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ABSTRACT.—Allometry, the study of the consequences of body size on form and function,
has been a powerful investigative tool in avian biology. Comparison of phenotypic data with
allometric reference equations permits the identification of possible adaptations and the
formulation of hypotheses for testing. The standard allometric equation that relates total
evaporative water loss (TEWL) to body mass in birds, published more than two decades ago,
was based on a relatively small sample size, and was constructed using procedures which
may have biased parameter estimation. In this report, I have analyzed data for TEWL for 102
species of birds ranging in size from hummingbirds to Ostriches (Struthio camelus) using both
least-squares regression and phylogenetically independent contrasts. Both approaches suggest
that: (1) the slope of the relationship between TEWL and body mass is higher than the value
originally proposed; (2) birds from arid environments have a statistically lower TEWL than
do birds from more mesic environments; and (3) small birds have similar ratios of TEWL to
oxygen consumed compared to larger species. The latter finding negates the idea that small
desert birds replenish proportionately less of their TEWL with metabolic water than do larger

species. Received 19 June 1995, accepted 22 September 1995.

BECAUSE the chemical reactions that are sine
qua non for life require an aqueous environ-
ment, maintenance of water balance has been
a fundamental problem in the evolutionary de-
velopment of land animals. By virtue of their
diurnal, nonfossorial, behavior, high mass-spe-
cific metabolic rates (Aschoff and Pohl 1970),
and attendant high body temperatures (Calder
and King 1974), birds are particularly prone to
high rates of water efflux. Total evaporative wa-
ter loss (TEWL), the sum of evaporative water
losses through skin and from respiratory pas-
sages, is the major avenue of water loss in birds,
especially small species where TEWL is five
times greater than urinary-fecal water loss (Lee
and Schmidt-Nielsen 1971, Bartholomew 1972,
Dawson 1982). High water loss necessitates reg-
ular water ingestion through the avenues of
drinking, water in food, and metabolic water
production. Considerations of water balance re-
strict some species to areas with free-standing
water, whereas others that rely on succulent
foods seem to be independent of the require-
ment of drinking water. Given the central im-
portance of water balance to patterns of distri-
bution and survival, one would expect to find
physiological adaptations that would minimize
TEWL, especially for species that occupy hot,
dry environments (Bartholomew 1972, Dawson
1982).

The study of the consequences of body size
on form and function in living organisms,
termed allometry, has been an important in-
vestigative tool in many ecological, physiolog-
ical, and evolutionary research programs (Cal-
der 1984, Schmidt-Nielsen 1984). In most stud-
ies, variables of interest are measured along with
body mass, both of these transformed to loga-
rithms, and a linear equation fit to the data.
Sometimes the biological implications of the
observed slope are of primary interest, but more
often the equation is used as a standard for com-
parison. Species that deviate widely from pre-
dictions are considered candidates for further
study into the possible adaptive significance of
this variation.

A commonly cited allometric analysis of TEWL
at thermally neutral temperatures is that of
Crawford and Lasiewski (1968), who tabulated
data for 42 species ranging in size from a 3-g
hummingbird to a 100 kg Ostrich (Struthio ca-
melus). These authors regressed TEWL (m1 H,O/
day) against body mass to produce the equation:

log TEWL = —0.365 + 0.585 log M, (1)

where here and throughout the text M is body
mass in grams. Comparative physiologists have
used this equation to ascertain the relative mag-
nitude of TEWL in additional species with the
underlying purpose of documenting adaptive
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traits which might be involved in minimizing
this phenotypic trait (Taylor et al. 1971, Dawson
and Bennett 1973, Calder and King 1974,
Weathers 1977, Dawson 1982, Schleucher et al.
1991).

