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Abstract 
The cost offeather production, Cf (kJ . [g dry feathers]-1), differs substantially 
between species. We studied the molt cost in one insectivorous songbird (blue- 
throat, Luscinia s. svecica) and one granivorous songbird (common redpoll, Car- 
duelis f. flammea). We wanted to test whether diferences in diet, body mass (or 
basal metabolic rate, BMR), or the latitude of molt could explain interspecific dif- 
ferences. In each individual, the resting metabolism, as measured by indirect 

calorimetry, waspositively correlated with feather production rate. The cost of 
feather synthesis was estimated at 836 and 683 kJ. (g dry feathers)-1 in the 
bluethroats and redpolls, respectively. The efciency offeatherproduction was 
2.6% and 3. 1%. It was concluded that neither diet nor latitudinal constraints 
alone could explain the differences found between species. The cost offeather 
production was significantly correlated with both body mass and mass-specific 
BMR, BMRm (kJ . g- . d-1), where BMRm currently showed the highest degree of 
explanation, although other factors that influence BMRm cannot be discounted. 
The Cf for a species with known BMRm may be estimated from the equation Cf 
= 270 BMRm. Species with a relatively high BMRfor their size also have a rela- 

tively high Cf The tight association of Cf and BMRm between species, and the low 

efciency values offeather synthesis, suggests that feather production costs in- 
clude more than the costs for keratin synthesis: they mainly consist of costs of 
maintaining tissues necessary forfeather production. 

Introduction 

The energy costs for a bird to renew its plumage involve the production of 

new feathers and increased thermoregulatory expenses due to higher ther- 
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Cost of Feather Synthesis and BMR 491 

mal conductance (reviews by Payne [1972], Kendeigh, Dolnik, and Gavrilov 

[1977], King [1981], Murphy and King [1991, 1992]). While a general rise in 
energy metabolism during molt has been reported for a wide range of species 
(see, e.g., Payne 1972; King 1981; Croxall 1982), the cost of producing a 
given amount of feather mass has only rarely been measured. 

For three small, mainly granivorous, passerine species, the house sparrow, 
Passer domesticus, the white-crowned sparrow, Zonotrichia leucophrys, and 
the chaffinch, Fringilla coelebs (body mass 20-30 g), feather production 
cost (Cf) has been estimated to be around 400 kJ 

a 
(g dry feathers)-> (Black- 

more 1969; Chilgren 1975 (cited in King [1981]); Dolnik and Gavrilov 1979; 
Murphy and King 1984). In two larger carnivorous species, the long-eared 
owl, Asio otus, and the European kestrel, Falco tinnunculus (body mass 
200-300 g), Cf was much lower, around 100 kJ 

a 
(g dry feathers)- 

(Wijnandts 1984; Dietz, Daan, and Masman 1992). Dietz et al. (1992) hy- 
pothesized that this difference may be due to differences in either diet or 
size between the two groups. 

Murphy and King (1984) showed that white-crowned sparrows do not 
need to increase their metabolizable energy intake (ME) solely to meet 
protein or specific essential amino acids (EAA) requirements for feather 
synthesis, as had been suggested by Dolnik and Gavrilov (1979). It is still 
possible, though, that the differences in Cf between the small seed eaters 
and the raptors may be related to their diets. For example, the efficiency of 
keratin synthesis could be higher in carnivorous birds (Dietz et al. 1992). 

The energetic efficiency of feather production (5%-20%) is surprisingly 
low compared with the 40%- 50% efficiency in the synthesis of other protein- 
containing tissues in animals (Reeds 1991). It has therefore been suggested 
that the rise in metabolic rates during molt does not reflect only the cost of 
formation of keratin as such. Energy may also be spent on production and 
maintenance of tissues needed for feather synthesis (King 1981; Murphy 
and King 1984, 1991; Dietz et al. 1992). Dietz et al. (1992) estimated that, 
if the cost of these (mainly unknown) physiological modifications vary in 
parallel to basal metabolic rates (BMRs), it would roughly explain the dif- 
ference in Cf found between the passerines and the raptors. 

Recently, Murphy and King (1990, 1991) proposed another explanation 
for the large variation found in Cf. They suggested that much energy is lost 
when birds store protein during the day for use in feather synthesis at later 
nonfeeding periods in the diel feeding cycle, for example, at night. The 
more protein has to be stored and transformed, the greater the loss would 
be. Feather production cost would therefore be inversely proportional to 
day length and thus to the latitude at which the birds normally molt (Murphy 
and King 1990, 1991). 

This content downloaded from 129.125.148.019 on November 01, 2018 01:18:23 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



492 A. Lindstr6m, G. H. Visser, and S. Daan 

To distinguish between the diet and the size (or BMR) hypotheses (Dietz 
et al. 1992), we compared the Cf's of two similar-sized species with different 
diets: the insectivorous ("carnivorous") bluethroat, Luscinia s. svecica 
(17 g) and the granivorous common redpoll, Carduelisff flammea (13 g). 
As these species normally molt in continuous daylight or when nights are 
very short, we can also evaluate the latitude hypothesis of Murphy and King 
(1990, 1991). The size hypothesis would predict high molt costs for both 
species. The diet hypothesis would predict high values in the redpoll and 
lower values in the bluethroat. The latitude hypothesis, although not spe- 
cifically addressed by our current experimental protocol, would predict that 
Cf's in bluethroats and redpolls are relatively low. The two new values of 
molt cost allow us to present a first allometric analysis of the association of 
molt cost with both body mass (m) and BMR. 

Material and Methods 

Birds and Housing Conditions 

From May 26 to June 5, 1991, 24 bluethroats (all males) and 17 redpolls 
(both sexes) were trapped in mist nets near Ammarnis, Swedish Lapland 
(65058' N, 16007' E), under license from the National Swedish Environmental 
Protection Board. The birds were brought by car to Lund, southern Sweden. 
From there they were flown to the Netherlands on June 10 and immediately 
brought by car to the Zoological Laboratory in Haren. 

