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Abstract
Temperature effect on digestive response is still unknown in most reptile species as is the case with 
the red-footed tortoise (Chelonoidis carbonaria). Hatchlings were fed with two diets, one high in 
fiber (14.16% crude fiber, 39.20% neutral detergent fiber dry matter basis, DMB) and one high in 
starch (27.71% DMB), housed at 30°C or 20°C, to evaluate the temperature effect on food intake (FI), 
digesta passage, apparent digestive efficiency (Da), and growth. At 30°C the animals showed higher 
FI and digestible energy (DEI), as well as metabolic mass-specific intake of digestible nutrients and 
energy (DEImm, 99.48±14.30 versus 43.18±17.26 kJ kg-0.86 day-1; P<0.001); daily gain (0.98±0.26 
versus 0.32±0.11 g day-1; P<0.001), and growth of carapace length (0.25±0.05 versus 0.09±0.02 
mm day-1; P<0.001) and width (0.15±0.03 versus 0.05±0.01 mm day-1; P<0.001). DEI at 30°C was 
expressed:  (R2=0.67). Non-diet effect was observed on digesta passage, however, at 20°C the transit  
(5.50±1.36 versus 3.60±1.05 days; P<0.01) and retention times (13.80±1.29 versus 8.90±1.15 days; 
P<0.001) were longer than at 30°C. Animals housed at colder conditions also presented lower gut 
content (30.39±13.39 versus 40.45±9.76 g Kg-1; P<0.05) and gut fill time (0.08±0.01 versus 0.02±0.01 
g day-1; P<0.001). Da were similar between temperatures but due to the diet effect, hatchlings fed the 
high starch diet presented higher DM and energy coefficients. Environmental temperature influences 
the digestive response and growth of C. carbonaria. Overall digestive efficiency was temperature-
independent but rather influenced by diet quality and composition.

Introduction

The red-footed tortoise Chelonoidis carbonaria is an 
opportunistic omnivorous species and its diet is strongly 
influenced by seasonality of food availability (Merchan et 
al. 1998; Moskovits 1985; Moskovits and Bjorndal 1990). 
The nutritional requirements of most reptiles have not been 
defined in detail, and research in this area has been limited 
(Puga-Torres et al. 2017). Although the red-footed tortoise 
consumes large quantities of fibre in free-ranging conditions, 
in captivity these animals are often fed diets rich in easily 
assimilated carbohydrates (simple sugars and starch), which 
are linked with faster growth rates and can increase the risk 
of developing metabolic disorders such as obesity, pyramiding 
growth or hepatic diseases (Ritz et al. 2010).

Physiological and morphological adaptations at a digestive 
level should be reflected in three interrelated animal 
responses: digestion efficiency, food intake, and digesta 
passage time, and this combination determines the ‘digestive 
strategy’ (Milton 1981). The successful ingestion of energy 
and its effective allocation are essential to an organism’s 
activity, growth and reproduction (Nagy 1983; Secor 2001). 
Ectotherm activity patterns and physiological functions are 
generally related to climatic conditions, with temperature one 
of the principal factors (Lillywhite 1987; Peterson et al. 1998; 
Skoczylas 1970). In this context, the digestion rate, gut passage 
speed, absorption rate, biochemical pathways and secretory 
processes are sensitive to temperature in diverse reptile 
species (Dandrifosse 1974; Harlow et al. 1976).
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Studies in different species of lizards, geckos, iguanas, snakes, 
and turtles have described that higher body temperatures can 
increase the frequency and amplitude of peristaltic contraction, 
digestive efficiency of dry matter and energy (Beaupre et al. 
1993; Du et al. 2000; Harlow et al. 1976; Mackay 1968; Mader 
1996). Also, species such as pond slider turtles Trachemys scripta 
presented faster growth rates and greater body size after thermal 
impact, explained by the diet quality and higher food intakes at 
higher temperatures (Parmenter 1980). On the other hand, low 
temperatures were linked with a decrease in appetite (Wang et al. 
2002), slow or arrested peristalsis, and regurgitation cases (Regal 
1966). Digestive efficiencies are linked with physiological and 
ecological aspects of the energy budget (Bedford and Christian 
2000), and in some reptile species are significantly influenced by 
temperature (Beaupre and Zaidan 2012; Harwood 1979; McKinon 
and Alexander 1999; Qu et al. 2011; Stevenson et al. 1985), 
while in other species there is no temperature effect (Karasov 
and Diamond 1985; Tracy et al. 2006; Waldschmidt et al. 1986; 
Zimmerman and Tracy 1989). The characteristic appears to be 
species-dependent (McKinon and Alexander 1999). 

The purpose of this study was to determine the thermal 
dependence of appetite, digestive response and growth rate of 
red-footed tortoise hatchlings. These parameters were evaluated 
at two thermal regimens with animals fed with two different diets 
by analysing food intake, minimum and maximum retention times, 
apparent digestive efficiency of nutrients and energy, body mass 
gain, and carapace growth (width and length). It was hypothesised 
that lower temperatures would decrease the appetite and in 
consequence the food intake, causing longer retention times. 
Thus, the ingested food would be exposed for a longer time to 
enzymes and/or fermentation during the digestive process, which 
would result in higher digestive efficiencies if enzyme secretion is 
not inactivated or downregulated. Due to reduced intake at low 
temperatures, however, it was anticipated that animals would 
show slower growth rates, independent of diet quality. 