Several limitations inherent to analysis of
Crawford and Lasiewski (1968), as well as the
advent of other comparative approaches, sug-
gest that the relationship between TEWL and
body size might usefully be reevaluted. As
Crawford and Lasiewski pointed out, the data
they used for the three largest birds—the Os-
trich, Emu (Dromaius novaehollandiae, and Great-
er Rhea (Rhea americana)—were collected using
a flow-through mask, a procedure that yields
estimates of respiratory water loss only, not
TEWL. If cutaneous water loss is a significant
component of TEWL in these three species, as
it is for other smaller birds (Bernstein 1971, Las-
iewski et al. 1971, Withers and Williams 1990),
then Crawford and Lasiewski may have under-
estimated the slope of the relationship between
TEWL and body mass in birds. For the Ostrich,
more recent reports document that cutaneous
water loss in the thermal-neutral zone equals
about 40% of TEWL (Withers 1983). In addition,
Crawford and Lasiewski included in their data
set six measurements of TEWL for the chicken
(Gallus gallus), three for the Rock Pigeon (Co-
lumba livia), and duplicate measurements for
several other nondomestic species. Multiple data
for the same species not only inflates the de-
grees of freedom for statistical tests, but also
adds bias in the estimation of the slope and
intercept in regression analysis. The problem is
exacerbated by the fact that it is unknown
whether artificial selection has influenced TEWL
in domestic birds.

Despite the above limitations, reliance on the
Crawford and Lasiewski equation has influ-
enced the development of several concepts about
the water economy of birds. Noting that the
slope of the Crawford and Lasiewski equation
(0.59) was less than the slope of the line for
avian standard metabolic rate and body mass
(0.72; Lasiewski and Dawson 1967), Bartholo-
mew (1972) proposed that, in the absence of
thermal stress, the quantity of water evaporated
per unit oxygen consumed was greater in small
birds compared to larger species. Consequently,
the former replenish proportionately less of
their evaporative water losses by metabolic-wa-
ter production, a source of water thought to be
an important determinant of survival of desert
species (Dawson 1982, MacMillen 1990). A high
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ratio of TEWL to metabolic-water production
mandates that small birds are more dependent
on preformed water for their survival than are
larger birds. In conflict with this reasoning, Bar-
tholomew (1972) pointed out the paradox that
some species of xerophilous birds, all less than
50 g, could survive in captivity on a diet of dry
seeds in the absence of drinking water (see also
Lindgren 1973).

Even though some arid-adapted species can
live on a diet of air-dried seeds without any
drinking water, at least in the laboratory, unique
adaptations that reduce TEWL remain undoc-
umented (Bartholomew and Dawson 1953,
Dawson 1982). In an early study, Bartholomew
and Dawson (1953) examined the TEWL of 13
species—some inhabitants of arid regions—and
concluded that TEWL did not differ between
mesic and arid-adapted forms.

Investigators often seek to identify adaptive
traits of individual species and the possible
mechanisms responsible for the evolutionary
development of those traits by examining in-
terspecific phenotypic variation over a range of
body sizes. Some practitioners have proffered
the idea that multispecies allometric analyses
contain an inherent statistical flaw because spe-
cies-specific phenotypic values are assumed to
represent statistically independent values (Pa-
gel and Harvey 1988, Harvey and Pagel 1991).
In fact, it is argued, each species cannot be con-
sidered statistically independent of all others
because manifestations of phenotypic traits in
extant species may reflect phyletic heritage
rather than adaptation to recent selective pres-
sures (Burt 1990, Miles and Dunham 1993). In
effect, this phylogenetic nonindependence re-
duces the degrees of freedom available for hy-
pothesis testing and affects parameter estima-
tion in statistical analyses (Grafen 1989, Harvey
and Pagel 1991, Martins and Garland 1991; but
see Pagel 1992). Techniques, such as nested
analysis of variance, phylogenetic autocorrela-
tion, and phylogenetically independent con-
trasts, have been developed that attempt to con-
trol for the influence of phylogeny when ana-
lyzing quantitative traits across a range of spe-
cies (Cheverud et al. 1985, Felsenstein 1985,
Felsenstein 1988, Gittlemand and Kot 1990, Ed-
wards and Naeem 1993). Felsenstein’s (1985)
method of phylogenetically independent con-
trasts fulfills assumptions of parametric statis-
tics and has received wide acceptance (Grafen
1989, Martins and Garland 1991).

