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1. INTRODUCTION

The crocodilians are an ancient group of morphologically conservative archosaurians
which have long played a role in human culture. Yet remarkably, it has been only in the
last two decades that concerted efforts have been made to understand some of the details
of their biology. In the case of osmoregulatory studies, these studies have led to new and
controversial interpretations of the evolutionary origins of the modern species.
Specifically, it has been postulated that some or all of the extant species of true
crocodiles (Suborder Eusuchia, Family Crocodylidae, Subfamily Crocodylinae) are
derived from marine rather than fresh-water ancestors. The alligatorids (Suborder
Eusuchia, Family Alligatoridae), in contrast, are regarded as a fundamentally fresh-
water stock showing significant and far-reaching differences in various aspects of their
osmoregulatory physiology from the Crocodylinae. 3

‘These postulates have their origins in detailed studies of osmoregulation in estuarine/
marine and fresh-water crocodilians and independent studies of molecular evolution in
the group. Critical evaluation of these ideas depends on a clear understanding of both
the issues and the uncertainties inherent in the work done so far. ‘This review focusses
on the physiology of crocodilians as inhabitants of both fresh and saline waters,
concentrating on those elements which will contribute most to debate about marine
origins among the Eusuchia. Its primary aim is to draw attention to the need for basic
information on most of the living species before their worldwide decline removes all
possibility of answering some fascinating questions in vertebrate evolution.

2. ENVIRONMENT AND OSMOREGULATORY STRATEGIES
2.1. Crocodilians as inhabitants of fresh and saline waters

The extant crocodilians utilize a wide array of aquatic habitats from the open sea to
small spring-fed pools at the very sources of inland streams. "I'he majority inhabit fresh
waters but one or two species are found characteristically in coastal, saline waters. It is
not widely recognized that many ‘fresh-water' species also occur more or less
commonly in saline habitats (Table 1) and clearly have some ability to tolerate salt
water. There has been little systematic study of these salt-water populations and only
rarely is the published information adequate to assess the physiological strategies they
have adopted. Few accounts give details of ambient salinities, temperatures, habitat
descriptions, numbers and size classes of crocodilians, or asscssments of the rarity or
otherwise of the occurrence of a particular species in salt water. This information is
directly relevant to current efforts to understand the evolution and zoogeography of the
group (Section 6), To collect appropriate data, we need to understand something of the
nature of the estuarine environment and the osmoregulatory strategies available to
crocodilians.

2.2. The estuarine environment of crocodilians

Unlike the marine turtles and sea snakes, none of the extant crocodilians can be
considered truly marine in habits. Even the sea-going Estuarine Crocodile, Crocodylus
poresus, is principally an inhabitant of estuaries and rivers rather than the open ocean.
We tend, therefore, to think of the salt-water crocodilians as ‘estuarine’ rather than
‘marine’, and allow the term ‘estuarine’ to imply a less osmotically stressful
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Table 1. Recorded observations of the occurrence of crocodilians in Sresh and saline

Data from Neill (1g71), Groombridge (1982) and other suurces as indicated

Family Crocodylidae
Cracodylus acttus

C. cataphractus

C. intermedius

C. johnstoni
C. moreletii

C. niloticus

C. n. novae-guineae
C. n. mindorensis
C. palustris

. porosus

. vhombifer

C. siamensis

Ostealaemus t, tetraspis

Ostenlaemus t. ashorni

-
Subfamily Tomistominae
Tomistoma sehlegelii

Family Alligatoridae
Alligator mississippiensis

A sinensis

habitats

Notes
Principally coastal waters and brackish
estuaries. Also inland fresh water
Mainly freshwater in rainforests but
also brackish coastal lagoons and
mangrove swamps
Virtually restricted to inland fresh
water, Some records from Trinidad
attributed to *passive migration®, prob-
ably during floods
Primarily inland fresh water, Not
uncommon in saline waters, even as
small animals in high salinities
Primarily coastal fresh waters but
occasionally brackish water. Occasional
adults found in sea water along coast
Fresh and saline waters of inland and
coast Africa. Common in estuaries and
mangrove swamps. Common in the
hypersaline St Lucia Estuary Lake

Primarily inland fresh water, Also
brackish water of the Fly and Sepik
river deltas. Not found on offshore
islands

Primarily inland fresh water but no reli-
able information
Largely fresh water. The Sri Lankan
subspecies is not uncommon in salt
pan lagoons.

Common in coastal fresh, brackish and
highly saline waters. Hatchlings tolerant
of very high salinities

Primarily fresh water swamps. Collected
from salt-water lagoons of northern
Cuba

Apparently restricted to fresh water, No
reports from saline waters

Primarily in fresh water streams and
ponds in rainforest. Apparently not
uncommon in mangrove swamps

Apparently restricted to inland fresh
witer,

Apparently restricted to fresh waters

Primarily fresh waters. Also common in
brackish waters of low salinity. May be
killed by expasure 10 hyperosmotic salt
water during storm surges

Apnurcnrl_\' restricted to fresh waters

King et al. (1982); Kushlan (1982);
Gaby et al. [(1985)

Lang (1919); Villiers (1958);
Brazaitis (1973); Pooley (1980)

Mudem (1976, 1981 5)

Messel et al. (1979 85); Taplin et al.
(1985)

Brazaitis (1973); M. Lazcano-Barrero {in
litt.)

Villiers (1958); Pooley (1971)

Downes (1971); Whitaker (1980); Cox
(r984)
Ross (1984)

Derinayagala (1933); Whitaker &
Whitaker (1978)

Messel e al. (1979 85); Taplin (1984a);
Grigg et al. (1986)

Varona (1966); Gupgisberg (1972)

Brazaitis (1973)

Pooley (1080)

Joanen & MeNease (1972); McNease &

Joanen (1978); Birkhead & Bennett
(1981)

Tuang (198z)
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Caiman erocodilus

Ca. latirostris

Melanosuchus miger

L. E. TaPLIN

Table 1. (cont.)

Primarily fresh waters. Subspecies C. c.
crocodilus and C, ¢. fuscus not
uncommon in brackish and salt water
and known from offshore islands. C. <.
apaporiensis restricted to fresh water.
C. ¢. jacare reported to avoid salt
‘waters

Primarily fresh waters. Not uncommon
in coastal salt waters
Apparently restricted to fresh waters

Alvares del Toro (1975); Varona (1976);
8. Gorzuls (in litt.); Medem (19814, b)

Brazaitis (1973); Brazaitis cit.
Groombridge (1982); Medem (1981 b)

Medem (1981 a, b)

Medem (19814, b)

Palacosuchus palpebrosus  Apparently restricted to fresh water.
Found close to the coast in places
suggesting some tolerance of salt
water
P, trigonatus As for P. palpebrosus Medem (1981a, b)

Family Gavialidae

Gavialiy gangeticus Singh & Bustard (1982); Whitaker &
avi

icted to fresh waters.
A L Basu (1983); R. Whitaker {pers. comm.)

Reputedly oceurred historically in a
brackish constal lagoon

environment intermediate (geographically and physiologically) hetween‘the open sea
and fresh water. While this may be apprcpriat:‘ ft_)rI st?m;: i:;:::nea. it is an

impli i ich obscures some important physiologica 5 _
ov:::f\:laﬁr;n::'r; :::eﬁned as ' ...a semi-enclosed coastal l}ody of water W"hlchdha-ﬂ;:
free connection with the open sea and within which sea water is mcnsurably t_!llutc. wit
fresh water derived from land drainage’ (Cameron & Pritchard, 1963). This dc.hmtmrd'l
is appropriate for the many cstuaries in areas where run-uﬁ exceeds f.-va‘pofralt)n‘nnhnnd
fresh-water influx continues throughout the year — the ‘pc:smve gstunnus of 'ruc h:frh
(1952). In the wet-dry tropics, however, there are many ‘negative cstu?r:es lnd\..w;' ic
evaporation greatly exceeds run-off for much of the year and hypersa ine CD‘:I t|h 1(:::
(salinities > 35 %,) arc the norm during the dry season. In these e.stuar;es o
saline and thermal environments can be far more severe than in the open ae;:.
Furthermore, both hypersaline and brackish water arms can b‘.’ found wttlrun the
confines of a single cstuary (e.g. Messel et al., 1979~81; Grigg, 1981; Taplin,
Iggti);iderntiun of the habitat preferences and ph ysiological Capﬂ.bﬂl.tle.s of c}:oc(:;;lflhan:
and other aquatic reptiles in estuaries rcquilres some means of class1fy‘1fr;g the 1h:;29
salinity regimes into physiologically meaningful categories. Mnny. di; r::ient scmme
have been proposed (Hedgpeth, 1957) but none has achieved universa i‘ccep. : .
None of the early classificatory schemes described py Hed.gpefh (1957) are o particular
value for consideration of aquatic reptiles, as their bounldarles are not related in a.n;’
obvious way to the physiological problems fnccd.by tl:le animals. Gt:xg_g (1 gfs%propose
a four-tiered classification based on the physiological charactensncls of C. por(:;:;;s,
subsequently modified by Taplin (19844) to accommodate hypersaline waters. The
resulting five-tiered classification is as follows:
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SAL 1 - fresh water, whether tidal or non-tidal;

SAL 2 - some marine influence, but throughout the tidal cycle water salinity never

exceeds the osmotic concentration of the plasma;

SAL 3 —tidal salinity fluctuations are such that the osmotic concentration of the

water fluctuates alternately above and below that of the plasma;

SAL 4 - water salinity at a higher osmoticity than the plasma at all stages of the tidal

cycle but never greater than 35 %,;

SAL 5 — water salinity > 35 %, at all stages of the tidal cycle.

The actual salinity used to define fresh water was not specified in the earlier papers
but the upper limit of o5 %, for coastal fresh waters suggested by Bayly (1967) is
appropriate. Grigg's classification is based primarily on two fundamental physiological
characteristics of C. porosus:

(i) It is an osmoregulator, maintaining its plasma osmotic pressure within narrow

limits across a wide range of salinity.

(ii) It is physiologically incapable of excreting urine more concentrated than its
plasma and is therefore likely to adopt different osmoregulatory strategies in
hypoosmotic and hyperosmotic water.

"The definition of SAL 1 and 5 salinity categories recognizes the extreme conditions
at the ends of the salinity spectrum where specialized physiological mechanisms may
come into play or salinity may become a limiting factor preventing permanent
colonization of estuarine habitats.

These salinity categories provide a convenient basis for the description of salinity
regimes for all crocodilians. Nonetheless, the categories convey only part of the
information necessary to assess the physiological significance of occurrences of
crocodilians in salt water, Factors such as regular rainfall or the presence of fresh-water
springs can allow crocodilians to thrive in environments which would otherwise impose
severe osmotic stress. Any investigation of the ecology of crocodilians in salt water
should take account of such factors and provide as complete a description of the
physiography of the study area as possible. Detailed descriptive data will provide clues
to the locations of ‘natural experiments' where tests of the osmoregulatory abilities of
various species are possible. The progression from simple survey data to the analysis of
physiology in the field is illustrated by the study of C. johnstoni in salt water in Australia
(Taplin, Grigg & Beard, 1985). The location of a particular group of animals is not
always readily assigned to a single salinity category. Stenohaline fresh-water
crocodilians are easily accommodated in SAL 1. Euryhaline estuarine crocodilians may
experience conditions from SAL 1-5 over the course of a year, or even a few days if they
are very mobile. Even sedentary individuals can be exposed to SALz, 3 and 4
conditions at least twice a day as the tide cbbs and flows (Grigg, 1981). Analysis of
osmoregulation in estuaries is correspondingly difficult. However, by considering the

problems for each salinity category in turn, a view of the whole can be constructed.

