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Synopsis Migrating blackcaps (Sylvia atricapilla) were used to test the predictions that (1) the rebuilding of the digestive

tract, as reflected by mass-specific consumption of food on the first 2–3 days of a stopover, is faster in birds with access

to drinking water than in birds without, and (2) that adipose tissue and pectoral muscles grow faster and to a greater

extent in birds with unlimited access to water. We simulated migratory stopover in two experiments. In Experiment I,

each of 31 birds was randomly assigned to one of three experimental groups for 6 days. Along with mealworms (�64%

water) ad libitum, Group 1 received drinking water ad libitum; Group 2 had 0.5 h/day access to water; and Group 3 had

no access to water. In Experiment II, 30 birds were offered a mixed diet for insectivorous birds (�33% water) ad libitum

for 6 days, while randomly assigned to two groups: (1) Water ad libitum—control; and (2) 30 min access to water twice a

day. We measured lean mass and fat mass using dual energy X-ray absorptiometry, as well as body mass (mb), pectoral

muscle index (PMI), and daily intake of food and water. Mean daily water intake was significantly different among the

groups in both experiments. However, the availability of drinking water positively affected the rates of gain of lean and fat

mass only in birds fed with the mixed, relatively dry diet. Furthermore, mass-specific daily food intake was affected by the

availability of drinking water only in the mixed diet experiment, in which birds with unlimited access to drinking water

reached an asymptote, 1 day earlier than birds in the water-restricted group. We suggest that in birds consuming diets

with low water content, the lack of sufficient drinking water may result in slower rebuilding of the digestive tract, or may

influence biochemical processes in the gut that result in slower growth of tissue. Although blackcaps obtained sufficient

water from preformed and metabolic water to renew lost tissues when eating mealworms, given access to water, the birds

drank prodigiously. Our results also suggest that if drinking water is unavailable to migrating blackcaps, their choices are

restricted to water-rich foods, which may constrain their rate of feeding and thus the rate at which they deposit fat.

Consequently, drinking water may have an important influence on birds’ migratory strategies with respect to habitat

selection, use of energy, and the saving of time.

Introduction

Blackcaps (Sylvia atricapilla) migrate in autumn

from Eurasia to Africa, across the Mediterranean

Sea and Sahara Desert, to their wintering grounds

south of the Sahel region in Africa, and return in

the spring to their breeding grounds (Cramp and

Brooks 1992). To complete their long journey,

comprised of relatively short periods of flight fol-

lowed by longer periods at stopovers where energy

reserves are renewed, the birds must accumulate fuel

before and during migration. At stopovers, which

take up about 87% of the total time of migration

(Hedenström and Alerstam 1997), feeding rates are

influenced by the physiological state of the bird and
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the environmental conditions, such as availability of

food (reviewed by Lindström 2003); these, in turn,

affect the speed of migration (Alerstam and

Lindström 1990). The duration of migration may

be critical, especially in the spring, since early arrival

on the breeding grounds is advantageous for birds

competing for resources and seeking good territories

(Alerstam and Lindström 1990; Hedenström and

Alerstam 1998).

During migratory flight, catabolism of fat and

protein from organs and tissues fulfill the need for

fuel as well as other physiological requirements

(Fry et al. 1972; Marsh 1984; Lindström and

Piersma 1993; Karasov and Pinshow 1998;

Bauchinger et al. 2009). The sources of most of the

protein catabolized in the flight are the splanchnic

organs and the pectoral muscles. During flight, the

mass of these organs is significantly reduced (Hume

and Biebach 1996; Biebach 1998; Bauchinger and

Biebach 1998; Battley et al. 2000, 2001; Schwilch

et al. 2002; Biebach and Bauchinger 2003;

Bauchinger et al. 2005). Upon arrival at a stopover,

a bird must first rebuild its atrophied digestive

system, a process reported to take 2–3 days (Hume

and Biebach 1996; Biebach 1998; Karasov and

Pinshow 1998, 2000; Karasov et al. 2004), in order

to reach maximum ability to take in food

(Lindström 1991; Murphy 1996; Bauchinger et al.

