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ABSTRACT.--For those few bird species that are ex- 
clusively frugivorous, the low protein content of fruits 
is likely a major nutritional constraint. Physiological 
mechanisms that allow strict frugivory remain enig- 
matic, but reduced protein requirements may suffice. 
We investigated protein requirements of Pesquet's Par- 
rot (Psittrichas fulgidus), a highly specialized, obligate 
frugivore. Three isocaloric, fruit-based diets of vary- 
ing protein content (6.1, 3.3, and 2.6% dry mass crude 
protein) were used in feeding trials lasting three to 
five days per diet. A minimum dietary protein re- 
quirement of 3.2% dry mass was estimated from bal- 
ance trials. Endogenous nitrogen losses were 0.05 gN 
kg 075 day • and nitrogen equilibrium occurred at 0.32 
gN kg -ø7s day •. Those values are extremely low com- 
pared to those of granivorous and omnivorous bird 
species, but higher than those of nectarivorous spe- 
cies. In terms of nitrogen losses and requirements, 
Pesquet's Parrot most closely parallels the highly fru- 
givorous Cedar Waxwing (Bombycilla cedrorutn). Thus, 
reduced protein requirements appear to play an im- 
portant physiological role in ability of highly frugiv- 
orous birds to subsist on fruit diets. 

Although fruits provide a rich source of easily as- 
similated carbohydrates, they are notoriously low in 
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protein (Morton 1973, White 1974, Berthold 1976, 
Mattson 1980, Snow 1981, Thomas 1984, Jordano 
1992). Furthermore, nonprotein nitrogen (N) in the 
form of free amino acids and secondary metabolites 
is common in fruit (Herrera 1982, Cipollini and Lev- 
ey 1997) and is not discriminated from protein N in 
traditional Kjeldahl analysis (lzhaki 1993). Thus, 
true protein content of fruit is likely even lower than 
most published estimates. 

Given the low protein content of fruits, it is not 
surprising that very few species of birds can subsist 
on a diet of exclusively fruits (Berthold 1976, Snow 
1981, Holthuijzen and Adkisson 1984, Bairlein 1987, 
Izhaki and Safriel 1989). Although the physiological 
mechanisms that allow some birds to be strictly fru- 
givorous are not fully understood, proposed mech- 
anisms include high ingestion rates (Sorensen 1984, 
Bairlein 1987, Izhaki and Safriel 1989, Karasov and 
Levey 1990, Levey and Grajal 1991, Levey and Duke 
1992, Levey and Karasov 1992), short gut retention 
times (Herrera 1984, Martinez del Rio et al. 1989, 
Levey and Grajal 1991, Levey and Duke 1992, Levey 
and Karasov 1994), and low protein requirements 
(Witmer 1998, Witruer and Van Soest 1998). We in- 
vestigated protein requirements of an obligate fru- 
givorous bird, Pesquet's Parrot (Psittrichas fulgidus). 
In particular, we examined two related physiological 
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TABLE 1. Composition of the fruit-based diets used in Pesquet's Parrot feeding trials. 

Diet 1 Diet 2 Diet 3 

Wet mass Gross energy • Wet mass Gross energy a Wet mass Gross energy • 
(g) (kcal) (g) (kcal) (g) (kcal) 

Yam (peeled/cooked) 25.82 32.28 
Apple (cored) 19.90 11.74 
Cantaloupe (seeded/peeled) 14.94 5.23 
Banana (peeled) 14.64 13.47 
Grapes (seedless) 9.44 6.42 
Papaya (seeded/peeled) 7.17 2.72 
Avi-pel b 4.78 14.34 
Chicken egg (hard-boiled, 

peeled) 3.29 4.84 
Sucrose 0 0 

Total 100 g 91.04 
Gross energy (kcal g •, WM) 0.91 
Gross energy (kcal g •, DM) 3.78 
Crude protein (% DM) c 6.1 

kcal 

26.21 32.76 33.05 41.31 
20.21 11.92 25.48 15.03 
15.17 5.31 0 0 
14.87 13.68 18.75 17.25 

