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“Amphibians exhibit marked interspecific variations in geographic
distributions on a broad scale and in habitat preferences on a narrow
scale to the natural availability of water.”
Schmid (1969, p.135)

“…rain poured down
was a flood for the
frowning witheringly
The profuse jungle
rests”

as rain pours only in the tropics, and the prophecy
morrow. But when the time came … the sun was
upon us as though he intended to grill us offhand.
vegetation, rain-sprinkled, glittered like diamond

William J. Sowden (1882, p.33)

“..because of the great diversity of physical conditions which are available
in the terrestrial environment, an individual animal can exploit its
physiological capacities most fully by utilizing its behaviour to place itself
in those situations with which it can cope by physiological regulation, or
by restricting its period of exposure to intolerable physical conditions, so
that its limits of physiological tolerance are not exceeded in spite of its
inability to maintain an adequately steady state.”
Bartholomew (1964, p.10)

“..interruption of contact with moisture induces reabsorption of water
from the bladder at rates that balance evaporative water loss.”
Jorgensen (1997, p.224)

“the cardinal problems .. are basically the same whether an amphibian
inhabits xeric, semi-arid or arid habitats; the differences are solely a
matter of magnitude.”
Warburg (1997, p.vii)

“Thus the tissues of anuran Amphibia have a remarkable tolerance to
change in their osmotic concentration, a fact which undoubtedly prolongs
their survival in conditions where dehydration occurs.”
Bentley (1966a, p.621)
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Abstract
The osmolality and solute composition of body fluids, water exchange with the substrate,
role of the bladder, and response to seasonal water availability were examined in frogs
from monsoonal northern Australia. Using a technique involving temporary ligation, lymph
was more easily obtained from Rhinella marina than from Litoria caerulea and Cyclorana
australis. Lymph accumulation was more rapid in hydrated frogs or frogs with full bladders.
Differences between the osmolality of lymph and blood-plasma were insubstantial. On
semi-solid agar-solute substrates across a range of water potentials, the hygroscopic
cocoon of Cyclorana australis absorbed moisture. With the cocoon removed, water
exchange depended on the direction of the frog-substrate water potential difference. The
cocoon acts as a physical barrier that breaks the continuity between frog and substrate.

The mass of Cyclorana australis on moist soil was variable and the frogs absorbed water
from the soil. In the laboratory, frogs with access to water regularly replenished the bladder
store, and urine osmolality remained low. With no water available, the osmolality and urea
concentration of the bladder store increased, but water reabsorption modulated plasma
osmolality. In frogs with empty bladders, plasma and urine osmolality and urea
concentration increased with water loss. Models indicate that body size, bladder fluid, initial
osmolality and rates of water loss influence osmolality. Cyclorana australis burrowed in soilfilled pots during the dry season. After two days, excavated frogs in moist soil were fully
hydrated. As the soil dried, the frogs developed cocoons but retained bladder fluid. Plasma
and urine osmolality increased over time, urine osmolality approached plasma osmolality,
and urea was a major contributing osmolyte. The cocoon and bladder store ensure survival
of this burrowing species during prolonged dry periods. Rhinella marina collected in the late
dry season adopted water absorbing postures on moist soil. Water potential of the soil (-31
kPa) permitted cutaneous drinking. Plasma and urine osmolality indicated dehydration, and
differed from laboratory hydrated and active toads.
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Chapter One
General Introduction
Introduction
Amphibians, to satisfy the requirement of maintaining a moist skin surface at all times (Cox,
1967), require ready access to moisture, or if terrestrial, a means by which water can be
stored to offset evaporative losses (Shoemaker, 1987; Jorgensen, 1997a). Thus, they are
highly dependent on moisture and have comparatively rapid water turnover. In order for
anuran amphibians to remain in water balance, water inputs, by osmotic uptake
mechanisms primarily involving the hypervascularised ventral pelvic patch, must balance
evaporative water losses, which occur as a result of diffusion and convection of water from
the skin surface (Shoemaker et al., 1992; Jorgensen, 1997a; Bentley, 2002). Certain
solutes are periodically excreted in the urine, and solute exchange may also occur through
the skin (Bentley, 2002). To maintain internal fluid homeostasis, the concentration of
various solutes must be maintained within bounds; changes in concentration are influenced
by the volume of water in the body and in some cases increase by accumulation. Frogs are
relatively immune to fluctuations in body fluid osmolality that would severely debilitate most
endotherms, and homeostatic hydroregulatory mechanisms can be ʻput on holdʼ in the short
term (Feder, 1992), but the hydrated state must be reestablished at some point.

Various approaches have been adopted in the study of the relationship between the water
balance and dependence on the availability of moisture in the external environment. In
adjusting to a changing hydric environment, the first response is behavioural. Hence,
seasonal activity of frogs is invariably greater during wet or rainy seasons, as is the case in
monsoonal northern Australia (Lamotte, 1983; Martin and Freeland, 1988; Brown and
Shine, 2002; unpubl. data). With the advent of seasonally dry conditions, amphibians select
suitable microhabitats that reduce the risk of dehydration. Refugia include moist sites with
microclimates that reduce evaporative water loss and substrates that provide access to
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moisture (Stille, 1952; Dole, 1967; Seebacher and Alford, 2002; Reynolds, 2005; Wells,
2007). Ecological studies indicate that conditions of high moisture availability are suited to
activity in frogs, but leave open the question of the mechanism that drives this relationship.
Behavioural responses are integrated with physiological adjustment.

An ecophysiological approach aims to investigate ecological factors with detailed study of
the physiology of the organism as it relates to the physical environment (Jorgensen, 1983;
Bennett, 1987; Feder, 1992). This approach has been used to a limited extent in the
specific context of the physiological parameter most closely reflecting water balance status,
the osmolality of the body fluids. Osmolality, urea and ion concentration values for anurans
have been summarised by Deyrup (1964), Balinsky (1981), Warburg (1997), Bentley
(2002), and Hillman et al. (2009). Studies of body fluids of terrestrial and fossorial species
in an ecophysiological context (Ruibal et al. 1969; Shoemaker et al., 1969; McClanahan,
1967, 1972; Degani et al., 1984; Katz and Gabbay, 1986; Abe and Garcia, 1990; Hoffman
and Katz, 1991, 1997; Sinsch et al., 1992) have mostly been from the United States or
Israel and are based on a select few species (primarily Scaphiopus spp. and Bufo viridis).
Despite the diversity of seasonal and arid environments and range of species, there are a
limited number of studies from Africa (Drewes et al., 1977; Loveridge and Withers, 1981;
Schmuck and Linsenmair, 1997), and few from South America, although there are some
recent studies from Brazil (Navas et al. 2005; Prates and Navas, 2009; Titon et al. 2010).
Investigation of body fluid osmolality is a potentially productive research avenue, providing
information about a characteristic attribute of the organism that is relevant to ecological
distribution and behavioural responses to moisture.

Studies of osmolality and hydric relations of frogs from Australia are comparatively rare
(Roberts, 1990; Withers and Roberts, 1993; Booth, 2006; Cartledge et al., 2006a, 2006b,
2008), and all are of burrowing species from desert environments or the seasonal
(mediterranean) south-west of Western Australia. Clyne's 1968 study (of ion
concentrations) is the only study that is truly multi-species and thus provides a comparative
approach. There are no studies of the water relations or body fluid osmolality of frog
2

species from monsoonal northern Australia, hence the focus of this investigation on species
that survive in this highly seasonal environment (Ridpath, 1985).

As water is lost from the body by evaporation, the osmolality (total solute concentration) of
the plasma increases. Plasma osmolality is linked to the osmolality of fluid in the bladder,
but the relationship is complicated by the reabsorption of bladder water, and the preferential
accumulation of urea in the urine (Walker and Hudson, 1936; Bentley, 1966b; Hays, 1990;
Chapters 5 & 6). Each species has a threshold level of dehydration, which is reached as a
consequence of the inverse relationship between water loss and plasma osmolality
(Shoemaker, 1964; Hillman, 1978, 1980). Under conditions of water loss, and beyond a
certain level of heightened osmolality, physiological function degenerates, and the
likelihood of survival rapidly diminishes.

In this thesis, moisture availability has been determined by reference to soil and surface
moisture, and is discussed in regard to the ability of frogs to extract water as influenced by
substrate water potential. There is a marked development of extensive areas without
sources of (physiologically) available moisture in the monsoonal climate of northern
Australia during the dry season. In contrast, the wet season is characterised by significant
rainfall and widespread availability of moisture. Soil water potential varies in concert with
soil moisture content; however, in terms of the ability of frogs to utilise soil moisture, the soil
is effectively ʻwetʼ or ʻdryʼ. At substrate water potentials below the absorption threshold
(which is determined largely by pelvic patch plasma osmolality; Chapter 3), the frog cannot
obtain water from surrounding soil. I examine the link between the availability of water in
the environment, the osmolality of body fluids in frogs, and water balance, with particular
reference to the role of the bladder, the function of the cocoon, and the effect of water loss
on osmolality increase (osmoconcentration). I focus on three species that occur in
monsoonal northern Australia near Darwin; the native species Cyclorana australis and
Litoria caerulea (Hylidae: Pelodryadinae), and introduced Rhinella marina (Bufonidae).
Cyclorana australis is a cocooning species (Christian and Parry, 1997; Withers and
Thompson, 2000; Tracy et al., 2007) that utilises the bladder as a fluid reservoir.
3

Body compartments and exchanges
The major body compartments (Figure 1.1) comprise the intracellular fluid (ICF),
extracellular fluid (ECF), and bladder fluid (BF). The ECF includes blood-plasma, lymph,
and interstitial fractions. As a result of high endothelial permeability and comparatively rapid
lymph return in amphibians (Conklin, 1930b; Hillman et al., 2004), there is rapid exchange
between blood-plasma and lymph (Conklin, 1930a, 1935; Toews and Wentzell, 1995).
Solutes, including proteins, are exchanged between these fluids (Conklin, 1935; Reichel,
1970; Hillman et al., 1987, 2010) so that, although there is some variation with hydration
state (Hillyard and Larsen, 2001; Chapter 2), osmolality and solute composition are almost
identical (Walker, 1933; Ruibal, 1962b). Based on the similarity of these fluids in the
species studied (Chapter 2), and for convenience and to simplify terminology, fluid obtained
from the lymph sacs is termed plasma in this thesis (Chapters 3, 5, 6 & 7) .

evaporative water loss

kidney

BF

ICF
ECF (blood-lymphinterstitial)
(water + osmolytes)
water uptake (or loss)
Figure 1.1 Body fluid compartments and exchanges of water with the environment in a
terrestrial frog. Cutaneous water uptake occurs largely through the ventral pelvic patch and
EWL is from the (dorsal and lateral) skin not in contact with the substrate. Dotted lines
indicate water and solute exchange through selectively permeable barriers within the body.
Abbreviations: ICF = intracellular fluid; ECF = extracellular fluid; BF = bladder fluid.
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Plasma osmolality (osmotic concentration) is denoted as CP and CU is urine osmolality.
VP is the total plasma volume (ʻavailableʼ for exchange), and is comprised of several
components (by this definition 'plasma' is equivalent to extracellular fluid):
VP = VBP + VL + VI
where VBP is blood-plasma (intravascular) volume, and the extravascular space includes
both VL, the lymphatic space volume (an important component of the plasma; Chapter 2),
and VI, intercellular or interstitial fluid volume.

We can denote extracellular fluid volume as VECF and intracellular fluid volume as VICF. In
general, the osmolality of the ECF equals that of the ICF, however, solute composition and
the concentration of individual solutes differs (Lockwood, 1963). VECF is thought to be
maintained at the expense of VICF (Shoemaker, 1963, 1964), although in osmotically
challenging environments VICF (and osmolality of the ICF) may be compromised.
If VU is the volume of urine (bladder fluid), then
Total body mass (WF) = VU

+ VP

+ VICF

+ mass of solid components

The volume-osmolality relation assumes that (in a bladder-empty frog):
CP α 1 / (VP + VICF)
The implication is that evaporative water loss leads to loss in mass, which causes a direct
(curvilinear) increase in osmolality (Shoemaker, 1964; Alvarado, 1972; Hillman, 1978,
1982). This relation, and the role of the plasma and bladder fluid, is examined in Chapter 5.

Osmotic fluid and soil water exchange
In solutions that are sufficiently dilute (Van't Hoff, 1888), osmotic pressure (π) is related to
the (osmotic) concentration C, by the relation:
π = - CRT where R is the gas constant and T is absolute temperature
so, at constant temperature and pressure,
π = -kC

where k is a constant

hence, for example, at 20°C (293K), for π in kPa and C in mOsm, k = 2.435.
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Osmotic pressure is more negative (lower) at high solute concentrations. The rate of water
movement between two solutions separated by a semi-permeable membrane is related to
the osmotic potential, and hence water potential gradient (Papendick and Mulla, 1986;
Shoemaker et al., 1992). We can denote πP as plasma osmotic pressure and πU as urine
osmotic pressure.
ψS is soil water potential, a measure of the potential energy of water in soil (Slatyer, 1967;
Hanks and Ashcroft, 1980; Campbell and Norman, 1998), relative to a standard level:
ψW = the water potential of free surface water,
which is assumed to be zero.

If ψF is frog water potential, then it is assumed that ψF is equivalent to πP. Water passes
osmotically into the plasma (lymph and/or blood) as uptake occurs through the skin, hence
πP is the source of the water potential difference between the frog and the soil.

When ψS > ψF (i.e. soil ψ is less negative), water uptake is theoretically possible
(Shoemaker et al., 1992):

As πP increases, it increases the water potential gradient, which may enhance uptake rate.
In addition to (purely physical) osmotic considerations, water uptake rate is also dependent
on the conductance or permeability of the skin, blood flow to the pelvic patch, and
hormones (Roth, 1973; Bentley, 2002; Uchiyama and Konno, 2006). Hydraulic conductivity
of the soil is also important (Hillel, 1971; Ackerman, 1991) within the vicinity of the frogsubstrate contact area (Tracy, 1976).
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Soil water potential includes matric (ψm) and osmotic (ψo) components (Hillel, 1971;
Ackerman, 1991; Brady and Weil, 1999). (It also includes a gravitational component, but
this is negligible for a frog at or near the soil surface). Although the osmotic component is
not usually of significance in the soil environment, it is a factor in the semi-solid agar
osmoticum substrate used in the water exchange experiments (Chapter 3).

Equations for fluid exchange and water potential assume that the frog acts as a model
organism, strictly obeying physical properties of solute-solvent systems. Physiological
mechanisms may influence the rate at which fluid exchange occurs, by facilitating
movement of water and urea between compartments (e.g. bladder and plasma, plasma and
kidney), or passage of water from the environment to the frog (e.g. from the soil-water
system through the ventral skin).

Bladder function
Many terrestrial or fossorial species in seasonal or arid environments have a well
developed capacity to store bladder fluid (Jorgensen, 1997a; Bentley, 2002; Hillman et al.,
2009). This includes many bufonid, myobatrachid and pelobatid frogs (Ruibal, 1962a;
Warburg, 1997), but also Australian hylids (van Beurden, 1982; Chapters 5 & 6). Dilute fluid
produced by the kidney is transferred to the bladder for storage. Most of this reservoir of
fluid can be reabsorbed to sustain hydration. The bladder store allows the frog to be more
independent of water (Bentley, 1966a), and enhances survival during dry periods. Over
prolonged periods of water deprivation, urea accumulates in the bladder fluid and ultimately
this may affect the solute composition and concentration of plasma (McClanahan, 1972;
Cartledge et al., 2008; Bentley, 2002).

Jorgensen (1994a, 1994b, 1997a) has stressed that terrestrial species may be aided by
anticipatory cutaneous drinking, involving partial filling of the bladder. The bladder water
depot is reabsorbed to maintain a hydrated state on land, so that dehydration (referring to
dehydration of the body fluids as opposed to water loss per se) is largely avoided.
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In the case of reabsorption of water from the bladder, amphibians produce urine that is
initially very hypotonic to plasma, so that water may move osmotically from the initially
dilute bladder fluid to plasma until CU approaches CP. The kidney has a major role in water
and solute balance, but in amphibians the skin and bladder are also important (Warburg,
1997; Bentley, 2002). The term urine can be used for the fluid that is voided via the cloaca,
but because of the reabsorptive properties of the bladder of anurans, the term bladder fluid
may be more appropriate.

Osmolality and composition of body fluids
Based on studies of water balance in frogs (references in Garland et al., 1997; Warburg,
1997; McNab, 2002) and personal observations, hydrated levels for plasma of terrestrial
-1

-1

anuran species are less than 250 mOsm kg , and usually less than 230 mOsm kg when
full hydration is achieved. Plasma osmolality is usually lower in aquatic species (200-220
-1

mOsm kg ). The urine or bladder fluid osmolality of a hydrated frog is variable but should
-1

be less than 50 mOsm kg if the frog is properly hydrated (Chapter 4). As will be seen,
actual values often differ from these reference or baseline values, largely because it is
difficult to define precisely what 'hydrated' or 'normal' osmolality is for a terrestrial frog. This
is because of differences in technique when hydrating frogs (duration of hydration
procedure and access to or placement in water) and as a result of inherent variability
among individuals and within individuals depending on the physiological response to
environmental conditions. Aestivating frogs have elevated plasma and urine osmolality, but
-1

it is rare to see plasma values above 350 mOsm kg , and it is unusual for plasma to
-1

exceed 500 mOsm kg , at least in frogs that survive (Chapter 6 & 7).

Osmolality effectively summarises the aggregate concentration of chemical constituents
within the highly complex milieu of biological fluids. However, it provides no information
about solute (osmolyte) composition. In living systems, solutes are dissolved in water,
which is in the order of 80% of the body mass of a hydrated frog (Thorson and Svihla,
1943; Thorson, 1964; Hillman et al., 2009), or more in a frog with a store of bladder fluid.
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+

-

The primary solutes in plasma are Na and Cl (Deyrup, 1964; Clyne, 1968; Appendix), with
-

lesser amounts of bicarbonate (HCO3 ) and urea (CO(NH2)2). The concentration of urea in
plasma and urine can vary dramatically in anurans (Balinsky, 1981; Withers and Guppy,
+

1996; Jorgensen, 1997b). Concentrations of K are much higher in the intracellular fluid,
---

and phosphates (PO4 ) are also important. In the urine, urea is the dominant osmolyte
affecting osmolality, but ions may also accumulate. Other osmolytes in low concentration
++

++

include nutrients (glucose, amino acids), ammonia (NH3), protein, other ions (Mg , Ca ),
and lactate (Appendix). For the purposes of this thesis, I have focused on osmolality, urea
+

+

++

++

concentration, and (in Chapter 6) major cations (Na , K , Mg , Ca ) in lymph or from blood
plasma and in urine. These osmolytes were selected because they are major contributors
to osmolality, are likely to be indicative of physiological processes associated with hydric
relations, and there are accurate analytical techniques for their measurement.

Environmental moisture availability and body fluid osmolality
This section provides a description of the physical environment of monsoonal northern
Australia with particular reference to water. The seasonality of water availability and
distribution of moisture in the environment determine whether water is accessible to frogs.

Regional environment
Frogs were obtained from sites in the Darwin region in the northern coastal portion of the
Northern Territory. The region is dominated by savanna vegetation but includes extensive
areas that are seasonally inundated in the wet season (Figure 1.2). Specimens of
Cyclorana australis were obtained primarily from Mickett Creek and the Adelaide River
floodplain. Toads (Rhinella marina) were encountered in suburban and rural areas and at
Mickett Creek (Chapter 7), and Litoria caerulea were obtained from the grounds of Charles
Darwin University or from Mickett Creek.
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Figure 1.2 Darwin region showing main collecting sites. Areas that become inundated are
shaded and major roads are indicated. CDU = Charles Darwin University.

Climate and rainfall
The Darwin region has a distinct wet season (December to March) influenced by the northwest monsoon, during which the region receives the majority of its rainfall (c. 80%; Taylor
and Tulloch, 1985). Annual rainfall (1719 mm) is relatively high for Australia, but in a global
context is not exceptional (Ladson, 2008); as a result of this and other factors, the region
supports a moderate diversity of frog species (28 native species; Tyler et al., 1983;
Reynolds, 2007). There is a distinct dry season from May to September that is virtually
devoid of rainfall and can be viewed as a seasonal drought. The driest months of June, July
and August have a median rainfall of zero (Figure 1.3), and from May to September
evaporation greatly exceeds rainfall (Figure 1.4). During the dry season, water is lost from
the landscape via evaporation and drainage and there is a decrease in soil moisture. The
10

rainfall record for Mickett Creek shows the contrast between wet season rainfall and
prolonged periods of dry weather in the dry season (Figure 6.1). Background information on
seasonality of climate and environmental moisture availability, with particular reference to
the Mickett Creek field site, is presented as a prelude to Chapters 6 and 7.

Near Darwin, most frogs emerge and become (nocturnally) active following rains during the
pre-monsoon (October and November). Frenzied breeding activity is stimulated periodically
throughout the wet season by precipitation from rain-bearing tropical lows, monsoon
troughs, and from squall lines associated with tropical cyclones. Breeding is thus seasonal,
rather than opportunistic, as is usually the case for desert anurans. Toward the end of the
wet season and during the dry season recessional period (late April to May), frogs seek
refugia to evade dry conditions (Tyler and Davies, 1986; Martin and Freeland, 1988;
Reynolds, 2005; Tracy et al., 2007; pers. obs.). Examples include tree hollows (Litoria
caerulea), the bark of Melaleuca spp. (Litoria rothii), leaf litter and areas of moist soil
(ground-dwelling hylids and Rhinella marina), cracks in soil (Litoria dahlii), leaf axils of
Pandanus spiralis (Litoria bicolor), and underground burrows (Cyclorana spp., Uperoleia
spp.). In rocky areas, Megistolotis lignarius, Litoria coplandi and Litoria meiriana use
crevices between and under rocks (Tyler and Davies, 1986).

In the dry season, many frogs are restricted to habitats that retain moisture, including lowlying areas and along drainage lines and at the edges of swamps and lagoons. The
strategy adopted to survive the dry season may depend on the degree of terrestriality. Most
frogs in northern Australia are ground-dwelling or fossorial (burrowing; including C.
australis), and there are only a small number of arboreal species (Table 1.1). Several
species occur in rocky habitats (saxicoline) near streams, and a single species (Litoria
dahlii) is semi-aquatic.
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Figure 1.3 Darwin average monthly rainfall (month 1 is January, etc.), based on values for
Darwin Airport (12°24'S, 130°53'E) for the period 1941-2004. Data from the Australian
Bureau of Meteorology (BOM).
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Figure 1.4 Ratio of rainfall to evaporation (R/E), based on monthly averages for Darwin.
Values less than one indicate a rainfall deficit for that month. Based on BOM data.
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Table 1.1 Degrees of terrestriality of native species of anurans that occur in the northern
portion of the Northern Territory. For a full list of species refer to Table 8.2.
mode

number of species

fossorial
ground-dwelling
saxicoline
arboreal
semi-aquatic

8
11
4
4
1
Total:

28

Hydrology and moisture distribution
The distribution of moisture within the landscape affects water availability. Microhabitats
suitable for frogs include wet soil surfaces, seepage zones, streams, puddles, and
permanent and seasonal lagoons. Frogs absorb moisture from free water surfaces and
from sufficiently moist soil from which they extract water present in the interstices (Dole,
1967; Shoemaker et al., 1992; Warburg, 1997). The distribution of available moisture in the
landscape is affected by geomorphology, topography, soil permeability, slope, drainage and
runoff patterns. Water drains from savanna habitats on upland sites into seepages, creeks,
rivers, and seasonally flooded drainage flats. Surface water accumulates at poorly drained,
lowland sites, hence water availability is greater in low-lying areas. Puddles and small pools
dry rapidly, but larger swamps and lagoons may retain water late into the dry season. Parts
of the landscape that are intermediate in elevation drain upland (savanna) areas and are
dominated by seepage zones and minor drainage lines. Low lying (moisture retentive)
areas are likely to be critical for survival of anurans during the dry season when there are
extensive areas of dry ground.

Water inputs from rainfall in the wet season and evaporation in excess of rainfall during the
dry season result in distinct seasonal patterns of soil moisture, flow in streams and rivers,
groundwater depth, and hydroperiod of surface waters (Ridpath, 1985; Kingston, 1991;
Cowie et al., 2000). Infiltration of water into the soil during the intermittent rains of the early
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wet season is followed by intense monsoonal rainfall where inputs exceed infiltration
capacity (Table 1.2). Excess water is redistributed as overland flow and in wet season
drainage channels, resulting in seasonal inundation and periodic flooding. During the dry
season recession, rainfall is less prevalent, moisture drains from the landscape, and the
upper layer of the soil dries (Table 1.2). As surface flows decline, groundwater contributions
may become important in supplying inputs to maintain base flow and seepage zones. As
the dry season progresses, stream flow is reduced and eventually ceases, soil surfaces
and deeper layers lose moisture, and surface water remains only in seasonally inundated
lowland areas and lagoons (Cowie et al., 2000; Douglas et al., 2003). From year to year,
depending on the persistence of the wet season (in contrast to the overall rainfall which is
invariably sufficient to cause infilling and flooding during the wet season), and the time of
rainfall onset after the prolonged dry season, lagoons may dry completely or retain vestiges
of free water and moist soil.

Table 1.2 Seasonal patterns of soil and surface moisture.
#

Seasonal phase

soil

puddles &
ponds

streams

late dry (no rain)

bone dry

dry

dry channel

early wet or onset
(intermittent rain)
wet season
(regular rain)

top soil
moistened
saturation, lowlying areas
inundated
surface drying,
deeper layers
retain moisture
deeper layers
dry out

temporary pools
may dry out
persistent pools

preflow pools

dry bed or shallow
remnant pools
shallow inundation

regular stream
flow, flooding

inundation and
flooding

reduced and
drying

slowing
recessional flow

dry

post flow pools,
moist soil in
channels

gradual
evaporation and
recession
further water level
draw down

recession (variable
rain continuation)
dry season
(no rain)

lagoons *

#

largely after Douglas et al. (2003).
* some similarity to floodplains: see Finlayson et al. (1990) and Cowie et al. (2000).
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Thesis structure
Six data chapters are presented in this thesis, followed by a General Discussion. Several of
the chapters have been published or are in press (see page vi).

Chapter 2 details the application of a method for extracting lymph from frogs, and examines
some correlates of hydration state such as lymph volume and the time taken for lymph to
accumulate. The role of the lymphatic system in water balance and the nature of
transcapillary permeability in anurans are discussed.

The influence of the cocoon of C. australis on the ability to exchange water with the
substrate is the subject of Chapter 3. The data strongly support the notion that the primary
function of the cocoon is as a barrier to water loss to the substrate (and by inference, the
soil), in addition to reducing rates of evaporative water loss (EWL) in the burrow chamber.

Chapter 4 examines the role of the bladder fluid store and the effect of variation in body
mass on the osmolality of the bladder fluid in C. australis when on moist soil and with
access to water. In Chapter 5 the role of a full versus empty bladder is explored in relation
to periods of time without water. A model is developed that relates water loss to increases
in body fluid osmolality (osmoconcentration), taking into account reabsorption of water from
the bladder, and accumulation of urea in the body fluids.

Chapter 6 explores changes in body fluid osmolality and osmolyte composition of C.
australis associated with prolonged water deprivation (in soil), as a consequence of
remaining underground over the course of the dry season. In Chapter 7, the osmolality of
plasma and urine is assessed for the introduced Cane Toad Rhinella marina in relation to
moisture availability in the late dry season as compared to the wet season, with laboratory
hydrated animals serving as a ʻbaselineʼ.

