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Some Physiological Consequences of Estivation by
Freshwater Crocodiles, Crocodylus johnstoni
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'Northern Territory University, Darwin, Northern Territory 0909, Australia, and
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ABSTRACT, ~ crocodiles were studied at their dry season refuge in northern Australia over six
years. 'l:,l}u crocodil three or four'monthsa year underground without access to water. Doubly
labeled water was used to measure field metabolic rates and water flux, and plasma and cloacal fluid
samples were taken al approximately monthly intervals during some years to monitor the effects of
estivation with respect to the lation of nitrog wastes and electrolyte concentrations. Estivating
crocodiles expended a mean of 26.1 kJ kg-'day~'. Although environmental and, hence, body temperatures
increased with increasing time in estivation, water efflux decreased with increasing time in estivation to
9.3 mL kg~'day~', which was only 23% of the flux rate of crocodiles in water before estivation (40.2 mL
kg~ day '). The absolute size of body water pools declined proportionately with body mass and body
solids; thus the crocodiles were not dehydrated even after three months without access to water. With
increasing time in estivation, the following parameters increased in the cloacal fluid: osmolality, potassium,
and magnesium; and the following increased in the blood plasma: lality, and protei trati
Electrolytes in plasma were highest when the crocodiles were in the water and late in the estivation period,
Freshwater crocodiles do not appear to have any specific adaptations for estivation, but given an adequate
refuge, they can survive many months without access to water.

Estivation, or dormancy in response to dry
conditions (Gregory, 1982), poses physiological
problems that are parallel to winter dormancy
but, despite the large number of reptile species
that inhabit areas subject to periodic drought,
few studies have investigated the physiological
consequences of estivation in reptiles (Gregory,
1982). Unlike winter dormancy, estivation of-
ten occurs during warm or hot seasons and,
although estivating animals presumably select
refugia that are cooler than external conditions,
the ambient temperatures will nevertheless be
higher than those experienced by animals in
winter dormancy. Relatively high temperatures
will result in dormant animals with higher met-
abolic rates, the potential for higher rates of
water loss, and the production of significant
amounts of waste products. Thus, estivation may
pose some physiological challenges that are dif«
ferent and more severe than those experienced
by animals over winter.

Physiological characteristics of reptiles that
allow them to survive periods of prolonged
drought include the ability to tolerate elevated
osmotic concentrations in the body fluids and
to maintain plasma volume while dehydrated
(Minnich, 1982; Grigg et al., 1986). One adap-
tation that would minimize energy loss, water
loss, and the production of wastes by estivating
animals is metabolic depression (Hochachka and
Guppy, 1987; Storey and Storey, 1990). Despite
the apparent advantages, metabolic depression
in estivating reptiles has been demonstrated

only in the turtles Kinosternon flavescens (Seidel,
1978) and Chelodina rugosa (Kennett and Chris-
tian, 1994),

Estivation has been observed in at least 10
species of crocodilians, but no published studies
examine the physiological consequences of es-
tivation by crocodilians (Taplin, 1988). How-
ever, a number of studies have investigated os-
moregulation by crocodilians in various habi-
tats, including desiccating conditions (re-
viewed by Taplin, 1988; Mazzotti and Dunson,
1989).

Freshwater crocodiles were observed estivat-
ing at one site in northern Australia over a pe-
riod of six years (Kennett and Christian, 1993).
Here we report the results of measurements
taken from the estivating crocodiles during their
annual three to four month period of inactivity
in underground refugia. Isotopic techniques
were used to measure rates of water flux and
CO, production, and cloacal fluid and blood
plasma were examined with respect to electro-
lyte concentrations, nitrogenous wastes, os-
molality, and plasma proteins. The physiolog-
ical consequences of estivation are discussed in

. relation to the gradual seasonal increase in am-

bient temperature inside refugia and compared
to the physiological consequences of other ex-
treme conditions.

