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WINTER STARVATION IN CAPTIVE COMMON BARN-OWLS:
BIOENERGETICS DURING REFEEDING
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ABSTRACT.—The bioenergetics of eight captive Common Barn-Owls (Tyto alba alba) accli-
mated at 5°C were studied during the restoration of a 30% reduction in body mass following
a period of total food deprivation. The eight-day period during which body mass was restored
(Refeeding I) was compared with a five-day prefasting period (Feeding), corresponding to
steady body mass and a six-day period (Refeeding II) of stabilization at a new steady state.
Food was given ad libitum throughout the feeding periods. During Refeeding I, the rate of
increase in body mass (13.9 * SD of 1.0 g/24 h in females and 9.2 = 0.8 g/24 h in males)
was close to the maximum value for growth of captive or wild owlets. It was achieved by a
1.63-fold increase in gross energy intake and daily metabolized energy, respectively, of 370
+ 42 and 275 + 31 kJ/d during Feeding. In contrast to the clear increase in food assimilation
efficiency observed in other species during refeeding, the high rate of energy intake and
body mass restoration in the Common Barn-Owl was associated with only a slight increase
in assimilation efficiencies: 52.0 £ 2.2% versus 49.1 + 1.0% during Feeding for dry mass; and
75.5 = 1.1% versus 74.1 * 0.6% for energy. This slight increase could only be attributed to
a reduction of the energy lost in pellet production (i.e. to a higher effectiveness in gastric
digestion). The energetic cost of daily change in body mass was estimated in both sexes and
both feeding periods, and appeared to be constant (10.8 + 1.1 kJ/g fresh body mass). Using
this value, the part of the daily metabolized energy invested in the existence metabolism
was calculated. After four days of refeeding, existence metabolism paradoxically appeared
similar or even higher than before fasting, while the body mass was still lower than the
initial value. Thus, in contrast to the laboratory rat (Rattus norvegicus) or humans, the Common
Barn-Owl is unable to enhance restoration of body reserves by minimizing existence re-
quirements when refed ad Ilibitum after a period of starvation. This might be partly due to
the maintenance of a high locomotor activity throughout starvation and refeeding. Received
3 October 1991, accepted 5 May 1992.

IN THE COMMON BARN-OwL (Tyto alba alba),
severe winters with cold weather and extensive
cover of deep snow are well known to result in
declines in population density and/or in re-
duction of further breeding success (Honer 1963,
Frylestam 1972, Schonfeld et al. 1977, Baudvin
1975, 1976, Bunn et al. 1982, Marti and Wagner
1985, Muller 1987, Shawyer 1987).

In addition to mortality due to winter-in-
duced starvation (Handrich et al. 1993), poor
breeding success may be due to an insufficient
restoration of body stores (Hardy et al. 1981).
Presumably, this restoration not only depends
upon food availability, but also on the extent
of depletion of body fuels and on the physio-
logical ability to convert food into energy re-
serves. These points are still largely ignored in
the literature on birds. After fasting in man and
laboratory rats (Rattus norvegicus), a greater pro-
portion of the ingested energy during refeed-
ing can be used for restoration of energy re-

serves. This has been attributed to a decrease of
existence energy requirements during refeed-
ing. This decrease is proportional to the severity
of reduction in body mass or to the degree of
food restriction during refeeding (Hill et al.
1984). It does not seem to be due to a reduction
in locomotor activity (Boyle et al. 1981), but to
a drop in basal metabolic rate.

Such an increase of food conversion into en-
ergy reserves in a wild animal would improve
the capability for body-mass restoration in an
environment where food is not available ad li-
bitum, and where this limitation itself contrib-
utes to increasing the cost of foraging, and ac-
cordingly the existence metabolism.

All studies on the energy requirements of
raptors that involved determination of gross en-
ergy intake, existence metabolism, and energy
assimilation efficiency (EAE) have been con-
ducted on captive birds at constant body mass.
The EAE is a factor often calculated in studies
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on the bioenergetics of wild species, as it is
essential to establish the relationship between
the level of food intake of a species in the field
and its energy expenditure. As EAE is always
determined under captive conditions, for ex-
trapolation to the field it has been assumed to
be constant, whatever the level of food intake.
Furthermore, constant body mass corresponds
to an idealistic situation for a wild species, which
naturally encounters periods of food scarcity.

