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Introduction
Endothermic animals exchange heat with the environment via 

four modes: conduction, convection, radiation and evaporation). 
Evaporation is of significant ecological interest. Evaporation from an 
animal always results in a decrease in the temperature of the surface 
from which the evaporation occurs. Therefore, evaporation is one-
way transfer which causes heat loss from the organism. Biological 
evaporation always implies loss of water which is a vital resource for 
nearly all biochemical processes. Evaporation is the loss of heat via 
the loss of body mass.1 First guidance for the direct weighing method 
to determine evaporative water loss was obtained from the studies of 
Hutchinson and Sykes2 and Hutchinson3 on evaporation in domestic 
fowl. Robert С Lasiewski, Alfredo L Acosta and Marvin H Bernstein using 
new techniques and equipment, invented new methods different from 
the original method. A major disadvantage of the direct weighing 
method is that it does not permit the simultaneous determination 
of the energetic cost of evaporative cooling by monitoring oxygen 
consumption or carbon dioxide production, as is possible in the 
open flow method. As previous studies have shown,4–7 it is possible 
to determine evaporative heat loss from the ratio (q) between heat 
production (RM) (determined by the rate of oxygen consumption) and 
body mass loss (Dm) at various ambient temperatures (TA): q=RM/Dm. 
High water loss necessitates regular water ingestion through drinking, 
consuming water in food, and metabolic water production. The method 
is based on the law of conservation of mass where the total mass of the 
reactants equals the total mass of the products leading to the insight 
that the relations among quantities of reactants and products typically 
form a ratio of positive integers (stoichiometry). The method uses the 
metabolic rate (oxygen consumption) of the bird at thermo neutral 
ambient temperatures (TA), respiratory quotient (RQ), the loss of body 

mass and the energetic equivalent of the loss of body mass (q) as the 
ratio between heat production and the loss of body mass. It is known 
that the loss of mass in bird exposed to controlled conditions is due to 
three major factors:8–10

a) Gaseous exchange - any excess of the weight of CO2 produced 
over the weight of O2 consumed.

b) Fecal and urinary loss.

c) Evaporative water loss.

When the metabolic responses of the bird and RQ are known, one 
can easily account for total evaporative water loss.

Total evaporative water loss (TEWL) at ambient temperature 
25°C is summarized in two reviews.11,12 The chief mechanisms for the 
transition of minimal to maximal heat loss are a change in plumage 
position, from ruffled to tightly pressed, the change in blood flow 
as a result of vasomotor reactions and adaptive rate of evaporation. 
The following questions are discussed in this paper: (1) How do the 
TEWL measurements based on the energy equivalent of the body 
mass loss (q) compare to the TEWL values obtained by the open 
flow method? Since McNab,13,14 has convincingly demonstrated 
that Passeriformes and Non-Passeriformes birds differ in their basal 
metabolic rate, the subsequent question follows: (2) What is the 
relationship between TEWL and body mass in Passeriformes and 
Non-Passeriformes birds at thermo neutral ambient temperatures?

Materials and methods
The study was performed in Moscow Region at Zvenigorod 

Biological Station (55°44′ N, 36°51′ E). More than 60 species of 
Passerine birds representing the full size range of the order, from 
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Abstract

Simultaneous measurements of energy expenditure and weight loss in resting birds 
allowed determining stoichiometrically total evaporative water loss (TEWL) in non-
passerines and passerines. Amount of heat dissipated through water evaporation 
depends on body size. The dependence of evaporative heat loss on ambient 
temperatures (TA) obtained from the energy equivalent in the species studied in 
this work is the same as that measured with traditional methods. The dependence 
of water loss on determining body mass at different TA varies in the same way to 
the correlation between evaporative and non-evaporative heat loss. In Passeriformes, 
TEWL is approximately 25–40% higher than in non-passerines (particularly at high 
TA), which is consistent with the ratio of their basal metabolic rate (BMR) levels. A 
high BMR in Passeriformes includes not only net benefits but also its maintenance 
requires a definite cost. A large expenditure of evaporative water determines the cost 
of the advantages of BMR increase. This expenditure increased with the body size in 
Passeriformes due to the forced evaporative heat loss and showed virtually no increase 
in Non-Passeriformes. The correlation between evaporative and non-evaporative heat 
loss at different ambient temperatures reflects this cost. A great amount of evaporative 
water (particularly in large passerine) imposes strong limitations on the range of sizes 
in Passeriformes.

Keywords: water loss, heat dissipation, evaporation, respiration, thermoregulation, 
metabolic heat production, energetic equivalent of the loss body mass, birds
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the Goldcrest (Regulus regulus, 5.5g) to the Raven (Corvus corax, 
1,208g) and 30 species of Non-passerine birds in the corresponding 
size range (25-4,000g) were chosen for analysis. All birds were kept in 
large aviaries at natural day lengths and temperatures. For migratory 
birds and subtropical species, the aviaries were heated in the winter 
to maintain temperatures of 5-10oC. These conditions allow accurate 
studies of seasonal acclimatization.15 Measurements of energy values 
were made in the winter (November-January, February) and summer 
(late May-June, late August - September) on non-molting birds. 
Studies of seasonal variation in energy expenditure at rest, were done 
at experimentally controlled temperatures, where TA was varied from 
-28oC to +40oC in order to construct a thermal energy profile of each 
of the studied species.

Measurements of body mass variations in birds

Body mass variation is an aggregate of numerous variations, often 
in opposing directions. The simplest case is the body mass variation of 
a bird whose alimentary canal had remained empty for several hours. 
Under such conditions body mass decreases solely because of the 
water and carbon loss through respiration (in expired carbon dioxide), 
alimentary canal discharges in the form of mucus and gastroliths, 
shedding of feathers and variation in plumage moisture. Only the last 
factor may show an increase of body mass. Plumage which appears 
dry, contains 150-500 mg moisture in a bird weighing 20g. Loss of 
body mass at night in such birds amounts to 0.05-0.30g/hr.16,17 

Metabolic rate measurements

To improve the efficiency of determining the level of metabolism, 
we used three different methods of measurement of oxygen 
consumption and carbon dioxide exhaled. Oxygen consumption 
determined using Kalabukhov’s closed-loop respirometer system18 

with some modifications,19,20 in all the birds and at all studied 
ambient temperatures. The apparatus operates on the following 
principle: oxygen is consumed by the bird and the expired carbon 
dioxide is immediately absorbed. The decrease in gas pressure causes 
oxygen to be drawn from the container into the bird chamber. Then 
an equal amount of water flows from the burette into the container 
through the water-type pressure valve to replace the oxygen. Oxygen 
consumption can be read from the water level in the burette. During 
the experimental period the pressure inside the respirometer is slightly 
lower than the atmospheric pressure. A bird was placed in a sealed 
Plexiglas chamber, which was connected to a ventilation pump. The 
size of a chamber corresponded with the size of the bird and had 
3, 5, 19 or 24L. After 2-3 hours, when the birds are asleep and the 
temperature has stabilized, the camera connected to the device for the 
measurement of oxygen consumption. As an absorber dry alkali KOH 
was used. Cameras were equipped with thermistors, and temperatures 
temperatures in the camera were monitored remotely by Electronik 
16 potentiometric recorder. A camera was placed in thermostat or in 
refrigerator. For one night measurements were performed for not more 
than at two temperatures, each after a 2-3 hour of acclimatization. In 
summer it was possible to do experiment with only one temperature 
because of short nights. Measurement was performed continuously for 
2-4hours, data were recorded every 1 hour. The temperature inside the 
chambers and in the laboratory were recorded to 0.1°C, atmospheric 
pressure was 0.5 mmHg, volume of consumed oxygen was 0.2 mL. 
After MR measurements, birds were weighted to 0.1g, checked for 
molt stage (the molt score was recorded) and released at dawn in the 
aviary. Laboratory equipment made it possible to study maximum 18 
birds per night. 

All the oxygen consumption values were corrected to standard 
pressure and temperature according to the equations given by 
Depocas and Hart.21 Respirometer in our modification is based on 
measurements of air pressure and, therefore, the very sensitive to 
temperature changes. We carefully controlled the temperature in the 
laboratory during the measurement MR, and in sealed chambers. If 
the temperature fluctuations in the sealed chamber within one hour 
of measurements exceeds 0.3oC the data won’t be used. The average 
volume of consumed oxygen from the whole time of metabolic rate 
measurements was transformed into volume at standard temperature 
and pressure and converted to kJ day-1 according to the equation 1L 
of O2=15.97+5.16RQ (kJ).22 In this manner, the oxygen consumption 
was measured at rest at different ambient temperatures in all species 
studied. 