2.3. Strategies of osmoregulation

Regardless of which end of the salinity spectrum they inhabit, crocodilians share with
all aquatic animals two fundamental problems of osmoregulation : reduction of diffusive
leaks of water and electrolytes across permeable surfaces and regulation of active fluxes
of ions and water through osmoregulatory effector organs such as the kidneys, cloaca,
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skin and gut. The basic difference between living in hyper- or hypo-osmotic salt water o 339
lies in the reversal of direction of the diffusive leaks and the necessity to bring effector § 8 ~ 1
organs into play in one medium which may have little or no role in the other, The g E gL 2 Rl e 7 féié
osmoregulatory strategies open to aquatic reptiles can be separated into those which g “E ¢°§_§ 44 § ? ég ¥ g £ _”‘ 11
minimize diffusive leaks and those which compensate for temporary imbalances by & & E#;i;é v § ﬁ"i §¢ 43 :g T 5 .éi i Hr
active uptake or extrusion of electrolytes and water: the ‘evasive’ and ‘compensatory’ H .QB‘ s 5 «3 3 v-:!’:“ig _.gt i3 :EIE;‘E‘;S _‘3;’ } i E.j
strategies of Kirschner (1979). Evasive strategies may be physiological — changing the ! g g;igéﬂ’ j "!.éjg -;zggé%;i% 4 E i-g,‘_g g:; ;EE gEEN
composition of extracellular fluid or the diffusional permeability of the integument; or g2 PR R SraEifdE Ei};
behavioural - selecting specific food items or microhabitats, Compensatory strategies i b g --—-r-'-—; e e S, §.21
include drinking, active uptake of salts, urination, and excretion through salt glands. F B . 3 E ifs sk ks H %g, B - i gé
Before moving on to a review of these individual elements of the salt- and water-balance i E -a i Fg ‘é.}; }E }ii UEE“Q é § g ?éEEEEEE “.;g?ﬂ, 2 i 5 E : ’g
equation, it is necessary to examine the influence of one other major factor of particular ‘z 38 .EE igfiiiﬁ* iﬁi H gzh_,.'.- ot i 4 §§;g§§ § E i :
relevance to crocodilians — body size. b s d B mmuhauuuhhu&uggggggzg :ﬁj‘f‘jgf ?ggﬁii ! E .,E gg
) N mmaa oW 2
2.4. Size as a dominating factor in crocodilian osmoregulation ﬂ E 2 : - S v-'-'.?,‘-:-‘ L - E‘Eig
While the importance of size and the scaling of physiological variables has long been 1 ; £ {E 72 55}55353 1 53535533'55-‘5% é?éiiégé ;h '553: i3 'H §r
recognized, the literature of crocodilinn osmoregulation has not always revealed a clear i _a"é E' g ] ARAEEER & @ E;j §
distinction between the physiological problems of small and large crocodiles. Adult C. -q‘ ey !Ei CUNNRREE 3 3084 1R LEDTE I 15852 82,3228 1 4% j
porosus are the largest of the living reptiles, growing to a length of at least 7 m and a 1 _-.‘g.‘ i3 5 il e " 83 Ei
weight of several tonnes. Even small mature animals of 3'5-4'5 m length and a weight § g -g j“’i 2 i eats E £
of perhaps joo-500 kg are s000-10000-fold heavier than hatchlings. This enormous 3 af g E : [IRARIRESE) ety || %E8% 3% eere 5
disparity between hatchlings and adults demands that their physiological problems are { < & = Tgzal
considered separately. It may be feasible for an adult or subadult crocodile to survive 3 i3S - guahon = j 8
& : : X ; Ly I w5 jJ] F1oEenghen sush sessess 37, R, E f
prolonged exposure to salt water because of the insulation afforded by its small surface . 5§ § - FEORRRSLARIS] ITeapEa FITTRe2d 2318383 ) wdis
area:mass ratio (Dunson, 1976). A hatchling under similar conditions will not have w“ -~ 8 2 iiiE
remotely the same degree of insulation and must adopt quantitatively or qualitatively q g B j “; '3 TR R L] E X
different evasive or compensatory strategies to maintain the same degree of & ¥ % ! ERERRAM 3% I EREE 1di888 ) g ji : 3
osmoregulation. For example, unfed . poresus in sea water dehydrate and become ] ‘; 8 i i §
hypernatraemic, largely through integumental exchanges of sodium and water, A 8 §E )3 g '! 1.]
hatchling of 100 g body weight (BW) can survive unfed in sea water (SW) for about 21 2% ,:!i g IB1IEE '5 P BLREI 1) '15 r ai
days, compared with roughly 4 months for a 10 kg juvenile (Taplin, 1985). Clearly, ‘?f = N I"
adult crocodiles should be capable of tolerating many months of exposure to sea water, <] 5 3 ] j-i E
even if they lack compensatory mechanisms. To understand the osmoregulatory ¢ | g. ?: E! NI ANENRNOT N BEEI)1 /111 SEE _!-h
capabilities of any of the crocodilians it will be essential to concentrate attention on the E & ] w2 SERECCL RRO g Eaij
smallest size clusses. Capabilities found in newly hatched (neonatal) and hatchling Y _§ B~ !!
crocodilians are likely to be found in adults. The converse is not necessarily true. q '§ ;ﬁ }.‘ i P § A i i
RN I R 11 D s LTI N LR i{f
3. THE PATTERNS OF OSMOREGULA'TION a8 (b L BLEEEERsY ®Cobyyns ””E“é £ o iy
3.1 Composition of the extracellular fluid E _g -;: ’;
All crocodilians studied to date, from both fresh and salt water, maintain their plasma G 3 ji I e g umns g GRS E g rmad e e HEJ
osmolality in the range 280—340 mOsm/kg, with Na and Cl as the principal osmolytes g | t'f‘ § REALIES Tanekesk wges Fs= » ngedf
(Table 2). Interspecific variability is small. There may be some tendency for § § .§“'5' i Eli.ﬂ
crocodilians from SAL 1 conditions to have lower plasma Na concentrations than o = S.S‘ i» §
animals from saline waters but any trend is obscured by some low values in newly 3 N oo 5 ‘ZE . 1 . E{L‘!
hatched C. acutus and some high values in SAL 1 animals from farms. Detailed data on 45, '....:‘ s E y ‘ j 1 % é f !*
intraspecific variability of plasma composition with salinity is available for only three | & 'g .g f;f é‘i '“ ii i } § ? i EE
K 1 IR E 1
~ = e %
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species — C. acutus, C. johnstoni, and C. porosus. The most complete data are those for
C. porosus which is a remarkably euryhaline osmoregulator, able to maintain essentially
constant plasma electrolyte concentrations in salinities of o-64 9 (Grigg, 1981; Taplin,
1984a; Grigg et al., 1986), Laboratory reared C. porosus have plasma Na levels more
comparable with other fresh water crocodilians than with wild-caught C. porosus from
geasonally fresh water (Table 2). No data are available yet for SAL 1 C. porosus from
permanent fresh water habitats inland.

Data for C. acutus from coastal Florida are less extensive and no clear pattern of
composition as a function of salinity is apparent. It does seem that crocodiles of 180
days and older maintain the major plasma electrolytes at levels comparable with other
crocodilians. However, young animals have been found with very low plasma Na
concentrations (Dunson, 1082) perhaps reflecting some perturbation of Na balance in
these smallest animals, Similar low Na concentrations in the range 110-120 mmol/l
appear to be characteristic of late-term embryos and freshly hatched C. porosus also
(pers, obs.). It is not yet clear whether these low concentrations reflect in any way on
the ability of newly hatched C. acutus or C. porosus to osmoregulate in salt water. It
has been suggested that young C. acutus avoid osmotically stressful environments,
secking out relatively sheltered microhabitats in lower salinity water (Dunson, 1982).
The Australian Freshwater Crocodile, C. johnstoni, is largely restricted to fresh waters.
However, isolated individuals and one or two small populations can be found in salt
waters, sometimes in highly saline conditions (e.g. a 1 m animal caught in 43 %, salt
water on the Albert River in Queensland —unpubl. obs.). In at least one of these salt-
water populations, C. Jjohnstoni is capable of fairly precise osmoregulation between o
and 24 %, salt (Taplin, Grigg & Beard, 1085), showing a trend to slightly lower plasma
osmolarity and Na concentration with increasing salinity. The data for other species are
too sparse to allow any firm conclusions,

3.2. Total body water and exchangeable Na pools

The available data on total body water (TBW) and exchangeable Na pools (ExNa)
allow few firm conclusions about variation as a function of salinity (Table 2). Data on
intraspecific variation of sodium and water pools as a function of salinity are available
only for C. porosus and C. johnstoni. C. porosus maintains essentially constant levels of
weight-specific TBW across the salinity spectrum while ExNa actually declines with
increasing salinity (Taplin, 19844). C. johnstoni from fresh and saline water similarly
hold TBW more or less constant but crocodiles from salt-water populations tend to
have higher ExNa than their fresh-water counterparts (Taplin et al., 1085 and unpubl.
obs,).

Interspecific comparisons of TBW and ExNa are fraught with difficulty because of
the marked allometric scaling of both variables. The problems are well illustrated by
data for C. porosus and C. johnstoni (Taplin, 1984a and unpubl. obs), (Fig. 1).
Equations of the curves are given by the following relationships:

Total body water (TBW) — C. porosus =103 SVL*",
~ C. johnstoni = 1°39 Sy,
Exchangeable Na (ExNa) — C. porosus =017 SVI*,
— C. johnstoni = 0'41 Sy
where TBW is expressed in ml/100 g, ExNa in mmol/kg and SVL = snout-vent length
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Total body water (ml/100 g)

Exchangeable Na (mmoi/kg)

g

40 T T
100 300 ; 5
: 1 Snout-vent length {mm)
ig. 1. Weight-specific sodium and water pools in C.
Rtk ‘ : n . porosus ( ) and C. johnstoni (-~~~ it
:uhudy‘:‘:!te I\}Cl.tl‘m.'l are dcrlvud.l'rum empirically determined relationships of( gmll} :,::j fl-lﬂ.ﬂlﬁl'l
ungeable Na pool and body weight with length (Taplin, 1984a and unpubl, obs.) e

700

(mm). All slopes in the above relationships igni i
SR ey ps are significantly different from one another
It is evident from Fig, 1 that compari
‘ : 5 paring levels of TBW or ExNa in the t i
} :l!:!:en;ia cf:nhar:lcctmlg appropriately sized animals for comparison Doew:t::c:rit::::
| animals of the same length or of the same body weight? R X i
& the result of the comparison will de o5, A S
; p pend very largely on wheth h
large animals or small ones. Analysi i ke Tanths uoba )
i i ‘ ysis of covariance, as used by Tapli
‘ . ; 3 plin (198
z:p;li:rr.‘i(ﬁ}:;ﬁf]?dl?;nrd (:9185) for intraspecific comparisons, is inapplicabl(e ge::gl:nodf
- ifferent slopes of t s
ki p he In TBW/In SVL and In ExNa/In SVL equations
Obviously there is a need for caution i ibuti
- isly th ion in attributing interspecific differences in bod
ﬁ:;ig:rf::zn;:g' su;:h ns' Th(;:;sun (1968) described, to factors other than diﬂ!:rence:
4 construction, Dunson & Heatwole (1986) have addres: i
| . . t ; sed this probl
wictt;n:::em T{::r_t:e;, in 'WE.ICh th; proportion of shell to soft tissue can vary eno’:rnou:r;
5 . Their data indicate that total body Na expressed fi i i
elatively constant across a ran; i g s s mnbedest ol
: ge of body size and that the rati .
E & ly cor : body io of exchangeabl
i aon\;::n.ea Illnve}-uely with blody size in at least two species. That g;:xN';t‘::::lt:sl
: llomﬂ:;zae;u\::it:ndr;r mi;;:‘;ngﬁ‘pvoroms and C. johnstoni can be shown simply from
; s for . and ExNa as a function of sn
. ) out-vent
(T ;r[::::;icu::i;)o.njh!?e a;allngL:)f a!l: three variables is well described bynl slle:\itlt
: ip, ¥ = alL?, where Y is ex d i i
gth, and a and b are constants. If we let A i i e

ExNa (umol) = a, L™,
TBW (g) =a,L%,
BW (g) = a, L%,
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Dry weight (d. wt) of the body is then given by the difference between BW and
TBW:
d. wt (g) = ag Lh—a, L,

and weight-specific ExNa by
ExN T
X1 n(umo fg .wt) = (am.

Clearly, the only condition under which d. wt-specific ExNa is independent of body
size is when b,.= by = b,, giving ExNa = a,/(a,—a,) = constant. As by, b,, and b, are
known to be significantly different from one another in both C. porosus and C. johnstoni,
d. wt-specific ExNa must scale allometrically with body size. That the influence of body
size is significant is demonstrated by empirical values for C. porosus and C. johnstont of
150 and 700 mm snout-vent length calculated from known relationships (Taplin,
1984 a). The values for C. porosus are 033 and o'21 gmol/g d. wt respectively in animals
of 154 and 8o6o g BW respectively, Comparable values for C. johnstoni are o33 and
o'16 umol/g.d. wt at body weights of 147 and 5800 g respectively. Thus a comparison
of hatchlings would suggest similar exchangeable Na pools while a comparison of
subadults would reveal a 52 % difference in ExNa. The result is much the same if the
comparison is made between animals of similar body weight (8060 g) rather than
gimilar SVL. ExNa is o21 pmol/g d. wt in C. porosus and o'14 pmol/g d.wt in C.
johnstoni. It would be valuable to extend Dunson and Heatwoles' analyses to
consideration of the scaling of total body Naand various other body fluid compartments
in crocodilians, where a large size range of animals is readily available. This might be
possible if carcasses of commercially harvested species are available for analysis.