Chapter 8 is a General Discussion that draws together information and interpretations from
the preceding chapters. This is followed by a series of general conclusions and an
itemisation of potential avenues for further research.
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Chapter Two
Application of a method for obtaining lymph from
anuran amphibians

Abstract
Methods for obtaining plasma from anurans are unsatisfactory in that they are inadequately
described, are difficult to perform, or are lethal to the subject. A lymph extraction technique
involving temporary ligation is described that enables sufficient fluid to be obtained for
analysis from frogs greater than 20 g. Lymph was more easily obtained from Rhinella
marina than from the austral-hylids Litoria caerulea and Cyclorana australis. Lymph
accumulation was faster in hydrated frogs or those with full bladders, whereas it was
relatively slow in animals that had been dormant or that were dehydrated. Differences
between the osmolality of lymph and blood-plasma were variable but slight; presumably the
relatively high endothelial permeability of amphibians facilitates significant fluid exchange.

Introduction
Body fluids have been investigated extensively in physiological studies of amphibians,
particularly in relation to water balance and osmoregulation. Studies of osmolality, hydric
relations, and hydration status, including consequences of dehydrational stress, influence
+

+

-

of seasonal dormancy and burrowing, nitrogen excretion, electrolyte (primarily Na , K , Cl )
concentrations, estimation of glucose and protein levels, and studies of exercise
metabolism in amphibians frequently require extraction of body fluids (e.g., Ruibal, 1962b;
McClanahan, 1972; Hillman, 1980, 1982; Katz, 1989; and review by Jorgensen, 1997a).
Warburg (1997, p.84), Bentley (2002) and Deyrup (1964) have summarized a broad range
of studies that have examined body fluid concentrations and composition. In almost all
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studies that involve the analysis of plasma, detailed methods for obtaining body fluids are
not provided.

There are various methods for obtaining plasma from live frogs, but most are relatively
difficult to perform, particularly on small frogs and by inexperienced practitioners. A
widespread but lethal technique involves double-pithing followed by extraction of blood from
the heart or from major arteries. A second approach for obtaining blood, cardiac puncture,
is a delicate procedure which is made more challenging by conscious frogs that struggle
and contort their bodies. Accurately locating the heart with the needle tip may require
several attempts before a sufficient volume of fluid can be extracted, and some anuran
species inflate their bodies, obscuring the regular pulses which indicate the location of the
heart. To prevent the animal from struggling, cardiac puncture should be performed while
the animal is under sedation. However, in studies of osmoregulation, a plasma extraction
technique is required that does not influence the water balance status of the animal.
Anesthesia in MS-222 or benzocaine require active uptake of fluid to have an effect, and in
so doing the osmotic properties of the plasma may be affected. Other methods have been
described that involve obtaining blood from major veins; the femoral vein, ventral abdominal
vein (Whitaker and Wright, 2001) or from the lingual venous plexus (Baranowski-Smith and
Smith, 1983), but these methods are satisfactory only for relatively large specimens.

Lymph and plasma obtained from blood are frequently accepted as equivalent (e.g., Ruibal,
1962a, 1962b; McClanahan, 1972). These body fluids are isotonic and compositionally
similar; the concentration of small solutes are identical, although the concentration and
relative proportion of (large) protein molecules may be lower in lymph (Hillman et al., 1987;
U. Katz, pers. comm.). Lymph is similar to blood-plasma because it is derived from blood
that has been filtered through relatively permeable capillary endothelia under hydrostatic
pressure (Conklin, 1935; Hillman et al., 1987; Toews and Wentzell, 1995).
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The intricate lymphatic system of anurans is well developed and has a major role in fluid
exchange (Conklin, 1930; Kampmeier, 1969; Baustian, 1988). It is composed of pulsatile
lymph hearts, an elaborate series of lymph vessels, and subcutaneous lymph sacs
(Conklin, 1930; Carter, 1979; Toews and Wentzell, 1995). The lymph sacs lie directly under
the skin, cover much of the body, and are divided by septa (Ecker, 1889; Carter, 1979).
Some authors (e.g., Muller, 1833; Ruibal, 1962b) claim that lymph can be obtained
relatively easily from frogs, but the methods are not well described. Boutilier et al. (1992)
maintain that it is 'exceedingly difficult' to obtain samples from the lymph sacs, and Carter
(1979) was unable to obtain fluid by aspiration. Because lymph turnover is comparatively
rapid in frogs (Isayama, 1924; Conklin, 1930, 1935; Jones et al., 1997; Hillman et al.,
2005), it should be possible to obtain adequate quantities for analysis, particularly in
medium to large species. Here I describe a technique that improves the ease with which
lymph can be extracted. It reduces stress to the animals in comparison to blood extraction
techniques, minimizes the risk of serious injury, and is non-lethal.

Methods
The procedure for obtaining lymph developed from a chance observation of a tree frog
(Litoria caerulea) that had become entangled in loose string at the bottom of a collection
bag, resulting in accumulation of fluid and distension of the lymph sacs. The method entails
tying a piece of string or twine around the waist of the animal, with the string passing
anterior to the urostyle (Figure 2.1). The string used is of natural fiber approximately 1 mm
in diameter; thin fishing line or fine sewing thread would cause unnecessary damage to the
skin. Several passes of the string around the body helps to retard the flow of escaping
lymph, and the ligature should be fairly tight, but requires only finger tension. The frogs are
then left for a period of time, ranging between 25 minutes and two hours. They should be
placed in a closed, ventilated, and sheltered environment to minimize active movement,
because this tends to disrupt the process of fluid accumulation.
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Figure 2.1 An adult Litoria caerulea with string ligature tied for lymph accumulation.

Figure 2.2 Enlarged femoral lymph sacs following lymph accumulation in Litoria caerulea.
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Fluid accumulation occurs primarily in the femoral lymph sacs, and can be observed by
close examination of the skin along the inside of the legs. In some cases lymph build-up
appeared as a clearly expanded bulge (Figure 2.2), giving a characteristic 'baggy'
appearance to the skin of the legs. In other instances, it was necessary to gently prod the
skin and examine the surface for slight movement of subcutaneous fluid. Fluid
accumulation was checked periodically and the time noted when it was possible to obtain
sufficient fluid. It was not always necessary for the lymph sacs to become fully distended to
obtain fluid, and there were often different amounts of lymph in the left and right sacs,
hence the sac with the most fluid was selected for extraction. In some instances there was
an associated reddening of the skin, presumably caused by localized restriction of blood
flow, but this redness dissipated after the ligature was removed.

When it was clear that sufficient lymph had accumulated, the animal was restrained so that
it was unable to move its rear limbs, and a fine gauge needle (Terumo U-100 1.0 ml insulin
27G) was inserted through the skin and into the lymph sac. This type of needle is attached
directly to the syringe so that there is no dead space, hence little of the fluid was lost when
it was transferred to a 0.5 ml eppendorf tube. Lymph was extracted gradually by applying
light suction pressure on the plunger. If more fluid was required, it was extracted from the
contralateral lymph sac. Typically 0.15-0.3 ml could be obtained from a 20-40 g frog, and it
was sometimes feasible to extract 0.4-0.5 ml from large, well hydrated individuals (Figure
2.2). This volume of plasma is sufficient, using modern analytical techniques, to determine
osmolality (20 µl), urea (10 µl), and electrolyte (50 µl) concentrations, and allow for replicate
samples to be tested.

Lymph samples were obtained from three species (austral-hylids: Cyclorana australis,
Litoria caerulea; bufonid: Rhinella marina) under various conditions, including animals
hydrated in the laboratory, active animals collected during the wet or dry season, and (for
C. australis) dry season dormant frogs buried for 3-5 months. To determine if there were
differences between blood-plasma and lymph, lymph was extracted from the femoral lymph
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sac as described, and blood was obtained by cardiac puncture from the same individual.
Osmolality was determined with an Advanced Instruments (freezing point) MicroOsmometer (Model 3300). Urea concentrations were estimated using the Urea BUN
reagent (Thermo Electron TR12003) which relies on the urease-catalysed conversion of
urea to ammonia and the rate of decrease in absorbance at 340 nm due to conversion of
NADH to NAD. Appropriate standards were prepared in the range of linearity of the reagent
-1

(0.34 - 40 mmol L ). Differences in osmolality and urea concentration were compared with
a paired t-test. The Mann-Whitney U-test was used to compare time to accumulation as the
data were not normally distributed (Siegel, 1956).

Results
Overall, for the majority of frogs greater than 20 g it was possible to obtain sufficient lymph
(i.e., more than 0.1 ml) using this technique, but the volume extracted was generally limited
to 0.3 ml or less (Figure 2.3).

The time taken for lymph to accumulate was generally less than an hour in Cyclorana
australis and Litoria caerulea (Table 2.1). Hydrated C. australis in the laboratory and those
with full bladders averaged less than 30 minutes, but some required less than 10 minutes,
and in a few individuals the lymph could be extracted immediately, i.e., without tying a
ligature. In contrast, active animals and those that had been buried for several months
usually needed an hour or more, and several required over two hours (wet active v
hydrated, U8,20 = 29, p < 0.01; buried v hydrated, U15,20 = 12, p < 0.01). Hydrated and active
wet season Litoria caerulea averaged approximately 30 minutes, significantly less time than
active dry season animals (dry season v hydrated, U10,12 = 5, p < 0.001; wet v dry season,
U8,10 = 2, p < 0.001), which averaged well over an hour (Table 2.1). Lymph build-up in the
femoral sacs of Rhinella marina was comparatively rapid; it was significantly faster than in
C. australis (U46,68 = 196, p < 0.001) or L. caerulea (U46,30 = 110, p < 0.001). In many
instances lymph could be extracted from R. marina without tying, including some active dry
season animals that were rehydrating, and 11 of 13 active wet season animals.
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Figure 2.3 Volume of lymph extracted from individuals of (A) Cyclorana australis (n = 68),
(B) Litoria caerulea (n = 34), and (C) Rhinella marina (n = 46) of varying mass. Dotted lines
indicate sufficient fluid for analysis.
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In general the osmolality of blood-plasma was greater than lymph (pooled data for 3
species: paired t = 3.9, p = 0.0007, df = 22), but in C. australis (paired t = 0.67, p = 0.53, df
= 6) the difference was not significant (Table 2.2). In L. caerulea the osmolality of lymph
was higher than blood in one individual, whereas in all cases in R. marina blood osmolality
was equal to or greater than lymph osmolality. The difference (blood-plasma minus lymph)
-1

in osmolality ranged from -14 to 20 mOsm kg . Urea contributed from 4 to 21% of the total
osmolality of both plasma and lymph. Differences in urea concentrations between blood
-1

and lymph averaged less than 3 mmol L (Table 2.2), which is within the experimental error
of the assay. For R. marina urea concentration was always higher in blood-plasma (paired t
= 3.73, p = 0.006, df = 8), but for C. australis (paired t = 1.44, p = 0.19, df = 6), L. caerulea
(paired t = 0.80, p = 0.45, df = 6), and pooled data (paired t = 0.20, p = 0.84, df = 22) the
difference was not significant.

Discussion
The method outlined involves piercing the skin using a fine needle, but does not require
penetration of subcutaneous tissue or internal organs as would be required for cardiac
puncture, and it is non-lethal to the subject. The volume of fluid obtained is similar to the
amount that can be extracted from blood, and is sufficient for estimation of osmolality, and
urea and electrolyte concentrations using modern analytical techniques. Using this
procedure, repeated sampling of the same individual is also possible. Minor problems with
the technique are that the ligature may leave a mark on the skin, and some animals
become agitated during the procedure. However, the induced distress is short-lived, and
the response is no worse than when live frogs are manipulated or captured. Recovery is
immediate, the lymphatic system re-equilibrates, the marks on the skin disappear within 1-2
weeks, and all frogs survived the treatment.
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Table 2.1 Mean values (± 1 SD) for volume of lymph extracted and time to accumulate in Cyclorana australis, Litoria caerulea and Rhinella
marina under various conditions and hydration states.

Laboratory
Species

Cyclorana australis

Lymph volume (ml)
Time to accumulate (min)
n

Litoria caerulea

Lymph volume (ml)
Time to accumulate (min)
n

Rhinella marina

Lymph volume (ml)
Time to accumulate (min)
n

Field

Outdoor
enclosure
Moist soil

Values
combined

Hydrated

Bladder
full

Bladder
empty

Wet
season
active

Dry
season*

0.18 ± 0.04

0.26 ± 0.11

0.14 ± 0.03

0.14 ± 0.09

0.25 ± 0.12

0.24 ± 0.1

0.20 ± 0.09

27 ± 27.3

29 ± 29.1

47 ± 31

56 ± 36.2

104 ± 49.6

65 ± 24.6

54 ± 44.9

20

9

9

8

15

7

68

0.13 ± 0.04

–

–

0.22 ± 0.07

0.20 ± 0.11

–

0.18 ± 0.08

34 ± 31

–

–

24.5 ± 27.9

82 ± 12.3

–

48 ± 35.3

12

–

–

11

11

–

34

0.24 ± 0.08

–

–

0.22 ± 0.07

0.19 ± 0.08

–

0.22 ± 0.08

6 ± 15.5

–

–

5 ± 12.2

2.5 ± 7.9

–

5 ± 13.1

23

–

–

13

10

–

46

* active above ground (L. caerulea and R. marina) or buried (C. australis)
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Table 2.2 Mean osmolality and mean (± 1 SD) difference (blood minus lymph) of
osmolality and urea concentration of lymph and blood-plasma. Range of osmolality
difference in brackets. *p < 0.05

Osmolality
Species

Cyclorana

n

7

australis
Litoria caerulea

blood

lymph

difference

blood

lymph

difference

(mOsm)

(mOsm)

(mOsm)

(mmol)

(mmol)

(mmol)

253.6 ±

251 ± 15.9

2.6 ± 10.1

30 ± 13

32.1 ± 14.4

-2.1 ± 3.9

15 ± 6.2

15.5 ± 6

-0.56 ± 1.8

35.2 ± 21

32.8 ± 19.5

2.4 ± 1.9*

27.5 ±

27.3 ± 16.4

0.13 ± 3.2

15.8
7

251.4 ±

(-14 to 14)
242.8 ± 16

12.3
Rhinella

9

256 ± 18.8

3 species

8.6 ± 7.4*
(-3 to 20)

248.4 ± 19

marina
Pooled data for

[Urea]

7.6 ± 5.6*
(0 to 16)

23

253.8 ±

247.5 ±

15.6

16.8

6.35 ± 7.8*

17.1
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In the great majority (94%) of cases it was possible to obtain > 0.1 ml of lymph from frogs
that weighed > 20 g, and it was relatively straightforward to obtain 0.3 ml or more from
hydrated adult toads (> 50 g) (Figure 2.3). I did not specifically investigate the relationship
between body size and lymph volume, but lymph and interstitial fluid account for
approximately 20% of weight (Toews and Wentzell, 1995), hence larger frogs (such as B.
marinus) should contain more lymph. The method described here has not been attempted
on small frogs, because there would be insufficient lymph for analyses (> 0.1 ml) if the
extracted fluid is to be less than 2-3% of total body volume. Few, if any methods are
available for extracting body fluids from very small frogs (< 5 g).

When obtaining plasma from blood, the sample must be centrifuged to remove
erythrocytes, and the remaining plasma fraction is analyzed. This results in a volume of lost
fluid, because the plasma supernatant must be pipetted from the layer of centrifuged
erythrocytes, while ensuring that no blood cells are aspirated. In contrast, small amounts of
blood may be extracted with lymph, but this residue is easily separated from the plasma by
centrifugation. Heparinized tubes are also usually necessary when dealing with blood to
prevent clotting, otherwise blood may congeal in the needle or in the tube; these problems
do not arise with lymph extraction. A disadvantage of the lymph extraction technique is that
an estimate of hematocrit cannot be made.

The data obtained in this study suggest that dehydrated frogs take longer to accumulate
lymph. In contrast, hydrated laboratory animals and those with full bladders produced
lymph comparatively rapidly. Under dehydrating conditions, intracellular hydration status is
maintained as a priority (Shoemaker, 1963; Klutts and Scott, 2006), hence reducing the
volume of extracellular fluid, including lymph. Smith and Jackson (1931) found minimal fluid
in tissue spaces and lymph sacs, and Ruibal (1962b) was unable to obtain lymph from the
dorsal sacs of dehydrated frogs. Lymph accumulation is dependent on the rate of liquid
exchange between blood and tissue (Isayama, 1924). In hydrated frogs, a greater volume
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of fluid passes through the circulation per unit time, and blood pressure is higher
(McClanahan, 1967), thereby increasing hydrostatic pressure and forcing fluid through the
capillaries (Hillman et al., 1987). Aestivating or dormant buried C. australis took up to
several hours to accumulate lymph. In frogs that are quiescent during the dry season, and
specifically those that undergo metabolic depression (such as C. australis: Withers and
Thompson, 2000; McArthur, 2007), the heart rate may drop significantly (Seymour, 1973a),
thereby reducing the circulation rate. As a consequence, lymph accumulation will be
relatively slow. Active frogs have a more rapid circulation, however, this effect would be
partially negated in actively moving frogs because skeletal muscle movement and lung
ventilation may force lymph through lymphatic pathways (Hedrick et al., 2007). Some
muscles also appear to be specifically involved in forcing vertical lymph movement (Hillman
et al., 2004; Drewes et al., 2007). Several active C. australis had very low lymph volumes,
and muscular contraction may also reduce the amount of lymph that accumulates in frogs
that struggle while being handled.

There has been some debate in the literature with regard to the role of subcutaneous sacs
as lymph stores. Hillman et al. (2005) state that the sacs are normally in a deflated rather
than a distended state. Several authors have suggested that the lymph sacs may act as a
supplementary fluid store (Ewer, 1952; Main and Bentley, 1964; Middler et al., 1968), but
Carter (1979) did not agree with this hypothesis, noting that the bladder is the primary fluid
reservoir in anurans. Frogs in this study tended to have deflated sacs prior to application of
the technique, but in some cases frogs that had recently rehydrated, or that had taken on
large fluid stores in their bladders, had lymph sacs that were noticeably distended.
Invariably when the legs had a 'baggy' appearance due to excessive lymph build-up, it was
easier to obtain lymph from the sacs. It may not be the case that lymph is used as a fluid
storage supplement per se, but hydrated frogs and those using the bladder as a water
reservoir have a greater overall fluid volume, so that a proportion accumulates as lymph.
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Interstitial and intravascular fluids are separated by capillary endothelia (Hillman et al.,
1987; Klutts and Scott, 2006). In amphibians endothelial permeability is relatively high
(Toews and Wentzell, 1995; Hillman et al., 2004), so that blood-plasma and lymph are
nearly equivalent with respect to osmolality and solute composition (e.g., Walker, 1933;
Ruibal, 1962b). The lymph contains all plasma constituents with the exception of red blood
cells (Conklin, 1930; Zwemer and Foglia, 1943), there is a high protein fraction in frog
lymph (Churchill et al., 1927; Conklin, 1935), in the order of 30 to 60% of that in plasma
(Hillman et al., 1987), and they have nearly identical protein electrophoretic profiles
(Reichel, 1970). In anurans, lymph is generally slightly hypotonic to blood-plasma (Ruibal,
1962a), although there may be considerable variation in the difference in osmolality
(Hillyard and Larsen, 2001). I have found that the osmolality of blood-plasma is generally
higher than that of lymph, but it may be the same or even lower, and individual differences
-1

varied from -14 to 20 mOsm kg (Table 2). These differences seem unlikely to be due
solely to the concentration of large proteins; however, concentrations of urea (a small
solute) did not significantly differ in lymph and blood. The build-up of pressure in the lymph
sacs during application of the technique may influence capillary filtration, thereby affecting
the movement of protein and small solutes.

Lymph flow is unidirectional due to the presence of one-way valves between the sacs,
forming a series of interconnected lymph spaces (Carter, 1979). Flow direction in the hind
limb sacs is in the order plantar – crural – femoral – interfemoral – pubic, and then to the
posterior lymph hearts (Hillman et al., 2004, p. 165). This would suggest that accumulation
of lymph during the extraction procedure is derived from the hind limbs.
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Chapter Three
The cocoon of the fossorial frog Cyclorana australis
functions primarily as a barrier to
water exchange with the substrate

Abstract
Studies of evaporative water loss using streams of dry air in the laboratory have
demonstrated reduced rates in various taxa of cocooned frogs. However, because the
cocoon is formed in subterranean burrows with humid microclimates and no air flow, loss of
water by evaporation is likely to be negligible. In contrast, although potentially important,
the influence of the cocoon on water exchange with the soil surface has not been
characterized. In dry soils there is a sizable water potential gradient between the frog and
the soil, hence I hypothesized that cocoons would play a role in reducing liquid water loss
to dry substrates. Individuals of the burrowing frog Cyclorana australis (Hylidae:
Pelodryadinae) were induced to form cocoons in the laboratory. When placed on semi-solid
agar-solute substrates across a range of water potentials, the hygroscopic cocoon
absorbed small but similar amounts of moisture. With the cocoon removed, the frogs
gained or lost water depending on the direction of the frog-substrate water potential
difference. Plasma osmolality of cocooned frogs was significantly higher than in hydrated
frogs. Because cocooned frogs did not exchange significant amounts of water at either high
(wet) or at low (dry) substrate water potentials, I conclude that the cocoon of fossorial frogs
acts as a physical barrier that breaks the continuity between frog and substrate. I contend
that the primary function of the cocoon is to prevent liquid water loss to drying clay and
loam soils, rather than to prevent subterranean evaporative water loss.
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Introduction
Cocoons composed of shed layers of squamous epithelia have been described in several
lineages of fossorial anuran species from arid and seasonally dry environments (Lee and
Mercer, 1967; McClanahan et al., 1976; Loveridge and Withers, 1981; Ruibal and Hillman,
1981; McDiarmid and Foster, 1987; Shoemaker, 1988; Warburg, 1997). In all species
examined, the cocoon becomes thicker as new layers are formed, and gradually hardens to
encase the entire body except the external nares (McClanahan et al., 1983; Toledo and
Jared, 1993; Withers, 1995, 1998a; McMaster, 2006). All species of the Australian hylid
genus Cyclorana studied to date burrow and form a cocoon (van Beurden, 1984; Withers,
1995, 1998a; Withers and Thompson, 2000; Booth, 2006; McMaster, 2006). Cyclorana
australis (Gray 1842) is a large (60-100 g) member of the genus from monsoonal northern
Australia that forms a cocoon during the annual dry season (Tracy et al., 2007).

The frog cocoon has a recognized role in reducing evaporative water loss (EWL) from the
skin surface, when compared to individuals without a cocoon (McClanahan et al., 1983;
Withers and Richards, 1995; Christian and Parry, 1997; Withers, 1998a). Resistance to
water (vapor) loss increases with time, and is associated with the number of layers formed
(McClanahan et al., 1983; Withers, 1998a); Cyclorana australis is similar to other species in
this respect (Christian and Parry, 1997; Withers and Thompson, 2000; Tracy et al., 2007).
EWL measurements are carried out in laboratory chambers using flows of dry air. However,
burrowing frogs find refuge underground, where humidity is high and there is no air flow
(Seymour and Lee, 1974; Tracy et al., 1978; Ackerman, 1991; Warburg, 1997). While EWL
measurements are pertinent to terrestrial species exposed to subaerial conditions, they
may be less relevant to fossorial anurans. Several authors have speculated that the
presence of a relatively impermeable cocoon may reduce contact between the skin and the
soil, thereby preventing or reducing liquid water loss to dry soils (Seymour and Lee, 1974;
Ruibal and Hillman, 1981; Shoemaker et al., 1992; Booth, 2006). Although Reno et al.
(1972) tested segments of cocoon of the aquatic salamander Siren intermedia, and
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suggested that the cocoon impeded diffusion of water, I am not aware of any study that has
tested this hypothesis in intact animals, or in cocooned anurans.

While underground, the ventral surface of a cocooning C. australis is in intimate contact
with the soil substrate. Liquid water exchange with the soil is dependent primarily on the
water potential of the frog, due to the osmolality of the body fluids, and (in non-saline soils
and at shallow depths where osmotic and gravitational potentials are negligible) the affinity
of the soil matrix for water, the matric potential (Seymour and Lee, 1974; Hillyard, 1976;
Shoemaker, 1988; Shoemaker et al., 1992). If the free energy of water in the frog (Ψf) is
greater than in the soil or substrate (Ψs), then the gradient will favor water movement out of
the frog. The rate of water flux will depend on the size of the gradient, the permeability of
the (ventral) skin, and the surface area in contact with the substrate (Tracy, 1976; Spotila et
al., 1992; Hillman et al., 2009), mediated in part by the action of neurohypophysial
hormones (Hays, 1990; Bentley, 2002). In drying soils, Ψs can drop rapidly at the drying
front (Ackerman, 1991) to levels lower (more negative) than Ψf. In this situation water is lost
by isolated skin preparations (Hillyard, 1976) and by intact frogs to artificial substrates
(Tracy and Rubink, 1978; Tracy et al., 2007) and drying soil (Booth, 2006).

In this study, I tested the influence of the cocoon of C. australis on liquid water exchange
with the substrate in cocooned animals, in comparison with frogs without cocoons. I used a
semi-solid agar osmoticum to tightly control water potential (WP) and emulate the soil
surface, because a) due to the drying characteristics of soil it is difficult to maintain soil at a
constant WP in the range equivalent to frog body fluids, and b) in liquid osmotic solutions
the integrity of the cocoon is lost whereas on agar the cocoon remains intact. I measured
the osmolality of the body fluids in cocooned and hydrated frogs to examine the influence of
the gradient between Ψs and Ψf. I also investigated the rate of EWL over time in cocooning
frogs to determine the time required for development of substantial resistance to water flux.
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Methods

Animals and cocoons

Animals were obtained during the wet season from sites in the vicinity of Darwin (12°24'S,
130°50'E), Northern Territory, Australia, and were maintained in the laboratory on a diet of
insects and with free access to water. Immediately prior to forming a cocoon the frogs were
fully hydrated; the frogs were encouraged to store dilute fluid in their bladders by supplying
them with water at one end of a tilted container. During cocoon formation the frogs were
maintained in the laboratory in darkened, ventilated containers at 24 ± 1°C and relative
humidity of 45–60%. After 2–3 weeks the cocooning frogs were placed on non-stick baking
paper so that the cocoon did not adhere to the bottom of the container and peel away from
the ventral surface when the animals were removed. All frogs formed cocoons for eight or
more weeks prior to trials to ensure that the cocoon had sufficient thickness, associated in
previous studies with high resistance to EWL (Christian and Parry, 1997; Tracy et al.,
2007). All experimental procedures were approved by the Charles Darwin University Animal
Ethics Committee.

Water exchange trials
A 1% solution of agar (1 g agar per 100 mL water) was prepared with varying
concentrations of sucrose or polyethylene glycol (PEG) 1000 (Sigma-Aldrich 81188). PEG
is an inert, non-ionic, long-chain polymer (Steuter et al., 1981) that is manufactured at
various average molecular weights. PEG 1000 was chosen as it is soluble in water, but has
a relatively high molecular weight so that it should have a large reflection coefficient for
biological membranes, and therefore is unlikely to be permeable to frog skin. Sucrose is
highly soluble and is of lower molecular weight (342 Da) but has more predictable osmotic
effects (see below). 200 mL of agar-solute solution was poured into snap lock containers
(15 cm x 10 cm x 7 cm) and allowed to cool and solidify overnight. This volume of agarsolute mixture was sufficient that the uptake of water by the animal should not greatly

32

influence the water potential of the substrate over the course of a trial, and also provided a
sufficient surface area for the frogs to move around. The containers were fully enclosed to
minimize EWL during trials and were covered with cloth bags to reduce disturbance to the
frogs. Condensed moisture, formed overnight in the humid environment of the container,
was removed prior to the trial. All trials were performed in the laboratory at 24 ± 1°C.

