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ABSTRACT

A procedure is described for the accurate determination of the
maintenance nitrogen requirement (MNR) of small granivo-
rous birds. When used with the zebra finch (Taeniopygia gut-
tata), it yielded a MNR of 403 mg kgW �0.75 d�1. This is lower
than most other passerines so far measured and more similar
to some nonpasserine species. Similarly, the value for endog-
enous nitrogen loss estimated for the zebra finch (153 mg
kgW �0.75 d�1) is less than that for passerines in general but
higher than the nonpasserine value. We suggest that the low
MNR of the strictly granivorous zebra finch is primarily an
adaptation to seed diets in which high-quality protein is a lim-
iting factor. Comparison with a wider range of species reported
in the literature was restricted because inappropriate methods
have been used to estimate MNR in many cases, including the
use of growing or reproducing birds and the assumption that
maintenance of body mass necessarily coincides with mainte-
nance of zero nitrogen balance.

Introduction

The maintenance protein requirement or maintenance nitrogen
requirement (MNR) of an animal is the amino acid or nitrogen
intake required to balance obligatory losses, including endog-
enous urinary nitrogen (EUN) and metabolic fecal nitrogen
(MFN). EUN is related to the metabolic body mass of the
animal, while MFN is closely related to dry-matter intake and
the physical characteristics of the diet (Robbins 1993). MFN is
not separated from EUN in birds. MNR is estimated using
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captive animals but has not been shown to differ in the wild
(Klasing 1998). It therefore has predictive value when studying
the nutritional strategies of free-living animals.

MNRs have been estimated for several species of eutherian
(Robbins 1993) and marsupial (Hume 1999) mammals, but
relatively few MNRs have been published for birds. Robbins
(1981, 1993) reviewed the avian literature and on each occasion
produced a composite regression of N output on N intake for
all birds from the presented data. From the regression equa-
tions, he proposed a value of MNR for all birds. Klasing (1998)
also reviewed the literature and, where possible, calculated
MNRs for individual species from the presented data. Unfor-
tunately, most of the data used by Klasing (1998) are not suit-
able for such an exercise because the experiments were designed
for other purposes, and change in body mass was the main
measure of performance. It is not often possible to equate
maintenance of body mass with N equilibrium, especially in
growing animals (Robbins 1993). Witmer (1998) showed a par-
allel between relative change in body mass and energy assim-
ilated, rather than with N balance, for three species of avian
frugivores. Also, for nonherbivores, MNR depends not only on
the rate of obligatory N losses but also on the quality of the
dietary protein, both its digestibility and its amino acid balance
(Robbins 1993). MNR may also be influenced by the evolu-
tionary history and dietary niche of a species (Hume 1999).

The zebra finch (Taeniopygia guttata) is an arid-zone, gra-
nivorous passerine found throughout much of inland Australia
(Schodde and Mason 1999). It is also a commonly held cage
bird worldwide. Dietary protein demand above maintenance
of the individual has been recognised as a controlling factor in
the timing of breeding by this strictly granivorous species (Allen
and Hume 1997). We were interested to compare the zebra
finch’s MNR with those of other granivorous birds for which
reliable information is available. This article describes how we
estimated the MNR of the zebra finch and how its MNR com-
pares with values published for other avian species. In doing
so, we highlight a number of methodological problems that
must be addressed in this type of study.

Material and Methods

Both domestic and wild zebra finches were used. The domestic
birds were purchased from aviculturists and pet shops in Goul-
burn and Albury, New South Wales, or were bred in an outside
aviary at Albury from this stock. The wild population was
captured with mist nets at Griffith, New South Wales. All birds
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were colour banded so that individuals and groups could be
readily identified. The birds were housed together in an outdoor
aviary for at least 6 mo before use so that any differences
detected between the populations were not likely to be due to
different acclimatization backgrounds.

In the laboratory, birds were maintained within their ther-
moneutral zone (at �C; Calder 1964; Calder and King33� � 1
1974; Williams and Main 1976; Kendeigh et al. 1977) and
between 25% and 35% relative humidity in individual

-cm-high wire cages on a 14L : 10D photope-27 # 21 # 34
riod. Water was supplied ad lib. in 100-mL dispensers attached
to the outside of the cages to avoid fouling by, and loss of,
excreta. Food and washed sand were provided in feeders hang-
ing inside the cages. A piece of cuttlebone (internal shell of
cuttlefish, family: Sepiidae) was hung in each cage, and vi-
tamin mix (Avi-Drops; Vetsearch International, Sydney) was
added to the water (0.1 mL 30 mL�1). To avoid losses of
excreta and food residues, the sides of the cages were wrapped
in polyethylene film (Glad-Wrap; Glad Products of Australia,
Sydney), and the plastic bases of the cages were replaced with