For other experimental purposes (effects of day length on molt perfor- 
mance), the birds were divided into two groups and kept under different 
light regimes. The birds on which the present article is based were all kept 
under a light regime (civil twilight) of 660 N latitude (i.e., Ammarnmis). That 
meant continuous light until August 1 and from then on nights of increasing 
length (night was 4 h and 39 min on August 15, 7 h and 17 min on September 
1, and 11 h and 2 min on October 1). The birds were kept in separate cages 
(40 X 40 X 40 cm3). Feeding activity was not recorded. Temperature was 
held constant at +150 a 1oC to mimic natural conditions as closely as pos- 
sible, and light intensity varied between cages from 120 to 720 Ix. 

As we wanted to estimate Cf both by indirect calorimetry and by food 
balance trials, we assigned six birds of each species to each of these two 

groups. As the average daily food intake actually decreased during molt in 
the bluethroats (5.4 a 0.7 g [SD] dry food before molt and 5.1 + 0.5 g during 
peak molt; paired t-test, t = 1.69, P = 0.15, n = 6) and did not increase to 

any significant degree in the redpolls (3.1 a 0.4 g [SD] dry food before molt 
and 3.3 + 0.5 g during peak molt; paired t-test, t = 0.55, P = 0.62, n = 4), 
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it proved impossible to estimate the Cf in this way (see King 1981). Ac- 
cordingly, this article will only deal with Cf's as estimated from indirect 
calorimetry. The lack of increase in food intake during peak molt was prob- 
ably due to reduced locomotory activity. 

Bluethroats were fed (daily) ad lib. a mixture of boiled eggs (including 
shells), dry bread, ground calf hearts, commercial insect food, and vita- 
mins and minerals, as well as 10-15 mealworms. The mixture contained 
23.6 kJ 

a 
(g dry mass)-' and 29.0% crude protein. Redpolls received a 

mixture of different small seeds. The seed mixture contained 22.2 kJ 
(g dry mass)-> and 14.4% crude protein. Birds were supplied with fresh 
water every second day, for drinking and bathing. 

Molt Scoring 

The birds were scored for molt every fifth day. The growth of flight feathers 
(primaries, secondaries, tertials, and tail feathers) was recorded according 
to the method of Ginn and Melville (1983). Old feathers score 0, growing 
feathers score 1-4 depending on their length, and 5 refers to a full-sized 
new feather. Scoring of wing feathers was only done on the left wing, but 
the right wing was regularly checked for possible asymmetry. A primary 
score (PS) was calculated for each molt scoring occasion by adding the 
score for the nine large primaries. Primary scores (for one wing) thus ranged 
from 0 (molt not yet started) to 45 (all primaries new). These PSs were 
used to assess the general progress of molt, enabling us to measure the 
birds in comparable stages. Molt duration was calculated as the time between 
the shedding of the first primary and the day when the waxy sheaths were 
no longer present at any feather. 

All growing flight feathers were measured to the nearest millimeter. The 
body plumage and the wing coverts were divided into 13 feather tracts 
(table 1). On each scoring occasion, the percentage of feathers growing in 
each feather tract was estimated visually. In addition, the birds were weighed 
on a Pesola spring balance to the nearest 0.1 g. Their fat loads were scored 
from 0 to 8 with a modified version of the scale of Pettersson and Hasselquist 
(1985). 

Field data on postnuptial molt have been collected on bluethroats and 
redpolls in the Ammarnis area since 1983. Standardized trapping was 
carried out each year in the period July 12-August 20 (see Lindstram 
1987). Comparisons are made with this largely unpublished data set where 
appropriate. 
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TABLE 

1 

Average 

dry 

mass 

offeathers 

and 

feather 

growth 

duration 

for 

different 

feather 

tracts 

in 
the 

six 

bluethroats 

and 

five 

redpolls 

studied 

.o 

Bluethroats 

Redpolls 

Growth 

Growth 

Mass 

Duration 

Mass 

Duration 

Component 

(mg) 

SE 

Range 

(d 

feathers-') 

SE 

Range 

(mg) 

SE 

Range 

(d 

feathers-1) 

SE 

Range 

Flight 

feathers: 

Tail 

82 

1.6 

77-88 

68 

3.0 

59-74 

Primaries 

161 

4.7 

141-173 

136 

6.3 

118-148 

Secondaries 

67 

1.4 

61-71 

49 

1.2 

45-52 

Tertials 

22 

.6 

20-24 

13 

.3 

12-14 

Body 

feathers: 

Great 

coverts 

19 

1.0 

15-22 

14.2 

1.1 

10-17 

15 

.8 

13-18 

12.4 

1.0 

10-15 

Median 

coverts 

84 

1.9 

77-89 

13.7 

.9 

12-17 

68 

5.3 

47-77 

10.8 

1.6 

8-17 

Primary 

coverts 

15 

1.2 

12-21 

13.0 

1.3 

8-15 

12 

.6 

10-14 

12.2 

1.2 

8-15 

Throat 

54 

3.2 

46-65 

15.0 

.9 

12-18 

38 

3.3 

32-50 

16.8 

1.0 

13-18 

Breast 

240 

7.8 

204-262 

16.3 

.9 

15-20 

270 

33.1 

154-343 

19.0 

1.3 

15-23 

Flanks 

103 

6.5 

79-121 

13.8 

.9 

10-16 

106 

11.1 

69-134 

13.0 

1.1 

10-17 

This content downloaded from 129.125.148.019 on November 01, 2018 01:18:23 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