Materials and methods

All procedures, animal care, animal use and treatment were 
performed in accordance with the Animal Ethics and Use 
Committee of the Sao Paulo State University (UNESP, for its 
acronym in Portuguese), and the protocol of the study (no. 
006095/19) was approved by this committee. 

Experimental animals and husbandry
Twelve hatchlings (2–4 months of age), hatched in captivity and 
of unknown sex, were used; average body mass was 84±30 g. 
Animals were individually housed in cages measuring 0.29 × 0.13 × 
0.40 m in two acclimatised rooms of 1.10 m3, with six cages in each 
room. An electric heater and a portable air conditioning system 
linked to thermostats were used to keep a constant temperature, 
and fluorescent lamps were connected to a timer to maintain the 
animals under a 12 h light:12 h dark photoperiod. 

Temperature treatments
By considering that the red-footed tortoise shows better 
adaptation at 20–35°C with high moisture (Costa and Bérnils 2018; 
Wang et al. 2011), and different reptile species at 20°C display a 
slow digestion rate (Pafilis et al. 2007; Skoczylas 1978) and/or 
arrested peristalsis (Harwood 1979), two thermal regimens were 
evaluated: 20°C and 30°C. The thermostat in each acclimatised 
room was fixed at one thermal regimen. Internal temperature and 
moisture of each acclimatised room was registered twice a day 
with a digital hygro-thermometer. The study was separated into 
two 60-day experimental periods in a crossover design, with an 
interval of 3 days of rest between periods for animals to take an 

outdoor sunbath. The first week of each experimental period was 
used to acclimatise animals to the evaluated temperatures.

Experimental diets and feeding
Two gross energy isocaloric dry pelleted diets were evaluated, 
which presented similar nutritional composition with the exception 
of starch and fibre content: Diet 1 had a high level of crude fibre 
and neutral detergent fibre (NDF), and Diet 2 was high in starch 
content (Table 1). External inert indigestible markers of chromium 
oxide (Cr2O3; Merck, Darmstadt, Germany) and ferric oxide 
(Fe2O3; 99.5% Êxodo Cientifica, São Paulo-SP, Brazil) were added 
to experimental diets following different protocols. Digestibility 
was evaluated by adding Cr2O3 (green colouring) at 0.25% of the 
offered diets; animals were continually fed with chrome-labelled 
diets throughout all experimental periods. After one week of 
chromium diet adaptation, Fe2O3 (red colouring) was incorporated 
at 2.5% of the daily chrome-labelled offered food to study passage 
of the digesta (minimum and maximum retention times). A single 
dose of ferric-labelled food was given during the initial (day 8) and 
final (day 54) weeks of the digestibility evaluations. Throughout all 
trials, tortoises could eat and drink freely.

Hatchlings were randomly distributed across these two diets 
(six animals per diet), and hatchlings on each diet were divided in 
two groups to be maintained at 30°C and 20°C (three animals per 
diet per temperature in each experimental period) in a repeated-
measures design where all animals were under both thermal 
regimens in different experimental periods. Animals were fed 
once daily, 2.50% or 1.13% of body mass per day at 30°C and 20°C, 
respectively. To obtain the daily dry matter intake (FI, g animal-1 
day-1) and intake relative to metabolic body mass (IMM, %), the 
amount of offered and residual food was weighed daily with a 
scale (5 kg±0.01 g capacity). 

Table 1. Chemical composition of dry matter (DM) of experimental diets for 
growing tortoises with different starch and fibre contents. 4.184 kilojoules 
(kJ)=1 kcal. Ingredient list: soybean meal 45%, wheat bran, sugarcane 
fibre, corn starch, poultry meal, wheat flour, beet pulp, alfalfa hay, corn 
grain, poultry fat, liquid palatant, cane yeast, whole flaxseed, dicalcium 
phosphate, vitamin-mineral premix, calcium carbonate, choline chloride, 
common salt, mould inhibitor, DL-methionine, antioxidant. Passage time 
evaluation: ferric oxide Fe2O3 was incorporated at 2.50% of the offered 
food with palatant. 

Nutrients (%) High fibre (HF) High starch (HS)

Crude protein 25.0 26.0

Crude fibre 14.2 6.6

Neutral detergent fibre 39.2 24.9

Starch 16.1 27.7

Acid hydrolysed fat 7.0 6.5

Calcium 1.1 1.1

Phosphorus 0.7 0.7

Mineral matter (ash) 8.4 7.7

Gross energy (kJ g DM-1) 19.5 18.9

Chromium oxide (Cr2O3) 0.25 0.25



Journal of Zoo and Aquarium Research 10(2) 2022
https://doi.org/10.19227/jzar.v10i2.638

93

Temperature and red-footed tortoise hatchling digestion

Response variables
Apparent digestibility
Faecal collection started when the first red-marked faeces from 
the first addition of ferric oxide for digesta passage evaluations 
were observed. Collection was performed for at least 1 month and 
samples were stored at −20°C. Faeces were evaluated and scored 
from 1 (liquid) to 7 (hard, dry) (Mendoza et al. 2022 Supplementary 
material).