-cm-deep stainless steel trays.30 # 24 # 4
A precollection period of 14 d was used to familiarise 26

birds (13 wild, 13 domestic) with experimental cages and diets.
Twenty birds were offered whole-seed diets of panicum (n p

) or white millet ( ) (two cultivars of Panicum miliaceum)7 n p 6
or canary seed ( ; Phalaris canariensis) (Hartley 1979). Forn p 7
each seed diet, grains of the N diluent sago (Metroxylon sp.)
were added on top of the seed for two or three of the birds,
rice (Oryza sativa) that had been ground and sieved to ap-
proximately the size of panicum seeds was similarly offered to
another two birds, while the remaining two birds on each cereal
grain diet received no diluent. A further six birds were offered
a low-protein pelleted diet prepared from a mixture of 33%
milled panicum seed and 67% rye (Secale cereale) flour. The
moistened mixture was rolled through a spaghetti maker, air
dried, and hand crumbled to pellets approximately the size of
panicum seeds. The zebra finch is strictly granivorous (Lea and
Gray 1936; Morton and Davies 1983; Barker and Vestjens 1989;
Zann 1996), so we did not use commercial poultry-feed-based
diets (El-Wailly 1966), which have a different amino acid profile
due to their high meat-meal content (Harvey 1970).

All birds were weighed to 0.01 g on a Sartorius top-loading
electronic balance at the beginning and end of the 7-d collection
period. Uneaten food, sand containers, and loose debris in the
bottoms of the cages were all sorted by hand under an illu-
minated magnifier (Maggylamp) to separate remaining seed
and husks from excreta. A small amount of unsortable debris
(less than 0.1 g) consisting of sand, fragments of seed husk,
and white powdered material originating from excreta and/or
cuttlebone was retained for separate analysis. The trays, cage
bars, perches, and polyethylene wrapping were first scraped
with a plastic spatula and then scrubbed with pieces of wet
filter paper (which became part of the sample) to collect the

remaining excreta. Samples of each foodstuff, collections from
each cage including food residues, cuttlebone, excreta, and filter
paper, were dried to constant mass in a fan-forced oven at
100�C to determine dry matter and as preparation for N
analysis.

Dried samples were first weighed to 0.001 g and then ground
(in all cases except the excreta plus paper) to a fine, visually
homogeneous powder using a small (Janke and Kunkel) lab-
oratory mill. The grinder was emptied by inverting onto a sheet
of glass, and duplicate representative portions of approximately
0.5 g were obtained by repeated splitting. Satisfactory subsam-
pling of the nonhomogeneous mixture of pulped paper and
excreta could not be achieved, so all collected material was
analysed in order to eliminate errors due to unrepresentative
samples. All samples were analysed for total N by the semi-
micro Kjeldahl method using selenium catalyst and apparatus
as described by Ivan et al. (1974).

Intake and excretion rates were expressed on a metabolic
mass basis (kgW 0.75) for ease of comparison with other studies
(Murphy 1993; Robbins 1993; Witmer 1998). Statistical anal-
yses of the data were carried out using SYSTAT (Wilkinson
1988), and graphs were prepared using the associated high-
resolution graphics module SYGRAPH. The initial body masses
of population samples (wild/domestic and male/female) were
compared using the nonparametric independent samples
Mann-Whitney U-test. Body mass changes during collection
periods were compared using the related-samples Wilcoxon
signed ranks test. N balance (the difference between N intake
and total N output) was regressed against dietary N intake, and
the linear regression with 95% confidence band for N balance
was drawn. Regressions of the data for wild and domestic pop-
ulations were compared using the analysis of covariance
method described by Snedecor and Cochran (1989). Males and
females were similarly compared.

The regression equation for all 26 birds was solved for
to calculate endogenous N loss at zero N intake. Thex p 0

MNR for the species was taken to be the dietary N intake that
promoted zero N balance and was calculated by solving the
regression equation for . This value was compared withy p 0
MNRs reported for other avian species. There is only a small
number of such MNR values reported, but there is more ex-
tensive reporting of N-output/N-intake data. However, many
of these latter data cannot be interpreted in terms of MNR.
For this reason, N intake and balance results from this study
were compared with a new compilation of similar data from
the literature (Robbins 1981, 1993; Klasing 1998).

