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Summary

Knowledge of the physiological consequences of variation in food availability is requi-
red to understand behavioural and life history responses to such variation. To study
physiological consequences of food availability animals are usually subjected to caloric
restriction, thereby reducing the upper limit to the energy budget. The relevance of
this approach to free-living animals is questionable however, because under natural
conditions low food availability often results in higher foraging costs, and everything
else remaining equal this results in a higher energy budget. We manipulated food avail-
ability by varying the foraging costs per reward and studied effects on energy allocation
and the total budget of captive starlings Sturnus vulgaris. Birds in a closed economy
earned their food by flying between two perches. The probability of a reward was set at
three different levels, thereby creating a poor, intermediate and rich environment.
Birds flew 4 times more (i.e. 2.3 h per day) in the poor environment, as compared with
the rich environment, and increased daily energy expenditure (DEE) with 40% to 220
kJ/d, equivalent to 3.7xBMR (comparable to free-living parents rearing young). Body
mass, BMR and pectoral muscle size were reduced in the poor environment. Nocturnal
energy expenditure was further reduced in the poor environment, by reaching the BMR
level earlier in the night. BMR expressed on a mass-specific basis remained unchanged.
Calculations show that in the poor environment the energy demands could not be met
with flight costs of 20.5 W measured previously in a rich environment. Flight costs
derived indirectly from the energy budget were estimated at 17.5 W. Flight costs were
probably lower in the poor environment due to lower body mass. By reducing body
mass by 20%, and economising during sleep, the birds achieved savings of 37% in their
DEE. Without these savings, a DEE substantially higher than measured in free-living
parents rearing young would be required to remain in energy balance. Surprisingly little
data exist to verify whether free-living animals use the same tactics to survive periods
with low food-availability.
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Introduction

Large variations in food supply are the rule in nature, and are thought to exert a major
selection pressure on birds (Newton 1998). Surprisingly few experimental data quantify
how birds adapt physiologically or behaviourally to this variation. Although individual-
based models of animal behaviour often include the variation in the environment
(weather, food source; Houston & McNamara 1993), in the absence of critical data, the
role of acclimation to these changes is not adequately dealt with (e.g. Sutherland 1996;
Stillman et al. 2000). Yet, knowledge about how physiological or metabolic acclimation
relate to foraging reward rate is essential for making predictions about behavioural
choices of animals, for example when animals should leave a site in which food availa-
bility decreases. Recently this topic has been emphasised in studies describing changes
in daily energy expenditure (DEE) with variation in foraging reward rate (Tiebout
1991; Deerenberg et al. 1998; Bautista et al. 1998). Evidently, the response to diminish-
ing food conditions has many dimensions: resting metabolic rate may be altered, mass
is reduced and consequently flight and thermoregulation costs may change. Therefore,
DEE is not simply positively associated with the effort needed to obtain the food, and,
in fact, DEE sometimes decreases when foraging reward rate diminishes (e.g.
Deerenberg et al. 1998; Bautista et al. 1998). Thus total expenditure is not simply pro-
portional to the level of activity. 

Birds that face a declining foraging success have to spend more time and energy
foraging for the same amount of food, ultimately leading to an elevated DEE. Unlike
caloric restriction, where DEE is experimentally decreased, DEE is expected to be an
accelerating function of foraging costs, because the extra energy spent foraging must
also be acquired, which again increases foraging time and energy expenditure, and so
on (Figure 4.1). Surprisingly, in laboratory experiments, increasing foraging costs result-
ed in DEE reductions (Bautista et al. 1998), resembling results of caloric restriction
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Figure 4.1 Depiction of relationships between energy expenditure and changes in food availability in
the absence of physiological adjustments. Energy spent on maintenance includes resting metabolism
and basal (non-foraging) activities. A. Caloric restriction results in a decrease in energy expenditure.
B. When foraging reward rates decline, more time is spent foraging and more energy will be spent.
Because the extra energy needed also has to be covered by foraging, energy expenditure is an accel-
erating function of foraging costs.
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experiments (e.g. Daan et al. 1989). instead of working harder to increase food intake, as
expected under natural conditions, the birds avoid costly activities. A possible explana-
tion for the intuitively unexpected result is pointed out by Fotheringham (1998): in his
experiments starlings ate less and decreased body mass with a decreasing foraging
reward rate when the number of flights needed for a food pellet was fixed. But when
using variable reward rates (with only the mean fixed) they did not eat less or decrease
body mass. Fotheringham speculated that cognitive processes, such as motivation or
memory, cause this difference. Because food reward rates experienced by free-living
animals will typically be variable, applying variable foraging reward rates in laboratory
studies may proof essential when extrapolating the results to natural conditions.

