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ABSTRACT. Evaporative water loss (EWL) and oxygen uptake (\;Io2) was measured in two species of tree 
frogs with cranial co-ossification, Aparasphenodon brunoi and Corythomantis greeningi. Both species use their head 
to seal the entrance of bromeliads, tree holes or rocky crevices used as shelters. EWL was significantly reduced 
in sheltered individuals of both species as compared with those exposed nude to desiccation. EWL per unit area 
through the head surface was significantly lower than the body skin for A. brunoi but not for C. greeningi. EWL 
per unit surface area through C. greeningi body skin was about 50% that of A. brunoi, indicating a less permeable 
skin in the former species. The relationship between cranial coossification and EWL is discussed. vo, in A. 
brunoi was comparable with other anurans of similar size, whereas in C. greeningi, it was lower than predicted 
from body mass. Moreover, 90, in C. greeningi showed less sensitivity to temperature increase than in A. brunoi. 
C. greeningi occurs in a drier environment than A. bncnoi, and this appears to be reflected in their EWL and 

\io, characteristics. COMP BIOCHEM PHYSIOL 118A;3:685-689, 1997. 0 1997 Elsevier Science Inc. 

KEY WORDS. Anura, Apararphenodon, Corythomantis, cranial co-ossification, evaporative water loss, Hylidae, 
oxygen consumption, phragmosis 

INTRODUCTION 

Amphibians were the first vertebrates to invade terrestrial 
environments and hence to face the problems of living out 
of water (3,16). Among these problems, one of major impor- 
tance was, and still is, dehydration, because of the highly 
permeable integument of the group (24). Notwithstanding, 
many modern species of amphibians have an array of behav- 
ioural, morphological and physiological modifications that 
enable them to live in relatively dry regions (e.g., 12,14,18- 
20,28). The correlation between some traits and water con- 
servation is not always clear, for example, in the case of 
some species of casque-headed tree frogs (Hylidae), which 
use their co-ossified head to seal the opening between leaf 
axis of bromeliads, tree holes or rocky crevices where they 
shelter (1,10,11,26). Such a habit, known as phragmotic, 
and the cranial co-ossification have been suggested to be a 
device to decrease water loss (26) and to provide protection 
against predators (11). Although these functions are not 
mutually exclusive, no experimental evidence exists sup- 
porting the predation hypothesis. Moreover, their use- 
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fulness for water loss reduction was only demonstrated in 
two species (17). 

Here, we report on the relationship between evaporative 
water loss (EWL) and cranial co-ossification in Apurasphe- 
nodon brunoi and Corythomantis greeningi, two hylid species 
with co-ossified head and phragmotic habits. C. greeningi 
occur in thorn-shrub dry forests (caatingas) of northeastern 
Brazil, whereas A. brunoi are found in sand dunes or forest 
bromeliads within the Atlantic rain forest domain in south- 
eastern Brazil. A. brunoi use mainly bromeliads as shelters, 
whereas C. greeningi hide in tree holes and rock crevices. 
Specifically, we assessed the total water economy achieved 
by the phragmotic mode of life of C. greeningi and A. brunoi 
and whether cranial co-ossification decreases the rate of 
EWL through the head surface. We also measured the rate 
of oxygen uptake of the animals, because gas exchange in- 
volves the exposure of a relatively large, permeable and 
moist surface, lung and/or skin, to the gas phase and there- 
fore causes considerable water loss by evaporation [see (2 I)]. 

MATERIALS AND METHODS 
Animals 

EWL and oxygen uptake (\jo,) were measured in six adult 
A. brunoi collected at Aracruz (19” 49’ 08” S; 40” 16’ 43” 
W), state of Espirito Santo, southeastern Brazil, and in six 
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C. greeningi from Angicos (5” 39’ 43” S; 36” 36’ 18” W), 

state of Rio Grande do Norte, northeastern Brazil. They 

were maintained in glass aquaria provided with hromeliads, 

bricks and forest litter. The substrate was kept moist and 

the animals had free access to water. FooJ (cockroaches) 

was provided ad l&turn, except for 48 hr before the experi- 

ments. They were kept at the experimental temperature for 

24 hr before experimentation. 