For mammals, in which gastrointestinal wastes
are easily separated from urine, the calculation
of EAE can be made independently of the ex-
creta so that it represents the efficiency of the
digestive tract. However, for birds, because urine
cannot be separated from feces, the EAE also
takes into account a part of the energy loss that
is independent of digestion (i.e. energy loss in
urine that reflects intensity of metabolic rate).
Accordingly, it can be expected that EAE will
vary with both the amount of food intake and
subsequent change in body mass. EAE then,
should increase if existence metabolism re-
mains at the low fasting level during refeeding.

The aim of our study was to determine the
EAE and the relative importance of existence
metabolism in captive Common Barn-Owls dur-
ing different feeding conditions: steady state in
body mass; and refeeding ad libitum after star-
vation (see Handrich et al. 1993). Throughout
the investigation, ambient temperature (5°C) was
below thermoneutrality (lower critical temper-
ature, LCT = 25°C; after Johnson 1974) to mimic
a winter condition. In this paper, during feed-
ing and refeeding after fasting, the following
energetic parameters were compared in captive
birds: gross energy intake, daily metabolized
energy, existence energy requirement, and dry
mass or energy assimilation efficiencies.

MATERIALS AND METHODS

Three weeks before the experiment, four males and
four females were individually housed in a climatic
room at 5°C. Freshly killed mice were provided ad
libitum. At the beginning of the experiment, the birds
had a steady body mass, but not necessarily at the
same level that was previously maintained in the out-
side aviary in which they were raised (Handrich et
al. 1993:table 1).

A five-day period of steady body mass, food being
available ad libitum, was followed by a period of total
starvation that was prolonged until a critical but still
reversible state was reached (Handrich et al. 1993).
The birds then were allowed to refeed ad libitum, until
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the prefasting food intake was restored two weeks
later. The experimental birds did not have water
available throughout fasting or feeding periods, which
is the usual situation for our breeding colony of cap-
tive birds.

During prefasting and refeeding periods, food was
given at 1500 GMT and remaining food, urine and
feces were collected at 0700 the day after. On these
two occasions, body mass was determined to the near-
est 0.1 g. The last pellet corresponding to the preced-
ing nocturnal meals was usually expelled before the
weighing at 1500. If not, the pellet was found at the
beginning of the night and its mass subtracted from
the body mass at 1500. With this procedure, there was
a good day-to-day correspondence between daily
change in body mass, amount of food eaten, amount
of feces, and excreta collected.

To ensure that food was given ad libitum, enough
food was available so that at least one intact mouse
was left. Every morning, the uneaten food was di-
vided into three parts: intact mice; mice partially eat-
en; and viscera, which often were removed from an
animal and scorned by the barn-owls. Often, there
was partial dessication of the scorned food; therefore,
the amount of food eaten was calculated on the basis
of dry mass. Partially eaten mice and viscera were
dried at 70°C for 48 h in a still-air oven and weighed
separately to the nearest 0.01 g. All of the partially
eaten mice and viscera collected throughout the ex-
periment were pooled into two samples (using a high-
speed grinder; Retch ZM1). The dry mass and energy
content were measured for the 10 freshly killed mice,
the sample of partially eaten mice, and the viscera
sample. The daily food intake in dry mass could then
be calculated using the following formula:

Vo, (1)

where My, was the fresh mass of the meal, I, the
fresh mass at 1500 of intact mice not eaten, C, the
dry mass content of fresh mice, Py, the dry mass of
partially eaten mice, and V,\, the dry mass of viscera.
Gross energy intake was calculated using the same
procedure.

Pellets were collected daily, dried at 70°C for 48 h,
and weighed to the nearest 0.01 g. Two consecutive
periods (eight and six days long, respectively) were
characterized during refeeding, based on the changes
in body mass (see Results and Fig. 1). For each barn-
owl the pellets were mixed, ground and homogenized
into three samples, corresponding to the feeding pe-
riod and the two periods of refeeding. Energy content
of each sample was measured.

Feces and urine were collected daily, with partic-
ular precautions to avoid nitrogen evaporation or bac-
terial fermentation (see methods in Handrich et al.
1993). An aliquot was freeze-dried for measurement
of dry mass. The eight dried aliquots of each day were
pooled for energy measurements. Nitrogen content
was measured directly on the liquid samples.
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Fig. 1.

Change in body mass of eight owls before and after fast. Time indicated on abcissa up to initiation

of starvation (left of break) or from beginning of refeeding (right of break). Two phases defined during
refeeding relative to rate of increasing body mass (vertical dotted lines). For each owl, a reference value for
steady body mass calculated as mean of 12 values obtained in steady body-mass conditions: first day of housing
in metabolic cage; five days of Feeding; and six days of Refeeding II (horizontal dotted line). Left panel has
males and females plotted separately. Right panel has mean reference steady body mass for corresponding
sex taken as 100%. Squares correspond to mean relative body mass of eight owls.