We studied captive starlings foraging in environments differing in foraging costs, to
quantify the dimensions over which starlings adapt their physiology to the harshness
of their environment. We manipulated foraging costs by changing the probability of
obtaining a reward after a return flight, thereby yielding a variable foraging reward
rate. We measured mass changes, time and energy budgets and components thereof
and pectoral muscle size in a poor, intermediate and rich environment.

Methods

Flight cages

Starlings were individually housed in 8 flight cages (5.45x0.68x0.80 m, lxwxh). We
manipulated foraging reward rate by adjusting the number of flights that had to be made
between two perches, 5.00 m apart, before obtaining food. Switches on the flight perch-
es were attached to a computer, registering when a bird had landed. A return flight was
rewarded with a food pellet with a probability set by the experimenter, which yields a
variable reward rate. The pellet was released into a small tray in front of a feeding
perch, which could be reached by hopping 20 cm from the nearby flying perch.

The feeding perch was attached to a balance (P-1040 load cell, Tedea Huntleigh,
UK), and body mass data were automatically stored in a PC at 1-s intervals.
Communication with the balances was established using a RS232 serial multiport
(C218, Moxa Technologies, Taiwan). Pellet dispensers were operated by a PLC
(DL205, Koyo) while the activity data were stored in a PC.

The L:D cycle was 14:10 and food could only be obtained during the light period.
To facilitate taking measurements at the end of the starlings’ working day, the light
period was from 00:00 to 14:00. The night started and ended with a 10-min period of
dim light. Fresh drinking water was always present on the cage floor, and water for
bathing was present one day per week. As a source of complementary nutrients, two
mealworms were given three times each week, except during the periods of energy
intake measurements. Average temperatures were 16.3 ± 0.1°C (± SE) during the
night and 17.1 ± 0.0°C during the day.
Food pellets (Trouvit Europe Eel, Trouw, France) consisted of proteins (44%), fat
(30%) and fibres/ashes (20.0%), complemented with vitamins and minerals (manufac-
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turer’s specifications). Fresh mass of one pellet was 0.020 g, with a water content of
4%. Energy content was 24.7 kJ/g dry mass; one pellet therefore contained 474 J.

Experimental protocol

The experiment was performed from December 2000 to March 2001 with 8 males
which had been caught in the wild, and housed in an outdoor aviary prior to the expe-
riment. All birds had prior experience with the system. At the start of the experiment
all birds experienced a foraging reward rate of 2.0 return flights per pellet (f/p), further
referred to as the ‘rich environment’. After one week the foraging reward rate of 4
birds was gradually decreased to 6.3 f/p during a period of 3 weeks; the ‘poor environ-
ment’. The other 4 birds remained in the rich environment. One bird kept losing
weight when on a rate of 5.6 f/p, and this bird was therefore kept on a foraging reward
rate of 5.0 f/p. The birds stayed on these schedules for 2 weeks, and during the last
days of this period energy expenditure measurements were taken on all 8 birds. Next,
the rich and poor feeding conditions were gradually changed to the opposite state. In
this transition period all birds remained on a foraging reward rate of 4.0 f/p (‘interme-
diate environment’) for one week to measure their energy budget. Subsequently, fora-
ging reward rates of the birds formerly in the rich conditions was steadily decreased
during a period of 4 weeks, until one bird was on a rate of 6.3, one at 5.6 and one at
5.0 f/p. The fourth bird died halfway through the experiment and was left out from all
analyses. The other 4 birds were gradually brought to a rich, 2.0 f/p regime.

Metabolic measurements

To measure BMR the birds were taken from their cages at the end of the light period
and kept for the night in an open air flow system for measuring rates of O2 consump-
tion and CO2 production. Starlings are post-absorptive after 60-75 min (Karasov 1990;
Levey & Karasov 1994). During a measurement, a bird was sitting on a perch inside a
dark Plexiglas box of 24 l at a temperature of 26.5°C, which is within the thermoneu-
tral zone (Kendeigh et al. 1977; Biebach 1979; Biebach 1984). The air flow rate was
controlled by mass-flow controllers (5850S, Brooks, The Netherlands) and set to 40.0
l/h. In- and out-flowing air was dried with molecular sieve (3Å, Merck, Germany). Gas
analysis was done with a paramagnetic O2-analyser (Servomex Xentra 4100) and CO2-
analyser (Servomex 1440). Measurements were recorded at 9-min intervals. The rate
of oxygen consumption was calculated from these measurements and converted to the
energy equivalent, while correcting for the respiratory quotient, according to Brody
(1945). BMR was taken to be the minimum value of a 30-min running mean. Body
mass was measured before and after respirometry.