Under 

tail 

coverts 

20 

1.3 

17-25 

24.5 

1.4 

20-29 

23 

3.5 

12-30 

20.0 

1.4 

15-22 

Legs 

15 

.5 

14-17 

13.0 

1.5 

10-19 

16 

1.9 

9-19 

13.6 

2.0 

8-18 

Under 

wing 

coverts 

34 

2.7 

24-44 

14.5 

1.1 

11-17 

33 

1.3 

29-36 

11.0 

1.3 

9-16 

Head 

90 

6.6 

68-111 

13.3 

1.3 

11-19 

85 

3.5 

77-95 

14.4 

1.1 

12-18 

Back 

128 

6.1 

112-153 

15.2 

1.0 

11-18 

139 

17.4 

76-183 

17.2 

1.1 

13-19 

Rump 

40 

4.2 

26-57 

13.8 

.9 

11-17 

59 

8.6 

28-79 

16.8 

.8 

14-18 

Upper 

tail 

coverts 

19 

7.9 

9-58 

25.3 

.8 

22-28 

10 

.5 

9-12 

23.4 

1.4 

20-28 

Total 

feathers 

1,193 

20.8 

1,110-1,252 

1,140 

89.0 

806-1,314 

Flight 

feathers 

.332 

7.3 

300-351 

265 

10.4 

240-284 

Body 

feathers 

861 

23.5 

773-925 

875 

81.7 

567-1,033 

Body 

mass 

(g): 

Live 

19.9 

.6 

17.4-21.2 

16.0 

.7 

13.6-17.5 

Lean 

16.7 

.3 

15.9-17.8 

12.9 

.4 

11.8-14.1 

Lean 

dry 

6.5 

.3 

5.6-7.5 

5.2 

.2 

4.6-5.8 

(0 

Note. 

When 

estimating 

daily 

feather 

production 

rates 

for 
each 

individual, 

the 

individual 

values 

of 
feather 

mass 

and 

growth 

duration 

were 

used. 

Flight 

feather 

production 

was 

calculated 

with 

feather-specific 

values 

for 
each 

individual. 

In 
general, 

flight 

feathers 

grew 

with 

about 

3 
mm 

* 
d-1. 

The 

average 

postmolt 

body 

compositions 

for 
the 

same 

birds 

are 

also 

presented. 
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496 A. Lindstr6m, G. H. Visser, and S. Daan 

Carcass Analysis 

The birds were killed within a week of molt completion (most of the re- 
maining birds of the other treatment groups were released). We plucked 
all feathers from the body and one wing. Feathers from the different tracts 
were kept apart and dried for at least 2 d at +60aC before weighing to the 
nearest 0.01 mg. To estimate fat and water contents the carcasses were dried 
at +60aC for at least 2 d and subsequently were boiled for 6-12 h in petro- 
leum ether. They were then dried for 2 d and weighed again. We define 
lean mass as live weight minus extracted fat and lean dry mass as lean mass 
minus water. 

Estimating Feather Production Rate 

For each bird, the feather production rate (g dry feathers * d-1) was estimated 
separately for body feathers (for convenience, the wing coverts are included 
in this group) and flight feathers. 

Body Feathers. The feather growth duration (GD) was estimated, for each 
feather tract of each individual, as the number of days elapsing between the 
emergence and completion of the first growing feathers (table 1). The rate 
of production for each feather tract (g dry feathers 

a 
d-1) at any given mo- 

ment was estimated as the percentage of feathers growing times the dry 
feather mass divided by GD. When relating metabolic rate to feather pro- 
duction rate, we used data from the molt scoring session closest to the night 
of metabolic measurements. There was never more than 2 d between these 
two estimates. 

Flight Feathers. For one bird of each species, the length (mm) and mass 
(to nearest 0.01 mg) of all individual flight feathers were measured. Mass 
was corrected for differences between individuals by using the individual 
values of overall primary mass, secondary mass, and so on, but assuming 
that the proportional distribution of mass among feathers was the same for 
all individuals. Feather mass was divided by feather length to estimate the 
mass * mm-1. Each time metabolic heat production of a bird was measured 
(see below) we estimated how much different feathers had grown during 
that day. Feather production rate was assumed to be the same for night and 
day (Murphy and King 1986). Finally, we combined estimates of feather 
production rate of body and flight feathers to give the total feather production 
rate in g d-'. 
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Metabolic Measurements 

Metabolic heat production was calculated from measurements of oxygen 
consumption in an open-circuit system. The birds were kept in metabolic 
chambers (1.4 L) that were placed in darkness in a temperature cabinet. 
Darkness was chosen as the experimental situation to avoid variation in 
activity level interfering with the assay of molt cost. Dried air was pressed 
through the system at a rate of 30 L * h-', as measured with a mass flow 
controller (Brooks 5850TR) on the dried inlet air. The oxygen concentration 
of the outlet air was measured every minute (S3A, Applied Electronics), 
and the data were stored on an Olivetti PC. Oxygen consumption was cor- 
rected for the difference in volume of inlet and outlet air (Hill 1972). For 
the correction we assumed a respiratory quotient (RQ) of 0.75, resulting 
from oxidation of fat and protein. Therefore, we used an energetic equivalent 
of 19.8 kJ L-V' oxygen consumed (Gessaman and Nagy 1988). For further 
details of the experimental design, see Dietz et al. (1992). 

Before measurements, the birds had free access to water and food. Mea- 
surements started around 1900 hours local time, and the birds were returned 
to their cages around 0900 hours the next morning. We used the lowest 30- 
min average of the measurement period as an estimate of resting metabolic 
rate. The birds were weighed before and after each trial. The metabolic 
heat production was measured at +280 C, which was supposed to be within 
the thermoneutral zone (Gavrilov and Dolnik 1985). During the initial mea- 
surements, some of the bluethroats showed unreasonably high metabolic 
rates at this temperature, possibly because of heat stress. Therefore, blue- 
throats were subsequently measured at +20o and +24aC (within the same 
night, shifting at midnight). The measurements were taken before molt 
started (within 30 d) and within 14 d after molt completion, as well as 
three times during molt, at different molt intensities (PS 8-13, 26-34, 
and 44-45). 

Statistics 

For statistical evaluation of the results, we used one-way ANOVA, repeated- 
measures analysis (with the CONTRAST = DIFFERENCE option in the mul- 
tivariate ANOVA [MANOVA] procedure) and ANCOVA, with SPSS/PC + V3.0. 

Results 

General Molt Performance 

The bluethroats started to molt on average July 21 (SD = 4.1 d, range July 
19-30, n = 6). This is similar to the onset of molt in the wild (17 male 
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498 A. Lindstrom, G. H. Visser, and S. Daan 

bluethroats in PS 1-2 averaged July 19, SD = 2.7, range July 12-23; A. 