Diet and faecal samples were analysed to determine moisture 
content, dry matter, crude protein, acid-hydrolysed fat, starch 
and crude fibre (Association of Official Analytical Chemists 
1995); unfortunately, faecal sample size was insufficient to 
analyse NDF content. The NDF analysis of the diets included a 
pre-treatment of the sample with heat-stable alpha-amylase 
and was expressed exclusive of residual ash (aNDFom; Udén et 
al. 2005). Concentrations of chromium oxide in diets and faecal 
samples were calculated by chromium determination via visible 
spectrometry (Labquest Bio 2000, Labtest Diagnóstica S.A., Lagoa 
Santa, Brazil) at 450 nm. In addition, gross energy content of 
faeces and diets were determined through bomb calorimetry on 
an automated diabetic calorimeter (Model 1281, Parr Instrument, 
Moline, USA).

Apparent digestibility (Da) coefficients of dry matter (DaDM), 
acid-hydrolysed fat (DaFAT), starch (DaST), crude fibre (DaCF), crude 
protein (DaCP) and gross energy (DaGE) were calculated through the 
following equations (Harshaw 2012):

Da (Dry Matter,%)=100- (100 × (%Cr2O3 food) / (%Cr2O3 faeces))

Da (Nutrient,%)= 100 - (100× (%Nutrient in faeces × %Cr2O3 food)/
(%Nutrient in food× %Cr2O3 faeces))

Daily food intake and apparent digestibility coefficients were used 
to calculate and express the daily intake of digestible energy (DEI, 
kJ animal-1 day-1), and mass-specific intake per gram of metabolic 
mass of digestible protein (DPI, g kg-0.86 day-1), digestible acid-
hydrolysed fat (DAI, g kg-0.86 day-1), digestible starch (DSI, g kg-
0.86 day-1), digestible fibre (DFI, g kg-0.86 day-1) and digestible 
energy (DEImm, kJ kg-0.86 day-1). The reptile allometric exponent of 
0.86, described by Bennett and Dawson (1976), was used for the 
metabolic body mass calculation. 

Passage time, gut content and gut fill time
The first trial of passage time was initiated at the time when 
animals started eating the ferric-labelled food. We determined the 
minimal retention time as the period between when the marked 
food was eaten and the moment when the first red-marked faeces 
were observed, and maximal retention time was defined as the 
interval until resumption of Cr2O3 (green) coloured faeces (Van 
Weyenberg et al. 2006). The total gut content (g kg-1) per gram of 
body mass in dry matter was calculated following the Holleman 
and White (1989) equations, and was expressed in relation to 
body mass:

VN=F×RT

V=(VN-(VN/(1-A)))/(ln(1-A))

Where F=daily dry faeces output (g day-1), RT=maximum 
retention time (days), VN=indigestible gut content, V=gut content 
and A=fractional digestibility of dry matter in the diet. Also, the 
gut fill time (g day-1) was estimated by the following ratio: 

Gut fill time=(FI×DCDM)/RT.

Biometry and weighing
To measure growth rates, straight length and width of the carapace 
(±0.01 mm) and body mass (±0.01 g) of the hatchlings were 
recorded weekly. For each tortoise, the biometric measurements 
were determined as carapace straight length, measured on the 
midline of the shell from the anterior midpoint of the nuchal scute 
to the posterior tip of the longest of the pair of posterior marginal 
scutes, and carapace straight width between the fifth and sixth 
marginal scutes. 

Statistical analysis
A factorial design was used with a two-factor repeated measures 
model. A two-way ANOVA was tested: environmental temperatures 
(20°C and 30°C) and diet (high starch and high fibre). The effects 
of both factors and their interactions were evaluated on FI and 
DEI; Da of nutrients; mass-specific intake of digestible nutrients 
in terms of metabolic body mass (g kg-0.86 day-1); minimum and 
maximum retention time (days); gut content (g kg-1) and gut fill 
time (g day-1); final body mass (g); daily gain of body mass (g day-

1); and daily growth of carapace length and width (mm day-1). Also, 
the body mass effect was evaluated as a covariate in the analysis 
of FI, DEI, mass-specific intake of digestible energy (DEIM), and 
minimum and maximum retention times. DaGE, DEI and DEIM—
transformed by log10—were expressed in terms of body mass 
(BM) by linear regression to determine the allometric exponent b 
adjusted at the integral of the aBMb equation (b×log10 BM+a). All 
analyses were conducted in R Studio Software (version 3.2.3). A P 
value less than 0.05 was considered significant.

Results

Environmental temperature and food, nutrients and energy 
intake
The means of environmental temperature during both 
experimental periods for each thermal treatment were 28.7±0.4ºC 
and 20.3±1.4°C, close to the target temperatures of 30ºC and 
20ºC. 

