilis
(Chelonia; Podocnemididae), is an important compo-
nent of the aquatic fauna of the Orinoco and Amazon
river basins, both in terms of the ecological role the
species probably plays and due to its economic im-
portance as a source of protein for local communities.
While various aspects of the natural history of this
species have been studied (i.e.: nesting ecology, Esca-
lona and Fa, 1998; Fachin, 1992, 1993, 1994; Foote,
1978; Medem, 1964; Paez, 1995; Paez and Bock,
1997, 1998; Souza and Vogt, 1994; Thorbjarnarson
et al., 1993; Vanzolini, 1977; female post-nesting
behavior, Bock et al., 1998; adult diet, de Almeida
et al., 1986; Fachin et al., 1995), almost nothing is
know of the basic biology of juveniles. As in most
freshwater turtle species (Bury, 1979), the majority
of hatchling P. unifilis probably fail to survive their
first year of life, making detailed ecological studies
in the field nearly impossible. However, appropria-
tely designed captive studies of juvenile turtles may
provide insights into the factors that are ecologically
important to individuals in the field (Vogt, 1980). Gi-
ven the presumably high predation rates that neonate
turtles experience, it seems reasonable to assume that
natural selection favors individuals that experience
high initial growth rates, as their vulnerability to pre-
dators surely decreases as they attain larger sizes and
develop harder carapaces. For this reason, we con-
ducted a captive study of the pre- and post-hatching
factors that influence early growth rates in juvenile
P. unifilis in the Colombian Amazon.

One pre-hatching factor already known to be impor-
tant in P. unifilis is the incubation temperature the
eggs experience, which determines the sex of the ju-
venile turtles produced (Paez, 1995; Souza and Vogt,
1994). As in many species of turtles, high incubation
temperatures in P, unifilis produce clutches that hatch
as females, while lower incubation temperatures pro-
duce male individuals. Various hypotheses have been
proposed to explain the existence of this unusual sex
determination mechanism (Bull, 1985a; Burke, 1993;
Ewert and Nelson, 1991; Janzen and Paukstis, 1991;
Roosenburg, 1996; Shine, 1999; Standora and Spoti-
la, 1985; Viets et al., 1994; Wibbels et al., 1994). The
model that has gained the widest acceptance was first
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proposed by Charnov and Bull (1977), and argues that
Temperature-dependent Sex Determination (TSD)
should be favored over genetic sex determination
where the fitness of individuals of one sex exceeds
that of the other sex within a given environment.
Specifically in turtles, the temperature-dependent
differential fitness hypothesis states that hatchlings
from hot nests may have a greater probability of
maturing as superior females, because they emerge
at larger sizes and/or grow more rapidly (Burke,
1993; Ewert and Nelson, 1991; Janzen and Paukstis,
1991; Shine, 1999; Vogt, 1980). This is important in
terms of fitness for the great majority of turtle species
(including P. unifilis, Medem, 1964), because adult
females are larger than adult males. This presumably
is because large size does not influence fecundity
in males as much as it does in females (due to the
constraint body size places on clutch size in females;
Gibbons, 1982; Valenzuela, 2001; Vogt, 1980). The
argument is that an egg that finds itself in a relatively
warmer incubation environment is for some reason
more likely to either emerge at a relatively larger size,
or at least eventually grow faster, and thus become
a more fit female. Eggs in cooler sites would do
better to become males, where size exerts less of an
influence on lifetime fecundity (Burke, 1993; Ewert
and Nelson, 1991; Janzen and Paukstis, 1991; Shine,
1999; Vogt, 1980). But critics of the differential fit-
ness hypothesis claim that it is difficult to imagine,
in the case of turtles, how such small difference in
initial sizes or growth rates could translate into adult
size differences many years later.

Some studies on freshwater turtles have inspected
for how maternal (nest) effects and incubation tem-
peratures may influence various characteristics rela-
ted to fitness, such as clutch size, egg size, neonate
survivorship and juvenile growth rates over varying
time periods. Most of these studies have documented
positive correlations between female size and the size
of the clutch, eggs and neonates produced (Congdon
and Gibbons, 1987; Congdon et al., 1983; Vogt,
1980). However, given the differences in the captive
conditions and time scales of the different studies,
associations between maternal effects and incubation
temperature (= sex) on growth rates have not always
been consistent (Bobyn and Brooks, 1994; McKnight
and Gutzke, 1993; Valenzuela, 2001; Vogt, 1980).
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In this study, we sacrificed a limited number of
individuals during two nesting seasons obtained
from differing incubation conditions, and reared the
remaining individuals for one year to document the
effects of this factor on growth rates. In turtles, most
growth rate data have been obtained by means of
mark-recapture studies (Brown et al., 1994; Dunham
and Gibbons, 1990; Frazier et al., 1990; Gibbons,
1987; Wilbur, 1975), but such studies often require
considerable time investment in order to obtain even
limited results, and normally do not provide infor-
mation concerning juvenile growth. Obviously, while
studies of growth in captivity are of more limited
value (given that they only indicate potential growth
rates, and not necessarily those attained in the field),
they can provide more precise data, especially when
conducted utilizing designs that permit assessment
of the influence of different factors on growth rates
(Avery et al., 1993; Brooks et al., 1991; Rhen and
Lang, 1995; Vogt, 1980).

