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ABSTRACT 

Jonathan S. Clinger. A Life History Perspective on the Energetic Cost of Egg Retention during 

the Period of Pre-ovipositional Arrest for Gravid Eastern Box Turtles (Terrapene carolina). 

(Under the direction of Dr. C. M. Gienger). 

Life history strategies are often shaped by the energetic demands of reproduction, with 

the magnitude of individual reproductive effort having a direct impact on reproductive success 

and future fecundity. Thus, to fully understand the life history of a species it is crucial to assess 

all aspects of the parental reproducti ve effort. One part of this reproductive effo rt is the energetic 

costs associated with producing and supporting offspring. Turt les have been observed to undergo 

periods of prolonged post-fertili zation egg retention, retai ning viable embryos in the oviducts 

until environmental conditions for ov iposition are appropri ate or until nesting sites can be 

located. Our obj ective in this study was to assess the energetic cost incurred by female Eastern 

Box Turtles (Terrapene carolina) throughout the po t-ferti li zation egg retenti on period. For 

gravid females, measurements of metaboli sm (via oxygen con umption) were recorded weekly 

from date of capture until time of ovipos ition. In comparing reproducti ve state, grav id female 

metabolic rates were signi ficantly higher than the non-gra \·id metabo lic ra tes. Grav id fe males 

had a whole-animal, and mas - pecific, increase in metabolism of I 6.7% \\·hi le reta in ing 

fe11ilized eoos and the maoni tude of thi s metabolic co t \\·as ignificantl y re lated to clutch size 
00 0 

(t, 2= 3.20, p = 0.008) and clutch mass (t,2 = 2.88, P = 0.0 15), but not signifi cantly related to egg 

size (egg width ; t,:2 = 1.18, p = 0.26) . Examining the metabo lic cost to reproducing fe males over 

the entire egg retention period revealed a signi fican t energetic cost assoc iated with earl y post

fert ilization egg retention, but no sign ifican t cost throughout the majority of the egg retention 
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period. Thus, while there is some energetic cost to egg retention, this cost is small relative to the 

potential increased fitness advantage provided in delay ing oviposition until appropriate 

conditions for nesting are available. 
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CHAPTER I 

INTRODUCTION 

Life histories can be viewed as opti · d · · · · · m1ze strategies, m which specific reproductive traits 

are favored through natural selection to produce the greatest reproductive success (Dunham, 

Grant & Overall 1989; Strickland et al. 2014). Though to fully understand the life history of any 

organism it is important to assess the magnitude of the parental reproductive effort, which can 

reduce the amount of energy available for other essential activities (Congdon & Tinkle 1982; 

Congdon, Dunham & Tinkle 1982; Ryan, Bartholomew & Rand 1983; Congdon 1989; Dunham 

et al. 1989). Traditionally, maternal reproductive energetics is considered to be composed of 

three components, I) reproductive effort 2) parental investment and 3) optimal egg size 

(Congdon 1989). Though for turtles and other oviparous reptiles with no direct parental care, 

parental investment and optimal egg size become intertwined, so that reproduction is composed 

of two main allocation components I) the energy allocated toward making the embryo and 2) the 

energy allocated for the formation of yo lk reserves that support the hatch ling after emergence 

from the egg (Congdon, Gibbons & Greene 1983; Congdon 1989). 

For oviparous species this two-pa11 view may be further deconstructed into other key 

components that have yet to be considered, providing a more nuanced view of how energy is 

specifically allocated during reproduction. One such component wo uld be the cost associated 

with ego retention oiven that females not on ly allocate energy for vite ll ogenesis but also support 
b b 

the fertilized eggs within the oviducts for an extended period of time, retaining them past the 

point at which they would be viable if they were to be ovipos ited into the environment 

(Buhlmann et al. 1995; DeMarco 1993) . For most oviparous squamates, egg retention averages 

around 25%-40% of the total embryon ic developmental period (Shine 1983; DeMarco 1993; 



Foucart et al. 20 14)- In contrast, turtles (Order Testudines) are capable of prolonged egg 

retention . In the oviducts, proteinaceous secretions cover the calcified eggs and create a hypoxic 

environment, resulting in embryonic arrestment at an early gastrula stage (Ewert 1985; Rafferty 

& Reina 2012; Rafferty et al. 2013). This strategy of prolonged egg retention, past the point at 

which eggs would be viable if they were to be oviposited, could lead to significant energetic 

costs to the reproducing mother, even though the eggs (completely shelled) are not receiving 

energy from the mother during this part of the reproductive period. 