The water potential (WP) of agar was estimated by preparing solutions of 1% agar plus
solute (PEG 1000 or sucrose) across a range of concentrations, and then measuring the
WP of the agar osmoticum using a Psypro dew point psychrometer with a C-52 sample
chamber (Wescor Inc., Logan, UT). The average difference in WP between solutions and
preparations of solutions in agar was used as the WP attributed to agar. The osmotic
concentration of PEG 1000 was calculated based on average molecular weight, and then
measured in prepared solutions using an Advanced Instruments Micro-osmometer Model
3300 (Norwood, MA). Because PEG 1000 behaved as a non-ideal non-electrolyte (Steuter
et al., 1981; Wood et al., 1993; Sweeney and Beuchat, 1993), the estimate of concentration
(and hence osmotic contribution to WP; Janacek and Sigler, 1996) was based on the
measurements from the osmometer. The freezing point osmometry method is accurate for
relatively dilute mixtures of osmolytes in water (Sweeney and Beuchat, 1993). Solutions of
sucrose in water closely approximate ideal behavior, at least at low concentrations (Michel,
1972), so osmotic water potential was calculated based on the amount of sucrose dissolved
in water at 24°C. The total water potential of the agar + solute substrate was calculated as
the combined matric (due to agar; estimated as described above as -210 kPa) and osmotic
(due to dissolved solute) water potentials.

Each frog was tested in three water exchange experiments using the same substrate WP.
The frog was placed in a container with an agar + PEG or agar + sucrose substrate. The
mass of the frog placed on the substrate for 10 sec was taken as the initial mass, then the
trial was begun. Mass of the frog was measured to 0.01 g at 15 min intervals over a 90 min
period. The time spent weighing the frog was minimised so as to reduce the possibility of
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excess water loss while outside of the trial container. Water exchange was the total mass
gain or loss over the 90 min, converted to hourly rates. Prior to all weighings, frogs were
removed from the agar substrate and placed on a dry paper towel to absorb excess
moisture on the ventral surface.

In each instance the first trial was of cocooned frogs, obtained from the darkened
containers in which they had been forming cocoons. Cocooned frogs were placed gently on
the agar-solute substrate so as to minimize disturbance to the animal and preserve cocoon
integrity. At the end of the 90 min trial, the frog was removed from the substrate and the
cocoon was detached by making an incision on the dorsal surface and then gently peeling
the dried skin away from the frog. The cocoons were weighed and then oven dried at 60°C
for 5 d at which point they attained constant weight (measured to 0.01 g).

Frogs with cocoons removed were then placed on a newly prepared substrate at the same
WP and following the same weighing procedures. At the end of this trial they were provided
with moistened paper towels. On the following day the frogs were given access to water
and allowed to rehydrate. After 5 d with access to water the bladders were drained to give a
measure of standard mass (bladder empty weight of a hydrated frog; Ruibal, 1962a). The
following day a second measure of standard mass was made. To ensure full hydration, the
frogs were then placed in shallow water overnight. Trials of the hydrated frogs were carried
out the following morning, after emptying the bladder. This final mass was used as the
standard mass for surface area specific calculations; surface area was estimated using the
equation of McClanahan and Baldwin (1969). These values were multiplied by one third to
account for the ventral surface in contact with the substrate.
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Body fluid osmolality

Body fluids were not obtained from cocooned frogs as this would have affected the integrity
of the cocoon and thus its permeability and the rate of water uptake or loss. Therefore, at
the end of trials with the cocoon removed (the second trial), urine was obtained by inserting
a flexible plastic cannula into the cloaca, and applying pressure to the abdomen in the area
overlying the bladder. Plasma samples were obtained from the femoral lymph sac using a
fine gauge needle (Terumo U-100 1.0 ml 27G insulin needle) as described by Reynolds et
al. (2009); blood-plasma and lymph in this species are essentially equivalent. In hydrated
animals, urine was obtained as the bladder was being emptied prior to trials, and plasma
was obtained at the end of the trial. Osmolality of body fluids was measured with an
Advanced Instruments (freezing-point) Micro-Osmometer (Model 3300) calibrated with
standards supplied by the manufacturer. Frog WP is related to plasma osmolality (osmotic
concentration, C) by the equation Ψf = –CRT, where R is the gas constant and T is absolute
temperature (see Shoemaker et al. 1992). Hence, at 20°C and where osmolality is in
mOsm and WP is in kPa, Ψf = –C x 2.436. Plasma and urine osmolality were not
significantly different in the sucrose and PEG groups (Mann-Whitney U-test, p > 0.1 in all
cases) for cocooned and hydrated animals, so these values were pooled.

Water loss during cocoon formation

Mass loss rates of cocooned frogs maintained in dark, ventilated containers were measured
by periodically weighing C. australis in the laboratory over a period of 10 weeks. Mass was
determined for frogs without access to water and the first measurement was made after 1
week. Withers (1998a) termed this evaporative water loss and assumed that reductions in
water loss were due primarily to the development of cocoon layers. There would likely be a
minor component of mass loss due to metabolism over this period, although in the case of
lipid catabolism this is negligible where metabolic water is retained in the body.
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Results

Cocoons of frogs used in the water exchange trials were well formed, dry to the touch and
parchment like. Frogs in cocoons were relatively immobile, and the cocoon generally
remained intact. Towards the end of the trials the cocoon was moist to the touch over most
of the ventral surface and was rendered quite supple, and in some cases began to pull
apart along the midline of the belly, whereas the dorsal cocoon remained dry and relatively
inflexible. Non-cocooned animals on substrates with high (less negative) water potentials
tended to press their pelvic patch area against the substrate, in some cases forming an
indentation on the surface of the agar. In contrast, hydrated frogs on substrates of very low
water potential frequently made scraping movements on the surface of the agar with their
hind limbs, and in some cases lifted their fingers and toes above the substrate.

Cocooned frogs showed a relatively low and constant increase in mass (range 5.5 - 14.6
-2

-1

mg cm h ), irrespective of the water potential (Figure 3.1). None of the cocooned frogs
lost water to the substrate. In contrast, when cocoons were removed, water uptake was
-2

-1

rapid on pure agar (137 mg cm h ), but decreased on substrates (agar + sucrose and
agar + PEG) with low water potential (Figure 3.1). Water was lost by two of the decocooned frogs at very low water potentials where the gradient favored water movement in
this direction, but most de-cocooned frogs had relatively high plasma osmolality and, as a
consequence, absorbed water. In rehydrated individuals, uptake was possible on
substrates with water potentials greater than approximately -600 kPa (equivalent to 250
-1

mOsm kg ), but for more negative values all frogs lost water (Figure 3.1). In all cases water
loss or gain in frogs without cocoons corresponded with the calculated gradient between Ψf
(based on plasma osmolality) and Ψs (based on a WP for agar of -210 kPa in addition to
WP due to concentration of solute). Osmolality of the plasma and urine of cocooned frogs
was significantly higher than in hydrated frogs (t-test, p < 0.001 in both cases; Table 3.1).
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Figure 3.1 Water exchange of Cyclorana australis (n = 10) on semi-solid substrates of
agar + solute at various water potentials. Experimental procedures were carried out in the
laboratory at 24 ± 1°C. The frog cocoon (filled circles) absorbed consistently low quantities
of water regardless of substrate water potential. Water exchange in frogs without cocoons
was dependent on the water potential gradient between frog and substrate. For frogs with
the cocoon removed a '+' indicates that the water potential gradient (Ψf - Ψs where Ψf is
calculated from plasma osmolality and Ψs is based on agar + solute) favoured movement of
liquid water from the substrate to the frog, whereas '–' indicates that the gradient was in the
opposite direction.
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Table 3.1 Osmolality of body fluids of cocooned and rehydrated Cyclorana australis used
in water exchange trials.

Group

plasma osmolality
–1

equivalent mean
a

urine osmolality
–1

(mOsm kg )

frog WP (kPa)

(mOsm kg )

cocooned

427.3 ± 73.6 (9)

-1040

439.2 ± 95.6 (10)

rehydrated

234.4 ± 12.2 (10)

-570

45.0 ± 31.6 (10)

b

Note. Osmolality values are means ± SD; sample sizes are in parentheses.
a

calculated from mean plasma osmolality at 20°C (refer to text)

b

The reported mean osmolality for urine is higher than that for plasma because there was insufficient

plasma for measurement in one of the cocooned frogs, and this individual had an elevated urine
-1

osmolality (with this individual excluded n = 9 and mean urine osmolality = 421.9 mOsm kg ). The
urine and plasma means are not significantly different and in all cases the urine of an individual frog
was hyposmotic to or isosmotic with plasma.

In cocooned frogs, there was a relatively rapid initial decrease in EWL, followed by a
gradual reduction over the first month (Figure 3.2). The frogs had sticky or dry skin
(indicative of incipient cocoon formation) at the time of the first measurement, and
thereafter the dorsal skin (cocoon) was dry. There was a transient increase in EWL at
around 55 days associated with temporarily warm conditions in the laboratory. After this
-1

-1

period mass loss was relatively constant at ~0.2 mg g h .
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Figure 3.2 Mass loss over time during cocoon formation in Cyclorana australis (n = 4).
Individual animals (A, B, C, D) without access to water were maintained in the laboratory
and weighed periodically.

Discussion
A small amount of mass was gained by C. australis with a well developed cocoon
regardless of the water potential of the substrate. The cocoon was moistened over much of
the ventral surface, in contrast to the dry condition of the dorsal cocoon. The difference in
mass between a freshly removed and an oven dried cocoon (n = 7) was between 59 and
88% of the increase in mass of the frog while on the substrate, thus accounting for most of
the water absorbed by the cocooned frogs. This suggests that moisture was absorbed by
the multiple epidermal layers of the cocoon, infiltrating the fibrous matrix and causing
expansion of the layers (Withers, 1995). The observed absorption or adsorption of liquid
water may be due to the hygroscopic nature of the dry epithelial layers (Withers, 1998a);
since the cocoon absorbs moisture in humid air (Withers, 1998a), via capillary action it
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should absorb moisture from an agar substrate. It is significant that in cocooned frogs no
water was lost to the substrate even at very low water potentials. In contrast, two of the
frogs on substrates of low WP lost water when the cocoon was removed, and several of the
hydrated frogs lost water to the substrate. I infer from these findings that the cocoon forms
a barrier to water loss from the frog to substrates of low WP (Seymour and Lee, 1974;
Shoemaker et al., 1992; McNab, 2002; Booth, 2006). The physical separation of the
surface of the frog skin from the substrate means that regardless of the direction and
magnitude of the WP gradient, there is no physiological exchange. This is supported by the
lack of osmotic water uptake at high (wet) water potentials, where there was a large
gradient between frog and substrate (Figure 3.1). Thus, the cocoon acts as a physical
barrier that breaks the continuity between the frog and the soil, decoupling the frog from the
osmotic gradient. The intact cocoon forms an effective barrier on dry substrates, whereas
on wet substrates the cocoon would eventually soften and split open.

In the agar-solute substrate there is a matric component from agar and an osmotic
component from dissolved solute (sucrose or PEG), whereas in most soils WP is primarily
due to the matric potential (influenced by the properties of the soil matrix). Nonetheless, the
total water potential drives the chemical energy balance resulting in mass water movement
(Slatyer, 1967; Hillel, 1971). The substrate used in the experiments most closely resembles
a clay soil, in which water is retained even at low water potentials, and there is (in addition
to matric forces) an osmotic potential due to interlayer swelling associated with solvation
forces between exchangeable cations and water molecules (Yong, 1999). The conductivity
of sand soils fall rapidly once the bulk water has drained from the soil (Ackerman, 1991),
whereas agar maintains hydraulic conductivity because water movement is unrestricted
within the interstices of the gel matrix (Wiggins, 1990). This type of substrate is thus of
greatest relevance to studies of terrestrial or fossorial species that exchange water with
clay or loam soils, in contrast to experiments that examine water exchange using solutions
or distilled water (e.g. Adolph, 1933; Tracy, 1976) which may be appropriate for aquatic
frogs. An advantage of the agar osmoticum is that water potential can be tightly controlled.

40

It is suitable for assessing behavior associated with water uptake, such as the water
absorption response (Stille, 1958; Hillyard et al., 1998). In this study, for example, some
frogs adopted a distinctive posture where the digits were lifted off the substrate. This may
enable the frog to rest on the less permeable keratinized skin at the base of the feet and
hands.

As a consequence of more than eight weeks without fluid intake in a relatively dessicating
environment, the osmolality of the plasma and urine of cocooned C. australis was
significantly higher than in hydrated frogs, in some cases exceeding 500 mOsm kg

–1

(equivalent to -1220 kPa). On high WP substrates, the high osmolality of the plasma
favored rapid water uptake due to the strong gradient, and even on substrates with water
-1

potentials as low as -800 kPa (= 330 mOsm kg ), uptake was possible in dehydrated frogs.
In contrast, hydrated frogs with low plasma osmolality lost water to the substrate at this
water potential. The WP gradient drives the direction of water flow, however, water
movement out of the frog was relatively slow even where there was a large WP gradient.
This difference between relatively rapid uptake rates and slower loss rates (Figure 3.1) is
concordant with previous findings (Hillyard, 1976; Tracy and Rubink, 1978; Tracy et al.,
2007), and is indicative of differential permeability depending on the direction of water flux.
Hormonal influence on blood flow and skin permeability and recruitment of aquaporins to
apical membranes (Willumsen et al., 2007) may enhance rates of uptake, whereas on dry
substrates the permeability of the integument is reduced to minimize losses. The
accumulated cocoon layers retard the passage of water molecules evaporating from the
(saturated) skin surface to the air inside the burrow chamber. Because the cocoon forms
while the animal is in a burrow (Tracy et al., 2007), evaporative losses are presumably
primarily by diffusion, rather than convection, since there is no air flow. With an increase in
the number of epithelial layers, the cocoon slows rates of vapor diffusion, hence resistance
to EWL increases. Similarly, the cocoon may serve to reduce losses of liquid water to the
soil by retarding movement of water from the skin to the substrate, effectively isolating the
frog from the soil.
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A burrow of C. australis during the dry season experiences a gradual drying of the soil from
the surface downward due to evaporation. This results in a drying front (Ackerman, 1991),
with moist soil below the front and relatively dry soil nearer the surface (from which it is not
possible for a frog to obtain water). This sharp gradient in water potential may be the cue
for cocoon formation; Tracy et al. (2007) noted that in the field the cocoon does not form
until the soil has reached relatively low water potentials, several months after the frogs
bury. Similarly, Booth (2006) found that cocoons were not formed until the third month of
estivation, corresponding with drying of the soil. The inducement to form a cocoon in sand
may be vapor loss to the dry soil. However, clay soils retain moisture at low water potentials
so that cocoon formation may coincide with development of a WP gradient, which is
potentially more desiccating because water exchange is more rapid by hydraulic conduction
than vapor diffusion (Hillman et al., 2009).

The observed drop in EWL during the early cocooning phase (McClanahan et al., 1983;
Withers, 1998a; Tracy et al., 2007; Figure 3.2) is evidence of a relatively rapid change in
-1

-1

permeability. Rates of water loss in this study were as low as 0.2 mg g h after 60 days
-1

-1

with a cocoon, compared to water loss of 1.2 to 1.7 mg g h for hydrated C. australis
maintained under similar conditions (unpubl. data). The measured loss is slightly lower than
-1

-1

a previous value for C. australis (0.5 mg g h after 90 days) using an open flow system
(Christian and Parry, 1997). Cocooned EWL rates are similar to Lepidobatrachus llanensis
-1

-1

after 40 days (~0.9 mg g h ; McClanahan et al., 1983), Cyclorana maini at 80 days
(Figure 1 in Withers, 1998a), and Pyxicephalus adspersus during cocoon formation
(Loveridge and Withers, 1981). The ability to form a cocoon may eliminate the necessity of
constructing deep burrows, and allow fossorial frogs to use drier parts of the landscape.
There is some evidence that non-cocooning fossorial frogs remain in a moist layer of soil
(Roberts, 1984; Cartledge et al., 2006a, 2006b) from which they can absorb water or at
least remain in equilibrium with the soil water.
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The WP of natural substrates vary from 0 kPa for pure water to large negative values (< -10
000 kPa) in dry soils. In wet soil the mass flow of water is in the direction of the frog (Tracy,
1976), but there should be an intermediate WP (the absorptive threshold) where the frog
and substrate are in equilibrium (Shoemaker et al., 1992; Hillman et al., 2009). Water
uptake in hydrated frogs occurred on substrates with water potentials greater than -300
kPa, but water was lost to substrates with water potentials lower than -600 kPa. In one
hydrated frog, some water uptake was possible at ~ -540 kPa, close to the osmotic water
potential of frog plasma (-550 kPa in this individual). Similarly, Sinsch (1987) found that
water uptake in Rana spp., though greatly reduced, was possible on soils at -550 kPa, and
Cyclorana alboguttata gained mass on soils to -400 kPa but lost mass on soils at -1000
kPa (Booth, 2006). In trials on substrates close to the equivalent WP of the frog, during
some 15-min intervals the animal gained mass, but in others mass was lost, suggesting
that they were close to the absorption threshold.

At relatively high water potentials of > -100 kPa, water is held in the soil voids due to
capillary forces (Hillel, 1971; Ackerman, 1991), and frogs are able to absorb water from the
soil (Dole, 1967; Walker and Whitford, 1970). At lower water potentials, when the bulk
water has drained from the soil, liquid water is present as thin films (adsorbed water) on the
surface of soil particles, and vapor is present in the interstices. In this situation the skin
surface is losing water to the vapor phase of the soil pores, which are at close to saturation
vapor pressure, or to the soil particles themselves. In the latter case it would be necessary
for the soil particles to attract water to their surfaces in order to drive water movement in the
direction of the soil. Liquid water moves between soils at different water potentials along its
potential gradient (Slatyer, 1967; Hillel, 1971). However, in the case of the movement of
water at the skin-soil interface, it is unclear how the soil matrix interacts with the osmotic
milieu of the body fluids, specifically the plasma in the area of the pelvic patch. In cocooned
frogs there may be a space between the skin and cocoon (Withers, 1998a) which would
prevent mass transfer of liquid water from skin to cocoon. Whether water loss is by liquid or
vapor diffusion may depend on the hydraulic conductivity and vapor conductivity of the soil
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(Ackerman, 1991), and is likely to involve a relatively abrupt transition from rapid liquid
water exchange to lower evaporation rates due to vapor diffusion (Shokri et al., 2009).

Studies of EWL are carried out in the laboratory under conditions very different from those
inside a burrow where the cocoon is formed. The relationship between water potential and
relative humidity (RH) is logarithmic (Papendick and Mulla, 1986; Ackerman, 1991), so that
at water potentials of -570 kPa, corresponding to the body fluids of a hydrated frog (Table
3.1), equivalent RH is greater than 99%. Inside burrows, humidity is high even in relatively
dry soils (Tracy et al., 1978; Tracy et al., 2007); for example at a WP of -10 000 kPa, RH
exceeds 90%. Hence, the vapor gradient is relatively small, and in addition, EWL is not
intensified by air movement. In contrast, loss of fluid to substrates of low water potential has
a direct bearing on conditions in a burrow, particularly in clay and clay loam soils. The
accumulation of epithelial layers is similar in all cocooning anurans, hence I anticipate that
the findings for C. australis are applicable to other species. Cocoon formation has been
documented in other burrowing organisms (Greenwood, 1986; Pusey, 1986; Etheridge,
1990; Petersen et al., 2008), and although some cocoons are comprised solely of mucus,
others are formed from multiple epithelial layers. Most, if not all, cocooning species live in
arid or seasonally dry environments where water becomes unavailable (either for drinking
or via osmotic uptake). I contend that the cocoon is an adaptation to a subterranean
existence, and that cocoons have evolved largely to reduce rates of water loss (liquid and
vapour) to dry soils.
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Chapter Four
Weight variation and bladder fluid osmolality
in Cyclorana australis

Abstract
Maintenance of water balance by anurans in terrestrial environments requires periodic
replenishment of bladder water to ameliorate evaporative losses. I examined weight
variation and bladder fluid osmolality and urea content in the terrestro-fossorial Australian
hylid Cyclorana australis, a species that uses the bladder as a fluid reservoir. Under
outdoor conditions in the wet - dry season transition, weight variation on moist soil with and
without access to free water was substantial and irregular. During a period with no rain,
individual frogs remained active on the surface and maintained body weight, obtaining
water from moist soil. In a laboratory environment, frogs with access to water regularly
replenished the bladder fluid store after the bladder was emptied; bladder volume averaged
25% of mean standard mass. Initial mass with fluid in the bladder was variable, whereas
bladder empty mass was relatively constant. There was some evidence that the volume of
fluid stored in the bladder was responsive to time since bladder emptying. Urine osmolality
-1

-1

(range 15 - 37 mOsm kg ) and urea concentrations (range 9 - 27 mmol L ) fluctuated only
slightly with water access and increased substantially during a period of dehydration (mean
-1

osmolality 141 mOsm kg ). Urea concentration was closely correlated with urine
osmolality. These findings are largely congruent with the concept that replenishment of the
bladder is an anticipatory mechanism for regulating water balance and body fluid
osmolality.
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Introduction
Frogs in terrestrial environments maintain water balance by ensuring that, over the long
term, evaporative water losses do not greatly exceed water inputs obtained by cutaneous
uptake (Shoemaker, 1987; Shoemaker et al., 1992; Jorgensen, 1997a). While many
authors have focussed on rates of water loss and gain (summarised by Heatwole, 1984;
Warburg, 1997; Bentley, 2002), few have examined weight variation over time associated
with changes in body fluid and bladder volume. Dole (1967) noted slight diurnal variation in
the mass of Rana pipiens with empty bladders, Claussen (1974a) suggested that body
weight and bladder volume are maintained within a relatively narrow range, and Katz and
Gabbay (1986) noted a gradual decline in the weight of Bufo viridis on moist soil. The
burrowing frog Heleioporus eyrei lost water during nocturnal foraging but this was regained
in burrows during the day (Lee, 1968). There are several interrelated aspects to the
physiology of weight variation in anurans, including change in weight due to consumption of
prey, hydration state, bladder fluid volume, and the osmolality of the associated body fluids.

With access to free water or water in soil, water is absorbed by cutaneous drinking and can
be stored in the bladder (Katz and Gabbay, 1986; Jorgensen, 1994a, 1997a; Bentley,
2002). The anuran bladder has a vital role in maintaining water and solute balance and the
fluid equilibrium of the organism (Shoemaker et al., 1992; Warburg, 1997; Bentley, 2002).
During periods of low moisture availability, reabsorption occurs as water moves from the
mucosal to serosal surface of the bladder along an osmotic gradient (Bentley, 1966b), so
that bladder volume is reduced in dehydrated frogs (Steen, 1929; Sawyer and Schisgall,
1956). Fluid reabsorbed from the bladder balances evaporative losses, ensuring that
plasma osmolality is relatively constant, while the bladder fluid becomes more concentrated
(Ruibal, 1962a; Shoemaker, 1964; Shoemaker et al., 1992). In terrestrial and fossorial
species the bladder is a highly distensible bilobed sac (Davy, 1821; Ecker, 1889; Bentley,
1966b) that can be used as a fluid reservoir (Jorgensen 1997a). There is considerable
interspecific variation in bladder capacity, and some species can store up to 50% of
standard (bladder empty) mass as bladder fluid (Bentley, 1966b; Schmid, 1969; Warburg,
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1997). In the burrowing hylid, Cyclorana australis, bladder volumes are 30 - 80% of
standard mass in excavated frogs (Chapter 6), and in the laboratory average close to 50%
of standard mass (unpubl. data). These frogs occur broadly across monsoonal northern
Australia. They are active at night during the wet season, and aestivate underground in the
dry season (Tracy et al., 2007; Chapter 6).

Townson was one of the earliest to note that with access to water, anurans reabsorb the
bladder fluid store in order to maintain hydration (Jorgensen, 1994a). Jorgensen (1991,
1994b) studied the water balance of toads (Bufo bufo) in a simulated terrestrial habitat with
access to water. He found that the toads remained normally hydrated, and proposed that
cutaneous drinking was anticipatory, the animals storing fluid in their bladders so that they
did not become dehydrated. However, although Jorgensen (1994b) studied body mass and
bladder volume, he did not evaluate the osmotic properties of the body fluids, which are a
useful index of hydration state where there are known values for the organism of interest.
Using the terrestro-fossorial species C. australis, I examined weight variation in an outdoor,
simulated terrestrial environment with moist soil during the wet - dry season transition. In
the laboratory, I investigated the pattern and degree of bladder filling over time with water
access following removal of bladder fluid and the effect of a period of dehydration. Variation
in weight and fluid volume and the relationship to the osmotic properties of the body fluids,
in particular the osmolality and urea content of bladder fluid are explored.

Methods
Weight variability on moist soil

During April (wet-dry season transition), five adult C. australis were moved to a sheltered
outdoor enclosure with overhead shading. The frogs were placed individually in pots (32cm
diameter x 33cm depth) filled with soil to a depth of 8 cm and covered with mosquito net
fabric tied with elastic to prevent escape but allow air movement. This arrangement allowed
frogs to move about freely on the soil surface while being exposed to natural air
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temperature and humidity conditions. The soil was a moderately fine-grained sand obtained
from a field site (Mickett Creek) where C. australis are known to occur (Tracy et al., 2007).
A shallow dish 12 cm in diameter and 2 cm deep was embedded in the soil surface. At the
start of the experiment, recent rain (over 100 mm in the two days prior) had wetted the soil,
so that it was freshly drained (at field capacity), and the dishes contained water to a depth
of 15 mm. At this time the frogs were able to select between free water available in the dish
or water extraction from the moist soil.

After allowing a day for the frogs to acclimatise to the conditions in the pots, the weights of
the frogs were obtained daily at around 10:00 (a.m. measurement) and 18:00 (p.m.
measurement) hours. I noted whether the individual frog micturated prior to weighing. The
location of the frog was categorised as: above ground; in shallow form (scrape or
indentation in the ground formed by the frog; Dole, 1967); or partly buried, where any
portion of the dorsal body surface was covered with soil. The water in the dishes was
allowed to evaporate, and by the afternoon of the second day the dishes were empty. For
the following three days, the frogs had access to soil moisture only, because no rain fell
during this period. Following the p.m. measurement after the dry weather period, 50 ml of
water was poured into each dish. The frogs remained in the pots for one more day, and
were removed the next day after rainy weather commenced.

A Theta Probe time-domain reflectometer (Delta-T Devices Ltd, Cambridge, England) was
used to measure volumetric soil water content (θv), the proportion of the total soil volume
occupied by water (Campbell and Norman, 1998), at various intervals during the
experiment. For each moisture value, the probe was inserted into the soil three times at the
surface and the values averaged. The probe measures a cylinder of soil 6 cm deep, hence
the measurements represent the moisture of the soil from the surface to 6 cm depth. In the
afternoon at the end of the three days with no water access, samples of surface soil were
obtained from each of the pots from the substrate under where the frogs were sitting. The
samples were kept in sealed plastic containers for measurements of soil water potential.
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Matric potential was determined with a Wescor HR-33T dew point microvoltmeter with a C52 sample chamber, based on the average of three readings for each soil sample. The C52 chamber was calibrated against standards supplied by the manufacturer (refer to
Chapter 6). At this time, bladder fluid was obtained from frogs that micturated while they
were being handled. Ambient temperature and humidity in the enclosure was recorded
twice daily (a.m. and p.m.) with a TPS MC-83 humidity meter. Wind speed was measured
periodically with a TSI VelociCalc instrument. Rainfall and evaporation values were
obtained from the Australian Bureau of Meteorology (BOM) station at Darwin airport,
approximately six kilometres away.