Our study considered three different post-hatching
factors known to be important determinants of growth
rates in other turtle species. One factor was diet, as
many species of turtles exhibit accelerated growth
rates when they are provided with high quality diets
in captivity (Avery et al., 1993; Bjorndal, 1985, 1991;
Jackson et al., 1976), which suggests that they are
limited by food in their natural habitats. In the field, P
unifilis appears to be largely herbivorous (De Almeida
et al., 1986; Fachin et al., 1995). However, animal
matter also has been found in stomach contents of
individuals obtained from natural populations, and
juvenile P. unifilis will eat substantial quantities of
meat in captivity (Cole and Link, 1972; Fachin et
al., 1992).

Another environmental factor known to affect juve-
nile turtle growth rates is environmental tempera-
ture (Avery et al., 1993; Parmenter, 1980; Vogt and
Guzman, 1988), as metabolic rates and digestive
efficiencies are greater when individuals are main-
tained at higher body temperatures (Avery et al.,
1993; Parmenter, 1980, 1981; Spotila, 1995). One
common mechanism for turtles to elevate their body
temperature is by basking (Boyer, 1965; Janzen et
al., 1992; Lindeman, 1993), especially in situations
where exposure to direct solar radiation is possible.
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Finally, a third post-hatching factor that might in-
fluence growth rates is social behavior (although little
is known about social interactions among juvenile
turtles in the field). Some laboratory studies have
demonstrated competition for food among juvenile
turtles, with larger individuals obtaining greater ac-
cess to available food (Froese and Burghardt, 1974;
McNight and Gutzke, 1993). Other laboratory studies
have found that turtles may grow more rapidly on
average when they are maintained in social groups.
Perhaps captive individuals are less stressed when
they are held with other conspecifics, or they may
begin to feed or bask more readily when in the pre-
sence of other individuals.

In summary, this study examined the effects of various
factors on growth rates of juvenile P. unifilis during
their first year of life, including pre-hatching factors
(maternal or nest effects and incubation temperatures)
and post-hatching factors (diet, density, and oppor-
tunities for basking). Incubation temperature effects
on sex determination also were examined.

MATERIALS AND METHODS

Sex determination. Artificial incubation of P. unifilis
eggs was conducted in the town of La Pedrera, loca-
ted at 1° 18” S and 69° 33 W on the Caqueta River
(Colombia). Eggs were obtained from the Cahuinari
National Park, located approximately 200 km to the
west of La Pedrera, where we also conducted studies
of natural nest incubation (described in Paez, 1995
and, P4ez and Bock, 1997). In 1993, 58 eggs from
each of two clutches were divided randomly among
two incubators adjusted to maintain temperatures
of approximately 27 and 32° C. In 1994, 67 eggs
from each of three clutches were randomly divided
among three incubators set to maintain temperatures
of approximately 27, 30, and 32 °C. Eggs from each
nest were weighed to the nearest 0.1 g using an Ohaus
triple-beam balance, before being placed in the incu-
bators. The temperatures within each incubator were
recorded three to four times daily and the thermostats
adjusted when necessary to maintain the appropriate
temperature.

In 1993, we monitored nest temperatures in nine na-
tural nests on a beach on Cahuinari Island (located in
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the Caqueta river adjacent to the park headquarters)
and collected the hatchlings produced by the two
nests that exhibited the highest and lowest mean
incubation temperatures. Thirteen of these indivi-
duals were reared for several weeks in the laboratory
facility in La Pedrera and then sacrificed for gonadal
sex determination via histology. We also inspected
the sex of 13 hatchlings obtained from the hot and
cold artificial incubators this year; the remaining
hatchlings were incorporated into the juvenile growth
rate study (see below). Some of the turtles that died
during the growth rate study also were inspected his-
tologically for the sex determination analyses, as well
as ten turtles obtained in 1994 from the intermediate
temperature condition at the conclusion of the growth
rate study that year (see below).

All of the individuals were sacrificed with chloro-
form, preserved with and stored in buffered 10%
formalin solution until dissected for sexing. One go-
nad from each juvenile was removed, sectioned, and
fixed with haematoxylin and eosine for histological
inspection. Gonadal differentiation was based upon
the criteria of Danni and Alho (1985) and, Yntema
and Mrosovsky (1980).

Captive juvenile growth study design. All the
remaining hatchling turtles obtained from the arti-
ficial incubators (32 in 1993 and 54 in 1994) were
first measured on the day following their emergence
from the egg (week 1) and individually marked with
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ink on their carapaces. Turtles were remeasured
periodically during the remainder of the study (see
below) and marks were reinforced when necessary.
All turtles were measured for straight-line carapace
length (CL) across the maximum distance between
the anterior edge of the right first marginal scute to the
posterior edge of the right eleventh marginal scute,
using a Spi caliper to the nearest 0.1 mm. Following
measurement, each turtle was weighed on an Ohaus
triple-beam balance to the nearest 0.1 g. After the
hatchlings had fully re-absorbed any protruding
yolk, they were assigned to one of twelve captive
rearing conditions resulting from the interaction of
three variables (three diet, two density, and two bas-
king opportunity conditions). We placed 12 plastic
containers of 50 cm diameter on two long, parallel
tables (figure 1). Each container contained 8 1 of
rainwater (to achieve a depth of 6 cm), as well as an
inverted plastic bowl in the center to provide both a
hiding refuge within and a basking platform above
the water line, which the turtles accessed via a hole
in one side of the bowl and a wooden ramp placed
along the opposite side, respectively.