Measurement of RQ

Respiratory quotient RQ was determined by the gas analyzer 
of Hаldene. Haldane gas analyzer is designed on the principle of 
successive absorption of the components of the gas mixture (carbon 
dioxide is absorbed by alkali and oxygen–by pyrogallol), the volume 
of residual gas is measured. Samples of air from the sealed chamber in 
which a bird breathed during 15 minutes were collected into a special 
bag. The volume of breathed air was measured in a gas meter and 
samples were analyzed for the O2 and CO2 concentrations. A known 
volume of the gas sample was first treated with KOH solution. CO2 
was taken up by KOH resulting in a corresponding decrease in the 
original volume of the gas sample being analyzed. From this the 
concentration of CO2 in the expired air was found out. Later the 
remaining gas was made to react with alkaline pyrogallate (pyrogallic 
acid in KOH) which absorbs O2; from this the concentration of O2 in 
the expired air was known. Because the bird inhaled atmospheric air 
whose composition was known (practically constant) it was easy to 
find out the amount of O2 used and CO2 given off in the experiment. 
From these values RQ is calculated by the formula, RQ =Volume of 
CO2 exhaled/Volume of O2 utilized. AJS Benadé et al.23 were carried 
out experiments, in which oxygen content, carbon dioxide content 
and RQ’s obtained on expired air samples by the Haldane technique, 
were compared with those obtained by means of paramagnetic and 
infrared analysis. No significant bias was found between Haldane and 
paramagnetic analysis of oxygen content. Infrared analysis yielded 
more consistent results for CO2 than did the Haldane apparatus. RQ.’s 
calculated from the chemical and physical methods were almost 
identical. Physical methods, when properly used and frequently 
calibrated, can be regarded as being just as accurate as the accepted 
standard chemical method.23 

In this way, we measured the energy expenditure at rest and 
respiratory quotient in 26 species of passerine birds and 16 species of 
non-passerine birds in the winter and summer (publications mainly in 
Russian, but there are some in English.5,6,24 Measurements were made at 
different temperatures in the range from+5 to+35°C. In the third series 
of measurements we determined oxygen consumption and carbonic 
gas exhalation in the birds using a flow-through respirometer Fox Box 
of Sable Systems Inc. Simultaneously the rate of air passage through 
the chamber, temperature in the chamber, and the concentration of 
carbonic gas and oxygen were recorded. The intensity of ventilation 
of the respirometer chamber (passage rate) was set within 600–850 
mL/min. Through the hermetic respiration chamber in which the bird 
was located, air was blown in an incessant flow. The rate of oxygen 
consumption and carbonic gas exhalation was calculated on the basis 
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of measuring the difference between the concentration of these gases 
at the output of the respiration chamber with the bird and at the output 
of an empty similar chamber, multiplied by the rate of air passage 
through the chamber. The concentration of carbonic gas and oxygen 
after respiration chamber with the bird and a similar empty chamber 
was measured successively in one device during 24–30 and 6–10min, 
respectively. The frequency of taking device readings was once per 
10s. Measurements were performed in the night in a darkened chamber 
at a different ambient temperature. Measurements started at 1-2hours 
after the birds fell asleep and the chamber temperature has stabilized. 
The respiratory quotient was determined during these experiments. 
Energy metabolism in birds was calculated incessantly on the basis of 
the calculated values of the respiratory quotient at the given moment 
of time. This series of experiments is in the very beginning, at the 
moment measured only 35 species, the results concerning one of these 
species was published.25

The stoichiometric approach in calculating of total 
evaporative water loss

Simultaneous determination of the energy expended and mass loss 
in resting birds was used to estimate the energetic equivalent of body 
mass loss (q). During the measurements of q, the birds were in the 
post-absorptive state, and because measurements were performed 
during the non-breeding, non-molting, non-migrating seasons of 
the year, no production (growth or reproduction) occurred during 
these measurements. The birds did not have drinking water, and 
they metabolized previously ingested food. I performed preliminary 
experiments to determine the time of a day (in 24-hour cycle) when 
the loss of body mass of the bird was minimal and bird’s rate of 
metabolism was constant. Our data for some species were consistent 
with the results of previous experiments,4-7,17,26 and suggests that mass 
losses resulting from cloacal excretions and products of nitrogen 
metabolism remain very small under these experimental conditions 
and may be ignored. Therefore, the main variable affecting the q 
value is the pulmonary and cutaneous evaporation of water. This 
interrelationship is expressed as follows:

 /= ∞
s

q C DW Dm  (1),

Where Cs is the energetic content (kJ/g) of the oxidized ingredient 
(fat=39.7 kJ/g; carbohydrate= 17.6 kJ/g; protein=18.4 kJ/g), DW 
is the mass of food oxidized during energy metabolism (in further 
calculations DW=1 g), and Dm is the loss of body mass comprising 
the following components:

( ) ( ) ( )* 2 2  % / 2.4 100     = + + −Dm C W H cloacae discharge D CO Os e   
            (2),

 where Cs W/2.4*100 is the amount of water (g) necessary for the 
evaporative removal of 1% heat generated through the oxidation of W 
g compound of known energetic content (Cs), %He is the evaporative 
heat loss expressed as a percentage of total heat produced during the 
oxidation of any amount of this compound in the organism, cloacae 
discharge is the loss of body mass as excreted urine and feces, and 
D(CO2-O2) is the difference in body mass gained from the oxygen 
consumed and the mass lost from the CO2 released. The q value, 
representing the energy equivalent of body mass lost, is related to 
the level of respiratory evaporation. For example, at higher ambient 
temperatures, evaporation rapidly increases relative to the metabolic 
rate observed when birds pant. The relationship between the energy 
equivalent and the level of evaporation is readily quantified.16,19,20

During the oxidation of 1 g of fat, the mass of oxygen consumed is 
0.07 g greater than the mass of carbon dioxide released, which yielded 
1.07g of metabolic (oxidation) water, and also produced 39.7kJ of 
heat. Therefore, if evaporation is absent, the bird gains 0.07g for each 
gram of fat that it oxidized as a result of this metabolic water. The heat 
of vaporization of water is 2.4kJ/g. If a portion of the heat produced 
during metabolism was lost via evaporation, the loss of body mass 
(Dm) per 1 g of the oxidized substrate (fat) resulting from evaporative 
heat loss (He) is as follows:

( )* *39.7 / 2.4 100 %  0.07,= −
e

Dm H

where %He is the percent of total produced heat loss through 
evaporation. Considering the constant addition of mass resulting from 
excess metabolic water, which, with respect to loss of body mass, 
is a negative value, q is dependent on the proportion of body heat 
production lost via evaporation at rest during the oxidation of fat, 
determined as shown below:

( )( )*39.7 / 39.7/ 2.4 100 % 0.07 39.7 / 0.164 % 0.07= − = −
e e

q H H   
            (3)

There are two unknown variables in this equation: q and %He; 
however, q is an experimentally determined value obtained at different 
ambient temperatures. It is possible to find %He as follows:

( )%  39.7/  0.07 / 0.164= +H qe  (4)

Upon the oxidation of 1 g of carbohydrate, 17.6 kJ of heat is 
released and 0.56g of metabolic water is produced, and because 
the mass of released carbon dioxide is 0.44g more than the mass of 
consumed oxygen, this variable is not associated with the loss of 
body mass through evaporation. Correspondingly, the dependence of 
body mass loss and q on the level of evaporative heat loss during 
carbohydrate oxidation is represented as

( )* *17.6/2.4 100  %  0.44  0.072 %  0.44= + = +
e e

Dm H H

( )* 17.6 / 17.6 / 0.072 %  0.44= = +eq Dm H  (5)

The oxidation of 1g of protein yields 18.4kJ of heat, 0.49g of 
metabolic water and 0.47g of nitrogen metabolism products. The 
weight of released CO2 is 0.04 g more than the consumed oxygen, 
this is because during prolonged experiments, nitrogen metabolism 
products are excreted, the loss of body mass at %He=0 is 0.47 g+0.04 
g = 0.51 g per 1 g of oxidized protein as follows:

( )* * 18.4/2.4 100 * % 0.51 0.076 % 0.51= + = +Dm H He e
( ) 18.4 /  18.4 / 0.076*% 0.51= = +q Dm He  (6)

Equations (4), (5) and (6) can be transformed into an exponential 
form. For metabolism of fat, equation (4) is represented as

0.98% 238.3 −=
e

H q , where q is in kJ/g or 0.98% 2.76 −=H qe , q 
where q is in W/g (7)

Equation (7) facilitates the calculation of %He for specific q values 
for fat metabolism, determined during the winter. Evaporative heat 
loss for any combination of oxidized compounds can be calculated 
using this method. Our early work,26,27 based on the change of the 
diurnal variations of body composition in finches and house sparrows 
during the annual cycle, suggested that during the summer period 
the ratio of oxidizable substrates at night was close to 0.7 for fat, 0.2 
for carbohydrates and 0.1 for proteins. With such ratio of oxidizable 
substrates RQ must be equal to * * *0.7 0.7 0.2 1 0.1 0.82 0.77+ + = .

https://doi.org/10.15406/ijawb.2019.04.00150


Scaling of total evaporative water loss and evaporative heat loss in birds at different ambient temperatures 
and seasons

43
Copyright:

©2019 Gavrilov et al.