Lindstri6m et al., unpublished data). Molt progressed in the normal sequence, 
starting with the innermost primaries (cf. Haukioja 1971). Primary molt 
lasted 54 d (SD = 6.9 d, range 47-68, n = 6), whereas the full period of 
feather growth lasted 62 d (SD = 8.2, range 52-77, n = 6). At PS 44-45, 
the last molted secondaries were in their final stage of molt and very few 

body feathers were growing. The bluethroats produced on average 40 mg 
dry feathers * d-1 when molt was at its highest rate. All wing and body 
feathers were molted (table 1). 

Body mass increased during the first part of molt, with a concomitant 
increase in fat score (fig. 1). During the second part of molt m decreased, 

SBLUETHROATS REDPOLLS 

22 - PRIMARY MOLT PRIMARY MOLT 

20- 
0) 

u 18 

.16 
- 

0 

14 -- 

22 12 2 2 12 22 32 42 2 7 22 12 2 2 12 22 32 42I2 I I 

7- 

6- 

3- 

2 I l I I I I I I I I I I I I I I I I I 

22 12 2 2 12 22 32 42 27 22 12 2 2 12 22 32 422 7 
days primary score days days primary score days before apter besfore after 
molt molt molt molt 

Fig. 1. Average body masses and fat scores (+SD) of six bluethroats (left) 
and five redpolls (right), before, during, and after molt. For the period of 
primary molt (hatched), which spans almost the complete period of molt, 
average values are given for periods spanning a primary score of 5. 
Since there were individual diferences in the length of the molt period, 
the scale during molt is not completely proportional to time. Before and 

after primary molt, values are given for every 5 d 
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Cost of Feather Synthesis and BMR 499 

whereas fat scores were stable. The completion of molt was accompanied 
by an increase in both m and fat scores. 

In the redpolls, timing and speed of molt varied more than in the blue- 
throats. Molt started on average July 27 (SD = 6.1 d, range July 20-August 
3, n = 5). Among wild birds in Ammarnfis, 72 birds with PS 1-2 were caught 
on average July 31 (SD = 7.7 d, range July 17-August 17; A. Lindstrim et 
al., unpublished data). A sixth bird in the group did not start to molt until 
September 8. It arrested its molt after renewing the six inner primaries and 
some parts of the body plumage. This bird is left out of further analyses. In 
the remaining five birds, molt apparently progressed normally (Evans 1966; 
Newton 1969), and primary molt lasted 67 d (SD = 4.6, range 60-73). The 
complete molt lasted 87 d (SD = 10.9, range 69-100, n = 5). Redpolls with 
PS 44-45 were growing more feathers than bluethroats in the corresponding 
molt stage. Several secondaries were growing at their highest rates, and 
10%-20% of the feathers in some body feather tracts were yet to be grown. 
During the most intensive phase of molt, the redpolls produced about 39 
mg of feathers (dry mass) daily. The amount of feathers produced in each 
feather tract can be found in table 1. 

In contrast to the bluethroats, m in the redpolls dropped slightly as molt 
progressed, reaching a low at PS 15-19. Fat scores decreased in parallel. 
From then on, m and fat scores increased slowly until the end of molt. As 
in the bluethroats, the end of molt was followed by rising m's and fat levels. 
The changes in m and fat levels during molt follow, for both species, the 
pattern found in wild birds at Ammarnfis (A. Lindstram et al., unpub- 
lished data). 

Metabolic Rate 

The premolt BMR in the bluethroats was on average 39.7 kJ 
a 

d-' (SD 
= 9.1). During peak molt intensity, the average metabolic rate was 83.8 
kJ 

a 
d-' (SD = 16.7), or 111% higher than premolt values (fig. 2). The 

corresponding figures for the redpolls were 26.8 kJ a d-1 (SD = 4.7) and 55.3 
kJ * d-' (SD = 10.7, 106%; fig. 3). The difference in metabolic rates between 
the five molt stages was tested with repeated-measures analysis for each 
species separately (bluethroats: F4,20 = 30.83, P < 0.001; redpolls: F4,16 
= 21.13, P < 0.001). In addition, the analysis revealed that the patterns 
differed significantly between the species (species X stage: F4,36 = 4.00, P 
< 0.01). This was mainly dependent on redpolls' having relatively higher 
metabolic rates at PS 44-45. The postmolt metabolic rate was on average 
15% higher than the premolt values in the bluethroats. In the redpolls, 
postmolt metabolic rates were 18% lower than the premolt values. However, 
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Fig. 2. Metabolic rates (kJ * d-') before, during, and after molt in six 

bluethroats, measured under thermoneutral conditions. Identical sym- 
bols refer to the same individual. Each bird was measured at primary 
scores of8-13, 27-34, and 44-45. 

neither of the differences was significant (bluethroats: F1,5 = 2.33, P= 0.19; 
redpolls: F1,4 = 2.03, P= 0.23). 

The changes in m during molt in both species were at least partly explained 
by changes in fat scores. Further, we assume that a large part of the change 
is due to changes in water mass, which is correlated with feather growth 
intensity (Newton 1968; Evans 1969; Chilgren 1977; Chilgren and deGraw 

120- REDPOLLS 

100 

" 
80 

, 60 o 

. 40 0 E 6 
20 A 

0I I I I I 

PRE 8-13 27-34 44-45 POST 
molt stage 

Fig. 3. Metabolic rates (kJ * d-1) before, during, and after molt in five 
redpolls, measured under thermoneutral conditions. Identical symbols 
refer to the same individual. Each bird was measured at primary scores 

of 8-13, 27-34, and 44-45. 
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1977; Dolnik and Gavrilov 1979). Fat and water are nonmetabolic compo- 
nents and would influence our measurements only to a negligible degree. 
Also, since the mass changes follow the pattern found in the wild (for the 
redpoll; see also Evans 1966), the changes in metabolically active tissues 
can be considered to be a part of Cf. We have therefore refrained from 
correcting for changes in m during the progress of molt (see also Murphy 
and King 1984). 