Because the temperatures in the flight cages (on average 16.8°C) were within the
thermoneutral zone (Kendeigh et al. 1977), respirometer measurements could be
applied for night-time energy expenditure (Enight, kJ/10 h) estimates in the flight cages
without temperature corrections.

To estimate the metabolic rate of the starlings during the day when not flying, a
series of trials were undertaken where a group of starlings were restricted to cages
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measuring 80x40x40 cm (lxwxh), precluding flight activities. Eighteen birds had ad libi-
tum food, and an additional 6 birds were restricted to 70% of the ad libitum food intake
per day. These individual trials lasted ca. 7 days, at the end of which their metabolic
rate was monitored for 24 h by respirometry.

Daily energy expenditure

DEE was measured through food consumption and faeces production. Food consump-
tion was measured by weighing the food in the pellet dispensers at 48-h intervals. All
faeces were collected from the cages, and from the plastic sheets covering the floors. The
sheets were wiped clean with moist towels, of which the dry mass was known. Faeces
and towels were dried for 3 days at a temperature of 70°C and weighed to estimate fae-
ces production. Energy content of dried food samples and of individual faeces samples
were measured with a bomb calorimeter (C5000, IKA, Germany). DEE was calculated
from the metabolisable energy intake (MEI) and body mass changes, according to

DEE = I - E - P,

where I is the gross energy intake, E the energy excreted and P the energy cost of tis-
sue accumulation or energy catabolised from stored tissue, all in kJ/d. P was estimated
to equal mass change x -18.0 kJ/g from energy budget data from captive starlings (S.
Verhulst, unpublished data). The assimilation efficiency was calculated as gross energy
intake minus energy content of the faeces divided by gross energy intake.

Body mass and pectoral muscle thickness

Body mass was measured automatically to the nearest 0.1 g each time a bird was on
the feeding perch, and with an ordinary balance whenever a bird was handled. In the
analyses we used the average mass during the last hour of the active period. Relative
pectoral muscle thickness was measured using a ‘muscle meter’ (Max-Planck-
Research-Centre for Ornithology, Seewiesen), which measured, to the nearest 0.1 mm,
the distance from the breast surface to a virtual plane perpendicular to the sternum
crest, 3.0 mm sideways of the sternum. Three measurements were taken at the loca-
tion where the sternum protruded furthest from the centre of the body, and the avera-
ge value was used.

Foraging currencies

It is usually assumed that decision rules in foraging have evolved to maximise particu-
lar foraging currencies. Physiological changes may affect the realised values of these
currencies, thereby providing an ultimate explanation for such changes. We calculated
two foraging currencies: net rate and efficiency of energy intake. Net rate was compu-
ted as the difference between the rate of metabolisable energy gain and the rate of
energy expenditure during a foraging cycle (Watts). Efficiency was computed as the
ratio of rate of metabolisable energy gain and the rate of energy expenditure during a
foraging cycle (dimensionless). A foraging cycle included the flying time needed to
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obtain one pellet, the perch time following each of these flights and the time for hand-
ling and eating a pellet. Perch time and handling time were not measured and we esti-
mated them both to be 2 s. Within reasonable limits the length of these intervals had
only minor effects on the results. Energy expenditure during a foraging cycle was the
sum of flight costs (MRfly) and metabolic costs during perching and handling of the
food (MRnonfly) as shown in Table 4.1.

Statistics

All mean values are given ± the standard error of the mean. We used generalised line-
ar models (GLM) for the analyses, except where otherwise stated. In the statistical
analyses we always controlled for individual differences by including individual as a
factor in the models. SPSS (v. 10.0, SPSS Inc.) was used for all statistical calculations.

Results

Activity and energy budget

The number of flights and flight time per day increased fourfold with decreasing fora-
ging reward rate (Table 4.1). Flight speed in the poor environment was 4% lower than
in the rich environment. Food intake increased significantly with decreasing foraging
reward rate, and the assimilation efficiency was not associated with foraging reward
rate. Independent of foraging reward rate (F2,12 = 0.06, P = 0.95) body mass decreased
slightly during the measurement periods (-0.22 ± 0.095 g/d), and thus birds used on
average 3.95 ± 1.72 kJ/d from their body stores (range -12.15 to 18.90 kJ/d).
Combining data on food consumption, assimilation efficiency and mass change, we
found that DEE was negatively related with foraging reward rate: birds in the poor envi-
ronment spent 43% more energy compared to those in the rich one (2.56 vs. 1.78 W
respectively). There was no effect of treatment order on DEE (Figure 4.4; repeated
measures GLM: F2,4 = 1.36, P = 0.36).