The effects of temperature, diet and their interaction on FI, 
IMM (%), DEI, and mass-specific intake of digestible energy and 
nutrients (DEImm, DPI, DAI, DSI and DFI) in relation to metabolic 
body mass are given in Table 2. All these variables were significantly 
affected by the temperature, with all variables 55.7–56.9% lower 
at 20°C.

As expected, in addition to the temperature effect, DSI and DFI 
were influenced by diet; hatchlings fed with the high fibre diet 
consumed 36.20% less starch and 104.44% more fibre than those 
fed with the high starch diet. No factor interaction effects were 
observed. 

Passage time, gut content, gut fill time and apparent 
digestibility
Data on passage times, gut content and gut fill time for both 
diets at each evaluated thermal regimen are given in Table 3. 
At the lower temperature (20°C), the speed of digesta passage 
was slower, which resulted in longer minimum and maximum 
retention times in both diets, without a significant effect of diet. 
In addition, a relatively high negative relationship between FI and 
digesta passage time was observed with correlation coefficients 
of −0.65 and −0.71 for minimum and maximum retention times, 
respectively. At 20°C the gut content and gut fill times were lower, 
and a diet effect on the gut content was observed; animals fed 
with the high fibre diet presented higher values.

The Da of evaluated nutrients, energy and dry matter, and 
faecal characteristics are presented in Table 4. Temperature and 
diet significantly influenced daily production of faeces (both fresh 
and dry matter), where hatchlings at 30°C and/or fed with the 
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Table 2. Mass-specific intake of dry matter and digestible nutrients and energy of growing tortoises C. carbonaria fed with diets containing different 
starch and fibre content at two different environmental temperatures (mean±SD). Mean value of 53 days at each diet and ambient temperature. 4.184 
kilojoules=1 kcal. Digestible energy determined in vivo (kJ g DM-1)=high fibre 13.84 and high starch 14.76; Metabolic mass= body mass0.86 (Bennett and 
Dawson 1976). *ns: not significant (P>0.05). †insufficient faecal sample: high starch at 20°C, n=3.

Diet Mean±SD P-value

Variable Temperature High fibre (n=6) High starch (n=6) Diet Temperature Interaction

Dry matter (g animal-1 
day-1)

30°C 1.2±0.2 1.1±0.2 1.1±0.2 ns* <0.001 ns

20°C 0.5±0.3 0.5±0.2 0.5±0.2

Mean 0.9±0.4 0.8±0.4

Digestible dry matter (g 
kg-0.86 day-1)

30°C 5.6±1.0 5.7±0.7 5.6±0.8 ns <0.001 ns

20°C 2.4±1.0 2.5±1.0 2.4±0.3

Mean 4.0±1.9 4.1±1.9

Food intake (%) 30°C 2.1±0.4 1.9±0.2 2.0±0.3 ns <0.001 ns

20°C 0.9±0.4 0.9±0.4 0.9±0.4

Mean 1.5±0.7 1.4±0.6

Digestible protein (g kg-

0.86 day-1)
30°C 1.7±0.3 1.5±0.2 1.6±0.3 ns <0.001 ns

20°C 0.7±0.3 0.7 ±0.3 0.7±0.3

Mean 1.2±0.6 1.1±0.5

Digestible fibre (g kg-0.86 
day-1)

30°C 0.5±0.1 0.2±0.0 0.4±0.2 <0.001 <0.001 0.05

20°C 0.2±0.1 0.1±0.0 0.2±0.1

Mean 0.4±0.2 0.2±0.1

Digestible starch, (g kg-

0.86 day-1)
30°C 1.3±0.3 1.8 ±0.2 1.5±0.3 0.02 <0.001 ns

20°C 0.6±0.3 0.7±0.0† 0.6±0.2

Mean 1.0±0.5 1.5±0.6

Digestible acid-
hydrolysed fat (g kg-0.86 
day-1)

30°C 0.3±0.1 0.3±0.1 0.3±0.1 ns <0.001 ns

20°C 0.1±0.1 0.1±0.0 0.1±0.1

Mean 0.2±0.1 0.2±0.1

Digestible energy (kJ 
animal-1 day-1)

30°C 15.3±2.7 15.6±2.7 15.4±2.6 ns <0.001 ns

20°C 6.3±2.8 6.7±1.9 6.5±2.3

Mean 10.8±5.4 11.1±5.2

Digestible energy intake 
(kJ kg-0.86 day-1)

30°C 98.6±17.5 100.3±12.0 99.5±14.3 ns <0.001 ns

20°C 42.2±18.5 44.2±17.6 43.2±17.3

70.3±34.1 72.2±32.6

Diet Mean±SD P-value

Variable Temperature High fibre (n=6) High starch (n=6) Diet Temperature Interaction

Minimum retention 
time (days)

30°C 4.1±1.0 3.2±0.9 3.6±1.1 ns* 0.002 ns

20°C 5.6±1.6 5.4±1.2 5.5±1.4

Mean 4.8±1.5 4.3±1.6

Maximum retention 
time (days)