4. THE MECHANISMS OF OSMOREGULATION
4.1, Aceumulation of osmolytes

In none of the crocodilians which have been studied is there any indication that the
composition of the extracellular fluid is actively altered by accumulating osmolytes so
as to lower the gradients favouring water loss or Na gain across the skin. The
accumulation of osmotically active Na, Cl, urea or trimethylamineoxide in the plasma
is seen in myxinid hagfish (Robertson, 1963), elasmobranchs (Pang et al., 1977), the
coelacanth (Griffith et al.,, 1974), and the estuarine terrapin, Malaclemys terrapin
(Gilles-Baillien, 1970; Cowan, 1985). In the case of Malaclemys, retention of Na, Cl
and urea in the plasma can increase plasma osmolality by 40-50 % and has the potential
to reduce osmotic water loss by about 229, if the osmotic permeability of the
integument (P,,,) remains constant. In contrast, plasma osmolarity, Na and ClI are
more or less invariant in C. porosus across all salinities encountered (Table 2) and
plasma urea occurs at only trace levels (1-2 mmol/1), contributing little to total plasma
osmolality. The absence of urea retention in crocodilians may reflect a lack of urea cycle
enzymes (Khalil & Haggag, 1960). However, Grigg (1981) found significant levels of
urea in the cloacal urine of C. perosus from SAL 4 habitats suggesting that this species
at least may have a functional ureogenic system. The seemingly unlikely possibility of
urea formation through bacterial degradation of urates in the cloaca could be tested by

analyses of ureteral urine.
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While there is no evidence to suggest that crocodilians actively accumulate osmolytes
to re-duce osmotic and ionic gradients across the skin, many species are toleran)tr of
considerable Shlfl:! in plasma composition in response to experimental manipulati
(Bentley & Schmidt-Nielsen, 1965; Evans & Ellis, 1977; Taplin, 1982 lgﬁ'pu: :ll:l‘
obs.; Lauren, l‘qu; Taplin & Loveridge, submitted). There is nmhingI to au,g’gesfthaé
ﬁ"lﬂlc lchnnges in plasma composition are adaptive or play any part in minimizi
dlﬁualvel exchanges of sodium and water. On the contrary, they appear roz":)g
pathc.)lf:mca_l consequences of an inability to osmoregulate un:ier the e)f crimentcl
conditions imposed and lead inevitably to death if the conditions are not c:anged ’

4.2. Diffusional permeability to salts and water

Crocod_iliam, likof other aquatic reptiles, have an integument which is impermeabl
to wnt.er in comparison with fish and amphibians (Bentley & Schmida-Nielren 196 “
Schmidt-Nielsen, 1969; Dunson, 1979). Hence they experience far lower gross :atzs :51;
water turnover than fish, ‘This is well illustrated by the observation that C. porosus i
fresh water has an effective half-life for water turnover of 6:6 days, corrcapo;l.ding t::r}::

. exchange of 0'4 9%, of its total body water per hour (Taplin, 1982). Fresh-water fish

typically exc.hange from 6-186 %, of their TBW per hour (Evans, 197g). In both ¢

the 'vns;t majority of the exchange is integumental (T'aplin, 198.1' Kir.schner I “‘;B
While mltegurnenlnl permeability to water may be low in crf.)codiliur:n! it is still an 3:; r
uf.magmtude or more higher than in typical terrestrial reptiles (I}c;-ltley & Schmid:-
Nielsen, 1966; Schmidt-Nielsen, 1969), suggesting that there may be selectiv

advantages for estuarine/marine crocodilians in reducing permeability and minimizi .
w.atcr losses across the skin. In fact it will be seen later that integumental water Inn;znmg
1\.1‘ upmlfe constitute major osmoregulatory problems for C. porosus in sea wa:ljr

Changes in permeability might be effected by changes in the structure of the skin itael-lf:

alteration of peripheral blood flow or a reduction in the surface area exposed. It is

t:fm\:ement to consider separately the rather scant data on evaporative water losses in
air, integumental water exchange in water, and integumental Na exchange in water

(a) Ewvaporative water losses

D‘I;Iemuremcnls of diffusional water losses from crocodilians in air are few (Table 3)
ifferences of methodology and experimental conditions make interspecific compari-

3 ' sons difficult and very few data sets allow the cutaneous component of water loss to be
separated from respiratory and excretory losses. Nevertheless, in addition to the

predictable influences of body size, temperature and humidity on evaporative losses

8 there is a strong indication that the alligatorids, Alligator and Caiman, suffer water

‘I:':sca ?bout an order of magpitude higher than crocodylines of similar size. Cutaneous
N.t.tl:r oss accounts for 879, of the total loss in Ca. erocodilus (Bentley & Schmidt-
ielson, 1966) and from 10-75Y%, of the total in C. niloticus (Cloudsley-Thompson

11969). The data available are suggestive of adaptive changes in integumental water

Der g il r 1 H i
meability on an evolutionary time scale but provide no information about short-

~Siterm responses to changes in hydration status.
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(b) Integumental water exchange in fresh and salt water

Very few determinations have been made of either diffusional or osmotic water
exchange across the crocodilian integument in water. There is presently no evidence of
short-term changes in the diffusional water permeability () of the crocodilian
integument in shifting from fresh to salt water, but data are available only for C. porosus.
Taplin (1982, 1985) measured gross tritiated water effluxes of unfed C. porosus as
368 pul/100 g.h in fresh water and 302 /100 g.h in sea water, of which 85 and 91%
respectively represented integumental exchange. Information on net osmotic flux
across the integument is available for Caiman crocedilus in fresh water and 33 %, NaCl
at 23 °C (Bentley & Schmidt-Nielsen, 1965) and for C. porosus in fresh water and sca
water at 25 °C (Taplin, 1982, 1984b). P,,,, in Caiman is 0'08 pl/100 cm®.h.mOsm in
33 %, NaCl and o037 ul/100 cm® . h.mOsm in fresh water. Comparable values for C.
porosus are o014 and o'ory respectively, ‘T'wo points are of interest here. Firstly, the
data point to a marked shift of P, in Caiman but not in C. porosus. Secondly, the
alligatorid has an integumental permeability about an order of magnitude greater than
the crocodyline, paralleling the situation for evaporative water loss (Table 3). Once
again, methodological differences might account for some of the difference in measured
fluxes, However, the similar patterns for F in air and P, in water are worthy of
further investigation.

(¢) Integumental Na exchange in fresh and salt water

The skin of most aquatic reptiles has a very low overall permeability to Na.
Measurements of Na flux across crocodilian skin are few (Table 4) and allow few
conclusions. The post-cephalic integument of C. porosus is only slightly permeable in
vivo. However, the cephalic integument is far more permeable and accounts for a
substantial fraction of the total Na exchange in sea water for this species (Taplin, 1985).
Ellis & Evans (1984) similarly found that the cephalic integument was substantially
more permeable to sodium than the post-cephalic region in Alligator mississippiensis
(Table 4). The ten-fold difference in integumental flux from C. porosus in fresh water
relative to that in sea water (1'7 s. 119 gmol/100 cm®.h) is suggestive of a change in
Py, given that the Na concentration gradient is only two-fold smaller. However, the
data are not adequate to draw firm conclusions and the adaptive value of a higher Py,
in sea water must be questioned, given that 50 % of the net water loss from unfed C.
porosus in sea water is attributable to the excretion of excess Na taken up across the
integument (Taplin, 1985). In vivo data for C. acutus (Table 4) have been questioned
because of doubts about the validity of comparing Na fluxes in restrained and
unrestrained crocodiles to determine integumental components of exchange (Dunson,
1979). Dunson has recommended in vitro measurements on isolated skin or keratin
flakes to determine whether the skin is entirely impermeable or has a small but finite
permeability. Isolated flakes of keratin from C. acutus proved effectively impermeable
to Na (Dunson, 1982). However, it is arguable whether extrapolation from isolated
pieces of shed keratin to the entire integument in vivo is more precise or reliable than
carefully controlled assessments of permeability by flux partitioning in the living
animal. Furthermore, the Na permeabilitics measured in vivo (T'able 4) are of the same
order as in vitro measurements from the estuarine snakes, Cerberus rhynchops (1-c0

Table 3. Rates of evaporative water loss (mg/kg.h) from crocodilians under various experimental conditions
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Table 4. Estimates of whole-body and integumental sodium effluxes from crocodilians

Estimates ate based on unidirectional effluxes of #Ng except for Caiman crocodilus based on net Na loss in
distilled water.

Cephalic
and post-
Post-cephalic  cephalic
Whole body integument integument
Body weight (umol/ (pmol/ (pmol/
® toog.h)  1oocem®.h) rooem®.h) Reference
Fresh water
Crocodylus porosus 130-680 24 -_ 7 Taplin (1982)
136-304 3o — — Taplin (1085)
Crocodylus acutus 54 68 i8] o1z — Evans & Ellis (1977)
Cracodylus johnstoni 4b-51 T4 — Taplin (unpubl. obs.)
Alligator mississippiensiy ©001-0'07 39 o7 1o Ellis & Evans (1984)
Distilled Water
Caiman crocodilus X=170 - — 2 Bentley & Schmidt-
Nielsen (1965)
9 %o Salt water
Crocodylus acutus 54-08 165 16 — Evans & Ellis (1977)
(restrained)
5468 56 - Evans & Ellis (1977)
(free-swimming)
Sen water
Cracodylus porosus aso0 1o ' g* Taplin (1985)
Cracodvlus acutus By-413 23 Dunson (1982)

* Rused on the cephalic integument making up 25 %, of the whale (Dunson, 1982). The area of the cephalic
integument s in reality considerably greater when the bucenl region is included but appropriate data are
unavailable.

pmol/ 100 em?.h) and Nerodia fasciata clarkii (34 pumol/ 100 em®. h) (Dunson, 1978)
and from several hydrophid sea snakes (1°3-12:9 ppmol/100 c¢m®.h — these measured
against a larger concentration gradient from distilled water to 1 M-NaCl (Dunson &
Stokes, 1983). The weight of evidence at present points to C. porosus and C. acutus
having an integument of low but finite permeability to Na.

Only two measurements have been made of Na efflux in alligatorids. Bentley &
Schmidt-Nielsen (1965) measured the net integumental Na eflux of Caiman crocodilus
in distilled water. This should approximate the unidirectional efflux measured with
#Na. Net efflux over the first few hours averaged 12 pmol/1oo em®.h in Caiman,
essentially the same as the 1°6 gmol/ 100 em?. h measured in A. mississippiensis by Ellis
& Evans (1084). Both values are close to results for C. porosus in fresh water (Table 4).
This result contrasts with the apparent differences in diffusional and osmotic water
permeabilities of the alligatorid and crocodyline integuments and appears contrary to
the very close relationship between Fy and Py, observed in a variety of shed skins from
hydrophid sea snakes (Stokes & Dunson, 1982). Little can be concluded but the need
for more detailed comparative studies.
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Table 5. Literature records of burrowing (B), hibernation (H), and aestivation (A) in
the Crocodylia
Data from Neill (1971), Guggisberg (1972), Brazaitia (1973), Medem (1981 a, b) and other sources as indicated.