BMR decreased by 20% from the rich to the poor environment (Table 4.1). BMR
was positively related to body mass (F1,13 = 35.3, P < 0.001). The slope of the within-
individual regression of log(BMR) and log(body mass) was 1.02 ± 0.17 W/g.
Metabolic rate decreased in the course of the night (Figure 4.2) and in intermediate
and rich conditions reached minimum values after 6-8 h. In the poor environment,
minimum values were reached earlier, after ±4 h. When we calculated the slopes of
MRs plotted against time for each measurement session, these slopes decreased with
decreasing foraging reward rate (Figure 4.2; F2,12 = 17.6, P < 0.001), resulting in a
larger difference between treatments in Enight than in BMR. BMR decreased by 20%
from the rich to the poor environment, but Enight decreased by 27%. Treatment order
had no effect on BMR (F2,4 = 1.58, P = 0.31).
Mass-specific MR decreased, and differed between treatments, in the same way as
whole-body MR (Figure 4.2). Mass-specific BMR (BMRms), however, was independent
of foraging reward rate (Table 4.1).
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Table 4.1 Mean measurement values (± SE) of 7 starlings measured successively at different food
availabilities. Subscript ‘fixed’ refers to estimates based on the measured flight cost of 20.5 W from
Hambly et al. (in prep.: Chapter 3), while subscript ‘estimated’ refers to calculated costs based on our
DEE measurements, time budgets and Enonfly estimates. The variables with subscript ‘nonfly’ refer
to the light period when the birds were not flying. BMRms stands for mass-specific BMR. Flight
speed was not measured at the intermediate reward rate. Test statistics result from GLMs with fora-
ging reward rate and bird id entered as factors.

FORAGING REWARD RATE
high intermediate low

MASS AND FLIGHT MUSCLE

body mass (g) 79.8 ± 2.4 72.7 ± 2.1 64.2 ± 1.4 F2,12 =19.2, P<0.001

muscle depression (mm) 2.31 ± 0.24 3.21 ± 0.17 3.39 ± 0.25 F2,12 =11.0, P<0.005

ACTIVITY

travel distance (km/d) 7.84 ± 0.38 20.38 ± 2.16 31.84 ± 2.74 F2,12 =49.9, P<0.001

fly time (min) 32.2 ± 2.1 85.4 ± 9.3 136.1 ± 12.8 F2,12 =49.9, P<0.001

fly speed (m/s) 4.08 ± 0.08 3.92 ± 0.09 F1,203=19.0, P<0.001

MEASURED ENERGETICS

assimilation efficiency 0.826 ± 0.010 0.843 ± 0.014 0.840 ± 0.016 F2,12 =0.71, P=0.51

MEI (kJ/d) 149.8 ± 5.6 189.2 ± 20.3 215.5 ± 9.5 F2,12 =7.45, P<0.01

DEE (kJ/d) 153.8 ± 5.1 192.3 ± 16.2 220.2 ± 10.1 F2,12 =12.1, P<0.005

Enight (kJ/d) 37.79 ± 1.01 31.92 ± 1.22 27.54 ± 1.17 F2,12 =17.1, P<0.001

BMR (W) 0.861 ± 0.019 0.776 ± 0.019 0.692 ± 0.029 F2,12 =18.6, P<0.001

BMRms (mW/g) 10.85 ± 0.40 10.69 ± 0.27 10.76 ± 0.28 F2,12 =0.12, P=0.89

ENERGY BUDGET ESTIMATES

Efly(fixed) (kJ/d) 39.66 ± 2.62 105.04 ± 11.47 167.36 ± 15.75

Enonfly(fixed) (kJ/d) 76.37 ± 3.43 55.35 ± 6.05 25.30 ± 7.45

MRnonfly(fixed) (x BMR) 1.84 ± 0.10 1.59 ± 0.19 0.87 ± 0.26

DEE - fixed costs (kJ/d) 24.62 ± 3.96 11.83 ± 6.38 -10.90 ± 7.52

MRnonfly(estimated) (W) 1.70 ± 0.05 1.44 ± 0.05 1.24 ± 0.05

MRnonfly(estimated) (x BMR) 1.97 ± 0.04 1.85 ± 0.05 1.79 ± 0.01

MRfly(estimated) (W) 16.99 ± 2.37 17.90 ± 1.56 17.50 ± 0.78

Efly(estimated) (kJ/d) 33.63 ± 5.98 95.39 ± 16.85 140.43 ± 9.81

Enonfly(estimated) (kJ/d) 82.40 ± 2.17 65.00 ± 2.44 52.23 ± 2.06
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Body mass and pectoral muscle size

Birds responded to changes in foraging reward rate with drastic changes in body mass
(Table 4.1). Birds that experienced the poor conditions had reduced body mass by 15.6
± 3.1 g compared to the rich environment. The range in body mass changes was large:
from 3.8 to 26.1 g (Figure 4.3). We found a large difference between body masses of
birds with different starting treatments (Figure 4.3). Birds in the poor environment
lowered body mass with 23.4 ± 1.5 g when coming from the rich environment. Birds
that started in the poor environment increased body mass with only 9.7 ± 2.5 g when
in the rich environment. Note that initial body mass in both groups was closely com-
parable (Figure 4.3).