Of the 12 containers in the growth study, four were
assigned to each of three different diet conditions. In
1993, the initial diets employed were: 1) vegetable
matter: finely diced cabbage leaves and small pieces
of local fruits, mainly plantain; 2) meat: finely diced
pieces of fish viscera, mostly liver; and 3) mixed:
a combination of the first two diets. After the first

Sun
AN N A N N N
Density High Low High Low High Low
Diet Veget. Veget. Meat Meat Mixed Mixed
AT T
R R R
Density High Low High Low High Low
Shade

Figure 1. Diagram of the distribution of the 12 containers used in the juvenile growth rate study. The positions of the six containers on
the shade table and six containers on the sun table were rotated at each cleaning
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six months, these original diets were altered, based
on recommendations offered by nutrition experts of
the Wildlife Conservation Society. The diets were
changed in the following manner. To diets 1 and
3 we included small pieces of leaves from several
local plants, mainly Araceace. To diets 2 and 3 we
replaced the fish viscera with grated pieces of com-
mercially canned tuna (packed in water). Also, to all
three diets we added approximately 0.5 g of a com-
mercial veterinary vitamin and mineral supplement
incorporated into a fish bone-meal powder base. In
1994, the modified diets were used throughout the
entire study.

In both years, turtles were fed their respective di-
ets every third day, immediately after cleaning the
containers and changing the water. The food was
presented ad libitum so that when the container
was next cleaned and fresh food added, there still
was some uneaten food present. Of the four contain-
ers in each diet condition, two were assigned to the
low turtle density condition and two were assigned
to the high turtle density condition. At the beginning
of the study, each low density container contained
three turtles (1 individual/655 cm? water), while each
high density container contained nine individuals (1
individual/218 cm? water). When a turtle died, it was
replaced with an individual of the same approximate
age, and when possible, of the same nest and incuba-
tion condition. In 1993, after nine months of study
there were no longer sufficient replacements avail-
able, so the number of turtles within each high density
container was reduced to eight (1 individual/246 cm?
water).

Finally, one of the two containers for each combi-
nation of diet and density was placed on the table
located in the shade, while the other container with
this combination of diet and density was placed on the
other table that received direct exposure to sunlight
from approximately 10:00 to 16:00 h daily, weather
permitting. Thus, half of the turtles in the growth
study were able to emerge from the water onto the
platforms provided and dry off, but never had access
to direct sunlight for basking. The remaining half
of the turtles were able to thermoregulate through a
broader range of temperatures by moving between
the water and the platform above the water level,
often in direct sunlight.
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In this manner, the three environmental variables
that the turtles experienced in the growth study were
partitioned in a design that involved twelve distinct
conditions (three diet conditions by two density
conditions by two basking conditions). In 1993,
when turtles from two artificially incubated nests
were studied, turtles obtained from one of the natural
nests from the Cahuinari beach also were reared in
the study in order to maintain the appropriate den-
sities in each container, but these latter individuals
were not included in the analyses of the effects of
pre-hatching factors on juvenile growth rates. Turtles
obtained from the two artificially incubated nests were
assigned to the 12 growth containers so that the two
pre-hatching experimental factors (nest and incu-
bation condition) were balanced within each main
environmental factor (diet, density, and basking con-
ditions). In other words, the six low and high density
containers held equal numbers of turtles from Nest 1
and Nest 2 and equal numbers of turtles from the hot
and cold incubation conditions. This was also true for
the six sunlight and six shade containers, and for the
four containers for each diet condition.

In 1994, the design of the study was identical, except
that the number of individuals obtained from each
artificial incubator was too low to permit their as-
signment to the 12 growth conditions with the same
density levels as in the preceding year. Therefore,
some individuals obtained from a natural nest that
emerged on the Cahuinari Island were reared in the
containers to maintain the appropriate density levels.
In this manner, the six low density containers main-
tained equal numbers of turtles from each of the three
artificially incubated nests (Nest A, Nest B, and Nest C)
and three artificial incubation conditions (hot, inter-
mediate, and cold). In the high density containers, two
turtles from each artificial incubation condition were
placed with three turtles obtained from the natural
nest. In the container corresponding to the vegetable
diet, high density, and shade condition, only one
individual from Nest A was available, so a third in-
dividual from Nest C was substituted. Fortunately, of
the turtles that died, only two were individuals from
the laboratory incubators (in 1993) and individuals
from the same nests and incubator conditions were
available as replacements. All remaining deaths were
of individuals from natural nests, which were imme-
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diately replaced by comparable individuals from the
same or another natural nest.