At present, there is disagreement concerning
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the use of these techniques that purportedly
eliminate historical bias (Grafen 1992, Pagel and
Harvey 1992, Miles and Dunham 1993, Purvis
et al. 1994). There is no consensus as to which
procedure should be implemented to control
for phylogeny in a given study. In some cases,
when results from alternate methods that con-
trol for phylogeny have been compared, au-
thors have arrived at conflicting conclusions
(Oaks 1992, Miles and Dunham 1992). Some ar-
gue that, in many comparative studies, aban-
donment of traditional methods for alternative
procedures of phylogenetic analyses is unwar-
ranted (Weathers and Siegel 1995), while others
g0 so far as to say that all comparative methods,
no matter which analytical techniques are used,
will fail to elucidate adaptations (Leroi et al.
1994). During this time when investigators dis-
agree about which comparative method is ap-
propriate, the best approach may be to employ
several methods in attempting to make mean-
ingful interpretations about adaptation.

In this paper, I use two comparative ap-
proaches to examine the relationship between
TEWL and body mass in birds. First, I use least-
squares regression to regress TEWL on body
mass, a tactic that assumes a model where all
species have radiated from a single common
ancestor, a star phylogeny (Purvis and Garland
1993). Second, I assume that species are part of
abranching hierarchial phylogeny, and use Fel-
senstein’s (1985) method of phylogenetically
independent contrasts to evaluate TEWL, con-
trolling for genealogical influences (also using
least-squares regression). Specifically, I address
the following questions: (1) What is the rela-
tionship between TEWL and body mass in birds?
(2) Do birds from arid regions have a lower
TEWL than birds from more mesic areas? (3) Do
small birds have a higher rate of TEWL relative
to their oxygen consumption than do larger
birds?

MATERIALS AND METHODS

Numerous studies have reported laboratory mea-
surements of TEWL of birds; most have used open-
circuit respirometry to make determinations. The
different experimental conditions under which mea-
surements were made along with the diverse tech-
niques used to quantify water loss add considerable
variation to the data. I included data from studies
without regard to: levels of illumination in the cham-
ber; the nutritional plane of birds (postabsorptive vs.
nonpostabsorptive); the time of measurement (diur-
nal or nocturnal activity phase); or the time of year
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that subjects were captured (summer or winter). How-
ever, | eliminated studies where subjects were water-
stressed prior to measurement of TEWL.

Evaporative water loss in birds is relatively inde-
pendent of temperatures below the lower critical point,
but dramatically escalates at temperatures above the
upper critical temperature (Dawson and Bennett 1973,
Withers and Williams 1990). My reasons for selecting
data taken at 25°C were that this temperature is: (1)
at or near the lower critical temperature for many
birds; (2) thermally unstressful for most birds; and (3)
consistent with that chosen by Crawford and Las-
iewski (1968) for their analysis. Because in three cases
data were not available for a temperature of 25°C—
the Humboldt Penguin (Spheniscus humboldti; 10°C),
Brown-necked Raven (Corvus ruficollis; 30°C), and Bed-
ouin Fowl (Gallus gallus; 30°C)—I included data taken
at different temperatures, but still in the thermal-
neutral zone.

I eliminated some early studies where reduced air
flow likely influenced measurement of TEWL because
variation in ambient water-vapor pressure within me-
tabolism chambers can significantly alter values of
TEWL, thereby hindering interspecific comparisons
(Lasiewski et al. 1966). By adjusting flow rates of am-
bient air and, thus, maintaining low water-vapor
pressures within metabolism chambers, Bernstein et
al. (1977) found that TEWL in pigeons at 20°C was
independent of absolute humidity.

Classification of a species’ environment as either
arid or mesic presents a problem because enviren-
mental aridity is a continuum based on a combination
of factors including solar insolation, rainfall, air tem-
perature, relative humidity, and prevailing wind con-
ditions. My intent in classifying the environment of
a species as arid was guided by the idea that species
experiencing hot, dry, and desiccating conditions face
unusual problems in maintaining water balance. As-
signment of a species to an environmental category
typically was based on the location identified in each
study and distribution maps of arid regions of the
world (McGinnies et al. 1968). In many cases, the
judgement of the original author or authors regarding
the environment of the species was followed.

Phylogenetic comparative methods that attempt to
remove the confounding effects of correlated traits
due to common genealogical history assume that the
cladistic relationships between species are known. To
construct a phylogenetic diagram of the 102 species
for which I assembled data on TEWL (Figs. 1 and 2),
I used the topology for birds generated by Sibley and
Ahlquist (1990) using DNA-DNA hybridization tech-
niques. Branch lengths were based on AT,,H values.
For taxonomic names and common names of species,
I relied on Sibley and Monroe (1990). In some cases,
the tapestry of Sibley and Ahlquist (1990) did not
contain species for which I had data. I placed these
species in the topology as closely as possible to sister
species, often with the aid of advice from specialists
(see Acknowledgments). I connected each species to
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its presumed most recent ancestor and assigned an
arbitrary branch length of one (T. Garland pers.
comm.).

