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INTRODUCTION 

The American crocodi le  (Crocodylus acutus)  population i n  southern Florida 
has shown a steady decl ine  over the  l a s t  century,  and it has been suggested 
( ~ g d e n ,  1978) t h a t  recent  protec t ive  e f f o r t s  may not have been successful  i n  
reversing t h i s  t r end ,  although the population may be s t a b i l i z i n g  i n  recent  
years  ( ~ u s h l a n ,  i n  press;  Kushlan and Mazzotti ,  i n  prep.) .  On the 
assumption t h a t  adu l t s  a r e  adequately protec ted ,  any decl ine  would most 
l i k e l y  be due to  inadequate recruitment from younger stock.  Causes fo r  the 
l a t t e r  could be a decreased reproductive success r e s u l t i n g  i n  fewer eggs 
l a i d ,  or  an increased mor ta l i ty  a t  some stage i n  development between the 
embryo and the juvenile.  

The small population of crocodiles i n  southern Florida (estimated a t  100-400 
nonjuvenile adu l t s  by Odgen, 1978) l i v e  a t  the northernmost l i m i t s  of the  
range for  t h a t  species and a r e  probably near the l i m i t  of c e r t a i n  ecological  
to lerances  ( ~ u s h l a n ,  i n  p ress ) .  Ogden (1978) suggested tha t  embryonic 
m o r t a l i t y  was an important f ac to r  i n  population l imi ta t ion .  The condit ions 
found i n  the nes t  microhabitat a re  l i k e l y  t o  have a s i g n i f i c a n t  influence on 
embryoni c development such tha t  inappropriate changes or circumstances 
could be a major cause of egg mor ta l i ty .  For example, Ferguson (1981) has 
shown tha t  a l l i g a t o r  eggs (Al l igator  miss iss ippiens is)  incubated without 
nes t ing media f a i l  t o  hatch.  Unfortunately, there  i s  l i t t l e  in£  ormation on 
the  nes t  environment of 5. acutus i n  i t s  n a t u r a l  h a b i t a t  and therefore  no 
object ive  grounds for  assessing t h i s  r i s k .  

Nes t Gases 

The crocodi le  egg, l i k e  t h a t  of b i r d s  and a few t u r t l e s ,  i s  c le ido ic ;  and 
the eggshell and i ts  membranes a c t  as r es i s t ances  t o  water and gas exchange 
between the egg and the nes t  environment ( ~ u t z  e t  a l . ,  1980). I n  the 
c l e i d o i c  egg, changes i n  the  i n t e r n a l  gaseous environment a re  brought about 
by embryonic development. mis is  well documented i n  b i rds  where, as  
development proceeds, r e sp i ra to ry  metabplism increases  with the r e s u l t  t h a t  
the  p a r t i a l  pressure of oxygen ( ~ 0 2 )  i n  the a i r  c e l l  decreases and the 
p a r t i a l  pressure of carbon dioxide ( ~ ~ 0 2 )  increases  (~azawa  e t  a1  . , 1980). 
It has been suggested tha t  the  in tens i fy ing hypoxic (low ~ 0 2 1 ,  hypercapnic 
(high PC021 environment t h a t  develops i n  the bird egg a i r  sac eventually 
s t imula tes  pipping of the s h e l l  by the chick.  This is  turn  alluws the 
i n i t i a t i o n  of lung a i r  r e sp i ra t ion .  The d i f fus ion  c h a r a c t e r i s t i c s  of the  
s h e l l  a re  important as they determine t o  a great  extent  the gaseous 
composition of the a i r  sac ,  and there is  evidence t h a t  i n  d i f f e r e n t  b i rd  
species ,  s h e l l  d i f fus ion proper t ies  a re  f i n e l y  tuned t o  the gaseous and 
water vapor conditions of d i f f e r e n t  nes t  microhabitats  ( ~ a r e y ,  1980). 

The i n t e r n a l  gaseous changes a re  exacerbated fo r  eggs l a i d  i n  an enclosed 
n e s t ,  such as mound or hole n e s t s .  This has been shown i n  s tud ies  on mound 
nes t ing brush turkeys (Alectura lathami) and h o l e  nes t ing green t u r t l e s  
( ~ h e l o n i a  mydas) where metabolic a c t i v i t y  of the eggs causes an oxygen 
deplet ion i n  the n e s t  cavi ty  and a buildup of C02, p a r t i c u l a r l y  towards the  
end of incubation when the  metabolic r a t e  i s  highest  (Seymour and Ackerman, 
1980). 



The nes t  gas values w i l l  depend upon the r a t e  of oxygen consumption and 
carbon dioxide production of the c lu tch  as well as  the gaseous re s i s t ence  of 
the  nes t  s o i l .  Ackerman (1977, 1980) produced an i n t e r e s t i n g  model of the 
r e l a t ionsh ip  between the  egg c lu tch  of sea t u r t l e s  and the  surrounding sand, 
by considering the  c lu tch  as a s i n g l e  egg e n t i t y .  He assumed t h a t  the 
r e sp i ra to ry  in te rp lay  between an embryo and i t s  s h e l l  would be ,  i n  essence, 
very s imi lar  t o  tha t  between the  t o t a l  egg c lu tch  and the  s o i l  around i t .  I n  
t h i s  model the gaseous exchange between the nes t  and the  ex te rna l  
environment would be a function of the permeabil i ty of the s o i l ,  i t s  water 
content ,  the  temperature of the  c lu tch  and the  metabolic a c t i v i t y  of the  
c lu tch .  The l a t t e r  would depend on the  s i z e  of the c lu tch  and i t s  s tage  of 
development. The s o i l  acted as the  hypothet ica l  s h e l l  whose permeabil i ty 
was determined by the  p a r t i c l e  s i z e ,  i t s  degree of hydration and the  depth 
t o  the egg c lu tch  (Ackerman, 1977). 

There a r e ,  presumably, s i g n i f i c a n t  physiological  adaptat ions which allow, 
fo r  example, the brush turkey embryo t o  survive and grow i n  environments 
where the C02 reaches as high as 12% (Seymour and Rahn, 19781, while,  i n  the  
domestic fowl an atmosphere containing more than 1% C02 causes s i g n i f i c a n t  
decreases i n  hatching *success (Lundy, 1969). It is  poss ib le  t h a t  one such 
adaptat ion is  seen i n  the  very t h i n  egg s h e l l  of the brush turkey. The gas 
l eve l s  t h a t  the  embryo "sees" a r e  determined, t o  some ex ten t ,  by the  s h e l l  
r e s i s t ence .  I n  the brush turkey the  s h e l l  permeabil i ty i s  g rea te r  than t h a t  
of a s imi lar  s ized standard b i rd  egg and the  gradients  of gaseous p a r t i a l  
pressures across the s h e l l  is correspondingly reduced ( ~eymour and Rahn, 
1978). This may be important with respect  t o  C02 a s  not only is C02 
in t imate ly  involved i n  acid-base metabolism, but a high C02 concentrat ion 
tends t o  a c t  as  a metabolic i n h i b i t o r .  I n t e r e s t i n g l y ,  the  eggshell  of the  
c rocod i l e  C .  acutus  a l s o  has much higher permeabil i t ies  than b i r d  eggs of 
s imi lar  s iFe ,  although i n  t h i s  case ,  the  s h e l l  i s  much th icker  than t h a t  of 
an equivalent  b i rd  eggshell (Lutz et a l . ,  1980). The permeabil i ty values of 
the  crocodile  egg s h e l l  a re  dependent on the  water content of both the  s h e l l  
and s h e l l  membrane so tha t  n e s t  humidity, and i n d i r e c t l y ,  s o i l  water 
content ,  a r e  probably important (Lutz et a l . ,  1980). 