2009). The size of the digestive system influences

digestive efficiency, rate of intake of metabolizable

energy and, subsequently, gain in body mass (mb)

(Karasov 1996; Karasov and McWilliams 2005;

McWilliams and Karasov 2005). For example,

Karasov and Pinshow (2000) found that blackcaps

deprived of food under laboratory conditions (to

simulate fasting during a migratory flight), gained

mb rapidly only after 3 days of re-feeding.

Only after a bird begins to rebuild its digestive

system does the restoration of other organs that

were reduced in size and mass during migratory

flight occur (Bauchinger and Biebach 2001;

Bauchinger et al. 2005). Recently Bauchinger and

McWilliams (2009), using carbon turnover to esti-

mate protein turnover in garden warblers, concluded

that differences between tissues in the rate of rebuild-

ing are primarily related to differences in rate of

protein turnover. These differences in turnover rate

mean that the digestive system, which is mostly pro-

tein that has a turnover rate very high compared to

other organs and tissues, such as pectoral muscle, is

likely a primary source of water during migration

(see below). We used the rate of protein turnover

reported by Bauchinger and McWilliams (2009) to

determine minimum energy requirements for the re-

building of tissue during stopover.

During migratory flight, fat provides �95% of the

energy required (Klaassen and Biebach 1994; Jenni

and Jenni-Eiermann 1998), but accounts for �73%

of the loss in mass (Klaassen and Biebach 1994),

while protein provides the remaining energy, and

accounts for �27% of the loss of mass. This is be-

cause fat is stored without attending water in dedi-

cated adipose tissues, and it produces 8–10 times

more energy per gram wet mass than does protein

or carbohydrate (Jenni and Jenni-Eiermann 1998).

Furthermore, through respiration, the aerobic catab-

olism of fat brings about higher water loss per unit

dry mass than does catabolism of protein (Jenni and

Jenni-Eiermann 1998). In contrast, protein has no

special storage tissues, and contains �70% structural

water (Jenni and Jenni-Eiermann 1998). Accordingly,

catabolism of protein from functional organs, such

as pectoral muscles and the digestive tract, actually

makes available more water per unit energy than

does catabolism of fat (Klaassen 1996; Bauchinger

and Biebach 1998; Jenni and Jenni-Eiermann 1998).

Theoretical studies suggest that flight distance is

affected by a bird’s water balance (Carmi et al. 1992,

1995; Klaassen 1995, 1996), while empirical studies

show that access to drinking water influences

accumulation of energy during stopover (Sykes

1983; Yalda and Fordes 1995, 1996; Sapir et al.

2004; Tsurim et al. 2008). For example, Sykes

(1983) found that restricting intake of water

leads to decreased food intake in domestic fowl

(Gallus gallus), and Sapir et al. (2004) found that

blackcaps given free access to drinking water in-

creased in mb, and fattened faster than did birds

with no drinking water. Also, Tsurim et al. (2008)

reported that availability of water strongly affects

choice of diet and the intake of and food and

energy in blackcaps, and hence their rate of accumu-

lation of fat during migratory stopover. Blackcaps

with free access to water preferred the fat-rich

fruits of Pistacia atlantica that are low in water con-

tent, to a water-rich insect-based diet. However,

when deprived of water, they preferred to eat insects.

This suggested that availability of water at a stopover

site affects the rate of fat deposition and the bird’s

fat level at the end of the stopover period.