So that any N loss during drying of excreta samples could
be estimated (Manoukas et al. 1964; Dawson and Herd 1983),
12 pairs of wet and dry samples of finch excreta were collected
from six zebra finches and six diamond firetail finches (Sta-
gonopleura guttata) fed pelleted diets ranging from 1.3% to
2.3% N. The stainless steel cage trays were replaced with 13-
mm mesh bird wire, and paired petri dishes were placed under
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Table 1: Body masses of zebra finches

Male (g) Female (g) (g)Male � Female
Significance of Difference
between Males and Females

Wild 11.38 � .22 (9) 12.20 � .78 (4) 11.63 � .29 (13) P p .440
Domestic 12.06 � .43 (9) 11.69 � .43 (4) 11.94 � .32 (13) P p .643
Wild � domestic 11.72 � .25 (18) 11.94 � .42 (8) 11.79 � .21 (26) P p .657
Significance of

difference between
wild and domestic P p .102 P p .564 P p .249

Note. Values are mean body masses of wild and domestic, male and female zebra . Sample size (n) in parentheses.finches � SEs

the cages. One of each pair of dishes contained paraffin oil to
collect excreta samples without any loss of volatiles (Williams
and Main 1977), and the other was dry. Wet samples were
pipetted from under the oil, and dry samples were scraped
from the dry petri dishes with a spatula.

The dry samples were oven dried to constant mass at 100�C,
and then all wet and dry samples were analysed for ammonia-
N using a procedure based on the Kjeldahl method used pre-
viously but omitting the sulphuric acid digestion stage. Samples
were then analysed by the complete Kjeldahl procedure to de-
termine the additional N present in forms other than ammonia.
Because dry weights of the wet samples were not available to
allow comparison of the N present in pairs of wet and dry
samples, N values were transformed to reduce the postdigestion
values to unity. The amounts of ammonia-N present in pairs
of wet and dry samples could then be compared. Total N (dry
sample) and total N (wet sample) for the 12 pairs of samples
were compared using the related samples Wilcoxon signed
ranks test. N loss on drying was also regressed against dietary
N intake.

Results

The mean body mass (with standard error) of the 26 birds used
was g, with no significant difference between the11.79 � 0.21
wild and domestic subpopulations ( ) or between malesP p 0.249
and females ( ) (Table 1). On average, birds lost 6% ofP p 0.657
body mass ( ) on the low-protein (5.1%) pellets butP p 0.028
maintained mass (�0.7%; ) on the higher-protein,P p 0.681
whole-seed diets.

The seed mixtures used resulted in dietary N contents that
ranged from 0.7% to 2.7%. When N balance (N intake � N
output) was plotted against dietary N intake for the 26 birds
(Fig. 1), the regression equation was

y p 0.379x � 153.

Extrapolation to zero intake (when ) yielded an estimatex p 0
of endogenous N loss at zero N intake for the population of
153 mg kgW �0.75 d�1. The MNR for the population was taken
to be the dietary N intake that supported zero N balance. This

value, calculated from the regression equation (for ) wasy p 0
403 mg N kgW �0.75 d�1 (or 2.52 g crude protein kgW �0.75 d�1).
There was no significant difference between the regressions for
the wild and domestic subpopulations (slope, ; ele-P p 0.599
vation, ; residuals, ) or between those forP p 0.876 P p 0.183
males and females (slope, ; elevation, ; re-P p 0.981 P p 0.693
siduals, ).P p 0.907

These values for endogenous N loss and MNR were com-
pared with compilations from the literature (Robbins 1981,
1993; Klasing 1998) using all values for which it was possible
to determine N balance for nonreproducing adult birds. Of the
11 species used by Robbins (1981, 1993) for his regressions
and the 12 species used by Klasing (1998) for his calculations
of MNR, data from 13 species (five passerine, eight nonpas-
serine) were used to derive relationships between N balance
and N intake (Figs. 2, 3a):

y p 0.272x � 88 (all birds),

y p 0.445x � 278 (passerines),

y p 0.256x � 62 (nonpasserines).

MNRs were estimated for 13 species (seven passerine, six non-
passerine; Table 2).

The mean ammonia-N content of the wet samples (N re-
leased as ammonia by steaming undigested samples with alkali)
was 46% of total N. Only 6.7% of the ammonia-N was lost as
a result of air and subsequent oven drying at 100�C. This mean
loss of 3.1% of total N from the finch excreta resulting from
drying was found to be not significantly different from zero
( , ), and there was no significant relationshipP p 0.754 n p 12
between N loss and dietary N intake ( , ,r p 0.273 P p 0.390

). Data were therefore not corrected for N losses duen p 12
to oven drying.