MATERIALS AND METHODS

Freshwater crocodiles Crocodylus johnstoni
were studied at a site on Saunders Creek, a trib-
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utary of the Margaret River, approximately 200
km south of Darwin, Northern Territory, Aus-
Crocodiles were found in an undercut
cavern at the level of the creek bed and ap-
proximately 2 m below the creek bank (de-
scribed in detail by Walsh, 1989; Kennett and
Christian, 1993). Samples for physiological
analysis were taken from crocodiles at this site
during the period 1987-1992. In every year ex-
cept 1991 the creek dried during the second half
of August and the crocodiles remained in the
underground refuge from the last week of Au-
ust until early or mid December when rains
ed the creek. During 1991 late rains resulted
in water remaining in the creek until late Sep-
tember, Samples were collected from active
crocodiles netted in the water during early Au-
gust, 1988, and estivating crocodiles were sam-
pled at intervals that included late August, Sep-
tember, October, and mid November,

At the time of each capture we measured deep
cloacal temperature with a calibrated thermo-
couple thermometer as soon as the animals were
removed from the refuge, The crocodiles were
weighed to the nearest 20 g with spring scales
that had been calibrated against standards.

In August, 1988, crocodiles were caught in
nets in the water, but at all other sampling pe-
riods crocodiles were captured inside the refuge
by noosing. After capturing the animals in nets
in August, 1988, a 1 ml blood sample was taken
from the caudal vein, and the crocodiles were
then injected intraperitoneally with 1.0 ml of
tritiated water (20 MBq) and with 1.0 ml of 95%
atoms excess H,"O. After an eight hour equil-
ibration period a second 1 ml blood sample was
taken, and the animals were returned to the
creek. Subsequent analysis of the samples re-
vealed that the initial period in the water re-
sulted in a rapid loss of isotopes and, although
the levels of tritiated water were still sufficient
for measurements of water flux rates, the levels
of H,"*O were insufficient for measurements of
rates of carbon dioxide production. In Novem-
ber, 1988, the animals were reinjected with tri-
tiated water in order to determine whether or
not the pool of body water, as a percentage of
body mass, had changed over the period of es-

tivation.

In 1990 the crocodiles were lniected again
with doubly labeled water, but only after they
had entered their estivation refuge in late Au-
gust. During both 1988 and 1990 the animals
were recaptured at approximately monthly in-
tervals and 1 ml blood samples were collected.
Blood samples were subsampled and the frac-
tions used for isotopic analysis were stored
whole, but samples used for other assays were
centrifuged in the field and the supernatant was
drawn off and transported to the laboratory for
analysis.

In addition to blood samples, we also col-
lected cloacal fluid samples by inserting a plas-
tic pipette into the cloaca and allowing asample
of fluid to flow down the pipette into a vial.
These were sealed and transported to the lab-
oratory for analysis. In order to disrupt the wa-
ter pool as little as possible, we collected only
a sub-sample of cloacal fluid. For that reason
we could not investigate the relative propor-
tions of liquid and solid urates. The chemical
analyses of cloacal fluid (below) were per-
formed on liquids.

In the laborato-y the cloacal fluid samples
were centrifuged and the supernatant was an-
alyzed for osmolality, electrolyte concentra-
tions (Na, K, Mg, Ca, and Cl), ammonia, urea,
and dissolved uric acid. Osmolality was mea-
sured with a Wescor vapor pressure osmometer
(model 5500XR), and electrolyte concentrations
were measured with a Perkin-Elmer ICP. Am-
monia and urea concentrations were deter-
mined by the Berthelot colorimetric procedure
(Sigma diagnostic test No, 640, Sigma Chemical
Co.), and soluble uric acid was measured by
Sigma diagnostic test No. 680.

Plasma samples were analyzed for osmolality,
electrolytes, and urea by the methods described
above. Plasma protein concentrations were de-
termined by the Biuret method (Sigma diag-
nostic test No. 541-2).

Blood samples for isotopic analysis were sub-
jected to vacuum distillation in the laboratory.
Subsamples of extracted water were analyzed
for tritium by liquid scintillation counting
(Beckman 2002 L.S.C.). Other subsamples of ex-
tracted water were placed in Urey exchange
tubes and subjected to equilibration with stan-
dard CO, charges at 80 C and then the “O:"*O
ratios were determined by isotopic mass spec-
trometry (V. G. Isogas Model 903).

Body water pool sizes were calculated from
the dilution of both isotopes in the equilibrated
blood samples. Changes in the concentrations
of the isotopes were used to calculate rates of
water influx, water efflux and CO, production
(Lifson and McClintock, 1966; Nagy, 1980; Nagy
and Costa, 1980). It was assumed that any
changes in body mass and water pools were
linear and that mass-specific water pools were
stable during the experimental period. Assum-
ing that the metabolic substrate was a mixture
of fat and protein (Garnett, 1986), we used a
thermal equivalent of 26 k] L-' CO, to convert
CO, production to units of energy.