In the poor environment the pectoral muscle was ca. 1 mm thinner than in the rich
environment. Between the intermediate and rich environment there was no difference
(paired t-test, t6 = 0.62, P = 0.56).

Flight costs

An important part of the energy budget is made up of the flight costs. If flight costs
remained constant under all conditions, the energy expended flying would have been
quadrupled (Efly(fixed) in Table 4.1), due to the 4-fold increase in flight time.

Flight costs of starlings were earlier measured in the same system by Hambly et al.
(in prep.: Chapter 3) using labelled bicarbonate, a method enabling short term energy
expenditure measurements (Speakman & Thomson 1997; Hambly et al. 2002). The
empirical value for metabolic rate during the short flights averaged 20.5 ± 0.93 W (n
= 25). These estimates were made under rich conditions only, and we therefore made
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independent estimates of flight costs for all three experimental treatments from the
DEE, activity and respirometer measurements by completing the budget with the flight
costs.

To calculate an energy budget where Efly is the remainder of the budget, we had to
derive the energetic costs during the day-time when not flying. For the night we used
measured values Enight. For the day-time, when a bird was not flying we used the values
from 24-h respirometer measurements on another group of starlings. These birds stay-
ed at 20.8 ± 0.2°C, were either on ad libitum food or mildly food-rationed, had drinking
water available and experienced a L:D cycle of 12:12. We used the same respirometer
boxes as in our current measurements, which were too small to allow much activity,
and most of the time was spent sitting. From these measurements we calculated
MRday and MRnight. MRday was correlated with mass (r = 0.44, P = 0.032), and MRday

and MRnight were strongly correlated (Figure 4.5). Therefore, we calculated the ratio of
MRday to MRnight, i.e. 1.62 ± 0.03, and applied this figure to our current data to pre-
dict MRday. On the basis of Aschoff & Pohl’s (1970) allometric relationship for passeri-
nes a ratio of 1.42 for RMRα/RMRρ would have been expected. Because they used
measurements of birds in the dark our value is expected to be higher. Using the esti-
mated MRday in the budget, resulted in average flight costs of 17.5 ± 0.9 W. The esti-
mated flight cost was not associated with foraging reward (F2,12 = 0.08, P = 0.92). As
will be expanded in the discussion, there are independent data confirming the general
level of this flight cost factor in our experimental set-up, at least in the poor environ-
ment.
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Foraging currencies

Different foraging currencies were calculated to determine whether they might have
driven foraging decisions. The net rate of energy intake decreased from 49.8 to 13.3 W
from rich to poor conditions, and the efficiency decreased from 6.45 to 2.52 (Table
4.2). For these estimates we used the measured MRfly values of 20.5 W (Hambly et al.
in prep.: Chapter 3) in the rich and intermediate environment and the estimated value
of 17.5 W in the poor environment. Under all conditions the birds would be foraging
at higher net rates and efficiencies if flight and maintenance costs would be lower. If
retaining the high mass as it was in the rich environment, in the poor environment the
net intake would have been 12.4 instead of 13.3 W, while the efficiency would have
been 2.17 instead of 2.52. Considering these foraging currencies, we calculated that in
the rich environment the occurrence of a negative net rate or efficiency would be below
0.01% per reward. On the other hand, in the poor environment an efficiency below 1
would occur in ±5.7% of the rewards (22-30 per day) and a negative net rate with
±4.7% (18-25 per day).

Discussion

DEE

DEE increased from 154 to 220 kJ/d from the rich to the poor environment (Figure
4.4), which is within the lower end of the range of brood provisioning starlings, i.e.
200-331 kJ/d (Westerterp et al. 1982; Ricklefs & Williams 1984). To our knowledge,
this is the first experiment where DEE was elevated by manipulating foraging condi-
tions, providing a tool for studying the physiology of hard work.