30°C 8.3±1.2 9.5±1.1 8.9±1.2 ns <0.001 ns

20°C 17.0±1.4 12.3±1.2 13.8±1.3

Mean 11.0±1.5 10.8±1.2

Gut content (g kg-1) 30°C 45.5±10.5 35.4±6.1 40.5±9.8 <0.01 <0.05 ns

20°C 53.5±35.3 22.7±10.1 30.4±13.4

Mean 42.9±10.7 29.0±10.4

Gut fill time (g day-1) 30°C 0.1±0.0 0.1±0.0 0.1±0.0 ns <0.001 ns

20°C 0.0±0.0 0.0±0.0 0.0±0.0

Mean 0.1±0.0 0.1±0.0

Table 3. Minimum and maximum retention times of growing tortoises C. carbonaria fed with diets containing different starch and fibre content at two 
different environmental temperatures (mean ± SD). *ns: not significant (P>0.05)
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high fibre diet excreted more faeces. In this context, animals at 
20°C produced about half as much faeces (47.72%) as those at the 
higher temperature. Problems of insufficient faecal samples were 
reported in animals housed at 20°C and fed with high starch levels. 
Temperature had no significant effect on dry matter content of 
faeces, faecal score, nutrients or energy digestibility coefficients.

Diet influenced the DaDM, DaGE, DaCP and faecal score. The first 
two parameters were lower in hatchlings fed with the high fibre 
diet; these animals showed a better faecal score with firm faeces 
that was not hard, but was pliable with little or no residue left 
on the ground after collection. Also, these animals presented a 
higher DaCP. No effect was detected for the interaction between 
temperature and diet factors.

Body mass effect
Initial and final body mass, daily gain of body mass, and daily 
growth of carapace (length and width) of hatchlings fed with both 
diets at each temperature are shown in Table 5. The initial and 
final body mass did not show a significant effect of temperature 
or diet. The daily gains of body mass and carapace growth were, 
however, significantly affected by temperature independent of the 
diet, with values at 20°C only about two-thirds (67.35–64.00%) 
those at the higher temperature. A non-significant effect was 
determined for factor interaction.

FI, DEI and DaGE showed a weak positive correlation with 
body mass (0.23–0.36), while DEImm presented weak negative 
correlation with body mass (−0.26). In terms of passage time, the 

Table 4. Coefficients of total tract apparent digestibility and faecal characteristics of experimental diets for growing tortoises fed with different starch and 
fibre content at two different environmental temperatures (mean±SD). Digestible energy determined in vivo (kJ g DM-1)=high fibre 13.84 and high starch 
14.76. *ns: not significant (P>0.05). †insufficient faecal samples: high starch at 20°C, n=3. ‡Non parametric Kruskal-Wallis test.

Diet Mean±SD P-value

Variable Temperature High fibre High starch Diet Temperature Interaction

Coefficient of total apparent digestibility (%)

Dry matter 30°C 71.1±3.4 79.5±1.7 75.3±5.1 <0.001 ns* ns

20°C 70.5±4.4 78.1±3.7 74.3±5.5

Mean 70.8±3.8 78.8±3.0

Acid-hydrolysed fat 30°C 59.7±10.0 56.5±6.6 59.8±9.7 ns ns ns

20°C 60.8±5.1 52.3±8.9 57.4±7.7

Mean 60.2±7.6 56.9±10.1

Starch 30°C 99.9±0.1 99.9±0.1 99.9±0.1 ns ns ns

20°C 99.9±0.1 99.9±0.0† 99.9±0.1

Mean 99.9±0.1 99.9±0.1

Crude fibre 30°C 42.8±9.1 41.0±1.81 42.0±6.6 ns ns ns

20°C 44.0±7.9 37.6±13.1 42.4±8.8

Mean 43.4±8.1 40.1±5.8

Crude protein 30°C 84.8±1.4 82.5±2.3 83.6±2.2 0.003 ns ns

20°C 84.2±3.2 80.9±4.0 82.6±3.9

Mean 84.5±2.3 81.7±3.2

Gross energy 30°C 71.2±3.5 79.0±1.9 75.1±4.9 <0.001 ns ns

20°C 70.7±4.0 77.6±3.8 74.1±5.2

Mean 70.9±3.6 78.3±2.9  

Faecal characteristics

Dry matter (DM, %) 30°C 46.5±7.7 44.5±6.3 45.5±6.8 ns ns ns

20°C 48.6±7.5 40.1±8.5 44.4±8.9

Mean 47.6±7.4 42.3±7.5

Faecal score1 30°C 1.8±0.4 2.2±0.4 2.0±0.4 <0.01 ns ns

20°C 2.0±0.2 2.9±0.6 2.4±0.6

Mean 1.9±0.3 2.6±0.6

Faeces production (g 
day-1; dry matter basis)

30°C 0.3±0.1 0.2±0.1 0.3±0.1 <0.001 <0.001 ns

20°C 0.2±0.1 0.1±0.0 0.1±0.0

Mean 0.2±0.1 0.1±0.1

Faeces production (g 
day-1; as collected)

30°C 0.7±0.2 0.4±0.1 0.5±0.2 <0.001 <0.001 ns

20°C 0.4±0.2 0.2±0.1 0.3±0.2

Mean 0.5±0.3 0.3±0.1
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Table 5. Initial and final body weight of growing tortoises C. carbonaria fed with diets of different starch and fibre content at two different environmental 
temperatures (mean±SD). Mean value of 53 days. *ns: not significant (P>0.05).