The data were grouped into the following
four periods: while the animals were active in
water, early estivation (after about one month
in estivation), mid estivation (after two months),
and late estivation (after three months in esti-
vation). Water flux and cloacal fluid electrolyte
data were collected at approximately monthly
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ABLE 1. T.h!bodymlllchll'l es ux FOCO, okinston ata ar or |
8
T and flux rates of C) dyllllj hnstoni, Data e given f animals active

and late (about 3 months), Mass changes are expressed as

Active in Estivation
‘Water Earl
PE(:':Jem initial body mass 100 = 1’ :’: Late Statistic P
4 . 87,
Total body water (ui‘:.) 629 (526 a4 :" - 0L
iy S (12,3.1) e, = 0.1
(ml kg day- oo AR ¢ T A
Water efflux r{u (5“033) (5, 3.6) (5, 3.9) @, .4-0) F=383 <0.0001
(ml kg~ day~1) 25, 17.3¢ 9.34 o
(5. 7.6) (5,3.9) (5, 3.4) (5 ".3;' =324 <0.0001

intervals from the same individuals
o , and these tivatio
e ilt;l :;_ra ;x:l(jg:rd ';:g B:epalted meut_:res one- 1), At I:h:l:n?ltl’ftaill\lr%ﬁof i (mmTable
. ot 1n;: Be:k::lns StatView (.:\b- specific body water poo? :;'7?; £ 28
pukage Mottt omoiy oo hee oy, ARG e bt
250 M Disainn o ol ! - 0 ‘pool estimates (paired t test after arc.
b st s, ')‘r’ mposition  sine transformation: t, = 0.52,p= Thus
Benous wastes, the ody wate e
:l!:; t:?z;emperatm:es were taken overa larger pro;cl::ﬁoil:::t:lize ‘)lf oty e dacid
years and individuals, and these data id G i jii
were analyzed by factorial ANOVA. No re- W
peated measurements were included in the fac-

Water flux rates, both infl
: , ux and efflux,
torial ANOVA analyses, Fisher's protected least

changed markedly throughout estivation; they

bt were hi i
gnificant difference was used to separate means dec:eas?dh::;nff&rc::ttil;e(;n T‘[‘)]:)égl;"t“ g
X with in-

(at the 5% level) i
) in the ANOVA analyses, creasing time in the refuge (Table 1). Water fl
St Rt .e:till‘-: Ehzueiesl:llwnli'itm were about 25% of those ?:r
R et sk iy e animais in water. Water efflux rates were
of northern Australia are lowest in the dry fu- ;[[198111;]’;;:?: :':E!ll‘::z:m tlil:er;m}im il
the transition between d d s poss ? i
iy November).'rhe?o:lntwat (September The mean CO, Production
s i ik );v lt.:lt:ple:gtu“:;? (T.)  estivation Pperiod from 5 Ol:tobe:lt::lesdhlu:ns bﬂ:
(P < 0.0001) ey Pattern ignificant  was 0.042 + 0.014 ml CO, g-1 -  which
g the period of es- e Bl T
g::it;ogn;\zg:‘ :ré;rnn ’i‘,is ;\rDere as follows: 22.7 C i::: eﬂqsu il:;aiesrll" tgl;n‘energy e
=11,5D = 1.1),26.3 C durt : )
S D uring The osmolality of b
T o A e e
ovember (N = - : loscal Buteln
November g N = 34, SD. -1 g;e':;m ’I‘.st?f cloacal fuid to ;711‘::’.:: (Erf;)d r:t)io?:\r::i::lej:i oy
€ ican i :
;afezr;t“ ::'o:!:ach othier at the 5% level, bu{ ?‘:gf:?)iy il i O.D;;i
N was significantly lowe .
:ﬂ:nst;::-lnl‘:;:rxrg:nbwn e lymly h:;hlg th;rhe Tesults of the other chemical analyses of
=October,
i!:t‘;t;i:l:::d:nﬂial m;s; f ety the three forms of nitrogenous wastes measured
es was
iy -3 kg (range = 33-103 |
g). Over approximately 80 d of estivation, the ll:l: '!'(i:;t;mdouf :lh:n;éetintr?l‘yt” i bl
by : b i increase with time
por anlm'::l .in;]t‘i;:’!:joc:y masses measured before anl[yz::i dotg z{;{;.t*:'];an i
e i Tom the water into their The results of th s pact
k! @ mean daily loss of 0.16% of plasma are given in :_:l:}e?lgg t?\m ooy
. e 3. e plas; -
The mean mass-s T — s n
pecifc body water o yzed, all of the electrolytes and
crocodiles immediately prior to the onset of es- E.ll::?;awlfg: gp:;::coe:;‘t:nﬁe;n:dn?ed e
p 8 of estivation.
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4 zed wil um imals bel
TapLe2. Chemical analysis of cloacal Auid from estivating Crocodylus jalnstoni, analy th respect to - S.HﬁChemiul FAN e of 2l
time in the refugium. Data ar¢ given for animals active in water (before enr::" ( n) l“‘; fe ‘h:har.t M s d“rllns W (i L U 050 o ?‘,:m i i i s (o sivatn) o
ths), and late (about months). Mean values i ; v i I .
ation: early (about 1 month in estivation), ml:i!(::cm.;e;‘f:m: 1’)‘ e L e H\’;m ::urln;
B 8), and late (about 3 months).
. Mean values