9.59 6.52 12.09 8.22 
7.28 2.77 9.18 3.49 
0 0 0 0 

3.34 4.91 0 0 
3.34 13.16 1.45 5.71 

100 g 91.03 kcal 100 g 91.01 kcal 
0.91 0.91 
3.78 3.78 

3.3 2.6 

• Calculated total gross energy of wet mass of each dietary ingredient (after Watt and Merrill 1975). 
b Avi-pel: custom-formulated avian maintenance mash, 15% CP (minimum). 
ß Crude protein calculated as dietary N content X 4.05 (after Izhaki 1993). 

responses (i.e. endogenous N losses, which represent 
N lost via urine and feces; and N equilibrium, which 
occurs when N intake equals N excretion) of that ob- 
ligate frugivore to the low protein content of fruits. 

Pesquet's Parrot is a highly specialized, obligate 
frugivore that feeds only on a few species of figs (For- 
shaw and Cooper 1989, Mack and Wright 1998). This 
threatened species is endemic to the highland rain- 
forests of New Guinea and has a featherless face and 

elongate beak, which are thought to be adaptations 
for preventing head feathers from matting when it 
feeds on the sticky interior of large, ripe figs (Horn- 
berger 1980, Forshaw and Cooper 1989). In captivity, 
Pesquet's Parrots are best maintained and can breed 
when fed a low protein diet comprising almost en- 
tirely fruit (De Jager 1976, Hornberger 1980, Thurs- 
land and Paul 1987, Low 1990, 1991; Sweeney 1999). 
Thus, we predicted that Pesquet's Parrot would have 
a low dietary protein requirement (i.e. low endoge- 
nous N losses and low N equilibrium), relative to 
omnivorous and granivorous species. Because Pes- 
quet's Parrot evolved from a granivorous ancestor 
and is distantly related to other obligately frugivo- 
rous birds (Thompson 1899, Dyck 1976, Hornberger 
1980, 1991, Van Dongen and De Boer 1984, Forshaw 
and Cooper 1989, Courtney 1997), it provides an op- 
portunity to explore physiological adaptations to 
frugivory in a lineage largely independent of previ- 
ously examined lineages. 

Methods.--Feeding trials were conducted from 15- 
30 May 1997 at the Wildlife Conservation Society's 
Wildlife Survival Center, located on St. Catherines 

Island, Georgia. Three adult, nonmolting Pesquet's 
Parrots with a mean (-+SD) initial body mass of 757 
+ 58 g were used. Prior to the start of trials, birds 
were moved from large, outdoor enclosures to three 

indoor cages (-1 n'l 3) and acclimated for 10 days. All 
cages were disinfected with chlorhexidine before 
use, and food bowls were disinfected with a bleach 

solution before each use. Temperature remained con- 
stant at 25øC and a natural photoperiod (via sky- 
lights) was supplemented with daytime fluorescent 
lighting (12 L:12 D). The maintenance diet (Diet i in 
Table 1) was fed during the acclimation period and 
between feeding trials. Water was available ad libi- 
tum, and birds were in the same room during all 
phases of the study. 

Three isocaloric diets (calculated Gross Energy = 
0.91 kcal g-• wet mass [win]; 3.78 kcal g • dry mass 
[dm]) of varying crude protein (CP) content (6.1, 3.3, 
and 2.6% dm CP; Table 1) were fed as a homogenized 
slurry to the birds. Those protein levels approximate 
the range reported for wild figs (range = 2.1 to 8.8% 
dm CP: Janzen 1979, Thomas 1984, Wrangham et al. 
1993). The sequence and duration of feeding trials 
was 6.1% (5 days), 2.6% (4 days), and 3.3% (3 days) 
CP, respectively, with two days of maintenance diet 
(6.1% CP) between trials. 