The DEE we measured can be compared with two earlier experiments with star-
lings. In the flight cages of Bautista et al. (1998) DEE was 144 kJ in the rich environ-
ment, and DEE decreased to 107 kJ in the poor environment. These low values are in
agreement with the lower time spent foraging in their experiment. In Fotheringham’s

Chapter 460

Table 4.2 Estimates of two currencies during foraging, i.e. net rate of energy intake and the efficien-
cy of energy intake, in environments varying in their mean food reward rates. For the poor environ-
ment currencies were also estimated assuming the bird had maintained the same (higher) mass as in
the rich environment. Time for handling and eating the food and for turning on the perch were both
estimated at 2 s. For MRfly we used 20.5 W in the rich and intermediate environment and 17.5 W in
the poor environment.

net intake (W) efficiency
environment actual mass high mass actual mass high mass

rich 49.8 6.45

intermediate 21.2 3.17

poor 13.3 12.4 2.52 2.17
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(1998) experiments, the maximum DEE was approximately 169 kJ/d (estimated from
gross food intake rates in birds with variable reward rates: ca. 19 g/d, and energy con-
tent and assimilation efficiency from Bautista et al. (1998), who used the same food).
This is comparable to the DEE of our birds in the rich environment (Table 4.1). The
poor environment in our experiment was much harsher than the poorest environment
in Fotheringham’s experiments. The difference in DEE is further in accordance with
the much lower flight times in Fotheringham’s experiment: his birds flew ±4 km in
the poorest environment, only 13% of the realised flight time in the poor environment
in our experiment.

Body mass and pectoral muscle size

Body mass was on average 15.6 g (19.5%) lower in the poor environment, and reached
levels below that usually measured in free-living starlings (Cramp & Perrins 1994).
The association between body mass and foraging effort is in agreement with field stu-
dies: Starlings reduce mass during breeding (Westerterp et al. 1982; Ricklefs & Hussell
1984), and similar mass reductions have been shown in several other birds species
(Moreno 1989). Swaddle & Biewiener (2000) showed that captive starlings reduced
mass when they were forced to engage in flight exercise (1 h daily), and suggested that
birds were regulating a lower body mass to reduce flight costs. Lind & Jacobsson
(2001) showed a mass reduction in tree sparrows Passer montanus when experimentally
increasing wing loading, possibly also to decrease flight costs. These effects are how-
ever much smaller than found in this study. Food supplementation and incubation
extension experiments strongly suggest that the mass changes found in breeding birds
function to reduce flight costs and are not merely a consequence of the high work load
(Cavitt & Thompson 1997; Slagsvold & Johansen 1998; Cichon 2001).

While our birds decreased in mass when the environment was made poorer,
Fotheringham (1998) did not find body mass changes with decreasing foraging reward
rate (using a variable reward rate, as we did), but the minimum reward rate was much
lower in our experiment.

BMR

Energy was saved by reducing BMR by 19.6% (14.6 kJ/d) under poor conditions (Table
4.1). Proportionally, the savings during the entire night were even larger (Table 4.1),
because the metabolic rate decreased more quickly at a low foraging reward rate (Figure
4.2). If the birds under poor conditions had maintained Enight values they had in the rich
environment, they would have had a 37% higher energy expenditure during the night.

In other food manipulation experiments animals showed similar energy savings by
reduction of basal or resting metabolism when foraging reward rate was limited
(Tiebout 1991; Deerenberg et al. 1998; Bautista et al. 1998). A similar reduction of
RMR was observed in zebra finches forced to increase their daily flight time (Nudds &
Bryant 2001). A number of non-experimental studies also showed the occurrence of
savings. Chilean hummingbirds S. sephanoides spent less energy during the night when
during day-time energy output had been high (López-Calleja et al. 1997). Captive star-
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lings lost significantly more mass during a night in spring and summer than in winter
(Meijer et al. 1994), which suggests energy saving behaviour during winter nights
when day-time energy expenditure is likely to be high. These results are consistent
with effects of caloric restriction (Daan et al. 1989; Ramsey et al. 2000).

BMRms did not differ between treatments. In contrast, Bautista et al. (1998) and
Deerenberg et al. (1998; using zebra finches), found reductions in BMRms in birds that
had to work harder for their food. The constant BMRms in our starlings is remarkable
considering the large range in body mass: on average 20% lower mass under poor con-
ditions. Either the proportional body composition did not undergo major changes
(which seems unlikely given that the birds became lighter, not smaller), or energy was
saved in other ways, e.g. by lowering body temperature (Tb), in which case the con-
stant BMRms may be coincidence. Hypothermic responses seem to be common in birds
(McKechnie & Lovegrove 2002). For example, night-time hypothermia has been
shown in pigeons Columbia livia when foraging reward rates decrease (Rashotte &
Henderson 1988), and also food deprivation often causes hypothermia (Daan et al.
1989; Reinertsen 1996). The finding that night metabolism reached BMR earlier in the
night in a poorer environment (Figure 4.2) could also be due to an earlier drop in Tb.

