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Abstract

We studied how costs of foraging affected components of the energy budget of zebra
finches Taeniopygia guttata, because so far results were equivocal. Earlier studies
showed that increasing foraging costs were compensated by night-time savings, result-
ing in a decrease in daily energy expenditure (DEE). However, this may have been due
to the fixed foraging reward rates, because when applying variable reward rates birds
were shown to maintain or increase DEE. We manipulated the foraging cost per seed
found, applying variable reward rates, by adding 0, 25 or 75 g of chaff to 25 g of seeds.
Night- and day-time energy expenditure were measured during 24-h sessions at 12, 22
and 32°C.

With increasing foraging costs per reward, the time spent foraging increased from 6
to 27% of the 10-h day (up to 40% at 12°C). At the temperature of the holding room
(22°C), DEE decreased by 6.6% with increasing foraging costs (independent of tempe-
rature), which was due to a decrease in metabolic rate both during the day (by 5.6%)
and night (7.7%). The decrease in DEE was more pronounced at low than at high tem-
peratures. DEE changes were not caused by body mass changes, because foraging costs
had no effect on mass. Energy was conserved by decreasing non-foraging activity
during the day (measured with infrared sensors) when foraging costs increased (except
at 12°C when non-foraging activity might have been negligible at all chaff/seed ratios).
Body composition was apparently not affected because basal metabolic rate (BMR) and
mass-specific BMR were not related to foraging costs. Because trade-offs may exist
with maintenance and repair processes we measured, as possible indicators, the initia-
ted growth of new tail feathers and, after put on ad libitum food again, of succeeding
food intake and reproductive output (time delay until laying, clutch and brood size and
fledgling number). We did not find effects of foraging costs on any of these parame-
ters.

An overview of literature data showed that a common feature of studies using fixed
reward rates in foraging costs manipulations, was a decrease in daily food intake
and/or DEE with increasing foraging costs. In experiments using variable reward rates
daily food intake and/or DEE remained constant, increased or decreased (this study).
Although BMR was not measured in all studies, this is the only study showing a con-
stant value, while in all other cases BMR decreased with increasing foraging costs. We
conclude that effects of foraging costs on energy budgets remain elusive and that extra-
polations to field conditions must be assessed with reservations.
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Introduction

The assumption that the food intake rate positively affects fitness underlies most stu-
dies concerning foraging behaviour (Stephens & Krebs 1986; Stearns 1992). Usually,
trade-offs within the energy budget are considered to link the two together. Studies
that measure effects of food intake rates on the energy budget may therefore provide
important insights into life-history decisions. Recent studies indicate that the rela-
tionships between food intake and energy expenditure are not clear-cut. Deerenberg et
al. (1998) manipulated the foraging costs of captive zebra finches Taeniopygia guttata by
forcing them to hop between perches before giving access to food. Daily energy expen-
diture (DEE) of these birds decreased with increasing foraging costs, which was the
result of a reduced energy expenditure during the night and during the non-foraging
time throughout the day. Bautista et al. (1998) manipulated foraging costs by varying
the number of flights and walks starlings Sturnus vulgaris needed to make before being
rewarded with food. They also found that DEE decreased with increasing foraging
costs and that compensation for increased foraging activity took place by lowering the
metabolic rate during the night. However, it has been shown that the way in which
foraging is rewarded can have a crucial effect on the foraging behaviour and energy
budget (Fotheringham 1998). Fotheringham, also working with starlings, showed that
the slope of the relationship between daily food intake and foraging reward rate
depended on the variation around the mean foraging success: when food was offered
after completion of a fixed number of flights, daily food intake and body mass decreas-
ed, while both were unaffected when variation was applied around the average number
of flights needed to obtain a reward. Wiersma et al. 2003a: (Chapter 4) also kept star-
lings at variable reward rates and actually showed an increase in DEE with increasing
foraging costs. Apparently, cognitive processes may lead to different foraging decisions
(see discussion in Kacelnik & Bateson 1996). Hence, identical mean foraging efficien-
cies that differ only in their variation, may result in very different energy budgets. We
hypothesise that the discrepancy in the effect of foraging effort on DEE between
Fotheringham’s (1998) experiments and those of Deerenberg et al. (1998) and
Bautista et al. (1998) can be explained by the variation in the foraging reward rates. In
the latter two studies the fixed reward rates may have led to negative relationships
between foraging costs and DEE.