Diet Mean±SD P-value

Variable Temperature High fibre High starch Diet Temperature Interaction

Initial body mass (g) 30°C 89.1±1.5 89.1±1.4 89.1±1.4 ns* ns ns

20°C 93.3±1.4 107.1±1.3 100.0±1.3

Mean 91.6±1.4 97.7±1.3

Final body mass (g) 30°C 148.2±60.6 143.9±34.4 135.4±30.8 ns ns ns

20°C 124.6±39.1 123.9±24.7 124.3±31.1

Mean 124.9±32.0 133.9±30.4

Body mass gain (g day-1) 30°C 1.0±0.3 1.0±0.2 1.0±0.3 ns <0.001 ns

20°C 0.3±0.1 0.3±0.1 0.3±0.1

Mean 0.7±0.4 0.6±0.4

Straight carapace 
length (mm day-1)

30°C 0.3±0.1 0.3±0.0 0.3±0.1 ns <0.001 ns

20°C 0.1±0.0 0.1±0.0 0.1±0.0

Mean 0.2±0.1 0.2±0.1

Straight carapace width 
(mm day-1)

30°C 0.1±0.0 0.2±0.0 0.2±0.0 ns <0.001 ns

20°C 0.1±0.0 0.1±0.0 0.1±0.0

Mean 0.1±0.1 0.1±0.1

retention time of digesta presented a weak negative correlation 
(−0.30). When these variables were analysed with body mass 
as a covariate, it was possible to observe significant influences 
on DaGE (P=0.004), DEI (P=0.013), DEImm (P=0.003) and retention 
time (P=0.031). In addition, the equations obtained from linear 
regressions of log10 DEI, DEIM and BM at 30°C were:

log10 DEI (kJ day-1)=0.49×log10 BM (kg)+1.65 (adjusted R2=0.67; 
P=0.001), log10 DEIM (kJ kg-1) day1=-0.52×log10 BM (kg)+1.63 
(adjusted R2=0.70; P=0.001). 

At 20°C, body mass, DEI and DEIM had no interaction (adjusted 
R2=0.01 and 0.28, respectively; P>0.05) (Figure 1).

Discussion

The obtained daily food intakes related to body mass (0.9 to 1.5%) 
at both temperatures were higher than reported in some adult 
tortoises (0.17% to 0.22%; Bjorndal 1987; Carlos et al. 2016). This 
difference can be explained by age, because younger animals 
have greater mass-specific metabolic rates which result in higher 
food intake in terms of body mass, in comparison to adults. Most 
previous studies that evaluated the temperature effect force-fed 
the animals, making it impossible to determinate voluntary food 
intake (Harlow et al. 1976; Hazard et al. 2009; Zimmerman and 
Tracy 1989). Studies of lizard, tortoise and turtle species (Carlos 
et al. 2016; De La Ossa et al. 2009; McConnachie and Alexander 
2004; Waldschmidt et al. 1986) described significantly greater 
food intakes at higher temperatures due to increased metabolism 
(Bentley and Schmidt-Nielsen 1966), similar to the results 
reported in the current study with regard to mass-specific daily 
intakes of food, digestible nutrients and digestible energy in terms 
of metabolic body mass. 

Figure 1. Linear regression of body mass (BM, kg) with the log10 of A. 
the daily intake of digestible energy (kJ day-1) and B. mass-specific intake 
of digestible energy (kJ kg-1 day-1), at both evaluated temperatures in 
hatchlings from two to four months of age. 
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Contrary to reports in other reptile species (Harwood 1979; 
McConnachie and Alexander 2004), cases of distress, reduced 
food intake or death were not observed at the higher temperature 
(30°C). Also, at 20°C, no negative effects were noted, compared 
to other reptile species where despite declining animal 
activity and appetite, cases of regurgitation and inanition were 
observed (Beaupre et al. 1993; De La Ossa et al. 2009; Harwood 
1979; Stevenson et al. 1985), which has been interpreted as a 
mechanism to avoid a possible putrefaction process in the gut 
(Regal 1966). However, a reduced passage time was observed at 
the higher temperature, similar to reports in snakes (Bedford and 
Christian 2000), tortoises (Sadeghayobi et al. 2011), and lizards 
(McConnachie and Alexander 2004; McKinon and Graham 1999; 
Pafilis et al. 2007). Reductions of 34.54% and 35.51% of minimum 
and maximum retention times, respectively, were associated with 
an increase of 10°C, which is lower than differences described in 
tortoises (40.9%) and lizards (74%) with increases of 5°C and 10°C 
(Sadeghayobi et al. 2011; Waldschmidt et al. 1986). The higher gut 
fill time and lower gut content observed at 30°C may be related to 
greater digestion rates, explained by the increase in the frequency 
and amplitude of peristaltic contractions at higher temperatures 
(Angilletta 2001; Meienberger et al. 1993; Riddle 1909). On the 
contrary, in ectotherms, low temperature does not stimulate gut 
peristalsis (Meienberger et al. 1993) due to the absence or low 
level of food intake, which could cause longer passage times at 
20°C.