I used the PDTREE module of the Phylogenetic
Diversity Analysis Program (version 2.0; Garland et
al. 1993) to calculate Felsenstein’s (1985) standardized
independent contrasts for log-transformed values of
TEWL (ml H,0/day) and body mass (g; Garland pers.
comm.). A plot of the absolute values of standardized
contrasts versus standard deviations showed no linear
trends for either variable suggesting that contrasts
were adequately standardized (Garland et al. 1992,
Garland 1992).

I regressed the standardized independent contrasts

for log TEWL against those for log body mass with
the regression line forced through the origin (Gar-
land et al. 1992, Garland and Janis 1993). This pro-
cedure yields an estimate of the slope and its 95%
confidence interval of the relationship between log
TEWL and log body mass with the effects of phylo-
genetic history removed. For degrees of freedom, I
have followed the maximally conservative recom-
mendation of Purvis and Garland (1993) by taking
the degrees of freedom as equal (N — P,), where N
is the number of independent contrasts and P, is the
number of unresolved polytomies. To define an al-
lometric relation between log TEWL and log body
mass, I solved the equation Y = g + bX for the inter-
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Fig. 2. Hypothesized phylogenetic relationships of species of passerines. Branch lengths are AT;,H values
bases on DNA-DNA hybridization (Sibley and Ahlquist 1990). Polytomy branch lengths arbitrarily set to 1.

Total AT, H units = 21.6.

cept. Here b equals the previously determined slope,
and Y and X are the root-node contrast values for log
TEWL and log body mass, respectively. When com-
puting independent contrasts, the estimated value at
the root node represents an estimate of the overall
mean for all species in the phylogeny, weighted by
topology and branch lengths (Garland et al. 1993). To
date, no one has proposed a method to estimate a
confidence interval for the intercept in such an equa-
tion, so elevations of different equations can not be
compared, although jackknifing or bootstrapping
might be used in a heuristic fashion (Garland pers.
comm.).

To determine whether TEWL of birds from arid
environments differed from birds from mesic envi-

ronments, I computed independent constrasts for en-
vironment scored as 1 for arid and 0 for mesic. A plot
of standardized independent contrasts and their stan-
dard deviations disclosed a significant negative trend.
Hence, I square-root-transformed branch lengths to
correct this problem (Garland et al. 1992). I then used
multiple regression through the origin to test for the
influence of environment on TEWL in birds with the
standardized contrasts of log TEWL as the dependent
variable and the standardized contrasts of log body
mass and environment as the independent variables.
The entry criteria for selection of variables in the
equation was a P of 0.05. The significance of partial
correlation coefficients was determined using a ¢-test
(Zar 1984).
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Fig.3. Logarithmic plot of total evaporative water
loss in birds versus body mass.

The assumptions underlying Felsenstein’s phylo-
genetically independent contrasts method are: First,
it is assumed that an accurate phylogeny is known
(Felsenstein 1985), a supposition that constitutes a
limitation to the procedure because, undoubtedly, the
true phylogeny is not known. I have used the topol-
ogy of Sibley and Ahlquist (1990) because it is the
only complete estimate of the phyletic relationships
of birds. Recent data based on more advanced mo-
lecular techniques lend support to the overall topol-
ogy of Sibley and Alhquist (Bleiweiss et al. 1994,
Mooers and Cotgreave 1994). However, Feduccia
(1995) has recently challenged whether DNA-DNA
hybridization provides an accurate view of the ge-
nealogical history of birds because of apparent con-
flict with the fossil record. Of the few studies that
have attempted to compare results using alternative
phylogenies, some have reported consistent results
in subsequent statistical tests (Gittleman and Kot 1990,
Miles and Dunham 1992), while others have arrived
at conflicting conclusions (Garland et al. 1991). Sec-
ond, it is assumed that the evolution of continuous
traits is modeled appropriately as Brownian motion
(Felsenstein 1985, 1988, Martins and Garland 1991).
If the Brownian-motion model is incorrect, then con-
trasts are no longer independent of phylogeny (Miles
and Dunham 1993).