Weight and bladder fluid osmolality variation over time with water access

Cyclorana australis were obtained from the field within 40 km of Darwin, Northern Territory,
Australia. On return to the laboratory, the bladder was emptied by inserting a piece of thin
flexible tubing into the cloaca and by applying pressure to the abdomen in the area
overlying the bladder. The animals were kept in shallow water overnight, then the bladders
were emptied to obtain an initial measure of standard mass. The frogs were provided with
access to water for five days prior to commencement of the experiment, to facilitate full
hydration, ensure clearance of food from the digestive tract, and to allow excess urea to be
voided in the urine. Water access was permitted by providing aged tap water at one end of
a tilted container (18l x 12.5w x 9h cm). The water covered about one third of the base of
the container, thereby allowing the frogs to sit in or out of the water. The temperature in the
laboratory during this period was 23.5 ± 1ºC, and relative humidity was 45 - 55%.

The experiment was carried out as a longitudinal study, requiring a period of about three
weeks. At the commencement (Day 1), an initial weight and then empty bladder weight was
obtained, and the urine was collected as the bladder was emptied. The frogs (n = 5) were
then provided with water access and their bladders were emptied at intervals of 1, 1, 2, and
3 days, and then this sequence was repeated (i.e. 14 days in total). At the designated
interval, the frogs were weighed in the morning between 9 and 10 a.m. to obtain an initial
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mass with fluid in the bladder, and then the bladder was emptied to obtain standard mass
(SM: mass of a hydrated frog with bladder empty; Ruibal, 1962a). Daily weights were
converted to a percentage of the mean SM over the water access period. Bladder volume
was calculated as the difference between the initial and final weight measurements, and the
urine was retained for analysis. After each bladder emptying episode, the fluid in the
container was removed and replaced with approximately 50 ml of aged tap water. This was
sufficient for the frogs to fill their bladders, and ensured that water remained in the
containers over the time interval of 1 - 3 days. At the end of the period with regular water
access (Day 15), plasma was obtained as accumulated lymph from the sacs of the hind
limbs using a fine gauge needle, following the method described in Chapter 2.

The second phase of the experiment involved exposure of the frogs to desiccating
conditions, following the 15 day water access period described above. 30 mls of water was
placed in each tilted container, and the water was left to evaporate or be cutaneously
absorbed by the frog. On the third day, any water that remained was removed from the
containers, and the frogs were held without water for six days, a period known from
previous testing to incur a moderate level of dehydration. At the end of this period, the frogs
were weighed, and the bladder emptied to estimate urine volume. Water was then added to
the containers, and after two days with water access, initial and final mass were obtained,
and urine was collected to assess rehydration of the animals. In the final stage of the
experiment, the frogs were fed 3 - 4 cockroaches (cockroach mass 0.3 - 0.7 g), and then
three days after feeding (with water access) masses and urine were obtained.

The osmolality of urine and plasma was measured with an Advanced Instruments MicroOsmometer (freezing point depression) Model 3300, and the remainder was frozen for later
analysis of urea concentration. Urea was assayed using the BUN reagent (Thermo Electron
TR12015; refer to Chapter 2). Values are reported as mean ± SD.
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Results
Weight variability on moist soil
Individual C. australis displayed wide variation in mass under outdoor conditions on moist
soil (Figure 4.1). Weight was maintained when the frogs had access to free water, but also
when water in the soil was the only moisture source. During the period of dry weather,
some frogs lost, but others gained weight. Soil moisture (θv) gradually declined during this
3

-3

3

-3

period to 0.145 m m , but increased after rain to 0.266 m m (Figure 4.2). At the end of the
dry period, mean (± SD) water potential of the surface soil across the five pots was -108 ±
-1

28 kPa. At this time, urine osmolality of three frogs averaged 92 mOsm kg , and urea
-1

concentration was 67 mmol L (73% of osmolality).

Some frogs micturated once (15% of occasions) or twice (8%) before being weighed.
Based on fluid voided while the frogs were being weighed, typical amounts for a single
issue were 0.3 - 0.6 ml. Frogs also occasionally micturated after weighing or while being
handled, and some frogs were more prone than others to voluntary micturation. For all
individuals combined, during the day frogs were observed sitting on the soil surface most of
the time (77%), and were sometimes in shallow forms (13%) or partly buried (10%).

Ambient shade temperature in the morning averaged 29.3ºC and in the afternoon 30ºC.
Relative humidity was between 55 - 72% in the morning and 60 - 66% in the afternoon.
Measured wind speeds were between 0.1 - 0.3 m/s, or were calm (< 0.1 m/s). Daily pan
evaporation rates (BOM Darwin) during the period of no rain were between 4.6 and 6.4
mm. Rain overnight to 9 a.m. at the end of the experiment was 27 mm.
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Figure 4.1 Weight variation of individual Cyclorana australis (n = 5) on moist soil. in. =
initial weight. pm and am are weighings in the afternoon and morning respectively.
v indicates that the animal voided urine prior to weighing.
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Weight and bladder fluid osmolality variation over time with water access

During the 15 day period with water access, the weight of C. australis with fluid in the
bladder was variable, being generally 110-140%, and up to 147% of mean SM. Bladder
empty mass was relatively constant, averaging around 100% of mean SM (Figure 4.3). At
Day 5, Day 8 and Day 15 there was some indication that overall mass (Figure 4.3) and
volume of bladder fluid (Figure 4.4) had increased following 2 and 3 days without bladder
emptying. The bladder store and body weight decreased with more frequent bladder
emptying at Day 9 and Day 10. Mean bladder volume over the water access period was
25% of mean SM. Bladder volume after the six day dehydration period was lower than the
mean with water access for four of the five frogs, and averaged 18% of SM.

Osmolality of the bladder fluid obtained from frogs with water access was relatively
-1

constant (Figure 4.5), with an overall mean of 21 mOsm kg , and a range of 15 - 37 mOsm
-1

kg (Figure 4.6). Plasma osmolality at the end of the water access period was 211 ± 5.7
-1

-1

mOsm kg , and was less than 220 mOsm kg for all frogs. Individual frogs showed minor
variation in osmolality (Figure 4.6) that was closely matched with changes in urea
-1

concentration (Figure 4.7). Mean urea concentration with water access was 15 mmol L .
Osmolality and urea concentration during the water access period were closely correlated
2

(p < 0.001, n = 45, r = 0.75, linear regression; Figure 4.8); urea accounted for a mean of
71% of urine osmolality. Following a six day period of water deprivation, urine osmolality
-1

-1

increased to a mean of 141 mOsm kg , dropping to 47.2 mOsm kg with rehydration
(Figure 4.5). Three days after feeding (with water access), mean urine osmolality was
-1

similar (47.2 mOsm kg ), although less variable.
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Figure 4.3 Weight variation in Cyclorana australis with access to water, as a percent of
mean mass with empty bladder, for initial mass with fluid in the bladder (empty circles), and
bladder empty mass (filled circles).
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Figure 4.5 Bladder fluid osmolality changes over time (mean ± SD) in the laboratory with
water access, following dehydration, and with rehydration and feeding.
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Figure 4.6 Individual variation in urine osmolality of Cyclorana australis (n = 5) over the
period with water access.
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Figure 4.7 Individual variation in urine urea concentration of Cyclorana australis (n = 5)
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Discussion
Weight variation of individual Cyclorana australis on moist soil with or without access to free
water was highly variable. During a period of several days without rain, the frogs
maintained body weight (and voided urine; Figure 4.1), indicating that moisture uptake was
3

-3

possible from soil with a volumetric moisture content of greater than 0.15 m m . In most
cases, the frogs stayed on the soil surface, and were highly active in the warm conditions.
One frog that was partly buried increased in weight during the dry period, but others lost
mass. In contrast to Dole (1967), who noted a regular pattern of greater mass in the
morning than in the evening in Rana pipiens, there was no clear pattern in C. australis. The
pattern was possibly obscured by the presence of fluid in the bladder, and voiding of the
bladder contents when the animals were handled. Dole (1967) suggested that frogs lose
water by evaporation during the day, regaining the water by absorption from wet sand at
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night, whereas Lee (1968) found that the burrowing species Heleioporus eyrei lost water
while active at night in summer, rehydrating in burrows during the day. In C. australis active
on the ground surface, water may be absorbed whenever the frog is on a suitably moist
substrate, because frogs in the field during the wet season do not bury during the day if
conditions are sufficiently wet (pers. obs.).

-1

The urine osmolality of C. australis on moist soil (92 mOsm kg ) was higher than that of
-1

hydrated frogs (45 mOsm kg ; Chapter 3), whereas bladder volumes were lower than
those of burrowed frogs in the dry season (Chapter 6). Claussen (1974a) noted that
voluntary bladder reserves were generally only 20 to 40% of full bladder capacity in Bufo
fowleri, and Bufo bufo in a simulated terrestrial environment stored variable amounts of
bladder fluid that were less than maximal capacity (Jorgensen, 1991). Because the amount
of fluid stored may influence jumping ability, for example (Claussen, 1974b; Buchanan and
Taylor, 1996), it is unlikely that active animals would utilise the full capacity of the bladder,
particularly when water is available from the soil.

In the laboratory with water access, urine osmolality was relatively constant and C. australis
regularly refilled the bladder after emptying. Urine osmolality was usually less than 30
-1

-1

mOsm kg and averaged 21 mOsm kg (Figure 4.6). Thus, the frogs were able to maintain
their hydration state in response to the relatively desiccating laboratory environment,
-1

indicated also by low (< 220 mOsm kg ) plasma osmolality at the end of the water access
period. Urine osmolality was closely linked with urea concentration, which accounted for
between 50 and 90% of urine osmolality. Schmuck and Linsenmair (1997) found that with
water access the semi-arboreal frog Hyperolius marmoratus temporarily accumulated urea
in the urine, the urine was periodically voided, and then the bladder fluid was replenished.
Similarly in C. australis, urea did not accumulate when the frogs had access to water,
suggesting that after the bladder was emptied, refilling occurred with water obtained by
cutaneous drinking.

58

In contrast, during a six day period without access to water, the osmolality and urea
-1

-1

concentration of the urine increased substantially to 141 mOsm kg and 106 mmol L

respectively. This is an average of seven times the osmolality with water access (Figure
4.5), and is indicative of significant depletion of the bladder fluid reservoir and retention of
urea. Rehydration with water access following the period of dehydration resulted in a
substantial drop in urine osmolality after two days, but this was insufficient time to regain
fully hydrated urine values. This suggests that three or more days are required to eliminate
excess urea from the body fluids following periods of water deprivation. Post-feeding urine
osmolality values were nearly identical to rehydration values, possibly indicating that after
three days, substantial digestion and catabolism of protein had not yet taken place. Mean
urea content was 77.3% of urine osmolality post-feeding, compared with 73.5% after
rehydration. Although there are some data for food passage times in amphibians (Larsen,
1992), and feeding frogs produce more urea and have higher arginase activity than starved
frogs (Castane et al., 1990), no studies have examined post-absorptive changes in urea
concentration of body fluids. It may be anticipated that frogs, being predatory organisms
with high protein content diets, will show variation in urea production with time after feeding.

There were significant fluctuations in bladder volume during the period with water access,
contributing to changes in initial weight. In contrast, the measures of standard (bladder
empty) mass were remarkably consistent, with 85% of measurements being within 2% of
mean SM with water access. This is comparable to the findings of Ruibal (1962a), who
noted that the amount of fluid remaining in the bladder after emptying affected the
repeatability of the measure. By recording mass on four or more consecutive occasions, a
reasonably precise estimate of SM can be obtained. Over the long-term, loss of body mass
due to depletion of energy stores must be taken into consideration (Jorgensen, 1991,
1994b), but during the period of this experiment (approximately two weeks), there was not
an obvious effect of this kind. Similarly, Ott (1924) noted minimal loss of weight with
inanition over several months.
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Jorgensen (1994b) studied the water balance response of the terrestrial species Bufo bufo.
He suggested that, with water access, cutaneous drinking by the toads was anticipatory, so
that hydration state was maintained. When the bladder was emptied, C. australis regularly
refilled the bladder with fluid amounting to 15 to 40% of SM. This response may partially
have been a reaction to the relatively cool and dry conditions of the laboratory, which
emulate dry season temperature and humidity regimes. The dry season is a period when
fluid storage in the bladder would be advantageous, to combat comparatively rapid rates of
evaporative water loss. Usually the frogs burrow underground during the dry season, but
because they were in containers and could not burrow, they responded by storing bladder
water. It is possible that this may also be a tactic during comparatively brief periods (7-10
days) of dry weather in the rainy season. There was some indication of a response to water
availability, with frogs increasing bladder reserves at Day 8, after three days without
emptying of the bladder, and also (to a lesser extent) at Day 15. There was a gradual
increase in weight also at Day 5. This may be evidence of a response to increasingly dry
conditions, with enhancement of bladder water reserves as the water in the containers
receded. Evidence from several studies is suggestive of the involvement of Angiotensin II in
the water absorption response and bladder filling (Viborg and Rosenkilde, 2001), with
greater rates of uptake in frogs with empty bladders (Tran et al., 1992; Parsons et al.,
1993). These endocrine mechanisms may be a response to water loss, analogous to
anticipatory thirst in humans, which arises prior to development of body water deficits
(Phillips et al., 1984).

These results provide further evidence that the bladder is an important component of the
water balance response of anurans (Bentley, 1966b), having a functional role in maintaining
body fluid osmolality within tolerable limits, and at levels close to full hydration when water
is available. The bladder is used as a fluid reservoir also in some chelonians (Jorgensen,
1998) and a desert lizard (Davis and DeNardo, 2007), raising questions about comparative
patterns of utilisation of bladder water in a range of terrestrial ectotherms. For amphibians
in aquatic environments, regular elimination of dilute urine ensures removal of excess water

60

gained by osmosis (Shoemaker, 1987). In a terrestrial situation, use of the bladder as a
water depot may be responsive to the phase of activity. Cyclorana australis survives in a
highly seasonal environment, and has similar bladder fluid storage capabilities to other
members of the genus (van Beurden, 1984; Cartledge et al., 2008; pers. obs.). In frogs
active above the ground surface, evaporative water loss is comparatively rapid during the
day, but water uptake rates from moist soil or water, where available, exceed rates of water
loss (Jones, 1978; Shoemaker et al., 1992; Jorgensen, 1994a; pers. obs.). Utilisation of the
bladder as a water store allows for less reliance on an immediate supply of water and
facilitates movement away from water sources for foraging or other activities. In this regard,
the distribution and availability of moisture in the environment may largely determine
patterns of activity. During the dry season, the animals burrow and are dormant (Chapter
6), using the bladder store to compensate for water loss. The pattern of bladder filling and
water reabsorption during dormancy is likely to differ from that in active frogs, as it involves
greater bladder fluid reserve volumes, storage and retention of fluid for long periods
(several months), and the gradual accumulation of solutes in concert with
osmoconcentration of body fluids (Chapter 5).
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Chapter Five
Influence of the urinary bladder store on urine and
plasma osmolality in Cyclorana australis

Abstract
The fossorial hylid Cyclorana australis is active in the wet season and lives underground
during the dry season. The amount of fluid stored in the bladder is variable, but may exceed
70% of standard mass. The role of the bladder in regulating body fluid osmolality was
investigated by subjecting two groups (frogs with drained bladders and frogs retaining
bladder fluid) to a dehydrating environment over four to twelve days. Frogs with a bladder
store had lowered or relatively constant plasma osmolality over the short-term, and urine
osmolality and urea concentration tended to increase with time. In frogs with empty
bladders, plasma and urine osmolality and urea concentration increased, in concert with
loss of mass due to evaporative water loss. Increases in plasma osmolality were not
necessarily associated with changes in the volume of bladder fluid because plasma
osmolality did not change until the bladder store was depleted. Models developed to
examine the influence of various factors on osmoconcentration of plasma in frogs with
bladder fluid storage capabilities indicated that small size, lack of a bladder store, high
initial osmolality and rapid rates of water loss had the strongest effect on elevating
osmolality. When fitted to the data, a combined factor model closely approximated actual
plasma osmolality in frogs with empty bladders. In frogs with full bladders, the combined
model overestimated osmolality increase because compensatory reabsorption of bladder
fluid modulated plasma osmolality. Storage of dilute bladder fluid and cocoons that reduce
water loss are likely to enhance survival of C. australis during prolonged dry periods. Rapid
growth to attain large size (associated with an enhanced capacity to store bladder water
and body water), and tolerance to accumulated urea may also be important.
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Introduction
The urinary bladder of terrestrial and burrowing frogs is important in maintaining body fluid
osmolality within tolerable limits. Bladder capacity is particularly well developed in
burrowing species in seasonal or arid environments (Shoemaker, 1988; Warburg, 1997;
Bentley, 2002). In anurans, urine produced by the kidneys passes via the ureters to the
cloaca and then into the bladder (Martin and Hilman, 2009). The initially dilute urine, or
bladder water, functions as a fluid store that ameliorates evaporative losses (Schmid, 1969;
Claussen, 1974a; Jorgensen, 1994a, 1994b, 1997a); the bladder water can be reabsorbed
when water is unavailable from the external environment (Steen, 1929; Ruibal 1962a;
Bentley 1966b, 2002). Where water is readily available, dilute urine is regularly voided
(Shoemaker, 1987), but under dry conditions, bladder fluid is retained.

Water reabsorption is a homeostatic mechanism that modulates the concentration of the
plasma within limits that are tolerable to biochemical and physiological function. Frogs
tolerate large variations in body fluid concentrations, fluid volumes and hydration state
(Hillman et al., 2009). In addition, they are generally able to survive elevated urea
concentrations in the body fluids (Withers and Guppy, 1996; Jorgensen, 1997b). In concert
with reabsorption of the bladder store, this tolerance to hyperosmotic stress facilitates
existence in environments that are otherwise inimical to amphibians.

Several authors have compared the effects of dehydration on electrolyte and osmotic
concentration in terrestrial and fossorial amphibians with and without a bladder store
(Ruibal, 1962a; Shoemaker, 1964; McClanahan, 1967; Alvarado, 1972). In frogs with an
empty bladder, increases in total solute concentration and sodium levels in plasma were
commensurate with the deficit in total body water. Evaporative loss of the solvent, water,
from the body fluid compartment results in concentration of the solute fraction. This volumeconcentration relation was formalised by Shoemaker (1964) for a bladder empty frog as:
CPt = CPi / (WFt / WFi)
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where: CPt, the total osmotic concentration (osmolality) or concentration of individual
solutes in the plasma at time t is calculated from CPi, the initial osmolality, WFi, the initial
water content (as estimated from mass), and WFt, the final water content as a result of the
water deficit (from final - initial mass). In this formulation, mass is assumed to be equivalent
to volume (because 1 ml of water = 1 g) and all mass loss is assumed to be due to water
loss. Hence, elevation in body fluid osmolality is related to the mass loss from evaporation.
These calculations are made in reference to body water rather than overall body mass;
body water is generally about 80% of body mass in amphibians (Thorson, 1964; Schmid,
1965; McClanahan, 1967; Clyne, 1968; Hillman, 1978). In situations where water is
unavailable, there should be a curvilinear function of increase in osmolality over time as
water is lost from the body by evaporation, leaving behind dissolved solutes.

In a study of Australian frogs, Clyne (1968) noted an increase in the concentration of ions
following dehydration of Cyclorana alboguttata and C. platycephala with and without urine
in the bladder. Water loss in Xenopus laevis, a species with negligible bladder capacity,
resulted in solute (sodium, urea, chloride) osmoconcentration (Hillman, 1978). Dehydration
of bladder empty Rana pipiens and Scaphiopus couchii caused increases in sodium, urea
and osmolality (Hillman, 1982), similar changes in sodium and protein in Rhinella marina
(Bufo marinus) and Rana catesbeiana (Hillman et al., 1987), and ions in plasma and
muscle of Hyla arborea (Degani and Warburg, 1984). Schmuck and Linsenmair (1997)
noted that plasma osmolality and body water deficit were positively correlated in reedfrogs
(Hyperolius spp.). In partially dehydrated, bladder empty hibernating Rana sylvatica, body
water influenced osmolality, urea, glucose, sodium and chloride concentrations, but not
lactate (Muir et al., 2007). In contrast, Delson and Whitford (1973) found that, for burrowed
salamanders after several months, the resultant solute values were lower than that
predicted by the volume-concentration equation, possibly because moisture was obtained
from the soil. The few field studies suggest that increases in plasma sodium and osmolality
occur as a result of water deficits during nocturnal activity (Lee, 1968) and that proportional
bladder volume is inversely related to urine osmolality (Pough et al., 1983).
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The empirical laboratory-based evidence thus largely supports a relatively simple pattern of
dehydrational osmoconcentration in frogs with empty bladders. However, frogs in terrestrial
or fossorial situations rarely have empty bladders, and indeed appear to execute
anticipatory cutaneous drinking when moisture is available (Jorgensen, 1994b, 1997a). Two
factors are likely to complicate any regular increase in the osmolality of the plasma as
defined by the volume-concentration equation: the presence and reabsorption of bladder
fluid, and accumulation of urea. Because the urine is less concentrated than the plasma,
the endocrine controlled reabsorption of water from the urinary bladder (Sawyer and
Schisgall, 1956; Lichtenstein and Leaf, 1966; Eggena, 1987; Bentley, 2002; Uchiyama and
Konno, 2006) should modulate or retard increases in plasma osmotic concentration due to
water loss. Plasma osmolality remains relatively constant in frogs that retain a bladder fluid
store; increases in plasma osmolality occur primarily after the bladder fluid has been
depleted (Steen, 1929; Ruibal, 1962a; Shoemaker, 1964; McClanahan, 1967; Alvarado,
1972; Shoemaker et al., 1992). The accumulation of urea in the body fluids in the shortterm is unlikely to approach concentrations that affect physiological function, but in longterm water deprivation, as in dormant burrowing frogs, urea concentrations can attain very
high levels (Katz, 1989; McClanahan, 1967, 1972; Chapter 6). Initially, urea selectively
accumulates in the urine, but with time the concentration in plasma may also increase.

The burrowing hylid Cyclorana australis is a moderate sized (max. SVL 100mm; adult
bladder empty mass 25-55g), robust, cocoon-forming species that is widespread in the
seasonal (monsoonal) savannas of northern Australia (Tyler and Davies, 1986; Christian
and Parry, 1997; Cogger, 2000). The frogs are dormant during the prolonged dry season
(Tracy et al., 2007) and emerge to breed and forage during the wet season. While
underground, the frogs have a bladder fluid store, in some cases exceeding 70% of
standard mass (Chapter 6). Bladder capacity is similar to or exceeds that of other
burrowing frogs that undergo long-term dormancy, e.g. Scaphiopus spp. (McClanahan,
1967; Shoemaker et al., 1969) and Cyclorana platycephala (van Beurden, 1984). After
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several months underground, plasma osmolality remains low, urine osmolality increases,
and urea accumulation is initiated (Chapter 6).

I used this species to investigate the role of the bladder urinary store in modulating the
hydration state of the animal (as indicated by the osmolality of the plasma) in response to
different periods of time under dehydrating conditions. C. australis experience prolonged
periods of water deprivation and comparatively low rates of water loss while aestivating in
the dry season, and are likely to experience shorter periods (days to weeks) of dry weather
with higher rates of water loss while active in the wet season. There are a variety of
possible responses to dehydration, but in general, greater volumes of water are stored
during dormancy than when active above ground (Chapters 4 & 6). In this chapter I ask
three main questions: how does the presence or absence of a bladder store influence the
osmolality of urine and plasma over time under desiccating conditions; how does fluid
distribution between extracellular and bladder fluid compartments influence the
concentration of urea in the body fluids; and, can this information be used to better predict
volume-concentration relationships in burrowing frogs and other frogs that utilise the
bladder as a reservoir?

Methods
Animal collection and maintenance
Cyclorana australis were collected during the wet season from locations near Darwin
(12°24'S, 130°50'E), Northern Territory, Australia (Figure 1.2). Frogs were maintained in the
laboratory in closed containers (18l x 12.5w x 9h cm) with ventilation holes. The frogs were
fed with insects and had access to water or moistened paper towels. Feeding was stopped
at least seven days prior to experiments to allow passage of food through the digestive
system, to preclude weight losses due to defaecation, and to encourage elimination of
excess urea. Adult frogs from 17 to 55 g standard mass were used in trials.
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Hydration and estimation of standard mass
Initial osmolality values for plasma and urine were obtained while measuring standard mass
(SM), the weight of a hydrated frog after the bladder has been emptied (Ruibal, 1962a).
Frogs were weighed to the nearest 0.01 g on an electronic balance. For all weights
obtained, excess fluid on the skin was removed by blotting with dry paper towels. To
estimate SM, the frog was weighed on the first day, then provided with aged tap water ad.
lib. overnight. The first SM estimate was made the next morning by applying pressure on
the posterior-ventral aspect of the body (i.e. in the area of the bladder), which frequently
resulted in voluntary expulsion of fluid from the body. Further fluid was drained by teasing
the cloaca with a piece of thin flexible tubing, or by insertion into the cloaca. After removing
the bladder fluid, the frog was weighed and the water in the container was replenished. The
next day SM was measured a second time; this second measurement (of a hydrated,
bladder empty frog) was used as the initial mass. The urine sample was collected and used
as the initial sample, and bladder fluid volume was defined as the difference in mass of the
frog before and after the bladder was drained. Plasma was collected as described below. In
addition to gaining an accurate estimate of SM, which requires two or more weight
measurements (Ruibal, 1962a), this method ensures that the osmolality of the extracellular
fluid is similar in all frogs tested, as it allows the frog to become fully hydrated and void
excess waste products (principally urea) that accumulate in the body fluids.

Osmotic concentration with full or empty bladder
A preliminary experiment was carried out to determine suitable durations for water loss for
frogs with fluid in the bladder and with empty bladders. Based on the findings, frogs were
randomly assigned to four treatment groups, of four (4d) and eight day (8d) periods for
each of the full (B+) and empty (B-) bladder groups, with an additional 12 day (12d)
treatment for B+ frogs (Table 5.1). More frogs were used in the B- groups to ensure that
sufficient fluids could be obtained, because fluids, particularly urine, are more difficult to
sample in dehydrated individuals or in frogs with empty bladders (pers. obs.; McClanahan,
1967).
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For the two B- groups, the (bladder empty) frogs were supplied with a paper towel
moistened with 3 mls of water; this was sufficient to ensure that the inside of the container
was initially moist but that the water would evaporate within 1-2 days. The frogs were left
undisturbed in the containers for four or eight days before extraction of body fluids.

In the three B+ treatment groups, five (bladder empty) frogs were placed in individual
containers and supplied with water to 100-115% of SM, with higher percentages for smaller
frogs to ensure that the water did not evaporate immediately. The frogs had access to
water at one end of a tilted container for two nights to encourage water storage in the
bladder. From previous observations it was known that the comparatively dry and cool
environment of the laboratory would stimulate water storage. Excess water remaining after
two nights was removed with a pipette (some water had already been absorbed by the
frogs or had evaporated). The frogs were then left undisturbed in the containers for four,
eight or 12 days. At the end of the allotted period, the animals were weighed and this value
was used as the final mass, and then body fluids were obtained. The final mass was used
in calculations of bladder fluid capacity, calculated as the difference between final mass
and bladder empty mass.

During the period of dehydration, B+ and B- frogs were maintained in darkened, ventilated
containers in the laboratory at 23-24ºC, and relative humidity of 45–60%. Some exchange
of air was possible through the holes in the containers, but there was presumably minimal
air flow. These laboratory temperatures were lower than the animals would experience in
the field (daytime temperatures 30-32 ºC; night time usually greater than 26ºC in the wet
season, but as low as 15 ºC during the dry season), but were sufficient to ensure levels of
water loss to allow a comparison of the importance of the bladder store.