Two important components under strong selective pressure that could influence the 

magnitude of energetic allocation during egg retention are the number of eggs within each clutch 

and the size of each egg produced (Congdon & Tinkle 1982; Congdon er al. 1983 ; Iverson & 

Ewert 1991 ). Typically there are energetic constraints on the number of offspring a female can 

produce (Avery 1975; Congdon 1989; Lemckert & Shine 1993 ; Madsen & Shine 1993; Landwer 

1994) and thus to maximize reproductive output, egg size is often optimized with the size of each 

egg being fixed, regardless of the size of the female or the size of the clutch (Nussbaum I 981; 

Congdon & Gibbons 1987; Lovich et al. 20 12). Under egg optimality, energetic partitioning to 

produce and poss ibly retain each egg would be similar for each reproductive female (Ryan & 

Lindeman 2007). Though if egg size is not optimized, and changes along with increasing body 

size, there could be differing leve ls of energetic investment between females that produce and 

retain larger and smaller sized eggs (Congdon & Tinkle 1982). Examining energet ic costs 

associated with reproduction in thi s way will provide insight into the potential tradeoffs that exist 

for parental reproductive dec isions and subsequently the potential fitness of the offspring (Smith 

& Fretwell 1974; Zera & Harshman 200 I; Strickland et al. 20 14). 

The focus of thi s study was therefore to explore other components that may factor into 



the two-patt view of energy allocation, given this view alone might not accurately reflect the 

total allocation costs in some oviparous species, especially in those species that retain fertilized 

eggs for prolonged periods prior to oviposition. Once fertilization has occurred and a calcified 

shell has formed, there is no direct nutrient connection that occurs between the female and her 

eggs (Rafferty and Reina 2012, Rafferty et al. 2013 ). This poses the question as to whether there 

are any physiological costs associated with retaining calcified eggs within the oviducts. To 

examine this, female Eastern Box Turtles (Terrapene carolina) were used since they are an 

abundant oviparous species within Tennessee, and capable, like all turtles, of undergoing a pre

ovipositional arrest period. Therefore, using T. carolina allowed for an appropriate metabolic 

assessment of any costs incurred over the egg retention period. A with other species that 

undergo egg formation , it would be predicted that most of the total reproducti ve energetic cost 

for T. carolina would occur during vitellogenes is, wh n resource are allocated toward embryo 

formation (Van Dyke & Beaupre 2011 ). Though, we also predict that after vite llogenes is, during 

the period of pre-ovipositional arrest, there i an addi tional energetic co t to the mother in hav ing 

to provide energy to maintain the smooth muscle of the oviducts, fu nction ing to support and 

carry her eggs (Landwer 1994; Angilletta & Sears 2000). 
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CHAPTER II 

MATERIALS AND METHODS 

Animal collection and care 

Terrapene carolina were collected by hand from Nickajack Wetland, Rutherford Co., TN 

during the breeding season from late May to early October 2014-2015. Turtles were weighed to 

the nearest gram with a Pesola spring scale, measured with calipers for morphometric 

measurements ( carapace and plastron length, width, etc.) and given a unique identification code 

using a triangular hand file to notch the marginal scutes of the carapace (Cagle 1939). Sex of 

individuals was determined by examining secondary sexual characteristics; concavity of 

plastron, shape of the carapace, eye color, structure of hind claws, and tail length. All females 2:_ 

250 g were considered to be potentially gravid and were transported to the lab to determine 

reproductive state. To determine whether females were gravid (as determined by presence of 

calcified eggs), radiographs were taken at approximately weekly intervals for three consecutive 

weeks and any female that did not show calcified eggs after this period was considered to be 

non-gravid for the reproductive season. From each gravid female's radiograph, measurements of 

egg width and female pelvic aperture width (shortest distance between the pelvic ilia) were 

recorded using ImageJ software (Schneider, Rasband & Eliceiri 2012). 