Captive juvenile growth study analyses. The size
and growth rate analyses (except where specifically
noted) were based on comparisons of individuals of
the same age, instead of between individuals mea-
sured on the same date, since not all turtles were in-
corporated into the growth study simultaneously, due
to the approximately seven week period between the
hatching date of the first and last artificially incubated
eggs (P4ez and Bock, 1997, 1998).

In 1993, all turtles were first measured on week 1 and
then re-measured on weeks 3, 5, 7,9, 11, 13, 15, 19,
23, 27,31, 39 and 43 (based upon their actual ages).
In 1994, all turtles were measured on week 1 and re-
measured on weeks 2, 3, 18, 22, 42, and 46. Egg size
and initial hatchling size data were compared using
simple ANOVAs, as were comparisons of hatchling
size data on the date that the emergence period ended
and the date that the growth study ended. However,
since re-measurement of the same individual does
not constitute an independent event, the analysis
employed for the overall growth data was a repea-
ted-measures ANOVA. The study design permitted
that the effects of the pre-hatching factors could be
inspected independent of the effects of the post-hat-
ching factors, using a two-way ANOVA model (Nest
and Incubation condition main effects). Similarly,
the study design also permitted an inspection of the
effects of the three post-hatching factors independent
of the effects of the Nest and Incubation condition
factors, by conducting a three-way ANOVA (with
Diet, Density, and Basking condition main effects).
All analyses were conducting using the SAS statis-
tical software package (SAS, 1989).

RESULTS

Temperature-dependent sex determination. The
histological analysis of the gonads of hatchlings
obtained from the two natural nests from the Ca-
huinari beach in 1993 showed that the coldest nest
produced 78% males, while the hottest nest produced
all females (table 1). Hatchling sex ratios obtained
from the artificial incubators in 1993 and 1994 also
varied depending upon incubation temperature, with
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the cold incubator producing only males, the inter-
mediate incubator producing 90% males, and the hot
incubator producing 50% males (table 2).

We had initially intended to examine the effects
of sex on juvenile growth rates, but although the
hot artificial incubation temperature employed was
higher than the mean incubation temperatures docu-
mented in the field (P4dez and Bock, 1998), it only
produced 50% females, while the remaining two
incubators produced mostly males. Thus, there was
not a comparable number of individuals of each sex
in each of the growth conditions. Unfortunately, the
responsible governmental regulatory agency denied
us permission to sacrifice all of the individuals at the
end of the growth study to determine their sexes and
thereby include this variable in the analyses.

Initial hatchling sizes. In 1993, eggs from Nest
1 were significantly larger than those from Nest 2
(ANOVA, F | 5, = 110.77, P < 0.001; table 3). Be-
cause eggs from each clutch were assigned at random
to the two artificial incubation conditions, there
were no significant differences in egg sizes among

Table 1. Results of the histological analysis of gonads of the
neonate turtles obtained in 1993 from the two nests with most
extreme incubation temperatures on Cahuinari Island. Mean
diurnal incubation temperatures for each nest are indicated

Number Number .
Sex ratio
of males of females
Hot nest
0 4 100%
(31.5°C)
Cold nest
7 2 78% 3 :22% @
(29.5 °C)

Table 2. Results of the histological analysis of the gonads of
turtles obtained in 1993 and 1994 from the artificial incubators,
with the mean incubation temperature for each condition

Number Number .
Sex ratio
of males | of females
Hot incubator
2 2 50% & : 50% @
(31.9°C)
Intermediate
incubator 9 1 90% & : 10% @
(30.2 °C)
Cold incubator N
(27.1 °C) 9 0 100% &
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incubators (ANOVA, F(1330) = 0.01, P > 0.05; table
3). In 1994, there also were significant differences
in egg size among the three nests (ANOVA, Fosn=
36.37, P <0.001; table 3), and, as in 1993, because
eggs from each clutch were assigned at random to
the three artificial incubation conditions, there were
no significant differences in egg sizes among incu-
bators (ANOVA, F @s1=0-12,P>0.05; table 3). Egg
size in 1994 was s1gn1ﬁcantly smaller than in 1993
(ANOVA, F | 47 = 1387.54, P < 0.001).

Regression analyses were used to test whether egg
weight could be used to predict initial hatchling
weights, but in four of the five nests, there were no
significant relationships between these two variables
(Pearson r, a = 0.05 criterion). In 1993, hatchlings
produced from Nest 1 were significantly larger than
those from Nest 2 (ANOVA, weight, Fi29)= 16.49,
P <0.001; ANOVA, CL, F, 54, = 10.48, P < 0.005;
table 3) and hatchlings from the two artificial incu-
bation conditions also differed in initial sizes (ANO-

VA, weight, F, ., = 7.06, P < 0.05; ANOVA, CL,
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(1 29) =17.62,P<0.001; table 3), with no interaction
effect among these two main effects (2-way ANOVA,
weight interaction effect, F = 0.04, P > 0.05; 2-way
ANOVA, CL interaction effect, F = 0.68, P > 0.05;
table 3, figure 2). That is, hatchlings from Nest 1 were
always the largest in each incubation condition.