We tested whether zebra finches would compensate for increased foraging costs by
reducing nigh-time energy expenditure while applying variable reward rates. We
mixed seeds through chaff according to three different chaff/seed ratios to manipulate
the search time and hence foraging costs. This method was earlier used by Lemon
(1991; 1993) and Lemon and Barth (1992). The total amount of food offered was
identical for all chaff/seed ratios, but only the probability of finding seeds was altered.
We think that this set-up better resembles natural foraging circumstances than the
starling and zebra finch experiments and that it might therefore elicit more natural
foraging decisions. This manipulation is in essence the same as the manipulation of
food reward rates with variation around the mean as performed by Fotheringham (1998)
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and likewise, we would have expected DEE not to decrease with a lowering of the food
reward rate (i.e. increasing chaff/seed ratio).

Lemon (1991; 1993) and Lemon and Barth (1992) tested experimentally how fora-
ging costs were related to fitness. They manipulated chaff/seed ratios offered to groups
of captive zebra finches. By monitoring the life-time reproductive success of groups of
birds held under different food conditions they showed that life-time reproductive out-
put and adult survival declined when the foraging costs per reward increased. To
explain the results, Lemon (1993) constructed energy budgets, and found that a margin
of excess energy resulted in more fledglings and an extended life span. Although the
time that was spent on foraging varied considerably, Lemon (1993) did not find dif-
ferences in DEE between the experimental groups, possibly because night-time savings
concealed differences in day-time energy expenditure. Therefore, we measured effects
of food intake rates on night- and day-time energy expenditures. By using within-indi-
vidual comparisons we maximised statistical power. We will give an overview of the
effect of variability in foraging reward rates on the energy budget as reported in the
literature.

The conditional occurrence of energetic compensation begs the question why birds
not always reduce night-time energy expenditure to the minimal level. Apparently,
there are costs to a metabolic rate reduction exceeding levels found under benign con-
ditions. Possibly, energy is reallocated from maintenance and repair processes to fora-
ging. As an indicator of these processes we tested whether experimentally induced
feather growth was affected by the manipulation of foraging costs. This method has
been shown to reveal nutritional stress and effects of parental effort (e.g. Grubb et al.
1991; White et al. 1991; Jenkins et al. 2001). Additionally, we also tested for persisting
effects of manipulated foraging costs on reproductive output. Deerenberg and
Overkamp (1999) studied long-term effects of elevated work loads on later reproduc-
tion in the zebra finch. They found a delay in the time until laying of the first egg, as
had earlier been found in the same species experiencing a reduction in intake rate
during breeding (Lemon & Barth 1992). We tested whether reproductive output was
also engendered immediately after stopping the foraging costs manipulation.

Methods

We manipulated the foraging costs per reward following Lemon (1993) by mixing the
food (tropical seed mixture) with chaff, thereby increasing search time per seed obtain-
ed. We applied three different treatments, mixing 25 g seeds with 0, 25 or 75 g of chaff
respectively. Fresh food and chaff was provided every other day.

Twenty-four single-sex pairs of wild-type zebra finches (12 pairs of each sex) were
kept in cages measuring 40x80x40 cm (hxwxd). Ambient temperature was between 22
and 24°C. After a week on a particular chaff/seed ratio we measured energy expendi-
ture for 22-23 hours in an open-flow respirometer. These measurements were repeated
at 3 different temperatures (12, 22 and 32°C) at 3-day intervals. During these meas-
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urements the pair had access to food in the same chaff/seed ratio as in the preceding
week. On the basis of literature we predicted that 32°C was within the thermoneutral
zone (Calder 1964), 22°C resembles the temperature in the holding room, and meas-
urements at 12°C were done to test whether night-time saving would increase when
overall energetic demands increased.

After completion of the last respirometer measurement the chaff/seed ratio was
changed, and after a week the three metabolic measurements were repeated. All pairs
were exposed to all three chaff/seed ratios. We arranged the order of chaff/seed ratios
presented, and of the temperatures at which the pairs were measured in such a way that
treatments and measurement order were not correlated.