All collected females were housed individually within 32.1 L (60.7cm x 42.6 cm x 16.7 

cm) habitat enclosures containing a 50:50 soil/sand substrate and were provided a moist hide box 

that contained a 50:50 soil/vermiculite mixture. A basking lamp wi th a 60W bulb was provided 

to each individual to permit voluntary thermoregulation. Turtles were given a 12: 12 h 

photoperiod (light: dark cycle), and fed an ad fibitum diet of earthworms, Tenebrio larvae, and 



mixed fruit and vegetables daily. 

Adult Female Respirometry 

Prior to metabolic measurements turtles underwent a 2 3 d (48 72 h) ~ · · ' - ay - 1astmg period to 

insure a poSt-absorptive digestive state. Following the fasting period individuals were weighed, 

Placed within a 3.8 L respirometry chamber and then trans~erred to · · · b t , 11 a prec1s1on mcu a or 

(Percival Scientific) maintained at a constant 25 °C for the measurement duration. Gravid 

metabolic rates (GMR) and non-gravid metabolic rates (NGMR) were measured for each 

individual using an open flow-respirometry system to determine rates of oxygen consumption 

(Gatten 1974; Withers 2001; Lighton 2008). An Ametek R-1 flow controller pumped room air 

through a drying column (Drierite) and then through a manifold which distributed air into mass 

flow controllers (Sierra Mass Trak). Mass flow controllers maintained the flow into each 

chamber at a rate of 45 ml/min, so that no more than a I% reduction in 0 2 would occur within 

the test chamber when compared to the reference room air. A Sable Systems MUX flow 

multiplexer allowed four turtles to be measured sequentially, with each turtle being measured for 

30 minutes with a 15-minute baseline between samples. Excurrent air from each respirometry 

chamber was passed through columns of Ascarite II and Drierite to remove the CO2 and water 

vapor (FeCO2 = 0 and FeH2O = 0). 

Oxygen concentration was measured using a Sable Systems FC-10 oxygen analyzer 

d. ts at ,.,-second intervals for a 48 h test connected to a laptop computer, recor mg measuremen .) 

· · · d d the most level 15 minutes of each 30-penod. Each turtle was sampled nme times per ay an 

· h t f aas exchanae The female 's metabolic 
minute sampling period was used to calculate t era e O o ' 0 

· 

f th nine measured samples. To calculate 
rate was then considered the lowest measurement, 0 e 

d · I ent the equations of Withers ( 1977). 
VO2, LabAnalyst (Warthog Systems) was use to imp em 
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oxyaen consumption of gravid turtles was measured t kl · . . . 
o a wee y mtervals m order to obtam a time 

sequence of gravid metabolic rate (GMR) throughout the ent· · • • 1 • ire pre-ov1pos1t1ona egg retention 

period. 

Once females began to naturally oviposit their eggs, all other gravid females were 

induced to lay concurrently by injecting 0. 7 units/ l 00g body mass of oxytocin subcutaneously to 

the rear thigh (Ewert & Legler 1978). lnduction of oviposition for all gravid females was 

performed within one week from the time the first female naturally oviposited eggs, to insure the 

time of oviposition was roughly similar for all females. Eggs were collected immediately 

following oviposition to prevent damage. Following oviposition females were fed for 2-3 days 

ad libitum, fasted for 72 h to insure a post absorpti estate, and placed within the same 

respirometry chamber to measure the post-oviposition non-gravid metabolic rate ( GMR). Non

oravid metabolic rates were measured at I and 2 weeks following oviposition, and measurements 
0 

were averaged to calculate the NGMR for each female. 