In 1994, there were significant differences in initial
hatchling sizes among the three nests in terms of
both hatchling weights (ANOVA, Fosy= = 1291,
P<0.001; table 3) and CL (ANOVA, F, 5, =23.66, P <
0.001; table 3) and also among the three artificial
incubation conditions in terms of hatchling weights
(ANOVA, F, ;) = 3.75, P < 0.05; table 3). There
were no significant interactions among the effects
(2-way ANOVA, weight, F = 0.70, P > 0.05, table
3, figure 3). Consistent with the significant differ-
ences in egg weights between the two years, initial
hatchling weights also differed, with 1993 hatchlings
significantly larger (ANOVA, weight, Fio8= 15.81,
P<0.001; CL, F; 5= 7.70, P < 0.001).

Table 3. Egg weights and initial and final juvenile turtle sizes by incubation condition and nest

Incubation condition Nest
1993 Hot (31.5 °C) Cold (29.5 °C) 1 2
Mean egg weight (g) 26.5 26.6 28.3 24.7
Mean juvenile weight
at hatching (g) 18.5 20.0 20.3 18.2
Mean.Juvemle CL at 41 43 43 41
hatching (cm)
Mean juvenile weight
at week 43 (g) 34.6 383 37.8 35.1
Mean juvenile CL at
week 43 (cm) 5.7 5.8 5.8 5.6

Incubation condition Nest

o Intermediate o
1994 Hot (31.9 °C) (30.2°C) Cold (27.1 °C) A B C
Mean egg weight (g) 13.7 13.9 13.7 13.8 14.9 12.6
Mean juvenile weight at 17.8 18.8 18.4 18.5 19.1 17.5
hatching (g)
Mean juvenile CL at
hatching (cm) 4.1 4.2 4.1 4.2 4.1 4.0
Mean juvenile weight at 53.0 34.4 35.4 345 493 402
week 46 (g)
Mean juvenile CL at
week 46 (cm) 6.9 6.3 5.9 6.1 6.8 6.3
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Figure 2. Growth of juvenile turtles obtained from the two
incubation conditions in 1993

Mean hatchling sizes from natural nests studied on
Cahuinari Island were compared to the mean hat-
chling sizes obtained in the laboratory each year. In
1993, there were no significant differences between
the two laboratory and 25 natural nests in terms of
mean hatchling sizes at emergence (Mann-Whitney
U test, P > 0.05), with hatchlings from the two la-
boratory nests on the large end of the continuum.
In 1994, there also were no significant differences
between the three laboratory and 17 natural nests
in mean hatchling sizes (Mann-Whitney U test, P >
0.05), with hatchlings from the three laboratory nests
in the center of the distribution.

Pre-emergence factors and juvenile growth rates.
We compared juvenile turtles from the different nests
and incubation conditions independent of date (that
is, comparing the sizes of individuals of approxima-
tely equal ages), using a repeated measures ANOVA
analysis for each year, and including all measurement
data (14 measurements over 43 weeks in 1993 and
7 measurements over 46 weeks in 1994). In 1993,
there was a significant time*nest interaction (weight,
F=3.59,P<0.05; CL, F=2.78, P <0.05), with hat-
chlings from Nest 2 significantly smaller than those
from Nest 1 at the time of hatching (see above), but
not by the time they had attained 43 weeks of age
(ANOVA, weight, F, ,o =1.17, P> 0.05; ANOVA,

CL, F(1,29) =2.05, P> 0.05; table 4). There also was
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Figure 3. Growth of juvenile turtles obtained from the three
incubation conditions in 1994

a significant time*incubation condition interaction
(weight, F = 12.41, P < 0.001; CL, F = 15.24, P <
0.001), with turtles from the hot incubator initially
significantly smaller (see above), but not significantly
different from those from the cold incubator condi-
tion by the time they had attained 43 weeks of age
(ANOVA, weight, F, ,o =1.17, P> 0.05; ANOVA,
CL, F(ng) =0.40, P> 0.05; table 4). There was not
a significant time*nest*incubation condition inte-
raction (weight, F = 1.90, P > 0.05; CL, F = 0.85,
P> 0.05).

In 1994, there was no significant time*nest interaction
(weight, F =0.83, P> 0.05; CL, F=1.81, P> 0.05),
but again there was a significant time*incubation
condition interaction (weight, F = 2.87, P < 0.01;
CL, F =3.09, P < 0.01), with turtles from the cold
incubation condition initially larger at the time of
emergence (see above) but smaller by the time they
attained 46 weeks of age (ANOVA, weight, F(z, 10)=
4.12,P<0.05; ANOVA, CL, F , ,5, =4.47, P < 0.05;
table 4). In 1994 we also failed to detect a significant
time*nest*incubation condition interaction (weight,
F =0.63, P > 0.05; carapace length, F = 1.32, P >
0.05). Thus, in both years turtles from the hot incu-
bator condition emerged at smaller sizes, but then
grew faster, so that by the end of their first year of life,
they were equal to or greater in size than their siblings
that had experienced cooler incubation temperatures.
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Table 4. Size of juvenile turtles by incubation condition and nest (by calendar date rather than by age)