RESULTS
ALLOMETRIC ANALYSIS

Evaporative water loss-considering all birds.—I
addressed my first question concerning the re-
lationship between TEWL and body mass by
collating data on TEWL at thermally neutral
temperatures (mostly 25°C) for 102 species of
birds (Table 1). The equation that describes
TEWL (ml H,O/day) in birds is:
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log TEWL = —0.523 + 0.678 log M, (2)

where M is body mass (g) as before (> = 0.90,
Fope = 865.5, P < 0.001). Here I incorporated
only one value for each species. For the chicken
and House Finch numbers 4 and 80 of Table 1),
I have excluded the arid forms.

Arid vs. mesic comparisons.—I separated the data
on TEWL based on the environment of respec-
tive species and determined whether statistical
differences exist between species from arid and
mesic regions (Fig. 3). The equation that de-
scribes the association between TEWL and body
mass in birds from mesic areas is:

log TEWL = —0.438 + 0.661 log M  (3)

(n=64,r*=092, F,,,. = 671.8, P < 0.001). For
birds from arid regions, the equation is:

log TEWL = —-0.754 + 0.750 log M (4)

(n=38,r2=10.93, F,,. = 4415, P < 0.001). By
analysis of covariance (ANCOVA), the slopes
of these two equations are significantly differ-
ent (Fyope = 4.0, P < 0.05). Birds from arid regions
have a statistically lower TEWL at thermally
neutral temperatures than birds from more me-
sic areas.

Comparisons among passerines.—Does this find-
ing that arid-zone birds have a reduced TEWL
apply when only passerines are examined? The
equation that describes TEWL among passer-
ines from arid regions is:

log TEWL = —0.860 + 0.868 log M  (5)

(n =15, r>=0.85, F,,,. = 72.4, P < 0.001). The
equation for passerines from mesic areas is:

log TEWL = —0.174 + 0.443 log M  (6)

(n = 33, r» =041, F,,,. = 21.1, P < 0.001). By
ANCOVA, these equations are statistically dis-
tinct (Fyop. = 9.1, P < 0.001). The steeper slope
and lower elevation of arid-zone passerines
conforms to the general conclusion that arid-
zone birds have reduced TEWL.

Passerines vs. other birds.—Because the basal
metabolic rate of passerines exceeds that of non-
passerines (Aschoff and Pohl 1970), one might
expect that TEWL of the former also would be
demonstrably higher. I tested this idea by com-
paring the TEWL for passerines and nonpas-
serines by ANCOVA, and found no significant
differences (Fyope = 0.7, P > 0.2; Freepe = 0.52,
P > 0.5).
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PHYLOGENETIC ANALYSIS

Evaporative water loss considering all birds.—the
estimated phylogenetic relationships of species
in Table 1 are presented in Figures 1 and 2. Note
that numbers in these figures correspond to
those assigned to species in Table 1.

A regression of the standardized indepen-
dent contrasts of log body mass and log TEWL
through the origin (Garland et al. 1992, Garland
and Janis 1993) yielded a slope of 0.789 with a
95% confidence interval of +0.11 (Fig. 4). I then
solved the linear equation Y = g + bX for the
intercept, where X and Y are contrast values for
the root node. The allometric equation given
by this procedure is:

Source

Bartholomew and Dawson 1953
Williams and Hansell 1981
Bartholomew and Dawson 1953
Bartholomew and Dawson 1953
Bartholomew and Dawson 1953
Bartholomew 1972

Hinds and Calder 1973
Dawson et al. 1979

Wallgren 1954
Dawson et al. 1979
Weathers pers. comm.
Weathers pers. comm.

Wallgren 1954

log TEWL = —-0.833 + 0.789 log M. (7)

Total
evaporative
water loss

Judging by the confidence interval, the slope
of this line does not differ significantly from
the slope of the line generated by the previous
allometric method. Even so, predictions made
by each equation markedly differ for larger spe-
cies (see Discussion).