When birds have no drinking water available and

are possibly at risk of dehydration, as in migratory

flight (Fogden 1972), catabolism of tissue that

produces large amounts of water per unit energy

may reduce water stress; this was posited as the

‘‘water hypothesis’’ discussed by Klaassen (1996),

Bauchinger and Biebach (1998), and Jenni and
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Jenni-Eiermann (1998). The idea was given credence

when migrating birds on the ground in the Sahara

desert were found to have high-fat reserves, but low-

protein reserves (Bauchinger et al. 2005), possibly

indicating that the birds mitigated dehydration by

catabolizing protein to maintain water balance

(Klaassen 2004).

We examined the hypothesis that availability of

water during stopover affects the rebuilding of the

digestive tract, assuming that this rebuilding takes

place first, and only once it has been achieved does

the consumed food serve to restore other tissues, or

be deposited as fat. We further hypothesized that the

rate and extent of rebuilding lost tissues, mainly fat

and pectoral muscle, are also affected by the avail-

ability of drinking water. Using freshly caught mi-

grating blackcaps, we tested the prediction that

rebuilding of the digestive tract is faster in birds

with access to drinking water than in birds without,

and that they reach maximum digestive capacity ear-

lier. We also predicted that fat tissues and pectoral

muscle will be renewed faster and to a greater extent

in birds with unlimited water intake. We did two

experiments to test these predictions in birds

re-feeding after a period of starvation that simulated

the obligatory fast experienced during migratory

flight.

Methods

Birds and maintenance

The blackcap is the most common species of passer-

ine migrant that passes through Israel (Shirihai

1996). During their northward spring migration, in

March and April 2008 and 2009, we mist-netted

61 blackcaps (33 females and 28 males) at

Midreshet Ben-Gurion (308520N, 348470E). Birds

were banded and individually housed in

35.5� 24.7� 37 cm cages that were placed in an out-

door aviary. After no less than 3 days, we transferred

the birds, with their cages, to a temperature-

controlled room where they were maintained at a

daytime air temperature (Ta) of 35� 28C and a

nighttime Ta of 15.0� 28C, under a photoperiod

regime that followed the natural, out-door light

cycle. After capture, the birds were fed, ad libitum,

on a mixed diet designed for insectivorous birds

(Gwinner et al. 1988), which contained 25% com-

mercial dry insect-based food (‘‘Fettmischung fein’’,

Aleckwa Tiernahrung, Altrip, and Germany), 30%

minced hard boiled eggs, 21% cheese curd, 15%

bread crumbs, 6% ground egg shells, 3% minced

beef heart, and 0.53% vitamins (Quikon multivita-

min, Bocholt, Germany) and water was available ad

libitum as well. After habituation for 2 days in the

temperature-controlled animal room, the birds were

fasted for 1–2 days and then provided with one of

two diets that differed in the amount of water avail-

able to them for 6 days; a simulated stopover period.

Experimental procedures

In 2008 (Experiment I: mealworm diet), 31 birds

were randomly assigned to one of three groups

that differed in the amount of drinking water offered

to them: Group 1 (control)—water ad libitum,

n¼ 10; Group 2—30 min access to water per day,

in the morning, n¼ 10; and Group 3—no access to

drinking water, n¼ 11. All three groups were offered

live mealworms (�64% water) ad libitum during the

6-day experiment.

In 2009 (Experiment II: mixed diet), 30 birds were

randomly assigned to two groups that differed in the

amount of water made available to them: Group 1

(control)—water ad libitum; and Group 2—30 min

access to water twice a day; the birds were offered

water at 07:00 and again at 13:00. The minimum

time the birds needed to drink enough to maintain

mb above 13 g was 30 min twice a day (our unpub-

lished data). All the birds in this experiment were

offered the mixed diet (�33% water). Food was pre-

pared once for the entire experiment and stored in a

freezer at �208C. Each day, one to two portions were

defrosted.