Total nitrogen was determined by Kjeldahl’s meth-
od. Energy content was measured in a 0.5- to 1.0-g
dry sample, using an adiabatic Parr calorimeter. Cor-
rections were made for sulfuric and nitric acid.

The gross energy intake (GEI), corresponding to the
amount of ingested energy (in W or kJ/day), was
calculated by subtracting the energy content of the
food scraps from the energy of the food provided.
The daily metabolized energy (DME) was determined
following Kendeigh (1949), as the net amount of en-
ergy obtained from the food eaten, after subtracting
from GEI the gastrointestinal and urinary wastes (pel-
lets, feces and urine).

As pointed out in Wijnandts (1984), existence me-
tabolism is the sum of the basal metabolic rate (BMR),
temperature regulation cost, heat increment of feed-
ing (SDA), and cage locomotor activity. It only cor-
responds to the daily metabolized energy (DME) when
body mass is constant. The slope of the relationship
between DME and the daily change in body mass
(DBMC) gives an estimation of the cost of unit daily
change in body mass (Owen 1970). The existence me-
tabolism and its relative proportion in the total DME
can then be calculated by subtracting from DME the
energy cost of the corresponding daily body mass
change. The EAE, as defined in Gessaman (1972), was
calculated as 100-DME/GEIL Using the same calcu-
lation with the dry mass data, the corresponding as-
similation efficiency could be calculated.

Statistics. —Mean values *+ SD are presented. Sta-
tistical analyses of differences among group means
were performed with Pertiz’ F-test (Harper 1984) and
slope statistical analysis with Student’s ¢-test. Linear
regressions were performed with SigmaPlot software
from Jandel Scientific.

RESULTS

Body-mass restoration.—In contrast to their
considerable individual variability in fasting
duration (4 to 13 days; Handrich et al. 1993),
the eight refed barn-owls returned to their ini-
tial body mass in essentially the same amount
of time (i.e. 8.0 + 0.5 days; Refeeding I period).
The next six days corresponded to a period of
stabilization of body mass (Refeeding Il period).
Throughout the Feeding or Refeeding II peri-
ods, body mass varied by less than 1%. There-
fore, these two periods were considered as pe-
riods of steady body mass. During Refeeding I,
the daily increase in body mass was signifi-
cantly greaterin females (13.9 + 1.0 g/day) than
in males (9.2 = 0.8 g/day; P < 0.05; Fig. 1).

Constitution of diet and waste.—The laboratory
mice constituting the food of the barn-owls had
a relatively high energy content of 23.1 kJ/g
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TABLE 1. Components and energetic values of pellets during different periods.

Feeding Refeeding I Refeeding II
Pellets (5 days) P (8 days) P (6 days)
Dry pellet loss® (g/day) 341 + 054 (7) b 5.03 = 0.65 (7) b 3.66 + 0.41 (7)
Pellet dry mass® (g/pellet) 1.80 + 0.30 (7) b 271 +0.42(7) i 1.85 + 0.37 (7)
Water content< (%) 58.6 = 4.1 (5) 61.7 £ 52 (22) 579 +7.0 (14)
Dry energy content? (kJ/g) 152+ 0.7 (7) i 141+ 0.6 (7) 147 £ 04 (7)

> X + SD (n). Values separated by asterisks are significantly different (*, P < 0.05; ** P < 0.01).

* Means of individual means for seven owls.
< Measured for pellets collected at moment of regurgitation.

4 For each bird and each defined period, measurements made on pooled homogenized samples.

compared with the 22.6 kJ/g found by Tollan
(1988) or the 21.1 kJ/g of Hamilton (1985). The
larger body mass (29.7 + 0.7 g) and lower pro-
tein content (56.1 + 4.7 %) in the mice we used
indicated greater fat content.

Viscera were almost entirely removed and not
eaten by the barn-owls; the viscera constituted
73% and 97% of uneaten food items in males
and females, respectively. The incompletely
eaten mice had a higher relative energy content
than the intact ones (23.7 + 0.1 vs. 23.1 + 0.1
kJ/g), although the difference was not signifi-
cant. The unconsumed viscera were probably
rich in crude fiber, as indicated by their signif-
icantly lower energy and protein content (22.2
+ 0.1 kJ/g and 48.2 + 0.4%, respectively).