Incubation condition Nest

1993 Hot (31.5 °C) Cold (29.5 °C) 1 2

?ﬁ:iiéugfﬁgixﬁf?;)at 19.0 20.0 20.3 18.7

end o htehing (om) 46 47 47 45

the endof the sty (2 507 455 ny 0.4

end ofhe study (o) 65 61 64 03

Incubation condition Nest

1994 Hot (31.9 °C) I“(ts?gf‘;efciite Cold (27.1 °C) A B C
x:zr;glu;fﬁgi }Vlﬁiggg)at 205 20.9 18.8 20.0 21.0 193
end o ratehing e 47 47 43 47 46 4
e endof the sty (2 5.0 455 377 ny sa | a2
end o he study em) 67 64 59 62 67 62
This difference was even more dramatic when we F,50) = 11.50, P < 0.001; ANOVA, CL, F(z,50) -

compared individuals by date rather than by age,
since incubation temperature also strongly affected
incubation period (Paez, 1995; Paez and Bock, 1997,
1998), with turtles from the hot incubation condition
emerging approximately seven weeks before those
incubated in the cold condition.

The next question was whether the turtles from the
hot incubator condition were still smaller than those
from the cold incubator condition by the time emer-
gence had finished in the cold condition, and also at
the time the study concluded. In 1993, by the date
at which emergence in the laboratory had ended, the
turtles from the hot incubation condition were signi-
ficantly lighter than those from the cold incubation
condition (ANOVA, F, 5, = 4.33, P < 0.05), but
were comparable to them in terms of CL (ANOVA,
F(1,30) =0.54, P> 0.05; table 4). In 1994, by the date
at which emergence in the laboratory had ended,
the turtles from the hot and intermediate incubation
conditions had grown sufficiently to be significantly
larger than the recently emerged individuals from
the cold incubation condition (ANOVA, weight,

42.53, P <0.001; table 4).

In 1993 at the conclusion of the study (when some
individuals from the hot incubator were 54 weeks
old and others from the cold incubator condition
were 47 weeks old), turtles from both incubation
conditions had comparable sizes (ANOVA, weight,

F 129 =1.79,P>0.05; ANOVA, CL, F , ,5 = 3.38,
P > 0.05; table 4). In 1994, the differences among
turtles from the hot, intermediate, and cold incubator
conditions persisted until the end of the study (with
turtles ranging from 47-54 weeks of age; ANOVA,
weight, Fioag = 3.75,P<0.05; ANOVA, CL, Foag=
4.01, P < 0.05; table 4), with the turtles from the hot
1ncubat10n condition the largest and those from the
cold incubation condition the smallest.

Post-emergence factors and juvenile growth ra-
tes. The study design permitted consideration of the
effects of three post-emergence factors (diet, density,
and basking opportunities) on juvenile growth ra-
tes, independent of the influence of pre-emergence
variables (nest and incubation condition). A compa-
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rison of juvenile turtles from the different rearing
conditions independent of date (that is, comparing
the sizes of individuals of approximately equal
ages) was accomplished using a repeated measures
ANOVA analysis for each year. In 1993, there was
a significant time*diet interaction (weight, F =2.15,
P <0.05; CL, F = 2.81, P < 0.01), with individuals
receiving meat in their diet attaining significantly
larger weights at 43 weeks of age than those turtles
which only received vegetable material (ANOVA,
F(z’zg) = 5.32, P < 0.05; table 5). In 1994, the re-
sults were comparable to 1993 (with a significant
time*diet interaction; weight, F = 5.65, P < 0.001;
CL, F =2.47, P < 0.05), with individuals receiving
meat in their diet attaining significantly larger sizes
(ANOVA, weight, F(2,39) =5.77,P<0.01; ANOVA,
CL, F(2’29) =17.53,P<0.01; table 5). In 1994, turtles
in the low density conditions also achieved greater
weights by the time they had attained 46 weeks of
age (ANOVA, weight, F(1,40) =9.37,P<0.01). There
were no significant time*diet*density interactions in
either year (table 5).

DISCUSSION

Souza and Vogt (1994) first documented the ocurren-
ce of TSD in P, unifilis in Brazil, using constant incu-
bation temperatures in the laboratory, demonstrating
a threshold temperature for this population of 32 °C.
The laboratory results in this study agree with those
from Brazil, as the artificial incubator set at 32 °C
produced equal numbers of males and females, while
eggs incubated in the two cooler conditions produced
an excess or exclusively males (table 2). The results
obtained from the two natural nests from Cahuinari
Island also were consistent with the hypothesis that
both populations have the same pivotal temperature
of 32 °C, with the cool nest producing mostly ma-
les and the hot nest producing exclusively females
(table 1). While both of these nests produced more
females than one would predict based upon their
mean incubation temperatures (compared to the sex
ratios obtained in the laboratory incubators), many
studies have shown that mean nest temperature is
a poor predictor of hatchling sex ratios when nest
temperatures fluctuate widely (Bull, 1985b; Bull and
Vogt, 1979; Doody, 1999; Georges, 1989; Georges
et al., 1994; Marcovaldi et al., 1997; Paukstis et al.,
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Table 5. Initial and final juvenile turtle sizes by diet, density,
and basking condition