B H A References

Family Crocodylidae
Subfamily Crocodylinae
Crocodylus acutus ¥ — Y

C. r_a'la,ollm-ﬂm Not recorded
g. {nlnmtfl'au.l Y - Y Medem (1976)
C. )ulll':l;:tl“ Y. - Probable Taplin (unpubl. obs.)
C. ::'T batii Y = Y Alvarez del Toro (1975)
" oricus Y ¥ Y Pooley (1962)
C'. n. novae-guineae Not recorded
€', n. mindorensis Not recorded
C. palustris Y — | i 'hi
ol i i ) t’ Whitaker & Whitaker (1978)
g‘ n'armﬂm'l Not recorded
steolaemus tetraspis 4 — illier
Subfamily Tomistominae e
Tomistoma schlegelii Y Groombridge (1982)
Family Alligatoridac
Alligator mississippiensis Y Y Y
A sinensis h 4 Y Huang (1978)
Caiman crocodilus b - ¥
Ca. latirostris Y Y
Melanosuchus niger L § " i
Palaeosuchus palpebrosus Y :'\ PR o)
P. trigonatus Y \'

Family Gavialidae

CGavialis gangeticus Not recorded

4.3. Behavioural osmoregulation

L{rocodiliana faced with osmotically adverse conditions have several behavioural
options open to them which may reduce osmotic stress. When adverse conditions are
localized, movement to more favourable areas may be feasible. If opportunity for
; ovenent is restricted then selection of more favourable microhabitats may be
rpp.orta'nt. extending in some instances to active burrowing and aestivation. The
distinction between local shifts to favourable microhabitats and longer moveme.nts to
ompletely new environments is somewhat hazy. Nor is it clear that contractions in the
ange 9!’ local populations experiencing periods of drought should be considered
primarily as osm(?rcgulatory responses, though physiology obviously plays an important
; 1:.ui:btlhm Isecl;‘on .I will limit the fiiscussit.m to the localized responses of selecting
e e micro abitats and Purrown'ig/ncstwation. Two other behavioural strategies,
pctive drinking and selective feeding — both aimed at maximizing net uptake of
O I'];!qoﬂcally-frcf:_wnter, are considered separately in sections 4'5 and 5'3 respectively.
t:::ut;lacot:l]mn{ are known to burrow and several tropical and subtropical species
g aestivate (Table s). Tl-fc term ‘aestivation’' is poorly defined but is
Yy taken to mean dormancy or inactivity accompanied by some physiological
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adjustment (Gregory, 1982). Very few physiological studies have been made of
aestivating reptiles. Fresh water turtles, Kinosternon flavescens, burrow into soil when
drought affects their waterholes and show some reduction in pulmonary gas exchange
which may also reduce water loss (Seidel, 1978). Dehydration can be severe in these
turtles, leading to a three-fold increase in plasma electrolyte concentrations, but is
undoubtedly lower than would be experienced without burrowing. No comparable
studies have been made of burrowing crocodilians so it is unclear whether they can truly
be considered to aestivate. Some of the descriptions from the literature suggest that
crocodiles might burrow into drying mud and become effectively encapsulated like
dormant turtles (Guggisberg, 1972). It seems likely, however, that in the majority of
cases the animals simply retreat to relatively cool, moist caverns or burrows, open to the
air, and thereby minimize evaporative water losses while waiting for more favourable
conditions.

Behavioural avoidance of highly saline water by hatchling C. acutus in Florida Bay
has been rather better documented (Dunson, 1982; Mazotti & Dunson, 1984; Mazotti
et al., 1986). Hatchling C. acutus on exposed shore lines seek out microhabitats during
the day which offer protection from wave action, direct sun and high temperatures and
also from Na uptake in highly saline water. Furthermore, rainfall is frequent in the
post-hatching period so small C. acutus, at their most vulnerable size in relation to
osmoregulation, should be able to locate more favourable fresh or brackish water
habitats, These types of behavioural avoidance are considered to play an important role
in the survival of small C. acutus in highly saline habitats. Similar studies in northern
Australia provide no evidence for a gimilar strategy in C. porosus (Grigg et al., 1980;
Grigg, 1981; Taplin, 19844, 1985). In contrast to Florida, many coastal rivers of
northern Australia receive virtually no rainfall during the winter post-hatching period.
C. porosus hatchlings of 140 g BW and upwards are able to osmoregulate in salinities
from fresh water to over 60 %, salt without access to fresh drinking water (Grigg et al.,
1980; Taplin, 1984a). No evidence has been found to suggest that €. porosus has major
difficulties in osmoregulating in high salinities or seeks to avoid exposure to them
However, the physiology of freshly hatched (neonatal) C. porosus has not been
investigated, In the majority of cases, neonates emerge into fresh or brackish waters
during the late wet season and are unlikely to experience very high salinities. However,
nests are occasionally constructed alongside hypersaline creeks and hatch sufficiently
late in the dry season for neonates to experience SAL 4 or SAL 5 conditions.
Investigation of these ‘natural experiments’ or of nests translocated into such
environments would provide invaluable data on the physiological abilities of neonates.

While both burrowing and avoidance of hyperosmotic salt water may remove animals
temporarily from osmotically adverse conditions, in neither case is it clear that the
behaviour is primarily a response to osmotic stress. Reduced activity during droughis
may reduce risks of overheating (Voight & Johnson, 1976) or minimize energ)
expenditure during times of low food availability. Burrows and retreats are not use!
only during droughts. C. johnstoni is found commonly in burrows, even in areas ol
permanent, spring-fed streams (C.]. Limpus, pers. comm.). Low water levels and
resultant high population densities may lead to increased agonistic interactions. Retreat
into burrows may be necessary for survival of subordinate individuals, Selection of
sheltered microhabitats by young C. acutus (Dunson, 1982) may likewise be primarily
a response to factors other than osmotic stress.
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4.4 The urinary system

'I"he extensive .literature on t‘he urinary physiology of reptiles in general has been
reviewed many times from various perspectives (LeBrie, 1972; Dantzler & Holmes
1974 ; Bentley, 1976; Dantzler, 1976; Skadhauge, 1977, 1978; Minnich, 1979 1982:
:Z:;nzier,f:gélo; g%i?emaker & N[ngy, 1977). This review will confine itself t(,l théar;

ects of crocodilian urinary function particularly rel t
osmoregulation in different habitats, FIIPOGE 3K MR s, et

(a) The urinary system in fresh water, SAL 1

Crucotliiliana, as hyperosmotic osmoregulators in fresh water, face the dual problems
of excreting excess water and nitrogenous wastes while minimizing losses of essential
solfuf:a‘, particularly Na. Urinary excretion is regulated by the secretory and absorptiv
actlv:ans t'st"the kidney and cloaca, acting in concert. That the crocodilians are c:arl:'all‘:le
of minimizing urinary electrolyte losses in fresh water is apparent from thep 10\:
cnnccl:ltrntlons of Na, K and Cl in the cloacal fluid of unfed animals (‘T'able 6) relative
1 to thfnr plasma levels (Table 2), It is notable that these three clectrolytes typicall
i contribute only a fraction of the overall osmotic pressure of the excreted urin o :
of the balance consisting of NH, and HCO, in solution (Coulson & Hemnndee; m‘-‘6°
1970, lgB:‘g; Schmidt-Nielsen & Skadhauge, 1967; Grigg, 1981). Gross Na ]u; -
cloacal urine are correspondingly low, Rates of spontanebun urination in SAL 3!:: e
been detfrmmed for four species and are similar in magnitude. Unfed € pammi:ll' “V;
0 water vo‘ldlsume 50 #1/ 100 g.h of cloacal urine with a Na content of 0'2; ol (Ta Ts
] ;z:iz)) ‘:.h.i_lml}mrtm;: };ses_ﬁs fmol/1oo g.h containing o'22 pmol Na (T:g;i‘n unppu;::'
g obr). ¢ fasted A. mississippiensis average 71 ul/100 g.h containing o'z ‘ 1 N‘
~ (Coulson & Hernandez, 1964). A higher value for 4. mississippionsis ofgr o

wuahdct-crmmed by I'.ll-as & Evnr‘u (1984). This high value m‘l:i' be nttribf!fafiﬁr;o ga-r':
to the cloacal cannulation used in the experiment. Bentley & Schmidt-Nielse ( Pb
found extremely high urination rates of 350 ul/100 g.h in cannulated Caima ” o:ig[ i
A N(':F(Iiatn on rates of spontancous urination are available for this species R

rin:L 'r:]]‘(}lzca}(iné’:e?r?t::[fl::; ::ajc:r p}:u't in dt;.termining the composition of voided
- Tl cars to have only a limite ili
;)mpoutmn of greteral urine, In the few Cn})'codylinacdatil:i‘ile'zly l:>° dr:tgeuh::itlt'l!;:
* nrr::ﬁ}:r ﬁItr:u]«:n rate (GFR) nor uri::mry osmolal U/P ratios are affected g,reatly by
Bt :gzg) erdratwn (Schmidt-Nielsen and Skadhauge 1967; Schmidt-Nielsen
" v;rigs N;m:';t:n:l;m]:::;; tzedulcctrolytclco:inpo;ritign of the ureteral urine of C.
v : nder water loads, NaCl | i
‘:;:::, :n;luf‘es I-ixgh concentrations of Na (Schnﬁdt-Nie]se:a:: S!;:n:}::ar::t:;;;.r)a?:
i ;mcjn wg: Rl:m]d water renbs_urption from the distal tubule are highly responsive
il lr alance status in other fresh water reptiles such as the turtle,
t!fmi!;ﬂ[iﬁns‘b(;:. and thel snake, Nfr?dia sipedon, (Dantzler, 1976, 1980). Nao
s c;lreter.nl urine composition have been recorded from any alligatorid.
g dewmrlstcna::;idln modifying ureteral urine through reabsorption of Na, Cl and
A Skndhaurst( cﬁlearlry' by Bentley & Schmidt-Nielsen (1965) and Schmidt-
B G ag; CI'Q 7). lhlc Iow concentration of Na characteristic of excreted
B el a. crocad.:lus is brought about by reabsorption of Na from the
‘ uring its storage in the cloaca (Schmidt-Nielsen & Skadhauge, 1967).
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Taplin (1982, 1985)
Taplin (unpubl. obs.)

€y [(NHY

K]
category (mOsm/kg) U/P (mmeol/l) (mmol/l) (mmol/l) (mmol/l)
o 59
18

Table 6. Cloacal fluid composition of wild-caught and captive crocodilians under various salinity regimes and
experimental conditions

Crocodylus
acutus
porosus

Grigg et al. (unpubl. obs.)

Taplin & Loveridge

(1988)

Coulson & Hernandex

(1964)

Ellis & Evans (1984)
} Lauren (198s)

Taplin (unpubl. obs.)

Taplin (unpubl. obs.)
=} Lauren (1085)

“Taplin (unpubl. obs.)
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76
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53
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o83
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Fed, lab, FW - 4 weeks
Unfed, lab, FW
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Fed, lab, 5%, — 4 wecks
Fed, lab, 20 %, — 4 wecks

Unfed, lab, FW
Unfed, lab, SW - 5-5 days
Fed, farm, FW
Unfed, lab, FW
Fed, farm, FW

Fed?, lab, SW

Wild
Wild

mississippiensis

C. johnstoni
C. niloticus
. palustris
Alligator
Woge ey

CGavialis
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For these reabsorptive processes to be adaptive for fresh water animals, the uptake
should presumably be hyperosmotic, suggesting that some hormonally-mediated
limitation of cloacal water permeability is likely (see below). Cloacal Na reabsorption
may not occur in the alligator, though no comparative analyses of ureteral and cloacal
% urine are available, Coulson & Hernandez (1964, 1970) noted that the cloacal urine of
S alligators contains only a fraction of the Na filtered through the glomeruli, Some Na
reabsorption in the distal tubule is linked to secretion of NH, into the tubular fluid, but
the vast majority of the reabsorption takes place independently of this NH,/Na
exchange (Coulson & Hernandez, 1959). They concluded that much of the additional
ireabsorption was taking place in the proximal tubules, as the Na concentration of
“Icloacal urine varied little with its time of storage in the cloaca (Coulson & Hernandez,
91983). This apparent contrast between Alligator and Crocodylus may be related to
idifferences in their capacity for extrarenal salt excretion (Section 4:7).

§ While the cloaca of crocodilians is capable of Na resorption against a substantial
~sosmotic gradient, there is no evidence of active uptake of Na from fresh water by
Jirrigation of the cloaca as reported for the fresh water turtle, Pseudemys scripta
(Dunson, 1967). No tests of this mode of uptake in crocodilians have been reported.

(b) The urinary system in saline water, SAL 4

The only information available on urinary excretion from crocodilians in hyper-
~bsmotic salt water derives from analyses of cloacal urine (Table 6). Urine osmotic
“pressures and U/P ratios in wild-caught, presumably feeding, Crocodylidae are only
marginally higher than in fresh-water animals but K and CI tend to make up a greater
1 roportion of the osmolytes. Significantly, Na is rarely over 10~20 mmol/l in SAL 4
~€rocodiles. In keeping with the higher contributions of K and Cl, urine NH, and
ACO, in C. porosus fall to 509, or less of their SAL 1 levels (Grigg, 1981).