Egg Respirometry 

After oviposition, egg were collected and marked on top with a unique identification 

b E h 
· hed to the nearest 0 I 2: and lenoth and width were measured with num er. ac egg was we1g · ..., o 

· · E · bated at 25 °C within a precision incubator 
d1 g1tal calipers to the nearest 0.1 mm. ggs were mcu 

· · d 68 r • L J t'c boxes on a I· I \\·ater and verm iculite 
(Percival Scientific) and kept \\'1th111 ente .) m Pas 1 · · 

t'al (Packard et al. 1987). In order to 
sub trate mixture, providing a -150 kPa water poten 1 

. . . .· aa d velo ment incubation boxes \\·ere we ighed to 
mamtam a constant water potential du1 mg e== e P 

h dd d ti Substrate as needed. 
t e nearest aram and water was a e to 1e 

b 

. . ?4 h ost-o\'iposi ti on using a closed-system 
Measurements of egg V02 v,eie taken - p 

. . h ., \,·ay stopcock al lowin2: sub-samples of 
· 0 I • ae \\'It a .J- ' ~ resp1rometer consisting of a 5 m syi !11::, 
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chamber air to be injected into an air stream pass ing th 1 1 . 
roug 1 t 1e oxygen analyzer (Dynamic 

lnjc tion Technique; Bartholomew et al. 1985 Lighton 2008) E h 
1 

• , . ac egg was p aced mto a 

ringe containing two small ventilation holes drilled near the O · f th b I Th · • ~ penmg o e arre . e syringe 

was flu hed with dried CO2-free air by pumping room air through Drierite and Ascarite II 

columns and through the ventilated syringe at a rate of 45 ml/min for 5-1 o minutes. After a 

syringe was flushed , the plunger was adjusted to 50 ml (covering the ventilation holes), the 

stopcock was sealed, and placed at 25 °C within a precision incubator for 2.5-3 h. 

Oxygen consumption of the egg was measured by injecting a 20 mL gas sample from the 

syringe through a 3-way stopcock in the middle of a 2 m section of Tygon tubing connecting an 

Ametek R-1 flow controller and Ametek S-3A/I oxygen analyzer. Air was pumped at a rate of 70 

ml/min through columns of Drierite and Ascarite II and then through an Ametek N-22M oxygen 

sensor connected to an Ametek S-3A/I oxygen analyzer. Before each measurement, the oxygen 

analyzer was spanned to 20.95% using reference room air. A computer using LabHelper 

software (Warthog Systems) recorded VO2 at I-second intervals for the duration of 

measurement. Following each measurement, each egg was weighed to the nearest 0.1 g and the 

closed-system volume was calculated as the difference between the total volume of the syringe 

and the volume of the egg (assuming l g = l ml). 

Statistical Analysis 

Each mean metabolic rate measurement was reported in both whole-animal metabolic 

. · ( Lo -1.h- 1) The adjusted gravid metabolic rate (mL O2•h- 1) and mass-specific metaboltc rate m z•g · 

• 1 I lated by subtracting the total clutch metabolic rate 
rate (AGM R) of each grav id fema e was ca cu 

(sum of measurements for each egg in clutch) from the gravid metabolic rate (GMR). The 

d the difference between the adjusted grav id 
energeti c cost of reta ining eggs was calculate as 
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(AGMR) metabolic rate and the non-gravid female metabolic rate (NGMR; Angilletta and Sears, 

2000). We used a repeated measures ANOVA with a post-hoc Tukeys HSD test to determine 

significant differences in metabolic rate over the entire egg retention period. An analysis of 

covariance (ANCOVA) using Restricted Maximum Likelihood was used with female body mass 

as the covariate, to determine any significant difference between AGMR and GMR; indicating 

the metabolic cost of egg retention. We used linear regres ions to determine whether female 

body mass, clutch mass, clutch size, or mean egg width had a igniftcant effect on the total 

energetic cost of egg retention (AGM R- GM R). Linear regre ion were al o u ed to determine 

if carapace length had a significant effect on clutch ize, egg\ idth, and width of female pelvic 

aperture. In order to test for egg optimality, an A 0 u ing female carapace length a a 

covariate was used to test for homog neit of the lope bet\\'e n egg width and ~ male pelvic 

aperture width . Para llel po itive lope \ ould indi ate a con traint to optimalit ( ongdon & 

Gibbon 1987; Lovich el al. 2012). 
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RESULTS 

Over the duration of the study 217 turtles 
' were captured and marked with I 06 male 97 , 

female, and 14 juvenile, providing a I: I sex ratio for th · 1 - 0 1s popu atlon. f the 97 females , 86 were 

of reproductive size and were brought back to the lab and d d • . x-raye to eterrnme reproductive 

status. Of 16 females determined to be gravid all were used i th t· I 1 · , n e op 1ma egg ana ys1s, but only 

13 were used for the metabolic analysis. Three individuals were excluded; one female was sick 

with an eye infection, one female was not in good physiological condition (indicated through 

prolonged refusal to eat), and one female became egg bound. 