Nest Temperature 

The temperature of the  egg c l u t c h l n e s t  i s ,  of course, c r u c i a l  t o  development 
of the embryos. The temperature of the  nes t  would be determined by the  hea t  
output of the clutch ( i t s e l f  a function of c lu tch  s i z e  and s tage  of 
incubat ion) ,  the  thermal proper t ies  of the surrounding nes t  medium, the  
ambient temperature(s) and the extent  and i n t e n s i t y  of so la r  r ad ia t ion .  
Nest temperatures, the re fo re ,  w i l l  vary throughout incubation.  Ogden 
(1978) col lec ted  spot temperatures on 2. acutus nes t s  i n  F l y i d a  Bay and 
founi  t h a t  the  sand nes ts  had an average temperature of 27.8 C i n  May and 
31.4 C i n  Ju ly  ando h i s  mud nes t s  weore s l i g h t l y  cooler ,  with a mean 
temperature of 27.5 C i n  May and 27.7 C i n  Ju ly .  I n t e r e s t i n g l y ,  i n  a 
subsequent study, Pa t ty ,  Kushlan and Robertson ( i n  prep.) found t h a t  mud 
nes t s  were warmer than the sand n e s t s .  They a l s o  found t h a t  the nes t s  
d isplay  d iurnal  temperature variances with a high reached a t  n ight  and a low 
during midday, and tha t  the average nes t  temperature increases aver the 
sumner months (as does the ambient temperature).  



The increase  i n  metabolic r a t e  t h a t  occurs throughout incubation can lead t o  
a r i s e  i n  n e s t  temperature i f  metabolic heat  output becomes g rea te r  than the  
heat  d i s s i p a t i o n  capaci ty  of the  surrounding n e s t  m a t e r i a l .  I n  sea  t u r t l e s ,  
egg c lu tch  temperatures become higher than the  nes t ing  beach s o i l  towards 
the  end of incubation (Ackerman, 1977, 1980). Al l iga to r s  a l s o  tend t o  have 
nes t  temperatures higher than the  ambient, but t h i s  i s  thought t o  be helped 
i n  p a r t  by the e f f e c t s  of the  breakdown of the  vegeta t ion  of which the  nes t  
mound i s  made (Goodwin and Marion, 1978 ; Dietz and Hines , 1980). 

The b io log ica l  e f f e c t s  of temperature a r e  profound. I n  r e p t i l e s  the  
incubation temperature s t rong ly  inf luences  the dura t ion  of incubation.  For 
exmaple, i n  sea t u r t l e s  (green Chelonia mydas and loggerhead Care t ta  
c a r e t t a )  the  length of incubation increases approximately 5 days per 1 C 
below the  optimal incubation temperature ( ~ r o s o v s k y  and Yntema, 1980). 
Bustard (1971a) found tha t  incubation i n  green t u r t l e  n e s t s  i n  shady, wind- 
exposed areas  was twice as long as  t h a t  f o r  n e s t s  i n  sunny protected a reas .  
Temperature a l s o  a f f e c t s  hatching success.  Bustard (1971b) foundothat the  
optimal temperature fo r  Crocodylus novaeguineae development is 32 C ,  behow 
which there  was an increased mor ta l i ty  u n t i l  a t  temperatures around 28 C ,  
there  were no survivors .  The incubation temperatures may a l s o  have more 
s u b t l e  a f f  e c t s  on the  developing embryos. It appears t h a t  i n  some species 
of t u r t l e s ,  including sea  t u r t l e s ,  sex is  ac tua l ly  determined by incubation 
temperature, with higher temperatures causing femaleness and cool 
temperatures maleness (Bull e t  a l . ,  1982). A s imi lar  phenomenon appears t o  
operate i n  A l l i g a t o r s ,  though curiously i n  t h i s  species  the higher 
temperatures produce males  ergus us on and Joanen, 1982). 

As l i t t l e  as 1-2'~ changes can make a considerable d i f ference  t o  the sex 
r a t i o  of the ha tchl ings  (Mrosovsky and Yntema, 1980). I f  t r u e  of t u r t l e s  
and a l l i g a t o r s  then it may a l s o  apply t o  crocodi les ,  s o  t h a t  d i f ferences  i n  
mean temperature of incubation could have profound e f f e c t s  on the  sex r a t i o  
of the adu l t  population. Clear ly ,  i t  is  of prime importance t o  have 
accura te  da ta  on temperature change i n  crocodile  n e s t s  t h a t  occur throughout 
incubation.  

Nest Water Relat ionships 

Water immersion i s  a l s o  a known hazard and according t o  Webb (pers  . comrn .) 
is  a major cause of mor ta l i ty  f o r  both s a l t  and freshwater Aust ra l ian  
crocodi les .  This flooding is mainly due t o  rainwater .  Dietz and Hines 
(1980) found t h a t  a t  l e a s t  48 h r s  of submergence i n  t ap  water were necessary 
t o  drown the eggs of A l l i g a t o r  miss i s s ip iens i s .  However, the  submersion 
endurance for  most species is not known. 

S t i l l ,  some percentage of water i n  the  nes t  s o i l  may be benef ic i a l  t o  the  
eggs. A 100% humidity incubation environment may be necessary f o r  &. 
m i s s i s s i p i e n s i s  eggs  ergus us on, 1981) and i t  appears t h a t  c rocodi le  eggs can 
take up water and increase  t h e i r  weight and volume throughout incubation.  - 
Bustard for  example (1971b) recorded-water l o s s  by C .  novaeguinae eggs i n  
s o i l s  t h a t  had up t o  3.9% water content ,  and the  e g g s i n c r e a s e d  i n  weight i n  
s o i l s  of 7.8% water content .  He recorded t h a t  most of the weight change had 
occurred within the  f i r s t  week of incubation.  However, Moore (1953) 
reported t h a t  under normal f i e l d  condi t ions ,  a C .  acutus c lu tch  l o s t  8.6% of - 



i t s  i n i t i a l  weight by the  70th day. Bustard (1971) a l s o  indica ted  t h a t  the  
eggs of 2. novaeguineae were extremely t o l e r a n t  of dess ica t ion ,  being a b l e  
t o  s u s t a i n  a t  l e a s t  24.7% water ' l o s s  and produce normal ha tchl ings .  
However, t u r t l e  eggs incubated under low humidity dess ica ted  and showed both 
low survivorship and some abnormal development ( ~ a c k a r d  e t  a1  . , 1977) and 
both - C .  porosus and 2. johns toni  a r e  a f fec ted  s imi la r ly  (G. Webb, pers .  
c m . ) .  Water uptake may not only d i r e c t l y  a i d  i n  the  development of the  
embryo but under c e r t a i n  circumstances it may f a c i l i t a t e  s h e l l  cracking near 
hatching through the absorption of water by the  s h e l l  membranes ( ~ u t z  e t  
a l . ,  1980). 

Nest Subst ra te  

It would seem l i k e l y  tha t  i f  the above considerat ions apply t o  the  American 
crocodi le ,  then the s i t e  chosen by the  female would be of some importance as  
it has to  provide the  proper environment needed by the  growing embryo. 
However, i n  Flor ida  Bay the  American crocodile  u t i l i z e s  two very d i f f e r e n t  
s o i l  subs t ra t e s  as nes t  s i t e s :  marl creek banks and sandlshel l  beaches. 
F i r s t  impressions suggest t h a t  the  sandlshel l  s o i l  i s  a "clean" very porous 
s o i l  while the  marl pes ts  have very f i n e  p a r t i c l e  s i zes  and a high organic 
matter  content .  Despite these  d i f f e r e n t  s u b s t r a t e s ,  nes t s  i n  both 
subs t ra t e s  a re  reused year a f t e r  year and produce v i a b l e  young (Moore, 1953; 
Ogden, 1978; Pa t ty ,  Kushlan and Robertson, i n  prep.) .  Information on the  
water content of the  nes ts  and permeabil i ty c h a r a c t e r i s t i c s  of the s o i l s  is  
needed. 

I n  sumary ,  the  micrvclimate of the  n e s t  has a powerful influence on embryo 
development and hatching success.  This is  p a r t i c u l a r l y  t r u e  of the  
temperature, gas,  and water condit ions throughout incubation. The aim of 
t h i s  study was t o  measure these  f ac to r s  i n  the  n a t u r a l  nes ts  of 2. acutus i n  
d i f f e r e n t  s o i l  subs t ra t e s  i n  order  t o  gain some understanding of t h e  
microhabitat  requirements of the  developing crocodi le  egg. 