Although intraspecific and intra-individual relationships between BMR, body mass
and sizes of some organs have been shown (Daan et al. 1989; Piersma et al. 1996;
Meerlo et al. 1997), data are scarce (see overview in Battley et al. 2001). In general, the
slope of the relationship between BMR and body mass is steeper in intra-individual
and intraspecific allometric relationships, than in interspecific relationships, which is
in agreement with the steep slope we found.

In contrast with these results, it has been shown that animals may change body
composition leading to an increase in BMR when there is a higher demand for sustain-
ed energy output, e.g. for migration, lactation or maintenance (Piersma & Lindström
1997). This is opposite to the decreasing BMR of our starlings that increased their
foraging effort. Clearly, birds make physiological adjustments differently under differ-
ent ecological circumstances, but it is not evident what triggers these different respon-
ses. Inevitably, there is also a cost to reducing BMR, otherwise it is difficult to under-
stand why birds not always save energy during the night, thereby conserving this ener-
gy for other activities. Possibly, physiological protection and maintenance processes
are less efficient, and escaping predators may be less effective.

Flight costs

To assess energy allocation to foraging we need estimates of the flight costs. Because
the length of the flight cages was only 5 m, measurements on starlings in steady-state
flight are not applicable (Nudds & Bryant 2000). Hambly et al. (in prep.: Chapter 3)
measured flight costs of starlings of 20.5 W in our flight cages and found no relation
between flight cost and body mass (range 64.6 to 76.5 g, average 71.1 g). This flight
cost is high compared to earlier measurements of starling flight costs in wind tunnels
and in the field (Ward et al. 1999; Ward et al. 2001), i.e. 7.8-14.9 W (Torre-Bueno &
Larochelle 1978; Westerterp & Drent 1985). The difference may be due to the fact that
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in our experiment the average speed was only 4.0 m/s, well below the 6-18 m/s of
starlings during sustained flight (Torre-Bueno & Larochelle 1978; Ward et al. 2001).

Assuming that 20.5 W is the best estimate for our experiments, our birds would
have spent 39.7 and 167.4 kJ/d on flying in the rich and the poor environment, respec-
tively (Efly(fixed) in Table 4.1). However, in the poor environment the value is too high
to fit the energy budget. A decrease in body mass is expected to result in a lower MRfly

(Pennycuick 1975; Rayner 1979), although the savings may be smaller than earlier
thought (Kvist et al. 2001) and have not been confirmed for the starling (Hambly et al.
in prep.: Chapter 3). Using the (interspecific) allometric equation of Nudds & Bryant
(2000) for the range of body masses of our starlings, the metabolic rate during flight
should decline by 17%, from the rich to the poor environment. This is very close to our
budget results (entailing a savings of about 15%, from 20.5 W to 17.5 W).

Effect of treatment order

Birds that started off in the poor environment did not fully recover when they were later
brought in a rich environment: their body masses remained below those of birds starting
at rich conditions (Figure 4.3). We can only speculate regarding the causes of this pat-
tern, but possibly they had reduced the size of internal organs to such a degree that reco-
very was hampered. The reduced BMR of the lighter birds (see above) might be a conse-
quence of this body composition change. This scenario would also imply differences in
assimilation efficiencies between the two groups under the conditions they entered last.
Indeed assimilation efficiencies of the birds that started in the rich environment tended
to be higher (by 6%). But the difference is far from significant, al-though the effect size of
1.25 is considered very large (Cohen 1988), suggesting that this deserves further study.

Treatment order had no effect on DEE or BMR. Apparently the size of metabolically
active tissues, Enight and the foraging effort were not affected by the difference in start
treatment.

Starving in the midst of plenty?

Figure 4.6 summarises our findings and illustrates the effects of the metabolic changes
the starlings made when the food conditions changed. By lowering mass in the poor
environment, and hence maintenance metabolism and probably flight costs, the birds
achieved a flight time reduction of 34%, and a 37% reduction in DEE compared with
the expected DEE in the absence of such responses.

Reduced flight costs and maintenance metabolism resulted in ca. 15% reduction in
DEE, but the flight time reduction brings about the greatest energy savings, namely ca.
24%. The 27% energy saved during the night gives rise to a further 5% lower DEE.