Evaporative Water Loss 

The rate of water loss was measured under two conifitions. 

First, we measured the water loss of fully exposed animals 

in a circular Plexiglas container (65 cm of diameter) 

attached to a shaft (same diameter c>f the Plexiglas con- 

tainer). In the second experiment, WC measured the water 

loss of tree frogs sheltering inside hromeliads, with only the 

ccl-ossified top of their heaJ exposed. To avoid the forma- 

tion of a humidity gradient over the animals, we used a $& 

to produce a wind current of 95 m/min. The animals re- 

mained exposed to this winJ current for 1 hr in the tirst 

series of experiments and for 2 hr in the second. In both 

series of experiments, the animals were not restrained and 

we waited until they fell quiescent before experimentation. 

In the experimental room, temperature was kept at 30 +- 

O.l”C and the relative humiJity at 65 2 5%. 

We estimated EWL indirectly by Jetermining changes in 

body mass [see (2 l)]. The tree frogs were weighed on a scale 

with a precision of 0.001 g bef&c anJ after experimenta- 

tion. If the animals voided or moved Juring experimenta- 

tion, the measurement was Jiscarded. The change in mass 

of the animals was assumed to represent the rota1 EWL. WC 

expressed EWL as a percentage of body mass lost in an hour, 

and in mg cm -’ hr ’ that represents the rate of EWL per 

unit area of skin. 

Frog surface area was estimateci followq the Heatwolc 

et al. (9) formula: SA = 4.8M““, where SA is the exposed 

surface area in the water-conserving posture (cm’) and M 

is the body mass in g. To determine the co-ossitied head 

area exposed to desiccation (HA), we made a cast of the 

frog’s exposed heaJ surface with aluminium foil anJ uscJ 

the mass/surface area relationship for the foil to estimate 

HA. 

Respirmetry 

Oxygen uptake was measured at 20 and 30°C from 8: 00 to 

18: 00 hr using an intermittently closed respirometcr. The 

respirometry unit was described in detail elsewhere (29). 

Basically, ir consists of a computer-operateJ system that was 

programmed to cyclically tlush the respirometer with fresh 

air, followed by a closed phase when the 0: uptake was 

measured. The open phase lasted 9 min fXowed hy 1 min 

of adjustment and 10 min of the closed phase. c); uptake 

was calculated from the rare cd oxygen depletion in the 

closed phase. oxygen concentration was monitored by an 

0, analyser (Servomex 570A). Water vapour was trapped 

using a tube with silica gel placed between the respirometer 

anJ the O1 analyser. Temperature inside the respirometer 

was kept constant using a thermostatic bath (Radiome- 

ter Copenhagen) with a precision of -+O.l”C. 

Data Handling and Analysis 

Our respirometry unit provided oxygen consumption mea- 

surements every 20 min that were used to calculate the 

mean Vo: value at rest (SMR, standard metabolic rate). 

Whenever activity was detected during the experiments, in- 

Jicaced by a sudden increase in the oxygen uptake values, 

the reading was discarded (27). 

To calculate the rate of EWL through the head, we as- 

sumed that water loss from tree frogs sheltered inside brome- 

IiaJs occurred only through their head surface. These EWL 

values were divided by HA and hourly corrected to c)btain 

the rate of EWL, in mg cn-’ hr-‘, through the tree frogs 

head surface. The rate of EWL through the body skin (in 

mg mm’ hr-‘) was obtained by subtracting the water 

amount calculated to be lost by head from the total EWL 

measured and dividing the resulting value by body area (SA 

- HA). All comparisons between species were made by 

cane-way ANOVA. Comparisons between treatments for 

the same individual were made by a paired t-test. Whenever 

necessary to comply with assumptions of normality and ho- 

moscedasticity, the data were log transformed. Unless othcr- 

wise noted, the data are presented as means 2 SD. All sta- 

tistical tests followed Sokal and Rolf’s (22) procedures. 