Dietary amino acid levels for 18 amino acids were 
determined with an automatic amino acid analyzer 
and an external standard. That was necessary be- 
cause a deficiency of a single essential amino acid 
can result in increased N equilibrium, and thus an 
increased protein requirement (Maynard et al. 1979, 
Klasing 1998). Conversely, an excess of nonessential 
amino acids can cause increased endogenous N loss- 
es. Amino-acid profiles of diets used in this study 
were similar but differed from a high quality graniv- 
orous bird diet (Table 2). That was not considered 
problematic because parrots had been maintained 
for years and reproduced on a diet similar to Diet 1 
(Tables 1, 2) and appeared healthy. 
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TABLE 2. Amino acid composition (percentage of total protein) of experimental diets. Dashes indicate un- 
detectable levels of amino acids. 

High protein 
Amino acid • High quality protein b 6.1% CP (Diet 1) 

Pesquet's Parrot diets c 

Medium protein Low protein 
3.3% CP (Diet 2) 2.6% CP (Diet 3) 

GLU 19.3 10.8 15.5 13.5 
ASP 8.1 24.8 15.1 18.9 
LEU* 7.9 5.4 7.4 6.2 

LYS* 7.4 5.6 5.4 6.4 
ARG* 7.0 2.5 2.9 3.0 
GLY 6.4 8.6 9.4 7.5 
VAL* 5.4 7.5 7.0 7.5 
PRO 4.9 4.5 6.4 4.8 
ILE* 4.7 4.2 4.5 4.5 
THR* 4.5 4.4 3.8 4.1 
SER 4.4 4.3 4.3 4.9 
PHE* 4.3 2.0 2.8 2.1 
TYR* 3.8 -- -- -- 
ALA 3.5 10.2 10.8 10.6 

HIS* 2.8 3.3 2.7 2.8 
MET* 2.5 -- 0.1 -- 

CYS* 2.0 -- -- -- 
TRP* 1.3 -- -- -- 

Total 100% 98% 98% 97% 

Includes essential (*) and nonessential amino acids for birds (after Murphy 1993). 
Amino acid profile of a synthetic diet approximating avian tissues (Murphy 1993). 
% CP = % N x 4.05 conversion factor (after Izhaki 1993). 

Feeding times occurred at 0630, 1200, and 1600 
EST, and food was removed for the night at 2100. Di- 
ets were prepared daily because they were fruit- 
based and spoiled quickly. To test for evaporative 
water loss, a control bowl of food was placed in the 
same room as the caged birds daily and its mass 
monitored. Because water loss from food was not de- 

tectable during any of the feeding trials, no correc- 
tions were made for evaporation. Samples of the diet 
were collected daily for N analysis. Uneaten food 
was collected at each feeding and weighed to deter- 
mine intake. Excreta collections were made from 

plastic sheets on the cage floors at each feeding and 
when food was removed for the night. Because po- 
tential loss of gaseous N from the alkaline excreta 
(pH 8.0) was a concern (Brice and Grau 1991), excreta 
were frozen immediately after collection to mini- 
mize N loss via ammonia volatilization (Manoukas 
et al. 1964, Blem 1968, Dawson and Herd 1983). 

Body mass was monitored during feeding trials. 
Birds were weighed before first feeding each day, 
when amount of food in their digestive tracts was 
minimal. We were concerned that frequent weigh- 
ings would stress the birds because they are rarely 
handled. Thus, to weigh a bird, a pan balance fitted 
with a perch was placed in the cage. After the bird 
moved onto the perch, its body mass was recorded 
and the balance removed. The birds became accus- 

tomed to that routine after a few days and did not 
appear stressed. 

Dry mass of diet and excreta samples was deter- 
mined by freeze drying, and N content of dried sam- 
ples was determined by standard Kjeldahl technique 
(Association of Official Analytical Chemists 1984). 
Instead of using the standard nitrogen-to-protein 
conversion factor of 6.25, which is based on animal 

tissue (Maynard et al. 1979), we used a conversion 
factor of 4.05 to calculate CP. That was necessary be- 
cause fruits have lower conversion factors than ani- 

mal tissues (Izhaki 1993, Conklin-Brittain et al. 
1999). The 4.05 conversion factor is based on 27 spe- 
cies of wild fruits (Izhaki 1993). 