Citation: Gavrilov VM, Gavrilov VV. Scaling of total evaporative water loss and evaporative heat loss in birds at different ambient temperatures and seasons. Int 
J Avian & Wildlife Biol. 2019;4(2):40‒53. DOI: 10.15406/ijawb.2019.04.00150

A combination of oxidized substrates in the bird species during 
the summer, including fats, carbohydrates and proteins at 0.7:0.1:0.2, 
respectively, was used. The total q comprises 0.7q for fats, 0.1q for 
carbohydrates and 0.2 q for protein, represented as

( ) ( ) ( )* * * * * * 0.7 39.7 / 0.164 % 0.07 0.1 17.6 / 0.072 % 0.44 0.2 8.4 / 0.076 % 0.51

0.7 * 0.7 0.2 *1 0.1* 0.82 0.77

= − + + + +

+ + =

e eq H H He
  

         (8)

For the exponential form, this equation is represented as
1.05% 239.3 −=H qe ,

1.05  /   % 2.77 ,  /−= = =q
e

where q kJ g or H q W g  (9)

The regressions (7) and (9) were fitted using the least-squares 
method of linear regression.

Because the evaporative heat of 1 gram of water is equal to 2.4 
kJ,28 total evaporative water loss is represented as

( )* % /100 / 2.4= eTEWL BMR H ,

Where BMR is the total heat produced at any thermo neutral TA, 
and %He is the percent of total heat lost through evaporation at this 
TA. Therefore, a definite correlation between the energy equivalent 
and total evaporative water loss for any ambient temperature was 
observed. 

Scaling analysis and statistic

Calculations and statistical processing of the results were performed 
using the Statgraphics program package. All data are expressed 
as the means±SD. The figures (including curve fits and correlation 
coefficients) were produced using Harvard Graphic 3.0 software. 
Linear curve fits are plotted in figures, and the lines for He and %He 
are polynomial curve fits. The relationships in the present study were 
estimated using analysis of variance (ANOVA), and significance was 
determined using the t-test, as appropriate. The following statistics-
associated abbreviations were used in this manuscript: n, sample size; 
p, statistical significance; t-test for independent samples: Variables 
for S and W were treated as independent samples r, Pearson’s linear 
correlation; SD, standard deviation. We used the data for scaling 
analysis of total evaporative water loss in Passeriformes and Non-
Passeriformes birds at different ambient temperatures. First question 
concerning the relationship between TEWL and body mass by 
collating data on TEWL at different ambient temperatures (25°C and 
real low critical temperature (Tlc) and upper critical temperature (Tuc). 
Tlc and Tuc are ecologically significant ambient temperatures; 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 Lasiewski11 and Williams12 for their analysis.

We used the statistics package R(R Development Core Team. 2014. 
R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing) for log-transformed 
values of TEWL (g H2O/day) and body mass (g) (Figure 3). At first, 
we was preparing a table with three columns. In the first - log mass, 
the second-log og-transformed values of TEWL in the third-the code 
for the group (for example, 1 - Passeriformes, 2–Non-Passeriformes).
To test differences in the slope of the regression, we tested using 
SuperANOVA difference between the model with the interaction 
of mass and group variable and the model without this interaction. 
To test differences in the intercept, we tested using SuperANOVA 
difference between the model without interaction of factors. 

For computational convenience the homemade program written in 
Matlab® was used for statistical analysis of the data. The program was 
tested against SuperANOVA and produced identical results. The study 
was performed in accordance with the laws of the Russian Federation 
and Moscow State University regarding the capturing and holding of 
wild animals and all individuals were released after the experiment.

Results
Body mass loss after feeding

The decrease of birds’ mass subsequently proceeded in smaller 
birds’ at a constant rate during 2-4 h after the last feeding, and in 
larger birds–at a constant rate after 10-12 h (Figure 1). Based on 
our experiments, we considered that 2 hours after the last feeding in 
small birds and after 10-12h in large ones the birds’ alimentary canal 
becomes empty. Rate of body mass loss (see Methods) after evening 
feeding stabilizes at different times in birds of different sizes: on 
average, it occurred after 2-4h in small birds and 6-8 h in large birds 
and further loss at constant rates determined by water evaporation. 
Figure 2 exemplifies this trend showing that the alimentary canal 
became empty after 5h in Carolina ducks (body mass 470 g) and 3 
h in Chaffinches, Budgerigar and Green Finch (body mass 21, 28, 
28 g respectively). Consequently, all birds fasted for at least 3 -12h 
and were in postabsorptive state during measurements. Therefore, we 
believe that body mass loss occurs during the measurement with the 
same rate.

Figure 1 Body mass loss per hour as a function of time after feeding for 
small (upper panel) and large (bottom panel) birds. Data for upper panel 
were slightly displaced horizontally to prevent overlapping. Body mass was 
measured every hour and thus body mass loss per hour is a mass difference 
between two successive measurements.

https://doi.org/10.15406/ijawb.2019.04.00150
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Figure 2 Top. Total evaporative water loss (TEWL, g per day; vertical bars are SE, right scales) and percentage of heat loss through evaporation (He, %, left scales) 
as the functions of ambient temperature (TA, oC) in the Chaffinch, Fringilla coelebs in summer (left) and winter (right). 

Bottom. Energy expenditure at rest (SMR, BMR, kJ per day) evaporative heat loss (He, kJ per day), non-evaporative heat loss (Hs, kJ per day) as the functions of 
ambient temperature (TA, oC) and changes in the energy equivalent of lost body mass (q, kJ per g). Each symbol is a mean for several measurements in several 
birds at a given TA, vertical bars are SE.

Figure 3 Total evaporative water loss (TEWL) and evaporative heat loss at 
TA= 25oC as a function of body mass (m, g) in all birds (this study and Willams, 
1996).

Results of measurement of RQ and a comparison of 
different methods for measuring RQ 

RQ values in 26 species of passerine birds and 16 species of 
non-passerine birds obtained by the Haldane gas analyzer at night 
in winter at ambient temperatures of 5-35oC was in the range 0.69-
0.75 and on average equal to 0.72±0.03 (n=1024). RQ values in 5 

species of passerine birds obtained by the Fox Box respirometer 
o(Sable Systems Inc) at night in winter at ambient temperatures 
of 15-30oC was in the range of 0.71-0.76 and on average equal to 
0.73±0.03 (n=38). These data indicate that lipids were the main source 
of energy expenditure in winter during night. RQ values in 26 species 
of passerine birds and 16 species of non-passerine birds at night in 
summer at ambient temperatures of 5-35oC was 0.74-0.79 on average 
0.77±0.03 (n=1024). RQ values in 33 species of passerine birds 
obtained by the Fox Box respirometer (Sable Systems Inc) at night in 
summer at ambient temperatures of 15-30oC was in the range of 0.71-
0.82 and on average equal to 0.765±0.039 (n=292). 

The mean difference between the Haldane and Kalabuchov 
respirometer determinations was – 0.071% O2, with a standard error 
0.011% (n=1024). The mean difference between the Haldane and Fox 
Box respirometer (Sable Systems Inc) was 0.08% RQ with a standard 
error of 0.012% (n=232). Thus, RQ’s and metabolic rate determined 
by different methods were almost identical. The average values   of 
metabolic rate and of RQ obtained by different methods were used for 
further computations. To test more accurate RQ values, we determined 
RQ two ways using only the same species. We did not found any 
difference in determining the RQ by these two methods n=324 (Table 
1). These data indicate that lipids were the main source of energy 
expenditure in winter during a night – RQ=0.72, and RQ=0.77 in 
summer. Such RQs can be at any ratio of oxidizable substrates: lipids, 
carbohydrates and protein. Our early work based on the change of the 
diurnal variations of body composition in finches and house sparrows 

https://doi.org/10.15406/ijawb.2019.04.00150
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during the annual cycle, suggested that during the summer period 
the ratio of oxidizable substrates at night was close to 0.7 for fat, 0.2 

for carbohydrates and 0.1 for proteins. With such ratio of oxidizable 
substrates RQ must be equal to 0.7 * 0.7 0.2 *1 0.1* 0.82 0.77+ + = .