Discussion

Comparison of the Zebra Finch with Other Avian Species

The MNR of the zebra finch estimated in this study (403 mg
kgW �0.75 d�1) is lower than the 484–1,146 mg kgW �0.75 d�1

estimated from literature sources for six of seven other pas-
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Figure 1. Relationship between nitrogen balance and dietary nitrogen
intake for 26 zebra finches, with 95% confidence band for nitrogen
balance. Regression equation: , , ,y p 0.379x � 153 r p 0.89 P ! 0.001

; maintenance nitrogen requirement: 403 mg kgW �0.75 d�1; en-n p 26
dogenous nitrogen loss: 153 mg kgW � 0.75 d�1.

Figure 2. Relationship between nitrogen balance and dietary nitrogen
intake for all birds other than the zebra finch, with 95% confidence band
for nitrogen balance. Data from literature sources for 13 species (five
passerine, eight nonpasserine; Leveille and Fisher 1958; Martin 1968;
Marriott and Forbes 1970; Labisky and Anderson 1973; Moss and Par-
kinson 1975; Walsberg 1975; Parrish and Martin 1977; Dawson and Herd
1983; Moran et al. 1983; Drepper et al. 1988; Brice and Grau 1991; Izhaki
1992; Murphy 1993). Regression equation: ,y p 0.272x � 0.088 r p

, , ; maintenance nitrogen requirement: 324 mg0.89 P ! 0.001 n p 36
kgW �0.75 d�1; endogenous nitrogen loss: 88 mg kgW �0.75 d�1.

serines but not as low as that determined for the frugivorous
cedar waxwing (Bombycilla cedrorum; 264 mg kgW �0.75 d�1;
Table 2). It is higher than that estimated for four nonpasserines
(73–322 mg kgW �0.75 d�1), similar to the value estimated for
the rock ptarmigan (Lagopus mutus; 391 mg kgW �0.75 d�1), and
lower than that estimated for the Cape Barren goose (Cereopsis
novaehollandiae; 626 mg kgW �0.75 d�1; Table 2). Endogenous
N loss at zero N intake for the zebra finch was estimated to
be 153 mg N kgW �0.75 d�1, which is less than the 278 mg N
kgW �0.75 d�1 for other passerines but higher than the nonpas-
serine value of 62 mg N kgW �0.75 d�1 (Fig. 3).

Comparison of the MNR of the zebra finch with the wider
range of species included in collations by Robbins (1983, 1993)
and Klasing (1998) is not appropriate because estimates of
MNR calculated from data reported in the additional studies
cited by these authors were not obtained from nonbreeding
adults. Studies of Japanese quail (Coturnix coturnix japonica;
Yamane et al. 1979) and ruffed grouse (Bonasa umbellus; Beck-
erton and Middleton 1982) used laying or reproducing birds,
Bosque and de Parra (1992) studied nestling oilbirds (Steatornis
caripensis), and the Pacific black brant (Branta bernicla nigri-
cans) studied by Sedinger et al. (1989) and great horned owls
(Bubo virginianus) studied by Duke et al. (1973) were large
nonpasserine yearlings that were still growing.

At any given level of energy intake there is a limit to the
extent to which N retention will increase in response to in-
creasing N intake (Black et al. 1973). Statistically, such a re-
sponse curve can be described by two straight lines (Black and
Griffiths 1975). This is illustrated in Figure 4, in which we have
plotted data from Moss and Parkinson’s (1975) study of rock
ptarmigan; only the line fitted to the five lower values can be
used to estimate MNR. In Drepper et al.’s (1988) study of the

budgerigar (Melopsittacus undulatus), only the lowest N balance
of �169 mg kgW �0.75 d�1 is within the appropriate range. The
MNR of this strictly granivorous nonpasserine species (Wynd-
ham 1980) must therefore be lower than the N intake of 496
mg kgW �0.75 d�1 that supports this positive N balance and thus
far below the value of 784 mg kgW �0.75 d-1 (equivalent to 4.9
g protein kgW �0.75 d�1) in Klasing (1998, Table 6.2).

Finally, only two (mean) points of truly independent data
can be extracted from Martin’s (1968) study of the tree sparrow
(Spizella arborea arborea); further data points were derived from
re-sorting the same data. Consequently, data from the literature
for 13 avian species (five passerine, eight nonpasserine) were
used to derive a new relationship for all birds between N balance
and N intake (Fig. 2), and MNRs were estimated for 13 species
(Table 2) to use for comparison with the zebra finch.