During the first two weeks of measured pre-ovipositional egg retention ( days 49-56 

before oviposition), the GMR was significantly elevated relative to the period immediately 

before oviposition and relative to NGMR (F9, 64 = 4.02, P = 0.0004 among all sample periods, 

Fig. 1 ), but the first two weeks were not significantly different from other GMR measurements 

over the brooding period (7 to 42 days before oviposition, Fig. I post-hoc comparison). 

Comparing peak GMR, the highest individual measurements while gravid, to GMR and NGMR 

revealed that the peak GMR was significantly higher than either the measurement before 

oviposition or after oviposition (Fig. J, F2, 36 = 11.2, P = 0.002). The peak GMR was 1.21 times 

higher than mean GMR and was 1.43 times higher than NGMR after oviposition. 

Th · ·fi t f+: t of reproductive state on whole-female metabolic rate and a ere was a s1gnt 1can e 1ec 

significant difference between GMR and NGMR (Fig. 2; F, . 6-l = 5-69, p = 0.020). Mean clutch 

1 d an GMR at IO 72 mL O2•h- 1 (mean of 
metabolic rate was low at 0.08 mL O2•h- compare to me · 

s 1/aS not related to the difference between 
0.007% of gravid metabolism, Table I). Clutch mas v 

·1 h le clutch metabolic rates were significantly 
GM R and GMR (t12 = -0.49, P= 0.64), wht e w 0 



·elated to clutch mass (F ig. 3D, t13 = 4.19 p = o OOI S) Af . . 
t • ' • • ter adjusting for embryonic 

metaboli sm and clutch mass, there was still a significant ef:i:- t h 
1 

. 
1ec on w o e-female metabolic rate 

(Fi. 63 = 5.53, p = 
0-022)- Comparing cost of egg retention (AGMR-NGMR) to NGMR revealed 

a metabolic rate increase of 16· 7% based on whole-animal rate and mass-specific rate (Table I). 

Mean body mass for gravid females was 408.5 ± 77.5 g with a mean clutch mass of 33.6 

± 7.4 g. Observed cost of egg retention (AGMR-NGMR) was significantly related to clutch size, 

total clutch mass, and female body mass (Fig. 3A, t1 2 = 2.88, P= 0.015 ; Fig. 3B, t12 = 3.20, P= 

0.008; Fig. JC, t12 = 2.26, P= 0.045), but mean egg width was not significantly related to cost of 

egg retention or to female carapace length (t12 = I. 18, P = 0.26; t1 2 = 1.59, P= 0.14). Clutch size, 

individual egg width, and pelvic aperture were all significantly related to female body size 

(carapace length; ti s = 2.16, P = 0.048 ; ts1 = 5.8 1, P = 0.02; ti s= 8.9 17, P = 0.0098). There was a 

significant difference in the allometries between mean egg width and pelvic aperture width as a 

function of female body size (carapace length ; Table 2 and Figure 4, f 3.31 = 33.6, P = 0.0001) 

and there was a significant interaction between mean egg width/width of pelvic aperture and 

female carapace length (Fig. 4, F3, 31 = 5.23 P= 0.023). 



CHAPTER IV 

DISCUSSION 

Our results suggest that the traditional con · d • 
s1 erat1ons for reproductive energetics might 

not accurately reflect the total energetic costs for ov· . 
iparous species capable of prolonged egg 

retention. In order to accurately determine the magnitud f h . 
e o t e total reproductive cost, all 

aspects of the reproductive period (mating, vitellogenesis t . 
' egg re ent1on, parental care) must be 

considered. We have shown here that there are significant egg rete t· • E n 10n costs m astern Box 

Turtles (16.7% metabolic increase) and this is higher than what might be t d ..- · expec e 1or species 

retaining relatively undeveloped (gastrula stage) embryos. Thus, egg retention may be a larger 

part of the reproductive maternal energy budget than previously thought for oviparous reptiles. 