Arid vs. mesic comparisons.—A stepwise mul-
tiple regression through the origin of standard-
ized contrasts for log TEWL as the dependent
variable and standardized contrasts of log body
mass and environment as the independent vari-
ables revealed that environment had a signifi-
cant affectin the equation (¢ = —2.82, P < 0.006).
The negative value of the partial correlation
coefficient indicated that birds from arid regions
had a reduced TEWL.

Comparisons among passerines.—I tested for the
effect of environment on TEWL among passer-
ines, while controlling for phylogeny using
Felsenstein’s (1985) method of independent
contrasts. Regression through the origin for
standard contrasts of log TEWL and log body
mass yielded a slope of 0.819 with a 95% con-
fidence interval of £0.24 (n = 48). The allo-
metric equation for passerines is:

(ml H,0O/day)
3.20
1.30
7.04
7.38
0.80
1.63
2.04
3.16
3.26
2.35
2.94
471
2.59

(g)
32.0
12.2
26.4
22.0
11.8

9.1
10.4
23.2
17.4
39.3
38.2
35.4
135

Body mass

Continued.

Arid
Arid
Mesic
Mesic
Arid
Mesic
Mesic
Mesic
Mesic
Mesic
Arid
Mesic
Arid

TABLE 1.
Environment

Species

log TEWL = —0.752 + 0.819 log M. (8)

A multiple-regression procedure with standard
contrasts for log TEWL as the dependent vari-
able and standard contrasts for log body mass
and environment as independent variables re-
vealed that the partial correlation coefficient for
environment was significant (t = 2.24, P < 0.04).
Again the general conclusion is confirmed: arid-
zone birds have a significantly lower TEWL.

97. White-crowned Sparrow (Zonotrichia leucophrys)
98. Savannah Sparrow (Passerculus sandwichensis)

99. Canyon Towhee (Pipilo fuscus)

100. Abert’'s Towhee (P. aberti)
102. Black-throated Sparrow (Amphispiza bilineata)

90. Pyrrhuloxia (C. sinuatus)

91. Brewer’s Sparrow (Spizella breweri)

92. Yellowhammer (Emberiza citrinella)

93. Ortolan Bunting (E. hortulana)

94. Chipping Sparrow (S. passerina)

95. Blue-black Grassquit (Volatinia jacarina)

96. Variable Seedeater (Sporophila americana)
101. Rufous-sided Towhee (P. erythrophthalmus)

* Value taken at 30°C.
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TaBLE 2. Comparison of predicted rates of evapo-
rative water loss from allometric equations.

Total evaporative water loss (ml H,O/
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Fig.4. Standardized independent contrasts for log
total evaporative water loss and log body mass. Body-
mass values positivized according to Garland et al.
(1992).

DISCUSSION

My analysis suggests that the slope of the
Crawford and Lasiewski (1968) equation, 0.58,
should be steeper for the relationship between
TEWL and body mass for birds. I found a slope
of either 0.678 or 0.789, depending on the meth-
od used. For the three equations (i.e. the Craw-
ford and Lasiewski equation, the equation based
on allometric analysis, and the equation gen-
erated from phylogenetically independent con-
trasts), the Crawford and Lasiewski equation
yields the lowest predictions of TEWL at larger
body sizes (Table 2). Though the slopes of the
two equations constructed in this study for
TEWL and body mass did not statistically differ,
the one given by phylogenetically independent
contrasts yielded much higher predictions at
larger body masses. At this point, it is not pos-
sible to distinguish between the intercepts of
the two equations.

Evidence from both of the comparative meth-
ods that I used in this paper lends credence to
the hypothesis that arid-zone birds generally
have a reduced TEWL. For both the allometric
approach and the method of phylogenetically
independent contrasts, comparisons between
arid and mesic species were highly significant.
When the analysis was restricted to passerines
only, the same trends were evident.

Suprisingly few intraspecific comparisons
have been made for TEWL for species that live
in both mesic and arid regions. Hinds and
MacMillen (pers. comm.) have studied the TEWL
of populations of House Finches from the coast
of southern California and from the much drier
Mojave Desert. The desert population had a

day)
Crawford
and
Body mass (g) Lasiewski Allometric Phylogenetic
10 17 14 0.9
100 6.4 6.8 5.6
1,000 24.6 324 342
10,000 94.4 154.2 2104
100,000 363.1 732.8 1,294.2

mean TEWL of 0.97 ml H,0/day, whereas the
coastal population had a significantly higher
TEWL, 1.50 ml H,0O/day (Table 1). The advan-
tage of the Hinds and MacMillen study was that
measurements were made by the same inves-
tigators using the same equipment. Although
pairwise comparisons make less convincing
evolutionary arguments {(Garland and Adolph
1994), the findings of the study by Hinds and
MacMillen are consistent with the hypothesis
of reduced TEWL in arid-zone birds.