mid (about 2 mon'

Jow the means. Means followed by the same letter are not 429 Shoron Wl N @00 A S pacezibians haliv
e means. Means followed by

the same letter are not

estivation: early (about 1 month in estivation),
significantly different at the 5% level.

are shown with N and SD in parentheses be!

significantly different at the 5% level.
Estivation
Active in -____________-——-——'—'__
w.t:l Early Mid Late ¥ P . Active in Estivation
i Earl;
Comonllty (mOsm kg™) 100 157* 224° 226 268 <0.0001 Osmolali - y Mid =
u Fag Opn Ggy PSP as R T T
{pratio : Mo i ! : mmol L~ T .92 32
o @0 G016 05D it e R o
(K] (mmol L) (5135,‘;] ‘5‘2-% (:%'f" » (:"21' ” 140 0.0003 (Na] (mamol L) woo @08 oD 08 ::':') 193 <0.0001
N , 2. , 24. , 25, j s iy L B
[Na} (mmol L™") 25.4° 124 ns 123 21 0.16 [Ca (mmol L~ 4103) (7,63 - 146.2° its
(Ca) mmol L) pas & v Y G 18 020 ™ i @d3 0.0 O .
mmol L™ 2 4 : L2 . . ] (mmol L- Ly , 0.1 .2 298
[Mg] (mmol L) C o Y T © o 45 0.02 [c: Y won g‘az O -y
mmol L™ " v : . : g ] (mmol L~ o , 0.1 4 13.4
(€1} (mmol L) s Cas Cis O 22 0.4 U sl @i (;?s') Qe T g5
) (mmol L™ . B A % 3 rea 1L 3 . 33 . 112
. BB A eun  GED o ow et = e Com R oy
Ammonia (mg m =t B 1. W 4 X | otal 1 - (6,13 v A 0.57
o :‘) wes  © O 3 @i o et Coile N BT M ey - oL 057
rea (mg mL™ .6 7 A . . 2 . 1 4,13 5 P 7.2
@180 (6,572 (9,202 (22,585 ) (12,05 (26,12) 0.0004
Uric acid (mg mL™") 0.06* 0.0 ! 0.2 18 0.16
(11,00 (13,010)  (22.012) i BT
s catabolized body protein
i and fi
ratio of 2.4:1; thus, the catabolism of 1a:; i;;' ;:, of changes in the properties of the skin as occur

bod,
e ok 2 peaide 4L &) aC matab- ilr;;zo)me lizards when water is scarce (Mautz

tors such as electrolyte palance and olizable ener|

lytes in plasma was bimodal rather than a sim- starvation could limit the amount of time ani- 18kjg") .nﬁyifgi]k{g"“; protein (0.71 g x The rate of en :
time. The concentra-  mals could survive estivation (below). [ ). If estivating C. john ;;;::359“5 % 39k] whether or n o:’i\’:::{:f}dlaufé should reveal
mponents of the plasma were 1t is difficult to compare the rates of water protein and fat in similar proporti olized body  volved, but there ar ic depression is in-
hile the animals were in the flux in C. jolmstant with previous studies in- energy expenditure of Zﬁpl Eortmm, thedaily metabolicrate of e no data for the resting
low during ear-  volving {sotopic measures of water flux in rep- quire 1.08 g kg~ of il teJ Ehwpuldt l:-e. Mostof the dicta ;:,‘Tﬂ';:?:::;ng Chjahm;lam', and
. ming that have been taken £ m other crocodiles
rom very small individuals

the crocodiles are s0 much larger 0.50 g of metabolic
o8 ptudied, However, water flux- g of protein SRR water is generated for each .
olized in a uricotele and (reviewed by Bennettand
1.07 nd Dawson, 1976). There