Table 1 Results of comparison RQ values determination by Haldane gas analyzer (RQ2) and a open flow respirometry system (RQ1) in birds

Species Body mass n RQ1 ±SE n RQ2 ±SE µ

Carpodacus erythrinus 21.2 1 0.712 14 0.78 0.017 -0.068

Chloris chloris 28.2 11 0.797 0.019 17 0.794 0.021 0.003

Emberiza citrinella 26.8 3 0.774 0.033 27 0.73 0.013 0.044

Erithacus rubecula 17.6 25 0.761 0.04 18 0.781 0.016 -0.02

Fringilla coelebs 21 9 0.780 0.035 35 0.785 0.011 -0.005

Loxia curvirostra 39.4 1 0.781 9 0.744 0.028 0.037

Parus ater 10.8 10 0.720 0.024 18 0.754 0.017 -0.034

Parus major 16.4 31 0.790 0.044 20 0.772 0.019 0.018

Spinus spinus 14 3 0.736 0.036 18 0.761 0.023 -0.025

Troglodytes troglodytes 9 4 0.746 0.007 16 0.757 0.016 -0.011

Turdus merula 82.6 4 0.750 0.021 12 0.761 0.024 -0.011

Turdus philomelos 62.8 6 0.825 0.036 12 0.753 0.029 0.072

108 0.76 216 0.76 0.00

The average volume of consumed oxygen from the whole time of 
metabolic rate measurement was converted into the volume at standard 
temperature and pressure and then converted to kJ day according to the 
equation: 1L of O2=15.97+5.16RQ (kJ),22 and then used as an estimate 
of the whole-organism metabolic rate. For comparison of different 
methods for measuring metabolic rate, we additionally considered 
here another common metabolic measurements–mass-specific 
metabolic rate (in kJ day-1*g) and mass-independent metabolic rate 
(residuals from regression of log metabolic rate on log body mass).

Data of metabolic rate, energetic equivalent of the 
loss body mass, lower and upper critical temperatures, 
total evaporative water loss

All of the obtained data on heat loss at rest (BMR) and the associated 
values measured (q, He, and TEWL) for all bird species for two 
seasons are summarized in Table 2. Most of the BMRs measurements 
results have been published in reviews,6–8,17,27 and entered into the 

critical analysis of Makarieva et al., 2008,29 McNab.13 As an example, 
the obtained values of energy metabolism in summer for one of the 
passerine species, the Chaffinch (Fringilla coelebs), are also presented 
in graphic. The data indicate that evaporation was minimal at TA=T1с, 
and the rate of evaporation increased at lower or higher temperatures. 
The rate of evaporation only slightly increased at TA<T1с, when the role 
of evaporative heat loss in the heat balance decreased. The dependence 
of evaporative heat loss on TA obtained from the energy equivalent in 
the species studied in this work is the same as that measured in known 
specimens with traditional methods.

Allometric analysis

In his study, Williams (Williams 1996) selected data taken at 25oC 
because this temperature is (1) at or near the lower critical temperature 
for many birds, (2) thermally not stressful for most birds, and (3) 
consistent with that chosen by Crawford and Lasiewski (1968) for 
their analysis.

Table 2 Thermoregulation energetics at rest at night, energetic equivivalent of loss body mass at rest (q, kJ/g upon TA) and total evaporative water loss (TEWL, 
g/day)at different ambient temperatures in non-Passeriformes and Passeriformes in different seasons

Species n
Body 
mass. 
g

Sea-
son

SMR. 
kJ  
bird-1

 
day-1

hl. 
kJ  
bird-

1
 

day-1 

°C-1

hu. 
kJ  
bird-1

 
day-1 

°C-1

Critical 
temperatures

BMR. 
kJ  
bird-1

 
day-1

q, kJ/g upon TA

TEWL at TA,, gH2O/day 

Lower 
°C

Upper 
°C 00C Tlc Tuc 250C

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Anseriformes

Aix sponsa 8 448 S 352.1 8.70 32.10 18.0 36.0 194.3 q=19.3-.35TA 15.5 12.9 26.0 16.0

Aix sponsa 8 468 W 357.1 8.42 34.26 17.0 36.0 205.6 q=19.3-0.37TA 19.3 16.3 34.8 21.1

Anas penelope 4 723 S 404.9 10.05 40.68 16.0 36.0 244.1 q=19.3-0.39TA 17.8 16.1 41.7 22.4

Anas penelope 4 718 W 371.0 9.20 43.4 12.1 36.0 260.4 q=18.4-0.38TA 21.0 19.5 56.0 30.0

Anas platyrhynchos 12 1020 S 535.9 13.16 70.34 14.0 37.0 351.7 q=17.2-0.33TA 26.6 24.2 63.9 34.5
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Species n
Body 
mass. 
g

Sea-
son

SMR. 
kJ  
bird-1

 
day-1

hl. 
kJ  
bird-

1
 

day-1 

°C-1

hu. 
kJ  
bird-1

 
day-1 

°C-1

Critical 
temperatures

BMR. 
kJ  
bird-1

 
day-1

q, kJ/g upon TA

TEWL at TA,, gH2O/day 

Lower 
°C

Upper 
°C 00C Tlc Tuc 250C

Anas platyrhynchos 12 1132 W 544.3 13.61 72.67 8.0 36.0 435.4 q=17.2-0.36TA 32.9 31.5 104.6 54.3

Anser anser 4 3250 S 1440.7 35.92 93.79 14.0 32.0 937.9 q=16.2-0.35TA 76.2 72.4 170.4 111.3

Falconiformes

Falco tinnunculus 4 131 A 139.4 3.62 11.17 20.0 36.0 67.0 q=21.6-0.42TA 6.7 5.2 11.7 10.5

Accipiter nisus 6 135 S 164.1 4.32 13.68 19.0 36.0 82.1 q=21.5-0.42TA 6.4 5.3 11.0 6.5

Falco subbuteo 4 208 A 224.4 5.61 18.70 20.0 35.0 112.2 q=20.9-0.41TA. 6.9 9.1 17.6 10.8

Pernis apivorus 2 652 S 400.3 9.90 25.28 20.0 34.0 202.2 q=19.9-0.43TA 17.1 15.6 34.6 18.9

Galliformes

Excalfactoria 
chinensis 6 44 S 77.0 2.00 8.78 21.0 38.0 35.15 q=28.3-0.60TA 2.3 1.9 5.8 2.3

Excalfactoria 
chinensis 6 41 W 94.6 2.32 12.67 19.0 38.0 50.7 q=28.8-0.60TA 3.4 3.0 8.6 3.8

Coturnix coturnix 4 97 S 154.1 3.85 19.26 20.0 38.0 77.0 q=27.7-0.57TA 4.6 4.0 11.6 5.0

Coturnix coturnix 4 109 W 136.9 3.44 17.9 19.0 38.0 71.6 q=24.7-0.53TA 5.9 5.1 15.7 6.5

Perdix perdix 5 483 S 373.9 9.26 51.81 18.0 38.0 207.3 q=20.0-0.42TA 15.7 14.3 47.6 19.2

Perdix perdix 5 501 W 298.1 7.83 37.26 15.0 37.0 186.3 q=21.1-0.46TA 14.7 13.6 45.8 19.9

Lagopus lagopus 6 524 S 410.7 10.27 67.20 14.0 38.0 268.8 q=20.3-0.44TA 17.1 16.4 69.0 25.5

Lagopus lagopus 6 567 W 330.3 8.21 49.66 10.0 37.0 248.3 q=19.3-0.41TA 17.8 16.9 61.1 28.3

Alectoris graeca 4 620 S 425.4 10.56 49.32 17.0 37.0 246.6 q=18.6-0.40TA 19.5 18.2 59.8 25.4

Alectoris graeca 4 633 W 335.8 8.34 43.80 14.0 37.0 219.0 q=18.8-0.38TA 18.6 16.8 47.1 24.1

Tetrao urogallus ♀ 2 3900 S 1373.3 34.3 206.00 10.0 37.0 1030.0 q=14.6-0.28TA 81.0 76.0 224.6 49.9

Tetrao urogallus ♀ 2 4010 W 1130.5 27.21 170.27 4.0 36.0 1021.6 q=14.0-0.27TA 83.5 81.7 239.9 142.8

Gruiformes

Crex crex 4 96 S 151.1 3.77 17.06 22.0 38.0 68.2 q=26.7-0.53TA 4.7 3.9 9.3 4.4

Fulica atra 3 412 S 290.6 7.14 29.38 16.0 36.0 176.3 q=19.6-0.38TA 12.6 11.3 26.9 15.3

Fulica atra 3 436 W 313.2 7.74 34.05 14.0 36.0 204.3 Q=20.1-0.42TA 16.2 14.9 41.4 21.8

Charadriformes

Charadrius dubius 4 36 S 80.0 2.00 9.00 22.0 38.0 36.0 q=29.6-0.65TA 2.2 2.0 6.7 2.3

Charadius dubius 4 44 W 82.1 2.13 10.36 19.0 38.0 41.5 q=31.0-0.65TA 2.8 2.3 6.7 2.9

Larus ridibundus 5 285 S 290.2 7.30 57.78 16.0 39.0 173.3 q=21.5-0.45TA 11.4 10.4 39.8 14.9

Larus ridibundus 5 306 W 256.2 6.36 40.20 15.0 38.0 160.8 q=21.0-0.44TA 12.7 11.7 37.8 16.5

Larus canus 3 428 S 345.0 9.60 50.24 15.0 38.0 201.0 q=20.9-0.44TA 14.0 12.1 43.9 17.8

Larus canus 3 431 W 296.2 7.86 48.58 13.0 38.0 194.3 q=20.1-0.42TA 15.3 13.8 47.8 20.8

Scolopax rusticola 4 430 S 339.6 8.91 37.35 18.0 37.0 186.7 q=21.4-0.45TA 13.4 12.1 36.2 16.2

Columbiformes

Streptopelia 
senegalensis 3 108 S 162.9 4.07 18.32 22.0 38.0 73.3 q=23.3-0.47TA 5.9 4.9 12.3 5.5

Streptopelia turtur 4 154 A 219.0 5.48 24.60 22.0 38.0 98.4 q=29.4-0.68TA 7.8 7.1 27.5 8.2

Columba livia 6 353 W 276.8 6.85 40.10 17.0 38.0 160.4 q=17.3-0.33TA 16.6 15.3 27.6 18.3

Table Continued....

https://doi.org/10.15406/ijawb.2019.04.00150


Scaling of total evaporative water loss and evaporative heat loss in birds at different ambient temperatures 
and seasons

47
Copyright:

©2019 Gavrilov et al.