Characteristics of pellets.—Data on pellets were
available for only seven birds. As there was no
difference in the composition of pellets be-
tween sexes, the results for the seven birds were
pooled (Table 1) for each of the three feeding
periods. The energy content of dry pellets (15.2
* 0.7 kJ/g) in the Feeding period was slightly
higher than the 13.4 k]/g previously given by
Hamilton (1985) for Common Barn-Owls accli-
mated to the same temperature and eating the
same diet as birds in our study.

There were no significant differences in the
characteristics of pellets between the two pe-
riods of steady-state body mass. The number of

pellets expelled per day (1.89 = 0.22 in Feeding)
was unchanged during refeeding periods. Dur-
ing Refeeding I, the mean dry mass of pellets
was significantly higher than in Feeding, but
the energy content of pellets was significantly
lower (see Table 1).

Characteristics of excreta.—The composition of
the droppings (i.e. excreta) of the eight birds
was compared during the three feeding periods
(Table 2). The energy content of dry excreta was
lower than values previously reported for the
species: 9.3 & 0.2 k] /g versus 11.4 in Hamilton
(1985), 11.5 in Graber (1962), and 12.8 in Kirk-
wood (1979). In this latter case, the food eaten
was day-old cockerels.

No significant difference was found in the
characteristics of the excreta between the two
periods of steady body mass. However, there
was a 1.45-fold increase in dry excreta loss per
day during the Refeeding I period, with a cor-
responding 10% increase in the excretory en-
ergy content. Nitrogen content was unchanged
during refeeding, suggesting that nitrogen was
excreted in higher-energy molecules, or that
nitrogen-free energetic molecules appeared
during the active phase of refeeding. This could
be related to an increase in the proportion of
feces in droppings during the first period of
refeeding, as suggested by the brown color of
the excreta. During Refeeding I, the color of

TaBLE 2. Components and energetic values of excreta during different periods.*

Feeding Refeeding 1 Refeeding II
Excreta (5 days) P (8 days) P (6 days)
Dry excreta loss® (g/day) 4.67 = 0.40 (8) i 6.80 £ 1.57 (8) ** 5.47 + 0.60 (8)
Dry nitrogen content® (%) 234+ 13 (8) 235+ 1.8 (8) 241+15 (8)
Dry ash contentc (%) 93+ 0.7 (5 98+ 09 (8) 10.1 £ 0.4 (6)
Dry energy content< (kJ/g) 93+0.2 (5 x* 10.2 £ 0.6 (8) * 9402 (6)

* % + SD (n). Values separated by asterisks are significantly different (*,

* Means of individual means for eight owls.
< For each day, measurements made on pooled homogenized samples.

P < 0.05;** P <0.01).
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TaBLE 3. Balance of dry matter and energy during different periods.»

Feeding Refeeding 1 Refeeding II

Dry matter and energy (5 days) (8 days) P (6 days)
Dry matter intake (g/day) 16.0 = 1.8 rr 250+ 35 b 17.7 £ 2.0
Waste® (%) 136 11+5 13+6
Dry pellet loss® (%) 213+ 1.1 203+ 05 20.8 £ 0.6
Dry excreta loss® (%) 29.7 £ 1.3 277+ 18 * 313+ 14
Dry matter assimilation

efficiency* (%) 49.1+1.0 520+22 i 479+ 17
Gross energy intake (kJ/d) 370 + 42 ** 578 + 82 ** 409 = 48
Pellet energy loss® (%) 140 £ 0.7 > 123 + 0.4 b 133+ 04
Excretory energy loss? (%) 119 £ 0.6 122 £ 0.8 127 £ 0.6
Energy assimilation

efficiency® (%) 741 = 0.6 755 £ 1.1 b 741+ 0.8
Daily metabolized

energy (DME, kj/d) 275 + 31 ** 438 + 68 - 304 + 37

* # + SD of individual means of seven owls. Values separated by asterisks are significantly different (*, P < 0.05; ** P < 0.01).

® Percentage of the meal.
< Percentage of dry matter intake.
< Percentage of gross energy intake.

excreta was cream as usually is the case during
feeding (i.e. reflecting a high proportion of uric
acid).