However, the temporal pattern for the electro-  other fac

tions of these €O
relatively high W
water, the concentrations were
ly and mid estivation, but they increased late  tiles because

in estivation, Plasma protein con:en;ntion fol- thﬂ‘l‘l mm;: spec AP

lowed a similar pattern; however, the concen- €8 ave been measured in the saltwater croco- g water accru are; h
tration late in estivation was significantly high- dile C. porosus in hypemnml‘\ﬁccundlﬁom (Grigs sen, 1964), th:nf:::‘;;ﬂ:ﬁ fat (Schmidt-Niel- pg:m,z‘(é:i:" 'f;;; measurements of resting C.
er than other time periods (Table 3). t:;‘ al, 19‘86].1}\ !imrl\]:lrtlly “zﬁddc p‘:r::ﬁurs am;ier[ 3:;.;, would provide 0.71 g ;’;‘I::t’;g:l? of sub-  (Smith, 1975?'05 % !)i::i:::ﬁf;r mississippiensis

ese estuarine conditions had ater flux o y : © water; ? at

DisCUSSION approximately 31 ml kg ' day ' (calculated for 0.33 g f:g: ff;‘t'"(:)!;l} (0.:7 g x050gg™) a:"; :‘i;:i ;lsns!: e::;hle C. johnstoni in fm:::;l;;? .f.::
Although the crocodiles showed anetlossof 6.5 kg animal from fig. 1 of Grigg et al., 1986). {ibation & water ingu_x l:-g7 IB g'). This con-  ranging in mn:shir:‘u Gfoll juvenile C. porosus
water throughout the estivation period, the body This value {n higher than all the values for C. 3% of the total water-influx ;‘ai’l;lzpmx‘timl:iely sured over a range ofzm;:r:mz (lg was mea-
i i n estivation At 27 C, the s (Grigg, 1978)
v predicted energy ex ¢
penditure of

johnstoni except for those from animals in water and approxi
(Table 1). Two other similarly sized reptiles, late inpfni:;m::t%ﬁ?‘zi :;\:‘;:tﬂl W“El‘hinﬂux
> uggests that the

80 d in estivation. [n a Varanus gigantens (mean mans: 7.7 kg) and V. bulk of wat
had water flux rates exchange ;fe:vi‘:: \E::ot;e to pulmo-cutaneous

resting C. porosus is a

i pproximatel 7

i:zrh' as calculated from fig. 2 of é:: i:(II;‘JFB ,
ough higher than the 26 k] kg day~" oo

ed a constant proportion of body

initial mass after about
worst-case scenario, in which we assume th:t snflv;;u;(me;ns:\:ns: '?l":!khgz o o
all of the mass loss is due to water loss, the of 22.3 an A ml kg ay~' respectively The wate: . sured f
crocodiles could presumably survive a further  (Green et al., 1986; Dryden et al., 1992). The crease to ap;:&;:xm::; ;sglgfstﬁt::"fttlioln de- nota ,;;nﬁt:;r:';?é rf::::’ﬂ:-{. t:\hls i;l probably
itial rates needed to calculat : ough the data
e an error term for the C.

similarly sized C. johnstoni late in the (Table 1), des
3 pite a rise in body tem
peratures

Jml L L ¥
{ eativation was 7.7 m kg ' day over the same period. The soll in the under-

K ird h
| mass lost at death) of 27.4% (as in third month o patoms vadie wale tiot Mrudiibla. the A% .