Collection and assay of body fluids
Body fluids (urine and plasma) were obtained during the second SM estimate, immediately
prior to the start of the experiment, and at the end of the allotted dehydration period.
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Plasma was extracted from the femoral lymph sacs using a fine gauge needle (Terumo U100 1.0 ml 27G insulin needle) as described in Chapter 2.

Osmolality of body fluids was measured with an Advanced Instruments (freezing-point)
Micro-Osmometer (Model 3300). The BUN reagent (Thermo Electron TR12015) was used
to assay urea concentrations in plasma and urine.

Statistics
Paired t-tests were used to compare initial versus final mass, osmolality, urea
concentrations and bladder volume. A one-tailed test was used to test for differences in
osmolality and concentration, because it was anticipated that water loss would lead to an
increase in these parameters, whereas two-tailed statistics were calculated for other
parameters (Zar, 1984). A significance level of p < 0.05 was used. To reduce the potential
for Type I errors in multiple comparisons of means, Bonferroni-adjusted p-values were
used, incorporating the incremental modification of Benjamini and Hochberg (1995). T-test
probabilities were computed in Excel. ANOVA was used to compare means of mass and
osmolality and were analysed using JMP Statistical Software (version 5.0, SAS Institute
Inc.). Values in tables and elsewhere are quoted as mean ± SD.

Body fluid osmoconcentration models
Increases in the osmolality of the body fluids were modelled based on constant rates of
water loss. It was assumed that the concentration of the body fluids above the initial
condition was directly related to the amount of water lost. The 'standard frog' for the models
was based on a medium-sized C. australis, with a standard mass of 50 g, a body water
-1

content of 80% of SM (40 g or ml), initial osmolality of 220 mOsm kg , equivalent to plasma
of hydrated C. australis (see results and Chapter 6), and a bladder store of 40% of SM (i.e.
20 g or ml) of dilute fluid. The models were used to compare rates of osmolality increase
associated with different physiological states and environmental conditions, and to explore
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the time scale or water deficit required for plasma osmolality to approach 550 mOsm kg ,
nearing the lethal limit for C. australis (unpubl. data; Chapter 6).

Individual model calculations were: 1. body size based on initial mass of the frog (12.5 to 50
g) with and without a bladder store of 40% of SM; 2. a bladder store of 0 to 70% of SM; 3.
-1

initial osmolality of 200 to 300 mOsm kg with and without a bladder store; 4. variable rates
of water loss per time interval, from 0.24 ml per day (based on cocooned frogs in the
laboratory; Chapter 3) to 5 ml per day; and 5. body water without a bladder store. Plasma
osmolality was calculated based on plasma volume losing water proportional to the loss of
the whole animal. For frogs with a bladder store, it was assumed for simplicity that as
plasma osmolality increases, water is reabsorbed osmotically from the bladder fluid. As an
approximation, it was assumed that the bladder store would contribute to the overall fluid
volume of the frog, so that osmoconcentration due to water loss would be distributed
equally between compartments. This is not strictly valid for short-term water loss where
plasma osmolality does not show any obvious increase, but parallels the situation in longterm dehydration in which plasma and urine become isosmotic.

Urea accumulation was incorporated into the models using a urea concentration increase
-1

rate of 1 mmol kg per day, based on rates in burrowed C. australis at three months
(Chapter 6) and similar to values for Scaphiopus (Jones, 1980; Jorgensen, 1997b) which
retain urea in the bladder. Higher rates (approximately double) of urea production occur in
frogs in water (Wood et al., 1989), and higher rates again have been measured in active
Bufo viridis on soil (Hoffman et al., 1990; Hoffman and Katz, 1994; Jorgensen, 1997b).
However, in these situations urea is not retained in the body. Values were calculated for a
-1

50 g frog with an initial osmolality of 220 mOsm kg with and without a bladder store of
40% of SM. For this model, EWL rates were set at 1 ml per day.
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Results
During the experimental period, the frogs assumed a water conserving posture by tucking
the limbs close to the body and lowering the head. Animals in the 4d and 8d B+ groups had
a plump appearance when compared to B- frogs. The urine of B+ frogs tended to be clear,
whereas in some B- frogs it developed a yellowish tint.

The mean standard mass of frogs compared across the five treatment groups was not
significantly different (ANOVA, F4,24 = 1.07, p = 0.39). The overall mean SM for all frogs
was 33.5 ± 10.9 g (n = 29).

For the two B- treatments the final mass was significantly less than the initial mass, and this
was consistent for all frogs (Table 5.1). In B+ frogs, all individuals had greater mass after
water deprivation except for two frogs in the 12 day group (Table 5.1). B+ frogs had
significantly greater mass after 4d and 8d, but not after 12d, when compared to initial SM.
Extraction of a sufficient volume of urine for analysis was generally more difficult in the
bladder empty groups (Table 5.2), resulting in lower sample sizes (Table 5.3). The final
volume of fluid in the bladder was significantly lower than the initial volume for both the 4d
and 8d bladder empty frogs (Table 5.2). B+ frogs had an average of 6 to 8 ml of fluid in the
bladder following the period of water loss.

-1

The overall mean for initial (hydrated) osmolality was 228.4 mOsm kg (n = 29) for plasma
-1

and 62.6 mOsm kg (n = 29) for urine, and there were no differences among the means for
the five treatment groups. In B+ frogs plasma osmolality tended to decrease, or increase
-1

only slightly, after 4d and 8d without access to water (range -15 to +6 mOsm kg ). Urine
osmolality and urea concentration was not significantly different from initial values after 4d,
but increased significantly after 8d (Table 5.3). After 12d values were highly variable,
-1

indicative of differing individual responses, from a slight decrease (Δ = -3 mOsm kg ) to a
-1

major increase (Δ = 140 mOsm kg ) in plasma osmolality. In the 12d group four of five
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individual values increased for all measured parameters, but the differences were not
significant (Table 5.3).

All individual B- frogs showed an increase in osmolality and urea concentration in plasma
and in urine, hence the group means were significantly elevated (Table 5.3). Urine
-1

osmolality increased on average by more than 150 mOsm kg whereas plasma increased
-1

by less than 50 mOsm kg . Urea also increased more substantially in urine. The
percentage contribution of urea to osmolality in plasma ranged from 0.5 to 17.5% in
hydrated frogs (across all groups) and at the end of the trials ranged from 3.3 to 19.3% in
B+ frogs and from 3.6 to 25.4% in B- frogs. Urea contribution in urine ranged from 24.1 to
81.3% of osmolality in hydrated frogs, from 31.3 to 81.6% in B+ frogs and from 36.4 to
85.4% in B- frogs.

The difference between plasma and urine osmolality (P-U difference) in pre-trial hydrated
-1

frogs was from 120 to 200 mOsm kg . In the bladder empty groups at the end of the
-1

experiments the P-U difference was from 0 to 38 mOsm kg , and U:P ratios approached
unity. For the B+ groups the mean U:P ratio was 0.25 and 0.70 after 4d and 8d
-1

respectively, and the mean P-U differences were 169 and 68 mOsm kg . In the 12d group
two frogs had U:P ratios greater than 0.9, two were less than 0.3, and one was intermediate
(0.58).

With the exception of two individuals in the 12d group, for B+ frogs there was a nearly zero
change or a decrease in plasma osmolality associated with an increase in mass during the
experiment (Figure 5.1). With loss in mass in B- frogs, the plasma osmolality increased by
-1

from 9 to 108 mOsm kg .
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Table 5.1 Initial (standard, bladder empty) mass of hydrated frogs and final mass
(including bladder fluid) at the end of the trial for the allotted number of days (d) in
Cyclorana australis. Paired two-tailed t-tests were used to compare differences between
initial and final means.
Group

n

initial mass (g)

final mass (g)

No. of cases

p

final < initial
B- 4d

7

29.3 ± 3.7

26.5 ± 3.4

7

0.004

B- 8d

7

30.8 ± 9.9

27.2 ± 9.3

7

<0.001

B+ 4d

5

37.6 ± 11.6

48.8 ± 18.2

0

0.02

B+ 8d

5

32.0 ± 15.4

38.2 ± 20.1

0

0.04

B+ 12d

5

40.3 ± 12.9

43.7 ± 15.8

2

0.24

Table 5.2 Volume of bladder fluid (estimated as the difference in weight of frogs before
and after emptying of the bladder) over the specified number of days (d) in Cyclorana
australis with full (B+) and empty (B-) bladders. Values are presented as mean ± SD.
Paired two-tailed t-tests were used to compare initial and final volumes.
Group

n

initial (ml)

final (ml)

No. of cases

p

final < initial
B- 4d

7

9.2 ± 4.1

0.8 ± 0.7

7

0.001

B- 8d

7

8.7 ± 4

0.6 ± 0.5

7

0.001

B+ 4d

5

13.3 ± 6.6

8.0 ± 4.3

5

0.016

B+ 8d

5

6.7 ± 2.5

6.0 ± 4.0

3

0.74

B+ 12d

5

10.4 ± 5.8

6.6 ± 4.9

4

0.085
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-1

Table 5.3 Changes in osmolality (mOsm kg ) and urea concentration (mmol L ) over the
specified number of days (d) in Cyclorana australis with fluid in bladders (B+) and drained
bladders (B-). Values are presented as mean ± SD (n). Paired one-tailed t-tests were used
to compare differences between initial and final means. * indicates significant Bonferroniadjusted p-value.
Plasma
Group
B- 4d

osmolality

[urea]

B- 8d

osmolality

[urea]

B+ 4d

osmolality

[urea]

B+ 8d

osmolality

[urea]

B+ 12d

osmolality

[urea]

initial

final

224.9 ±

268.1 ±

18.3 (7)

38.2 (7)

19.3 ±

41.7 ±

15.3 (7)

21.8 (7)

224.4 ±

251.8 ±

16.1 (7)

27.3 (6)

18.3 ±

40 ±

10.9 (7)

21.8 (6)

231.6 ±

226.6 ±

13.7 (5)

8.8 (5)

19 ±

19.1 ±

4.9 (5)

4.6 (5)

235 ±

229.4 ±

6.3 (5)

5.9 (5)

25.8 ±

30.8 ±

12.6 (5)

10.8 (5)

229 ±

260.4 ±

13.7 (5)

73.8 (5)

6.6 ±

24 ±

4.1 (5)

27.3 (5)

Urine
p
*0.005

*0.002

*0.02

*0.009

0.097

0.49

0.056

*0.015

0.16

0.12

initial

final

67.1 ±

263 ±

41 (7)

52.6 (5)

42.7 ±

140 ±

28.4 (7)

44.7 (5)

60.9 ±

242.4 ±

47.9 (7)

43.3 (5)

26.1 ±

123.6 ±

14.3 (7)

32.2 (5)

66.8 ±

57.4 ±

36.9 (5)

36.9 (5)

44.3 ±

29.6 ±

24.7 (5)

17.6 (5)

78.6 ±

161.4 ±

29.8 (5)

21.2 (5)

55.5 ±

112 ±

18.3 (5)

18.9 (5)

38.2 ±

165.4 ±

19.7 (5)

134 (5)

22.5 ±

84.6 ±

16.4 (5)

64.5 (5)

p
*<0.001

*0.009

*0.001

*<0.001

0.09

0.06

*<0.001

*<0.001

0.053

0.043
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Figure 5.1 Change in plasma osmolality with change in mass in Cyclorana australis with
fluid in bladders (B+) and drained bladders (B-) over the course of the experiment, including
4d, 8d and 12d treatments.
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Discussion
Frogs in the dry containers adopted a water conserving posture to reduce surface area
exposed to evaporative water loss, and there was some evidence of sticky then dry skin,
indicating the early stages of cocoon formation (Tracy et al., 2007). Frogs with a bladder
store retained dilute fluid so that final mass exceeded the initial hydrated (bladder empty)
mass (Table 5.1; Figure 5.1). After twelve days there was some indication that the bladder
store was depleted, although individual responses varied.

Plasma osmolality of individual B+ frogs decreased or increased slightly over the shortterm. The results are thus in partial agreement with the findings of other studies, but differ
in important respects. Scaphiopus spp. with full bladders under dehydrating conditions in
the laboratory have variable but gradually increasing plasma osmolality, and urine
osmolality increases (McClanahan, 1967). In C. australis with full bladders, plasma
osmolality was lower than hydrated values, indicative of a hyperhydrated state that
resembles plasma osmolality values in the early stages of æstivation (Chapter 6). Low
initial osmolality may extend the time that burrowing frogs can remain underground without
water intake (see models below). Urine osmolality increased in the 8d group, suggesting
that bladder water was being reabsorbed. Frogs in the 12d group showed two types of
responses. One of the frogs had greatly elevated plasma and urine osmolality, due to a
relatively high initial plasma osmolality, and water loss over the period of dehydration
exceeding the bladder store. In the four remaining 12d frogs, plasma osmolality increased
-1

only slightly or was approximately constant (range -3 to +16 mOsm kg ), indicative of the
ability of this species to maintain lowered plasma osmolality by reabsorption of bladder fluid
in the face of extreme levels of cutaneous water loss. Some complications arose because
bladder filling was a voluntary response of the frogs. Hence, in some cases the bladder
volume was less than maximal (Schmid, 1969; Claussen, 1974a; Jorgensen, 1991).
Nonetheless, the results indicate an ability for substantial water uptake and retention of
dilute fluid in response to the desiccating laboratory environment.
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In concordance with studies of other species in which the bladder has been emptied
(Hillman, 1978, 1982), frogs with empty bladders showed an increase in osmolality and
urea concentration of the body fluids with dehydration and had low volumes of fluid in the
bladder. Frogs with empty bladders should show an increase in osmolality and solute
concentrations that is proportional to the amount of water lost (Ruibal, 1962a; Shoemaker,
1964). In C. australis the increase in plasma osmolality was not always as predicted. This is
possibly because, despite attempts to remove all the fluid, residual fluid may have been
retained in the bladder.

The importance of reabsorption of water from the bladder reserve in modulating plasma
osmolality is well established (e.g. Ruibal, 1962a; McClanahan, 1967). Results obtained
with C. australis are largely congruent with these findings, and suggest also that there is
preferential accumulation of urea in the urine. These regulatory mechanisms maintain the
volume of the extracellular fluid as well as intracellular hydration status. It is probable that
there is a gradual release of fluid from the bladder into the circulating plasma, whereby the
fluid is transported to interstitial and intracellular compartments. In the laboratory
containers, water loss rates are in the order of 1 - 2 g per day for a 50 g frog during the
initial stages prior to cocoon formation (unpubl. data). A bladder reservoir of 40% of
standard mass would thus potentially last for 10 or more days in the laboratory. Hence, for
large frogs that retain substantial fluid volumes, we may not anticipate any short-term
changes in plasma osmolality, and indeed this was the case for three of the frogs with full
bladders after 12d without access to water, and for all B+ frogs after 4d and 8d.

It is possible to trace the series of events, from a biochemical and physiological
perspective, of the changes in body fluid osmolality and chemical composition in anurans
responding to a desiccating environment. The scenario assumes that rates of evaporative
water loss are moderate, that there is no access to moisture (hence no water uptake to
ameliorate evaporative losses), and that there is prior (anticipatory) storage of dilute fluid in
the bladder.
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The first response to water loss exceeding water gain is a relatively abrupt reduction or
cessation of urine production, largely due to reduced glomerular filtration (Tufts and Toews,
1986; Bentley, 2002). As a result, the blood is not filtered by the kidney, or is filtered
irregularly when compared to the hydrated state. The bladder therefore assumes its role as
a fluid reservoir instead of a temporary receptacle for waste fluid. As water is lost, resulting
in a reduction in the volume of the extracellular fluid (blood-plasma + lymph + interstitial
fluid), it is gradually replaced by water reabsorbed from the bladder (Steen, 1929; Bentley,
1966b; Jorgensen 1997a). Several studies suggest that the movement of water from the
bladder to the extracellular fluid is induced by the action of neurohypophysial hormones
(Ewer, 1952; Sawyer and Schisgall, 1956; Eggena, 1987; Acher et al., 1997), and the
recruitment of water channels (aquaporins) to the epithelial cells of the bladder to facilitate
fluid flow (Hays, 1990; Uchiyama and Konno, 2006; Suzuki et al., 2007).

Urea accumulates preferentially in the urine. This may involve a mechanism of selective
retention in the renal tubules (Walker and Hudson, 1936) alone, or in combination with the
action of urea transporters in the bladder (Acher et al., 1997; Konno et al., 2006). Urea
accumulates to a lesser extent in plasma, and efficient retention and compartmentalisation
of urea in the bladder may be one of the major challenges of long-term water deprivation,
particularly in cocooning species where urea is a storage osmolyte (Withers, 1998b).
During later stages of dehydration, the plasma and urine become nearly isotonic, although
solute composition differs.

Following depletion of the bladder water store, the body fluids concentrate according to the
volume-concentration relationship, as with an empty bladder (Ruibal, 1962a; Shoemaker,
1964); this stage would eventuate under conditions of long-term dehydration. During
dormancy for prolonged periods (months to years), lowered metabolic rate and reduced
production of potentially harmful catabolites would be adaptive because it would minimise
increases in osmolality. Despite the review of Jorgensen (1997b), who concluded that
natural cyclic rhythms and temperature changes cause enhanced urea production, the
hypothesis that burrowing frogs actively accumulate urea in response to changes in soil
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water potential pervades the literature (McClanahan, 1967, 1972; Jones, 1980; Withers,
1998b). It might be expected that, along with other metabolic processes, urea production
would decrease under conditions of metabolic depression. Also, because lipid stores (fat
bodies) are the major source of energy in dormant amphibians (Seymour, 1973b;
Fitzpatrick, 1976; van Beurden, 1980), and catabolism of lipid is via beta-oxidation,
substantial production of urea should be limited until later stages of inanition when the
animal uses muscle protein as an energy substrate (Hoffman et al., 1990; Hervant et al.,
2001). Frogs are ectotherms, hence any increase in temperature leads to an increased
metabolic rate which should boost urea production. Even if urea production is significantly
downregulated during dormancy, tolerance to elevated plasma osmolality and urea
concentrations would be essential. In Scaphiopus spp. urea is largely non-perturbing to the
activity of metabolic enzymes (Grundy and Storey, 1994), and the lack of counteracting
solutes in Australian burrowing frogs suggests insensitivity to the perturbing effects of urea
(Withers and Guppy, 1996).

Upon reexamination of the data of Townson, Jorgensen (1994a) suggested that partial
dehydration prior to water uptake leads to enhanced storage of bladder fluid. Higher rates
of evaporation may lead to greater storage, and in the low humidity laboratory environment,
the frogs stored water when given the opportunity. Active frogs (above ground) have
bladder fluid storage which anticipates potential deficits (Jorgensen, 1994b). Osmolality is
slightly elevated or similar to hydrated levels in frogs with water access, and there is regular
cutaneous drinking (Shoemaker, 1987; Jorgensen, 1994b; Chapter 4). Frogs that are
entering dormancy may store a greater volume of fluid in the bladder in anticipation of
extended periods without water. Bladder fluid storage is negligible in aquatic species, and
terrestrial species have moderate capabilities (Schmid, 1969; Warburg, 1997), whereas
fossorial species have the greatest capacity, with bladders that invade the entire caudoventral aspect of the body cavity (pers. obs.), thus ensuring survival under conditions of
prolonged water deprivation.
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Models
-1

As noted in the methods, 550 mOsm kg is approaching the upper tolerance limit for
plasma osmolality in Cyclorana australis (unpubl. data). Maintenance of the plasma lower
than this threshold is, therefore, critical for physiological and biochemical function. The rate
at which this level is approached presumably influences the capacity of the individual to
compensate for the extreme changes that occur in the aqueous extracellular space.

The results of calculations that examine the effects of body size, stored bladder fluid, initial
osmolality, water loss rates, body water percentage, and urea accumulation on plasma
osmolality are depicted in Figures 5.2 - 5.7. The modelled changes suggest several aspects
that influence the rate of osmoconcentration due to water loss. Small size is clearly a
disadvantage, so that the plasma osmolality of a 12.5 g frog with no bladder store will reach
550 mOsm after a loss of 6 ml, but in a 50 g frog this will require 24 ml (Figure 5.2). In
addition, because the rate of water loss as a percent of body weight is greater in smaller
frogs (Thorson, 1955), the potential for dehydration is accentuated. Thus, juvenile frogs and
small species (e.g. Cyclorana longipes) may need to compensate with a proportionally
greater bladder store. Burrowing in low-lying parts of the landscape that retain moisture
may also enhance survival. Initially hydrated adult frogs of 50 g with no bladder fluid can
cope with a water deficit exceeding 20 ml (Figure 5.2). Water loss rates for initially hydrated
C. australis in ventilated containers in the laboratory (at 22-25°C and 45-65% RH) vary from
-1

-1

-1

0.7 – 1.7 mg g h (Chapter 3), hence a 50 g frog would lose 0.84 – 2.04 g d . This
suggests that a 50 g frog under these conditions could survive a period of 10 or more days
before experiencing severe dehydration.

A bladder store extends the time taken to approach the tolerance threshold (Figure 5.2),
and storage of 70% of SM, which approaches the maximal capacity, greatly extends the
water loss that can be tolerated (Figure 5.3), translating to 17 days or more in the
-1

laboratory to approach 400 mOsm kg , thus resulting in moderate dehydration. An initial
-1

osmolality of 250 mOsm kg or less, when combined with a bladder store, ensures that a
-1

substantial water deficit can be sustained (Figure 5.4). If initial osmolality is 300 mOsm kg
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-1

then the plasma limit is rapidly approached. A plasma osmolality of 200 mOsm kg is
-1

indicative of a hyperhydrated state; 195 mOsm kg is the lowest recorded for C. australis
(unpubl. data).

High rates of water loss result in rapid changes to plasma osmolality, particularly if there is
no bladder store (Figure 5.5), and would cause lethal losses over short time intervals.
These higher rates are potentially possible if the animal is above ground during the dry
season, although C. australis are usually underground at this time. Rates of water loss
were obtained for active animals during the daytime on moist soil in April during dry
-1

-1

weather (Chapter 4; Figure 4.1). These rates of 5 – 12 mg g h are 3 – 6 times rates in
the laboratory, and indicate that an active 50 g animal with an empty bladder would need to
rehydrate at intervals of 2 – 3 days. Due to the presence of a cocoon, and with lack of air
-1

movement in the burrow, water loss rates would be 0.24 ml d or less (Chapter 3), greatly
reducing the rate of change in plasma osmolality. The relatively low variation in body water
result in small differences in osmolality increase (Figure 5.6). Clyne (1968) suggested that
the high body water content (80+%) in anurans may be a response to comparatively rapid
cutaneous water loss.

A model incorporating all factors favourable to maintenance of lowered plasma osmolality:
-1

low rate of water loss (0.24 ml d ), large size (50 g), maximal bladder store (70% of SM),
-1

and hyperhydration (initial plasma osmolality of 200 mOsm kg ), results in an estimate of
-1

approximately 180 days (six months) to reach 470 mOsm kg and 200 days to exceed the
-1

plasma threshold of 550 mOsm kg . By this stage plasma osmolality is increasing rapidly
because the water deficit exceeds the initial volume of bladder fluid. If the frogs do not form
cocoons immediately after burrowing because soil conditions are suitable for water
exchange (Tracy et al., 2007; Chapter 3), the survival time underground would be
extended. A combination of mechanisms that maximise hydration may allow C. australis to
survive in semi-arid zones where periods without rain exceed six months, but a shallowburrowing strategy may not be effective in regions that have no effective rainfall for periods
over a year (see also Chapter 6).
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Figure 5.2 Modelled influence of body size (mass in grams) on osmolality of plasma with
evaporative water loss. B- indicates no bladder fluid, B+ indicates a store of 40% of SM. The
dotted line is at the approximate osmolality tolerance threshold for C. australis (550 mOsm
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kg ). L indicates that the threshold will be exceeded in the next water loss increment.
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Figure 5.3 Modelled influence of capacity of bladder fluid store (percent of standard mass)
on osmolality of plasma with evaporative water loss in a 50 g frog. Dotted line and L as for
Figure 5.2.
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Figure 5.4 Modelled influence of initial osmolality (200 to 300 mOsm kg ) on osmolality of
plasma with evaporative water loss in a 50 g frog with (B+) and without (B-) bladder fluid.
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Figure 5.5 Modelled influence of rates of water loss (ml per day) on osmolality of plasma
with evaporative water loss in a 50 g frog with (B+) and without (B-) bladder fluid. Dotted
line and L as for Figure 5.2.
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Figure 5.6 Modelled influence of body water (percent of frog mass) on osmolality of
plasma with evaporative water loss in a 50 g frog with an empty bladder.
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Figure 5.7 Modelled influence of water loss combined with urea accumulation (1 mmol kg
per day) on osmolality of plasma in a 50 g frog with (B+) and without (B-) bladder fluid.
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Incorporation of urea accumulation into a simple model suggests a gradual increase in
osmolality (Figure 5.7). With no bladder store (because urea is preferentially sequestered in
the urine) this increase would be exacerbated and urea would accumulate in plasma.
Buildup of urea is probably not of critical importance in the short-term, but would have a
detrimental effect in long-term dormancy.

Several assumptions have been made in developing the models. Constant rates of water
loss have been assumed, but in aestivating frogs, cocoons would cause a gradual
reduction in EWL over time (Chapter 4; Christian and Parry, 1997; Withers, 1998a). It has
also been assumed that body water is constant at 80%, although this may vary with level of
hydration; the osmolality and volume of plasma may depend on the dynamic equilibrium
between intracellular and extracellular compartments. A limitation of the models
incorporating a bladder store is that the calculation assumes that water is lost from the total
body water, implying equal loss from bladder fluid and plasma. Although this is probably
correct after long-term dehydration, in the earlier stages of negative water balance,
utilisation of the bladder store should ensure maintenance of plasma osmolality at
-1

approximately 220 mOsm kg .

The fitted model provided reasonable estimates of plasma osmolality in frogs with empty
bladders (Figure 5.8), where osmolality increase is proportional to water (volume) loss.
However, in frogs with full bladders, the model generally overestimated osmolality increase
(Figure 5.9), because it does not allow for osmotic reabsorption of fluid from the bladder.
These deficiencies of the model reflect the ability of C. australis and other frogs with a
bladder water depot to regulate plasma osmolality as long as they retain dilute fluid. An
enhancement of the model could be the type of relationship delineated in Figure 5.10,
where plasma remains relatively constant until the bladder fluid store becomes severely
depleted. This may be closer to biological reality but is more difficult to apply to the different
sets of conditions explored in the models.
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Figure 5.8 Estimated and actual (final) plasma osmolality values for individual Cyclorana
australis with empty bladders (B-). Estimates are based on initial plasma osmolality and
assuming a water deficit of 3 ml after 4 days and 5 ml after 8 days without water.
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Figure 5.9 Estimated and actual (final) plasma osmolality values for individual Cyclorana
australis with bladder fluid (B+). Estmates are based on initial plasma osmolality, a bladder
store of 40% of SM, and assuming water deficits of 3, 5 and 7 ml after 4, 8 and 12 days
without water respectively.
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Figure 5.10 Predicted changes in osmolality and compartment volumes in a 50 g frog with
a bladder store equivalent to 40% of standard mass. The model assumes that water loss is
constant and that plasma osmolality is proportional to volume decrease. It is based on an
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initial plasma osmolality of 200 mOsm kg and urine osmolality of 50 mOsm kg .