Dry matter and energetic balances.—The losses
of dry matter in the form of pellets and excreta
(in percentage of daily dry matter intake; Table
3) were higher in our study than those calcu-
lated from the data of Hamilton (1985) on the
American subspecies (T. a. pratincola): 17.5% for
pellets, and 16.1% for excreta. Since this sub-
species is approximately 1.5-fold heavier than
the European subspecies (Marti 1990), it should
have a more complete digestion of bones in
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Fig.2. Assimilation efficiency in dry mass (DMAE,
%) and in energy (EAE, %), calculated for each owl (n
= 7) and for each day (n = 19), plotted against daily
body-mass change (DBMC, g/day). Linear regres-
sions: DMAE = 47.7 + 0.405-DBMC; EAE = 73.7 +
0.179-DBMC.

pellets, as suggested by Duke et al. (1975, 1976)
in their comparison of pellet composition among
owl species of different body sizes. However,
the discrepancy in these excreta results may be
due to differences in collection procedure,
evaporation, or fermentation. In our case, con-
siderable attention was given to ways of cir-
cumventing this problem (see methods in
Handrich et al. 1993). Consequently, the assim-
ilation efficiency of dry matter in our study (49.1
* 1.0%) is considerably lower than the 66.1%
found by Hamilton (1985) and, to a lesser de-
gree, than the 54.4% found by Kirkwood (1979).

However, EAE (74.1 £ 0.6%) is similar to the
75% mean value for carnivorous birds (Castro
etal. 1989), and to the available values for barn-
owls (78.4 in Hamilton 1985, 77% in Wijnandts
1984 or in Wallick and Barrett 1975, 75% in
Ceska 1980).

Refeeding [ was characterized by a significant
1.6-fold increase in GEI and DME. It was asso-
ciated with a slight, but nevertheless signifi-
cant, increase of 1.4% in EAE. There also was a
significant increase in dry-matter assimilation
efficiency, of less than 10% of the initial value,
due to a slight reduction of the relative dry-
matter loss in excreta and pellets. However, this
was partially hidden by the increase in excre-
tory energy content, so that the only factors that
effectively contributed to enhance EAE were
the parallel decreases in the energy content of
pellets and their relative loss of dry mass. Re-
feeding II values tended to be intermediate be-
tween Feeding and Refeeding I, but the differ-
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Fig. 3. Individual daily metabolized energy, calculated for each owl (n = 7) and for each day (n = 19),

plotted separately for three periods of feeding. Linear regression analyses performed separately for males (n

= 4) and females (n = 3; see Table 4).

ences between the two steady-body-mass stages
were not significant (Table 3).

Using the energy contents of consumed mice,
expelled pellets, and excreta calculated in the
different feeding periods, we calculated the in-
dividual daily energy factors (GEI, DME and
EAE) from the individual daily balances in dry
mass (n = 233; 7 owls; 5, 8, and 6 days, respec-
tively). There was a positive correlation with
daily body-mass change (DBMC) for the dry
mass assimilation efficiency (DMAE, r = 0.73, P
< 0.001) and for the energy assimilation effi-
ciency (EAE, r = 0.71, P < 0.001). The slope of
linear regression for DMAE versus DBMC was
0.405 + 0.033%-(g/day)*; for EAE versus DBMC
it was 0.179 + 0.016%-(g/day)! (see linear re-
gressions in Fig. 2).

Cost of daily change in body mass and existence
metabolism.—The relation between daily metab-
olized energy and daily change in body mass
was tested for both sexes with the individual
data shown in Figure 3 for each period of feed-
ing. The intercepts of the regression equations
correspond to the existence metabolism, where-
as the slopes refer to the energy cost of 1 g of
daily change in body mass (Table 4). This en-
ergy cost showed no significant difference be-
tween sexes, or among feeding periods, despite
higher values during Refeeding I. During Re-
feeding I, although the body mass was still low-
er than before starvation, the mean existence
metabolism was surprisingly higher in both
sexes (1.32-fold higher in males and 1.16 in fe-
males; Table 4).

TABLE 4. Existence metabolism (EM) and energy cost of daily change in body mass (K).*

Feeding (5 days)

Refeeding I (8 days) Refeeding II (6 days)

Males Females Males Females Males Females
(n=20) (n=15) (n=232) (n=24) (n=24) (n=18)
Existence metabolism®
(EM), kJ/day 2700 =71 2802+100 3552+18 3244+47 2868+96 303179
Energy cost of daily
change in body mass®
(X), kJ/g 108+ 1.4 10.0 £ 3.6 128 £32 104 +27 11.2 + 3.1 98 + 1.2
Correlation coefficient, r 0.89 0.63 0.59 0.65 0.65 0.81
P 0.001 0.01 0.05 0.05 0.01 0.001
<% +SD.