8 Theurine of €, porosus from SAL 4 habitats is not a significant route for Na excretion
~Taplin, 1985). Even in unfed crocodiles, dehydrated in sea water, urine Na remains
emarkably low in the face of near lethal rises in plasma Na and a trebling of mean K
~oncentration in cloacal urine (Table 6) (Taplin, unpubl. obs.). Ellis (1981 a) similarly
“fbund no change in cloacal fluid Na levels in a €. acutus held unfed in sea water for 2
Jmonths. However, this animal was sufficiently large that dehydration over that time was
inimal. C. niloticus, another crocodilian found commonly in highly saline water
SAL 4 and 5), shows a similar response to C. porosus on acute exposure to SW (Taplin
Loveridge, 1988). Cloacal fluid Na levels increased only slightly compared with the
ery large increase in K. No data are available on characteristic rates of urination from
ocodilinns in SAL 4 habitats, Unfed €, porasus in sea water become virtually anuric
en unfed (Taplin, 1985). No estimates of urinary electrolyte or water losses in
tively feeding crocodiles are available,

¢ urine solids of crocodylines play a significant role in excretion of divalent cations
K but carry little Na, Grigg (1981) found virtually no Na in cloacal fluid solids of
Pporosus from any salinity category (SAL 1-SAL 4). Detectable but low concentra-
ONs (7-43 pmol/g d. wt) were found in solids from C. porosus and C. acutus in
SAL 4 (Dunson, 1982; Taplin, 1985). Even in freshly captured C. porosus from
SAL 4 with very low Na in the liquid fraction of eloacal fluid, urates account for only
A8, of the total Na content and 30% of the total K content of cloacal urine (Taplin,
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1985). In these animals urinary K concentrations are an order of magnitude higher than
Na in both liquid and solid fractions.

The only data on alligatorids in hyperosmotic salt water come from fed animals held
in various salinities in the laboratory (Lauren, 1985). After 4 weeks in 20 %, salt water,
the cloacal fluid of Alligator had very high osmolality and K and remarkably high Na
relative to fresh water controls (T'able 6). Na U/P levels in these alligators reached o-82,
compared with o'11-0'39 in fresh-water controls (Lauren, 1985) and maximum levels
of about o'1 in C. porosus from any salinity (Taplin, unpubl. obs.). This marked
difference between Alligator and the various Crocodylidae may relate to differences in
their extra-renal salt excreting ability (Section 4'7).

No direct information is available on cloacal function in crocodilians from salt water.
The low cloacal fluid Na levels in Crocodylidae from SAL 4 are very suggestive of
cloacal Na reabsorption, given the high levels of Na in ureteral urine of normally
hydrated, salt loaded or dehydrated C. acutus (Schmidt-Nielsen & Skadhauge, 1967).
Grigg (1981) remarked on the change in appearance of cloacal urine from a clear fluid
in SAL 1 to a more mucous, solids-rich fluid in SAL 4. In some instances cloacal urine

sin SAL 4 is voided as a moist loosely compacted solid with virtually no free liquid.
Taplin (1985) noted a similar phenomenon in relation to faecal matter of C. porosus
from SAL 4. Faeces collected from crocodiles held overnight in sea water contained
25 % less water than those from freshly captured animals and were transformed from
a liquid paste to hard pellets, Resorption of water may well follow active uptake of Na
in the cloaca or rectum. There is some radiographic evidence to suggest refluxing of
urine from the cloaca into the rectum in C. porosus (Grigg, unpubl, obs.).

(¢) The urinary system in brackish water, SAL 2 and 3

The only data on urine composition and renal/cloacal function of crocodilians in
brackish water are those of Grigg (1981) based on cloacal urine samples from wild €.
porosus and of Lauren (198s) on captive A. mississippiensis ("T'able 6). Electrolyte
concentrations in C. porosus from SAL 2 and 3 are comparable to those in SAL 1 and
4. Urine K is similar in SAL 1, 2 and 3 but increases significantly in SAL 4 in both solid
and liquid fractions (Grigg, 1981 and Table 6). A complementary pattern is seen in
urinary nitrogen and bicarbonate excretion with a marked shift from ammonotely to
uricotely between SAL 3 and SAL 4 (Grigg, 1981). The data suggest a distinct shift in
osmoregulatory strategy when C. porosus has no access to hypo-osmotic salt water for
at least part of the tidal cycle. This shift may be related to the drinking behaviour of
crocodilians (Section 4.5).

The data for Alligator are less extensive but show interesting parallels and contrasts
with the data for C, porosus (Table 6). The most significant shifts in urine composition
of feeding alligators exposed to fresh water, 5, 10, 15 and 2o %, salt water occur between
5 and 1o %,. Urinary K, Cl and uric acid all increase substantially between these
salinities (Lauren, 1985). Urine Na on the other hand shows its greatest increase
between fresh water and 5 %, but rises to much higher levels at all salinities than have
been reported for any of the Crocodylidae.
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4.5. Drinking
(a) Drinking in fresh water, SAL 1

The question of whether fresh water crocodilians replenish evaporative and excretory
water losses by drinking or absorption of water through the skin has been open to
dispute until recently. Cott (1961) suggested that basking Nile Crocodiles might absorb
water through the integument of their tails. Bentley & Schmidt-Nielsen (1965)
concluded that Caiman crocodilus absorbs 70 % of its net water uptake in fresh water
through its skin, However, Diefenbach (1973) questioned the validity of their phenol-
red technique used to determine rates of drinking. Cloudsley-Thompson (1968, 1969)
and Diefenbach (1973) concluded that integumental water uptake was negligible in C.
niloticus, However, neither of these studies incorporated adequate controls over
respiratory water loss and so were open to question.

‘Taplin (1982, 19845) established that C. porosus does drink substantial amounts of
fresh water (in the order of 12 ml/kg.day when frec-swimming and 5 ml/kg.day when
restrained) and absorbs only a relatively small amount through its post-cephalic
integument. The only other crocodilians in which drinking of fresh water has been
demonstrated to date are C. johnstoni (Taplin, Grigg & Beard, unpubl. obs.) and C.
acutus (Mazotti & Dunson, 1984). It seems likely that all of the crocodilians drink more
or less copious amounts of fresh water. Nevertheless, other crocodilians may yet be
found to absorb significant amounts of water through their skin. Drinking rates in the
fresh water turtles, Trionyx spiniferus and Chrysemys picta, differ by an order of
magnitude, reflecting markedly different integumentary water permeabilities (Bentley
& Schmidt-Nielsen, 1970; Taplin, 198458). It is quite possible that the integument of
Caiman crocodilus has a higher osmotic water permenbility than . porosus or €.
niloticus, thus accounting for a smaller contribution of drinking to net water influx. Data
on evaporative water loss from crocodilians support this possibility (Section 4.2).

(b) Drinking in saline water, SAL 4

C. porosus will not drink sea water even when dehydrated to a stage where death is
imminent (Taplin, 19844, 1985). It is believed dependent for osmoregulation in
SAL 4 or 5 habitats on access to adequate food supplies or, in the absence of food, on
periodic access to fresh or brackish drinking water. . porosus is regarded as a
facultative drinker of hypo-osmotic water, even at small sizes when it is most vulnerable
to water loss (Grigg et al., 1980; Taplin, 19844, 1985). The numerous observations of
C. porosus drinking fresh water from pools or hoses in farms and zoos (Taplin, 19845,
pers. obs.) are not inconsistent with this view. The field data point unequivocally to the
ability of hatchlings to survive and grow in sea water without access to drinking water.
C. porosus is thought to drink hypo-osmotic salt water but no direct tests have been
performed. Grigg (1981) argued from changes in urinary nitrogen excretion that C.
porosus in SAL 3 drinks brackish water on low tides. This hypothesis has received some
confirmation from work of Mazotti & Dunson (1984) on C, acutus in simulated SAL
3 conditions. C. acutus does not drink sea water but, after dehydrating to 85-90 % of
initial BW, will readily drink fresh water and hypoosmotic salt water. None of the
animals tested drank at 35 or 27 %, and only a few drank at salinities of 12-18 9%,. The
alligatorid Ca. crocodilus appears unable to discriminate salt from fresh water and suffers
severe hypernatraemia after drinking salt water (Bentley & Schmidt-Nielsen, 1965).
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glands (Owen, 1866; Ferdinand, 1884 ; Rose, 1893; Reese, 1915, 1925; Taguchi, 1920).
Their ultrastructure in C. porosus shows clearly their similarity to the salt glands of
other reptiles, with' the characteristically complex interdigitations of lateral cell
membranes, expanded intercellular spaces, abundant mitochondria, and extensive
network of blood vessels and unmyelinated nerve fibres (Fig. 2b).

Salt glands have now been found in all of the Crocodylinae examined to date; 7 of the
12 living species in all, including the unusual dwarf crocodile, Osteolaemus tetraspis
(Taplin, Grigg & Beard, 1985). In all of these species, the glands were found capable
of secreting hyperosmotic NaCl, often at high rates, despite the fact that many of the
individuals tested had never been exposed to salt water (Table 7). In contrast, the two
Alligatoridae examined to date appear to lack the complex, highly lobulated glands of
high secretory capacity. Their glands are smaller and more numerous than those of the
Crocodylinae and contain relatively small numbers of loosely aggregated secretory
tubules with much wider lumina than those of C. porosus (Reese, 1915, 1925; Taguchi,
1920; Taplin et al. 1982; Taplin, 1982, unpubl. obs.). The glands appear incapable of
the high rates of hyperosmotic salt secretion seen among the Crocodylinae (Table 7 and
Taplin et al., 1982). Electron micrographs of principal secretory cells in Alligator reveal
marked differences from those of C. porosus, including a preponderance of rough
endoplasmic reticulum, Golgi bodies swollen with secretory products, abundant
electron-dense and more translucent secretory droplets and a smaller number of
mitochondria than in C. porosus (Fig. zc, d) (Taplin, 1982). Among the other
crocodilians, the gharial, Gavialis, has only a few, very small and relatively simple
glands along the anterior margin of the tongue (Taplin, 1982, unpubl. obs.). These
appear to have minimal secretory capacity (Table 7) and are unlikely to play any
significant role in salt excretion. The South American alligatorid, Paleosuchus trigonatus
reportedly lacks prominent lingual glands (G. C. Grigg and W, E, Magnusson, pers,
comm.) and is probably similar to Alligator and Ca. crocodilus. Tomistoma, on the other
hand, has prominent lingual glands with large excretory pores similar to those in
Crocodylus species (Taplin, unpubl. obs.). No opportunity has arisen to assess the
secretory characteristics of Tomistoma, so they may not be salt glands.