The measurements were done on the two birds of a pair simultaneously to increase
measurement precision and because the zebra finch is a gregarious species, which may
be more at ease when housed with a conspecific. The two birds were separated by a
transparent partition, so they could see and hear each other but not interact physically.
Measurements of oxygen consumption (using a paramagnetic Servomex Xentra 4100
analyser), carbondioxide production (Servomex 1440) and air flow rate (Brooks 5850S
mass-flow controllers) were stored every 6th minute. Dry air was pumped through the
24-l, Plexiglas respirometer boxes at a rate of 36 l/h. The air was dried over a molecular
sieve (3Å, Merck). The metabolic rate (MR) was calculated from the oxygen consump-
tion rate using the RQ dependent conversion factor as given by Brody (1945). All MR
measurements were divided by 2 to get values for a single bird. Before and after the
measurement we measured body masses to the nearest 0.1 g.

Of a subset of sessions we made 1.5-h video recordings of the feeding behaviour,
starting at the onset of the light period (9:00). The activity of the birds was further
automatically recorded with passive infrared sensors (PIRs) fit inside the respirometer
cages. The PIR measurements did not distinguish between the movements of the two
individuals. Pairs were always measured in the same box.

Following this experiment we made 24 female-male pairs and kept them on the
different chaff/seed ratios for 6 weeks (8 pairs for each seed-chaff ratio). Of these
birds we plucked the left and right outer tail feather to measure the growth rate of the
newly formed feathers. The length of the growing feathers was measured with a ruler
after 12 d, and subsequently at 4 to 8-d intervals. Forty-two days after plucking the tail
feathers the newly formed feathers were plucked and weighed to the nearest 0.1 mg.
The left and right tail feather were compared to check for fluctuating asymmetry (e.g.
Møller 1990). We measured the amount of food consumed by recovering and weigh-
ing the seeds remaining in the food tray 48 h after presenting the food. This was re-
peated two more times at weekly intervals.
After 6 weeks all pairs were put on ad libitum food and were given a nest box and nest-
ing material. This enabled us to measure long-term effects of the chaff/seed ratio on
reproductive output. We recorded day of laying the first egg, clutch size, egg mass,
brood size and fledgling number.

Most data were analysed using Generalised Linear Mixed Models. This allowed us
to take into account that individuals were measured repeatedly. When only one
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measurement per individual or pair was analysed, Generalised Linear Models (GLM)
were used. Chaff/seed ratio was entered as a covariate, coded 0, 1 or 3. Statistically
significant variables (including 2-way interactions) were selected using backward, step-
wise deletion of non-significant variables. Poisson regressions were applied for count
data, using Statistix (v. 7, Analytical Software). All other analyses were done with
SPSS (v. 11.0, SPSS Inc.).

Results

Feeding time and activity

The time spent foraging increased with increasing chaff/seed ratio and the increase
was greater at low temperatures (Figure 2.1). Of the 90-minutes observation time up
to 50% was spent on foraging when both temperature and food availability were low.
At higher temperatures and with ad libitum food, only around 5% of the time was spent
foraging. The total activity time, as registered with the PIRs, showed a quite different
picture (Figure 2.1). While foraging time always increased with in-creasing foraging
costs, this was only the case for total activity time at 12°C. There was still a relation-
ship between the total activity time and chaff/seed ratio when feeding time was also in
the model (Figure 2.2), and an analysis indicates that, at least at the two lower tempe-
ratures, the non-foraging activity decreased towards higher chaff/seed ratios, while
foraging time increased.

We tried to estimate the costs of foraging by regressing the MR on the observed
feeding time using the raw, 6-min interval data of the respirometer. There was how-
ever no significant relationship between the two (F1,453 = 0.03, P = 0.86, controlling
for temperature). This was probably caused by the large volume of the respirometer
box (24 l). With an air flow rate of 36 l/h it would need at least 40 min to replace the
entire volume of air. This leads to large washout effects on changes in gas concentra-
tion and, hence, weak correlations between metabolic rate and the quickly fluctuating
activity.