In both experiments, all birds were deprived of

food and water for 1 or 2 days to simulate in-flight

starvation (Gwinner et al. 1985; Hume and Biebach

1996; Karasov and Pinshow 2000). This period was

followed by a simulated stopover period of 6 days,

during which all birds were offered food (mealworms

in Experiment I and the mixed diet in Experiment

II) ad libitum. Birds with mb 516 g after 1 day of

food deprivation were not deprived of food for a

second day. We detected no significant effect of the

duration of fasting (1 or 2 days as a covariate) on

any of the results; therefore, this covariate was not

included in the reported statistical models. At the

end of each experiment, the birds were allowed 1–4

days to recover with the mixed food and water

ad libitum before release at their place of capture.

We tested our prediction concerning the effect of

drinking water on the anabolism of fat and lean mass

by using dual-energy X-ray absorptiometry (DEXA)

to follow the changes in the composition of the

birds’ bodies. We used a Lunar PIXImusTM 2

(General Electric Medical Systems, Fitchburg,

WI, USA) following Korine et al. (2004) who

calibrated the same DEXA device with small birds,
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including blackcaps. In Experiment I, each bird was

scanned four times; twice on the morning of Day 0

and twice on the morning of Day 6, at the end of the

experiment. The mean of each pair of scans was used

for calculations. In Experiment II, the birds were

scanned on Day 2 as well, 48 h after they were fed,

making a total of six scans. During scanning, the

birds were lightly anaesthetized with Isoflurane�.

An indicator of pectoral muscle size, the pecto-

ral muscle index (PMI), was also obtained using a

‘‘muscle meter’’ [Wiersma et al. (2005) (Max-Planck

Research Centre for Ornithology, Seewiesen)], a

simple device that measures the distance from the

surface of the breast to the crest of the sternum to

�0.1 mm. Each morning, three measurements were

made on each bird, and the average was used. PMI,

measured in millimeters by the muscle meter, is usu-

ally positive, but with a negative relationship to the

actual size of the pectoral muscle; namely, the smal-

ler the PMI, the bigger the pectoral muscles.

Therefore, the results in Figs. 1C and 3C are multi-

plied by �1 to make the changes in PMI intuitively

clearer.

Daily intake of food and water were measured by

the difference in mass of food and water offered in

the morning, and that of the orts and leftover water

removed from the cages 10–15 min before lights-out

in the evening. To correct for evaporative water loss,

five dishes of water and two dishes of food were

placed randomly in the climate room and weighed

at the same time as those in the cages. Evaporative

water loss from live mealworms was negligible. To

quantify the amount of water in mealworms, two

packets of 5 g of fresh mealworms were desiccated

at 608C to constant mass and, assuming that the

change in mass was due solely to loss of water, the

mean of the value of 64% was used in the calcula-

tions that follow. To quantify the amount of water in

the mixed diet, aliquots were dried in an oven at

608C to constant mass, weighing them before and

after desiccation. We found that water accounted

for 33% of the mass of food provided to birds in

this experiment.

Total water intake was calculated as the intake of

drinking water, corrected for evaporation and pre-

formed water from food, using the measured values.

Statistical analysis

We used repeated-measures (RM) ANOVA to ana-

lyze differences in mb, PMI, intake of water and

food, and the DEXA data for lean mass and fat

mass, with sampling day as the within-subject vari-

able, and groups with different access to water as a

between-subject factor. All tests were two-tailed, and

were done after the data were tested for normality of

distribution (Kolmogorov–Smirnov test), and homo-

scedasticity (Levene’s test), or sphericity (Mauchly’s

test). The Huynh-Feldt Epsilon correction was used

when the assumption of sphericity was not met.

Results for the interactions are given only when sta-

tistically significant. When statistically significant re-

sults were found, Tukey’s post hoc test was used to

compare between the treatment groups within each

day and between experimental days within each

treatment group. In addition, when the interaction

between treatments and days was significant, we used

least-squares linear regression for further analysis. In

Experiment II, mb and PMI were regressed against

days of stopover for each group separately. Owing to

the small sample size, no regression analysis was

done for lean mass and fat mass in Experiment II,

despite the significant interaction between treatment

and day (see ‘‘Results’’ section). Values are presented

as means� SD. All statistical analyses were done

using STATISTICA 7� or SigmaPlot� 11.0.