The number of lingual glands is very variable, both within and between species
(Table B). Alligator hus many small glands while the Crocodylinae tend to have smaller
numbers of very prominent glands. There is no obvious basis for the apparent division
of the genus Crocodylus into species such as C. porosus and C. johnstoni with small
numbers of glands and those such as C. palustris and C. cataphractus with considerably

Fig. 2. Lingual glands of crocodilians. (a) Vertical section through a single lingual gland of C. porosus
showing the compound, lobulated structure and the large excretory pore opening to the surface of the
tongue ( x 3o). (&) Electron micrograph of u principal secretory tubule from a lingunl gland of C. poresus,
The minute central duet (1) is lined with microvilli, Grossly expanded intercellulur spaces, extensively
interdigitated lateral cell membranes and abundant mitochondria are features comman to all reptilian salt
wlands. (¢, d) Principal tubular cells from lingual glands of Alligator mississipiensis from fresh water, The
cells are more rectangular than those of C. porasus and border a much wider tubular lumen (L). The cells
have luminal microvilli and strongly interdigitated laternl membranes but the intercellular spaces are not
dilated, Mucous secretory droplets fill the cytoplasm which is packed with rough endoplasmic reticulum
(ER) enclosing seeretory products, (Scale bar 2 um). Fig. 1a reproduced with permission from ‘Taplin
& CGirigy (1981).
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R l" ! E _i g i Table 8, Numbers of lingual glanfi pores opening to the surface of the tongue in
.g ! E :E i z i i ) various crocodilians
' '§ ! 2 E .E & g & §h E 3 "E 8 E N = number of animal ined. Taken from Taplin ef al. (1982). Reproduced with
i ‘E‘ a 'EL 5 E E i j 5 P .g permission of Surrey Beatty and Sons,
I -
: ‘g E g E z ,§ z N Xisx Range
;J : 'é 3 b i ﬁ b = E ¥ E 's Family Crocodylidae
‘ $ ] g g g ¥ 'g S uE Subfamily Crocodylinae
J _S j : g i A 3 ] é E H E g 3 g 3 Crocodylus porosus (Australis) 12 2041 22-3§
{ E‘ ] . 3 = g pomnu ("I‘hailmd) 4 2741 26—28
| oy =J o 6
{ ¥ s i U, S * N . * M oom O, n_-'i‘utn’nu_ |: ::: ; ::._.;.;
.g i C. nmwen{u 8 6246 34-83
? E ~§ e C. palustris it 5843 478
& ¥ Eaiml o e e C. cataphractus 1 93 -
5 .ﬁ 5 E I B R ; | i C. acutus No hard data but
| E & :B_ £ § a ? g - similar to C. porosus
Bl
Il = o C. moreleti® e
i P i ez o:or ; ; Onteolaemus ttraspi P s
8 § i = = g -‘1-‘! ﬁ -:! -:_-1 E. | in | -E Subfamily Tomistominae
{ g 3 E 2E i BN Tomistoma schlegelii 1 39 -
| J £ 8 E Family Alligatoridac
| E g 'g ; il Alligator mississippiensis 4 Some hundreds
| 2 SR R TN ) et H Family Gavialidae
| I g -s g s § E E :.;: '&'I =y E g < g | E Gavialis gangeticus 8 2642 2a-36
| = .§ g s SR AN T § - * M. Lazeano-Barrero, pers. comm,
E g E Z ] 4 &
, ki 4 s Sopl TR il b ;
1 g E a : E i g b .,i, 5 2 3 | . more, Gland number appears not to correlate either intra- or inter-specifically with the
1 3 3 ﬁ ;_ E2 & B 3 E sccretory capacity of the lingual glands. Nor is there evidence of ontogenetic changes
; .s Erl i 7 in the number of lingual glands (Taplin, 1982, unpubl, obs.). The inverse weight-
| = g E L= depende.nce of secretory capacity in C. porosus (Taplin, 1985) probably reflects
g, i 28,2 o P o . ur & allometric changes in the overall glandular mass relative to body size.
.g 4 d g :.8'_ A4 0% § ',*.5 ; 5 -E‘ Onl?' in C. porosus has the role of the lingual glands in osmoregulation been
: g _E E - g TR e ;, in ! 2 u"“"ﬁf‘d- The glands play a major role in maintenance of sodium balance in sea water,
I 3 & g accounting for over go % of the Na excreted by unfed animals (Taplin, 198s), and
| s E g aving thel capacity to excrete the entire Na load encountered by actively feeding
L .g -? S R rocodiles in the wild (Grigg et al., 1986). The secretions consist almost entirely of Na,
ga ‘E,.' 33 .I"-": -Eli E .t - ) $ e b ? b ; and Cl at concentrations 3:5-5' times their plasma levels (Taplin & Grigg, 1981).
£ j E._ ,53 $hised 5 E 22 ¥ ‘Both the concentration and the rate of sccretion are a function of body size (Taplin,
! 2 2 1985). Wslgh: sp?ciﬁc secretory rates are highest in hatchlings in which Na influxes
> s .E g I'On"l feeding and mfegumentn[ uptake can be expected to be highest. This allometry is
3 > ‘g an important consideration in intra- or inter-specific comparisons of salt gland
B ¥ E = : g 8 punction; secretory rate, expressed in the commonly used units of pmol/1e0 g.h, is
s i 3 g 2 _g E E s g four times higher in a 100 g hatchling than in a 10 kg juvenile.
3 j 4 .g. g _s 5 _i 8 % § % _E :E 5 g 2 E The osmoregu!n_tory signiﬁcnn(?e of the salt glands in the only other predominantly
8‘ & h 25 c: 4 ¢ g'i £ gg 't water crpcodﬂmn, C. acutus, is not so clear. Secretory rates and concentrations in
T RS animals acclimated to fresh water are almost identical to those in C. porosus (Table 7).
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C. johnstoni, Limmen Bight River
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Fig. 3. Sodium secretion rate from methacholine-stimulated lingual glands of C. joknstoni and ., porosus
from estuarine and permanent fresh-water habitats. Secretory rate scales with body weight®” in €. porosus
(Taplin, 1985); €. johnstoni from both fresh water (SAL 1) and saline water (SAL 2-4) on the Limmen
Bight River have similar secretory rates, markedly higher than €. jelmstons from inland fresh-water
habitats. (Reproduced with perminsion of Surrey Beatty and Sons from Taplin, Grigg & Beard (1985).

For C. acutus, however, the data from field and laboratory studies do not presently
support a significant secretory role for the glands in sea water. While €. acutus has
similar plasma and urine characteristics to C. porosus (Section 3.1), indicative of low
urinary Na output, measured rates of gross Na efflux in sea water are only about one
tenth of those in C. porosus and more comparable with efluxes from fresh-water reptiles
(Evans & Ellis, 1977; Taplin, 1982, 1985; Dunson, 1982). The low efflux rates are
difficult to reconcile with actively functioning lingual salt glands. It should be noted,
however, that no tests of Na efflux or salt gland function appear to have been carried
out on C, acutus freshly captured from SAL 4 habitats in the field, The animals used
have all been of more or less uncertain geographic origin, purchased from crocodile
farms (Evans & Ellis, 197%7; Dunson, 1982). In contrast, definitive experiments on C.
porosus were carried out within days of capture on animals freshly taken from
intensively studied populations in SAL 4 habitats (Taplin, 1982, 1985).

C. johnstoni is the only other crocodilian for which there is any evidence regarding the
role of the lingual glands in maintaining Na balance. C. johnstoni from inland fresh water
habitats have lingual glands of very low secretory capacity (Table 7). Animals from a
small salt water population (SAL 1-4) produced secretions as concentrated as C.
porosus from SAL 4 and at rates 8 times higher than C. johnstoni from inland fresh water
(Fig. 3) (Taplin et al., 1985). There was no evidence of severe Na or water imbalance
in salt water and urinary Na concentrations were low (Grigg, Taplin & Beard, unpubl.
obs.). No quantitative Na and water budgets are available for these animals but there
can be little doubt that the lingual glands play an important role in osmoregulation.

Little evidence is available regarding changes in the size, structure or function of the
lingual glands with ambient salinity. C. porosus from seasonally fresh water (SAL 1)

H,0: Nil =
FW  Na: 0:02 (1%)
ahalle H;0: 43 (13%)
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Integument
SW  Na: 36 (20%)
H,0: 240 (100%)
FW  Na: 178 (99%)
Drinking
SW  Na: Nil Ha0: 287 (87%)

Na: 15:4 (80%)
H0: 7

Na: Nil
H,0: il
Na: Nil
Imtegument Closcas H,0: Nil
SW Na: 02 (1%) 5W  Na: 04 (2%)

H,0: 255 (81%) H;0: 8 (3%)
FW  Na:2:16(80%) FW  Na: 024 (10%)

H;0: 280 (97 %) H,0: 8 (3%)

Salt glands
SW  Na: 105 (56%)
Hy0: 17 (6%)

Fig. 4. Sodium und water budgets of a fasted C. porosus of nominal 250 g body weight in sea water and
in fresh water at 25 °C. Sodium and water fluxes are expressed in units of gmol/1c0 g.h and #l/100 g.h

pectively and as | ges of the total fAlux, [ tal exchange for major fractions of
both sodium and water fluxes, In sea water, much of the exchange appears to take place across cephalic
epithelin. The lingual salt glands excrete some §59% of the total sodium efflux and over 95°% of the
combined renal/cloacal and extrarenal excretion. In fresh water, cephalic and lingual gland contributions
to the low sodium fluxes have not been separated from integumental exchange. Reproduced with
permission from Taplin (198s).

have size-adjusted secretory rates about 50 9%, of those in SAL 4 conditions (Taplin et
al., 1985), suggesting some de-differentiation of the gland in fresh water. There is no
evidence to suggest, however, that the glands of Crocodylinae will regress to the
condition seen in Alligator or, conversely, that alligatorid lingual glands are capable of
massive acclimatory change to become functional salt glands in saline water.
Nevertheless, a comparative study of the lingual glands of both Alligator and Ca.
crocodilus from fresh and saline (preferably SAL 4) habitats would be invaluable in
determining the extent of glandular differentiation possible in the Alligatoridae.

5. SYNTHESIS
The consideration of salt glands concludes the assessments of the separate elements
of osmoregulation. These are now brought together to develop a more integrated view
of osmoregulation in fresh and saline waters,

5.1. Osmoregulation in salt water
(a) SAL 4

The only crocodilian for which a detailed sodium and water budget has been
constructed is C. porosus (Taplin, 1985). As this is the most detailed information
available on any crocodilian and among the most detailed for any aquatic reptile, it
serves as a useful model against which the data for other species can be compared.
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Fig. 5. Rates of weight loss in sea water in C. porasus at 25 °C (after Tuplin, 1985 -~ @) und €. acutuy at
30 °C (after Mazotti & Dunson, 1984 ~ A; and Ellis, 1981 -~ l). "The mujority of the weight loss is
attributable to water loss. The regression line plotted for C. parosus is given by; Weight loss (g/d) =
ool x Body weight (g)**!, the rate of loss scaling with surface area. “There is little 1o suggest markedly
different tates of loss between the two species or any marked difference between hatchlings and lurger
crocodiles which is not simply a function of sealing of water loss with surfuce area.

The unfed Estuarine Crocodile in sea water is in Na balance but not in water balance
(Fig. 4). Na is gained across the cephalic and post-cephalic integument but not
significantly via the cloaca. It is excreted almost entirely by the lingual glands; urinary
and faecal losses account for only 2% of the total exchange. Water is exchanged
primarily across the integument. None is gained by drinking and very little is lost by
urination. Net water loss in sea water is substantial and markedly weight-dependent
(Fig. 5). Water loss is split roughly 50: 50 between direct integumental losses and losses
in salt gland secretion necessary to excrete the net integumental Na uptake. Continued
water loss leads inexorably to dehydration, increasing plasma Na concentrations and
eventual death when about 30 %, of the TBW has been lost.

Homeostasis of C. porosus in SAL 4 conditions is achieved normally by feeding; the
crocodile is a facultative but not an obligate drinker of fresh water under natural
conditions (Grigg et al., 1980; Taplin, 19844, b). There is some question as to the
ability of freshly hatched crocodiles of 70-100 g BW to osmoregulate in SAL 4
conditions, However, hatchlings as small as 140 g BW are tolerant of salinities in excess
of 60 %, (Taplin, 1984a) so it seems likely that smaller crocodiles might be equalls
competent in lower salinities. This possibility should be tested on one of the relatively
few nests laid down in hypersaline (SAL 5) river systems. Hatchlings from such nests
are likely to emerge into high salinities during the early dry season in areas where hypo-
osmotic drinking water is unavailable.
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Table 9. Unidirectional sodium flux rates from crocodilians in fresh and saline water

N efflux Na influx
Conditions* (pmol/100 g.h) (pmol/i00 g.h) Reference
Crocodylus porosus FW 30 't s
1 sw 19'0 188 Taplin (1985)

. acutuy FW 25 - .

SW (25%) o6 e Evans & Ellis (1977)

sw oB-38 my Mazowti & Dunson (1984)

sw 23 1 Dunson (1982)
C. johnstoni FwW 24 - Taplin (1982 and unpubl. obs.)
Alligator FW 39 — Ellis & Evans (1984)

mississippiensis SwW 108 Mazotti & Dunson (1984)

* FW, fresh water; SW, sea water,

The data for C. acutus in SAL 4 conditions are less detailed than those for C, porosus
but show numerous parallels and some contrasts, Plasma electrolyte concentrations in
(. acutus are, overall, similar to those of C. porosus, except in the case of some newly
hatched animals with low plasma Na levels (Table 2), Concentrations of Na and K in
the cloacal urine of freshly caught SAL 4 animals are very similar to those of C. porosus
('T'able 6), ns are the Na and K contents of urine solids (Dunson, 1982). Gross rates of
water loss in the two species are quite similar given the differences in experimental
conditions (Fig. 5). Three of the data points for C. acutus appear anomalously low or
high for reasons that are not clear. There is little in the data to suggest that newly
hatched €. acutus are fundamentally different from larger animals in ways that are not
simply the result of isometric scaling of water loss with surface area. Weight losses in
the smallest . acutus tested lie very close to the extrapolated line for C. porosus, apart
from a single animal showing inordinately high loss. Taplin (1985) showed that net
Cwater loss in €. porosus scales with BW", the saume exponent as for surface area
(Dunson, 1982), Unidirectional water effluxes from hatchling C. acutus (260-520 g
BW) in sea water are of the same order as efflux from C. porosus (Mazotti & Dunson,
| 1984; Taplin, 1985). In addition to these similarities, the concentration and secretory
rate of lingual glands secretions in €. acutus from fresh water are essentially identical
to those of (', porosus from fresh water (Table 7) (Taplin et al., 1982). No tests have
been made of the secretory rate of lingual glands in C. acutus from SAL 4 conditions,
but the glands of C. porosus show a two-fold increase in secretory capacity in SAL 4
relative to SAL 1 (Fig. 3) (Taplin et al., 1985).