METHODS 

The study took place over two nes t ing  seasons, i n  1979 and 1980. Five nes t s  
were used i n  1979 consis t ing  of 3 sand (Madeira Point ,  Black Betsy Point ,  
A l l iga to r  ~ a y ) ,  and two marl nes ts  ( ~ u d  Creek and Davis Creek). I n  1980, 
two n e s t s  were used, one sand ( ~ a d e i r a  Point  - two c lu tches)  and one marl 
(Mud Creek). A t  each of the  s i t e s  inves t iga ted  i n  1980 two "control" nes ts  
were dug i n  the  mounds a t  the  same depth as the  clutches.  These served a s  
cont ro ls  i n  order t o  d i s t ingu i sh  the  e f f e c t  of the  metabolizing egg mass on 
t h e  nes t  microclimate (see Appendix) . 
Gas was sampled using lengths of PE150 tubing t h a t  l ed  from the center  of 
each egg c lu tch  t o  the  nes t  surface  (see  Fig.  1 ) .  I n  order  t o  prevent sand 
from enter ing  the  tubing each end i n  the  c lu tch  was covered with cheese 
c lo th  and the  ends protruding above the  nes t  were f i t t e d  with a 23 gauge 
"Luer-Stub" adapter or a cut  off  syringe needle and a p l a s t i c  plug. The end 
above the  nes t  was buried t o  prevent des t ruc t ion  by t h e  female crocodiles .  
The length of PE tubing ranged from 93-223 cm. Gas samples were col lec ted  
i n  g lass  syringes equipped with " ~ u e r - ~ o k "  stop-cocks. They were locked by 
f i t t i n g  the  syringes with needles inse r t ed  i n  rubber s toppers.  The syringes 



Table 1. Clutch measurements and age of eggs on day of probe placement, 1979 
and 1980. 

D e p t h t o  D e p t h t o  D e p t h t o  S i z e  of  Age of Eggs 
Top of  Middle Clutch Bottom Number Egg a t  Probe 

Clutch Clutch (Gas Probe) Clutch Eggs Chamber Placement 
( cm) (cm) (cm) (cm) (days 

* 
A l l i g a t o r  Bay 42 5 1 59.5 43 1-2 
Black Betsy 4 1 40x30~40  
Davis Creek 4 1 
Madeira Poin t  * * 43 3-10 
Mud Creek 43 52 6 1 34 18x19 1 

Madeira Point-1 28 36 45 40 
Madeira Point-2 36 4 5 53.5 3 2 
Mud Creek 18.5 27.2 3 6 39 

* 
Calcula ted  depths .  



were transported back t o  the laboratory i n  coolers  f i t t e d  with syringe 
holders and f i l l e d  with water. This.ensured t h a t  there  was no gas leakage 
and maintained a steady temperature. The gases i n  1979 and pa r t  of 1980 
were analyzed i n  a BMS Mk2 Radiometer blood gas analyzer.  I n  the  l a t t e r  
pa r t  of 1980, a Scholander 0.5 cc Gas Analyzer was a l s o  used. 

Four types of temperature instruments were used i n  the nes t s  during the two 
nes t ing seasons. A Markson d i g i t a l  thermometer ( ~ o d e l  5650) with a YSI 
probe was used i n  both 1979 and 1980. The probe was introduced i n t o  the 
clutches through polyvinyl tubing (0.5 inch i n  diameter).  The tubing was 
placed on the bottom of the egg chambers, i n  the middle of the c lu tch ,  and on 
top of the clutch (Fig. 1 ) .  The ends i n  the c lu tch  were sealed with cheese 
c lo th  secured by rubber bands t o  prevent any damage t o  the eggs and closed 
off a t  the  surface by rubber stoppers.  As with the  gas tubes,  the external  
ends were away from the c lu tch  and buried t o  prevent damage by the female 
crocodiles . 
I n  1979, we placed small ( 5  cm) mini- transmitters  ( ~ i n i - ~ i t t e r  Model L) i n t o  
the center  of the egg c lu tches .  These were monitored by a Model CH 
Lafayette Receiver and ca l ib ra ted  agains t  a mercury thermometer before and 
a f t e r  inse r t ion .  I n  1980, the temperature of Madeira Bay c lu tch  2 was 
monitored by a Rustrak 2-channe 1 t r a n s i s t e r  temperature recorder ( ~ o d e l  
2 1 3 3 ~ )  and two YSI general purpose thermistor probes. A l l  temperature 
probes were ca l ib ra ted  agains t  a NBS thermometer. One probe was buried i n t o  
the center  of the clutch and the  second was buried i n  the nes t  mound a t  
approximately the same depth as the center  of c lu tch .  Max- in mercury 
thermaueters were a l s e  buried i n  each c lu tch  i n  1980 ( ~ a z z o t t i ,  Kushlan, and 
Dunbar-Cooper , i n  prep .) . 
I n  1979 the sampling tubes were inse r t ed  on the  following dates - Mud Creek, 
April 28; Davis Creek, 30 May; Al l iga to r  Bay, May 5; and Black Betsy Point ,  
May 17. I n  1980 the sampling tubes were inse r t ed  on Madeira Point ,  May 25 ; 
Mud Creek, May 24. Nest data a r e  shown i n  Table 1. 

I n  order t o  i n s e r t  the sampling tubes and probes, the  eggs were removed 
(ca re fu l ly )  £ran the n e s t s ,  weighed, measured and nes t  dimensions recorded. 
A s  the eggs were replaced i n  the  nes t  chambers, the  probes and tubes were 
posi t ioned.  I n  1979, t h e  Madeira Point nes t  was reopened th ree  times and 
Mud creek and Al l iga to r  Bay nes t s  reopened once each t o  replace temperature 
probes. As opening the nes t s  had the e f f e c t  of r ees tab l i sh ing  "atmospheric" 
gas tensions,  only data  from undisturbed nes t s  were used i n  describing the 
na tu ra l  changes i n  nes t  gas tensions.  The other n e s t s  i n  1979 and a l l  the 
nes t s  i n  1980 were not reopened throughout the incubation period. 

I n  1979 s o i l  samples were col lec ted  on a weekly bas i s .  The s o i l  was taken 
from the nes t  mound a t  the approximate depth of the clutch and placed i n  
sealed g lass  containers.  The samples were taken t o  the  laboratory for  s o i l  
water analys is .  Percent s o i l  water was determined by weighing s o i l  samples 
before and a f t e r  drying a t  1 0 5 ~ ~  for 24 h r .  S a l i n i t y  of the samples was 
calculated from chloride content .  This was determined on oven dried s o i l  by 
adding 5 t o  10 m l  of water t o  the s o i l ,  mixing well and the  chloride 
concentration read on an Aminco chlor ide  t i t r a t o r .  Sa l in i ty  was a l s o  
measured i n  1980 s o i l  samples taken form Mud Creek, Madeira Point and 
Al l igator  Bay nes t s .  
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P a r t i c l e  s i z e  d i s t r i b u t i o n  was determined on two s o i l  samples from Mud Creek 
and A l l i g a t o r  Bay n e s t s  by mechanical a n a l y s i s .  The s o i l  was dr ied  a t  1 0 5 ' ~  
and then passed through a s e r i e s '  of s i eves .  Tota l  organic  mat te r  was 
measured by ashing these  oven-dried s o i l s  a t  4 5 0 ' ~  f o r  24 hours  and 
r ewe i gh ing . 
Oxygen d i f f u s i v i t y  measurements were made on s o i l  samples c o l l e c t e d  from 
A l l i g a t o r  Bay and Mud Creek n e s t s  i n  October 1979 us ing  techniques s i m i l a r  
t o  those of Kutchai and Steen (1971).  I n  essence a subsample of s o i l  of 
uniform depth formed one wall  of a chamber. Oxygen was f lushed from t h e  
chamber' using n i t rogen  and the chamber s ea l ed .  The r a t e  of i nc rease  of 
oxygen d i f f u s i n g  i n  from the atmosphere was monitored by an 0 e l e c t r o d e  2 
( ~ a d i o m e t e r )  and the  Wangensteen e t  a l .  (1970/1921). D i f f u s i v i t i e s  were 
measured on s o i l  t h a t  had been oven d r i ed  a t  105 C fo r  24 h r s  and s o i l  t o  
which d i f f e r e n t  known q u a n t i t i e s  of water were added. 