* EM and K values obtained from linear regressions for each sex and each period, using the equation: DME = EM + K-DBMC, where DME and
DBMC, respectively, are daily metabolized energy and daily change in body mass. Existence metabolism differed significantly (P < 0.01) between
sexes in the three periods of feeding and among these periods for each sex. The energy cost of daily change in body mass was not significantly
different between sexes or between periods of feeding.
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DiscussioN

Several studies using laboratory rats have
shown that food is more efficiently processed
into body reserves after a period of forced de-
pletion in energy intake (Bjorntorp and Yang
1982, Brownell et al. 1986). Based on increase
in food efficiency and decrease of existence me-
tabolism, these data mean that EAE increases
during refeeding in the rat. The key question
obviously is the extrapolation of laboratory data
to the field. Still, for wild animals, it is currently
assumed that EAE is constant whatever the gross
energy intake and daily change in body mass.
Quite unexpectedly our data support this as-
sumption, since there was no more than 1%
change in EAE among the three periods of feed-
ing. Such a slight change is indeed negligible
in comparison to the effects of ambient tem-
perature (Gessaman 1972, Stalmaster and Ges-
saman 1982), age (Raczynski and Ruprecht 1974,
Wijnandts 1984), or diet composition (Duke et
al. 1973, Stalmaster and Gessaman 1982,
Wijnandts 1984, Tollan 1988, Castro et al. 1989).
Therefore, the question is why EAE increases
in the rat, whereas it does not under our ex-
perimental conditions in the Common Barn-
Owl.

Body-mass restoration and daily-food intake.—
The overall GEI of the barn-owls for the total
duration of the experiment was compared to
the theoretical GEI that the birds would have
ingested if, instead of being fasted, they had
maintained their initial daily-food intake dur-
ing that time (which includes the duration of
starvation; see Handrich et al. 1993). The ex-
perimental birds used 81 + 1% of the food eaten
by birds in the theoretical control group, cal-
culations being made individually for each barn-
owl. This means that there is an overall ener-
getic advantage in starving and then restoring
body reserves, even though the EAE is not
strongly affected during refeeding.

The barn-owls used 35 + 0.12% more energy
(GEI) during Refeeding I than if they had main-
tained the initial prefasting daily-food intake
during the same time. This represents a major
difference from findings for laboratory rats, in
which the restoration of initial body composi-
tion is achieved without a large increase in food
intake (Hill et al. 1984). To compare the food
efficiency of rats before and after fasting, a co-
efficient has been introduced, which corre-
sponds to the rate of increase in body mass per
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unit of food intake (Bjorntorp and Yang 1982,
Brownell et al. 1986). This rate is higher during
refeeding, therefore indicating an increased
food efficiency. It can only be attributed to a
decrease in existence metabolism (Hill et al.
1984), since as indicated above there is only a
slight increase in food intake during refeeding.
Because the prefasting body mass of the barn-
owls in our study was at steady state, such a
coefficient that assumes continuous growth can-
not be calculated. The question was then to de-
termine whether a change in existence metab-
olism accompanies the increase of food intake
during refeeding in the Common Barn-Owl.
Since the cost of daily change in body mass was
calculated in this study, the existence metabo-
lism (DME at constant body mass) could indeed
be determined during Refeeding I.

Cost of daily change in body mass.—This cost
includes the cost of biosynthesis and the energy
equivalent of accumulation of body reserves
(Brown 1987). If the energy cost of biosynthesis
is assumed to be constant (Ricklefs 1974), the
latter obviously depends on the composition of
the accumulated energy (i.e. proportion of lip-
ids versus proteins). Another key factor that
largely influences the relation between daily
changes in body reserves and in body mass is
fluctuations in water balance. However, our data
indicate that there is no significant change in
the cost of daily change in body mass between
the period of increasing body mass and the two
periods of steady state. Still, the mean cost of
daily change in body mass, when taking into
account all values for both sexes and all feeding
stages, was 10.8 + 2.1 kJ/g, slightly lower than
the 13.5 k] /g found in the Long-eared Owl (Asio
otus) during normal feeding (Wijnandts 1984).

No decrease of existence metabolism during re-
feeding.—Using the 10.8 kJ/g calculated mean
value of the energetic cost of daily change in
body mass, the fraction of the existence metab-
olism in DME was calculated for the seven owls
pooled on each day of the experiment (Fig. 4).
Since there was no reduction of existence me-
tabolism during refeeding, the only way to re-
store the body mass was to increase food con-
sumption. After the third day of refeeding, the
existence metabolism had reached the prefast-
ing feeding values, whereas the body mass was
still 50 g (14%) below the steady-state value.
From the allometric relationship of caged me-
tabolized energy (at constant body mass) for
nonpasserine birds of a given body mass W (EM
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= 11.41W°*2; Kendeigh et al. 1977), a reduction
of 9% would have been predicted. Already after
the fourth day of refeeding (Fig. 4), the incre-
ment in DME compared to the prefasting level
was partly due to an enlarged existence metab-
olism. Furthermore, after the steady state in body
mass had been restored in the Refeeding II pe-
riod, the existence metabolism still remained
higher than before fasting, even for the males
where the body mass did not exceed the pre-
fasting value (see Fig. 1).