Our birds spent 3.7xBMR in the poor environment, which is close to the suggested
limit of sustained energy expenditure of 4xBMR (Drent & Daan 1980), and within the
range of food provisioning birds (Daan et al. 1990). DEE in the poor environment (220
kJ/d) was within the range of values reported from starlings in the field. Still, the birds
were very light compared to wild birds. So why did the birds not forage more, so that
they could maintain the energy balance?
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In theory, the birds may have been time-constrained. However, in the poor environ-
ment birds spent only 16.2% of the light period on flying. This increases to 42% of
day-time spent on foraging when food handling time is taken into account. Using our
energy expenditure measurements (Table 4.1), we calculated that to maintain mass in
the poor environment, the flight time should have increased by 52%. Including turning
time on the perch and food handling time this would add up to 65% (Figure 4.6). This
still leaves 35% ‘free time’, and since there were no other notable time-consuming
activities, we conclude that time was not a limiting factor.

Energy expenditure in the poor environment could have been constrained by a
digestive bottleneck (Kersten & Visser 1996) which could have prevented them from
increasing their DEE to maintain mass. Because starlings are already post-absorptive
after 60-75 minutes (Karasov 1990), we assume that when we measure intake rates
expressed per hour, we obtain intake rates equal to, or below, maximum sustainable
rates. The average, hourly consumption rate during a day was 28 to 40 pellets/h for the
different birds, well below the maximum hourly consumption rates (range 49-70 pel-
lets/h). This suggests that DEE was not constrained by a digestive bottleneck.
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Figure 4.6 Energy budgets at different foraging reward rates and, at the far right, the estimated bud-
get in the poor environment of a starling that maintained a high body mass as in the rich environ-
ment. Efly is the energy spent on flying, BMRnight is the energy spent during the night on BMR only,
Enight is the total energy spent during the night, and Enonfly is what is spent during day-time when
not flying. The broken lines in the hypothetical energy budget indicate the surplus energy that would
have been spent due to the extra time spent flying (and less time spent not flying), and the extra
energy that is spent on flying due to the body mass increase. The total DEE budget is shown on top
of each bar.
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A negative energetic foraging efficiency might have been another reason why mass was
not maintained in the poor environment. We calculated foraging efficiency and net
intake rate in the different environments for birds with their actual mass and the mass
maintained in the rich environment. The effect of body mass (via flight and resting
metabolism costs) on the currencies were rather small (Table 4.2). Clearly both cur-
rencies decreased considerably when foraging reward rate decreased, but no substan-
tial improvement was made in the poor environment by the lowering of flight costs
and resting metabolism. Certainly, no currency would drop to unsustainable levels.
There is, therefore, no indication that effects on foraging efficiency were driving the
mass changes of the birds.

Other possibilities for sub-optimal performance might be some form of exhaustion.
We did not notice symptoms indicating exhaustion, such as difficulties to fly or lethar-
gic behaviour, but cannot rule out that such effects would have occurred when birds
had increased their foraging effort to the level required to maintain mass. Also cogni-
tive processes might affect the starlings’ foraging effort. A lack of reinforcement may
lead to reluctance to start the next foraging bout (Ferster & Skinner 1957). We cir-
cumvented this problem by applying variable reward rates (Fotheringham 1998), but
cannot exclude the possibility that further modifications in the reward schedule would
result in even higher work rates in the poor environment.

Although our starlings changed their BMR dramatically, BMRms remained the same
under all conditions. Apparently, no major changes in body composition had occurred.
The experimental protocol followed by our starlings can be looked upon as a training
scheme for endurance training, and we see similarities with studies on human exercise
physiology. Westerterp (2001) points out that ‘novice’ trainees for the half-marathon
(a) lose body mass and (b) concomitantly lower night-time metabolism. Whether
mass-specific metabolism decreased is unclear. Only the well trained, professional
sports(wo)men achieve an increase of BMR at the same mass (hinting that a suite of
changes are involved). It seems our starlings ‘acclimate’ to a training programme in
much the same way as ‘average’ human beings do. In contrast, birds rearing young
have recently been shown to increase BMR when parental effort increased following
brood size enlargement (Nilsson 2002), although another study was unable to replica-
te this effect (Wiersma & Tinbergen 2003: Chapter 5). The discrepancy with the pre-
sent study may be caused by a lack of the right stimuli (nestlings) and/or the absence
of hormone controlled processes (e.g. for flight muscle growth). This suggests that the
response to changing work levels may differ in the course of the annual cycle, depen-
ding on the state of the animal.

When trying to understand the effect of food availability on animal behaviour it is
important to be aware of the flexibility of the energy budget. The substantial energy
saving that may be achieved through physiological adjustments may have significant
consequences for individual based modelling exercises, which explore the relationship
between food supply, individual behaviour and population dynamics. Surprisingly, field
data on the relationship between foraging costs per reward and DEE or BMR still have
to be collected.
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