80 d based on a vital limit (defined as percentage value for
fidence interval for estivating C. johnstoni ex-

of the initia

hatchling C. porosus; Garnett, 1986), and much  From the limited data available it appears that OGNS Chugs bk

longer if the vital limitis 43.5% (as in C. niloticus;  the inactive crocodiles have considerably lower ing the estivation ri?;"am’i“ly ) and the sl ezor ter

Cloudsley-Thompson, 1969, cited in Mautz ‘::“ of water flux than active reptiles of similar drier f.'nvi.ﬂ:-rummt?]e cznd(il;%:'. oo minbin “.m:ogffe::{ ks; pross i

1982). Although this represents a crude esti- e. account for th . SR o I rnge Allgairs

mate, it nevertheless suggests that water loss, Because no food was ingested during the es- period (T’bleige&eh.:: ::“:::e:hﬂm iy hive 38 az?;ﬁﬁﬂz;‘:‘:gugm i
tivation period, energy can only have been de- contributed to the decrease in w::e:ﬁﬂ};a:ai:e gs.?ﬂ:d : o avotu (wmﬂiﬁe’f(g;d?:'? 0§

- mith, 1975), a value very close t S
o that measured

in the conditions of the observed refuge, is un-
likely to result in death during all but the most
extreme dry seasons. In addition to water loss, nett (1986) found th

rived from the catabolism of body tissues. Gar- clude the possibility of a decrease i
ase in activity

at starvin hatchling C. po- over time i
8 g C P me inside the refuge, and the possibility for estivating C. johnstoni. In another study of

C. porosus (Garnett, 1988), the CO, production
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iles ranging between 257 and 522
:::r:ftjll.\l:::ued whifn fed a diet of lean pork
(mean = 0.056 ml g~ h-') and after fasting
(mean = 0.040 ml g~ h~!). This indicated a 29%
reduction in metabolic rate of the fasting croc-
odiles, and their CO, production rates were very
similar to the mean rate for estivating C. john-
stoni (mean = 0.042 ml g=* h™"). These inter-
specific comparisons suggests that, although es-
tivating C. johnstoni may have a slight reduction
in metabolism associated with fasting, there does
not appear to be a large depression in metab-
olism. Reptiles and other ectothermic verte-
brates that exhibit metabolic depression during
estivation have metabolic rates reduced by 75
to 85% of the standard metabolic rate at the same
temperature (Seidel, 1978; Storey and Storey,
1990; Withers, 1993; Kennett and Christian,
1994). Even allowing for differences in standard
metabolism between C. johnstoni, C. porosus and
Alligator, it is unlikely that C. johnstoni employs
metabolic depression to the extent found in es-
tivating lungfish (Smith, 1930; Fishman et al.,
1988), amphibians (Withers, 1993), or turtles
(Seidel, 1978; Kennett and Christian, 1994).

The effects of water deprivation on the ni-
trogenous waste products of reptiles have been
reviewed extensively (Dantzler, 1976; Minnich,
1979, 1982). There were no changes in the ni-
trogenous products in the cloacal fluid of C.
johnstoni over the period of estivation (Table 2).
The amount of solid urate appeared to increase
with increasing time in estivation, but this was
not quantified. However, during the last month
of estivation we were able to obtain only urate
pastes and no cloacal fluid from many croco-
diles. Dehydrated desert tortoises Gopherus agas-
sizi also had increased urates in the urine (Min-
nich, 1979). The saltwater crocodile C. porosus
produces more solid cloacal urine and less lig-
uid when living In salt water as compared to
the urine produced by crocodiles in fresh water
(Grigg, 1981). Comparing the electrolyte con-
centrations in cloacal fluid (Table 2) to the data
reviewed by Taplin (1988), the Cl and Na con-
centrations of the Saunders Creek C. johnstoni
are higher than the values from this species
from other sites (3.7-9.6 mmol L' and 4.4-4.6
mmol L' respectively). Although the mean val-
ues for estivating C. johnstoni are within the
range of other crocodilians, the Cl concentra-
tion is at the high end of that range. The con-
centration of K in the cloacal fluid of C. johnstoni
late in the estivation period (Table 2) is more
than 10 times greater than that reported for this
species from fresh water and is in the high end
of the range for other crocodilians (table 6; Tap-
lin, 1988).

The plasmas of reptiles generally have very
low concentrations of nitrogenous wastes but,
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when dehydrated, some reptiles have elevated
levels of plasma urea (Minnich, 1982). The salt-
water crocodile C. porosus exhibits elevated plas-
ma urea in salt water but not in brackish or
fresh water (Grigg, 1981). Crocodylus johnstoni,
however, did not show an increase in plasma
urea with increasing time in estivation (Table
3).