Citation: Gavrilov VM, Gavrilov VV. Scaling of total evaporative water loss and evaporative heat loss in birds at different ambient temperatures and seasons. Int 
J Avian & Wildlife Biol. 2019;4(2):40‒53. DOI: 10.15406/ijawb.2019.04.00150

Species n
Body 
mass. 
g

Sea-
son

SMR. 
kJ  
bird-1

 
day-1

hl. 
kJ  
bird-

1
 

day-1 

°C-1

hu. 
kJ  
bird-1

 
day-1 

°C-1

Critical 
temperatures

BMR. 
kJ  
bird-1

 
day-1

q, kJ/g upon TA

TEWL at TA,, gH2O/day 

Lower 
°C

Upper 
°C 00C Tlc Tuc 250C

Columba livia 6 368 S 252.8 4.76 47.73 23.0 39.0 143.2 q=18.4-0.33TA 11.7 11.6 23.5 12.4

Columba palumbus 4 493 A 340.4 8.05 42.82 21.0 38.0 171.3 q=20.4-0.39TA 17.4 14.5 31.0 19.1

Psittaciformes

Melopsittacus 
undulatus 18 25.2 S 80.0 2.00 8.65 27.0 39.0 26.0 q=30.5-0.65TA 2.2 1.7 4.6 1.8

Melopsittacus 
undulatus 18 33.6 W 76.2 1.83 8.13 26.0 38.5 28.5 q=30.0-0.68TA 2.7 2.4 7.6 2.3

Agapornis 
roseicollis 6 48.1 S 114.7 2.87 13.40 26.0 39.0 40.2 q=28.0-0.60TA 3.4 2.8 8.0 2.9

Agapornis 
roseicollis 6 48.4 W 113.9 2.83 13.40 25.0 39.0 40.2 q=28.1-0.61TA 4.2 3.2 9.4 3.2

Agapornis fisheri 3 56.7 W 117.7 2.88 11.41 25.0 38.0 45.6 q=28.8-0.64TA 4.3 3.7 10.2 3.7

Nymphicus 
hollandicus 5 85.6 S 149.9 3.77 19.83 24.0 39.0 59.5 q=24.6-0.52TA 5.1 4.8 11.7 4.5

Nymphicus 
hollandicus 5 94.3 W 164.5 4.09 24.84 22.0 39.0 74.5 q=28.7-0.67TA 6.0 5.5 28.6 6.5

Cuculiformes

Cuculus canorus 4 111.6 S 161.2 4.04 18.11 22.0 38.0 72.4 q=22.7-0.42TA 6.0 4.6 9.7 5.2

Strigiformes

Asio otus 6 236 S 205.6 5.14 22.61 18.0 37.0 113.0 q=18.5-0.37TA 9.5 8.3 21.4 10.8

Caprimulgiformes

Caprimulgus 
europeus 3 77.4 S 123.9 3.10 13.92 22.0 38.0 55.7 q=23.0-0.46TA 4.5 3.7 9.2 4.2

Apodiformes

Apus apus 6 44.9 S 107.6 2.69 12.56 26.0 39.0 37.7 q=26.0-0.52TA 3.5 2.6 6.0 2.7

Coraciiformes

Alcedo atthis 4 34.3 S 87.1 2.19 8.17 25 38 32.7 q=26.7-0.57TA 2.7 2.3 5.9 2.3

Piciformes

Yynx torquilla 6 31.8 S 77.9 1.95 6.20 24.0 37.0 31.0 q=27.9-0.60TA 2.3 2.0 4.9 2.1

Dendrocopus 
major 7 98.0 S 140.3 3.49 15.50 18.0 37.0 77.5 q=23.5-0.53TA 5.0 4.8 18.3 6.7

Dendrocopus 
major 7 117.0 W 124.8 3.16 14.99 11.0 36.0 90.0 q=24.6-0.56TA 5.3 5.1 20.7 8.7

Passeriformes

Regulus regulus 22 5.5 S 38.94 0.96 4.00 27.0 38.0 12.6 q=31.0-0.67TA 1.0 0.8 2.1 0.9

Regulus regulus 22 5.5 W 34.3 0.88 3.98 21.0 38.0 15.9 q = 31.4-
0.73TA. 1.1 1.0 4.3 1.2

Estrilda troglodytes 6 7.5 S 52.3 1.31 3.24 30.0 38.0 13.0 q=33.9-0.75TA 1.3 1.0 2.2 1.1

Estrilda troglodytes 6 7.7 W 54.4 1.37 3.35 30.0 38.0 13.4 q= 34.2-0.75TA. 1.7 1.2 2.4 1.4

Tiaris canora 4 7.6 S 53.6 1.34 2.68 30.0 37.0 13.4 q=33.6-0.75TA 1.3 1.1 2.1 1.2

Tiaris canora 4 7.8 W 54.4 1.37 2.68 30.0 37.0 13.4 q= 34.2-0.75TA. 1.7 1.2 2.4 1.4

Phylloscopus 
collybita 6 8.2 A 41.0 1.05 2.37 25.5 36.0 14.2 q = 30.2-

0.70TA . 1.4 1.2 2.9 1.2

Table Continued....
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Species n
Body 
mass. 
g

Sea-
son

SMR. 
kJ  
bird-1

 
day-1

hl. 
kJ  
bird-

1
 

day-1 

°C-1

hu. 
kJ  
bird-1

 
day-1 

°C-1

Critical 
temperatures

BMR. 
kJ  
bird-1

 
day-1

q, kJ/g upon TA

TEWL at TA,, gH2O/day 

Lower 
°C

Upper 
°C 00C Tlc Tuc 250C

Aegithalos caudatus 17 8.9 S 42.7 1.06 3.43 24.0 37.0 17.2 q=29.3-0.63TA  1.2 1.0 2.6 1.1

Aegithalos caudatus 17 8.8 W 41.0 1.01 4.35 19.0 37.0 21.8 q = 29.1-
0.68TA. 1.5 1.4 5.6 1.9

Troglodytes 
troglodytes 16 9.0 S 48.9 1.22 3.07 25.0 36.0 18.4 q=31.9-0.70TA 1.3 1.1 2.5 1.1

Troglodytes 
troglodytes 16 9.2 W 46.1 1.17 3.49 21.5 36.0 20.9 q= 31.7-0.75TA. 1.5 1.4 4.5 1.7

Uraeginthus 
bengalis 5 9.1 S 54.4 1.37 2.68 30.0 37.0 13.4 q=32.8-0.71TA 1.4 1.0 1.8 0.8

Uraeginthus 
bengalis 5 9.2 W 52.3 1.31 2.85 29.0 37.0 14.2 q= 33.0-

0.73TA. 1.7 1.2 2.4 1.4

Phylloscopus 
sibilatrix 4 9.2 S 47.7 1.20 3.77 27.0 38.0 15.1 q=31.9-0.69TA 1.2 1.0 2.4 1.0

Lonchura striata 6 10.1 S 67.4 1.80 2.86 28.0 36.0 17.2 q=31.9-0.69TA 1.7 1.2 2.2 1.3

Lonchura striata 6 10.3 W 51.9 1.29 3.70 26.0 37.0 18.4 q= 31.9- 
0.72TA. 

1.7 1.4 3.5 1.5

Sylvia curruca 8 10.6 S 49.4 1.22 4.3 26.5 38.0 17.2 q=30.3-0.67TA 1.4 1.2 3.3 1.2

Phylloscopus 
trochilus 7 10.7 W 51.9 1.31 3.60 26.0 37.0 18.0 q=28.6-0.63TA. 1.9 1.5 3.4 1.5

Acrcocephalus 
palustris 4 10.8 S 57.8 1.44 3.5 28.0 37.0 17.6 q=32.1-0.71TA 1.5 1.3 2.7 1.3

Parus ater 18 10.8 S 46.9 1.15 4.10 23.0 37.0 20.5 q=28.5-0.63TA 1.4 1.6 3.6 1.4

Parus ater 18 11.0 W 44.4 1.10 4.69 19.0 37.0 23.4 q= 28.2-
0.66TA. 