Reproductive costs may not be constant throughout the reproducti ve period, and may 

change depending on the physiological condition of the female and stage of embryonic 

development (DeMarco and Guillette, 1992; Schultz et al, 2008). For T. carolina in th is study, 

there was significantly elevated energetic cost to carrying egg only during the earl y part of 

measured egg retention ( 49-56 days prior to ovipos ition), but throughout the majori ty of the pre

ovipositional period ( 1-42 days prior to ovipos ition) gravid fe male metabo lic rates howed no 

· · · ·d b 1 · ra tes This early-developmental significant difference in comparison to non-grav1 meta O ic · 

. h d f ovulat ion/fe rti li zation and the 
cost could be associated with a short period between t e en ° 
b · · h isms have been proposed that could 
egmnmg of pre-ovipositional arrest, and several mec an 

. . . ) The fe male's Ca]- ATPase pumps in 
potentially explain this increased metabolic iate. 1 

. . - ell fo rmation (Thompson et al. 2007), 2) the 
oviducal ti ssue are still depositing calcium tor eggsh 

I t (Rafferty & Reina 201 2; Rafferty 
production of ov iductal secretions that arrest egg devo vemen 
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lnq(); l •111 a 1"'O Guillette 1992). Though O ·h . ,, nee t e pre ov . . 
. . - rposrtronal arrest period begins there 

-~ li tt le female contn butr on to the eggs, even in r 
,. egards to gas exchange (Rafferty and Reina 

10 1 Rafferty et al. 20 13), which may explain h h . ,.. .. . w Y t ere rs no · ·ti srgnr icant energetic costs for T. 

carolina during the last 42 days before oviposition. 

There is considerable variability in the duration f . . . 
o pre-ov1pos1t1onal egg retention among 

turtle species, and this may be a direct result of the later sta f th . . . . 
ges O e pre-ov1pos1tional penod 

being relatively energetically inexpensive. For freshwater species, the Red-Eared Slider 

(Trachemys scripta) and the Eastern Mud Turtle (Kinosternon subrubri,m) t 1- · d , egg re en 10n per10 s 

are two to four weeks under natural conditions (Buhlmann et al. 1995) and a similar two to three 

week minimum has been estimated for T. carolina (Dodd 2001, Burke and Capitano 2011 ). At 

the extreme, species such as the Chicken Turtle (Deirochelys reticularia) in South Carolina and 

the Olive Ridley Sea Turtle (Lepidochelys olicacea) can have egg retention periods that are very 

prolonged, and this seems to be based on both the life history of the species and on the 

environmental conditions during the nesting season (Congdon et al. 1983; Buhlmann et al. 1995; 

Plotkin et al. 1997). For D. reticularia some females will forego oviposition in the fall and retain 

fertilized eggs overwinter for a minimum of four to six months, allowing these females to be the 

c: · · · · · (C d t al I 983 · Buhlmann et al. 1995). In 11 rst species to undergo ovipos1t1on m the spnng ong on e · ' 

. ·f d. 1 rbed during a nesting attempt, but 
general , marine turtles can retain eggs m the short term I is u 

. f 11 (Plotkin et al. 1997). Typically, 
only L. olicacea undergo prolonged ov1ducal egg reten 10 

. . e ate near shore and wait for specific 
dunng the nesting season L. olicacea females will aggr g 

. . . . . nchronous nesting. Interference with these 
env ironmental cues that, when present, will mrtrate sy 

. c· e due to saturation of the 
c h f heavy rams 1. · ues has been observed to occur during mont s 0 

nest' b h water tempera · ing each or changes in the near s ore 
lure/salinity that alter nesting 



condi ti ons) causing these females to delay nesting, retaining their eggs for up to 63 days or until 

the appropriate nesting conditions became available (Plotkin et al. 1997). Pre-ovipositional arrest 

thus allows turtles the flexibility to travel to appropriate nesting sites (i.e. nesting beaches of sea 

turtles) or wait for appropriate environmental conditions without it being overly taxing to the 

female's energetic budget. 