RESULTS AND DISCUSS I O N  

Temperature 

The n e s t  temperature p r o f i l e  throughout incubat ion  i s  shown i n  Figure 2. 
Raw data a r e  given i n  Appendixo 1. I n  May a%d e a r l y  June t h e  mean 
temperature (both yea r s )  was 30.9 C (range 29 .6-33 C) i n  the  f e r t i l e  n e s t s .  
By l a t e  June the  meanowas 3 1 . 4 ' ~  (range 31-32), and i n  J u l y  the  mean was 
3 2 . 7 ' ~  (range 28.6-34 C). A l l i g a t o r  Bay hatched o n 2  August, f o r  those 
t h r e e  days i n  August the  temperature averaged 34.3 C (range 34-35.1). 
However, g r e a t e r  temperatures than those found by our spo t  method were 

0 
recorded by the  max-min thermometers i n  1980 : 36.5 C was the  maximum 
recorded f o r  Madeira Beach n e s t  ( ~ a z z o t t i ,  Kushlan and Dunbar-Cooper , i n  
p rep . ) .  Ogden (1978) bel ieved t h a t  the low temperatures of h i s  marl nes t  
may have been the  cause of n e s t  m o r t a l i t y  i n  those n e s t s .  The temperatures 
recorded by Ogden a r e  lower than those we obtained f o r  both sand and marl  
n e s t s  . 
Noticeable  from our 1980 d a t a  i s  the small  d iu rna l  f l u c t u a t i o n  wi th in  the  
c lu t ches  (mean = 1 .4  + 0 . 4 ' ~ )  i n  over the  24 days monitored wi th  the  Rustrak 
recorder  (Appendix 2 ) .  Figure 3 shows a t y p i c a l  example. The h ighes t  n e s t  
temperatures were reached a t  n ight  ( a t  approximately 2400 h r s )  and the  
lowest a t  approximately 1200 h r s .  This  i s ,  of course ,  oppos i te  t o  the  a i r  
temperature cyc le .  A long term inc rease  and low d a i l y  f l u c t u a t i o n  w i t h i n  
the  n e s t  have been recorded previous ly  f o r  c rocod i l i ans  ( p a t t y ,  Kushlan and 
Robertson, i n  prep.  ; Ogden, 1978 f o r  C.  a cu tus ,  Chabreck, 1973; Goodwin and 
Marion, 1978; Die tz  and Hines,  1980 For  A. m i s s i s s i p p i e n s i s ;  Webb, Messel 
and Magnusson, 1977, f o r  C .  porosus) .  rt any one time no d i f f e rence  was 
found between top ,  middle-and bottom n e s t  temperature measurements ( fou r  
f e r t i l e  nes t s  monitored).  I n  t he  sand Madeira n e s t  no d i f f e r ence  was a l s o  
found between the  nes t  and ad jacent  s o i l  temperature ( p  > 50%, t = 0.02, 
df = 61, however i n  t he  mud n e s t  of Davis Creek, t he  mid-egg mass was 1.5 C 
warmer than the  ad jacent  s o i l  as determined i n  a spot  check i n  t h e  middle of 
incubat ion .  
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Water Content and S o i l  P r o f i l e  

Di f fus ion  i s  the  primary means of gas exchange i n  s o i l  nes t s  . This has been 
shown both f o r  mound n e s t i n g  b i r d s  (megapods) and f o r  sea  t u r t l e s  (prange 
and Ackerman, 1974; Ackerman, 1977; Packard e t  a l . ,  1977; Seymour and 
Ackerman, 1980). The r a t e  of d i f f u s i o n  i s  f i xed  by the  oxygen g rad ien t  
between n e s t  and the  atmosphere, t h e  permeabi l i ty  of the s o i l s  used i n  t he  
n e s t  mound, and the  depth a t  which the  eggs a r e  layed .  It i s  poss ib l e  t h a t  
t h e r e  i s  some materna l  in f luence  on n e s t  permeabi l i ty  as  the  female 
c rocod i l e  churns up t h e  s o i l  i n  p repa ra t ion  f o r  egg l ay ing ,  presumably 
loosening the  s o i l  s t r u c t u r e .  Af te r  egg depos i t i on  she covers the eggs and 
smooths over the  a r ea .  However, a s  incubat ion  p rog res ses ,  t h e  s o i l  
s t r u c t u r e  s e t t l e s  out  aga in ,  a f f e c t e d  by f a c t o r s  such a s  water content  and 
movement of the  a d u l t  over the  top  of the n e s t .  

Comparison of mud and sand n e s t  composition i s  shown i n  Table 2. It can be 
seen t h a t  the  sand n e s t s  a r e  cons iderably  coa r se r  (60% of the  p a r t i c l e s  a r e  
g r e a t e r  than  0.5 mm) than  the  marl ( 99% of the  p a r t i c l e s  l e s s  than 0.02 mm) . 
The Mud Creek s o i l  a l s o  had almost 4  times the organic  mat te r  than t h a t  of 
t he  A l l i g a t o r  Bay s o i l  (3.52% i n  A l l i g a t o r  Bay vs .  13.43% i n  Mud c reek ) .  
Similar  d i f f e r ences  between marl  and sand s o i l  composition a r e  r epo r t ed  i n  
Buckman and Brady (1969). 

Perhaps i n  consequence, t h e  mud n e s t s  proved t o  have a  c o n s i s t e n t l y  higher  
percentage H 0 than the  sand n e s t s  ( t  = 2.035, p  > 0.001) ( see  Table 3 ) .  
Madeira ~ o i n ?  ( a  sand n e s t )  i n  1979 had t h e  lowest amounts of water  (5.06- 
13 .%) .  

Oxygen D i f f u s i v i t  y 

The d i f f u s i v i t y  va lues  found i n  t h i s  study f o r  sand s o i l  a r e  very  s i m i l a r  t o  
those derived by Ackerm n (1980) f o r  t h e  sand surrounding h i s  ggeen t u r t l e  -5 n e s t s ,  i . e . ,  1.77 x 10 f o r  n e s t s  i n  Costa Rica and 2.96 x 10 f o r  n e s t s  
i n  F lo r ida   able 4 ) .  

The oxygen d i f f u s i v i t y  of sand s o i l  from A l l i g a t o r  Bay was g r e a t e r  than t h a t  
of t he  marl s o i l  from Mud Creek  able 4 ) .  Inc rease  i n  t he  water conten t  
r e s u l t e d  i n  a  f a l l  i n  d i f f u s i v i t y  i n  both s o i l  typzs.; however, t h e  e f f e c t  
was very  m~mh g r e a t e r  i n  the  marl s o i l  (0.11 x 10 f o r  sand compared t o  
0.73 x 10 f o r  mud f o r  a  10% inc rease  i n  hydra t ion  over the range 
measured). 

A t  the  percent  water we found f o r  the  n e s t  s o i l s  during incubat ion  (2-19% 
sand, 36% mud; Table 3 ) ,  t he  oxygen d i f f u s i o n  r a t e s  of marl s o i l s  would be 
cons iderably  l e s s  than those  found i n  the  sand n e s t s .  

Nest Oxygen and Carbon Dioxide P r o f i l e s  

Nest oxygen and carbon dioxide p r o f i l e s  throughout the  incubat  ion  periods of 
1979 and 1980 a r e  shown i n  Figures  4-6 and Appendix 3. The i n i t i a l  va lues  
i n  the  newly l a i d  n e s t  would be those  of ambient, i . e .  about 154 t o r r ,  PO2, 
0 t o r r  C02. Although the  r e s u l t s  a r e  extremely v a r i a b l e ,  t h e r e  i s  a  t rend 
o f  a  dec l lne  i n  oxygen and r i s e  i n  carbon dioxide as  incubat ion  proceeds. 



Table 2. Marl and sand n e s t  composition. 