Differences were considered significant at P 5 0.05. 

RESULTS 

A. hrunoi ;mJ C. gweningi did not Jiffer in their behaviour 

when exposeJ to desiccation, and both species became qui- 

escent a few minutes after the experimentation began. Ani- 

mals with bodies exposed to desiccation adopted the waler- 

conserving posture described by Heatwole (8) and Heatwole 

~‘t ‘II. (9), with the limbs helJ close to the body and the 

\,entral body surfiace pressed against the substrate. IndiviJu- 

;11s subjected to desiccation inside bromeliads readily ac- 

commodated their hody into the leaf tube and adjusted the 

top of their heails to totally block the opening of the plant. 

The mean body mass of the A. hwunoi (mean mass 19.13 

? 3.74 g; range 15.35-25.2 g) was not significantly different 

from that of the C. ,peningi (mean mass 17.05 t 4.85 g; 

range 11.6-25.6 g) (F,,,: = 0.69; P = 0.42). Similarly, no 

difference was found between the surface area of A. hnmoi 

(SA 38.03 + 5.06 cm:; range 33.35-45.56 cm’) and C. 

,pwningi (SA 35.24 2 6.8 cm’; range 26.63-46.43 cm’) in 

the Mater-conserving posture (F,, I(, = 0.8; P = 0.39). How- 

c\‘er, head surface area was significantly larger in A. httnc~i 

(HA 8.15 -C 0.98 cm’; range 7.05-9.37 cm’) than for C. 
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TABLE 1. Descriptive statistics of oxygen uptake (voz, ml O2 h-’ kg-‘) at 20 and 30°C and evaporative water loss (EWL.) 
in .+parasphenodon brunoi and Corythomantis greeningi 

iJ0, EWL 

20°C 30°C % EWL, % Em, Em, EWL, 

A. hunoi 60.28 ? 14.83 104.46 ? 21.47 12.62 -c 3.63 1.81 ? 0.94 38.5 ? 19.67 73.02 2 19.26 
(36.81-74.47) (89.55-147.5) (8.32-17.45) (0.8-3.4) (18.07-70.56) (52.17-99.1) 

C. greeningi 47.88 rf: 7.6 74.15 !I 14.31 9.40 2 4.66 0.97 ? 0.51 29.55 t 14.56 47.66 -c 20.14 
(34.61-55.53) (57.56-94.45) (4.73-17.68) (0.24-1.52) (7.63-50.63) (25.32-82.66) 

EWL is presented as percentage of body mass per hour, for tree frogs with bodies exposed (%EWL,) and sheltered inside bromeliads (%EWLh,). EWLh and 
EWL,,, indicate the rate of EWL in area units (mg cm-’ hr-‘) through head and body surface, respectively. Values are mean + SD, with range in 
parentheses. n = 6 in all cases. 

greeningi (HA 4.97 ‘_ 1.06 cm*; range 3.84-6.97 cm’) (FI,IU 
= 29.4; P = 0.0003). The head area represented approxi- 
mately 21.18% and 14.09% of A. brunoi and C. greeningi 

SA, respectively. 
The mean values for oxygen uptake and EWL are given 

in Table 1. A. hnoi (t = 7.6; P = 0.0006) and C. greeningi 
(t = 4.43; P = 0.006) lost significantly less water (% of 
body mass) sheltered inside bromeliads than with bodies ex- 
posed to desiccation. Total EWL (% of body mass) in C. 
greeningi sheltered inside bromeliads (F,,,, = 3.69) or ex- 
posed (F,,,, = 1.79) were lower than A. brunoi, but such 
differences were not statistically significant (P > 0.05 in 
both cases). However, EWL per unit surface area through 
the body skin of C. greeningi was lower than that of A. bru- 
noi (F,,,, = 4.97; P = 0.05). On the other hand, the rate 
of water loss through head surface was not significantly dif- 
ferent between species in absolute terms (F,,,, = 3.69; P = 
0.08) or per unit surface area (Fi,,o = 0.80; P = 0.39). A. 
brunoi (t = 3.62; P = 0.01) but not C. greeningi (t = 1.74; 
P = 0.14) lost less water per unit area through the head 
surface than the body skin. 