Body Mass and DEE

Body mass was not related to chaff/seed ratio (Figure 2.1). There was a slight decrease
in body mass through time during the first leg of the experiment, equalling -15.9 ± 3.4
mg/d (F1,190 = 22.6, P < 0.001). Over the whole period of respirometer measure-
ments (34 days) this was on average 0.54 g. Within the 3 measurement sessions (for
measuring at the 3 different temperatures) mass decreased in the course of time with a
steeper slope then between the session, namely -136 ± 13 mg/d (F1,189 = 13.3, P <
0.001).

Daily energy expenditure decreased with increasing chaff/seed ratio and was higher
at lower temperatures (Figure 2.3). This was not solely due to body mass variation,
because the effect remained when mass was added to the model.
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Figure 2.1 Left panel: proportion of time spent foraging between 9 and 10:30 AM is related to
chaff/seed ratio (F1,33 = 22.4, P < 0.001), body mass (F1,57 = 4.78, P = 0.033) and the interaction
of temperature and chaff/seed ratio (F1,56 = 15.0, P < 0.001). Middle panel: the time spent on activi-
ties (including foraging) during the light period was related to temperature (F1,83 = 53.9, P <
0.001), chaff/seed ratio (F1,82 = 4.15, P = 0.045) and there was a trend to a relationship with
chaff/seed ratio squared (F1,82 = 3.19, P = 0.078). Right panel: body masses of the birds on the dif-
ferent chaff/seed ratios as measured prior to the respirometer measurements. No significant rela-
tionship with chaff/seed ratio was apparent (F1,169 = 2.23, P = 0.14).

0

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

ac
tiv

ity
 ti

m
e 

in
de

x

1510 205

chaff/seed ratio
0

feeding time (%)

1 3

0 1510 205 0 6040 8020

Figure 2.2 Residual of the activity time index during the light period (registered with Passive
Infrared Sensors fit inside the respirometer box), correcting for temperature, for the 3 chaff/seed
ratios, plotted against the percentage time spent feeding between 9:00 and 10:30 AM. At the two low
chaff/seed ratios total activity time decreased with increasing foraging time, but at the highest ratio
total activity time increased (temperature: F1,46 = 47.5, P < 0.001; chaff/seed ratio: F1,17 = 12.5, P
< 0.005, ratio2: F1,18 = 9.72, P < 0.01, feeding time: F1,44 = 3.66, P = 0.062, interaction feeding
time and ratio: F1,45 = 8.49, P < 0.01). Deleting the two rightmost points in right panel did not
change the conclusions.
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Mass-specific metabolic rate during the entire day also decreased with decreasing fora-
ging costs (F1,86 = 13.2, P < 0.001), and decreased with temperature (F1,86 = 2468, P
< 0.001). The average mass of the pair of birds was used for this measure.

Both day- and night-time energy expenditure were reduced at higher chaff/seed
ratios (Figure 2.4). This reduction was stronger at low temperatures. The effect was
not solely caused by body mass changes, because adding this to the model did not
make the effect of chaff/seed ratio disappear. Mass-specific MR during the night clearly
decreased as well when foraging costs were higher (chaff/seed ratio, F1,85 = 18.9, P <
0.001; temperature, F1,85 = 1370, P < 0.001; their interaction, F1,85 = 5.72, P =
0.019).

The changes in basal metabolic rate (BMR; Figure 2.5), estimated by the minimum
night-time values measured at 32°C at 6-min intervals, were not significantly related to
chaff/seed ratio. Mean BMR was 0.216 ± 0.004 W, and mean mass-specific BMR 14.2
± 0.3 mW/g (Figure 2.5), which was also independent of the food manipulation.

Feather growth

Tail feather growth from 12 to 42 days after plucking was not related to chaff/seed
ratio (Figure 2.6). The measured tail feather growth was maximal at day 20 (Figure
2.6). Analysing only data from that day did not reveal effects of chaff/seed ratio, sex
and their interaction either. The final length of the tail feathers was not related to
chaff/seed ratio and length of the previous feather, but there was a difference between
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(F1,85 = 22.7, P < 0.001), temperature (F1,85 = 3057, P < 0.001) and body mass (negative relation-
ship, F1,93 = 9.77, P < 0.005). Also plotted is the metabolisable energy intake as measured by
Lemon (1993) in zebra finches on similar chaff/seed regimes (they found no significant differences
between treatments). The grey bars indicate energy expenditure ranges of zebra finches on low or
high foraging costs regimes, manipulated by the number of hops between perches needed to get
access to food (Deerenberg et al. 1998). The temperatures at which the measurements were done are
given in the legend.
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the sexes (chaff/seed ratio, F1,20 = 2.37, P = 0.14; length previous feather, F1,26 =
0.29, P = 0.59; sex, F1,19 = 5.03, P = 0.037). Female feathers were 1.36 ± 0.61 mm,
or 3.6%, shorter than the males’, while the previously plucked feathers did not differ in
length (F1,6 = 0.02, P = 0.90).