Only in the case of unidirectional Na fluxes are there substantial differences in the
reported physiological characteristics of C. acutus and C. porosus. Na efflux rates
measured from C. acutus in sea water are an order of magnitude lower than those in C.
porosus and more comparable with eflux rates in crocodilians from fresh water (Table
). Na influx rates are an order of magnitude higher in C, acutus and, incidentally, A.
mississippiensis than in C. poresus (Mazotti & Dunson, 1984). The data showing
exceedingly low efflux rates in €. acutus in sea water and a large excess of Na influx over
fllux have been used to argue the case for a significant difference in osmoregulatory
trategy between C. porosus and C. acutus. The latter is thought to lack functional salt
lands and to rely primarily on behavioural avoidance of highly saline water or
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osmotically stressful environments, on drinking fresh or brackish water and on rapid
growth to a size at which osmoregulatory problems are minimized (Dunson, 1982;
Mazotti & Dunson, 1984; Mazotti et al., 1986). However, there are some problems in
interpretation of the C. acutus data which have not been addressed previously.

Firstly, the determinations of Na effluxes in sea water have all been carried out on
animals of more or less indeterminate origin, purchased from farms where they were
doubtless reared in fresh water. It would be unwise to dismiss the possibility of
significant differences in Na efflux or lingual gland secretory capacity between captive
fresh-water animals and free-living SAL 4 animals, or between different natural
populations of the one species. Indeed, evidence from salt- and fresh-water populations
of C. johnstoni (Taplin et al., 1985; Taplin, unpubl. obs.) suggests that physiological
differences between populations can be substantial. This caution applies also to the
evidence that C. acutus is unable to maintain body weight when fed in sea water unless
brackish water is available (Dunson, 1982; Mazotti & Dunson, 1984).

Secondly, the high values for Na influx in C. acutus and Alligator may be more a
reflection of the technique used than of the normal state of affairs in these animals.
Taplin (1982, 1985) applied similar techniques to determination of Na influx in C.
porosus and found extraordinarily high influx rates of 43 gmol/100 g.h over 115 hin sea
water. The high influxes were attributed to inadvertent swallowing of sea water by the
animals during periodic removal and return to the experimental chambers. That the
data in no way reflect the usual condition of C. porosus is apparent from the close
balancing of influx and efflux in free-swimming crocodiles (determined by measuring
effiux, influx and net flux simultaneously in a single experiment) and the lack of any
evidence of severe disturbance of Na balance which cannot be accounted for by water
loss alone (Taplin, 1985).

Thirdly, the hypothesis that rapid growth to n more salt tolerant size is a critical
specialization of C. acutus to life in salt water (Mazotti & Dunson, 1984) is interesting
but should not be accepted uncritically. The data available are simply inadequate to test
the hypothesis. Growth rates in the field are subject to many influences, none of which
has been controlled for in the comparisons referred to by Mazotti (1983) and Mazotti
et al. (1986). The contention that the relatively low growth rates in C. porosus reported
by Grigg et al. (1980) are indicative of substantial stress in high salinities takes no
account of seasonal influences on growth rates which may be quite independent of
salinity, The problem of determining the influence of salinity on condition from field
data for C. porosus is addressed in detail by Taplin (1984 a).

(b) SAL 2 and 3

The osmoregulatory strategies employed by crocodiles with permanent or periodic
access to hypoosmotic salt water appear to be more similar to those of SAL 1 animals
than SAL 4 animals. There have been virtually no quantitative measurements of the
various components of sodium and water budgets in SAL 2 and 3 habitats. Qualitative
evidence suggests that drinking of hypoosmotic salt water and subsequent excretion of
Na by renal or extra-renal routes contributes substantially to water balance. The
opportunity to osmoregulate by drinking apparently reduces water balance problems
markedly ; evidenced by the persistence of NH, as the dominant nitrogenous excretory
product from SAL 1—3 conditions (Grigg, 1981). The urinary system appears to play
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Table 10, Effective half-lives for **Na effux from aguatic reptiles in fresh water.
Cited as mean + standard ervor (N) or as ranges

Body weight Half-life
(g) (days) Reference
Crocodylus porosus 330-082 754116 (5) Taplin (1982)
C. acutus 54-68 sott1(6) Evans & Ellis (1977)
C. johnstoni 46-51 72+10(3) Taplin (unpubl, obs.)
Alligator 32-72 4216 (16) Ellis & Evans (1984)
mississipprensis
Trionyx spiniferus 17-29 179+22(6) Dunson (1979)
Pseudemys scripta 72 200-540 Dunson (1967)
Caretta caretta Hatchlings 240-1110  Evana (1973)
Chelonia mydas 25-100 48+7(33) [Kooistra & Evana (1976)

a major role in Na and K excretion in alligators in hypoosmotic salt water, Extra-renal
excretion of Na and renal excretion of K appear to predominate in C. porosus from
SAL 2-3, given the low Na and high K content of the urine. Evidence for renal or extra-
renal Na excretion in C. acutus is equivocal at present and unlikely to be clarified
without recourse to more detailed analyses of Na and water budgets.

5.2. Osmoregulation in fresh water, SAL 1

The only approximation to a Na and water budget for a crocodilian in fresh water is
that of Taplin (1982) for C. poresus (Fig. 4). The Estuarine Crocodile is unable to
maintain Na balance when unfed in fresh water, despite evidence of some capacity for
active uptake of Na, The vast majority of the Na exchange is integumental, The small
net Na loss across the integument, 0'38 umol/100 g.h, is comparable to the urinary loss
of 0'24 gmol/roo g.h. The overall Na loss would be readily compensated by feeding.
For example, a 200 g hatchling would lose 144 gmol Na/100 g.day, which could be

replaced in 0’6 g w. wt of food with a Na content of 50 gmol/g w. wt. This intake is only

one-third of the amount required to satisfy energetic requirements at the resting
metabolic rate predicted from equations of Bennett and Dawson (1976), given an
energy content in food of 20 keal/g w. wt, (Driver, 1981). Water fluxes in SAL 1 are
very similar in magnitude to those in SAL 4 and, once again, integumental exchange
dominates the budget. The small net influx across the integument is insufficient to
compensate for urinary losses which are, presumably, obligatory. Water balance is

‘achieved by drinking.

Interestingly, there is nothing in the data available to suggest that the euryhaline C.
porosus is less well adapted to life in fresh water than other crocodilians. Urinary Na
losses are similar in C. porosus, C. johnstoni and A. mississippiensis. None is known to
have any remarkable capacity for active uptake of Na. The effective half-life for Na

turnover is similar in the four species tested to date, but is perhaps more rapid in 4.

mississippiensis than in the crocodylines (Table 10). It is not clear whether differences
in integumental water permeability or urination rate in Ca. crocodilus [Section 4.4.(a)]
are unreliable estimates or reflect a greater degree of adaptation to a fresh-water
existence,

The higher rates of Na turnover (Table 10) and poorer ability to absorb Na from
dilute media suggest that the crocodilians are less well adapted than some fresh water
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turtles for hyperosmotic osmoregulation. It is surprising, therefore, that published data
on urinary Na losses in the turtles point in quite the opposite direction. Dunson (1979)
estimated urinary and faecal Na loss in the soft shell turtle, Tvionyx, at 1'2 umol/
100 g.h. Measurements of urine flow and Na concentration in the same species give a
value of 3'6 gmol/100 g.h. (Dantzler & Schmidt-Nielsen, 1966; Bentley & Schmidt-
Nielsen, 1970; Seidel, 1975). Both values are an order of magnitude higher than in
crocodilians. Trionyx is also reported to void urine containing 2o mmol Na/l (Scidel,
1975), four times higher than is typical of crocodilians and other turtles (Bentley et al.,
1967; Trobec & Stanley, 1971). The turtle Chrysemys picta has a urination rate 2—3
times as high as crocodilians (Dantzler & Schmidt-Nielsen, 1966). The high urinary
losses of these fresh-water specialist turtles are surprising and may, like those of Ca.

crocodilus, be an abnormal response to cloacal cannulation. As with so many aspects of

osmoregulation, the validity of these flow measurements is difficult to assess in the
absence of detailed Na and water budgets. Integrated stucdies of the partitioning of salt
and water fluxes are an urgent need for fresh-water reptiles if experimental artifact is
to be distinguished from true physiological function.

5.3. Feeding and osmoregulation

While feeding is ultimately an important factor in maintenance of salt and water
balance in any habitat, it appears to be a major proximate factor affecting
osmoregulation and survival of at least one salt water crocodilian, C. porosus. Thus an
understanding of the quantitative contribution of food intake to electrolyte and water
balance budgets will be crucial to a proper understanding of this species’ osmo-
regulatory capabilities, The majority of laboratory studies of crocodilian osmo-
regulation reported to date have concentrated on fasting animals, Part of the reason for
the dearth of studies on feeding crocodilians has been the difficulty of maintaining them
in salt water in the laboratory, especially as hatchlings. This difficulty does not
necessarily reflect on their physiological capabilities as they are not the easiest animals
to maintain in the laboratory at the best of times, even in fresh water. In our own work
in Australia we have tended to shy away from the somewhat equivocal answers which
can derive from work on laboratory-reared animals and have concentrated on the
analysis of what might be termed ‘natural experiments’. From this has derived a clear
demonstration of the importance of feeding and facultative drinking for C. porosus
across a range of sizes, A similar approach has been taken to the analysis of lingual gland
function and salinity tolerance in C. johnstoni (Taplin, Grigg & Beard, 1985, unpubl.
obs.). Extension of these field studies to quantitative measurements of sodium and
water budgets in free-ranging C. porosus have proven both fruitful and frustrating.
Valuable data on turnover rates are now available for actively feeding C. porosus in
hyperosmotic salt water but integration of these data with complementary laboratory
studies has proven difficult.

In a study of 62 C. porosus from SAL 2 and SAL 4 habitats, Grigg et al. (1986)
measured Na and water fluxes over a 7-18-day period. The results are summarized in
Fig. 6. Hatchlings and larger crocodiles in this study apparently responded differently
to experimental disturbance; the hatchlings feeding and growing, the larger crocodiles
losing weight in both salinity regimes and dehydrating in SAL 4. The weight loss and

dehydration were attributed to partial or complete inhibition of feeding in the larger
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Hatchlings
Brackish Marine
(Feading apparently uraffected by handling]
Feeding and Feeding but
drinking; not drinking;
growing growing

lonic and osmotic homeostasis;
gaining weight
(tissue gain}

lonic and osmotic homeostasis;
gaining weight
(tissue gain)

Water efflux: 160 == _50% === 8O ml (kg"** day)"!
Sodium efflux: 44 == +70% === 75 mmol (kg®** day)~'
Juveniles and sub-adults
Brackish Marine

{Feeding tly inhibited by handling)
Not feeding (?) Not feeding (?) and
but drinking; not drinking;

waeight loss weight loss

lonic and osmotic homeostasis;
losing weight
(tissue lass)

Dehydrating;
losing waeight
(tissue + watar loss)

Water offlux: 100 === —40% === 78 m| (kg®*" day)™'
Sodium efflux: 36 c== +40% ==3> 5-0 mmol (kg"* day)"'