Overnight mass loss during the respirometry measurements was on av- 
erage 2.4 + 0.2 g (SD) before molt and 3.2 a 0.4 g during peak molt for 
the bluethroats and 1.3 a 0.1 g before molt and 2.2 + 0.1 g during peak 
molt for the redpolls. 

Cost of Feather Production 

The significant variation in metabolic rate with stage of molt allowed us to 
estimate the cost of feather production (kJ 

a [g dry feathers]-D). We did this 
by relating metabolic rate (in kJ 

a 
d-') to feather production rate (g dry 

feathers 
a 

d-') for each of the 11 individuals (fig. 4). As it is not obvious 
which of the nonmolting values (pre- and postmolt) should be used as a 
baseline value, we included both in our calculations. Slopes did not differ 
significantly between bluethroat individuals (F5,8,, = 1.25, P = 0.33). The 
common slope was estimated as 836 + 99 (SE) kJ a (g dry feathers)-> (F1,23 
= 75.5, r2 = 0.83, P < 0.001). In the redpoll also, slopes did not differ 
between individuals (F4,15 = 2.0, P = 0.144). The common slope was esti- 
mated as 683 + 119 (SE) kJ a (g dry feathers)-> (F~,9 = 32.8, r2 = 0.66, P 
< 0.001). The Cf did not differ between the species (ANCOVA, F,5,, = 0.4, 
P= 0.51). When we assumed an energy content of 22 kJ a (g dry feathers)- 
(Murphy and King 1982), the efficiencies of producing feathers were 2.6% 
and 3.1% for bluethroats and redpolls, respectively. 

Discussion 

Feather production cost in the seed-eating redpoll was not significantly 
higher than in the insectivorous bluethroat, as would have been expected 
if the diet hypothesis were correct. We therefore conclude that differences 
in diet are not likely to explain the large differences in Cf that have been 
reported (Murphy and King 1991; Dietz et al. 1992). 

Murphy and King (1990, 1991) suggested that the differences found in 
Cf between species may be related to the lengths of the nights during molt. 
According to this hypothesis we would expect molt costs to be inversely 
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Fig. 4. Metabolic rates (kJ . d-1) in relation tofeatherproduction rate 

(g dry feathers d-) for individual bluethroats (six graphs on the left- 
hand side ofthe figure) and redpolls (five graphs on the right-hand side 

of the figure), as measured in thermoneutrality. The Cf (kJ [g dry feath- 

ers]-') for each individual was calculated as the slope of the regression 
line of metabolic rate on feather production rate. 
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related to night length. Our results do not support this hypothesis. Both 
bluethroats and redpolls had even higher molt costs than most values re- 
ported before (Murphy and King 1991; Dietz et al. 1992), despite the fact 
that they molted under almost continuous daylight. 

Instead, the fact that molt costs in bluethroats and redpolls were very 
high indicates that m may be an important factor to consider when exploring 
interspecific differences in molt costs. We surveyed the literature for data 
on Cf (table 2). Molt costs have been determined in two different ways, 
either from using indirect calorimetry or by measuring the ME. Values ob- 
tained from indirect calorimetry of molting birds in principle only reflect 
BMR and the additional heat production related to feather synthesis. In 
contrast, values obtained with the ME method normally also include the 
effects of locomotion, which may influence the final estimate of molt cost 
dramatically (as in our ME trials). As pointed out by King (1981), it is "clear 
that the measurement of ME as an estimate of moult costs is not adequate 
for all species or experimental designs." 

Since only a few studies have been conducted on Cf, we chose to present 
them all (table 2; figs. 5, 6). We distinguished between values originating 
from the two different methods. For many of the ME-based values we had 
to obtain data on feather mass and m from sources other than the original 
study. This adds to the uncertainty this method involved. We therefore in- 
clude in the statistical analysis only the seven species for which Cf was 
measured by indirect calorimetry. 

The Cf (kJ 
a 

[g dry feathers]-1) of the seven species was significantly 
correlated with m (kg) as 

log Cf = 1.984 - 0.382 log m (1) 

(F1,5 = 10.0, SE of the slope = 0.121, r2 = 0.67, P = 0.025; fig. 5). However, 
if the costs of molt involve metabolic processes in addition to keratin syn- 
thesis (King 1981) and if these are proportional to m and require energy 
in proportion, molt cost should primarily be related to the mass-specific 
BMR, BMRm (Dietz et al. 1992). The relationship between Cf and BMRm 
(kJ 

a 
g-' * d-I) explains more of the observed variance in Cf: 

log Cf = 2.459 + 0.843 log BMRm (2) 

(F1,5 = 22.5, SE of the slope = 0.178, r2 = 0.82, P = 0.005; fig. 6). 
In search of further evidence for a relationship between Cf and BMRm, 

we calculated the residuals of log Cf from the regression on log BMRm 

(resCf; according to eq. [2]) and of log BMRm on log m (resBMRm; according 
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TABLE 

2 

Estimates 

offeather 

production 

cost 

(kJ 

. 
[g 
dry 

feathers]- 

1) 
for 

diferent 

species 

of 
birds 

Feather Production Cost 

Body 

Feather 

(kJ/g) 

Mass 

BMR 

Mass 

(kg) 

(kJ/d) 

(g) 

VaO2 

ME 

Source 

Cardeulisflammea 

.013 

26.8 

1.1 

683 

This 

study 

Luscinia 

svecica 

.017 

39.7 

1.2 

836 

This 

study 

Fringilla 

coelebs 

.020 

33.5 

1.4 

230 

Dolnik 

and 

Gavrilov 

1979 

Zonotrichia 

leucophrys 

.025 

40.5 

1.7 

488 

Chilgren 

1975 

(cited 

in 
King 

[1981]) 

Falco 

tinnunculus 

.210 

77.8 

20.1 

106 

Dietz 

et 
al. 

1992 

Asio 

otus 

.280 

106.0 

31.6 

90 

Wijnandts 

1984 

(calculated 

in 
Dietz 

et 
al. 
[1992]) 

Anser 

anser 

2.857 

570.2 

160.6 

114 

M.J.J.E. 