Finally, these data indicate that existence me-
tabolism increases in proportion with the in-
crease in daily food consumption. Therefore, it
is not surprising to find only a slight increase
in EAE during refeeding. The only way to en-
hance EAE in such conditions is through greater
digestive efficiency. This seems to be confirmed
by the observed decrease of the relative energy
loss in the form of pellets during Refeeding I.

Existence metabolism and body mass.—The large
variation in body mass for the individual barn-
owls during Refeeding I enabled us to deter-
mine the allometric relationship between ex-
istence metabolism and body mass (calculated
by correcting DME according to the cost of daily
change in body mass; Fig. 5). The allometric
coefficient (slope of Ln/Ln relationship) was

greater than unity for both sexes. It is also re-
markable that we found a similar slope (1.5) by
plotting our present data obtained for females
during the normal period of feeding and the
mean value obtained in the same situation of
feeding and temperature on females of the larg-
er North American subspecies (Hamilton 1985).
Thus, there is an influence of body mass on
caged existence metabolism that is larger than
predicted, both within individuals and within
subspecies. Such a large value for the allometric
coefficient, higher than unity, has also been
found in the Eurasian Kestrel (Falco tinnunculus),
a diurnal raptor (Daan et al. 1989). For these
kestrels, basal metabolic rate (BMR) varied in
the individual birds to W' when body mass
(W) was reduced using different hypocaloric di-
ets. This important decrease in BMR was partly
explained by a decrease in core temperature
during the resting phase. However, circadian
variation of core temperature appears lower in
nocturnal raptors (Chaplin et al. 1984).
Existence metabolism, thermoregulation and lo-
comotion.—The existence metabolism is the sum
of basal metabolic rate (BMR), energy require-
ment for temperature regulation, heat incre-
ment of feeding (SDA), and locomotor activity.
During a period of increasing body mass, if DME
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Fig. 5. Existence metabolism (i.e. daily metabo-
lized energy [DME in kJ/day] at constant body mass)
plotted against body mass (log-log units; filled tri-
angles for males, n = 32, r = 0.55, P < 0.01; hollow
circles for females, n = 24, r = 0.75, P < 0.001). Sym-
bols in both sexes are individual calculated values of
existence metabolism during period of body mass res-
toration (i.e. Refeeding I). Allometric coefficients
(slopes in log-log units) of 1.56 + 0.42 and 1.73 *
0.33 for males and females, respectively, were not
significantly different. Numbered circles indicate
mean DME of female barn-owls at a steady body mass
at 5°C. Circled 1 corresponds to experimental birds
during Feeding period and circled 2 to value obtained
on heavier North American subspecies (Tyto alba pra-
tincola; Hamilton 1985). Dashed line represents cor-
responding allometric relation for Strigiformes (al-
lometric coefficient 0.58; Wijnandts 1984).

is the sum of the existence metabolism and the
energy cost of the new reserves and their bio-
synthesis, a part of the energy for food pro-
cessing itself contributes to the increase in ex-
istence metabolism—the so-called heat
increment of feeding. It should also partly ex-
plain the increase of existence metabolism dur-
ing refeeding in the Common Barn-Owl. How-
ever, the additional heat liberated by the SDA
of food digestion could have been used to re-
duce thermoregulatory cost (Tollan 1988). This
explains the positive effect of cold on EAE found
in other birds (Gessaman 1972, Stalmaster and
Gessaman 1982).

In rats, the low existence metabolism during
refeeding seems independent of a reduction in
locomotor activity (Boyle et al. 1981). Inversely,
a rapid increase of locomotor activity at the end
of fasting or no decrease during fasting (see
Handrich et al. 1993) would explain a large part
of the surprisingly high value of the existence
metabolism during Refeeding I in the captive
barn-owls.