What are the physiological mechanisms acted
upon by natural selection to bring about an
adaptive reduction in evaporative water loss.
Although a definitive answer to this question
is not possible, it could be that selection has
reduced cutaneous water loss in arid forms by
increasing the lipid layer in the skin, which
would increase the resistance to water-vapor
diffusion (Webster and Bernstein 1987). Anoth-
er possibility is that desert forms have increased
their ability to minimize water lost during ex-
piration. Cactus Wrens recover 74% of the water
lost from nasal passages on inspiration before
air is exhaled (Schmidt-Nielsen et al. 1970). It
seems possible that desert forms might have an
increased number of convolutions of nasal
chonchae and, thus, increased surface area; in
this way they could recover more water from
expired air than mesic forms. Another possi-
bility is that some desert birds could have an
unknown physiological trait that would allow
them to exhale unsaturated air. One case of an
arid-adapted bird, the Ostrich, exhaling unsat-
urated air has been reported, although the
mechanism was not resolved (Withers et al.
1981).

In a seminal essay, Bartholomew (1972) con-
cluded that small birds have greater preformed
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TaBLE 3. Comparison of oxygen consumption and
total evaporative water loss of birds.

Oxygen
consump-
tion? TEWL?
Body mass  (liters (ml TEWL/ MWP</
(g) O,/day) H,O/day) ©O, TEWL
Passerines

10 0.85 0.9 0.94 0.54

100 4.50 5.6 1.24 0.46

1,000 23.90 34.2 1.43 0.40

Nonpasserines

10 0.5 0.9 1.73 0.33

100 2.8 5.6 2.00 0.29

1,000 15.3 34.2 2.23 0.26

10,000 83.0 210.4 2.53 0.23

100,000 4498 1,294.2 2.88 0.20

* Metabolic rate calculated from Aschoff and Pohl (1970) for nocturnal
phase. Metabolic rate converted to oxygen consumption using 1 Kcal
= 4.8 liter O, (Schmidt-Nielsen 1983).

® Total evaporative water loss calculated as log TEWL (ml H;O/day)
= —0.833 + 0.789 log M.

¢ Metabolic water production calculated using the relationship 0.576
ml H;O/liter O, (Schmidt-Nielsen 1983).

water requirements than do larger birds, anidea
based on the fact that the slope of the Crawford
and Lasiewski equation was significantly lower
than the slope for standard oxygen consump-
tion (Lasiewski and Dawson 1967, Aschoff and
Pohl 1970). Ratios of TEWL to oxygen con-
sumption were thought to be higher in smaller
birds and, as a result, smaller species replace
less of their evaporative water with metabolic
water production. The results from my analysis
indicate that small birds do not have greater
TEWL relative to their oxygen consumption than
do larger species. To illustrate this concept, I
have computed oxygen consumption for vari-
ous sizes of birds and calculated ratios of both
TEWL and metabolic water production to oxy-
gen consumption using the equation for all birds
from my phylogenetically-independent-con-
trasts analysis to predict TEWL (Table 3). I find
no evidence that small birds replenish propor-
tionately less of their TEWL with metabolic wa-
ter than do larger birds.

In summary, I have found that the slope of
the relationship between TEWL and body mass
in birds is higher than originally reported by
Crawford and Lasiewski (1968), and nearly ap-
proximates or exceeds the slope for basal or
standard metabolic rate in birds. Even at ther-
mally unstressful temperatures, arid-adapted
species have a reduced TEWL, a diminution
amounting to as much as a third less than more
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mesic counterparts. This indicates selection has
operated to reduce water loss in these species
even when they are experiencing moderate
temperatures. Small birds are not disadvan-
taged when it comes to the amount of water
lost per unit oxygen consumed. This finding is
consistent with the fact that many species in-
habiting deserts have a mass of less than 50 g.
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