Despite the temperature effect, the mean minimum retention 
time (4.6 days) was within the range reported for C. carbonaria 
(3.6–6.1 days; Madera-Vergara et al. 2010). In relation to maximum 
retention time, the mean value (10.9 days) was close to values 
reported for herbivorous reptiles (from 6.2 to 14.3 days; Barboza 
1995a; Bjorndal 1987; Hatt et al. 2005; Hazard et al. 2009). 

In addition to temperature, the passage time is affected by 
different factors such as composition, quality and volume of 
the diet (Bjorndal 1989; Brand et al. 1999). Contrary to longer 
retention times reported in red-footed tortoises fed diets with 
high fibre content (Bjorndal 1989), no diet effect was observed 
in the current study. However, greater gut content and lower 
digestibility efficiencies were observed in animals fed with the high 
fibre diet, consistent with previous reports in desert Xerobates 
agassizii and yellow-footed Geochelone denticulata tortoises 
(Barboza 1995b; Bjorndal 1989). Although the fibre represents a 
physical disruption due to mastication challenges (Barboza 1995b; 
Bjorndal et al. 1990; Throckmorton 1973), fibre digestibility was 
similar to that in herbivorous reptiles (37–86%; Tracy et al. 2006) 
and was not affected by diet at either temperature. On the other 
hand, the high level of fibre showed a significantly lower gross 
energy digestibility. However, animals on both diets showed 
similar digestible energy intake even when they consumed similar 
dry matter, which could be explained by the slightly greater gross 
energy content in the high fibre diet (19.5 kJ g DM-1 versus 18.9 
kJ g DM-1). This gross energy difference compensated for the 
lower digestion efficiency produced by the high fibre content. 
Fermentation in the hindgut covers between 15% and 30–40% of 
energy requirements in herbivorous reptiles (McBee and McBee 
1982; Bjorndal 1987), which explains the importance of fibre for 
energy balance in this species.

Basic requirements to maintain an efficient gut microflora are 
body temperature (preferably high), constant food supply, slow 
passage of digesta, anaerobic conditions, gut pH control and 
removal of fermentation waste products (Bjorndal 1987). Greater 
fluctuations in environmental temperatures and long periods 
of hibernation and/or aestivation in some reptiles may make it 
difficult to maintain efficient microflora under those conditions, 
and re-inoculation by coprophagic behaviour may be necessary 
(Bjorndal 1987; Hazard et al. 2009), although the prevalence of 

this remains unknown. Temperature effects of enzymatic affinity 
have been described, such as increased proteolytic activity at 
preferred temperatures in carnivorous reptiles (Diefenbach 1975), 
decreased secretion of gastric juice at declining temperatures in 
herbivorous reptiles (Wright et al. 1957), and greater apparent 
digestive efficiencies of sugars and lipids at higher temperatures 
due to sugar-digesting enzymes and lipase activity (Beaupre et 
al. 1993; Harwood 1979) and bile acids secretion (Pafilis et al. 
2007) in lizards. All of this demonstrates that digestive efficiency 
is clearly temperature-dependent (Harlow et al. 1976; Ruppert 
1980; Troyer 1987). However, the standard digestive efficiency 
of the majority of ectotherms has not been studied, nor have 
the effects of temperature on these processes (McKinon and 
Alexander 1999).

Sibly (1981) reported that in tortoises, digestive efficiency 
at lower temperatures could actually be improved due to the 
increase in fermentation time in the hindgut associated with 
longer digesta retention time (Mader 1966; Wallach and Boever 
1983). Also, proteolytic enzymatic actions require extended time 
to complete the digestion of proteins (Skoczylas 1978). However, 
the obtained thermal independence of the digestive efficiency of 
nutrients in the present study is similar to reports in reptiles with 
both different (Beaupre et al. 1993; Beaupre and Zaidan 2012; 
Harwood 1979) and similar feeding habits (Carlos et al. 2016; 
McConnachie and Alexander 2004; McKinon and Alexander 1999). 
The decrease in digesta passage speed at lower temperatures may 
explain this independency. As McConnachie and Alexander (2004) 
expressed, the digestion and absorption process happen at slower 
rates and the digesta passage occurs at a corresponding rate, 
which allows animals to be able to more completely digest the 
food. At higher temperatures the gut content is lower and the gut 
fill time is shorter, so even when less enzymatic activity is needed, 
the effectiveness of digestive enzymes increases as the exposure 
time of food to enzymatic action decreases (Harwood 1979); thus, 
at lower temperatures, in spite of reduced enzymatic efficiency, 
the animal is able to compensate through longer retention time 
of digesta. 