Extrapolation to the field. —It may seem para-
doxical that a wild species such as the Common

HANDRICH, NicoLAs, AND LE MAHO

[Auk, Vol. 110

Barn-Owl, which naturally encounters periods
of food scarcity, is unable to conserve its energy
better during refeeding, apparently in contrast
to laboratory rats and even humans. In the wild,
the ability to restore body reserves after a long
period of starvation depends upon this physi-
ological response, but also on environmental
factors such as prey availability and hunting
cost.

Considering the maximum capacity to refeed
and restore body mass, it is of interest that Kirk-
wood (1983) has developed an allometric rela-
tion to predict the maximum limit of DME for
mammals or birds of a given body mass (1,713
kJ/kg"?). In our study, this limit was reached
during Refeeding I in only two cases. For ex-
ample, on day 4 of refeeding, a female weighing
305 g ate four mice (120 g of fresh mass, 891
kJ), providing a DME of 693 kJ (equal to 95%
of the theoretical limit). This maximum amount
of daily food intake is similar to the maximum
values found in the field, based on pellet anal-
yses of barn-owls: 6 to 7 short-tailed voles (Mi-
crotus arvalis) or 13 common shrews (Crocidura
sp.) in a single pellet for the day, corresponding
to 120 to 140 g of fresh mass (Bunn et al. 1982).
Using values for body composition of prey in
Wijnandts (1984), this corresponds approxi-
mately to the same maximum value of GEI (910
kJ/day).

Although in our study the food was given ad
libitum during the feeding periods, a high daily
food intake close to the theoretical maximum
limit was only found in two cases. Thus, the
mean relative value during Refeeding I was only
63% of the theoretical limit. Therefore, a larger
GEI theoretically should still be possible, and
then a higher rate of restoration of the initial
body mass after starvation. However, it is re-
markable that the mean rate of increasing body
mass during Refeeding I (13.9 g/day in females
versus 9.2 g/day in males) was very close to the
mean growth rate of young owls in captivity
(13.9 g/day in females versus 12.5 g/day in males
during the linear part of their growth, between
10 and 30 days after hatching; unpubl. data) or
to the 12.5 g/day value calculated from Guerin
(1928), who studied a brood of wild Common
Barn-Owls during a year at the time voles pul-
lulate.

Let us assume that, as for DME, there is an
upper limit for the rate of biosynthesis of body
reserves and, thus, for the rate of restoration of
body mass. In this case, Common Barn-Owls are
able to reach this upper limit in captivity with-



July 1993]

out reaching a maximum food intake rate. Sim-
ilarly, in the wild, where the hunting cost rep-
resents an important part of DME, a rate of 10
to 13 g/day for restoration of the body mass is
a possible maximum, whatever the prey avail-
ability may be.

Considering the influence of hunting on the
rate of body-mass restoration, it is unfortunate
that quantitative data on the bioenergetics and
of the foraging energy expenditure in wild rap-
tors usually are not available for the same spe-
cies. Using data from Wijnandts (1984) and Mas-
man et al. (1988a, b), the hunting costs of 1 kJ
of captured prey in winter are 0.30 kJ/k]J for
the Long-eared Owl and 0.21 kJ/kJ for the Eur-
asian Kestrel. For the Long-eared Owl, DME
was 252 kJ/day, EAE was 72%, and daily hunt-
ing expenditure was 104 k] /day. For the kestrel,
DME was 273 kJ/day, EAE was 67%, and the
daily hunting energy expenditure was 87.1 kJ/
day. The hunting modes of these two species
are similar to that of the Common Barn-Owl,
with both exhibiting a mixture of active and sit-
and-wait hunting modes (Jaksic and Carothers
1985). Let us assume that for Common Barn-
Owls in winter, as for Long-eared Owls
(Wijnandts 1984), the extra energy spent in the
field in comparison to the metabolized energy
in captivity (DME,) is due to hunting energy
expenditure. It is then possible to evaluate the
daily metabolized energy (DME, of a wild
Common Barn-Owl to restore its initial body
mass with the maximum rate measured in cap-
tivity. Using an energetic hunting yield of 25%
and the 75.5% EAE value measured during Re-
feeding I, the DME, should be 1.5-fold higher
than DME, (i.e. DME, = 75.5/[75.5 — 25.0]-
DME,). Using the mean measured DME, in Re-
feeding I (438 k] /day), the value of DME,should
be approximately 650 kJ/day. The interest in
this extrapolated value is that the correspond-
ing GEI (860 kJ/day) is still below the maximum
GEl in the field (910 kJ/day) estimated by pellet
analyses.

Finally, providing food is readily available
during the phase of restoration of body mass,
the maximum rate of increase in body mass
measured in captivity is still possible for a wild
Common Barn-Owl.
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