The elevated energetic costs during the early egg retention period may also be dependent 

on the size of the female and the size of the clutch being produced ( egg width, clutch mass, 

number of eggs, etc.). General trends observed in other reptiles and amphibians indicate that 

larger females typically produce larger or heavier clutches (Avery 1975; Congdon & Tinkle 

1982; Congdon & Gibbons 1987; Lemckert & Shine 1993; Ryan & Lindeman 2007), potentially 

resulting in a higher reproductive investment, at a detriment to maternal health (Lemckert & 

Shine 1993; Madsen & Shine 1993; Landwer 1994; B leu et al. 2012; Rafferty et al. 2014 ). Here 

we demonstrate that larger T. carolina females produced larger and heavier clutches, which 

increased the total energetic investment for these larger females (higher magnitude for the total 

metabolic cost AGMR-NGMR). In contrast, total metabolic cost to gravid females was not 

significantly related to mean egg size (egg width). As pelvic aperture width increases with 

increasing body size, mean egg width does not increase proportionately. Thi s suggests that an 

optimality exists in egg size fo r T. carolina (Congdon & Gibbons 1987; Ryan & Lindeman 

2007), and that it is large ly irrespecti ve of female body size. As a result, all females able to 

achieve a reproductive body size should incur a fixed energetic cost for each egg produced. 

Even though there are strong se lecti ve pressures for egg optimality ( either in egg size or 

egg number), energet ic or morphological constra ints can hinder the formation of optimal sized 

eggs/clutches (Congdon & Tinkle 1982; Congdon & Gibbons 1987; Ryan & Lindeman 2007). In 
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T. carolina there is a significant relationship between individual egg widths and female carapace 

length, indicating that smaller females may have a constraint on both egg and clutch size 

(Congdon & Tinkle l 982; Ryan & Lindeman 2007). Smaller T. carolina individuals also 

produced smaller clutches, one less egg than larger individuals, and in doing so incurred an 

overall lower cost to egg retention. Having a smaller maternal mass, possessing smaller clutches, 

and producing slightly smaller eggs may all contribute to smaller females having a lower total 

reproductive investment (Congdon & Tinkle 1982). In three Australian freshwater turtles, the 

Oblong Turtle (Chelodina oblonga), the Macquarie Turtle (Emydura macquarii), and the Eastern 

Long-necked Turtle (Chelodina longicollis) , larger reproductive females that possessed better 

body conditions were in no better physiological condition when considering hematocrit levels 

and serum biochemistry than smaller individuals (Rafferty et al. 2014). Larger females may 

thereby have a higher energetic investment, since producing larger or heavier clutches can 

increase the energy necessary for maintenance of maternal ti ssue or alterations in female 

physiology to accommodate the eggs (Demarco & Guillette l 992; Van Dyke & Beaupre 2011; 

Rafferty et al. 2014). 

Prolonged egg retention could pose a high ri sk to successful reproduction, not only when 

considering energetics, but also when considering other ecological factors (predation, disease, 

etc.) that could result in an unsuccessful reproduction event. With such a high risk of losing an 

entire clutch, why then is egg retention a life history trait shared among turtles? A proposed 

factor that influences thi s is nest site se lection; the only post-ovipositional parental care turtles 

provide (Dodd 200 I, Shine 2005, Flitz and Mull in 2006). The microclimate of the nest (moisture 

content, temperature, etc.) has been shown to influence rates of embryonic development and 

rates of yo lk utili zation, which have direct impacts on hatch ling phenotype and future survival 



(Deeming & Ferguson 1991; .Janzen 1993 ; Ackerman 1997; Ashmore & Janzen 2003 ; Reid , 

Margaritoulis & Speakman 2009; Ligon & Lovern 2012). The conditions of the environment 

may therefore impose an ecological constraint, creating a situation in which egg retention is 

beneficial , allowing for delayed oviposition and the location of optimal nesting sites. Nest site 

selection is thus an important life-history trait, in which the success and survival of the embryos 

is directly tied to the reproductive fitness of the mother (Madsen & Shine 1993; Angilletta & 

Sears 2000; Ladyman et al. 2003; Refsnider & Janzen 2010). 