To compare feed intake and excreta among birds 
and diets, ANOVA were used with Scheffe's post-hoc 
tests. Intake and excreta values were scaled to met- 

abolic body mass (kg ø75) for interspecific compari- 
sons (Robbins 1993). To detect changes in body mass 
of birds among feeding trials, percentage change in 
body mass was calculated and arcsin transformed 
(Sokal and Rohlf 1981). ANOVA with Scheffe's post- 
hoc tests were then used to compare changes in body 
mass among diets. 

To calculate endogenous N losses and N equilib- 
rium, N excretion was plotted against N intake ("N 
balance plot;" Robbins 1993, Murphy 1993). Nitro- 
gen excretion included urinary and fecal compo- 
nents, because they are mixed together in the cloaca 
of birds before excretion and cannot be adequately 
separated (Robbins 1993). From the N balance plot, 
endogenous N losses and N equilibrium were deter- 
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FIG. 1. Mean mass-specific, dry mass intake of 
Pesquet's Parrots fed diets varying in protein con- 
tent. Dietary protein calculated as %N (analyzed) x 
4.05 (after Izhaki 1993). Error bars represent stan- 
dard deviations. Matching letters indicate similar 
means (p > 0.05). 
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FIG. 2. Mean changes in body masses of Pesquet's 
Parrots among experimental feeding trials. Dietary 
protein calculated as %N (analyzed) x 4.05 (after Iz- 
haki 1993). Error bars represent standard deviations. 
Matching letters indicate similar means (P > 0.05). 

mined (Robbins 1993, Murphy 1993); minimum en- 
dogenous N losses (i.e. theoretical N excretion on a 
protein-free diet) are indicated by the y-intercept, 
and N equilibrium occurs where N intake equals N 
excretion. To compare N balance plots among indi- 
viduals, ANCOVA were used. 

Once N equilibrium was determined, CP require- 
ments for maintenance of body mass were calculated 
for each bird by regressing percentage CP in the diet 
against N intake; the point at which percentage CP 
= N intake at N equilibrium provided estimated 
minimum protein requirement for maintenance 
(Brice and Grau 1991, Murphy 1993, Robbins 1993). 
All statistical analyses were conducted with SPSS 
v. 7.5 software (SPSS Inc., Chicago, Illinois), with al- 
pha set at 0.05. 

Results and discussion.--Dry mass intake remained 
constant among birds (F = 3.20, df = 2 and 6, P = 
0.11) and among diets (F = 1.77, df = 2 and 6, P = 
0.25; Fig. 1). The birds did not compensate for low 
dietary protein content by increasing consumption, 
as apparently occurs in some frugivorous birds and 
bats (Thomas 1984, Izhaki and Safriel 1989). Body 
masses remained constant throughout all feeding tri- 
als (F = 0.49, df = 2 and 6, P = 0.64; Fig. 2), indi- 
cating no net catabolism or anabolism occurred. All 
birds exhibited similar N balance, as indicated by 
similar slopes (F = 0.10, df = 2 and 3, P = 0.91) and 
y-intercepts (F = 0.87, df = 2 and 5, P = 0.47; Fig. 3). 
Endogenous N losses were 0.05 gN kg 0.75 day • and 
N equilibrium occurred at 0.32 gN kg 075 day-L 
Based on regression analysis and N equilibrium, a 
diet containing 3.2% dm CP (using a 4.05 nitrogen- 
to-protein conversion factor) would meet the mini- 
mal requirements for maintenance in Pesquet's 
Parrot. 