1.7 1.5 6.2 2.1

Taeniopygia 
castanotis 14 11.7 S 78.7 2.03 3.93 29.0 37.0 19.7 q=36.5-0.72TA 1.8 1.1 1.7 1.3

Taeniopygia 
castanotis 14 11.8 W 66.2 1.65 4.02 28.0 37.0 20.1 q= 36.7-

0.83TA. 
1.9 1.5 3.4 1.5

Acrocephalus 
schoenobaenus 3 11.5 S 56.5 1.39 3.14 27.0 36.0 18.8 q=30.2-0.63TA 1.6 1.2 2.1 1.3

Ficedula hypoleuca 9 11.7 A 50.2 1.26 4.01 24.0 37.0 20.1 q= 28.5-
0.63TA.

1.8 1.5 3.9 1.6

Hippolais icterina 6 12.5 S 54.0 1.34 7.26 24.0 39.0 21.8 q=33.0-0.71TA 1.4 1.2 3.7 1.2

Acanthis flammea 16 14.0 S 51.9 1.29 3.09 21.0 34.0 24.7 q=26.3-0.61TA 1.7 1.9 4.8 2.4

Acanthis flammea 16 14.3 W 59.9 1.31. 3.66 17.0 34.0 29.3 q= 25.8-
0.64TA. 2.4 2.0 7.4 3.1

Phoenicurus 
phoenicurus 4 13.0 S. A 50.2 1.26 5.02 24.0 38.0 20.1 q=30.1-0.65TA 1.4 1.2 3.4 1.3

Serinus canaria 5 13.3 A 49.4 1.25 3.28 24.0 36.0 19.7 q= 26.2-
0.63TA. 2.0 1.6 3.7 1.7

Riparia riparia 3 13.6 A 56.9 1.41 4.02 26.0 37.0 20.1 q=28.0-0.59TA 1.7 1.4 2.9 1.4

Phoenicurus 
ochruros 3 13.9 S 52.3 1.31 5.23 24.0 38.0 20.9 q=30.9-0.67TA 1.4 1.2 2.9 1.3

Spinus spinus 18 14.0 S 52.8 1.31 5.02 21.0 37.0 25.1 q=26.8-0.60TA 1.6 1.5 5.0 1.9

Spinus spinus 18 14.2 W 51.9 1.30 4.74 18.0 36.0 28.5 q=26.3-
0.62TA3 2.1 2.0 7.2 2.7

Saxicola rubetra 4 14.3 S 59.0 1.46 5.23 26.0 38.0 20.9 q=28.8-0.61TA 1.7 1.4 3.4 1.4

Table Continued....
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Species n
Body 
mass. 
g

Sea-
son

SMR. 
kJ  
bird-1

 
day-1

hl. 
kJ  
bird-

1
 

day-1 

°C-1

hu. 
kJ  
bird-1

 
day-1 

°C-1

Critical 
temperatures

BMR. 
kJ  
bird-1

 
day-1

q, kJ/g upon TA

TEWL at TA,, gH2O/day 

Lower 
°C

Upper 
°C 00C Tlc Tuc 250C

Muscicapa striata 3 14.4 S 60.3 1.51 5.34 26.0 38.0 21.3 q=29.6-0.63TA 1.7 1.4 3.4 1.4

Motacilla flava 2 14.7 S 63.2 1.59 5.55 26.0 38.0 22.2 q=30.4-0.65TA 1.7 1.4 3.5 1.5

Tarsiger cyanurus 5 14.8 W 45.2 1.21 4.10 22.0 37.0 20.5 q= 27.4-0.61TA 1.7 1.5 5.3 1.7

Parus major 20 16.4 S 62.4 1.56 4.76 22.0 36.0 28.5 q=25.2-0.53TA 2.1 1.8 4.2 2.1

Parus major 20 17.1 W 58.6 1.46 5.37 18.0 36.0 32.2 q= 27.0-0.63TA 2.3 2.1 7.6 3.0

Carduelis carduelis 6 16.5 W 53.2 1.39 6.03 16.5 37.0 30.1 q= 25.1-
0.60TA. 2.2 2.1 10.4 3.1

Prunella modularls 4 16.8 A 62.4 1.56 4.68 22.0 36.0 28.1 q= 27.8-
0.64TA. 2.4 2.1 5.9 2.5

Acanthis cannabina 4 16.9 A 62.8 1.60 4.89 21.0 36.0 29.3 q=26.2-0.61TA. 2.5 2.3 7.0 2.7

Emberiza 
schoeniclus 3 17.6 A 60.3 1.49 4.32 23.0 36.0 26.0 q= 26.0-

0.58TA. 2.4 2.1 5.2 2.3

Erithacus rubecula 18 17.6 S 73.7 1.76 5.19 25.0 37.0 26.0 q=33.6-0.78TA 1.8 1.6 5.0 1.6

Erithacus rubecula 18 17.6 W 65.3 1.64 4.86 25.0 37.0 24.3 q= 24.6-
0.51TA. 

2.8 2.1 4.3 2.1

Parus varius 5 17.7 W 59.0 1.48 5.15 19.0 36.0 31.0 q= 27.2-
0.64TA. 

2.3 2.1 7.4 2.8

Hirundo rustica 4 18.4 S 74.3 2.20 6.50 22.0 38.0 26.0 q=31.3-0.72TA 2.0 1.4 6.1 1.7

Motacilla alba 8 18.0 S 64.5 1.60 4.31 24.0 36.0 26.0 q=29.5-0.68TA 1.8 1.7 4.7 1.8

Motacilla alba 8 18.2 W 62.4 1.59 4.05 24.0 36.0 24.3 q= 29.7-
0.68TA. 

2.2 1.9 4.7 2.0

Authus pratensis 3 18.9 S 66.1 1.67 6.50 24.0 38.0 26.0 q=29.9-0.66TA 1.8 1.7 5.8 1.7

Anthus trivialis 5 19.7 A 73.7 1.85 4.88 24.0 36.0 29.3 q= 34.9-
0.85TA. 

2.2 2.1 6.9 2.2

Luscinia svecica 3 20.8 S 73.3 1.84 7.75 23.0 38.0 31.0 q=32.8-0.71TA 1.8 1.6 4.8 1.8

Fringilla coelebs 35 21.0 S 73.3 1.82 5.37 22.5 36.0 32.2 q=26.9-0.56TA 2.3 1.9 4.3 2.2

Fringilla coelebs 35 20.8 W 77.0 1.95 6.35 20.0 36.0 38.1 q= 26.9-
0.59TA. 

3.0 2.6 6.8 3.2

Fringilla 
montifringilla 12 21.0 A 67.0 1.65 5.51 20.0 36.0 33.1 q= 24.8-

0.55TA. 
2.8 2.5 6.7 3.1

Sylvia nisoria 3 21.3 S 77.9 1.95 8.27 23.0 38.0 33.1 q=29.8-0.64TA 2.2 1.9 6.7 2.1

Sylvia nisoria 3 21.4 W 70.2 1.92 5.60 22.0 37.0 28.0 q= 28.1-
0.63TA. 2.6 2.0 5.9 2.3

Carpodacus 
erythrinus 14 21.2 S 85.0 2.13 7.95 25.0 38.0 31.8 q=35.6-0.78TA 2.0 1.7 4.8 1.7

Carpodacus 
erythrinus 14 21.6 W 78.3 1.97 7.74 24.0 38.0 31.0 q= 36.0-

0.83TA. 2.3 2.0 7.0 2.1

Anthus campestris 2 21.8 S 73.3 1.83 8.27 22.0 38.0 33.1 q=31.5-0.70TA 1.9 1.8 6.1 2.0

Sylvia atricapilla 8 21.9 A 71.2 1.76 7.20 20.0 37.0 36.0 q= 25.5-
0.56TA. 2.9 2.6 7.6 3.2

Emberiza hortulana 8 24.3 S 86.7 2.20 9.00 23.0 38.0 36.0 q=25.6-0.54TA 2.8 2.4 6.4 2.6

Emberiza hortulana 8 27.0 W 78.7 1.98 7.03 22.0 37.0 35.2 q= 26.0-
0.57TA. 3.2 2.7 7.3 3.1

Passer montanus 7 22.0 S 75.4 1.80 6.80 23.0 37.0 34.0 q=22.5-0.44TA 2.8 2.4 4.9 2.6

Table Continued....
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q, kJ/g upon TA

TEWL at TA,, gH2O/day 

Lower 
°C

Upper 
°C 00C Tlc Tuc 250C

Passer montanus 7 22.3 A 69.9 1.74 5.86 20.0 36.0 35.2 q= 23.5-
0.51TA. 

3.1 2.7 7.0 3.6

Passer domesticus 
bactrianus 32 23.0 S 75.4 1.89 7.95 23.0 38.0 31.8 q=26.5-0.55TA 2.4 2.0 5.1 2.2

Passer domesticus 
bactrianus 32 23.2 W 75.4 1.89 7.95 25.0 38.0 31.8 q= 27.5-0.57TA 2.9 2.5 5.6 2.5

Sylvia borin 12 24.8 A 79.5 1.98 6.00 22.0 36.0 36.0 q= 26.5-
0.60TA. 