Mesh S i z e  % P a r t i c l e  Type 

Sand Nest 

59.89 S h e l l ,  coa r se  sand 
22.40 Mediumsand 
4.69 Fine s a n d a n d  

13.02 Very f i n e  dus t  

Marl Nest 

0.43 Wood 
0.27 Sand 

Fine sand and 
99.3 Very f i n e  d u s t  



Table 3. Percentage s o i l  water ,  c rocod i l e  n e s t s ,  1979. 

NESTS 
Date 

Sand 
BB AB MP t 

Mar 1 
MC DC 

4-28 36.14 
5 -3 16.8 
5-17 10.96 
5-22 6.62 15.26 
6 -5 7.89 19.25 13.30 32.09 33.74 
6-15 13.92 18.60 8.78 31.32 22.59 
6-22 10.40 13.75 12.90 28.83 
7-10 9.00 6.63 8.84 - 19.97 

7 -20 9.51 5.24 9.22 
7 -24 7.98 4.89 9.32 
7 -30 12.31 5.51 9.39 
7-31 12.52 5.60 5.06 

BB = Black Betsy, AB = A l l i g a t o r  Bay, MPt = Madeira Poin t ,  MC = Mud Creek, 
DC = Davis Creek. 



Table 4 .  Dif5usivi.f~ (D)-?£'oxygen for All igator Bay and Mud Creek s o i l s  
(cm . s e c  . torr  1. 

Alligator Bay 
(sand) 

Mud Creek 
(mar 1 ) 
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P A R T I A L  P R E S S U R E  CARBON DIOXIDE (torr)  
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The most complete s e t  of da t a  was obtained from the  sand n e s t s  ( ~ i g u r e s  4 
and 5 ) .  It can be seen t h a t  i n  many n e s t s  t he  gradual  f a l l  i n  PO2 was marked 
by r a t h e r  sharp  and i r r e g u l a r  f l u c t u a t i o n s ,  and the  minimal PO2 va lues  were 
recorded seve ra l  days before  ha tch ing .  The average PO2 i n  these  n e s t s  was 
around 130-150 t o r r  and the  minimum was 116 t o r r .  The gradual  r i s e  i n  PC02 
was a l s o  accompanied by i r r e g u l a r ,  though l e s s e r ,  f l u c t u a t i o n s ,  t h a t  tended 
t o  mir ror  the PO2 p a t t e r n .  On e s t a b l i s h e d  incubat ion  the  PC02 was about 5- 
10 t o r r  and the  h ighes t  value recorded was 16 t o r r .  

Unfortunately the  marl nes t s  had a vary ing  success .  The most heav i ly  
monitored nes t  was i n  Mud Creek. I n  1979 most of t h e  Mud Creek eggs were 
i n f e r t i l e  and the nes t  was destroyed by racoons and i n  1980 t h i s  s i t e  was 
flooded and the  eggs apparent ly  drowned ( ~ a z z o t t i ,  Kushlan and Dunbar- 
Cooper, i n  prep .) . The gas p r o f i l e s  f o r  t hese  n e s t s  a r e  probably the  r e s u l t  
of b a c t e r i a l  decay. A r e l e n t l e s s  f a l l  i n  PO2 and r i s e  i n  PC02 can be seen 
f o r  t he  1980 Mud Creek c l u t c h  wi th  t h e  PC02 reaching a s  high a s  64 t o r r .  The 
d a t a  from Davis Creek was incomplete.  A s i n g l e  1980 sample y ie lded  a PO2 of 
120 t o r r  and a PC02 of 13 t o r r ,  and the  PO2 and PC02 va lues  towards the end 
of t he  1979 incubat ion were around 125-140 t o r r  and 17-20 t o r r  r e s p e c t i v e l y .  
I n t e r e s t i n g l y ,  t h e  1979 PO2 va lues  gradual ly  decreased as  hatching 
approached, sugges t ihg  as i n  t he  sand n e s t s ,  t h a t  minimal PO2 values had 
been obtained some t ime before  ha t ch ing .  

a Water Loss 

Egg weight was monitored i n  the A l l i g a t o r  Bay sand n e s t  i n  1979. The 
i n i t i a l  average weight of a random sample from the  batch of eggs was 
91.3 g + 3 . 5  (SE) f ~ a b l e  5) .  The s o i l  water ranged from 4.9 t o  19.4% 
(Table 7). Af te r  about 80 days of incubat ion ,  two eggs were reweighed and 
found t o  have l o s t  an a e r a  e of 11% of t h e i r  i n i t i a l  weight,  which i s  -"I 
approximately 0.36 g .day . On the  day before  ha tch ing  (2 days l a t e r )  t h i s  
l o s s  had increased  t o  14.2% of i n i t i a l  weight ,  i . e . ,  f o r  t hese  two eggs t h e  
r a t e  of l o s s  was 2.4 g/day, suggest ing t h a t  the  g r e a t  bulk of weight l o s s  
(presumably water )  occurs  over t h e  f i n a l  po r t ion  of incubat ion .  The t o t a l  
sample  able 5) y ie lded  weight l o s ses  over incubat ion ,  ranging from 10.8% 
t o  30.1% (mean 15.5 + 2.4 n = 9) .  I n t e r e s t i n g l y ,  a t  t h i s  per iod a l l  the 
eggs from t h i s  clutch-had "caved in"  and had cracked s h e l l s .  The ha t ch l ing  
weight a t  b i r t h  ranged from 54-64 g (average 59.2 2 5.11,  and t h e  weight d id  

;"5 appear r e l a t e d  t o  t h e  i n i t i a l  egg weight or  t o  t he  amount of water  l o s s  
r = 0.52) .  For n e s t  the b i r t h  weight of the  c r o c o d i l e  ha t ch l ing  i s  0.64 2 
0.01 of t he  i n i t i a l  egg mass, an almost i d e n t i c a l  value t o  t h a t  found f o r  

t he  b i r d  egg over a wide weight range (0.65) (Romanoff, 1967 ; Rahn, 1982) . 
I n  con t r a s t  t o  t he  A l l i g a t o r  Bay n e s t ,  the  eggs from t h e  Madeira Poin t  sand 
nes t  were t a u t  and s p h e r i c a l  i n  appearance towards the  end of incubat ion.  
The s o i l  had a higher  water conten t  during the  l a s t  twenty days of 
incubat ion  (8.4%) and although only a s i n g l e  egg was weighed from the  ba t ch ,  
the  weight l o s s  found (7.4%) was cons iderably  l e s s  than t h a t  f o r  any of t he  
eggs from the A l l i g a t o r  Bay n e s t .  It i s  poss ib l e  t h a t  the e f f e c t  of water 
l o s s  on the  c rocodi le  egg i s ,  f i r s t  of a l l ,  t o  cause the  tough s h e l l  
membrane t o  con t r ac t  t o  a round, s p h e r i c a l  shape thereby a s s i s t i n g  i n  the 
cracking of the  t h i c k  s h e l l  ( ~ u t z  e t  a1 ., 19801, and then on f u r t h e r  water 
l o s s  (perhaps g rea t e r  than 10%) f o r  the  membrane t o  co l l apse  producing a 
concave appearance. It appears t h a t  a l l  b i r d  eggs l o s e  water  over 



Table 5. Egg and ha tch l ing  weights (g) :  A l l i g a t o r  Bay, 1979. 

EGGS HATCHLINGS 

Egg 5-5-79 7-30-79 % Weight 8-03-79 % Weight 8-03-79 
Number Lost Lost 



incubat ion  (Ar and Rahn, 1980; Seymour and Ackerman, 1980), whi le  r e p t i l e  
eggs t y p i c a l l y  gain water  ( ~ a c k a r d  and Packard, 1980). However as  we have 
shown the c rocod i l e  and pe rhaps ' a l so  the  r i g i d  she l l ed  eggs of the  s o f t  
s h e l l  t u r t l e  Trionyx s p i n i f e r u s  ( ~ a c k a r d  e t  a l . ,  1981) may l o s e  water 
throughout incubat ion .  