When plasma and urine become isotonic, both increase proportionally with water loss
(Figure 5.10). It would be of great interest to determine the minimum volume of fluid that
must be retained in the bladder to ensure maintenance of plasma osmolality at a level
associated with the hydrated state, or to what level the osmolality of the bladder fluid can
reach before the osmolytes (principally urea) pervade the plasma. A hydrated C. australis
-1

has a plasma osmolality of less than 240 mOsm kg (Chapter 4 and 6 and this Chapter)
-1

and other species have similar values (Leptodactylus fuscus 240 mOsm L ; Abe and
-1

Garcia, 1990), are higher (Scaphiopus couchii ~300 mOsm kg , McClanahan, 1972; Bufo
-1

-1

viridis >300 mOsm L , Shpun et al., 1992) or lower (Rana pipiens <200 mOsm kg ; Mullen
and Alvarado, 1976) when hydrated. The high plasma osmolality of apparently hydrated
Bufo viridis and Scaphiopus couchii may enable these species to reabsorb bladder fluid for
longer before urine and plasma approach isotonicity, and may indicate a greater tolerance
to elevated osmolality and urea concentrations.
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A combination of physiological and behavioural capabilities facilitate survival in burrowing
frogs during prolonged dry periods. Burrowing in the early part of the dry season when
moisture is freely available allows C. australis to initiate aestivation in a hydrated or
possibly hyperhydrated state. Storage and reabsorption of bladder fluid helps to avoid
desiccation. Dormancy involving reduced metabolism (Withers and Thompson, 2000;
McArthur, 2007) and presumably reduced generation of excretory products, also should
limit osmolality increases, but some tolerance to elevated osmolality associated with
prolonged dehydration is necessary. This ability to temporarily suspend water and osmolyte
homeostasis has been termed enantiostasis (Mangum and Towle, 1977; Hochachka and
Somero, 1984) or anhomeostasis (Peterson, 1996), and has been documented in a number
of reptiles and amphibians.

-1

For Cyclorana australis, plasma osmolality of approximately 550 mOsm kg is lethal, and
-1

severe stress on the organism is probably imposed at levels approaching 500 mOsm kg .
By adopting a strategy of burrowing to avoid dry weather and dry above ground substrates,
and storing substantial volumes of dilute fluid in the bladder, this species may obviate the
need for tolerance to very high osmolality. Initiating aestivation with lowered plasma and
urine osmolality provides greater allowance for osmolality increase over time, and cocoon
formation further slows water loss.
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Chapter Six
Changes in body fluids of Cyclorana australis during the
dry season in monsoonal northern Australia

Abstract
I examined changes in osmolality and concentration of osmolytes in the body fluids (plasma
and urine) of the burrowing hylid Cyclorana australis under natural air temperature and
humidity conditions during the dry season in monsoonal northern Australia. Frogs collected
near Darwin were placed in large soil-filled pots in an outdoor enclosure and excavated
after burial for two days, three months and five months. Burial depths were similar to those
in natural populations, and soil matric potential in the pots approximated savanna soil
conditions. After two days, body fluids did not differ from hydrated frogs in osmolality or the
concentration of urea or major cations. Frogs in the three and five month treatments
developed cocoons and retained bladder fluid. After five months plasma and urine
osmolality and urea concentrations were elevated in comparison to fully hydrated frogs,
whereas at three months urine but not plasma was higher than in hydrated individuals.
-1

Urine osmolality approached plasma osmolality for plasma values above 300 mOsm kg .
Urea was a major contributing osmolyte that varied linearly with urine osmolality. The
concentration of sodium did not change with time buried, but potassium concentration in
urine increased after five months. I suggest that in this species elevation of body fluid
osmolality and urea accumulation may limit survival during prolonged dry periods.
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Introduction
Fossorial frogs use underground burrows as a refuge from desiccating conditions in arid or
seasonally dry environments (Mayhew, 1965; Bentley, 1966a; van Beurden, 1982; Pinder
et al., 1992; Tracy et al., 2007). Survival for extended periods without access to water is
facilitated by capacious bladders, tolerance to dehydration and accumulated metabolites,
and metabolic depression (Bentley, 1966a, 2002; Seymour and Lee, 1974; Heatwole, 1984;
Shoemaker, 1988; Warburg, 1997). In some taxa, the development of a cocoon significantly
reduces rates of water loss (Lee and Mercer, 1967; Toledo and Jared, 1993; Withers, 1995,
1998a; Christian and Parry, 1997). Although burrowing species utilise the bladder and
tissues to enhance the volume of fluid stored, over prolonged periods of water deprivation
plasma and urine osmolality increase, with concomitant changes in the composition of body
fluids, including the concentration of urea and other electrolytes (McClanahan, 1972; Pinder
et al., 1992; Cartledge et al., 2006a, 2008).

Studies of the relationship between body fluid osmolality and constituents and time
underground have tended to focus on desert species. Broadly similar patterns of increased
body fluid osmolality and urea and sodium concentrations are evident in desert spadefoots
Scaphiopus/Spea (Ruibal et al., 1969; Shoemaker et al., 1969; McClanahan, 1972), Bufo
viridis under semi-arid conditions (Katz and Gabbay, 1986; Katz, 1989; Hoffman and Katz,
1991, 1997), Neobatrachus aquilonius and Notaden nichollsi in arid Australia (Cartledge et
al., 2006a), and aestivating C. platycephala in the laboratory (Cartledge et al., 2008). After
prolonged periods in dry soil bladder fluid stores are depleted and urine becomes isosmotic
with plasma.

The genus Cyclorana includes 13 species of fossorial hylid frogs distributed throughout the
northern third of Australia with some species penetrating into the arid zone (Tyler et al.,
1994; Barker et al., 1995; Cogger, 2000; Booth, 2006). Survival of Cyclorana spp. in
seasonal and arid environments is aided by metabolic depression during aestivation,
capacious bladders, and relatively impermeable cocoons (van Beurden, 1984; Withers,
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1993, 1995, 1998a; Christian and Parry, 1997; Withers and Thompson, 2000; McMaster,
2006; McArthur, 2007; Cartledge et al., 2008). Studies of hydric relations have focussed on
arid zone members, despite the genus being dominated by species with strictly northern
distributions. I investigated a member of the genus (Cyclorana australis) that is widespread
in the northern savannas and that spends approximately six months in shallow burrows
each dry season (Tracy et al., 2007).

Monsoonal northern Australia has a markedly seasonal but relatively reliable summer
rainfall regime, and little or no effective rainfall in the dry season (Taylor and Tulloch, 1985;
McDonald and McAlpine, 1991). Moisture availability strongly affects the biota (Ridpath,
1985; Taylor and Tulloch, 1985), including the osmoregulatory responses of the
herpetofauna (Grigg et al., 1986; Abe and Garcia, 1990; Christian et al., 1996). In contrast,
rainfall in the arid zone is unpredictable both spatially and temporally (Bell, 1979; Stafford
Smith and Morton, 1990), and incursions of heavy summer rain (Gentilli, 1971) induce
sporadic and opportunistic activity in desert anurans (Morton et al., 1993; Cartledge et al.,
2006a; McMaster, 2006; Tyler and Doughty, 2009). The hydric relations of anurans are
responsive to the availability of moisture, so that buried frogs are influenced by the duration
of dry conditions. I investigated changes in body fluids over time under seasonally dry
conditions and examine the question of whether desiccation is a limiting factor for
burrowing frogs in northern Australia.

Methods
Seasonal moisture and frog activity
The climate of the Darwin region is strongly influenced by the seasonal reversal of the
north-west monsoon (Suppiah, 1992; Cook and Heerdegen, 2001). Darwin receives on
average c.80% of its annual rainfall of 1580 mm during the summer wet season (December
to March; Taylor and Tulloch, 1985). Annual rainfall is variable but reliable with an absolute
minimum of 900 mm at Darwin over 100 years of records (McDonald and McAlpine, 1991).
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In contrast, during the dry season (May to September) rainfall is low and infrequent, with an
annual longest dry period (no days with > 5 mm of rain) of 88 to 254 days (Cook and
Heerdegen, 2001). Maximum daily temperatures usually reach 30°C during the dry season,
but nights are cooler, frequently in the order of 20–25°C, and air temperatures occasionally
fall below 15°C. Evaporation is greatly in excess of rainfall during the dry season, resulting
in recession of surface waters (Cook et al., 1998; Cowie et al., 2000), reduced stream flow
(Douglas et al., 2003), and distinct seasonal patterns of soil available moisture (Duff et al.,
1997). Soil moisture becomes severely depleted towards the end of the dry season,
particularly in the upper soil profile (Kelley, 2002) where frogs bury.

Near Darwin, Cyclorana australis emerge following intermittent rains during the premonsoonal period (late October to November), and burrow toward the end of the wet
season (late April to May) as rainfall events become less frequent, atmospheric humidity
drops, and regular SE winds dry the landscape. The onset of the wet season is variable,
both in timing and in magnitude (Taylor and Tulloch, 1985; Cook and Heerdegen, 2001).
Cyclorana australis is one of the earliest species to emerge and breed (Tyler et al., 1983;
Tyler and Davies, 1986; Tyler et al., 1994), and the frogs are active, although strictly
nocturnal, over most of the wet season (personal observation). C. australis range widely
and construct burrows in various parts of the landscape (Tracy et al., 2007), but generally
within several hundred metres of water or wet soil. Coincident with field studies of C.
australis in the Mickett Creek area (12°24'S, 130°56'E) near Darwin, a rain gauge was
installed in June 2003, and was checked regularly until May 2008.

Animals and maintenance
Cyclorana australis Gray is a moderately large (snout-vent length 70–100 mm; adult
standard mass 25–60 g), robust member of the genus, occurring across northern
monsoonal Australia in a wide range of habitats (Barker et al., 1995), and penetrating into
semi-arid regions that receive the majority of their rain during summer. The southern
distribution limit of C. australis in the Northern Territory is Barrow Creek (21°S; Tyler and
Davies, 1986) corresponding to an annual mean rainfall of c.400 mm, and in Western
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Australia populations exist in the northern Pilbara district (Tyler et al., 1994). Under natural
conditions, C. australis store fluid in the bladder when they burrow (Tracy et al., 2007),
undergo significant metabolic depression under simulated aestivation conditions (McArthur,
2007), and during dormancy are anuric, aphagic, and relatively immobile. C. australis were
obtained from floodplain and savanna habitats within 50 km of Darwin (12°23'S, 130°51'E),
Northern Territory (Figure 1.2). In the laboratory, frogs were maintained in ventilated plastic
containers (30 x 20 x 10cm) at 24 ± 1°C for short-term holding prior to experiments. They
were supplied with moist paper towels and provided with insect food.

Measurements of standard mass, the bladder empty mass of a hydrated frog (Ruibal,
1962a), were obtained in the laboratory prior to transfer to soil-filled pots. Standard mass
was recorded on consecutive days by providing the frogs with free access to water
overnight. The bladder was emptied by inserting a flexible polyethylene tube into the
cloaca, and by applying pressure to the lateral lower abdomen until no more bladder fluid
could be obtained.

Frogs in the laboratory hydrated group were maintained in tilted containers with access to
aged tap water at one end. The bladder was emptied by cannulation on the first and second
afternoon, and the water in the container was replaced. This procedure ensured that
excess urea was removed along with the urine, and encouraged refilling of the bladder so
that the animals were fully hydrated. On the third afternoon, the frogs were placed in
shallow water overnight to ensure full hydration. The following morning, urine was extracted
from the bladder, and fluid was obtained from the femoral lymph sacs of the hind limbs
using a fine gauge needle (Terumo U-100 1.0 ml 27G insulin needle). Fluid and solute
exchange between extracellular fluid compartments is comparatively rapid in anurans
(Hillman et al. 2010), and capillary endothelia are highly permeable (Hillman et al., 1987).
The osmolality and solute concentration of lymph and blood-plasma are equivalent (Ruibal,
1962b), and this has been confirmed for C. australis (Reynolds et al., 2009; Chapter 2),
hence, for convenience, lymph is referred to as plasma in this chapter.
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Burrowing experiments
Specimens of C. australis were transferred to an animal enclosure during May. The
enclosure was out of doors but with overhead shading provided by shade cloth, so that air
temperatures and humidity were equivalent to natural conditions in the shade. At the start
of the experiment, the frogs were weighed and then placed individually in pots (35 cm
diameter x 33 cm depth) filled with soil to a depth of 25 cm. A freshly drained (moist) loamy
sand soil was obtained from the Mickett Creek area in locations where frogs had buried
during previous telemetry studies (see Tracy et al., 2007). The top of the pots were covered
with mosquito net fabric tied with elastic to prevent escape but allow air movement; this
allowed frogs to move about freely on the soil surface and select a suitable burrowing site.
Frogs that had not buried after 20 days were removed.

In the long-term experiment the frogs were assigned to three month (n = 7) and five month
(n = 8) treatment groups. At the end of the allotted period, the animals were excavated and
carefully extracted from their burrow chambers in the pots. Adhering soil particles were
brushed off and the frogs were weighed to the nearest 0.01 g. The condition of the cocoon
and overall appearance of the animal was noted, as was burial depth. Urine and plasma
samples were obtained as described above, and the frogs were weighed again. Animals
were reweighed on the two days following extraction to determine standard mass by
emptying the contents of the bladder after having free access to water overnight (Ruibal
1962a); the lowest mass recorded in the two days was used as the standard mass. A
preliminary burrowing experiment was carried out in the dry season of a previous year,
however, because of inconsistencies in the experimental protocol between years, only
plasma versus urine osmolality values have been reported from this year.

To investigate the water balance of frogs in the early stages of burial, a group of frogs (n =
6) were placed individually in pots with soil at field capacity. This experiment was carried
out in August (mid dry season), and frogs were excavated after only one to two days
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underground. The animals were weighed, and then urine and plasma were obtained as
described above. One individual did not burrow so it was excluded from the analysis.

Soil moisture estimation
I measured both the volumetric soil water content (θv, the proportion of the total soil volume
occupied by water) and the matric water potential (Ψm, a measure of the free energy of
water in the soil influenced by the capillary and adsorptive forces within the soil matrix;
Hillel, 1971; Leeper and Uren, 1993; Campbell and Norman, 1998). A Theta Probe timedomain reflectometer (Delta-T Devices Ltd, Cambridge, England) was used to measure θv
immediately prior to and during the burial experiments. Soil moisture values were calculated
using appropriate constants for a mineral soil to convert voltage readings into θv values
(Delta-T, 1998). For each measurement, the probe was inserted into the soil three times
and the values averaged. The probe measures a cylinder of soil 6 cm deep, and water
content was measured at the surface and at 5 cm depth, hence I measured soil moisture
from 0–6 cm and 5–11 cm. The soil in the pots dried and set relatively early in the
experiment (at around 5 weeks), so after this time it was no longer possible to penetrate the
soil surface with the probe and obtain valid measurements. In the field, soil water content
was measured in the Mickett Creek area at frog burial depth (5–11 cm) monthly from May
to November. Three sites in upland savanna habitat, three in intermediate elevation sites,
and two sites in lowland habitat were sampled, and the values averaged across sites. A
mean θv was obtained using the Theta Probe based on three measurements at each site on
each sampling occasion. So that all results are in the same units, volumetric moisture
measurements were converted to matric potentials based on soil characteristic curves for
the different soil types. A pressure plate technique was used to determine moisture content
across a range of matric potentials (CSIRO Davies Laboratory, Townsville; Ford, 1997)
from wet soil (0 kPa) to permanent wilting point (-1500 kPa). Curves were fitted in MS Excel
using the power function aθ

–b

(Hillel, 1971; Campbell and Norman, 1998) to allow

calculations of corresponding matric potentials.
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Periodic direct measurements of Ψm were made in the pots and in the field. Samples were
obtained at 5 cm depth from pots at the start of the long-term burial experiments. At the end
of the trials, soil samples were obtained from the soil at frog burial depth adjacent to the
buried frog (by scraping the inside of the burrow chamber) and at 10 cm from the frog at the
same depth. At Mickett Creek, soil was obtained at 5 cm depth from upland savanna,
intermediate elevation and lowland sites in June and August 2006. Soil samples were kept
in sealed plastic containers and transported to the laboratory. Matric potential was
determined with a Wescor HR-33T dew point microvoltmeter with a C-52 sample chamber.
The chamber was calibrated against known standards of -250 kPa, -725 kPa and -2500
kPa NaCl solutions supplied by the manufacturer. Because of the poor resolution of the
psychrometer technique in wet soils (Rawlins and Campbell, 1986), it was assumed that
inundated soil had a water potential of zero, as all pore spaces are water-filled (Slatyer,
1967; Hillel, 1971).

Analysis of body fluids
Osmolality of urine and plasma was recorded with an Advanced Instruments MicroOsmometer (freezing point depression) Model 3300. The freezing point method of
osmometry is considered suitable for biological fluids, i.e. relatively dilute mixtures of
osmolytes in a water matrix solute-solvent system (Sweeney and Beuchat, 1993). The
remainder of the sample was frozen for later analyses. Urea concentrations were assayed
using the BUN reagent (see Chapter 2; Thermo Electron TR12015). Concentrations of
+

+

++

++

major cations (Na , K , Mg , Ca ) were determined by inductively coupled plasma mass
spectrometry (Perkin Elmer Elan 6000 ICP-MS, Agilent 7500ce ICP-MS).

Statistical analyses
Osmolality, urea and major cations were analysed by one-way ANOVA. The arcsine
transformation was used to normalise proportional data (U/P ratios which are <1 in frogs).
Post-hoc comparisons of means were made using the Tukey HSD test, with alpha set at
0.05. Data were analysed using the STATISTICA statistics package (Version 8.0, StatSoft
Inc., USA). Values are reported as mean ± SD.
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Results
The rainfall record for Mickett Creek from 2003 to 2008 is summer dominant, with peaks of
extreme rainfall in one or two months, and periods of 5–6 months during the dry season
without any significant falls in most years (Figure 6.1). During 2006 (the year in which the
burrowing experiment was conducted), little rain was recorded from May to October.

At the start of the long-term experiment, individual frogs burrowed fully underground in one
to 20 days, with the three month group taking 7.9 ± 9.1 days to bury and the five month
group 6.5 ± 10.8 days. Ten frogs buried within a day of being placed in the pots. Surface
activity for the remainder was strictly nocturnal. During the day the frogs were closely
pressed against the ground, and adopted a water conserving posture. Some frogs dug
shallow forms (shallow depressions) or sheltered partially underground (with the head
exposed) in shallow burrows before they excavated their aestivation burrow. In the two day
burial group, relatively dry atmospheric conditions (RH ~ 20% at midday) stimulated all the
frogs to bury on the same day. It was not generally obvious from the appearance of the soil
surface where the frog had buried. One frog was removed from the long-term experiment at
20 days after it partially buried and then re-emerged, and two frogs were removed because
they did not burrow.

Mean (± SD) θv (calculated Ψm in parentheses) of the surface soil (0-6 cm depth) in the pots
3

-3

at the beginning of the long-term experiment was 0.176 ± 0.05 m m (-25 kPa). At 5-11 cm,
3

-3

soil moisture was 0.209 ± 0.05 m m (-15 kPa). Volumetric soil moisture at the surface for
3

-3

3

-3

the two day burial group was 0.07 ± 0.01 m m (-500 kPa) and was 0.13 ± 0.01 m m (-50
kPa) at frog burial depth. Average measured Ψm of the soil at the start of the long-term
experiment (n = 8 samples at 5 cm depth) was -75 kPa, and in the two day burial group (n =
5 samples at frog burial depth) was -114 kPa, indicating that the soil was freshly drained so
was approximately at or slightly below field capacity (Hillel, 1971; Leeper and Uren, 1993).
3

-3

After five weeks the surface soil had dried to a moisture content below 0.02 m m (< -10
000 kPa), and was dry for the remainder of the experiment; measured water potential of the
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surface soil in the pots after five weeks was < -8000 kPa (the resolution of the instrument).
Matric potential of the soil lining the burrow chamber at three and five months was < -8 000
kPa, and did not differ from soil obtained at 10 cm from the frog.

In the field calculated Ψm at frog burial depth dropped rapidly to -10 000 kPa in upland
savanna, whereas intermediate elevation sites stayed moist until July, dried substantially in
August and were completely dry (-10 000 kPa) by September (Figure 6.2). Low lying areas
were wet until August and retained available moisture (> -100 kPa) through to November. A
light rain in October resulted in values that approached the water potential of frog body
fluids (-540 kPa) at dry sites, but soils were dry again in November following lack of rain. In
June, measured water potentials (Ψm) varied from zero (saturated) to -130 kPa at lowland
sites, but were -10 000 kPa in upland savanna habitat. By August the water potential at
intermediate sites had dropped to -8 000 kPa whereas low lying areas retained moisture (130 kPa) or were still saturated (0 kPa).

In the long-term experiment C. australis were excavated after approximately three months
(104 days) and five months (174 days), i.e. at the end of August and early November,
respectively. As the soil in the pots had dried completely and set solid, frogs were
excavated from their burrow chambers by chiselling and scraping away the soil. Initial (preexperimental) frog standard mass was similar for the three month (29.5 ± 13.7 g) and the
five month group (29.6 ± 7.5 g). Excavated frog mass (including bladder fluid) was 49.6 ±
24.7 g and 37.0 ± 9.3 g, respectively. Bladder mass as a percentage of final standard mass
was 66.2 ± 16.7% in the three month and 46.1 ± 20.5% in the five month group (Figure
6.3). All frogs had cocoons and were quiescent when excavated. Burial depth to the top of
the chamber was 6.4 ± 4.8 cm for the three month group and 10.3 ± 4.1 cm for the five
month group, and was 12.4 ± 5.4 and 16.1 ± 3.9 cm, respectively, to the bottom of the
chamber. The dorsal and lateral surfaces of the frog were surrounded by an air space, the
frog rested on the soil on its limbs but with the ventral surface in contact with the soil in
some instances, and the chamber was approximately spherical. In the two day group, burial
depth was 13.3 ± 3.1 cm to the top of the chamber and 16.7 ± 2.8 cm to the bottom of the
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chamber. Frogs in the two day burial group were alert and urinated readily when handled,
indicating that fluid was stored in the bladder, however, as a result it was not possible to
obtain an accurate mass at excavation.
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Figure 6.1. Monthly rainfall 2003-2008 at the Mickett Creek field site near Darwin,
Northern Territory. Note contrast between dry and wet season rainfall. Burrowing
experiments were conducted during the dry season of 2006.
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Figure 6.2. Matric potential calculated from volumetric soil moisture measurements at frog
burrow depth (5-11 cm) in the Mickett Creek area during 2006. The dotted line indicates
water potential (-540 kPa) equivalent to the body fluids of a hydrated Cyclorana australis
-1

(220 mOsm kg ). Note logarithmic scale. Right panel: Range of soil moisture conditions in
experimental pots at the start of the burrowing experiments (initial) and from five weeks
onward.
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Figure 6.3. Bladder mass of excavated Cyclorana australis in the three month and five
month burial groups as a percentage of final standard (bladder empty) mass.
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-1

Plasma and urine osmolality of hydrated C. australis was approximately 220 mOsm kg
-1

and 50 mOsm kg , respectively (Table 6.1). The two day and three month burial groups
had relatively low plasma osmolality that was not significantly different from hydrated frogs,
whereas plasma osmolality of the five month burial group was significantly elevated
-1

(plasma range 239 - 425 mOsm kg ). The osmolality of urine in hydrated frogs and the two
day burial group differed from that in the three and five month burial groups (Table 6.1).

-1

The mean difference between plasma and urine osmolality was 179 ± 16 mOsm kg in the
-1

-1

two day group, 90 ± 44 mOsm kg in the three month group, and 20 ± 15 mOsm kg in the
five month group (Table 6.1). Urine became nearly isosmotic with plasma at higher
osmolalities (Figure 6.4), and U/P ratios exceeded 0.9 after five months (Table 6.1). The
-1

difference between plasma and urine osmolality was less than 40 mOsm kg for all plasma
-1

values greater than 300 mOsm kg , and the greatest difference between plasma and urine
-1

osmolality was when plasma values were between 200 and 230 mOsm kg (Figure 6.4).

The concentration of urea in plasma and urine paralleled the pattern for osmolality (Table
6.1). Urea concentrations were always higher in urine than in plasma, and were a major
contributor to urine osmolality. There was some urea accumulation in the urine (range 45 -1

180 mOsm kg ) after three months, and a marked increase after five months (range 98 -1

227 mOsm kg ) . The concentration of urea was linearly related to urine osmolality (line of
2

best fit: [urea] = 0.593 x osmolality + 1.805, r = 0.963), and plasma osmolality (line of best
2

fit: [urea] = 0.77 x osmolality - 154.9, r = 0.956; Figure 6.5a).

Sodium contributed little to urine osmolality, but was the primary cation in plasma (Table
6.1; Figure 6.5b). The contribution of sodium to plasma osmolality was approximately 100
-1

mmol L regardless of osmolality, and did not differ across groups. Plasma magnesium
concentration in buried frogs after three and five months was higher than in the hydrated
group. Potassium, magnesium and calcium were at relatively low concentrations in plasma,
and were lower in urine with the exception of a marked increase in the concentration of
potassium in urine in the five month burial group (Table 6.1).
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Table 6.1. Osmolality and concentration of osmolytes in plasma and urine of Cyclorana
australis hydrated in the laboratory, and buried for two days, three months and five months.
Values below the mean are (SD, n). Means followed by the same letter are not significantly
different at the 5% level.
hydrated

2 days

3 months

5 months

F

p

10.70

0.0001

35.04

<0.0001

49.03

<0.0001

9.34

0.00026

28.20

<0.0001

1.17

0.342

2.53

0.082

4.39

0.013

3.53

0.031

4.19

0.016

11.05

0.0001

3.51

0.030

2.32

0.102

Osmolality
-1

(mOsm kg )
a

plasma

214

(10.9, 9)

(7.6, 5)

a

urine

a

a

35

(23.9, 7)

(10.6, 5)
a

b

231.7

314

(18.3, 7)

(70.5, 8)

b

49.4

a

U/P ratio

a

221.7

c

141.3

293.8

(60.5, 7)

(75.7, 8)

b

c

0.22

0.16

0.60

0.93

(0.10, 7)

(0.06, 5)

(0.22, 7)

(0.06, 8)

-1

[Urea] (mmol L )
a

plasma

+

a

b

9.3

31

(4.3, 9)

(1.4, 5)

(20.6, 7)

a

urine

a

11.7

a

85.2

b

(56.9, 8)
c

26.1

18.5

100.9

169.9

(12.1, 7)

(9.1, 5)

(48.3, 7)

(44, 8)

-1

[Na ] (mmol L )
a

plasma

++

a

a

96.9

101.5

101

(7.8, 9)

(4.9, 5)

(11.6, 7)

(9.5, 8)

a

urine

a

94.3

a

a

a

2.0

1.03

3.2

4.27

(2.0, 7)

(0.3, 5)

(2.1, 7)

(3.1, 8)

-1

[Mg ] (mmol L )
a

plasma

+

b

b

0.56

0.96

0.93

(0.2, 9)

(0.1, 5)

(0.25, 7)

(0.52, 8)

ab

urine

ab

0.49

a

ab

b

0.07

0.02

0.04

0.13

(0.05, 7)

(0.01, 5)

(0.04, 7)

(0.10, 8)

-1

[K ] (mmol L )
a

plasma

++

b

ab

3.10

4.08

4.01

(0.5, 9)

(0.5, 5)

(0.9, 7)

(0.94, 8)

a

urine

ab

3.04

a

a

b

1.64

0.95

9.0

20.8

(1.0, 7)

(0.8, 5)

(5.1, 7)

(12.5, 8)

-1

[Ca ] (mmol L )
plasma

urine

a

a

a

a

0.71

0.86

1.45

1.52

(0.3, 9)

(0.2, 5)

(0.8, 7)

(0.8, 8)

a

a

a

a

0.12

0.05

0.07

0.08

(0.08, 7)

(0.02, 5)

(0.03, 7)

(0.05, 8)
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Figure 6.4. Plasma versus urine osmolality of all excavated frogs. The line corresponds to
isosmotic body fluids (U/P = 1).
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Figure 6.5. Concentration of (a) urea and (b) sodium, versus plasma and urine osmolality
of C.australis hydrated in the laboratory, and buried for two days, three months and five
months.
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Discussion
Soil moisture conditions
Cyclorana australis dug shallow burrows (generally < 10 cm depth) in the pots similar to
frogs under natural conditions (Tracy et al., 2007). Most terrestrial frogs are able to absorb
water from moist soil (Dole, 1967; Spotila et al., 1992; Bentley, 2002), and after two days
the C. australis in moist soil were hydrated and had dilute fluid in the bladder, indicating that
water uptake had occurred. Under natural conditions uptake would have been possible at
lowland, moisture retentive sites throughout the dry season, but not in drier upland savanna
after June or intermediate elevation sites after August (Figure 6.2); these findings are
similar to other studies of soil water in this environment (Duff et al., 1997; Kelley, 2002;
Tracy et al., 2007). Sufficient water would be available in lowland areas to remain in water
balance during the dry season, but lack of food and cool conditions may preclude activity,
and indeed most C. australis bury away from wetter areas. The soil in the pots dried rapidly
to levels below -8000 kPa, well beyond the absorption threshold for water uptake
(Jorgensen, 1997a), and the soil had solidified when the frogs were excavated at three and
five months. The soil moisture conditions in the pots thus most closely approximated
savanna soils. Soil water potentials based on calculated and measured values were similar,
indicative of moisture retention in the sandy soil used in these experiments at matric
potentials of above approximately -100 kPa, and are consistent with rapid changes in Ψm
with soil drying (Ackerman, 1991).