The final mass of the two regrown tail feathers was also not related to chaff/seed
ratio (F1,15 = 0.03, P = 0.86). There tended to be a difference in sexes (F1,13 = 4.28, P
= 0.059), while this trend did not exist in the tail feathers plucked at the start of the
experiment (F1,6 = 0.07, P = 0.80). Feather mass was strongly related to the mass of
the first plucked feather and to sex, but again not to chaff/seed ratio (previous feather,
F1,22 = 14.1, P < 0.001; sex, F1,12 = 6.11, P = 0.029; chaff/seed ratio effect, F1,12 =
0.12, P = 0.74). The new female feathers were 0.285 ± 0.112 mg, or 7%, lighter than
the male feathers.

As a measure of fluctuation asymmetry we compared the left and right tail feather.
The difference in mass between the left and the right feather was not related to
chaff/seed ratio (F1,20 = 1.45, P = 0.24; sex, F1,20 = 2.67, P = 0.12) and neither was
the difference in length (F1,20 = 0.45, P = 0.51; sex, F1,20 = 1.20, P = 0.28).

Successive food intake and reproduction

Food intake rates during the 3 days immediately after termination of the food manipu-
lation did not differ between chaff/seed ratios, but decreased slightly in all 3 groups in
the course of those 3 days (chaff/seed ratio, F1,21 = 1.12, P = 0.30; day number, F1,47

= 12.1, P < 0.005).
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There were no relationships between chaff/seed ratio and laying interval. Poisson
regression:(z = 1.03, n = 20, P = 0.30), clutch size ( z = 0.92, n = 24, P = 0.36),
brood size (z = 0.74, n = 24, P = 0.46) and fledgling number (z = 0.00, n = 24, P =
1.0). The average mass of the laid eggs also did not differ between chaff/seed ratios
(GLM: F1,19 = 0.82, P = 0.38).

Discussion

Mixing the seeds with chaff increased the foraging time considerable. In the holding
cages foraging time will have increased from about 4 to 22% of the day (Figure 2.1:
22°C). Nevertheless, DEE did not increase, but instead decreased by 6.6% from 46.1 to
43.0 kJ/d (Figure 2.3: 22°C). We could show that this decrease was due to reductions
in energy expenditure during both the light and the dark period (Figure 2.4). At night,
at 22°C, energy expenditure decreased by 7.7% and during the day by 5.6%, which is
43 and 57% of the change in DEE, respectively (note that the light period lasted 10 h).
We also showed that the changes in metabolic rates were independent of body mass,
because mass did not vary significantly with chaff/seed ratio (Figure 2.1), and inclu-
ding mass in the analysis together with chaff/seed ratio confirmed an effect on MR,
and because mass-specific metabolic rate decreased with increasing chaff/seed ratio.

When Lemon (1993) increased the amount of chaff mixed with the seeds, he did
not detect significant differences in DEE. However, the trend was in accordance with
our results (Figure 2.3). In his experiments Lemon relied on between individual com-
parisons, rather than on within individual comparisons as in our study, and the resul-
ting lower statistical power might explain the discrepancy. Furthermore, the energy
budgets constructed by Lemon (1993) were constructed indirectly, using a summation
of separately measured existence metabolism values of fasting birds and foraging costs.
Assuming that the daily metabolisable energy intake in his experiment actually did
decrease with increasing chaff/seed ratios, does not change his budget qualitatively.
However, the differences in the surplus of the energy budget, by which he explains the
variation in reproductive success and adult survival, become larger. Actually, the bud-
get would have become negative at chaff/seed ratios of 2 and 3, which should have
resulted in the usage of nutritional stores.