Estimating protein requirements for maintenance 
in birds is complicated by several factors, including 
variability in nutrient digestion and absorption (Kar- 
asov and Diamond 1983, Karasov et al. 1987, Levey 
and Karasov 1989), changes in visceral morphology 
(Drobney 1984, Walsberg and Thompson 1990, Klas- 
ing 1998), and ability of birds to adjust to insufficient 
or excessive dietary protein (Bairlein 1987, Murphy 
1993). The presence of nonprotein N and interference 
by secondary metabolites are often ignored, as are 
unexplained N losses (Hegsted 1976, Young 1986, Iz- 
haki and Safriel 1989, Mack 1990, Sedinger 1990, Iz- 
haki 1993). Unmeasured N losses, for example from 
sloughed skin and feathers (King and Murphy 1990) 
or from drying fecal samples in an oven (Manoukas 
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FIG. 3. Nitrogen balance among Pesquet's Par- 
rots, represented by the solid line, where Y = 0.86X 
+ 0.05 (R 2 = 0.96; n = 9). Data for different birds are 
indicated by different symbols. Values below the 
dashed line (Y = X) indicate net N anabolism, 
whereas values above this line indicate net N 
catabolism. 
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et al. 1964, Dawson and Herd 1983), result in an un- 
derestimate of minimum N requirements, because 
calculated N equilibrium would actually represent N 
deficit. Such errors may explain discrepancies ob- 
served between the calculated amount of dietary N 
needed for N equilibrium and observed amount 
needed for long term maintenance of body mass and 
positive N balance in several bird species (Hegsted 
1976, Brice and Grau 1991, Murphy 1993). 

For example, Brice and Grau (1991) estimated that 
only 0.4% CP was necessary for positive N balance 
in Costa's Hummingbird, but observed that 1.5% CP 
was necessary to maintain body mass. Likewise, 
Murphy (1993) determined that White-crowned 
Sparrows required 8.7% CP for positive N balance, 
5.3% CP for N equilibrium, and 7.3% CP for main- 
tenance of body mass. Because of those inconsisten- 
cies, as well as various conversion factors used to cal- 
culate CP from measured N levels, it is more 

meaningful to compare endogenous N losses and N 
equilibrium among species. 

Endogenous N losses and N equilibrium in Pes- 
quet's Parrots are extremely low compared to gra- 
nivorous and omnivorous birds, but are similar to 

nectarivorous and other frugivorous birds (Table 3). 
Frugivorous and nectarivorous birds (n = 5 spp. 
pooled) have lower endogenous N losses (t = 5.9, p 
= 0.0002) and lower N equilibrium (t = 3.8, p = 
0.005) than granivorous and omnivorous birds (n = 
6 spp. pooled). In terms of endogenous N losses and 
N equilibrium, Pesquet's Parrot is most similar to an- 
other highly frugivorous bird, the Cedar Waxwing 
(Witmer 1998). 

Because gut volume is thought to limit rates of 
nutrient assimilation from bulky, nutritionally di- 
lute fruit (Worthington 1989, Levey and Grajal 
1991, Levey and Duke 1992, Klasing 1998, but see 
Witruer 1999), a larger gut volume would allow 
higher net rates of nutrient absorption in frugi- 
vores. Indeed, in some highly specialized frugi- 
vores, intestines are so completely packed with 
food that ingestion cannot occur until defecation 
makes more space available (Levey and Duke 1992, 
Klasing 1998). In frugivorous Cedar Waxwings and 
Phainopeplas (Phainopepla nitens), a relatively wide 
intestinal diameter results in high feed intake, 
which is associated with high rates of nutrient ab- 
sorption (Walsberg 1975, Witmer 1998, Witmer and 
Van Soest 1998). Pesquet's Parrots also have wide 
intestines (Guntert 1981) and high feed intake (one 
fourth of their total body mass per day [wm]; this 
study). Furthermore, rapid nutrient absorption 
likely occurs in those parrots because their short in- 
testines have extremely long microvilli throughout 
the entire intestinal tract and cloaca (Guntert 1981). 
Those modifications of the digestive tract are con- 
sistent with very low protein requirements in Pes- 
quet's Parrots. 