Loonen 

and 

R. 
van 

der 

Wal, 

unpublished 

manuscript 

Carduelisflammea 

.013 

24.7 

1.2 

1,032 

Dolnik 

1965 

Carduelis 

spinus 

.014 

25.1 

1.3 

478 

Dolnik 

1965 

Carduelis 

carduelis 

.017 

30.1 

1.5 

1,225 

Dolnik 

1965 

C,, 
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Carduelis 

cannabina 

.017 

29.3 

1.5 

1,009 

Dolnik 

1965 

Emberiza 

schoeniclus 

.018 

26.0 

1.6 

471 

Dolnik 

1965 

Fringilla 

coelebs 

.020 

33.5 

1.4 

397 

Dolnik 

and 

Gavrilov 

1979 

F. 
coelebs 

.021 

32.2 

1.9 

743 

Dolnik 

1965 

Fringilla 

montifringilla 

.021 

33.1 

1.9 

592 

Dolnik 

1965 

Carpodacus 

erythrinus 

.021 

31.8 

1.9 

915 

Dolnik 

1965 

Passer 

montanus 

.022 

34.0 

1.5 

495 

Dolnik 

1965 

Emberiza 

hortulana 

.022 

36.0 

2.0 

445 

Dolnik 

1965 

Zonotrichia 

leucophrys 

.025 

33.5 

1.8 

324 

Murphy 

and 

King 

1984 

Passer 

domesticus 

.026 

41.0 

1.8 

473 

Dolnik 

1965 

P. 
domesticus 

.027 

41.0 

1.7 

416 

Blackmore 

1969 

P. 
domesticus 

.027 

40.2 

2.0 

835 

Dolnik 

and 

Gavrilov 

1975 

Emberiza 

citrinella 

.027 

43.0 

2.4 

1,067 

Dolnik 

1965 

Carduelis 

chloris 

.029 

41.1 

2.6 

612 

Dolnik 

1965 

Pyrrhula 

pyrrhula 

.030 

47.7 

2.7 

311 

Dolnik 

1965 

Coccothraustes 
coccothraustes 

.048 

60.3 

4.3 

123 

Dolnik 

1965 

Falco 

tinnuculus 

.210 

77.8 

20.1 

117 

Dietz 

et 
al. 

1992 

Note. 

The 

estimates 

are 
based 

on 
either 

indirect 

calorimetry 

technique 

(Vo2, 

upper 

group) 

or 
measurements 

of 
ME 

(lower 

group). 

If 
data 

on 
body 

mass 

and 

BMR 

were 

not 
given 

in 
the 
original 

source, 

we 
used 

values 

presented 

by 
Gavrilov 

and 

Dolnik 

(1985). 

For 

nonoriginal 

BMR 

estimates 

we 
used 

values 

from 

summer 

and 

night 

as 
far 
as 
possible. 

When 

the 
amount 

of 
feathers 

produced 

was 

not 
given 

in 
the 
original 

source, 

feather 

mass 

was 

estimated 

from 

Turcek 

(1966). 

The 

value 

for 
Asio 

otus 

was 

calculated 

by 
Dietz 

et 
al. 
(1992). 

The 

value 

for 
Anser 

anser 

is 
based 

on 
the 
production 

of 
wing 

feathers 

only. 

0l 
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Fig. 5. Feather production cost (kJ * [g dry feathers]-) in relation to m 

(kg) for diferent species of birds, as measured by indirect calorimetry 

(Vo2, circles) and ME (dots). Values are from table 2. The ME values for 
Fringilla coelebs and Passer domesticus are the averages of those listed 

in table 2. The solid line is the best linear fit to the Vo2 values. 

to the equation log BMRm = -0.602 - 0.489 log W [in grams], n = 7). There 

was a significant correlation between resCf and resBMRm: resCf = 1.92 

resBMRm + 0.0005 (F1,5 = 10.7, SE of slope = 0.587, r2 = 0.68, P = 0.022). 
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Fig. 6. Feather production cost (kJ * [g dry feathers]-) in relation to 

BMRm (kJ g-' * d-') for different species of birds, as measured by indi- 

rect calorimetry (Vo2, circles) and ME (dots). Values are from table 2. 

The ME values for Fringilla coelebs and Passer domesticus are the aver- 

ages of those listed in table 2. The solid line is the best linear fit to the 17o, 
values. 
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This means that a species with a high mass-specific BMR for its mass also 
has, for its mass, a high Cf. It is thus clear that Cf is tightly linked to the 
BMR of a bird. 

The coefficient (0.843) of log BMRm in equation (2) is statistically indis- 
tinguishable from 1. This implies that the Cf is essentially proportional to 

BMR,,. In fact, the ratio BMRm/Cf is independent of m (Fi,5 = 1.60, r2 = 0.24, 
P = 0.26) and is on average 0.0037 (g dry feathers) 

a (g body 
mass)-' d-' (SE = 0.00066, n = 7). Thus, Cf, for a species with known 

BMRm, can be roughly estimated from the equation 

Cf = 270 BMRm, (3) 

where Cf has the dimension kJ a (g dry feathers)->' and BMRm has the di- 
mension kJ * g- ' d'. Consequently, the coefficient 270 has the dimension 
of d 

a (g body mass) 
a (g dry feathers)-. Accordingly, if we know the 

feather mass, the overall cost of molt (in kJ) can be estimated. If equation 
(3) holds for the whole size (or rather BMR) range of avian species, Cf will 
be predicted to vary from 26.6 kJ 

a 
(g dry feathers)->' for the ostrich Struthio 

camelus to 780 kJ a (g dry feathers)->' for the smallest passerines, for ex- 
ample, the goldcrest, Regulus regulus, for which BMR is known (Gavrilov 
and Dolnik 1985). With a general energy content of 22 kJ a (g dry feathers)-> 
(Murphy and King 1982), the efficiency of feather synthesis would vary over 
a range from 45.3% to 2.7%. In large birds this efficiency would be close to 
the biochemical efficiency of protein synthesis (40%- 50%; Reeds 1991). 