We made budgets for the birds in our experiment, making use of the foraging cost
estimated by Lemon (1993). He arrived at a marginal cost of 0.583 W. This value
results in foraging costs ranging between 3 and 16% of DEE, or between 9 and 32% of
the day-time energy expenditure (Figure 2.7). From Figure 2.7 it is noticeable that the
energy that remained for other activities besides foraging was very limited. The budget
was even slightly negative at 12°C at the low chaff/seed ratio, indicating the birds
might have used some of their nutritional stores. Body mass changes during the respi-
rometer measurements did not give additional support for the outcome of the energy
budget: although the decrease was greater at lower temperatures, it did not depend on
the chaff/seed ratio (temperature, F1,213 = 14.3, P < 0.001; chaff/seed ratio, F1,213 =
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0.83, P = 0.36). Therefore, adjustments in energy intake and expenditure alone, made
up for changes in the energy budget.

So how did our birds lower their energy expenditure while spending more energy
on foraging? We see four possibilities: 1) body temperature might have dropped, 2)
energy might have been reallocated away from physiological processes, 3) physical acti-
vity levels might have been reduced or 4) heat generated through activity might have
been used for thermoregulation. The decrease in the minimum levels of mass-specific
MR at the lower two temperatures (Figure 2.5) suggests that some physiological pro-
cesses were downregulated, either by lowering body temperature or in other ways.
Because hypothermia is a common trait of small bird species (McKechnie & Lovegrove
2002), it is likely to have occurred in our birds too. Nevertheless, non-foraging activity
levels also had changed. Comparing foraging activity and total activity as depicted in
Figure 2.1 shows that the increase in foraging time with increasing chaff/seed ratio
was not matched by the change in total activity. Clearly, total activity decreased from
chaff/seed ratio ‘0’ to ‘1’, and than levelled off (at 22°C), implying that non-foraging
activity decreased. We could confirm this statistically by relating the activity time to
chaff/seed ratio and feeding time in one model (Figure 2.2). It showed that the interac-
tion between feeding time and chaff/seed ratio was significant. We think that the posi-
tive correlation seen at the high chaff/seed ratio is due to the fact that very little time
is spent on other activities besides foraging so that changes in these other activities are
overshadowed by foraging activities. A trade-off between activities was earlier seen in
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Figure 2.7 Energy budget during the 10-h day-time period at different chaff/seed ratios and tempe-
ratures as measured in a respirometer. Resting metabolic rate (rest) is the average of the measure-
ments during the dark period (MRnight). Foraging costs were calculated using the estimate of 0.583
W of Lemon (1993). ‘Remain’ indicates the difference between DEE and the summation of resting
metabolism and foraging metabolism (negative at 12°C and chaff/seed ratio ‘3’). The proportion
(±SE) of time spent foraging during the first 90 min of the light period is shown by the dots and the
scale on the right axis.
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other bird species that were made to increase their feeding effort (Tiebout 1991;
Fotheringham 1998), as well as in two small rodent species (Perrigo 1987). Whether
heat substitution took place is unknown, but it has been demonstrated in some studies
(Zerba & Walsberg 1992; Bruinzeel & Piersma 1998).

The effect of the variability of foraging success rates on BMR is undecided (Table
2.1). Most studies found a reduction in BMR with a decreasing, fixed foraging success.
Starlings on a decreasing, but variable reward rate did also lower BMR (Wiersma et al.
2003a: Chapter 4), while the zebra finches in this study did not. Unfortunately,
Fotheringham (1998) did not measure BMR in his experiments. A reduction in BMR
with increasing day-time activity was found in hormone-treated white-crowned spar-
rows Zonotrichia leucophrys (Wikelski et al. 1999).