The presence of the frog in dry soil did not influence the water potential of the inner lining of
the burrow chamber. This differs from a salamander burrow (Delson and Whitford, 1973)
which has a moist lining, and may be because evaporation from the skin of a cocooned frog
is greatly reduced (Christian and Parry, 1997; Withers, 1998a). If the resistance of the soil
to vapour flux is less than that of the cocoon, there will be little effect on matric potential
near the frog (Hillel, 1971). Frogs extracted after three months had obvious cocoons, and
thick cocoons were evident at five months. Cocoon formation is associated with drying of
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the soil (Booth, 2006; Tracy et al., 2007), and would be an advantage in situations where
soils dry rapidly. Cocoons may enable species of Cyclorana to utilise shallow burrows in the
seasonally dry savanna environment. Species that do not form a cocoon follow the
moisture in the soil (Slater and Main, 1963; Roberts, 1981, 1990; Cartledge et al., 2006b;
G. Thompson, pers. comm.) and often aggregate in deep burrows (Paltridge and
Southgate, 2001; Thompson et al., 2005).

Body fluid osmolality, bladder volume and osmolytes
After five months (similar to periods of dry season dormancy for frogs near Darwin; Tracy et
al., 2007) plasma and urine osmolality were elevated. Amphibians are not capable of
producing urine that is hypertonic to the blood (Rouffignac, 1990; Bentley, 2002), but U/P
ratios approach unity after long periods of dehydration as shown by this study (Table 6.1),
and as noted in Bufo viridis (Hoffman and Katz, 1991), and to a lesser extent in Cyclorana
platycephala (Cartledge et al., 2008) and Scaphiopus couchi (McClanahan, 1967). Urine
but not plasma osmolality increased after three months underground, largely due to
preferential retention of urea in urine (Table 6.1; Katz and Gabbay, 1986; Hoffman and
Katz, 1991; Cartledge et al., 2006a). All frogs retained bladder fluid and had tolerable
osmolality and urea levels under long-term burial conditions. The volume of fluid in the
bladder (up to 84% of SM) was higher than in most anurans, but similar to other Cyclorana
spp. and other Australian burrowing desert species (Bentley, 1966b; Warburg, 1997). Frogs
buried for two days had low osmolality and urea concentrations, similar to hydrated frogs. A
single C. australis excavated in the field in the late wet season (April) had similarly low
-1

-1

plasma (237 mOsm kg ) and urine (50 mOsm kg ) osmolality and low levels of urea in
-1

-1

plasma (12 mmol L ) and urine (29 mmol L ).

For buried C. australis, the highest plasma osmolality in an individual that survived was 509
-1

-1

mOsm kg , and the highest concentration of urea in plasma was 176 mmol L . A plasma
-1

value of 528 mOsm kg was recorded in a dehydrated laboratory animal, and a buried frog
-1

that died after it was excavated had urine osmolality of 697 mOsm kg (unpubl. data)
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hence plasma would be identical or slightly higher. These findings suggest that the limit of
-1

osmotic concentration of plasma in C. australis is on the order of 550-600 mOsm kg ;
-1

similar to C. platycephala (500 mOsm kg after 12 months; Cartledge et al., 2008) and
-1

Scaphiopus (680 mOsm L ; Ruibal et al., 1969; Shoemaker et al., 1969), but less than
-1

Bufo viridis which are apparently able to survive very high plasma osmotic (1000 mOsm L )
-1

and urea (500 mmol L ) concentrations (Degani et al., 1984; Hoffman and Katz, 1991). The
use of refugia such as burrows slows rates of dehydration, thereby enhancing the ability to
tolerate water loss and associated increases in body fluid osmolality (Bentley, 2002).

Sodium is the main extracellular cation (Deyrup, 1964; Warburg, 1997; Bentley, 2002) and
-1

the overall mean for all C. australis of 98 mmol L in plasma is similar to values for other
anurans (Mullen and Alvarado, 1976; Alvarado, 1979). In contrast to the findings of
Cartledge et al. (2008) and McClanahan (1972), plasma sodium in C. australis did not show
a significant increase over time, whereas McClanahan (1967) found plasma sodium to be
variable, and sodium concentration was equivalent for aestivating and active Leptodactylus
fuscus (Abe and Garcia, 1990). A possible explanation for these differences is that
increases in plasma sodium only occur after the bladder store has been severely depleted;
in C. australis retention of bladder fluid enabled the frogs to maintain ionic balance. The
remainder of the osmolytes in plasma are likely to be largely chloride and bicarbonate
(Deyrup, 1964; Bentley, 2002), and in urine, chloride and ammonia (Cartledge et al., 2008).
Concentrations of magnesium and calcium were low in plasma and lower in urine, and
there were no indications of major changes. Calcium is present in plasma in an ionic form
and as calcium bound to protein (McClean and Hastings, 1935; Hillman et al., 2009), and
the ICP-MS method measures total calcium. Deyrup (1964) reports values of calcium in
-1

frog plasma (2.0 mmol L ) that are approximately double those of hydrated C. australis.

The concentration of potassium in the urine of frogs buried for five months was significantly
higher than in hydrated animals. Accumulation of potassium in dormant animals,
particularly in the urine, was also evident from the data of Cartledge et al. (2008) and Clyne
(1968) for aestivating Australian frogs, in emerging and burrowed Scaphiopus
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(McClanahan, 1967), and in aestivating freshwater crocodiles (Christian et al., 1996).
Concentrations of potassium in urine are approximately linearly related to osmolality, hence
accumulation in the urine may be due to the action of the kidney or as a result of water loss
from the bladder. Potassium may also be exchanged with sodium in the bladder fluid
(Bentley, 1966b).

Osmolality and seasonally dry conditions
Australia is the driest continent that supports extant amphibians, and, in response to
seasonal, intermittent or prolonged aridity, approximately 65 species from eight genera
utilise burrows (Main et al., 1959; Tyler et al., 1994; Barker et al., 1995; Warburg, 1997).
This is a high proportion (28%) of the total of 227 recognised Australian species (Tyler and
Knight, 2009). Fossorial species are particularly prevalent in arid and semi-arid zones
(Main et al., 1959; Seymour and Lee, 1974; Heatwole, 1984), but are also common in the
seasonally dry northern savannas (Tyler and Davies, 1986; Reynolds, 2007). In the
extreme north of Australia, seasonal rainfall is relatively reliable, and frogs would be active
in most if not all years. Moisture is freely available during the wet season, and soil water
storage means that moisture is available into the early part of the dry season (although this
will vary according to landscape position; see Figure 6.2). In the northern portion of their
range where wet season rains are assured, filling the bladder and forming a cocoon as the
soil dries ensures that the animals do not become severely dehydrated in the dry season.
However, rainfall in the semi-arid zone decreases and becomes less reliable with distance
from the coast, hence it may be a limitation to the inland distribution of C. australis.
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Chapter Seven
Environmental moisture availability and body fluid
osmolality in introduced toads, Rhinella marina,
in monsoonal northern Australia

Abstract
The introduced Cane Toad Rhinella marina has recently expanded its range into the
monsoonal north of Australia near Darwin, Northern Territory. Aggregated toads were
collected toward the end of the prolonged dry season from an isolated and localized
occurrence of moist soil, where they were observed in typical water absorbing postures.
Water potential of the moist soil (-31 kPa) was sufficient that toads could (periodically)
extract liquid water via the ventral pelvic patch, but surrounding dry soils with water
potentials lower than -8000 kPa could not be used as moisture sources. High mean plasma
-1

-1

(358.5 mOsm kg ) and urine (353 mOsm kg ) osmolality values are indicative of
-1

dehydration, and high urea concentrations in plasma (109 mmol L ) and in urine (237 mmol
-1

L ) demonstrate accumulation and retention of waste nitrogen. All parameters differed
markedly from those of fully hydrated toads in the laboratory, and from active animals
collected in the wet season. The urine osmolality of wet season individuals (mean ± SD:
-1

118.9 ± 76.4 mOsm kg ) was intermediate compared to the laboratory hydrated animals
and the dry season sample, but plasma osmolality and urea concentrations were similar to
fully hydrated toads. Differences in body fluid osmolality reflect the availability of soil and
surface moisture in the environment in the wet and dry seasons. The need to access
residual moisture sources during the late dry season is likely to limit Cane Toad movement
and resulted in the aggregation of toads at the rehydration site. This enforced aggregation
potentially facilitates effective control of toads at a local scale.
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Introduction
Amphibians that lead a largely terrestrial life are faced with the difficulty of maintaining
water balance while away from the immediate vicinity of moisture sources (e.g., Seebacher
and Alford, 2002). In addition to absorbing water from free water surfaces, most terrestrial
anurans are able to absorb water from moist soil (Tracy, 1976; Shoemaker et al., 1992). To
achieve this, anurans adopt a characteristic water absorption response (WAR) posture,
whereby they press their ventral surface against the moist substrate (Stille, 1958; Brekke et
al., 1991; Hillyard et al., 1998). Most water uptake occurs through the hypervascularized
ventral pelvic patch (Roth, 1973; Christensen, 1974). This water is stored as a dilute urine
in the bladder, which can be reabsorbed and thereby offsets water lost by evaporation
(Jorgensen, 1997a). Although most amphibians are tolerant of variation in hydration state
(Thorson, 1955; Farrell and MacMahon, 1969; Hillman, 1980), over the long term, water
influx must balance water efflux. Toads have low resistance to evaporative water loss
(Young et al., 2005) so are at risk of desiccation, although their relatively large size acts as
a buffer against water loss, and they show considerable tolerance to dehydration
(Krakauer, 1970; Zug and Zug, 1979; pers. obs.).

Cane Toads (Rhinella marina; for taxonomy refer to Frost, 2011) were introduced into
Australia in 1935 as a potential, but ultimately ineffective, pest control agent (for a detailed
history see Lever, 2001). Their range has expanded westward across the Gulf of
Carpentaria, and during the past decade they have spread into most regions of the wet-dry
tropics of the Northern Territory (Freeland and Martin, 1985; Phillips et al., 2007). There is
widespread concern and mounting evidence that ingestion of their toxic skin secretions has
adverse and sometimes lethal effects on native predators, particularly goannas Varanus
spp., elapid snakes, Freshwater Crocodiles Crocodylus johnstoni and the dasyurid Northern
Quoll Dasyurus hallucatus (Covacevich and Archer, 1975; Smith and Phillips, 2006). The
toads have also affected use of the land and its resources by indigenous people (Boll,
2006), and are widely regarded by the general public as a menace.
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The dry season in monsoonal northern Australia lasts from five to six months, during which
time virtually no rain falls (Taylor and Tulloch, 1985; McDonald and McAlpine, 1991). The
climate is warm during the day (>30°C daily maxima) and cooler (minimum 17-24ºC) at
night. Humidity is relatively low, so that evaporation rates are high, and the great majority of
moisture sources, including watercourses, seepage areas and lagoons dry out. In contrast,
the wet season (from approximately November to March) is characterized by regular
rainfall, so that moisture is freely available, and toads move large distances (Phillips et al.,
2007). The desiccating conditions of the dry season may have slightly retarded the
expansion of the Cane Toad, but they are, nonetheless, now abundant on the northern
floodplains as well as the drier savanna country, and are continuing to spread toward the
Kimberley region of Western Australia. There are ongoing plans to halt the further spread of
the toads westward (Department of Environment and Conservation, 2006), and local
initiatives to control toads on their expanding front.

The availability of soil and surface moisture in the environment may affect the level of
hydration in active toads, because dehydration may result as it becomes more difficult to
access moisture sources. In addition, if water is not available for rehydration, then urea may
be retained and will accumulate in the plasma and urine. Osmolality is a measure of the
sum of the solutes dissolved in solution, and consequently is useful as an index of
hydration state when compared with known hydrated values, because body fluids become
more concentrated as water is lost by evaporation (Shoemaker, 1964). The objective of this
study was to examine the relationship between moisture availability in the environment and
body fluid osmolality of toads. I achieved this by comparing body fluid osmolality and urea
concentration of active animals in the late dry season (low moisture availability), and
comparing these with active wet season animals (generally high but variable moisture
availability), and fully hydrated toads in the laboratory (high moisture availability).
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Figure 7.1 Darwin region showing seasonal drainages (dark lines), areas of swamp (grey
shading), and sites mentioned in the text. The black square indicates the dry season study
site. Note that downstream, near coastal swamps are marine or estuarine (e.g., mangrovelined creeks), so are not generally suitable for amphibians. Upland interfluves support
savanna vegetation.
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Methods
During nocturnal field work in the late dry season (September 2007) at Mickett Creek
(12°24'39"S 130°56'37"E; see Tracy et al., 2007) near Darwin, Northern Territory, I
encountered toads aggregated at residual soil moisture sources. These toads displayed
typical WAR postures. Most of the ground surface in the area was dry at this time, and the
nearest source of free surface water was 1900 m away at Knuckeys Lagoon (Figure 7.1).
Nocturnal observations of toads and native frogs were made at regular intervals during the
northern dry season (from approximately mid-April to October in 2007), and, following the
observation of aggregated toads exhibiting water absorption behavior, collections of toads
were made on 18, 20, and 24 September. Toads were obtained from the only two locations
with moist substrates along a stretch of 370 m of the otherwise dry Mickett Creek
watercourse. Sampling from the three evenings resulted in a total of 10 toads. On each
sampling occasion, toads were placed in calico bags, and processed the next morning in
the laboratory. Each toad was weighed, and then urine was obtained with the aid of a
flexible plastic cannula and by applying pressure to the abdomen in the area overlying the
bladder. Plasma samples (0.1 - 0.3 ml) were obtained from the femoral lymph sac using a
fine gauge needle (Terumo U-100 1.0 ml 27G insulin needle).

During the wet season (March 2008), active R. marina (n = 15) were obtained at night from
locations near Darwin, including the study site, but also from roadsides and grassy areas.
Fluid samples were collected later the same night, or toads were kept in closed plastic
containers and processed the following morning. Plasma and urine were also obtained from
toads hydrated in the laboratory (n = 7). These animals were collected early in 2007 (prior
to the dry season sampling) and were placed in closed, ventilated containers with access to
aged tap water that was replenished regularly. They were maintained on insect food but
were not fed for five days prior to the hydration and sampling regime. To ensure full
hydration the bladder was emptied and the water in the container replaced on the first and
second day, then the toads were placed in shallow water overnight. The following morning,
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body fluids were collected as described above. Osmolality of all body fluid samples was
measured with an Advanced Instruments (freezing-point) Micro-Osmometer (Model 3300).
The BUN reageant (Thermo Electron TR12015) was used to assay the urea concentration
of plasma and urine samples. Body fluid osmolality and urea concentrations were
compared by one-way ANOVA. Post-hoc comparisons of means were made using the
Tukey HSD test, with alpha set at 0.05.

Two measures of soil moisture were used to assess water availability during the dry
season: water potential, and water content, in this case the volume of water in the soil as a
percentage of the total volume (see Campbell and Norman, 1998). Soil samples were
obtained from moist microsites where the toads were attempting to absorb water, from
adjacent similar but dry soil, and from additional locations at the study site. Soil was placed
in twist top containers that were sealed and then returned to the laboratory. A Wescor
PsyPro dew-point microvoltmeter with a C-52 sample chamber was used to measure the
water (matric) potential of the samples. The chamber was calibrated against known
standards supplied by the manufacturer. Volumetric soil moisture content of the moist
microsites was measured with a ThetaProbe time-domain reflectometer (Delta-T Devices
Ltd, Cambridge, England). Attempts to measure soil moisture at adjacent, dry locations
were unsuccessful because the probe, although consisting of pointed metal prongs, was
unable to penetrate the soil. Voltages were converted to soil moisture values using the
described constants for a mineral soil.

Results
The toads collected in the dry season all displayed a distinct WAR posture, with their pelvic
patch pressed against the moist soil, and their rear limbs splayed to the sides. They
remained stationary in the WAR position and made no attempt to escape when
approached. Toads were found in aggregations, with 3-7 toads in a given location, and
often with only centimetres between individual toads. In total 20 toads were observed on
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the three collection nights, and of these, 18 (90%) were at residual moisture sources. The
skin around the pelvic patch had a loose, pleated appearance, and some reddening of the
ventral skin was apparent. Several of the toads urinated when being handled or after being
placed in the calico bags.

The soil on which the toads were found in the dry season was a brown sandy clay, which
appeared moist but was only slightly so to the touch. Mean volumetric soil moisture of the
surface soil was 22.8% and that of soft soil 15 cm below the surface under a clay clod was
29.5%. The corresponding measured mean (± SD) water potential of the surface and
subsurface soil samples were -31 ± 34 kPa and -60 ± 63 kPa, indicative of water potentials
slightly less than a freshly drained soil (i.e., close to field capacity, Leeper and Uren, 1993).
Water potential of samples of soil from four nearby dry locations were all lower (more
negative) than -8000 kPa.

The mass of the ten toads collected in the dry season ranged from 37.5 to 147 g with a
mean ± SD of 72.4 ± 29.8 g. Mass of laboratory hydrated toads was 54.5 ± 21 g (n = 7),
and that of wet season toads was 155.4 ± 72.9 g (n = 15). The volume of urine obtained
from the dry season animals was 0.92 ± 0.73 ml, which was 0.3 to 2.1% of their mass.
-1

Mean (± SD) osmolality of plasma was 358.5 ± 40.7 mOsm kg and of urine 353 ± 42.6
-1

mOsm kg (Figure 7.2), hence the average difference in osmolality between plasma and
-1

-1

urine was 5.5 mOsm kg , as opposed to a difference of 189 mOsm kg in laboratory
-1

hydrated toads. Urea concentrations were 109 ± 28 mmol L in plasma and 237 ± 39
-1

mmol L in urine, thus averaging 30.5% and 67% of plasma and urine osmolality
respectively. Osmolality values for laboratory hydrated and active wet season animals were
significantly lower than the dry season sample (plasma F2,29 = 91.2, p < 0.0001; urine F2,28
= 68.2, p < 0.0001), as were urea concentrations (plasma F2,28 = 114.2, p < 0.0001; urine
F2,28 = 46.4, p < 0.0001; Figure 7.2). Insufficient fluid for plasma urea analysis in one of the
dry season samples and contamination of urine with faecal material in one of the laboratory
hydrated samples resulted in lower df values. Plasma osmolality and plasma urea were
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similar in hydrated and wet season animals (Figure 7.2), but wet season individuals had
-1

variable urine osmolality (mean ± SD: 118.9 ± 76.4 mOsm kg ) that was significantly
greater than hydrated toads (Tukey HSD: p = 0.020); urine urea concentrations were
variable but not significantly different from laboratory animals (Tukey HSD: p = 0.055).

Figure 7.2 Plasma and urine osmolality and urea concentration (± 1 SD) of Rhinella
marina. Animals were collected in the late dry season, hydrated in the laboratory, or were
active in the wet season.

117

Discussion
Moisture sources and body fluid osmolality
Soil and surface moisture are freely available in the wet season, but in the late dry season,
with no substantial rain (i.e., no falls > 5 mm) for over four months, toads aggregated at
remnants of available soil moisture. The adoption of typical WAR postures with maximal
pelvic patch area in contact with the substrate and hindfeet angled outward (cf. Hillyard et
al. 2007), is evidence that the toads were attempting to rehydrate. Similar rehydration
behavior was noted by Carpenter and Gillingham (1987) on moist soil in tire tracks.

Jorgensen (1994b) found that toads (Bufo bufo) stored absorbed water in their bladders
when water was freely available, to counteract evaporative losses. This cutaneous drinking
was achieved before the animals became dehydrated, hence it was anticipatory. However,
during long periods of dry weather, it may become difficult for anurans to access moisture.
The low urine volumes obtained from the dry season toads are indicative of depleted
bladder stores, since toads in this size range are able to store at least 31% of standard
mass in their bladders (unpubl. data). Rhinella marina have a dehydration tolerance similar
to other terrestrial anurans (Krakauer, 1970), but prolonged periods without access to water
will result in desiccation and eventual death (Zug and Zug, 1979).

One consequence of dehydration is an increase in body fluid osmolality. Fully hydrated
-1

toads had a mean plasma osmolality of 227 mOsm kg , similar to values obtained in other
-1

studies (222 mOsm kg : Hillyard and Larsen, 2001; Konno et al., 2005) and to active
-1

animals in the wet season (238 mOsm kg ). In contrast, plasma osmolality of late dry
-1

season toads were all in excess of 310 mOsm kg , indicating that they were dehydrated,
-1

and there was substantial accumulation of urea in urine and in plasma (to 151 mmol L ).
Urine and plasma osmolality had become nearly equivalent (U/P ratio > 0.9 in all cases) as
a result of reabsorption of the bladder fluid store in an attempt to maintain normal (or
lowered) plasma osmolality (Ruibal, 1962a; Shoemaker, 1964). Wet season active toads
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had relatively low plasma osmolality, but elevated and highly variable urine osmolality (U/P
ratio varied from 0.15 - 0.95). In this situation, the bladder store may act as a temporary
repository of solutes, particularly urea.

Retreat sites and soil moisture
Individuals of R. marina are active every three or four nights during humid conditions, but
are less active during long periods of dry weather (Zug et al., 1975; Zug and Zug, 1979),
tending to remain in retreat sites (Dobkin et al., 1989; Cohen and Alford, 1996; Seebacher
and Alford, 2002). The animals in this study were found aggregated at moist rehydration
sites; presumably they occupied shelter sites during the day (Alford et al., 1995). Under
similarly dry conditions, Schwarzkopf and Alford (1996) documented toads using burrows
and cavities under logs and leaf litter during the day, microhabitats which reduce rates of
water loss (Bentley, 2002). Native ground-dwelling frogs of five species were also present
on the surface and in soil cracks at the moist soil patch. During the dry season native frogs
remain on or near moist soil (unpubl. data), occupy tree hollows (Reynolds, 2005), or
estivate underground (Tyler and Davies, 1986; Tracy et al., 2007). Toads in northern
Australia are subject to a longer dry season than in their native range, so refuges and
rehydration sites may be limiting resources (Cohen and Alford, 1996).

Most, perhaps all, amphibians are able to extract water from moist soil as well as from
water (Tracy, 1976; Shoemaker et al., 1992). Soil moisture content influences the rate at
which water can be absorbed. The volume of water present in the pore spaces, and the
distribution of fluid within the soil matrix both influence soil water potential, specifically
matric potential (Hillel, 1971; Marshall and Holmes, 1988). To extract liquid from the soil
interstices, the toads pressed their bodies against the substrate. The measured soil water
potential in the aggregation area (mean -31 kPa) was above the absorption threshold for
other frogs studied; generally below -100 kPa (Shoemaker et al., 1992; Jorgensen, 1997a).
Rhinella marina is likely to be similar to Bufo cognatus and B. americanus, which were able
to extract water from soils with water potentials as low as -250 kPa (Walker and Whitford,
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1970). High body fluid osmolality will enhance the osmotic pressure difference between the
internal fluids and the soil-water in the external environment (Shoemaker et al., 1992, and
references therein), thereby potentially increasing opportunities to absorb water from drying
soils. However, dry soil in surrounding areas far exceeded the water potential at which
amphibians are able to extract water; -8000 kPa equates to an osmotic concentration
greater than 3000 mOsm, which is well beyond the limits of tolerance for any known
anuran, and indeed vertebrate (see Garland et al., 1997; Warburg, 1997; Bentley, 2002).

Control and implications
It is now generally conceded that it is not possible to eradicate Cane Toads from Australia,
at least in the foreseeable future. However, elimination of toads at a local scale may be
possible if control efforts are focused on the late dry season, when toad numbers are at
their lowest (Zug and Zug, 1979). This type of population control should be undertaken over
a number of nights, and prior to sporadic early wet season rains when the toads disperse.
Toads can be eliminated by targeting residual moisture sources where animals aggregate,
including the edges of permanent lagoons, remnant pools along creeks and streams, and
residual surface soil moisture along otherwise dry watercourses. Cane Toads appear to be
restricted in the late dry season to suitable refugia near moisture sources that enable
maintenance of body fluid concentrations within tolerable limits, hence the spatial
heterogeneity of moisture availability may influence survival. Further knowledge of
hydroregulatory processes that drive moisture seeking behavior may therefore facilitate
more effective management of invasive amphibian species in seasonally dry environments.
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Chapter Eight

General Discussion

In this Chapter I summarise the major findings presented in this thesis, and integrate the
information provided in the data chapters. I then discuss some general conclusions that are
linked to these findings. Information from the data chapters is discussed within the context
of osmolality of body fluids, exchanges between extracellular and bladder fluid
compartments, and the influence of the monsoonal environment on hydric relations. The
interpretation of results is followed by suggestions for further research.

Summary and Integration
Lymphatics and fluid exchange
Based on the lymph extraction technique outlined in Chapter 2, it is relatively
straightforward to extract fluid from hydrated frogs, but more difficult for frogs that are
dehydrated. This suggests that lymph volume is greater when frogs have ample body fluid
volume. Presumably, under conditions of hydration, blood flow is enhanced, there is greater
hydrostatic pressure, fluid enters the interstitial space more rapidly, and there is
accumulation of fluid in the lymphatic spaces. Thus, enhancement of extracellular fluid flow
may be associated with the hydrated state, whereas with dehydration less lymph
accumulates. There was a similar response to hydration in the three species studied, and
the presence of a bladder fluid store may also enhance lymph formation. These kinds of
exchange processes between extracellular compartments, regulated in part by the
permeability of capillary endothelia, are still largely unexplored in anurans.

As Orwell might have phrased it: all plasma is equal, but some plasma is more equal than
others. Blood-plasma and lymph of anurans are nearly identical forms of extracellular fluid,
with the exception of large blood proteins that do not permeate capillary endothelia.
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Osmolality is generally, but not always, slightly lower in lymph (Chapter 2), and
concentrations of solutes such as urea are similar in the two fluids. There may be
differences between species in lymph distribution within the body, because although in
Rhinella marina lymph osmolality was consistently lower than blood-plasma, this was not
the case with Cyclorana australis. Temporal variation in lymph osmolality is presumably
linked to hydric state and the exchange of fluid between blood, lymph and interstitial
spaces. It is of interest to understand why these differences in osmolality arise, and what
conditions produce them.