Regressions of N balance on N intake for all birds, passerines,
and nonpasserines derived from data in the literature (Figs. 2,
3a) yielded MNR values of 324, 625, and 242 mg kgW �0.75 d�1,
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Figure 3. Relationships between nitrogen balance and dietary nitrogen
intake for (a) the zebra finch, other passerines, and nonpasserines and
(b) the zebra finch, with 95% confidence band around the nitrogen
balance values, and other passerines. Regression equation for zebra
finch as in Figure 1. Passerine and nonpasserine data from literature
sources as for Figure 2. Regression equation for other passerines:

, , , ; maintenance nitrogeny p 0.445x � 278 r p 0.82 P p 0.006 n p 9
requirement (MNR): 625 mg kgW �0.75 d�1; endogenous nitrogen loss:
278 mg kgW �0.75 d�1. Regression equation for nonpasserines: y p

, , , ; MNR: 242 mg kgW �0.75 d�1;0.256x � 62 r p 0.94 P ! 0.001 n p 27
endogenous nitrogen loss: 62 mg kgW �0.75 d�1.

respectively. Values for endogenous N loss at zero N intake
were 88, 278, and 62 mg kgW �0.75 d�1 for all birds, passerines,
and nonpasserines, respectively. The passerine regression is out-
side the 95% confidence interval of N balance for the zebra
finch at the MNR value (403 mg kgW �0.75 d�1) and at the value
for zero N intake (153 mg kgW �0.75 d�1; Fig. 3b), indicating

that the MNR of the zebra finch is significantly lower than the
MNR of most other passerines.

The MNR of 264 mg kgW �0.75 d�1 for the cedar waxwing
reported by Witmer (1998) is considerably lower than that
reported for the other two frugivorous species in that study
(see Table 2). Witmer and Van Soest (1998, p. 739) identified
waxwings (Bombycilla spp.) as “distinctive among most avian
frugivores in their ability to thrive on nitrogen-poor sugary
fruits.” Field observations by Paton (1982) indicated that the
nectarivorous New Holland honeyeater (Phylidonyris novae-
hollandiae) may also have a low MNR. The predominantly
liquid sugary diets of waxwings and the New Holland hon-
eyeater are highly digestible and nonabrasive, and result in
reduced obligatory N losses and thus a lower MNR than species
consuming other diets. However, this does not explain the range
of frugivore MNRs reported by Witmer (1998; Table 2). Low
MNR as an adaptation to a protein-limited dietary niche may
also be influenced by the evolutionary history of a species
(Hume 1999).

The body temperature and BMR of passerines are well known
to be higher than those of nonpasserines (Whittow 1986; With-
ers 1992; Schmidt-Nielsen 1997). This will lead to a higher
turnover rate of body protein and a higher MNR (White et al.
1988). Superimposed on this phylogenetic division of MNR
between passerines and nonpasserines, there appears to be an
effect of ecological and/or dietary niche. Thus the MNR of the
zebra finch is below that of most other passerines measured.
It is similar to that of some nonpasserines such as the rock
ptarmigan and lower than that of the Cape Barren goose (which
may have greater obligatory losses due to its more fibrous diet).
We suggest that low MNR is an adaptation by the zebra finch
to a strictly granivorous diet, in which high-quality protein is
limiting (Allen and Hume 1997).

In studies on the source of protein for egg formation by
zebra finches, Houston et al. (1995a, 1995b) found that the
females do not increase food intake but use protein stored over
time in their pectoral muscles for egg production. For N intakes
up to approximately 1,170 mg kgW �0.75 d�1, the regression of
N balance against dietary N intake for passerines in general
was below the 95% confidence range of N balance for the zebra
finch (Fig. 3b). This higher efficiency in N retention may be
related to protein storage in pectoral muscles by zebra finches
as a mechanism for the accumulation of high-quality protein
from a diet of cereal seeds.

Definitions of MNR

The dietary N intake that maintains zero N balance for non-
reproducing adults has been an accepted measure of MNR since
the early 1900s (Robbins 1983). However, observations that
avian body masses were not maintained at this level of dietary
N led Brice and Grau (1991) and Murphy (1993) to calculate
MNR based on both zero N balance and zero body mass change.
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Figure 4. Relationship between nitrogen balance and dietary nitrogen
intake for the rock ptarmigan Lagopus mutus (data from Moss and
Parkinson 1975). The intersection of the two straight lines indicates
the limit of nitrogen intake for which nitrogen retention increases in
response to increases in nitrogen intake (Black et al. 1973; Black and
Griffiths 1975).