I n  gene ra l ,  b i r d  eggs appear t o  l o s e  a s i m i l a r  amount of water over 
incubat ion ,  i .e . , around 15-20% of i n i t i a l  n e t  weight (Rahn and A r ,  1974) . 
A r  and Rahn (1980) hypothesize t h a t  a cons tan t  water concent ra t ion  i n  the  
egg,  s i m i l a r  t o  t h a t  of the  newly l a i d  egg,  i s  necessary f o r  opt imal  
ha tch ing  success .  They suggest  t h a t  as  dry mat te r  i s  metabolized and 
metabol ic  water i s  produced throughout incubat ion ,  water concent ra t ion  can 
only be maintained by l o s i n g  a f ixed  po r t ion  of water .  For evidence,  they 
note  t h a t  t he  f r a c t i o n a l  l o s s  f o r  eggs (F = t o t a l  weight l o s s / i n i t i a l  
we i&t )  f o r  a wide v a r i e t y  of b i r d s  (81 s p e c i e s )  was remarkably cons tan t  
( F  = 0.150 + 0.02580), and suggest  t h a t  t h i s  is  the  r e s u l t  of evolu t ionary  
s e l e c t i o n  OF an appropr ia te  pore s t r u c t u r e  i n  t h e  s h e l l .  I n t e r e s t i n g l y ,  the  
same c a l c u l a t i o n  f o r  c rocod i l e  eggs y i e lds  an almost i d e n t i c a l  F va lue  (F = 
0.154) and i f  t h i s  i s  no t  j u s t  coincidence,  then  A r  and Rahn's hypothes is  
may a l s o  apply t o  ,the c r o c o d i l e  egg. I n  t h i s  con tex t ,  i t  may be s i g n i f i c a n t  
t h a t  un l ike  most r e p t i l e s  which have s o f t  s h e l l e d  eggs ( ~ a c k a r d  and Packard, 
1979), t he  c r o c o d i l e  egg s h e l l  has wel l  developed s t r u c t u r a l  pores s imi l a r  
t o  those of b i r d s  ( ~ a r s z a l e k  e t  a l . ,  unpubl .) 

Sane comparison with b i r d s  suggests  how water l o s s  is  achieved. I n  b i r d s ,  
water i s  l o s t  by t r a n s p i r a t i o n  through the  pores of t he  s h e l l ,  and t h e  t o t a l  
amount l o s t  is  the product of t he  average r a t e  of l o s s  per  day (M ~ 2 0 )  and 
length  of incubat ion  ( I ) .  The r a t e  of l o s s  i n  t u r n ,  i s  dependent on the  
water vapor conductance of the s h e l l  (G ~ 2 0 )  and the water vapor p a r t i a l  
p ressure  g rad ien t  across  t h e  s h e l l  (APH~o) .  The h e r r i n g  g u l l ,  f o r  example, 
has  eggs of comparable s i z e  t o  those of t he  c rocod i l e  (82-94 g )  but  with 
much s h o r t e r  incubat ion  times (27-28 days)  rent, 1970).  The F va lue  
however i s  very  s i m i l a r  (0.13-0. 15J1 and t h i s  i s  achieved by having a high 
d a i l y  water l o s s  of 450-470 mg day (Ar anClRahn, 19801, compared t o  t h a t  
f o r  the  c rocod i l e  egg (M H20 = 157 mg day , t h i s  s tudy) .  I n  order  t o  
a r r i v e  a t  t he  same F value with a l a r g e r  incubat ion  time, e i t h e r  t h e  ~ ~ 2 0 )  
must be reduced and/or the  APH20 must be reduced. Many sea b i r d s  have 
g r e a t l y  extended incubat ion  times compared with s i m i l a r  s i zed  eggs of l and  
b i r d s  and tend t o  have s h e l l s  with reduced water vapor conductance (Whittow, 
1980) . The c rocod i l e ,  however, has an egg s h e l l  with a water vapor 
conductance twice t h a t  of a s i m i l a r  s i zed  b i r d  egg ( ~ u t z  e t  a l . ,  1980) so  
t h a t ,  f o r  a s i m i l a r  F va lue ,  long incubat ion  periods r e q u i r e  a low water 
vapor pressure  gradien t  (ApH20). 

The mean APH20 can be ca l cu la t ed  from the equat ion .  

APH20 = M H20/G~20 

( ~ a h n  and A r  , 1974 ) . For b i r d s  the  average va lue  i s  34 t o r r  (Rahn and A r  , 
1974). I n  the c rocodi le  t h e  mean APH20 is 7.5 t o r r ;  however, as  most water  
l o s s  occurs a t  the  end of incubat ion  the  a c t u a l  g rad ien t  a t  t h i s  time must 
be somewhat g r e a t e r .  



S o i l  Water 

The range of s o i l  water conten ts  i n  sand and marl nes t s   able 31, show a 
cons iderable  v a r i a t i o n  throughout t he  year .  As  expected,  t he  marl n e s t s  
appear t o  ho ld  water wi th  g r e a t e r  t e n a c i t y  than the  sand.  This i s  r e f l e c t e d  
i n  t he  cons tan t  h igher  percentages of water  found i n  t hese  n e s t s  and i s  i n  
agreement with work done previous ly  on the  d i f f e r ences  between s o i l  types 
and water ca r ry ing  capac i ty  (~uckman and Brady, 1969).  A s  t h e  e f f e c t s  on 
gas permeabi l i ty  is so much g r e a t e r  i n  the  marl s o i l ,  t h e  consequences t o  
t h e  n e s t  environment a r e  l i k e l y  t o  be correspondingly inf luenced .  

The extreme i n  water conten t  is  f lood ing ,  considered t o  be the  major cause 
of n e s t  f a i l u r e  i n  s. porosus (C. Webb, pe r s .  comm.). To ta l  l o s s  of 
c lu t ches  by f looding a l s o  been r epor t ed  f o r  American a l l i g a t o r s  (Joanen e t  
a l . ,  1978; Goodwin and Marion, 19781, however a l l i g a t o r  eggs can withstand 
up t o  12  h r s  of submergence i n  t a p  water  ( ~ o a n e n ,  McNeal and Perry,  1977).  
Most f looding  of c rocod i l i an  n e s t s  i s  due t o  f r e s h  water inundat ion and i n  
the  p a r t i a l l y  flooded n e s t  i n  A l l i g a t o r  Bay (19801, s a l t  ana lyses  showed 
t h a t  t h i s  had been a  f r e s h  water phenomenon, presumably due t o  the  
excep t iona l ly  heavy r a i n s .  However, water taken from the  n e s t  of t h e  
flooded Mud Creek n e s t  on 10 June 1980 was s a l i n e  ( ~ a z o t t i  e t  a l . ,  i n  
prep .) , and on 29 J u l y  we found the ch lo r ide  content  of t he  n e s t  s o i l  water  
t o  be 64; MIL, i . e . ,  approximately 125% f u l l  s t r e n g t h  sea water (where sea  
water=35 loo  c l ) ,  i n d i c a t i n g  evapora t ive  concen t r a t ion  of the o r i g i n a l  sea 
water  inundat ion.  The m o r t a l i t y  i n  t h i s  n e s t  was 100%. 

The Crocodi l ian  Nest and Egg 

It would appear t h a t  during development 2. acutus  i s  t o l e r a n t  of low PO2 and 
high PC02. The values a r e  r a t h e r  s imi l a r  t o  those  found i n  green and 
loggerhead t u r t l e s  towards the end of incubat ion ,  i .e . , PO2 80-100 t o r r ,  
PC02 30-50 t o r r  ( ~ c k e r m a n ,  1977, 19801, and a r e  a l s o  s i m i l a r  t o  those  found 
i n  t h e  bush tu rkey ,  Alec t ina  of PO2 = 100 t o r r  and PC02 of 62 t o r r  (~eymour 
and Ackerman, 1980). Ackerman (1980) makes the  i n t e r e s t i n g  poin t  t h a t  
s i m i l a r  gas values a r e  found towards the end of incubat ion  i n s i d e  the  
e g g s h e l l ,  i .e .  , i n  the  a i r  space ,  of the  domes t i c  fowl, and perhaps t h i s  i s  a  
h e r i t a g e  of t h e i r  pre-avian ances t ry  (our sugges t ion) .  I n  any case  i t  is  
very  l i k e l y  t h a t  t he  spec i e s  i s  adapted t o  develop opt imally i n  t h e s e  
condi t ions  and i n  C. acu tus ,  as  i n  o the r  enclosed-nest spec i e s ,  t h e  high 
gaseous conductance of the  eggshel l  may be adapt ive  t o  compensate f o r  the  
s o i l  r e s i s t e n c e  t o  d i f f u s i o n  (Lutz e t  a l . ,  1980; Seymour and Ackerman, 
1980).  I n  a r t i f i c i a l l y  incubated sea  t u r t l e s  ha t ch ing  success  i s  increased  
i f  the  gaseous condi t ions  of the n e s t  a r e  mimicked and both egg m o r t a l i t y  i s  
increased  and growth r a t e  i s  slower i f  gas exchange i s  impeded (Ackerman, 
1980 1. 