3.1 2.8 7.4 3.2

Passer domesticus 33 26.5 S 92.1 2.27 8.21 22.5 37.0 41.0 q=23.9-0.52TA 3.2 2.9 8.0 3.3

Passer domesticus 33 26.4 W 90.4 2.29 7.05 21.0 36.0 42.3 q= 24.0-
0.53TA. 

3.9 3.5 8.7 4.0

Emberiza citrinella 27 26.8 S 77.5 1.94 7.54 20.5 37.0 37.7 q=23.5-0.51TA 2.8 2.5 7.5 3.1

Emberiza citrinella 27 27.4 W 71.6 1.78 7.18 16.0 36.0 43.1 q= 23.4-
0.55TA. 

3.2 3.1 12.0 4.6

Lanius collurio 4 27.0 S 82.9 2.08 6.61 24.0 37.0 33.1 q=27.2-0.59TA 2.5 2.2 5.5 2.3

Chloris chloris 17 28.2 S 81.2 2.03 6.84 20.0 36.0 41.0 q=23.1-0.51TA 3.0 2.8 8.0 3.5

Chloris chloris 17 29.0 W 80.4 2.15 8.03 16.0 36.0 48.1
q= 24.0-
0.55TA. 3.5 3.3 11.6 4.8

Loxia curvirostra 9 39.4 S 90.0 2.24 8.65 13.0 36.0 51.9 q=21.9-0.50TA 3.5 2.9 12.2 4.9

Loxia curvirostra 9 42.7 W 86.2 2.16 8.31 14.0 35.0 58.2
q= 22.9-
0.54TA. 3.9 3.9 14.7 6.4

Pyrrhula pyrrhula 11 30.4 W 80.0 2.15 7.95 15.0 36.0 47.7
q= 23.1-
0.53TA. 3.6 3.3 12.0 5.0

Lullula arborea 7 33.2 A 86.2 2.14 7.05 20.5 36.0 42.3
q= 25.2-
0.58TA. 3.6 3.3 9.9 4.1

Coccothraustes 
coccothraustes 4 48.3 A 105.1 2.63 8.61 17.0 36.0 60.3

q= 21.8- 
0.49TA. 5.0 4.6 14.5 6.4

Loxia pytiopsittacus 6 53.7 W 100.5 2.51 9.87 12.5 35.0 69.1
q= 22.0-
0.54TA. 4.8 4.7 22.4 8.3

Turdus iliacus 9 58.0 W 125.6 3.16 10.4 20.0 36.0 62.4 q= 25.1-
0.57TA. 5.2 4.7 13.7 5.9

Turdus philomelos 12 62.8 S 132.3 3.31 12.56 21.0 37.0 62.8 q=22.7-0.49TA 4.9 4.4 12.5 5.3

Turdus philomelos 12 64.0 W 125.6 3.09 10.89 19.5 36.0 65.3 q= 23.0-
0.52TA. 5.7 5.2 15.3 6.7

Oriolus oriolus 3 64.9 S 123.9 3.10 11.22 22.0 37.0 56.1. q=25.6-0.54TA 4.1 3.5 9.1 3.7

Lanius excubitor 4 72.4 A 127.7 3.18 10.04 18.0 35.0 70.3 q= 22.1-
0.50TA. 6.0 5.5 15.5 7.5

Bombycilla garrulus 6 72.5 A 124.8 3.02 11.79 14.0 35.0 82.5 q= 20.9-
0.49TA. 6.2 6.1 21.9 9.8

Sturnus vulgaris 13 75.0 A 136.5 3.47 12.91 17.0 36.0 77.5 q= 21.3-
0.46TA. 6.7 5.9 16.7 8.1

Pinicola enucleator 5 78.4 W 137.3 2.09 13.40 13.0 35.0 93.8 q= 20.8-
0.49TA. 6.9 6.7 25.5 11.3

Turdus merula 12 82.6 S 139.0 3.45 13.40 17.0 36.0 80.4 q=22.2-0.44TA 5.3 4.7 11.3 6.3

Turdus merula 12 83.0 W 137.8 3.44 12.80 14.0 35.0 89.6 q= 21.7-
0.48TA. 6.6 6.2 18.5 9.5

Turdus viscivorus 9 108.2 W 155.8 3.77 19.09 16.0 37.0 95.5 q= 20.4-
0.43TA. 8.0 7.3 21.0 10.1

Table Continued....
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Nucifraga 
caryocatactes 11 147.0 W 189.2 4.86 19.40 15.0 36.0 116.4 q= 18.4-

0.39TA. 10.7 9.5 26.7 13.9

Garrulus glandarius 13 153.0 W 190.1 4.69 19.97 15.0 36.0 119.7 q= 19.3-
0.42TA. 10.2 9.5 28.8 13.9

Pica pica 6 202.0 W 221.1 6.22 24.79 13.0 36.0 148.6 q= 16.7-
0.36TA. 13.7 12.8 40.4 19.7

Coleus monedula 9 209.0 S 238.0 5.93 26.24 18.0 37.0 131.2 q=19.2-0.40TA 10.5 9.5 27.3 12.6

Coleus monedula 9 215.0 W 222.7 5.63 26.80 11.0 36.0 160.8 q= 16.9-
0.37TA. 13.7 13.0 44.9 21.3

Corvus frugilegus 5 390.0 W 302.7 7.66 37.68 10.0 36.0 226.1 q=17.6-0.37TA. 17.9 16.8 53.1 27.9

Corvus corone 
cornix 11 518.0 S 394.4 9.78 47.82 11.0 36.0 286.8 q=16.2-0.32TA 20.9 19.6 55.6 31.0

Corvus corone 
cornix 11 540.0 W 388.1 9.55 55.13 6.0 36.0 330.8 q= 16.3-0.34TA 24.7 23.9 81.4 43.3

Cornus ruficollis 4 660.0 W 391.5 9.80 58.70 10.0 37.0 293.5 q= 17.1-0.35TA 23.8 22.3 70.5 35.8

Corvus corax 7 1203.0 S 629.7 15.37 79.34 10.0 36.0 476.1 q=15.1-0.31TA 35.9 34.5 112.3 58.1

Corvus corax 7 1208 W 574.5 14.03 86.39 4.0 36.0 518.3 q= 15.1- 
0.31TA.

39.4 38.5 133.9 71.5

Table Continued....

Evaporative water loss of/for the entire Aves (based 
on combined data from this and Williams’ studies)

After combining the data for 102 species of birds from obtained by 
Williams12 and our data for 157 species of birds at thermally neutral 
temperatures (mostly 25oC) to improve the statistical significance, the 
relationship between TEWL and body mass is: TEWL25oC Aves = 
0.28 m0.70, R2 = 0.92, where TEWL is expressed as g H2O/day and 
m is body mass (g). Comparison of our data for TEWL, obtained 
through measurement of the energy equivalent of the body mass loss 
(q) and calculated for the same temperature (25°C), with the results 
obtained by traditional methods (Williams 1996) revealed good 
agreement between the two methods: TEWL25°C Williams, all= 0.29 
m0.68, R2=0.90; TEWL25oC This study, all=0.27 m0.71, R2=0.93. The 
differences are not significant. (The difference in slope is ns F=1.4578, 
p=0.2284; the difference in the y-intercepts is ns F=0.8987, p=0.344).

Because the evaporative heat of 1 gram of water is equal to 2.4 
kJ,28 we calculated total heat loss by evaporation (He) as TEWL/2.4 
(Figure 4). In the next figures we include He along with TEWL. 
Since McNab,13,14 has convincingly demonstrated that Passeriformes 
and Non-Passeriformes birds differ in their basal metabolic rate. We 
analyzed the water loss separately for these groups. Our data allow 
calculation of the allometric relationships for three different thermo 
neutral ambient temperatures and separately for passerines and non-
passerine birds (Figures 5-7). The statistical significance of each 
pair of equations as the slope and y-intercept for Passeriformes and 
Non-Passeriformes. Only at TA=25°C do the equations differ in both 
the slope and y-intercept. The relationship between TEWL and body 
mass shows that the ratio of TEWL to body mass in passerine birds is 
higher than in Non-passerine birds’ at all ambient temperatures (Tlc, 

25°C, and Tuc). Evaporative heat loss (He) dissipates 10-16% of heat 
at 0oC (Figure 8), 16.2-20% at Tlc and 40-65% at Tuc. At low TA, the 
role of heat loss through evaporation is low, and virtually all of the 
energy used in thermoregulation is expended through conduction, 
convection and radiation. Evaporative heat loss increases significantly 
in the thermo neutral zone, even though the birds increase thermal 
conductance. Evaporation accounted for 100% of the heat loss at TA 
> Tuc. The contribution of He to total heat loss increased more than 
6-fold with a temperature increase from 0°C to Tuc, whereas the amount 
of evaporated water (TEWL) increased no more than three times.