Table 2: Maintenance nitrogen requirements (MNR) of birds

Body Mass (g)
MNR
(mg kgW �0.75 d�1) Source

Passerines:
Zebra finch (Taeniopygia guttata) 11.75 403 This study
Tree sparrow (Spizella arborea arborea) 17.8 1,146 Calculated from Martin 1968
Phainopepla (Phainopepla nitens) 26.7 1757 Estimated from Walsberg 1975
White-crowned sparrow (Zonotrichia

leucophrys gambelii) 27.7 563 Calculated from Murphy 1993
Yellow-vented bulbul (Pycnonotus

xanthopygos) 34.2 528 Calculated from Izhaki 1992
Cedar waxwing (Bombycilla cedrorum) 34.5 264 Witmer 1998
Wood thrush (Hylocichla mustelina) 47.1 911 Witmer 1998
American robin (Turdus migratorius) 65.7 484 Witmer 1998

Nonpasserines:
Costa’s hummingbird (Calypte costae) 3.8 73 Calculated from Brice and Grau 1991
Rock ptarmigan (Lagopus mutus) 449 391 Calculated from Moss and Parkinson 1975
Chicken (rooster; Gallus gallus) 2,080 322 Calculated from Leveille and Fisher 1958
Cape Barren goose (Cereopsis

novaehollandiae) 3,675 626 Calculated from Marriott and Forbes 1970
Turkey (Meleagris gallopavo) 8,250 142 Calculated from Moran et al. 1983
Emu (Dromaius novaehollandiae) 38,000 88 Dawson and Herd 1983

Note. MNR for the species is the N intake that promoted zero N balance (the difference between N intake and total N output) derived from data in the

literature sources cited.

Brice and Grau (1991) dismissed loss of N as gaseous ammonia
from the acidic ( ) excreta as a likely source of error,pH p 6
and Murphy (1993) was able to account for only 22% of the
difference between the N intake for body mass maintenance
and that for N equilibrium. This suggests that body mass main-
tenance is influenced by more factors than just protein intake.
Indeed, Witmer (1998) reported that relative change in body
mass mostly paralleled energy assimilated rather than N balance
for cedar waxwings, wood thrushes (Hylocichla mustelina), and
American robins (Turdus migratorius). Thus, body mass change
should not be used to estimate MNR.

There are two ways of determining the endogenous N loss
that must be replaced for maintenance of zero N balance. In
animals fed a N-free diet, any urinary and fecal N output will
be net losses from metabolic and physical processes. However,
MFN values determined with protein-free diets are not reliable
indicators of MFN for animals fed diets adequate in protein
(Bosshardt and Barnes 1946), and few animals will consume
N-free diets (Robbins 1981, 1983). Murphy (1993) found that
after 3 d on a N-free diet her birds ate only 30% of dry matter
needed for maintenance of body mass.

An alternative approach recommended by Bosshardt and
Barnes (1946) and used for birds by Robbins (1981, 1993) plots
N output as a function of dietary N intake and extrapolates
the linear regression back to zero N intake. Provided a suffi-
ciently wide range of N intakes (including some low ones) is
used, this approach should result in valid estimation of en-

dogenous N loss and is preferred over the N-free diet approach.
MNR can also be calculated from this linear regression by solv-
ing the regression equation and simultaneously.y p x

Transformation of the dependent variable (N output) to N
balance (the difference between N intake and N output) pro-
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vides a more useful linear regression for MNR determinations.
Because MNR is the intersection of the regression line with the
X-axis, comparisons of MNR are facilitated (see Hume 1977;
Witmer 1998). Also, the increased sensitivity when the depen-
dent variable is N balance that results from removal of the large
N-intake component enables identification of the limit to which
N retention increases in response to increased N intakes (Fig.
4). The y-intercept of the regression line (at ) remainsx p 0
the estimate of N loss at zero N intake. The presence of N
intake in both the x and y values of this equation means that
N balance is not a truly independent variable and reduces the
mathematical validity of this determination. However, in this
study, there was no difference between MNR calculated to four
significant figures from this regression and that generated from
the equivalent regression of N output on N intake for the zebra
finch and for all birds. This is because the limit of N retention,
beyond which values of N intake are not useful for the deter-
mination of MNR (see Fig. 4), were easily identified and not
exceeded.