Results

Experiment I

Consumption of food and water

Mass-specific food intake (food intake/mb) by black-

caps (Fig. 1A) was not affected by the availability of

drinking water (RM ANOVA, treatment: F2,28¼ 0.76,

NS). However, food intake/mb changed significantly

during the simulated stopover (RM ANOVA, time:

F5,140¼ 50.17, P50.001). Namely, in all three

groups, mean daily food intake/mb almost doubled

from Day 0 (0.53� 0.11 g/g) to Day 1 (0.82�

0.12 g/g) (Tukey’s post hoc test, P50.0001), re-

mained high on Day 2 (0.83� 0.11 g/g) and Day 3

(0.76� 0.12 g/g) (Tukey’s post hoc test, P¼ 0.11),

and declined on Days 4 (0.66� 0.11 g/g) and

5 (0.58� 0.02 g/g) (Tukey’s post hoc test, P50.001).

The interaction term, treatment� day, for to-

tal daily water intake was significant (Fig. 1B;

RM ANOVA, F10,140¼ 2.69, P50.01); mean in-

take of water was higher in the control group

(13.04� 2.88 g) than in the water-restricted (8.39�

1.06 g) or water-deprived groups (7.50� 0.85 g) (RM

ANOVA, treatment: F2,28¼ 27.57, P50.001; Tukey’s

post hoc test, P50.001), but did not differ between

the latter two groups (Tukey’s post hoc test,

P¼ 0.551). Given free access to water, birds drank

a quantity equivalent to 67–85% of their mb every

day, while birds with restricted access to water had a

total daily water intake of 32–48% of their mb.

In addition, the bird’s water intake changed
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significantly during the simulated stopover (RM

ANOVA, time: F5,140¼ 26.97, P50.001). A post

hoc test showed that water intake of the birds from

the control group increased from Day 0 to Day 1

(Tukey’s post hoc test, Day 0: 11.09� 0.64 g/g, Day

1: 14.91� 0.70 g/g, P50.001), remained high on Day

2 (15.05� 0.64 g/g) and Day 3 (14.19� 0.80 g/g)

(Tukey’s post hoc test, P¼ 0.99), and declined on

Days 4 (12.39� 0.82 g/g) and 5 (10.60� 0.74 g/g)

(Tukey’s post hoc test, P50.05). The water intake

of the birds from the water-restricted group also in-

creased from Day 0 to Day 1 and Day 2 (Tukey’s

post hoc test, Day 0: 6.65� 0.64 g/g, Day 1:

9.24� 0.70 g/g, Day 2: 9.84� 0.64 g/g, P50.05),

and decreased on Days 3, 4, and 5 (Day 3: 8.86�

0.80 g/g, Day 4: 8.50� 0.82 g/g, Day 5: 7.21� 0.74 g/g)

to a similar amount of water intake like on Day 0

(Tukey’s post hoc test, NS). The water intake of the

water-deprived group increased from Day 0 to Day 1

(Tukey’s post hoc test, Day 0: 4.52� 0.61 g/g, Day 1:

7.66� 0.67 g/g, P50.001) and remained relatively

high until the last day of the experiment (Tukey’s

post hoc test, NS).

PMI

PMI in the groups of birds was not affected by the

availability of drinking water (Fig. 1C; RM ANOVA,

treatment: F2,28¼ 0.49, NS). There was, however, a

significant increase in PMI in all birds during the

experiment (RM ANOVA, time: F6,168¼ 34.17,

P50.001). PMI of the control group increased

from� 3.196� 0.12 mm on Day 0 to �2.497�

0.12 mm on Day 6 (PMI¼�3.222þ 0.122 day,

r2
¼ 0.269, P50.001). PMI of the water-restricted

group increased from �3.193� 0.12 mm on Day

0 to �2.636� 0.12 mm on Day 6 (PMI¼

�3.256þ 0.099 day, r2
¼ 0.307, P50.001), and PMI

of the water-deprived group increased from

�2.998� 0.12 mm on Day 0 to �2.468� 0.12 mm

on Day 6 (PMI¼�3.156þ 0.101 day, r2
¼ 0.181,

P50.001).