Oxygen uptake was higher at 30°C than at 20°C for both 
species (t = 5.77, P = 0.002 for A. brunoi and t = 4.17, P 
= 0.008 for C. greeningi; see Table 1). The level of oxygen 
consumption did not differ between A. brunoi and C. green- 
ingi at 20°C (F,, I0 = 3.32; P = 0.09). However, at 3O”C, 
A. hrunoi had a Vo, significantly higher than that of C. 
greeningi (Fl,lo = 8.28; P = 0.01). The temperature coeffi- 
cient of A. brunoi (Qlo = 1.73) was higher than that of C. 
greeningi (QIc = 1.55). 

DISCUSSION 

Living amphibians, despite their permeable integument, 
present behavioural, morphological and physiological modi- 
fications that enable them to live in almost all terrestrial 
environments (3,24). For the majority of species, control of 
EWL is primarily related to the use of moist micro-habitats 
and to reduction of the skin area exposed to desiccating 
environment (21). A. brunoi and C. greeningi subjected to 
desiccation without shelter assumed a water-conserving 
posture that decreases the surface area exposed to evapora- 

tion. Such behaviour has been reported in many species as 
an efficient way to reduce EWL. For example, in Ekuthero- 
dactylus portoricensis, this posture was estimated to decrease 
water loss by about 50% (9). Under natural conditions, A. 
brunoi and C. greeningi may reduce skin area exposed to des- 
iccation even more by their phragmotic habit (10,26). Ac- 
cordingly, we found that phragmosis decreased total EWL 
by 86% and 90% in A. brunoi and C. greeningi, respectively. 

However, phragmosis involves also a morphological spe- 
cialisation, the cranial co-ossification, along with the reduc- 
tion in surface area exposed. Moreover, cranial co-ossifica- 
tion has been suggested to decrease EWL through head 
surface (17,26). For A. hnoi, we found that the rate of 
EWL through head surface, per unit surface area, was sig- 
nificantly smaller than that through body skin. On the other 
hand, for C. greeningi, no significative difference was found 
between the rate of EWL, per unit surface area, through 
head and body skin. Such similarity is due the less perme- 
able body skin of C. greeningi (see below) and could be in- 
dicative of a better general isolation of the integument of 
this specie from the external environment. 

In the area where C. greeningi was collected, bromeliads 
are rare and the frogs shelter in tree trunk holes or rock 
crevices, often being exposed to the dry air in the “caatin- 
gas,” particularly during activity (C. Jared, personal commu- 
nication). On the other hand, A. hunoi occupies more 

moist habitats, especially with a higher relative air humidity 

due to the proximity with the Atlantic, remarkable by their 
richness in bromeliads [see (4,5,13) for geographic and cli- 
matic references]. Despite the discussion about the limita- 
tion of two-species comparative studies in inferring adapta- 
tion (6), we are tempted to suggest as plausible that the 
difference, or not, in EWL rates found by us could be related 
to differences in the species’ habitats. Thus, we believe it 
possible that the better general skin isolation of C. greeningi 

indicates that phragmosis and cranial co-ossification itself 
could not be enough to support an adequate water balance 
in their dry inhospitable environments. Such problem may 
have been diminished, or even solved, by the smaller per- 
meability of C. greeningi body skin. For A. brunoi, which 
live in relatively moist habitats, an adequate degree of water 
conservation could be yielded by phragmosis and cranial co- 
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ossiftcation, even though their body skin is more permeable. 

A. hnoi has a larger head, with contours that more effi- 

ciently seals the bromeliad tube, than C. greeningi (personal 

observation), a feature that could also contribute to water 

conservation. 