The tight association of C, and BMRm between species, together with the 
low efficiency values of feather synthesis, supports earlier suggestions that 
feather production costs include more than just costs for keratin synthesis: 
they consist mainly of costs of maintaining tissues necessary for feather 
production (King 1981; Murphy and King 1984, 1991, 1992; Dietz et al. 
1992). It remains to be seen whether GCf also varies in proportion to BMR 
when BMR differs between and within individuals of a species. 

Especially in small birds, the energy spent on feather synthesis may add 
significantly to the daily energy expenditure (DEE). For example, for a 
bluethroat that produces 1.2 g of feathers over 54 d, the cost of molt would 
on average add 47% to BMR throughout the molting period. As measured 

by us, this rise can be 111%o during the most intensive part of molt, that is, 
the DEE is 2.1 

a 
BMR because of feather growth and basal metabolic activities 

alone. It is clear that, with additional thermoregulatory costs of molting at 
low ambient temperatures, the overall costs of molt may severely impinge 
on other energetically expensive activities such as locomotion and fat de- 
position. For larger birds, though, that have a low production cost and carry 
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out the molt over a longer period of time (Ginn and Melville 1983), the 
additional costs of molt may have a relatively small impact on the DEE. 

In conclusion, the Cf of birds is correlated with BMR, whereas neither 
diet nor latitude (night length) alone can explain the differences found 
between species. However, it should be noted that there are large discrep- 
ancies plaguing the available estimates of energetic costs of avian molt (table 
2), and there is an obvious need for more controlled studies. Consequently, 
the possible importance of diet and feeding schedule in accounting for 
some of the intra- and interspecific variation in the costs of molt should not 
be dismissed. For a more detailed knowledge of the relationship between 
molt cost and BMR, further studies are needed on especially birds with 
low BMRm. 

Acknowledgments 

Gerard Overkamp gave substantial help throughout this study. In Sweden, 
Susanne Akesson, Agneta Gronwall-L6f, Olof Liberg, Arne L6f, and Hans Ny- 
strim assisted in various ways. Jan Koenes (with co-workers) and Jan Nijboer 
gave technical assistance. Herbert Biebach helped us to obtain the food for 
the bluethroats. Zhenya Syroechkovski and Przemek Chylarecki provided 
copies of Russian articles. Discussions with Rudi Drent, Marcel Klaassen, 
Maarten Loonen, and Ren6 van der Wal have been of great value. Maarten 
Loonen and Ren6 van der Wal made unpublished data available to us. Dick 
Visser drew the figures. Mary E. Murphy and an anonymous referee gave 
valuable comments on an earlier version of the manuscript. The study was 
carried out while A.L. held a postdoctoral grant from the Swedish Natural 
Science Research Council. Further financial support was given by Udden- 
berg-Nordingska Stiftelsen, Wenner-Gren Center, and Crafoordska Stiftelsen 
in Lund. To all these people and institutions we are most grateful. 

Literature Cited 

BLACKMORE, F. H. 1969. The effect of temperature, photoperiod and molt on the 

energy requirements of the house sparrow, Passer domesticus. Comp. Biochem. 
Physiol. 30:433-444. 

CHILGREN, J. D. 1975. Dynamics and bioenergetics of postnuptial molt in captive 
white-crowned sparrows (Zonotrichia leucophrys gambelii). Ph.D. diss. Washing- 
ton State University. 

-. 1977. Body composition of captive white-crowned sparrows during post- 
nuptial molt. Auk 94:677-688. 

This content downloaded from 129.125.148.019 on November 01, 2018 01:18:23 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2Fphyszool.66.4.30163805&crossref=10.1016%2F0010-406X%2869%2992013-1&citationId=p_7
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2Fphyszool.66.4.30163805&crossref=10.1016%2F0010-406X%2869%2992013-1&citationId=p_7


Cost of Feather Synthesis and BMR 509 

CHILGREN,J. D., and W. A. DEGRAW. 1977. Some blood characteristics of white-crowned 
sparrows during molt. Auk 94:169-171. 

CROXALL, J. P. 1982. Energy costs of incubation and moult in petrels and penguins. 
J. Anim. Ecol. 51:177 - 194. 

DIETZ, M. W., S. DAAN, and D. MASMAN. 1992. Energy requirements for molt in the 
kestrel, Falco tinnunculus. Physiol. Zool. 65:1217-1235. 

DOLNIK, V. R. 1965. Bioenergetica linki byurovykh ptits kak adaptatsiya k migratsii 
(Bioenergetics of the molt of finches as adaptations to migration). Nov. Ornithol. 
4:124-126. 

DOLNIK, V. R., and V. M. GAVRILOV. 1975. A comparison of the seasonal and daily 
variations in bioenergetics, locomotor activities and major body composition in 
the sedentary house sparrow (Passer d. domesticus [L.]) and the migratory "Hin- 
dian" sparrow (P. d. bactrianus Zar. et Kudasch.). Ekologia Pol. 23:211-226. 

-. 1979. Bioenergetics of molt in the chaffinch (Fringilla coelebs). Auk 96:253- 
264. 

EVANS, P. R. 1966. Autumn movements, moult and measurements of the lesser redpoll 
Carduelis flammea cabaret. Ibis 108:183-216. 

- . 1969. Ecological aspects of migration, and pre-migratory fat deposition in 
the lesser redpoll, Carduelisflammea cabaret. Condor 71:316-330. 

GAVRILOV, V. M., and V. R. DOLNIK. 1985. Basal metabolic rate, thermoregulation and 
existence energy in birds: world data. Pages 421-466 in V. D. ILYICHEV and V. M. 
GAVRILOV, eds. Acta XVIII Congressus Internationalis Ornithologici. Nauka, Mos- 
COW. 

GESSAMAN, J. A., and K. A. NAGY. 1988. Energy metabolism: errors in gas-exchange 
conversion factors. Physiol. Zool. 61:507-513. 

GINN, H. B., and D. S. MELVILLE. 1983. Moult in birds. British Trust for Ornithology 
Guide 19, Tring, England. 