Besides modifications of the digestive tract, some 
frugivores may obtain additional dietary protein 
from insects or seeds in fruits they ingest. Because 
Pesquet's Parrots feed exclusively on figs, their pro- 
tein intake might be supplemented by fig wasps and 
seeds. However, we doubt that fig wasps contribute 
significantly to dietary protein levels. Even if those 
birds completely digest fig wasps, amount of ad- 
ditional protein contributed by wasps would be 
<3% of their total protein requirement (based on 
data from Herbst 1986). Obtaining protein from fig 
seeds is also unlikely because Pesquet's Parrot 
seems incapable of digesting seeds, due to a poorly 
developed, weak, and narrow gizzard (Guntert 
1981). When small seeds are offered in their diet, 
the seeds are avoided, discarded, or swallowed in- 

tact (Homberger 1980, this study). During this 
study, small grape seeds passed undamaged 
through those parrots' digestive tracts. If small fig 
seeds also pass intact, Pesquet's Parrots could be 
seed dispersers of the figs on which they specialize. 
Because seeds and insects likely provide little pro- 
tein in the diet of this unusual parrot, low protein 
requirements (i.e. reduced N equilibrium and en- 
dogenous N losses) appear to play an important 
physiological role in the ability of Pesquet's Parrot 
to subsist on a fruit diet. 
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ABSTRACT.--We examined variation in growth of 
Black Brant (Branta bernicla nigricans) goslings 
among two colonies on the Yukon-Kuskokwim Delta 
in southwestern Alaska and the Colville River Delta 

on Alaska's Arctic coast. We simultaneously mea- 
sured abundance and quality of a key food plant, 
Carex subspathacea, and grazing pressure on that 
plant at the three colonies. Our goal was to measure 
variation in gosling growth in relation to variation in 
grazing pressure and food abundance because 
growth of goslings is directly linked to first-year sur- 
vival, and consequently is the principal mechanism 
for density-dependent population regulation. Gos- 
lings grew substantially faster on the arctic coast and 
were nearly 30% larger than those on the Yukon- 
Kuskokwim Delta at four to five weeks old. Faster 

growth on the arctic coast was associated with 2x 
greater standing crop of C. subspathacea during brood 
rearing than on the Yukon-Kuskokwim Delta. Dis- 
persal rates are high enough (Lindberg et al. 1998) to 
rule out local adaptation and genetic variation as ex- 
planations for observed variation in growth. Our re- 
sults are consistent with lower survival of goslings 
from the Yukon-Kuskokwim Delta during their first 
fall migration and stronger density-dependent reg- 
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ulation on the Yukon-Kuskokwim Delta than on the 

Arctic coast. 

The growth period of long-lived animals is a pe- 
riod when selection acts strongly (Rose 1991), likely 
because adults have evolved to maintain their sur- 

vival in variable environments (Charlesworth 1994). 
Furthermore, growing young require diets of higher 
quality than those adequate for adult maintenance, 
because higher dietary concentrations of digestible 
energy and protein are required for tissue produc- 
tion (O'Conner 1984, Sedinger 1992, 1997). Conse- 
quently, growth rates vary considerably in response 
to environmental conditions (Cooch et al. 1991, Lars- 
son and Forslund 1991, Sedinger and Flint 1991). 

Growing geese appear to be especially susceptible 
to nutrient limitation during growth, probably be- 
cause they are small bodied herbivores and many 
plant foods contain inadequate concentrations of nu- 
trients, especially protein, to support maximum 
rates of growth (Sedinger 1992, 1997). Goslings, 
therefore, are highly selective foragers (Sedinger and 
Raveling 1984), and preferred foods that will sup- 
port rapid growth frequently may be depleted (Car- 
gill and Jefferies 1984, Sedinger and Raveling 1986, 
Person et al. 1998). As a result, several studies have 
reported spatial (Aubin et al. 1993, Cooch et al. 1993, 
Leafloor et al. 1998) or temporal (Cooch et al. 1991, 
Sedinger and Flint 1991, Sedinger et al. 1998) varia- 
tion in growth of goslings. 

Growth is especially important in geese because 
size of goslings at the end of their first summer 
strongly influences their probability of surviving 