)Althou;h the responses of specific compo-
nents in plasma and urine vary among different
reptile groups, the osmotic concentrations tend
to increase with desiccation (Schmidt-Nielsen
and Skadhauge, 1967; Dessauer, 1970; Bentley,
1976; Minnich, 1979, 1982; Grigg et al., 1986).
The mean osmolality of C. johnstoni cloacal fluid
late in the estivation period was 226 mOsm kg~'
(Table 2); this was higher than values reported
previously from wild-caught individuals of this
species from fresh water (175-191 mOsm kg™';
Taplin, 1988), but within the range reported for
other crocodilians (Taplin, 1988, table 6). The
elevated osmolality of C. johnstoni cloacal fluid
late in the estivation period is probably due in
part to the increased levels of K. These changes
are similar to those in the desert tortoise Go-
pherus agassizi after a period of prolonged
drought (Minnich, 1979). When acutely ex-
posed to the desiccating conditions of seawater,
C. niloticus and C. porosus that have been reared
in fresh water suffer dehydration, an increase
in plasma Na and Cl, a marked increase in urine
K, but no change in plasma K (Taplin, 1984,
1985; Taplin and Loveridge, 1988). The re-
sponse of C. johnstoni to water deprivn.ﬂun is
similar with respect to K in cloacal fluid, but
neither Na nor K concentrations in plasma were
different between animals in water compared
to those late in the estivation period. r

The mean plasma osmolality of C. johnstoni

late in estivation was 310 mOsm kg~ (Table 3),
which is higher than values reported from wild
caught individuals of this species from fresh
water (292-294 mOsm kg '; Taplin, 1988, table
6) and at the high end of the range reported for
other crocodilians (Taplin, 1988). Similarly, the

U/P ratio for estivating C. johnstoni late in es-

tivation was slightly higher than reported from

wild caught individuals from fresh water (0.72

as compared to 0.60-0.65; Taplin, 1988), but is

in the range of other crocodilians. The elevated
osmolality of C. johnstoni plasma with increas-
ing time in estivation is due, at least in part, to
an increase in plasma proteins. The physiolog-
ical significance of the bimodal pattern of plas-
ma electrolytes in C. johnstoni is not known.

Plasma electrolyte concentrations in C. porosus

remain constant over a wide range of environ-

mental salinities despite changes in urine elgc-
trolyte concentrations (Grigg, 1981; Taplin,

1984). By contrast, desert tortoises increased Na
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and Cl concentrations in plasma during drought
(Minnich, 1979), and Chelodina rugosa increased
plasma Na concentrations during estivation
(Grigg et al., 1986). In comparison to other croc-
odilians from fresh water (Table 3, Taplin and
Loveridge, 1988), the plasma concentrations of
Naand K in estivating C. johnstoni were similar,
but the Cl concentrations in this species were

high.

%luma protein concentrations increase with
dehydration in mammals as a mechanism for
maintaining plasma volume (Horowitz and Sa-
mueloff, 1979; Horowitz, 1984; Zurovsky et al,,
1984; Genetzky et al., 1987), and a similar pat-
tern has been described in two species of am-
phibians (Hillman et al., 1987), Although plas-
ma proteins presumably perform a role in the
distribution of water between blood and tissues
in reptiles (Khalil and Abdel-Messeih, 1961;
Dessauer, 1970, 1974), changes in plasma pro-
tein concentrations associated with hydration
state have not been as clearly established as in
mammals. Some turtles apparently have sea-
sonal cycles of plasma protein concentration
unrelated to hydration state (Hutton, 1960; Sei-
del, 1974). Although seasonal cycles of un-
known function cannot be excluded as a pos-
sibility, the changes in plasma proteins in C.
jolnstoni more likely function to regulate col-
loid osmotic pressure in order to maintain plas-
ma volume during prolonged periods of water
deprivation.

The presence of lingual salt glands in some
species of crocodilians, including C. johnstoni
(Taplin et al., 1982), has been variously associ-
ated with a marine origin of eusuchians (Taplin
et al., 1985) and with the conditions that fresh-
water species may experience during seasonal
droughts (Taplin etal., 1982; Mazzotti and Dun-
son, 1989). Although we did not measure the
activity of salt glands, our observations are nev-
ertheless relevant to the significance of salt
glands in a freshwater species. We know of no
observations of C. johnstoni actively expelling
the secretions from their salt glands into the
air. Presumably the salt glands function in wa-
ter by the secretions being washed out of the
mouth into the surrounding water (Grigg, 1993).