Diet | Vegetable Meat Mixed
1993

Mean juvenile weight

at week 43 (g) 313 40.3 38.1
Mean juvenile CL at

week 43 (cm) 5.6 5.9 5.7
1994

Mean juvenile weight

at week 46 (g) 30.5 389 53.5
Mean juvenile CL at

week 46 (cm) 5.6 6.7 6.8
Density | Low High

1993

Mean juvenile weight

at week 43 (g) 377 359

Mean juvenile CL at

week 43 (cm) >8 37

1994

Mean juvenile weight

at week 46 (g) 36.0 36:5

Mean juvenile CL at

week 46 (cm) 6.8 6.2

Basking condition | Shade Sun

1993

Mean juvenile weight

at week 43 (g) 34.5 38.2

Mean juvenile CL at

week 43 (cm) 37 >8

1994

Mean juvenile weight

at week 46 (g) 40.6 44.0

Mean juvenile CL at

week 46 (cm) 6.3 6.6

1984; Pieau, 1984; Schwartzkopf and Brooks, 1985;
Thompson, 1988; Vogt and Bull, 1984; Valenzuela
et al., 1997; Wood and Wood, 1982).

Georges (1989) argued that the proportion of the
development period that the embryos spend above
the pivotal temperature is what actually determines
the sex ratio in a given nest. Although our field incu-
bation temperature data were not sufficient to permit
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an accurate estimation of the proportion of time each
nest spent above 32 °C, we could inspect for how
often the daytime temperatures we recorded exceeded
this value. In the hotest natural nest (100% females),
43.7% of all daytime readings exceeded the pivotal
value, compared to 33.2% of all readings obtained for
the hot artificial incubator condition in the laboratory
(50% females). Similarly, in the coldest natural nest
(22% females), 26.3% of all daytime readings ex-
ceeded the pivotal value, as compared to only 2% of
all readings for the intermediate artificial incubation
condition in the laboratory (10% females). Thus, in
both comparisons, the proportion of readings above
the presumed pivotal temperature better predicted sex
ratios than did the mean of all of the temperatures
we recorded from these nests or incubators. Our data
suggest that during these years, the majority of natural
nests produced a mix of the two sexes.

Despite the relatively low incubation temperatures
that characterize nesting beaches in this area of
Colombia (Bock and Paez, 1998), there was no evi-
dence that the pivotal temperature for this population
differed from that reported in Brazil (Souza and Vogt,
1994). This does not mean that such differences do
not exist within the range of the species, but merely
argues for the need for more information on inter-
populational variation in pivotal temperatures in
turtles, especially using comparable techniques and
controlling more for the effects of fluctuating incu-
bation temperatures (i.e.: Georges, 1989, Georges
et al., 1994). In those temperate zone species for
which the pivotal temperature has been documented
for more than one population, evidence for inter-
populational variation in pivotal temperatures has
been documented (Bull et al., 1982; Passmore and
Brooks, 1997; Tucker and Warner, 1999; Vogt and
Flores, 1992). To our knowledge, only a few studies
have attempted to inspect for differences in pivotal
temperatures among populations of tropical fres-
hwater turtles (Vogt and Flores, 1992), in contrast
to what has been documented for tropical sea turtles
(Baptitotte et al., 1999; Binckley et al., 1998; Limpus
et al., 1985; Mrosovsky, 1994).

This study also demonstrated an incubation tempe-
rature effect on initial hatchling sizes irrespective
of sex or initial egg size, with the hot incubation
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condition producing the smallest hatchlings. This is
contrary to what Souza and Vogt (1994) found for this
species in Brazil. However, this pattern is consistent
with results from comparable studies on other reptile
species, including turtles (Bobyn and Brooks, 1994;
Brooks et al., 1991; Cagle et al., 1993; Gutzke and
Packard, 1987; Gutzke et al., 1987; McKnight and
Gutzke, 1993; Packard et al., 1988, 1989; Valen-
zuela, 2001).

We also documented strong maternal effects on egg
and juvenile sizes in this species, with egg size va-
rying substantially between nests and this variation
leading to significant differences among hatchlings
in terms of their initial sizes. However, within nests
it usually was not possible to predict hatchling size
from information on egg size. Parental investment
theory predicts that natural selection should favor an
optimal egg (or offspring) size in any given species
(Brockelman, 1975; Parker and Begon, 1986; Smith
and Fretwell, 1974). This optimal amount of parental
investment should occur at the point where investing
more yolk in a particular offspring yields less benefit
to the parent than that obtained by producing another
egg (Congdon and Gibbons, 1985, 1987; Sargeant
and Gross, 1985; Smith and Fretwell, 1974). That is,
the prediction is that most of the variation in repro-
ductive investment should be expressed in terms of
the number of eggs produced, rather than in variation
in the sizes of the eggs themselves. Nevertheless, this
does not seem to be the case in turtles, given that there
is frequently significant variation in egg size within
populations (Congdon and Gibbons, 1990; Congdon
et al., 1999; Valenzuela, 2001). In this study, varia-
tion among nests in egg sizes was much greater than
variation among nests in hatchling sizes, raising the
question of which would be the better measure of
parental investment for turtle species (Brooks et al.,
1991; Rowe, 1995; Valenzuela, 2001).