This study is the first to consider the specific energetic cost of pre-ovipositional egg 

retention in oviparous reptiles. Most studies on reptilian reproductive costs have focused on 

viviparous squamates, reporting either total reproductive costs ranging from a 21 % to 164% 

metabolic increase while pregnant (Birchard et al. 1984; Beuchat & Vleck 1990; Demarco & 

Guillette 1992; Robert & Thompson 2000; Schultz, Webb & Christian 2008) and metabolic costs 

ranging from a 26.3% to 42.8% metabolic increase during vitellogenesis (Van Dyke & Beaupre 

2011). In contrast, only a few oviparous species have been examined (no Testudines), with total 

reproductive costs ranging from 38-48% of total utilizable energy (Bozinovic & Rosemann 

1988) to a 122% metabolic increase when gravid (Angilletta & Sears 2000). With a substantial 

gap still existing in the literature for many taxa, more research is needed to uncover similarities 

between reproductive costs and species of similar taxa (Beuchat & Vleck 1990; Demarco & 

Guillette 1992; Robert & Thompson 2000; Angilletta, Winters & Dunham 2000). Until more 

research is performed in this way, specifically in regards to Testudines, there is no reference of 

comparison for the cost, 16. 7%, incuITed during the egg retention period for T. carolina. 

Testudines are the only reptilian taxa in which all species undergo a pre-ovipositional aITest 

period (Ewert 1985; Rafferty and Reina 2012), thus with similar life histories we might except 
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similar patterns in energeti c costs incurred over the egg retention period, but with the magni tude 

of these costs poss ibly exhibiting species-specific vari ations. 
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CHAPTER V 

LIST OF T ABLES 

Table 1: Mean w~ole-animal me~abolic rates and mass-specific metabolic rates for gravid 
(GMR), non-gravid (NGMR), adjusted gravid metabolic rate (AGMR), and eggs within a clutch 
for female T. carolina. Metabolic rates of eggs were taken 24 hours post oviposition. 

Measure Metabolic Rate (mL 02•h- 1
) Mass Specific Metabolic Rate n 

(mL 02•g- 1-h- 1) 

Peak GMR 13.06 ± 2.60 0.033 ± .0070 13 
GMR 10.72 ± 2.51 0.026 ± .0061 13 
NGMR 9.12± 1. 13 0.024 ± .0005 13 
Clutch* 0.08 ± 0.03 0.002 ± .0008 13 
AGMR 10.65 ± 2.51 0.028 ± .0067 13 
AGMR-NGMR 1.52 ± 2.42 0.004 + .0063 13 
*Mean clutch size 3-4 eggs. Clutch average metabolic rate was adjusted for eggs that were 
damaged at time of oviposition. All healthy eggs from a clutch were weighed and measured for 
metabolic rate then averaged to obtain an estimate for the contribution of any damaged egg 

Table 2: Comparison of average morphometric measurements of adult gravid females and eggs 
of T. carolina. The minimum and maximum for each category are included in parenthesis. 

n Mass (g) Length (mm) Width (mm) Width of Pelvic Clutch size 
Aperture (mm) 

Eggs 55 9.3 ± 1.3 34.4 ± 2.3 21 .5 ± 0.93 
(5 .7 - 11.6) (28.59 - 38. 77) ( 18.64 - 23 .04) 

Adult 16 39 1. 5 ± 67.8 129.2 ± 9.8 101.5 ± 11 .0 25.4 ± 2.0 3.6 
(295 532) (114.2 - 149.7) (85.24 - 127) (22.41 - 29 .64) (3 -5) 
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Fig. I: Mean whole-animal grav id metabolic ra te throughout the pre-ovipos itional egg retention 
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bars represent standard deviation from the mean. Points with diffe rent letters indicate significant 
difference from Tukey's post hoc compari son of repeated measures A OVA. Dotted line 
represents time of ovipos iti on, V01 before (GM R) and after ov ipos ition (NGMR). 
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