Figure 4 Total evaporative water loss (TEWL, gH20 per day, the left ordinate) 
and evaporative heat loss (He, kJ per day, the right ordinate) at TA=25oC as a 
function of body mass (m, g) in all birds.
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Figure 5 Total evaporative water loss (TEWL, gH20 per day, the left ordinate) 
and evaporative heat loss (He, kJ per day, the right ordinate)at TA=25oC as a 
function of body mass (m, g) in Passeriformes and Non-Passeriformes.

Figure 7 Total evaporative water loss (TEWL, gH20 per day, the left ordinate) 
and evaporative heat loss (He, kJ per day, the right ordinate) at TA=Tuc as a 
function of body mass (m, g) in Passeriformes and Non-Passeriformes.

Figure 6 Total evaporative water loss (TEWL, gH20 per day, the left ordinate) 
and evaporative heat loss (He, kJ per day, the right ordinate)at TA=Tlc as a 
function of body mass (m, g) in Passeriformes and Non-Passeriformes.

Figure 8 Total evaporative water loss (TEWL, gH20 per day, the left ordinate) 
and evaporative heat loss (He, kJ per day, the right ordinate)at TA=0oC as a 
function of body mass (m, g) in Passeriformes and Non-Passeriformes.

Discussion
This paper presents the stoichiometric approach to calculation of 

total evaporative water loss and relationship between evaporative and 
non-evaporative heat loss in Passeriformes and Non- Passeriformes 
birds. The total evaporative water loss constitutes a part of the 
heat balance of the animal, especially large and important in 
warm conditions.30–43 Several studies have shown that the rates of 
evaporative heat loss can exceed the energetic metabolic rates.10,44–49 
The rate of heat dissipation proportional to the total evaporative 
water loss (TEWL) is strongly influenced by both acclimatization 
and, presumably, natural selection, and thus varies among species.50 
It is assumed that TEWL relates to the metabolic rate.51,52 The body 
mass loss of a bird in the post-absorptive stage at а constant relative 

humidity is primarily determined by water evaporation. A major 
advantage of this method for determining TEWL at low ambient 
temperatures is that condensation or freezing of water vapor does 
not affect measurement accuracy, as is the case for measurements of 
humidity, dew point, or water vapor pressure.

The analysis suggests that the slope of the Williams (1996) equation, 
0.68, should fit the relationship between TEWL and the body mass 
for birds in Williams study (n=102) at TA=25oC. A slope of 0.70 was 
found for all birds–both Williams’ and this study (n=102+157=259) 
at TA=25oC. Separation of the data into groups (Passeriformes and 
Non-Passeriformes) increases the slopes of the equations. There 
are differences between Passeriformes and Non-Passeriformes at 
TA=25oC, TA=0oC, TA= Tlc, and TA= Tuc. At TA=25oC, the differences 
are in both the slope and intercepts. The basal metabolic rate (BMR) 

https://doi.org/10.15406/ijawb.2019.04.00150


Scaling of total evaporative water loss and evaporative heat loss in birds at different ambient temperatures 
and seasons

53
Copyright:

©2019 Gavrilov et al.

Citation: Gavrilov VM, Gavrilov VV. Scaling of total evaporative water loss and evaporative heat loss in birds at different ambient temperatures and seasons. Int 
J Avian & Wildlife Biol. 2019;4(2):40‒53. DOI: 10.15406/ijawb.2019.04.00150

and the total evaporative water loss (TEWL) are believed to have 
occurred in conjunction with life-history traits often assumed to be 
characteristics of the animal. As we believe that non-passerine birds 
and passerines have different levels of basal metabolic rate, we give 
a lot of attention to the TEWL in the thermoneutral zone. Allometric 
equations were derived for the dependence of the total evaporative 
water loss (TEWL, g/day) on the body mass at various TA (0°C, Tlc, and 
Tuc) for winter and summer in Passerine and Non-passerine birds. The 
dependencies were analyzed with respect to the differences in the BMR 
levels of these two groups according McNab’s publications (2009, 2016). 
The dependences of the evaporative water loss on the body mass at 
various TA (0°C, Tlc, and Tuc) were different, as were the ratios between 
evaporative and non-evaporative heat dissipation. Only at T1с did the 
evaporative water loss increase in parallel with the metabolic rate: at 
Tuc, large-bodied birds dissipated more heat by evaporation than small 
birds. The slopes of the regression lines for TEWL increased for both 
Passerine and Non-passerine birds, reflecting increasing difficulties in 
main taining heat balance in large-bodied birds at high TA. The total 
evaporative water loss at ambient temperature (25oC) was summarized 
in two oft-quoted reports. This equation gives similar values of 
evaporative water losses to those determined by the above-described 
and conventional methods.

The percentage of heat dissipated by water evaporation also 
depends on the body size. At Tlc, it was equal to 17-18% in birds of 
various sizes. Experiments showed that the evaporative heat loss 
accounts for approximately 40-60% of the heat produced by BMR at 
TA=Tuc; this fraction increased with the body size (m0.007) in Passerines 
and showed virtually no increase in Non-passerines. The water loss 
increased with body size (m0.17) in Passerines because of forced 
evaporative heat loss. In Non-passerine birds, there were nearly equal 
increases in the evaporative water loss and metabolic rate: m0.73 in the 
summer and m0.69 in the winter, suggesting that this group maintained 
the heat balance even at Tuc.

At 0°C and Tlс, the lines describing the effects of the evaporative 
and non-evaporative heat losses on the body mass do not intersect in 
the range of real sizes; however, at Tuc, the lines of regression for He and 
Hs intersect at a body mass of approximately 25g in Passeriformes.6–8 
These facts show that relatively larger passerine birds at high ambient 
temperatures find it more difficult to maintain their heat balance. These 
birds must use additional water evaporation to maintain their heat 
balance. A high BMR level includes not only with advantages to have 
higher productive energy and to breed at lower ambient temperatures 
but its maintenance also requires a definite cost. A large expenditure 
of evaporative water determines the cost. This expenditure increased 
with the body size in Passeriformes due to the forced evaporative heat 
loss and showed virtually no increase in Non-Passeriformes. This 
dependence at TA equal to 0°C, Tlc, and Tuc varies in the same way as 
the relationship between evaporative and non-evaporative heat loss.6-8 
The total amount of water evaporated in the neutral thermal zone (at Tlc 
or Tuc) was considerably greater in Passerines than in Non-passerines (by 
approximately 40%). This is in agreement with differences in the levels 
of BMR at Tlc between the two groups.13,14 Thus, a large expenditure of 
evaporative water reflects the cost of the advantages of BMR increase 
and results in a higher energetic capability.

Conclusion
Evaporation is a necessary attribute of the conservation of 

heat balance, but it is largely derived from the metabolic rate, 
ambient temperature and relative humidity. Evaporation is caused 

by different gradients of water absorption at various temperatures 
and the difference between the density of the saturating vapor and 
the actual density of vapor fed into the system from the surfaces of 
respiratory organs and skin (the experiments were performed at а 
constant relative humidity, and we did not use dried air, which would 
stimulate evaporation). The basal metabolic rate and non-evaporative 
thermal conductance are fundamental parameters of energetics 
and determine the level of physiological organization. BMR and 
‘dry’ thermal conductance are dependent on the architecture of the 
circulatory and respiratory systems and on plumage insulation. Non-
evaporative thermal conductance is more of an order characteristic 
because it is the thermal conduction that reflects the architectonics 
of the circulatory system and the abilities of the vasomotor reactions. 
Thus, hl and BMR are integrated parameters of the functioning of the 
systems associated with the assimilation of oxygen and maintaining 
constant body temperature. 

These findings suggest that the high level of basal metabolism in 
Passeriformes in comparison to Non-Passeriformes determines the 
necessity for them to utilize con siderably greater amounts of water 
for evaporation to maintain a sufficient heat balance at high ambi-
ent temperatures. This requirement imposes strong limitations on 
the range of body sizes in this group, and despite the consider able 
ecological and energy advantages (high maximal existence metabolic 
rate, MPE and an ability to breed at low ambient temperatures) of 
such high BMR levels, this pattern is not often found in other groups of 
endothermic animals. A considerable evaporative water loss reflects 
the cost of the higher BMR and energy capacities of Passerines in 
comparison with Non-passerines and other orders of endothermic 
animals. As shown in the previous study,7,8 an increase in BMR 
results in an increase in the maximal existence metabolic rate and 
potential productive energy, which expands the ecological capability. 
These energetic changes in Passeriformes confer many benefits but 
minimize the optimal sizes. Analysis of the allometric regressions 
for the energetic parameters shows that Passerines with a body mass 
ranging from 5–150 g have significantly higher productive energy 
than Non-Passeriformes.7,8 About 80% of Passeriformes species have 
body mass in this range. Thus, a large expenditure of evaporative 
water is the costs of the higher BMR in Passeriformes than in Non-
Passeriformes and result in a higher productive energy.53
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