A positive effect of temperature was observed on the daily 
growth rates of carapace length and width, and daily body mass 
gain, similar to faster growth rates of body mass and length in 
some tortoises and snakes (Beaupre and Zaidi 2012; Mitchell et al. 
2012). As described, at higher temperatures, animals consumed 
significantly more digestible energy and nutrients, which explains 
the faster growth rates for body mass and length. The conversion 
rate shows that hatchlings at 30°C were more efficient and 
required less digestible energy to gain 1 g of body mass (15.72 
kJ day-1 g-1) and 1 mm increase in carapace length (61.64 kJ day-1 
mm-1) and width (102.73 kJ day-1 mm-1) than those at 20°C (20.28 
kJ day-1 g-1, 72.11 kJ day-1 mm-1, and 129.8 kJ day-1 mm-1).

Humidity means of 52% and 58% were recorded in the 30°C and 
20°C chambers, respectively. However, both chambers showed 
great variability (±15%). Although humidity and temperature are 
related, it is not possible to elucidate whether the variables that 
were affected by temperature, such as carapace growth (length 
and width), were also affected by humidity because humidity was 
not controlled during the experiment.

The relationships of food intake and passage time with body 
mass are not clearly established. The results show a weak 
positive correlation of body mass with food intake, and a negative 
relationship with minimum and maximum retention times, a 
pattern also seen in lizards and tortoises (Hamilton and Coe 1982; 
McConnachie and Alexander 2004; Meienberger et al. 1993), but 
contrary to previous studies that reported longer passage times 
in juveniles than in hatchlings (Barboza 1995b; Meienberger et al. 
1993; Tracy et al. 2006; Zentek and Dennert 1997). Despite those 
correlations, a non-significant effect of body mass on minimum 
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retention time was observed, which agrees with reports in red 
and yellow-footed tortoises (Bjorndal 1987, 1989). Multiple 
interacting variables must be considered in evaluating these 
conflicting results across various reptile species. A significant body 
mass effect on digestion efficiency was observed, similar to adult 
and juvenile desert tortoises (Hazard et al. 2009), but contrary to 
the non-significant effect of body size on digestibility for organic 
matter, energy, nitrogen, and cell wall constituents described in 
red-footed tortoises (Bjorndal 1989). Also, body mass presented 
a weak positive correlation and significant effect on DEI, and a 
negative relationship with DEIM, in direct opposition to reports 
of juvenile red and yellow-footed tortoises (Bjorndal 1989). As 
mentioned previously, older animals (juveniles versus hatchlings) 
have lower mass-specific metabolic rates, which reduces the 
energy demand related to the body mass and may underlie these 
findings. Nutrient partitioning may vary in different tissues at 
different growth stages; juveniles, for example, may gain greater 
proportions of less metabolically active tissue (i.e. carapace and 
plastron mass) compared with hatchlings, leading to varying 
energy demands. Further detailed research is needed to better 
understand these interpretations.

Nagy et al. (1999) evaluated 55 diverse species of reptiles in 
free-ranging conditions and indicated allometric slopes of 0.889 
(insectivorous, omnivorous, herbivorous, and carnivorous) and 
0.813 (herbivorous) for predicting rates of daily energy expenditure 
and daily food requirements. At 20°C, b values of 0.80, 0.77 and 0.86 
have been reported for lizards, snakes, and turtles, respectively 
(Bennett and Dawson 1976) in terms of metabolic rate. Although 
these values are higher than the obtained allometric exponent 
of DEI at 30°C (0.49), some reptile species such as lizards and 
squamates have shown lower allometric exponents ranging from 
0.609 to 0.824 (Andrews and Pough 1985; Roe et al. 2005). Use of 
general allometric formulas have resulted in overestimated energy 
requirements, such as in juvenile leopard tortoises Geochelone 
pardalis, where the average metabolic energy intake was 70% 
of that predicted for herbivorous reptiles (Higgins and Edwards 
2009). Studies of digestive physiology of ectotherms are critical to 
the construction of physiologically structured models (DeAngelis 
et al. 1991; Dunham 1993) which require specific information 
about energy relations of individuals, including energy processing 
capacity and the factors that can affect it (Beaupre et al. 1993).

In conclusion, the present study indicates that at higher 
temperatures, red-footed tortoise hatchlings increase their food 
intake, speed of digesta passage, daily body mass gain and growth 
rates of carapace (length and width). Contrary to the hypothesis, 
digestive efficiency was not affected by temperature. Gut content 
was lower and gut fill time faster at the higher temperature; 
this appears to be temperature-independent and suggests a 
non-significant effect on enzyme activity. This indicates that this 
species has a very flexible digestive strategy, to keep a constant 
digestion efficiency throughout thermal variations, even at 
lower temperatures when the food intake decreases. However, 
the metabolic efficiency is affected, showing a slower growth 
rate and more digestible energy required to support growth per 
mass and length unit. Nonetheless, high content of dietary crude 
fibre significantly decreased the dry matter and energy digestive 
efficiency. 
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