Potential Loss of Nitrogen from Oven-Dried Avian Excreta

The presence of 10%–12% ammonia-N in avian excreta has
long been recognised (O’Dell et al. 1960; McNabb and McNabb
1975; Ward et al. 1975). Brice and Grau (1991) suggested that
N losses from pH 6 hummingbird excreta was unlikely during
drying, but Manoukas et al. (1964) reported a mean N loss of
5.5% (�7.1% to �15.2%) from chicken excreta. Dawson and
Herd (1983) reported a mean loss of approximately 20% of N
when drying emu excreta. Most studies used for comparison
with the zebra finch made no allowance for N losses during
drying of excreta. Labisky and Anderson (1973) oven dried
excreta samples at 60�C for 142 h, Marriott and Forbes (1970)
at 70�C for 72 h, Walsberg (1975) at 75�C to constant mass,
and Izhaki (1992, p. 913) “oven-dried … [to] … constant
mass.” Brice and Grau (1991, p. 614) did not oven dry excreta
samples “to avoid possible loss of N,” Moss and Parkinson
(1975) and Witmer (1998) freeze-dried their samples, and Le-
ville and Fisher (1958) analysed pipetted aliquots from collec-
tions blended with water.

In every study used here for comparison with the zebra finch,
the collection period for excreta was daily or longer, which
would allow air drying of the samples and consequent loss of
any dissolved ammonia. Only Dawson and Herd (1983) made
allowance for such losses, while some attempted to avoid losses
subsequent to air drying in the cage by freeze drying (Moss
and Parkinson 1975; Witmer 1998) or not drying at all (Leville
and Fisher 1958; Brice and Grau 1991). Collection of fresh
finch excreta before the small droppings dried in air in the cage
trays for comparison with equivalent dry daily collections was
not possible without undue disturbance to the birds. Instead,
to avoid loss of water and other volatiles, wet excreta were
collected in paraffin oil (Williams and Main 1977) and pipetted

from under the oil for immediate analysis. Comparison of each
wet sample with a dry sample collected on the same day was
then possible.

Any loss of N from the excreta due to drying was assumed
to be as gaseous ammonia from solution or from the decom-
position of ammonium compounds. Consequently, the post-
digestion analyses of wet and dry samples with no loss of N were
equivalent. Transformation of N values so that postdigestion val-
ues for paired wet and dry samples were equal (here, to unity)
allowed determination of ammonia-N loss from the excreta dur-
ing drying. The mean loss of 3.1% of total N from finch excreta
resulting from air and subsequent oven drying at 100�C was not
significantly different from zero and therefore was not accounted
for in the MNR determined in this study, and thus it can be
compared with all other studies cited in Figure 2 and Table 2.

Suggested Protocol for Determining MNR in Small Birds

In order to increase confidence in the results of future deter-
minations of the MNR of small avian granivores, a critical
review of the method used in this study is presented. Housing
of wild birds in an aviary for an extended period of time before
use is appropriate to reduce the effects of reaction to confine-
ment and the restriction of choice in diet during data collection
as well as any short-term effects of a range of possible envi-
ronmental factors before capture. No birds (wild or domestic)
showed any sign of stress when maintained within their ther-
moneutral zone (at 33�C) in the cages used for this study at
the easily reproducible (in winter or summer) 14L : 10D pho-
toperiod (with gradual darkening at sunset to allow perching
for the night). Cuttlebone and sand were both used by the birds
and should be supplied, contrary to the practice of Moss and
Parkinson (1975) who discontinued the supply of grit during
(shorter) collection periods for convenience in the sorting of
residues. However, the amount of sand was reduced to ap-
proximately 5 mm depth in the bottom of the container to
minimise scattering around the cage. The familiarisation pro-
cedure for birds new to the laboratory cages resulted in no
problems of birds failing to make use of all available resources.

With the need to obtain data from a range of N intakes,
preliminary trials of diets proposed for the experiment were
conducted. When linseed (Linum usitatissimum, 3.62% N),
rapeseed (Brassica rapa, 3.17% N), or Niger seed (Guizotia
abyssinica, 3.57% N) were added to the cereal diets as protein
concentrates, little if any of these seeds (commonly found in
commercial mixes) were eaten. However, the low-protein dil-
uents sago (0.055% N) and polished rice (1.23% N) (Thomas
and Corden 1970) were accepted by the birds, and so they were
used to provide a range of N intakes, although not down to
values associated with negative N balance.