With these  f e a t u r e s  i n  mind some i n t e r e s t i n g  comparisons can be made between 
t h e  developing green t u r t l e  and 2. acu tus  sand n e s t s .  Both n e s t s  con ta in  a  
s i m i l a r  egg mass (5.5 kg green ,  5.2 kg C .  a cu tus ) .  The n e s t s  a r e  incugated 

0 
a t  s imi l a r  temperatures (28-30 C Ackerman, 1977, 1980; 28-31 C s. 
a c u t u s ,  t h i s  s tudy) .  The egg n e s t s  a r e  l a i d  a t  s imi l a r  depths ,  and as  
d iscussed  above t h e  surrounding sands of both spec i e s  have s i m i l a r  oxygen 
conductances and t h e  n e s t  gas tens  ions  towards the  1 a t  t e r  p a r t  of incubat ion 



a r e  a l s o  s i m i l a r .  The incubat ion  times of both spec ies  a r e ,  however, 
markedly d i f f e r e n t  (58 days i n  t h e  green,  Ackerman, 1980, and 90 days i n  - C .  
a c u t u s ) .  This suggests  t h a t  the  i n t r i n s i c  r a t e  of i nc rease  i n  oxygen 
consumption i s  l e s s  i n  2. acu tus  egg mass than i n  t h a t  of the  equ iva l en t ly  
s ized  egg mass of the  green t u r t l e .  I n  t he  green t u r t l e ,  Ackerman (1977) 
noted excursions i n  both C 0 2  and 0 2  l e v e l s  a t  t h e  end of the  nes t ing  period 
and a t t r i b u t e d  t h i s  phenomenon t o  the  a c t i v i t y  of t he  ha t ch l ings  s t r u g g l i n g  
t o  f r e e  themselves from the n e s t .  He suggested t h a t  when they worked hard 
t h e i r  oxy,gen consumption would be h igh  which would dep le t e  oxygen from the  
nes t  c a v i t y .  This could r e s u l t  i n  quiescence u n t i l  oxygen was rep len ished  
by d i f f u s i o n  when a c t i v i t y  would s t a r t  aga in .  As we have noted i n  t he  
c r o c o d i l e  n e s t s  wide excursions i n  P O 2  were a l s o  found, however t hese  
occurred wel l  before  ha tch ing .  It is poss ib l e  t h a t  t he  cause i s  s i m i l a r ,  
i . e . ,  t h a t  towards the  l a t t e r  h a l f  of incubat ion  a  high r a t e  of oxygen 
consumption by the  egg mass o u t s t r i p s  d i f f u s i o n a l  exchanges. This r e s u l t s  
i n  a  f a l l  i n  P O 2  o r  i nc rease  i n  P C 0 2 ,  e i t h e r  a c t i n g  as  suppressants  t o  
reduce t h e  metabol ic  r a t e  u n t i l  the  gaseous environment r e tu rn ing  t o  more 
f avo rab le  cond i t i ons .  

I 

The reason f o r  such a  s t r a t e g y  might l i e  i n  the  na tu re  of the n e s t  s i t e s  
chosen by C .  acu tus .  Sea t u r t l e s  appear t o  be h igh ly  s e l e c t i v e  i n  choosing 
n e s t  sites-and it has been suggested t h a t  one c r i t e r i o n  could be those  
beaches t h a t  have the  necessary  gas t r anspor t  p rope r t i e s  which r e s u l t  i n  
opt imal  gaseous environments f o r  the  c lu t ches  (Ackerman, 1980; Seymour and 
Ackerman, 1980). For C. acu tus ,  on the  o the r  hand, n e s t  s o i l  d i f f u s i v i t y  
w i l l  vary markedly, depending on the  na tu re  of t he  s o i l  ma t r ix  and i t s  water 
conten t .  Under these  circumstances d i f f e r e n t  n e s t s  could only achieve 
optimal gaseous condi t ions  and avoid harmful changes, by con t inua l ly  
matching the  c lu t ch  r e s p i r a t i o n  t o  the i n t e r n a l  condi t ions  of the n e s t .  It 
i s  poss ib l e  then t h a t  the  oxygen consumption of developing c rocod i l e  embryos 
i s  con t ro l l ed  v i a  a  feedback process  by ambient l e v e l s  of 02 o r  C 0 2 .  This 
s t r a t e g y  would allow nes t ing  i n  a  wider v a r i e t y  of s u b s t r a t e s  but  a t  t h e  
cos t  of some f l e x i b i l i t y  i n  incubat ion  du ra t ion .  

F i n a l l y ,  we have seen t h a t  the  b i r d  and c rocod i l e  eggs show remarkable 
s i m i l a r i t i e s  both i n  s t r u c t u r e  and func t ion .  As the  c rocodi le  group i s  
a n c e s t r a l  t o  b i r d s  ( ~ o m e r ,  1970) then  perhaps the b i r d  has been h ighly  
conserva t ive  i n  t h i s  f e a t u r e  of i t s  b io logy ,  r e t a i n i n g  an e s s e n t i a l l y  
c rocod i l i an  type ,  p o i k i l  othermic egg.  As such,  t h e  e s s e n t i a l  avian advances 
i n  physiology and t h e i r  morphological c o r r e l a t e s  a r e  only manifested a f  t e r  
ha tch ing  . 
Many quest ions have been r a i s e d  by t h i s  s tudy concerning the c rocod i l e  and 
i t s  n e s t .  A t  what l e v e l  does P C 0 2  i n h i b i t  development and what i s  t he  
lowest P O 2  t h a t  can be t o l e r a t e d ?  Are these  r e s u l t s  reached i n  t he  n e s t ?  A t  
what percentage of s o i l  water i n  t he  marl s o i l  i s  gaseous exchange 
i n t e r e f e r r e d  with? What i s  the amount of water an egg can l o s e  before the 
embryo i s  harmed? I s  a  l o s s  of water  necessary  f o r  t he  r e l e a s e  of t he  young 
from the eggs and i f  so ,  how much? I f  a  l o w  percentage of water i n  t he  s o i l  
i nc reases  the  water l o s s  i n  the eggs ,  w i l l  t h i s  e f f e c t  t h e  time of ha tch ing  
of the young o r  prevent t o t a l  absorpt ion of the yolk before  ha tch ing?  
( ~ a t c h l i n g s  were found i n  t he  1981 n e s t i n g  season which came £ran very dry 
n e s t s  with incompletely absorbed yolk sacs  -- would t h i s  lower t h e  v i a b i l i t y  
of t he  h a t c h l i n g s ? ) .  C lea r ly  f u t u r e  s tudy should be done on the  e f f e c t s  of 
the  gaseous environment on the  growing embryo. 



SUMMARY 

1. I n  the  nes t ing  seasons of 1979 and 1980 s e l e c t e d  c rocod i l e  n e s t s  from 
F l o r i d a  Bay were s tud ied  t o  examine the  n e s t  environment throughout 
incubat ion .  

0 
2. Nest temperatures ranged from 29.0-35.5 C ,  t he  higher  temperatures more 
a s soc i a t ed  with the  l a t t e r  pa r t  o i  t h e  season. A small d iu rna l  f l u c t u a t i o n  
was recorded over 25 days of monitor ing a  normal sand n e s t .  