Although Lemon and Barth (1992) showed that an increase in chaff/seed ratio had
negative effects on reproduction and adult survival, we could not detect differences in
growth rate and end mass of newly formed tail feathers (Figure 2.6), and did not
detect fluctuating asymmetry, which we measured as indicators of resources put into
maintenance and repair processes. Food consumption during the days immediately fol-
lowing the food manipulation did not differ between chaff/seed ratios, giving no indi-
cation that the birds needed to compensate earlier deficiencies. We did also not find
effects on reproduction following the food manipulation. Lemon & Barth (1992)
showed that the time delay between two broods increased with increasing chaff/seed
ratio. Deerenberg & Overkamp (1999) also showed long term effects of the manipula-
ted foraging reward rate: birds that previously had worked harder for their food (after
the manipulation had stopped and they were on ad libitum food again) showed a delay
in the time until nesting. We did not see such a long term effect in our birds. DEE of
our birds (at the temperature of the holding cages) was around 25% below that of
Deerenberg & Overkamp’s (1999; Figure 2.3). Apparently, the increase in foraging
time and costs was not demanding enough to lead to long term negative effects.

The manner in which food is offered to the animals can have great consequences
for the energy budget. A distinction that has to be made is between a fixed and varia-
ble foraging reward. Animals experiencing a fixed reward rate receive food after a fixed
number of actions (pecks, flights, etc.) while on a variable schedule only the mean of
the number of actions needed is fixed, but with variation around this mean. What the
zebra finches in this study experienced is comparable with a variable reward rate: the
time needed to encounter a seed followed some positively skewed probability distribu-
tion, which’ mean depended on the amount of chaff mixed with the seeds. In a study
on starlings, Bautista et al. (1998) rewarded the birds with food after a fixed number of
flights or walks, and showed that DEE decreased with decreasing foraging success rate,
while the time spent foraging increased considerably. In other studies that manipulated
foraging success using fixed success rates the results were similar: DEE or food intake
(of starlings, zebra finches and two hummingbirds species) did not increase with de-
creasing foraging success (Table 2.1). Also in two rodent species food consumption
decreased with decreasing foraging success (Table 2.1). However, when the reward rate
is variable, a different picture arises: starlings that had to fly between perches a number
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of times to be rewarded with food, did not eat less with a decreasing, but variable,
foraging reward rate (Fotheringham 1998; Wiersma et al. 2003a: Chapter 4). It seemed
that the birds were more motivated to forage under variable than fixed conditions. Our
results do not fit well in this picture however: foraging success was variable, but DEE
did not increase with increasing foraging effort. Possibly, the chaff/seed ratio we
offered was not high enough, and in combination with a relatively cheap foraging
mode, did not necessitate increasing DEE. This is supported by the lack of an effect on
body mass of the chaff/seed ratio. Nevertheless, the studies shown in Table 2.1 that
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Table 2.1 Summary of results from experiments in which foraging reward rate was manipulated
(without altering the predictability) in a closed economy system. The responses to a decrease in fora-
ging reward rate are shown. Reward rates could either be fixed (without variation) or variable (only
mean fixed). Increases and decreases are depicted with ‘+’ and ‘-‘, while ‘0’ means no change.
Indicators in brackets refer to trends (P < 0.1). Where no result was given the cells are left empty.

reward foraging mass non- BMR or daily DEE 
rate activity foraging RMR food

activity intake

starling 1 variable + 0 - 0
Sturnus vulgaris

starling 2 variable + - - + +
Sturnus vulgaris

zebra finch 3 variable + 0 0 0
Taeniopygia guttata

zebra finch (this study) variable + 0 - 0 - -
Taeniopygia guttata

starling 1 fixed + - - -
Sturnus vulgaris

starling 4 fixed + - - - -
Sturnus vulgaris

zebra finch 5 fixed + - (-) - - -
Taeniopygia guttata

steely-vented hummingbird 6 fixed + - -* - -
Amazilia saucerottei

fork-tailed emerald 6 fixed + - -* - -
Chlorostilbon canivetii

domestic pigeon 7 fixed + - -** -
Columba livia

house mouse 8 fixed 0 0 - -
Mus domesticus

deer mouse 8 fixed 0 0 - -
Peromyscus maniculatus

*perching MR (not directly measured), **inferred from body temperature, 1Fotheringham (1998),
2Wiersma (2003a: Chapter 4), 3Lemon & Barth (1992), 4Bautista et al. (1998), 5Deerenberg et al. (1998),
6Tiebout (1991), 7Rashotte & Henderson (1988), 8Perrigo (1987)
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applied fixed foraging success rates might have had essentially different outcomes, had
variable rates been used. An extrapolation of these results to field conditions must the-
refore be assessed with reservations.
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