HAUKIOJA, E. 1971. Flightlessness in some moulting passerines in northern Europe. 
Ornis Fenn. 48:101-116. 

HILL, R. W. 1972. Determination of oxygen consumption by use of the paramagnetic 
oxygen analyzer. J. Appl. Physiol. 33:261-263. 

KENDEIGH, S. C., V. R. DOLNIK, and V. M. GAVRILOV. 1977. Avian energetics. Pages 
127-204 in J. PINOWSKI and S. C. KENDEIGH, eds. Granivorous birds in ecosystems. 
Cambridge University Press, Cambridge. 

KING, J. R. 1981. Energetics of avian moult. Pages 312-317 in R. N6HRING, ed. Acta 
XVII Congressus Internationalis Ornithologici. Verlag der Deutschen Ornithologen 
Gesellschaft, Berlin. 

LINDSTROM, A. 1987. Breeding nomadism and site tenacity in the brambling Fringilla 
montifringilla. Ornis Fenn. 64:50-56. 

MURPHY, M. E., and J. R. KING. 1982. Amino acid composition of the plumage of the 
white-crowned sparrow. Condor 84:435-438. 

S1984. Sulfur amino acid nutrition during molt in the white-crowned sparrow. 
I. Does dietary sulfur amino acid concentration affect the energetics of molt as 
assayed by metabolized energy? Condor 86:314-323. 

. 1986. Diurnal constancy of feather growth rates in white-crowned sparrows 
exposed to various photoperiods and feeding schedules during the post-nuptial 
molt. Can. J. Zool. 64:1292-1294. 

This content downloaded from 129.125.148.019 on November 01, 2018 01:18:23 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2Fphyszool.66.4.30163805&pmid=4403382&crossref=10.1152%2Fjappl.1972.33.2.261&citationId=p_21
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2Fphyszool.66.4.30163805&crossref=10.2307%2F4318&citationId=p_11
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2Fphyszool.66.4.30163805&system=10.1086%2Fphyszool.65.6.30158276&citationId=p_12
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2Fphyszool.66.4.30163805&crossref=10.1111%2Fj.1474-919X.1966.tb07267.x&citationId=p_16


510 A. Lindstr6m, G. H. Visser, and S. Daan 

. 1990. Diurnal changes in tissue glutathione and protein pools of molting 
white-crowned sparrows: the influence of photoperiod and feeding schedules. 
Physiol. Zool. 63:1118-1140. 

. 1991. Nutritional aspects of avian molt. Pages 2186-2193 in B. D. BELL, ed. 
Acta XX Congressus Internationalis Ornithologici. New Zealand Ornithological 
Congress Trust Board, Wellington. 

-. 1992. Energy and nutrient use during moult by white-crowned sparrows 
Zonotrichia leucophrys gambelii. Ornis Scand. 23:304-313. 

NEWTON, I. 1968. The temperatures, weights, and body composition of molting bull- 
finches. Condor 70:323-332. 

. 1969. Moult and weights of captive redpolls Carduelisflammea. J. Ornithol. 
110:53-61. 

PAYNE, R. B. 1972. Mechanisms and control of molt. Pages 103-155 in D. S. FARNER 

and J. R. KING, eds. Avian biology. Vol. 2. Academic Press, New York. 
PETTERSSON, J., and D. HASSELQUIST. 1985. Fat deposition and migration capacity of 

robins Erithacus rubecula and goldcrests Regulus regulus at Ottenby, Sweden. 
Ringing Migration 6:66-76. 

REEDS, P.J. 1991. The energy cost of protein deposition. Pages 473-479 in C. WENK 

and M. BOESSINGER, eds. Energy metabolism of farm animals. European Association 
for Animal Production (EAAP) Publication 58. 

TURCEK, F.J. 1966. On plumage quantity in birds. Ekologia Pol. 14A:617-634. 
WIJNANDTS, H. 1984. Ecological energetics of the long-eared owl (Asio otus). Ardea 

72:1-92. 

This content downloaded from 129.125.148.019 on November 01, 2018 01:18:23 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).


	Article Contents
	p. 490
	p. 491
	p. 492
	p. 493
	p. 494
	p. 495
	p. 496
	p. 497
	p. 498
	p. 499
	p. 500
	p. 501
	p. [502]
	p. 503
	p. 504
	p. 505
	p. 506
	p. 507
	p. 508
	p. 509
	p. 510

	Issue Table of Contents
	Physiological Zoology, Vol. 66, No. 4 (Jul. - Aug., 1993), pp. 455-642
	Front Matter
	Skeletal Muscle Growth, Enzyme Activities, and the Development of Thermogenesis: A Comparison between Altricial and Precocial Birds [pp. 455-473]
	Effects of pH and Temperature on the Kinetics of Pyruvate Oxidation by Muscle Mitochondria from Rainbow Trout (Oncorhynchus mykiss) [pp. 474-489]
	The Energetic Cost of Feather Synthesis Is Proportional to Basal Metabolic Rate [pp. 490-510]
	Seasonal Patterns of Time and Energy Allocation by Birds [pp. 511-536]
	Energy Acquisition and Allocation in Male Collared Lemmings (Dicrostonyx groenlandicus): Effects of Photoperiod, Temperature, and Diet Quality [pp. 537-560]
	Lipid Deposition and Use by Black-Tailed Prairie Dogs, Cynomys ludovicianus, in the Natural Environment [pp. 561-579]
	Coniferyl Benzoate in Quaking Aspen (Populus tremuloides): Its Effect on Energy and Nitrogen Digestion and Retention in Ruffed Grouse (Bonasa umbellus) [pp. 580-601]
	Effects of Reduced Ambient pH on Sodium Balance in the Red-Spotted Newt, Notophthalmus viridescens [pp. 602-618]
	Estimation of Splenic Volume and Its Relationship to Long-Duration Apnea in Seals [pp. 619-627]
	Gas Exchange, Ventilatory Patterns, and Water Loss in Two Lubber Grasshoppers: Quantifying Cuticular and Respiratory Transpiration [pp. 628-642]
	Back Matter