In both years of this study, individuals from the
different nests exhibited comparable growth rates,
suggesting that the maternal effect on egg and ini-
tial hatchling sizes resulted largely from differences
in the amounts of yolk invested by each female in
the eggs, rather than any underlying genetic deve-
lopmental differences among the individuals they
produced. This is in contrast to several studies that
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have documented a continued maternal effect on
juvenile turtle growth rates (Bobyn and Brooks,
1994; Brooks et al., 1991; McKnight and Gutzke,
1993; Rhen and Lang, 1995; Roosenburg and Kelly,
1996). However, in both years of this study there was
a significant incubation condition effect on juvenile
growth rates. Although turtles obtained from the hot
incubation condition emerged at smaller sizes, they
experienced sufficient growth while the eggs in the
cold incubation condition were still incubating that
they had attained comparable or greater body sizes
by the time the latter turtles finally emerged (table
4). In 1994, turtles from the warmer incubation con-
ditions continued to grow faster than their siblings
incubated under cooler temperatures, attaining sig-
nificantly larger body sizes by the time they reached
46 weeks of age (table 3). This effect was even more
pronounced when turtles were compared based on
calander date at the end of the study (table 4) rather
than simply comparing individuals of similar ages.
These results are consistent with those obtained by
Bobyn and Brooks (1994) and Valenzuela (2001),
although the latter study only quantified growth rates
during the initial months of life and did not conduct
comparisons based on the ages of the individuals
(however, see Vogt, 1980).

In areview of the literature on TSD in turtles, Ewert,
et al. (1994) found that in those species known to
have both TSD and larger adult female sizes, most
exhibit one threshold temperature with females
being produced at higher incubation temperatures,
as predicted by the differential fitness model of
Charnov and Bull (see introduction; Burke, 1993;
Burke et al., 1996; Charnov and Bull, 1977; Ewert
and Nelson, 1991; Janzen and Paukstis, 1991; Shi-
ne, 1999). Podocnemis unifilis exhibits adult sexual
dimorphism, with females being the larger sex
(Medem, 1964) and this study demonstrated that
eggs incubated in warmer temperatures produced
individuals which attained larger sizes by the end
of the first year of life, consistent with the Charnov
and Bull model. Had we not studied growth rates of
these individuals, our study might have come to the
opposite conclusion, since the individuals produced
in the warmer incubation conditions were actually
smaller than those from the cooler conditions at the
time of emergence. Studies of the TSD phenomenon
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in turtles need to be aware that the potential effects
of incubation temperature on traits related to fitness
may be unapparent at hatching, arguing for the need
to include longer-term rearing studies in such studies,
rather than sacrificing all individuals obtained from
the incubators for sexing at the time of hatching, as
is commonly done (Vogt, 1980).

We complicated the design of this study by also inclu-
ding a consideration of three post-hatching variables
on juvenile turtle growth rates, in an effort to obtain
as much information as possible from these indivi-
duals. The fact that turtles from the different nests
and incubation conditions were raised under different
environmental conditions increased the variances for
these main effects in the analyses of the effects of pre-
hatching factors on growth rates, and viceversa. Ne-
vertheless, we succeeded in documenting significant
pre- and post-hatching effects. Our analysis of the
effects of differing diets on growth rates confirmed
other reports that juvenile P. unifilis readily consume
meat (Cole and Link, 1972; Fachin, et al., 1995),
and demonstrated that they grow faster when they
do. The effects of adding vitamin supplements to the
diet in 1993 also was conspicuous (figure 2). In 1994,
turtles in the low density condition also grew faster,
but exposure to direct sunlight did not significantly
increase growth rates in either year. Turtles in both
shade and sun conditions frequently emerged to bask,
but perhaps given their small body sizes, individuals
in both conditions were probably able to rapidly ele-
vate their body temperatures, irregardless of whether
they had access to direct sunlight or not.

Turtle captive rearing projects, whether motivated
by economic or conservation purposes, have been
heavily criticized in the literature on a variety of
grounds (Dodd, 1982; Ehrenfeld, 1974; Frazer, 1992,
1997). Opponents claim that commercial farming
ventures merely expand the demand for products
obtained from already over-exploited species while
providing very little protein to needy people. Head-
starting programs also have been criticized because
eggs are usually taken from natural nests rather than
produced via captive breeding, and because data are
often lacking to support claims that such programs
actually benefit the natural populations into which
captive-reared individuals are released. Our study
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was not a pilot head-starting project, but rather an
attempt to learn about the ecology of juvenile P
unifilis, given that conducting studies of this kind
in the field is extremely complicated. The results of
our study suggest that in the field, juveniles of this
species are opportunistic omnivores, but probably
are not limited by competition for food except under
unusual circumstances where they attain high densi-
ties. Basking also appears to be a common behavior,
but apparently does not need to occur in areas that
receive direct sunlight, with a thermal benefit ac-
cruing even to individuals that receive only reflected
ambient radiation. Nevertheless, even under the opti-
mal laboratory conditions, overall growth rates in the
juvenile P. unifilis were relatively low, suggesting that
captive rearing of this species for economic purposes
does not hold much promise. Although the juveniles
exhibited high survivorships in captivity, any repo-
pulation project would probably have to continue
captive rearing of individuals for at least one to two
more years before they would attain sizes that are
less vulnerable to predators in the field.
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