Fig. 6. Summary model of Grigg et al.'s (1986) interpretation of Na and water fluxes in free-living C.
paresiy in hyperosmotie (' marine ') and hypo-osmaotic (* brackish ') sections of an estunry, Actively feeding
juveniles and adults, as well as hatchlings, are able to maintain plasma hor is in hyperosmotic
conditions as long as there is adequate food intake (Grigg et al., 1980; Grigg, 1981; Taplin, 1984a).
Hence, the weight loss of juveniles and subadults is thought to be an artifact, the result of feeding being
partially or completely inhibited following capture, handling and release during the study, Reproduced
with permission from Grigg ef al. (1986).
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animals, Nevertheless, feeding or not, C. porosus can effect a considerable reduction in
water ‘turnover in gea water (Fig. 6). Given the lack of evidence for changes in
diffusional water permeability (Section 4.2) it seems that this reduction is related to
lower drinking and urination rates in SAL 4. This is cc 1t with evid of marked
changes in drinking behaviour and mode of nitrogen excretion between hypo- and
hyper-osmotic conditions (Sections 4.4 and 4.5). Though the field data are qualitatively
consistent with the model of osmoregulation developed for C. porosus, quantitative
consistency was not achieved. Na and water fluxes measured in the lab are 30-50%
lower than the field data for apparently fasting crocodiles would predict (Grigg et al.,
1986). There is room for caution in extrapolation from laboratory to field even when
data from both sources are available,

In the laboratory, C. acutus and A, mississippiensis have been found reluctant to feed
in simulated SAL 4 conditions (Dunson, 1082 ; Lauren, 1985). Alligators in fresh water
or 5%, salt fed readily but stopped feeding in the first week after transfer to
hyperosmotic salt water (Lauren, 1985). C. acutus fed and gained weight most rapidly
in 10 %,, gained weight more slowly in 18 %,, and lost weight in 26 and 35 %, salt water
(Dunson, 1982). Occasional provision of hypo-osmotic drinking water in addition to
food was sufficient to reverse the loss of weight in sea water (Mazotti and Dunson,
1984). The estuarine terrapin, Malaclemys, shows some parallels to C. acutus (Dunson,
1985), Hatchling Malaclemys show a growth optimum near g %, salt water and appear
unable to thrive in sea water without access to hypo-osmotic salt water. No tests of

growth rates as a function of salinity have been attempted for C. porosus. Studies of |

natural populations of C, porosus provide little evidence of any effect of salinity on
growth rates of hatchlings (Webb et al., 1978; Magnusson & Taylor, 1981; Messel &

Vorlicek, 1984). However, none of these studies was designed specifically to test the |

effect of salinity per se and there are many confounding factors.
Further studies of salt and water budgets and growth rates of actively feeding
crocodiles across the salinity spectrum are needed to clarify our understanding of

crocodilian osmoregulation, Care needs to be taken that laboratory studies on animals !
from one geographical area are not extrapolated too readily to field studies on different |

populations. A greater integration of field and laboratory studies, perhaps making use

of the semi-natural facilities available at crocodile farms, will be necessary if unequivocal |

answers are to be found, It remains to be demonstrated that the increased body weight
of captive C, acutus in simulated SAL 3 conditions (Mazotti & Dunson, 1984) is not due

in part or in whole to gross disturbance of volume regulation, as has been observed in
C. johnstoni held unfed in SAL 2 conditions (Taplin, unpubl. obs.). While this seems
most unlikely from the data available, it is a hypothesis which could be tested readily
by simultaneous measurement of osmotic and ionic homeostasis with growth rates. =

Comparative studies of C. acutus and A. mississippiensis should focus on those

osmoregulatory mechanisms which appear most likely to differ between the two |
species; renal function and extra-renal salt excretion. Superficial similarities of =
osmoregulatory capability may mask quite fundamental differences in strategy. A ‘
concentration of effort on osmoregulation and feeding could also clarify the inter- |
relationships between nitrogen metabolism and electrolyte and water budgets. Nitrogen &
may well be a far more important osmolyte than Na, K or Cl (Nagy & Shoemaker, £

1977; Taplin, 1982). Much information is available on nitrogen excretion in Alligator
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. and its role in Na and water conservation (Coulson & Hernandez, 1964, 1970, 1983;
. Shoemaker & Nagy, 1977). However, the apparent differences in renal and extra-renal

Na excretion betwéen Alligator and some or all of the Crocodylinae call into question

| the applicability of the Alligator model to all crocodilians.

One further aspect of feeding and osmoregulation in crocodilians deserves some
attention. It has been suggested that vulnerable small crocodiles might select food items
of relatively low Na and high water content as a form of behavioural osmoregulation
(Dunson, 1982; Taplin, 1982). Analysis of the salt and water content of food items has
provided no support for the hypothesis (Taplin, 1985). Nonetheless, the nitrogen
content of food may impose a considerably greater osmotic load on the excretory system
than do electrolytes such as Na (Shoemaker & Nagy, 1977). In the absence of
information on nitrogen, salt, and water balance in feeding animals it would be
premature to conclude that the estuarine/marine crocodiles are not selecting prey
which allows them to minimize net excretory water loss.

6. EVOLUTIONARY ASPECTS OF CROCODILIAN OSMOREGULATION

The modern crocodilians have traditionally been regarded as a fresh water stock, one
or two species of which have made inroads into estuarine but not truly marine
environments. Recently, however, Densmore & Dessauer (1982) and Taplin (1982)
have proposed independently that some or all of the extant Crocodylinae might be
derived from sea-going ancestors. Densmore and Dessauer based their hypothesis on
the remarkably small biochemical differences they found among crocodyline blood
proteins, which indicated a post-Pliocene radiation of the group and, hence, dispersal
across substantial oceanic barriers (Densmore, 1983). Taplin, on the other hand, was
attempting to explain the occurrence of salt glands in all of the Crocodylinae and their
bsence from alligatorids. The biochemical and physiological lines of evidence are
remarkably concordant and have been combined to generate a scenario for eusuchian
evolution which is markedly different from the traditional view (Taplin, 1984¢; Taplin
et al., 1985). The living Crocodylinae are considered to be derived quite recently from
some sea-going ancestor(s) with physiological characteristics comparable to those of C.

porosus, which has the ability to disperse through and colonize island archipelagos. The
Alligatoridae are regarded as an essentially fresh-water stock, lacking lingual salt

glands, which have been largely restricted throughout their history to fresh-water

. environments and, hence, the major continental land masses. It might be noted that
only a single major oceanic crossing via the Atlantic or Pacific oceans is required to
explain the present circumtropical distribution of the Crocodylinae. The African, Indo-

Asian and Australasian distributions are all explicable through relatively short coastal

| or marine movements,

It will be important to the further development and testing of these ideas that there

be no confusion over the relevance of physiological studies to the proposed scheme. For
example, contrary to Densmore’s (1983) suggestion, the existence of salt glands in C.
Porosus is not particularly crucial in establishing that substantial marine excursions by
| crocodiles might have occurred. The zoogeographical hypothesis put forward requires
only Fhat some ancestral crocodile(s) have the capacity to cross oceanic barriers, to
FU[OI‘I-]ZC estuarine and, subsequently, fresh water habitats, and to develop reproductive
' isolating mechanisms during geographic isolation from the parent stock. The
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dispersive abilities of C. porosus are amply demonstrated by its occurrence throughout
Indo- and Austral-Asia and this species is known to be capable of colonizing and
reproducing in inland fresh-water habitats ("T'aplin, 1984 a). The presence of salt glands
serves only to explain some of the physiological basis for this dispersive and colonizing
ability, More significant from the zoogeographical point of view are the observations
that €., porosus is very flexible in the habitats it can live and breed in, that hatchling C.
porosus are extremely euryhaline (Taplin, 1984.4), that C. porosus is not obviously a less
efficient osmoregulator in fresh water than other crocodilians (Taplin, 1982) (Section
§.2), and that salt glands have been found in all of the ‘fresh-water’ Crocodylinae
examined to date and in none of the Alligatoridae (Taplin et al., 1982) (Section 4.7).
The first two findings suggest that at least one crocodilian has physiological capabilities
which equip it to invade and successfully colonize both coastal and inland environments.
The third finding provides a sound basis for questioning the immediate fresh water
origins of many or all of the Crocodylinae,

A reinvasion of fresh water by estuarine/marine crocodilians is somewhat contrary to
the argument of Dunson (1986) that reinvasion by more specialized or highly derived
estuarine/marine species (of turtles) is unlikely because of their competitive
disadvantage in fresh water. The nature of this ‘competitive disadvantage' deriving
from physiological specialization for an estuarine existence is not clear. Nor am 1 aware
of any hard evidence demonstrating the role of competition in structuring guilds of any
aquatic reptiles. In any case, invoking competition as a factor preventing estuarine-
freshwater transitions is of limited heuristic value. Any observed oceurrence of derived
fresh water taxa among basically marine stocks can be explained away superficially as
having originated at a time when competitors were not present. Given that fresh water
derivatives are common among marine taxa as diverse as crustaceans, gastropods,
elasmobranchs, teleosts, cetaceans and sirenians (Darlington, 1957; Potts & Parry,
1964 ; Domning, 1982; Gaskin, 1982), it would hardly be surprising to find examples
among the aquatic reptiles.

7. CONCLUSIONS
The preceding analysis has revealed many aspects of crocodilian osmoregulation of
which we are largely ignorant — hardly a surprising fact given the dearth of workers in
the field. Recapping on some of the deficiencies outlined earlier, we need information
about the following major areas.

= The oceurrence of crocodilians in saline habitats, the salinity regimes they encounter
and their patterns of plasma and urine composition as a function of salinity and body
size.

~The physiology of aestivation in crocodilians, with particular reference to the
function of lingual salt glands in regulation of salt and water balance.

= The osmoregulatory capabilities of neonatal crocodilians and the significance of low
sodium levels in embryos and neonates.

~ Drinking strategies of crocodilians in salt and fresh waters and their relationship to
integumentary water and sodium permeabilities.

= Renal and cloacal function in fresh- and salt-water populations with particular regard
to the relationship between sodium and water reabsorption and nitrogen excretion.
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- Lingual gland function in fresh- and salt-water populations and acclimatory
responses of the glands to changes in the salinity regime.

- Neurocndolcrme control of salt gland excretion and its integration with regulation of
renal function,

In alll Pf thle above there is abundant opportunity for comparative studies of the major
Frocodlhan lineages, especially between the more common alligatorids and m'cu:odJ 1-
ines. Such comparisons should be pursued with vigour while we still have oppor:un?rt
to make _ﬂzem. The worldwide decline of crocodilians is proceeding apace and thz
opportunities to study important local populations are diminishing rapidly. Extensive
rather than lntcmi\‘m studies will be essential in the short term if we are u; d.evelop a
proper Emderatandung of the range of physiological capabilities present among the
crocodilians. Nowhere is this more true than for the salt water Caiman populations of
aouthcr.n apd central America which can provide crucial insights into hypoosmotic
regulation in the Alligatoridae and the hypothesis that stenohalinity in alligatorids h
had significant zoogeographical consequences (Section 6), "

'I“on:ether.with these extensive and often superficial investigations will need to 0
some intensive studies of osmoregulation in individual species. Once again howevfr
there will be profit in designing comparative studies in which ala.ndn.rdizec{
mcth?dologics allow more direct comparisons of results than have been possible in the
past. There is a need for determinations of complete sodium and water budgets for both
fresh- and salt-water crocodilians. Attempts to construct quantitative budgets provide
l_:y fm: the best opportunities for discriminating experimental artifact from phynic‘:lngical
function, yet there are few examples in the literature of aquatic reptiles, The extension
of budgetary studies to analyses of nitrogen budgets in fasted and feeding crocodilians
\\'(l\l]fl allow better assessments of the role of food intake in osmoregulation "l‘;:
ongoing development of the crocodile farming industry may well provide oppor!u.nitie:
to addrusa.thia problem. The existing farms are grappling with substantial husbandry
prnl':lema in trying to minimize disease and maximize production. The feasibility of
rearing various of the Crocodylinae in salt water has yet to be explored but offers 5:mt:i
opportunities for integration of pure and applied science. ¢

8. SUMMARY
r. ['he osmoregt.ilntory strategies of crocodilians in both saline and fresh-water
 environments are discussed and dissected into their separate components
- & Contr?atu between members of the Alligatoridae and the Crocodylinae emerge
r;.peated]y in aspects such as integumental permeabilities, functioning of the renal/
cloacal system, and the presence of lingual salt-secreting glands.
s 3. 7T heae. contrasts contribute to the view that the alligatorid and crocodyline stocks
m;d!::rc drw:r!;cn.:qthan has been suspected previously. In particular, thc;c is cogent
ce ob a significant marine phase in the evolution of t} i
) ‘ he Crocody
S rebriag Crocodylinae but not of
‘h:. The Physl?logic.al evidence to support this view of a very basic dichotomy among
' .tunuchlans' 18 reviewed in detail and avenues which would contribute most to its
Critical evaluation are identified.
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