Cocoon and soil water exchange
The findings presented in Chapter 3 indicate that on substrates of varying water potential,
the cocoon acts as a barrier to water exchange. This suggests that the cocoon is important
in burrowing frogs as it reduces losses of water to drying soils. The cocoon is capable of
reducing evaporative (vapour) water loss, but because of the high humidity conditions
undergound, the vapour pressure difference between skin and air is minimal, hence water
loss is likely to be low via this avenue. Soil water potential may be important in inducing
cocoon formation, and the cocoon may be essential in species of Cyclorana that employ a
shallow burrowing strategy in savanna soils that dry rapidly.

The use of an agar-solute substrate allows control over water potential that is difficult to
attain using soil. By investigating water exchange on substrates that are close to the
absorption threshold, we can more clearly define a concept of moisture availability that is
relevant to water uptake in amphibians. The properties of soil (soil characteristic and
hydraulic conductivity) influence the rate of exchange, and the matric potential of the soil
will determine whether exchange is possible. The osmolality of the extracellular fluid (bloodplasma and possibly also lymph) defines the direction of exchange due to osmotic
processes, but does not necessarily allow us to calculate the rate of exchange because of
inherent physiological properties influenced by hormones and recruitment of aquaporins to
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the skin surface (Hays, 1990; Harvey et al., 1991; Tanaka et al., 2005; Suzuki et al., 2007;
Hillyard et al., 2009).

Bladder fluid volume and body mass
On moist soil outdoors, C. australis exhibited extreme weight variability that was largely
dictated by the volume of fluid in the bladder (Chapter 4). This suggests that fluid is
obtained by water uptake from the soil, and sufficient water is retained in the bladder to
maintain a hydrated state. In a laboratory environment with access to water, the frogs
replenished the bladder fluid after it was removed and thereby maintained mass over and
-1

above standard mass. The osmolality of the bladder fluid remained low (21 mOsm kg ),
indicative of storage and reabsorption of bladder fluid, and urea levels were also relatively
constant. There was some indication of anticipatory cutaneous drinking (as advocated by
Jorgensen, 1994a, 1994b, 1997a) and retention of bladder fluid, which modulates plasma
osmolality at levels associated with full hydration.

Plasma and urine osmolality and urea concentration increased over time in C. australis with
empty bladders. This is in concordance with previous studies that have examined the
effects of water loss on body fluid solute concentration. In contrast, in the short term, frogs
-1

with a bladder fluid store had low plasma osmolality (227 mOsm kg ; Chapter 5). Low
-1

plasma osmolality (214 mOsm kg ) was also observed in frogs in the early stages of burial
-1

(2 days; Chapter 6) where some individual osmolalities approached 200 mOsm kg . Under
these conditions C. australis appears to enter a state of 'hyperhydration' that may be
important prior to long-term dormancy.

Cyclorana australis (the focus of several chapters) thus appears to maximise storage of
dilute fluid in the bladder and minimises water loss by burrowing and forming a cocoon.
Limited storage of bladder fluid may be important when frogs are active and would allow
wide ranging movement (unpubl. data).
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Osmolality and composition of body fluids
In terrestrial frogs, the availability of water in the environment has an influence on the
osmolality of the body fluids and maintenance of a hydrated state. During the wet season,
water is obtained from wet soil or free water surfaces but in the dry season there are fewer
sources of moisture. In the dry season, toads (Rhinella marina) are exposed to dry
conditions, and as a consequence they become dehydrated (Chapter 7). Although they
may seek daytime retreats, they must locate sources of moisture at night to replenish body
water. Cyclorana australis largely avoid the high evaporative demand of the dry season by
remaining underground (Chapter 6). However, as the soil becomes dry they have no
access to available moisture. What is the osmolality of hydrated frogs, and how does
prolonged water deprivation affect the body fluids of these two species ?

Full hydration was achieved by following a standardised procedure. This involves several
episodes of water access and bladder emptying, followed by placement in water overnight
(Chapters 5-7). The abstersion of plasma and bladder fluid results in the removal of solutes,
principally urea, and osmolality is lowered. In C. australis and B. marinus, but also Litoria
caerulea, Cyclorana longipes and Cyclorana platycephala (unpubl. data), I have found
-1

hydrated plasma osmolality to be in the range of 210-240 mOsm kg using this technique,
-1

and mean values for C. australis and B. marinus were 222 mOsm kg and 228 mOsm kg

-1

-1

respectively (Table 8.1). Hydrated values for urine were 15-50 mOsm kg and urea
-1

concentrations were less than 30 mmol L . Hydrated osmolalities are thus similar to
published values for Cyclorana platycephala and Neobatrachus aquilonius, but lower than
Scaphiopus and Bufo viridis (Table 8.1). This may be due in part to the hydration protocol,
with some species being hydrated overnight in tapwater or, in some cases, on moist soil.
This is generally insufficient time to ensure full hydration, particularly where excess solutes
have accumulated and in large individuals. Hydration on soil will be affected by the water
potential and nature of the soil and is thus difficult to standardise.
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Table 8.1 Mean plasma osmolality, urea and sodium concentrations and U/P ratios for
fossorial and terrestrial anuran species from arid and seasonal environments when in a
hydrated (H) or dehydrated (D) state. Values for D are as a result of prolonged water
deprivation and are extreme (mean) published values.

Species

State

osmolality
-1
mOsm kg

urea
(mmol)

Na
(mmol)

U/P
ratio

U/P
urea

REF

Scaphiopus
couchii

H
D

301
495

33
88

148
192

0.57
0.60

1.3
1.4

1

Bufo
viridis

H
D

320
1315

22
887

165
235

-

-

2

Notaden
nichollsi

H
D

266
351

20
56

127
154

0.28
0.47

1.8
1.8

3

Neobatrachus
aquilonius

H
D

220
324

7
66

73
144

0.22
0.88

3.4
1.3

3

Cyclorana
platycephala

H
D

250
501

4
122

106
240

0.28
0.93

9.5
1.2

4

C. platycephala

H

214

3

-

0.10

2.2

5

Cyclorana
australis

H
D

222
314

12
85

94
101

0.22
0.93

2.2
2.0

6

Rhinella
marina

H
D

228
358

15
109

99
113

0.16
0.98

1.3
2.2

7

References: 1. McClanahan (1972); 2. Degani et al. (1984; from graph); 3. Cartledge et al. (2006b);
4. Cartledge et al. (2008); 5. unpubl. data; 6. Chapter 6; 7. Chapter 7.

Elevated osmolality values were obtained for C. australis burrowed for five months (mean =
-1

314 mOsm kg ; Table 8.1) and toads in the latter part of the dry season (mean = 358
-1

-1

mOsm kg ). The highest individual values recorded were 528 mOsm kg for a cocooned C.
-1

-1

australis in the laboratory, 509 mOsm kg after five months of burial, and 428 mOsm kg

for a toad in the late dry season. In comparison, mean osmolality after long term burial for
-1

Scaphiopus couchii approached 500 mOsm kg (McClanahan, 1972; Table 8.1), and C.
-1

platycephala tolerated high plasma osmolality, that may exceed 500 mOsm kg and (from
-1

the Figures in Cartledge et al., 2008) can approach 600 mOsm kg . Bufo viridis has a
bizarrely high osmolality and plasma urea and as noted by Degani et al. (1984), these are
the highest recorded for any terrestrial amphibian. U/P ratios in hydrated frogs are less than
0.3, but after dehydration can exceed 0.9 (Table 8.1). As the osmolality of urine approaches
that of plasma, the entire body water becomes depleted and the effects of
osmoconcentration are exacerbated.
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Dehydration results when water loss affects extracellular fluid volume, and hence osmotic
concentration. The rate of EWL may determine whether bladder stores are able to
completely offset losses. Strategies to cope with dry conditions may therefore vary.
Rehydration is possible from moisture sources when water becomes available in the wet
season. In the interim, the osmolality of body fluids increases under dry season conditions
of low moisture availability. Anurans must be tolerant to increased osmolality and also the
potentially perturbing effects of accumulation of urea and ions. Both the volume and
concentration of body fluids vary over time, and the ability to contend successfully with
anhomeostasis may be enhanced in species that are exposed to desiccating environments.
Anurans presumably have evolved fluid exchanges to respond to internal fluctuations so
that perturbations to intracellular fluid, and hence cellular function, is minimised.

Aside from the increase in osmolality in burrowed C. australis, it was noted that potassium
+

accumulates in urine. In some anurans, K is excreted largely through the skin (Warburg,
1997), however, C. australis are enveloped by a cocoon so that they are forced to retain
ions. It is not clear why potassium concentration increases in urine, but it may be a general
characteristic associated with long-term dehydration.

Urea accumulated preferentially in the urine, although there were also substantial increases
in plasma urea over time. The relationship between osmolality and urea concentration is
approximately linear in urine (Chapter 4) and plasma (Chapter 6), with the exception of low
-1

(<230 mOsm kg ) osmolality plasma (Chapter 4 and 6). This finding implies that increased
urea concentration is due largely to the concentrating effects of water loss.

Conclusions
Various exchange processes within the body affect fluid volumes so that the integrity of the
internal fluid environment is maintained; relative constancy of the intracellular fluid is the
primary goal of osmoregulation. Redistribution of fluid between the ICF, ECF and BF
compartments occurs in response to hydration and activity state. The comparatively rapid
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circulation of fluid between the blood-plasma and lymph ensures that these fluids have
similar solute composition under most conditions. However, although osmolality is
regulated, fluctuations are considerable and this variability may be inherent in the
osmoregulatory response of terrestrial amphibians. Anhomeostasis may be the norm in
what Feder (1992) has described as voluntary abandonment of homeostasis.

Effectiveness in maintaining plasma fluid homeostasis depends on activity state. In frogs
that enter dormancy, the bladder reservoir is filled and then gradually depleted. The bladder
is also used by active terrestrial frogs to modulate plasma osmolality. Minor variations in
osmolality may not unduly affect the organism, but large increases are 'tolerated', and may
affect performance. Similarly, urea is largely sequestered in the bladder, but accumulates
also in the plasma where it may affect physiological function.

Water balance is defined in terms of gains and losses. In terrestrial amphibians the concept
of dehydration can be confounded because water loss does not necessarily imply (plasma)
osmolality increase. Water loss may exceed inputs and lead to a decrease in ECF volume,
but because of the bladder store, ʻdehydrationʼ does not occur until the bladder store is
depleted. Relatively rapid rates of water loss are typical in terrestrial frogs and water from
the bladder compensates for these losses. Negative balance thus occurs only when water
loss is associated with depletion of the bladder store. Compensatory mechanisms for water
loss in terrestrial species include both regulatory water uptake (cutaneous drinking, a
uniquely amphibian response) and bladder water reabsorption (storage response). In
mammals, a fundamentally different (urinary concentrating) mechanism maintains water
balance and dehydration is associated with elevated urine osmolality while plasma is held
constant (Berne and Levy, 1993; Ganong, 2005). Raised plasma osmolality in mammals
invokes the thirst response and even minor fluctuations may incapacitate the organism. In
frogs, anticipatory cutaneous drinking and water storage is a response to gradual depletion
of the bladder store, elevated plasma osmolality, and possibly body water.
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At sites near Darwin (Tracy et al., 2007) and in pots filled with soil (Chapter 6), burrow
depths of C. australis in the dry season are less than 20 cm. This shallow burrowing
strategy has been adopted by a species that is widespread across monsoonal northern
Australia in areas that generally receive regular wet season rainfall. The cocoon (formed in
response to soil drying) and large size (enhancing fluid storage) of adult C. australis may
facilitate shallow burrowing. The cocoon impedes water loss, and the soil maintains
humidity and acts as a diffusive barrier. Fluid stored in the bladder is gradually released into
the circulation to modulate osmolality during dormancy. During the wet season, rain
infiltrates the shallow burrows, and C. australis are one of the first species to emerge,
maximising access to breeding sites (pers. obs.). In the seasonal environment of
monsoonal Australia, shallow burrowing is, therefore, an effective strategy. However, in
lower rainfall zones there is a greater risk of desiccation and summer rainfall is vital for
rehydration. In the semi-arid zone, C. australis may excavate deeper burrows and select
poorly drained sites where the soil remains moist for protracted periods.

Water is a vital requirement and supplies the aquatic medium for the biochemical
processes that sustain life. Amphibians have a strong moisture dependency, and water is a
driving force in an ecological, anatomical, physiological and behavioural sense. Few other
terrestrial organisms (except perhaps land snails and land turtles: Howes and Wells, 1934;
Schmidt-Nielsen, 1969; Peterson, 1996; Jorgensen, 1998) are so interwoven with moisture
in the environment, and moisture availability largely dictates this interaction. Responses are
aligned with the dramatic contrasts in soil moisture in seasonal environments. Terrestrial
frogs differ from aquatic species in that they are water conservers rather than eliminators;
activity is possible only if there is sufficient moisture to maintain plasma osmolality within
tolerable limits. Hence, they use refugia during dry periods and adopt strategies to obtain
and retain water. Tolerance to osmolality increase is species dependent. However,
although there are published studies of critical water loss, there is practically no information
about tolerance to elevated osmolality per se.
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Responses that reduce the effects of excessive water loss during prolonged dry periods are
similar in seasonal environments and in the arid zone (Bentley, 1966a; Mayhew, 1968;
Seymour and Lee, 1974; Warburg, 1997). Various measures are used to conserve water,
and hence prevent or slow osmolality increase. Main (1965) discussed 'adaptive responses
which reduce the chance of death by desiccation', as follows:
'(a) behaviour, so as to avoid the drying environment,
(b) increased amounts of body water so that it would be longer before the critical amount
is lost. Water reserves could be as:–
i. tissue water,
ii. bladder water,
(c) rapid rehydrating once water is present.'

Main (1965) noted that, in general, species in dry habitats use several of these
mechanisms to avoid desiccation. Warburg (1997) suggested that the problems facing
amphibians are similar in (seasonally) xeric or arid environments. However, the relative
importance of different kinds of responses may differ in these environments. During the dry
season, monsoonal northern Australia experiences an extended period of warm and dry
conditions in what can be considered a 'seasonal desert'.

An expanded list of strategies to reduce the rate of change in osmotic concentration and
avoid desiccation during prolonged dry periods might include:
a) high body water content (80+%),
b) storage (50+% of SM) and reabsorption of bladder water,
c) rapid rehydration capability on moist soil (and in water),
d) reduced rates of EWL (water conserving postures; enhanced resistance, e.g.
cocoons, secretions),
e) behaviour (avoiding dry areas; seeking refugia; use of residual moisture sources),
f) dormancy (reduced metabolism and generation of excretory products), and
g) physiological tolerance to elevated osmolality and solute concentrations.
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A moisture retention strategy is an integrated composite of anatomy, physiology and
behaviour that aids in the maintenance of water balance and modulation of body fluid
osmolality. If we compare the strategies of R. marina and C. australis when subject to the
seasonal conditions of northern Australia, we see that both have body water, bladder
storage (less developed in toads but probably similar while active) and the abillity to absorb
water from moist soil. Cyclorana australis have reduced EWL while in cocoons, whereas
toads have negligible resistance to water loss (Christian and Parry, 1997; Young et al.,
2005). Burrowing in the dry season allows C. australis to avoid dehydrating conditions
(Chapter 6), whereas toads use daytime refugia but must periodically seek moisture at
night to rehydrate (Cohen and Alford, 1996; Chapter 7). Metabolic depression has been
demonstrated in C. australis, further reducing accumulation of metabolites (Withers and
Thompson, 2000; McArthur, 2007). The effectiveness of these strategies may be seen in
the mortality of toads in the dry season (Alford et al., 1995), particularly in drier regions and
in years when dry conditions are prolonged (G. Sawyer, pers. comm.; pers. obs.).

Further investigations
Numerous questions have arisen in relation to the investigations and findings of this thesis.
Some areas for further inquiry are presented below.

Further investigation of lymphatic pathways may help inform our understanding of the water
uptake mechanism in frogs. Controversy has existed for years over the preferential route of
water uptake into the extracellular fluid, whether by a lymphatic or blood-vascular route (or
combination thereof) following passage of water through the ventral skin. Recent evidence
is suggestive of transfer to intravascular fluid via a transcapillary rather than a lymphatic
route (Word and Hillman, 2005), and the extensive arrangement of blood vessels in the
pelvic patch (Roth, 1973; Christensen, 1974), and responsiveness of blood flow to water
uptake (Viborg and Hillyard, 2005) indicates that redistribution of blood flow into pelvic
capillary beds is important. Initial indications are that water uptake immediately prior to
sampling does not affect lymph obtained from the femoral sacs (unpubl. data). If water
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uptake is directly into the blood-plasma, then sequential studies of frogs in various stages
of rehydration may provide evidence against the lymphatic route, as we would expect
dilution of the lymph if water is entering the lymphatic space (Word and Hillman, 2005).

Development of microtechniques for sampling and analysis of fluids from small (< 10 g)
frogs would facilitate investigations of body fluid osmolality and solute composition across a
broader range of species than is possible at present. Many species in monsoonal northern
Australia are in this size range (Table 8.2), however, I am currently limited to investigations
of larger species. I have had some success with obtaining fluids from C. longipes (10-15g)
but not with smaller species. It is easiest to work with large frogs (exceeding 100g), hence
the focus on Rhinella marina, Rana catesbeiana and the like for fluid exchange studies.
Studies of the distribution of fluid in compartments, estimation of ICF and ECF volumes, the
role of lymph and blood, and the effects of hydration versus dehydration have not been
performed in small frogs. Proportionally greater rates of EWL in small species (particularly
those that lack cutaneous resistance) may lead to alternative physiological responses to
variation in fluid volumes and osmolality.

Table 8.2 Size classes of anurans in monsoonal northern Australia, arranged by family.
Species studied in this thesis are in bold. Other species for which some (unpublished)
osmolality data have been collected are underlined. * indicates introduced species.
small

medium

mod. large

large

(±25mm)

(26-50mm)

(51-100mm)

(>100mm)

Litoria bicolor
Litoria microbelos
Litoria meiriana

Cyclorana longipes
Litoria coplandi
Litoria inermis
Litoria pallida
Litoria tornieri
Litoria nasuta
Litoria personata
Litoria rothii
Litoria rubella
L. wotjulumensis

Crinia bilingua
Crinia sp. 'remota'
Uperoleia arenicola
Uperoleia inundata
Uperoleia lithomoda
Uperoleia daviesae

Limnodynastes ornatus
L. convexiusculus
Megistolotis lignarius
Notaden melanoscaphus

Sphenophryne adelphe

Cyclorana australis
Litoria caerulea
Litoria dahlii

some C. australis
some L. caerulea

Rana daemeli

*Rhinella marina
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Because the pattern of cocoon formation is similar across species, the findings in Chapter 3
should be generally applicable. However, it would be desirable to assess the effectiveness
of the cocoon as a barrier in other burrowing species. It is generally assumed that all
Cyclorana and Neobatrachus form cocoons, but evidence is still lacking for several species;
if collected then cocoons can be induced in the laboratory. Authors outside Australia (e.g.
McNab, 2002) are still confused as to whether Limnodynastes spenceri form cocoons
because of a misleading statement by Lee and Mercer (1967). There is confusion also in
the popular literature so that Attenborough (2008), for example, suggested that Notaden is
a cocooning species. Species of Notaden, Limnodynastes, Myobatrachus, Arenophryne,
Heleioporus and Uperoleia do not form cocoons. Further studies of burrowing strategies in
cocooning versus non-cocooning species occupying similar environments may be
worthwhile. Once again a major limitation is the size of some species, which may limit
opportunities for conducting telemetry studies. Although specialist indigenous knowledge
may help to locate some burrowing species (Paltridge and Southgate, 2001; Cartledge et
al., 2006b), tracking individual frogs is the only way to locate underground burrows (Tracy
et al., 2007). The location of dry season refugia for the majority of species in northern
Australia remains a mystery despite five years of investigation and observation.

Tight regulation of water potential is possible with the agar-solute substrate (Chapter 3).
Use of such a substrate would allow further investigation of the absorption threshold (AT).
Preliminary evidence indicates that the AT is largely dictated by plasma osmolality (hence it
is close to -540 kPa in hydrated frogs). Substrate preference experiments may also be
possible with the agar-solute substrate. This would involve the provision of substrates of
different water potential to frogs that are mildly dehydrated with an empty bladder. Frogs
would have the option to select substrates on which water uptake is possible, providing
data on the types of behaviour that are involved in detecting positive gradients of moisture
availability. Despite detailed endocrinological studies, there are still gaps in our knowledge
of behaviours that precipitate AVT release. Measurement of AVT concentrations and other
hormones involved in water balance such as angiotensin II (Hillyard, 1999; Bentley, 2002;
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Goldstein et al., 2003) can be correlated with different stages of hydration, BF reabsorption,
and water uptake.

Is it possible to test the urea accumulation response hypothesis that is widely promulgated
in the literature? The problem is to separate the effects of changes in soil water potential
(WP) from natural rhythms (Jorgensen, 1997b). Can we differentiate between urea
accumulation due to normal excretory processes, in contrast to enhanced urea production
as an osmotic response to substrate WP? A possible way to examine this question is to
measure urea accumulation of frogs on substrates of varying WP. If urea is accumulated
purely as a waste product, then the concentration of urea in body fluids should increase at
a constant rate irrespective of substrate WP. However, if urea production is enhanced
under osmotically stressful conditions, then urea concentrations should increase more
substantially on substrates of low WP. Sufficient time for urea accumulation would be
required and temperature must be held constant.

Is activity and mobility influenced by nocturnal versus diurnal patterns of soil surface
moisture? Soil moisture at the Mickett Creek field site appears to be more extensively
distributed at night (due to dew formation and possibly capillary rise). This may enhance
survival prospects of ground dwelling species in the dry season. A soil moisture probe that
measures the surface soil (i.e. top 2-3 cm) would allow comparison of diurnal and nocturnal
moisture distribution. Do frogs select soil microsites with sufficient moisture for cutaneous
absorption?

The bladder is used as a fluid store, but it is unclear what combination of circumstances
lead to water storage. What are the amounts of fluid stored and what conditions initiate a
storage response, e.g. humidity, temperature, soil drying. Does the rate of EWL affect fluid
storage? A comparative study of bladder volume in hylids under standard conditions would
be of interest. There are various (fossorial) species of Cyclorana, but species of Litoria may
also store bladder water. Is bladder storage affected by habit, whether ground-dwelling,
burrowing, or arboreal? Is there an effect of phylogeny (several subgenera exist within
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Litoria)? There are a range of adult sizes from less than 1 g in Litoria bicolor and Litoria
microbelos to large species such as L. caerulea and L. splendida that may exceed 50 g.
Are relative bladder capacities similar across different body sizes ?

A ʻbaselineʼ study of a variety of species hydrated following a standard procedure (outlined
in Chapters 5 and 6) involving several episodes of bladder emptying and estimates of SM
(as originally endorsed by Ruibal, 1962a) would allow a comparison of species to identify
differences in hydrated osmolality. Baseline standardised values for osmolytes in fully
hydrated frogs have been provided for two species in this thesis. To allow further
comparisons, information for a range of species is necessary. Priorities for measurement of
additional osmolytes include chloride, amino acids, ammonia (Appendix), and glucose
under different stages (fasted, feeding, dormant with metabolic depression). The
percentage contribution of ammonia and urea to excretory nitrogen has not been studied in
Australian species. It is possible (although unlikely) that arboreal Australian hylids generate
uric acid. Data from an unpublished study of Litoria caerulea (Roberts et al., 1996) are
equivocal and for other species uric acid levels have not been determined.

Leakage of potassium into the urine occurs during long-term dehydration (Chapter 6). It is
unclear how this arises and further investigation is warranted. Does this also occur in
hibernating species?

It is important to differentiate between ʻhydrationʼ with water access versus placement of
the frog in water because different species use the available water in different ways.
Depending on the preceding level of hydration, full hydration (= lowered plasma osmolality)
may or may not be achieved. Although frogs appear to maintain lowered plasma osmolality
with water access, this may depend on temperature and humidity conditions. For example,
the tendency of Cyclorana species to form cocoons in a dry atmosphere, despite the
presence of water, results in fluid retention and gradual elevation of body fluid osmolality
(unpubl. data).
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Several species suggest themselves as candidates for comparisons of hydrated, active and
(dry season) osmolality levels while in refugia. These include cave and rock dwelling Litoria
splendida in the Kununurra area, Cyclorana longipes near Darwin, Cyclorana maculosa in
semi-arid regions, and a population of Cyclorana platycephala in the vicinity of Dunmarra.
To examine dry season responses, telemetry to burrow sites would be required, and this
would allow a comparison with findings for C. australis. There are an array of species in
other savanna and semi-arid environments (caatinga, cerrado, chaco) in South America
(e.g. Leptodactylidae) and burrowing species in Africa (e.g. Breviceps spp.; Poynton, 1964;
Loveridge, 1976) that have not been studied. Are there physiological similarities between
morphologically and behaviourally convergent species on different continents?

While there is some information for food passage times in amphibians, few studies have
examined changes in urea concentration in the post absorptive frog (Jungreis, 1970;
Jungreis and Hooper, 1970; Castane et al., 1990). Amphibians have a high protein,
carnivorous (insectivorous) diet, so excess nitrogen must be eliminated. Water access or
relatively full hydration may be essential for digestion and elimination of excretory products.
It would be useful to monitor urea concentration in plasma and urine following feeding
because it is not clear over what time frame feeding affects urea concentration; studies of
Rana pipens suggest that urea is relatively constant in starved frogs and that there is a
seasonal effect (Jungreis, 1970; Jungreis and Hooper, 1970). Preliminary findings (Chapter
5) indicate a post-feeding increase within 1-2 days. Repeat sampling of lymph after feeding
would be possible in hydrated animals.
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Appendix
Hydrated values for osmolytes in plasma (P) and urine (U) of anurans. Bold indicates
solutes analysed in this thesis. A question mark denotes that no published values were
found. Solute concentration values are derived from Deyrup (1964), Clyne (1968), Jungreis
(1974), Mullen and Alvarado (1976), Balinsky (1981), Rovedatti et al. (1988), Shpun et al.
(1992), Busk et al. (2000), Konno et al. (2005) and Muir et al. (2007).
Osmolyte

Values
(mM)

Comments

P
U
P
U
P
U
P
U
P
U
P
U
P
U

10-40
20< 0.1
1-2
neg.
neg.
7-9
?
<5
neg. ?
4-8
?
55 g/l
?

Main nitrogenous excretory product in terrestrial anurans.
Variable in urine and (less so) in plasma.
Primary excretory product in aquatic environments.
[ammonia] << [urea] in urine of terrestrial anurans.
High values in a few arboreal species, e.g. Chiromantis.
Not known in Australian amphibians.
A variety of amino acids have been detected in plasma.

P
U
P
U
P
U
P
U
P
U
P
U
P
U
P
U

100-120
1-2
70-90
<1
4-7
<1
1
?
2
?
2-3
?
25-30
?
?
?

Principal extracellular cation.

Organic molecules
Urea
Ammonia
Uric acid
Amino acids
Glucose
Lactate
Protein

Variable with energy metabolism.
Selectively reabsorbed in kidney.
Varies with activity state.
No published values for U ?
Enzymes, hormones and globulins. Distribution in blood
plasma and lymph influenced by capillary permeability.

Ions
+

Sodium (Na )
-

Chloride (Cl )
+

Potassium (K )
++

Magnesium (Mg )
++

Calcium (Ca )
---

Phosphate (PO4 )
-

Bicarbonate (HCO3 )
Trace ions

-

+

Principal extracellular anion; [Cl ] < [Na ] in plasma.
Principal intracellular cation; low concentration in plasma.
Low concentration but critical component.
Low concentration but critical component; higher in ECF
than ICF (nervous and muscle function, skeleton).
Low concentration but critical component (higher in ICF:
adenosine phosphates, cofactors, nucleotides)
Important in CO2 and acid-base balance.
Zinc, Iron, Copper, Iodine, etc. No values ?
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