It is therefore not surprising that secretion by
the salt glands of crocodiles tend to be inhibited
when the animals are out of water (Grigg, 1993).
In the absence of active expulsion of the secre-
tions, the salts would presumably be reabsorbed
by the epithelial lining of the tongue and mouth.
Thus, it seems unlikely that salt glands inside
the mouth would be of benefit in the conditions
of complete drying of the habitat, as observed
annually at Saunders Creek over a six year pe-
riod. Although salt glands may be advantageous
in conditions of less severe drought in which

the water is concentrated but does not disap-
pear, salt glands which secrete externally (such
as lacrimal glands of turtles) or are easily evac-
uated (such as nasal glands of marine iguanas;
Dunson, 1976) would be more advantageous
than lingual glands in the event of complete
drying of the environment. Without more
knowledge of the environmental conditions ex-
perienced by crocodiles over their evolutionary
past, it is difficult to relate the presence of sait
glands to the selective pressures responsible for
their evolution. Unfortunately, this would be
the case even if the activities of salt glands dur-
ing estivation were known. However, from a
physiological perspective, it would be interest-
ing to monitor the functions of the salt glands
from conditions of abundant fresh water,
through the period in which the water pool
dries, and throughout the period of estivation,
Observations and measurements from recap-
tured individuals over a six year period did not
reveal any long term detrimental effects of reg-
ular, and in some cases, annual estivation. The
growth rates and body condition of the esti-
vating crocodiles were not markedly different
from crocodiles that inhabit the permanent wa-
ter of the nearby McKinley River region (Ken-
nett and Christian, 1993). Although we cannot
discount the possibility that C. johnstoni has some
specific physiological adaptations to survive es-
tivation, most of the changes observed during
estivation in this species probably reflect the
general ability of reptiles to survive long pe-
riods without access to food or water, The field
metabolic rates of estivating crocodiles indicate
that, apart from the possibility of a small re-
duction in metabolism associated with fasting,
there is not a large depression in metabolic rate
as is found in some estivating ectothermic ver-
tebrates, The decline in water fluxes during the
period of estivation may include a behavioral
component (decreased activity), and it may also
include a physiological change in the proper-
ties of the skin that would be advantageous to
estivating animals. However, much of the de-
crease in water flux may be due to the gradual
drying of the refuge and the consequent de-
crease in pulmo-cutaneous exchange of isotop-
ically labeled water vapor. These results indi-
cate that estivation is a viable response to the
extreme conditions of the dry season in tropical
Australia, and given an adequate refuge, croc-
odiles can survive many months in estivation.
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ABSTRACT. — Cyclicity and frequency of reproduction, f dity variati

and correlati

between body

size and fecundity in the parthen
ogenetic blind snake Ramphatyphl
:::I':lol lcupﬂ\g nl;nmniom of 49 individuals and dissection 5: M’;Pm:‘:l'o:’;‘:::"d:;:? mldli:d it
o .dﬂf.'ﬁ:.'..g v‘: ;:i;n:‘ c:l?n;;r‘\;z;i in mid May and oviposition occurred from mid ]unem: ;ﬂ:l ?:I;k’:l
e ength's , the mean number of enlarged ovarian follicl i
mean number of eggs laid. Some follicles may be retained in the ovaries or becoln:;:i::l:::\::::l‘:\tfg:

Clutch size inferred from the number of enlarged follicles theref

could be imated. Relative

clutch mass (RCM) was somewhat
ter than the mean RCM species.
gt grea ean of henophidian and
‘“k“'rlmin_rhi. ::I.;:r::h lll: ;ll significantly correlated with SVL, whereas RCM w:::::laflh il:!r.n':m othe:
grest the presence of particular factors of selection operating on RC;«I of R. bnm.[mu!

as well as other snakes,

Snake reproduction has been studied b

mi
rzsearchers, and several reviews have azen:;t):
ed to analyze available data for the elucidation

|

'To

drnu-d.w"om all correspondences should be ad-

of general reproductive patterns in thi

of mptﬂ.es from eculogi;.'”nl and evol:ti%;‘:‘;;
view points (see Seigel and Ford, 1987 for re-
view). However, most original works on snake
reproduction have dealt with henophidian and
caenophidian species; very little attention has
been paid to the reproductive biology of the