The relatively narrow ranges of N content for cereals in
general poses particular problems for determining the MNR of
strict granivores. It is important that both negative and positive
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N balances be included in the regression equations used to
estimate MNR. The homogenised corn (30%) bound with soy-
bean oil meal (70%) used by Martin (1968) as a base diet for
tree sparrows (diluted, as necessary, with starch) has a distinctly
different amino acid balance (although not as different as meat
meal–containing poultry formulations) to the natural seed diet
of zebra finches (Lea and Gray 1936; Harvey 1970; Morton and
Davies 1983; Zann 1996). The experience of other researchers
with small passerines (Martin 1968; Williams and Main 1976;
Parrish and Martin 1977) indicated that wild birds can be
trained to accept synthetic diets, which provide greater control
over intakes of particular nutrients. The seed-sized pellets made
from milled millet and rye flour described above provided a
diet that was acceptable to the birds and low enough in protein
to result in negative N balances in zebra finches.

In addition to the major components of N intake and output
data (cereal and diluent offered, feed residues and excreta col-
lected), several other minor but potentially significant com-
ponents were evaluated. Most birds consumed considerably less
than 1 g cuttlebone (0.29% N); however, two individuals took
larger amounts, and their intake of up to 1.6% of the total N
intake as cuttlebone was considered to be a significant com-
ponent. Ten drops of vitamin mix were added to the 100 mL
of water provided for the week. In no case was all of the water
consumed, and the resulting N intake was less than 0.1% of
total N intake and not considered significant. A Kjeldahl anal-
ysis of a washed sand sample four times larger than those used
in the routine analyses produced a result indistinguishable from
the deionized water blank. The wash paper at 0.3% of mean
total N output was considered marginally significant, and we
corrected for this. The !0.1 g of unsortable picking residue
from the floors of the cages was found in some cases to contain
nearly 5 mg of N (equivalent to approximately 20 mg kgW �0.75

d�1 for a 12-g bird). Samples this size of sand, seed husk, or
cuttlebone would contain barely detectable quantities of N;
however, the presence of just 12% of uric acid, which contains
33.3% N (Fieser and Fieser 1956), would provide this amount.
The picking residue was therefore analysed separately and in-
cluded in N output.

Wrapping the sides of the cages in polyethylene film caused
no apparent discomfort for the birds, and with the exception
of traces of husk found on the benches around several cages,
there was no apparent loss of residues. Sorting of the residues,
however, was time consuming (approximately 3 h per cage)
since sand, seed, and husk were scattered around the floors of
the cages with the excreta, and some excreta were found in the
seed and sand containers. Use of the synthetic diet described
above and a reduction in the quantity of sand offered reduced
scattering of sand and feed residues, although the small but
significant unsortable picking residue that required separate
analysis was not eliminated.

The use of stainless steel trays as cage floors proved to be
an efficient variation of Walsberg’s (1975) method of collecting

bird excreta on sheets of glass. The sides of the tray provided

a barrier for most mobile residues and also served to locate

the cage sides safely. Washing of the excreta from the polished

surface with a filter paper and deionized water was not difficult,

and losses were not normally evident (as a white film after

drying of the tray). MacMillen and Lee’s (1970) method of

collecting urine from hopping mice in absorbent paper proved

to be less satisfactory due to the large amount of paper to be

analysed, both in bulk and in proportion to the quantity of

excreta present.

The method outlined above for the preparation and N anal-

ysis of feed and feed residue samples produced consistent re-

sults. However, this was not the case for excreta analyses due

to the lack of homogeneity in the ground excreta plus wash

paper samples and the high (33.3%) N content of uric acid

(Fieser and Fieser 1956) compared with 0.078% for the paper.

The small amount of excreta plus paper obtained from each

cage (approximately 3 g dry weight) made analysis of the whole

collection feasible.

In summary, we found that the MNR of the zebra finches

was 403 mg kgW �0.75 d�1 and that their endogenous N loss at

zero N intake was 153 mg kgW �0.75 d�1. Although more com-

parative data from a wider range of passerines are needed, it

is suggested that a more efficient retention of dietary N at low

N intakes by zebra finches than by passerines in general is an

important adaptation of this strictly granivorous species. We

found that no significant difference in the utilisation of dietary

N has emerged from domestication of the zebra finch and that

there is no significant difference in the retention of dietary N

between males and females, at least for maintenance of adults.

Finally, the protocol described in this study for determination

of the MNR of small granivorous birds, modified by the re-

placement of all diets with seed-sized synthetic pellets, is likely

to be useful for subsequent comparative studies.
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