3. Nest s o i l  water values va r i ed  cons iderably  (4.89-36.14%). Marl tended 
t o  have higher  amounts of water throughout the  incubat ion  per iod .  

4. A l l  eggs l o s t  water over the  incubat ion  per iod .  The g r e a t e s t  l o s s  
appeared t o  occur towards the  end of t h e  season. The amount of water  l o s s  i s  
determined by the  egg s h e l l  permeabi l i ty  and the  water vapor grad ien t  across  
the egg s h e l l ,  the  l a t t e r  being dependent on the hydra t ion  of the  s o i l .  I n  
the most complete s e t  of data  the average water l o s s  found was very  s imi l a r  
t o  t h a t  found f o r  b i r d s  (15%).  The average b i r t h  weight of the ha t ch l ings  
was 0.64 of the  i n i t i a l  egg mass, a l s o  very  s imi l a r  t o  t h a t  found f o r  b i r d s .  

5. The oxygen d i f f u s i v i t y  of sand was much g r e a t e r  than t h a t  of mar l .  I n  
marl  the d i f f u s i v i t y  was s t rong ly  inf luenced  by water con ten t .  

6. I n  a l l  ne s t s  t h e r e  was a  dec l ine  i n  oxygen and r i s e  i n  C02 over 
i ncuba t ion ,  i .e.  developing embryos w i l l  n a t u r a l l y  experience hypoxic , 
hypercapnic condi t ions  . The changes were very v a r i a b l e  between n e s t s  , 
though they appeared t o  be g r e a t e r  i n  mud n e s t s .  It appears t h a t  i n  s e v e r a l  
cases  minimum nes t  oxygen l e v e l s  were reached before t he  end of incubat ion.  

7. It i s  suggested t h a t  the  metabol ic  r a t e  of. , the nes t  c lu t ch  of C .  a cu tus  
i s  r egu la t ed  by oxygen and carbon dioxide l e v e l s  i n  t he  n e s t .  ~ h y s  al lows 
C .  acu tus  t o  use s o i l s  of q u i t e  d i f f e r e n t  and varying gas pe rmeab i l i t i e s  f o r  - 
n e s t i n g  s i t e s .  

CON CLUS IONS 

There i s  no d i r e c t  evidence provided from t h i s  study t h a t  over the  two 
seasons monitored t h e  i n t e r n a l  n e s t  enviornment was l i m i t i n g  t o  t h e  American 
c r o c o d i l e  populat ion i n  F lo r ida  Bay. This i s  p a r t i c u l a r l y  t r u e  wi th  regards 
t o  temperature where only minor f l u c t u a t i o n s  were recorded. However, i n  
some in s t ances  the excursions i n  n e s t  oxygen and carbon dioxide l e v e l s  were 
cons ide rab le .  

It appears t h a t  an a l t e r a t i o n  i n  the  gaseous composition of the c rocod i l e  
n e s t  i s  i n e v i t a b l e ,  t he  r e s u l t  of an i n t e r p l a y  between the  metabolism of t he  
egg c lu t ch  and the  r e s i s t a n c e  t o  gas d i f f u s i o n  provided by the  n e s t  s o i l .  
Some degree of hypoxia and hypercapnia i n  t he  i n t e r n a l  n e s t  environment 
might be necessary  f o r  optimal development and ha tch ing ,  but  excessive 
changes could be d e l e t e r i o u s .  The g r e a t e s t  changes, would probably occur i n  



marl nes t s  during heavy r a iny  seasons ,  a s  the  wet marl s o i l  has a  very  h igh  
r e s i s t a n c e  t o  gaseous d i f f u s i o n ,  and the  eggs i n  these  n e s t s  might be most 
a t  r i s k .  This e f f e c t  would be compounded i f  any eggs drowned as  it would 
lead  t o  a  s u b s t a n t i a l  dep le t ion  of n e s t  oxygen and accumulation of l a r g e  
amounts of carbon d ioxide .  

There i s  a  c l e a r  need t o  ga ther  more f i e l d  da t a  on undisturbed n e s t s  t o  
i n v e s t i g a t e  i f  t h e r e  is  a  r e l a t i o n s h i p  between the  changes i n  i n t e r n a l  
gaseous nes t  environment and ha tch ing  success .  There is  a  n e c e s s i t y  t o  
i n v e s t i g a t e  t h e  r e s p i r a t o r y  physiology of t he  developing egg of a  
c rocod i l i an  spec ies  i n  order  t o  e s t a b l i s h  the  opt imal  l e v e l s  of 
environmental PO2 and PC02, and t o  i d e n t i f y  harmful changes. 
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APPENDIX I 

Temperatures of Everglades Crocodile Nests 
(1979-1980) 



I-A. MADEIRA POINT NEST 

Date Middle Bottom Control 
Air 

above nest 

CLUTCH 1 

CLUTCH 2 

' Mini Meter Telemeters * 
Markson Digital Thermometer 

+ 
Max-Min Thermometer 

X Rustrak Recording Thermometer 



30 

I-B. ALLIGATOR BAY NEST 

Date Middle Bottom Control 
Air 

above nest 

Mini Meter Telemeters 
* I 

Markson Digital Thermometer 
+ 

Max-Min Thermometer 
X Rustrak Recording Thermometer 



I-C. BLACK BETSY POINT NEST 

Date Middle Bottom Control 
Air 

above nest ff Mini Meter Telemeters * 
Markson Digital Thermometer 

+ 
Max-Min Thermometer 

Rus trak Recording Thermometer 



I-D. MUD CREEK NEST 

Date Middle Bottom Control Air 
above nest 

I-E. DAVIS CREEK NEST 

Date Middle Bottom Control 
Air 

above nest 

' Mini Meter Telemeters * 
Markson Digital Thermmeter 

+ 
Max-Min Thermometer 

X Rustrak Recording Thermometer 



APPENDIX I1  

Rustrak Temperatures - Madeira Point Nest 

(1980) 

Date 
Nest 

0 
C 

Date 
Nest 

0 
C 

Date 
Nest 
0 

C 

June 20 
1800 
2400 

June 28 
0600 
1200 
1800 
2400 

June 21 
0600 
1200 
1800 
2400 

June 29 
0600 
1200 
1800 
2400 

July 7 
0600 
1200 
1800 
2400 

June 22 
0600 
1200 
1800 
2400 

June 30 
0600 
1200 
1800 
2400 

July 8 
0600 
1200 
1800 
2400 

June 23 
0600 
1200 
1800 
2400 

July 1 
0600 
1200 
1800 
2400 

July 9 
0600 
1200 
1800 

July 26 June 24 
0600 
1200 
1800 
2400 

July 2 
0600 
1200 
1800 
2400 

July 3 
0600 
1200 
1800 
2400 

July 4 
0600 
1200 
1800 
2400 

July 27 
0600 
1200 
1800 
2400 

June 25 
0600 
1200 
1800 
2400 

June 26 
0600 
1200 
1800 
2400 

July 28 
0600 
1200 
1800 
2400 

July 29 
0600 
1200 

June 27 
0600 
1200 
1800 
2400 

July 5 
0600 
1200 
1800 
2400 



APPENDIX I11 

Gas Measurements of Everglades Crocodile Nests 

1979-1980 (torr) 



MADIERA POINT 

Date P P Date P P 
O2 O2 C02 

Clutch 1 

5-30 
6-11 
6-20 
6-24 
7-0 7 
7-15 
7-25 

Clutch 2 
5-30 
6-11 
6-20 
6-24 

7-7 
7-25 
7-29 

C o n t r o l  
6-11 
6-20 
6-24 

7-7 
7-25 
7-29 



MUD CREEK 

Date P ~ 0 2  Date P P 
O2 C02 

1980 - 
Clutch 

6-20 
6-24 

7-7 
7-15 
7-22 
7-25 
7-29 

Control  
6-11 
6-20 
6 -24 
7-07 
7-25 

DAVIS CREEK 

Date P P 
0, co, 

Clutch 
7-0 7 

Control 
7-07 



ALL I GATOR BAY 

Date P 
C02 



BLACK BETSY POINT 

Date 
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