EWL was measured in two other species of casque-headed 

tree frogs: Trachycephalzls jordani and Pelobates syriacus ( 17). 

In T. jordani, as for A. Hanoi, cranial co-ossiiication was 

found to substantially decrease the rate of EWL. On the 

other hand, for P. syriucus, Seibert et al. ( 17) did not found 

a significative difference between the rate of EWL through 

body skin and head surface. This fmding was related to a 

low EWL rate from the body skin of I’. syriacus, an observa- 

tion also applicable to C. greening. The relationship be- 

tween cranial co-ossification and reduction of EWL are gen- 

erally attributed to the poor vascularization and scant glands 

of the co-ossified tissues that imply in a reduction of their 

water content, resulting in low rates of EWL [see (17,24- 

26)]. However, in some species of casque-headed tree frogs, 

like I’. syriucus ( 17) and C. greeningi (this study), the rate 

of EWL through body skin may not differ considerably from 

those of the co-ossified head surface. This finding indicates 

that the same degree of water conservation afforded by co- 

ossitication could be reached by the improvement of the 

integument isolation barrier. Therefore, the co-ossification 

of the cranial region in anurans may not be directly related 

to a reduction in water loss rates. In this context, the study 

of alternative functions for this trait, such as its effectiveness 

in defence against predators, may provide new insights to 

the understanding the evolution and the functional signiti- 

cance of cranial co-ossitication. 

The reduction of skin permeability to water ia known to 

limit its respiratory gas exchange capacity. Species with low 

skin permeability, especially those living in dry terrestrial 

environments, usually exchange gases almost entirely via 

lungs (21,23). Lung dependence to gas exchange associate 

with relatively impermeable skin are advantageous in dry 

habitats, because lungs are internalised and only intermit- 

tently exposed to the environment (2 1). Furthermore, lung 

respiration may be controlled faster and more efficiently 

than gas exchange through skin (2,27). The amount ofoxy- 

gen uptake through skin and/or lungs were not separately 

evaluated for A. trrunoi and C. greeningi. However, their low 

general skin permeability and phragmotic habits, which 

limits the skin area in free contact with air, probably limit 

the contribution of the skin in the respiration of A. bnlnoi 

and C. greening. 

The metabolism of amphihians is thought to scale with 

body size and temperature. Our results on 0: uptake in A. 

hnoi fit with the value predicted from the allometric equa- 

tion derived by Gatten et al. (7) for anurans: the SMR mea- 

sured for A. brunoi responding for 99.5% of the predicted 

value. On the other hand, SMR for C. peeningi was only 

77.5% of the value predicted by the allometric equation [cf. 

(7)]. We found that oxygen uptake for A. brunoi and C. 
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greening increases with the increase of body temperature. 

However, the latter species showed a lower sensitivity to 

temperature. Although the Qlo value of A. brunoi is within 

the range commonly reported for anurans, the Q,, of C. 

geeningi is lower than that reported for other anurans 

(7,15). 

The reduced metabolic rate of C. greeningi decreases the 

need of renovation of air into the lungs and consequently 

contributes to reduce EWL through lung surface. In the 

same way, the low Q16 of C. greeningi prevents a high meta- 

bolic increase after body temperature rise and could also 

contribute to a decrease in lung EWL. Such features of C. 

peeningi metabolism, and certainly of any organism, are not 

only related to water conservation, and many other traits 

might be involved, or even may be responsible for it. How- 

ever, regardless the pressures acting on the metabolism of 

C. qeeningi, their characteristics appear to be convenient 

to the occupation of dry habitats. 

In summary, we believe it possible that in the areas where 

A. brunoi is found, an adequate degree of water conservation 

could be achieved primary by phragmosis associated with 

cranial coossification, whereas the more inhospitable envi- 

ronment of C. greeningi could have required a better general 

skin isolation and lower metabolism to face its dryness. 
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