Fig. 1 (A) Body mass (mb) specific food intake, (B) total water

intake, (C) PMI (mm��1), and (D) Body mass (mb) in blackcaps

(S. atricapilla) in relation to water availability and ‘‘stopover’’ day

during 6 days of feeding, following a 2-day fast, for three

experimental groups of birds: water ad libitum [control group

(filled circle), n¼ 10], 0.5 h water/day [water-restricted group

(open circle), n¼ 10], and no water [water-deprived group (filled

inverted triangle), n¼ 11]. Data are means� SD. (A) No differ-

ence was found among the three experimental groups on any

day; (B) Intake of water by the control group was higher than

in the water-restricted and water-deprived groups; (C) PMI

increased significantly in all groups, but there was no difference

in the rate of change among groups; (D) Body mass increased

significantly in all groups, but there was no difference in the rate

of change among groups. See text for statistical details.
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Body mass

Gain in mb by blackcaps was not affected by the

availability of drinking water (RM ANOVA, treat-

ment: F2,28¼ 0.33, NS). Mean mb in all groups in-

creased continuously from Day 0 to Day 5

(15.5� 0.18 g to 19.5� 0.23 g. Tukey’s post hoc

test, P50.001), but did not change on Day 6

(19.5� 0.23 g to 19.7� 0.26 g. Tukey’s post hoc

test, P¼ 0.098).

Lean mass and fat mass

Change in lean mass (Fig. 2A) did not differ among

the three experimental groups (RM ANOVA, treat-

ment: F2,28¼ 1.92, NS); however, lean mass increased

significantly from the first to the last day in all

groups (RM ANOVA, time: F1,28¼ 307.22,

P50.001). Fat mass increased significantly from

Day 0 to Day 6 in all groups (Fig. 2B) (RM

ANOVA, time: F1,28¼ 180.52, P50.001), but it was

not affected by the availability of drinking water (RM

ANOVA, treatment: F2,28¼ 1.94, NS).

Experiment II

Consumption of food and water

The interaction of mass-specific food intake� day

(Fig. 3A) was significant (RM ANOVA, interaction:

F5,105¼ 3.72, P50.01), and a post hoc test between

group and day showed that mass-specific food intake

in the control group reached an asymptote on Day 1

(Tukey’s post hoc test, Day 0: 0.37� 0.15 g/g, Day

1–5: 0.63� 0.11 g/g, P50.001), while in the

water-restricted group, it reached an asymptote

only on Day 2 (Tukey’s post hoc test, Day 0–1:

0.35� 0.14 g/g, Day 2–5: 0.61� 0.21 g/g, P50.05).

Intake of water differed between the two experimen-

tal groups (Fig. 3B; RM ANOVA, treatment:

F1,21¼ 24.19, P50.001). Given free access to water,

birds drank a quantity equivalent to 90–105% of

their mb, while birds with restricted access drank

40–53% of their mb. In addition, the bird’s water

intake changed significantly during days of the sim-

ulated stopover (RM ANOVA, time: F5,105¼ 115.23,

P50.001). A post hoc test showed that water intake

of the birds from the control group increased

from Day 0 to Day 1 (Tukey’s post hoc test,

Day 0: 10.135� 0.99 g/g, Day 2: 15.15� 0.90 g/g,

P50.001), and reached an asymptote on that day,

while in the water-restricted group, water intake did

not change significantly from Day 0 untill the last

day of the experiment (Tukey’s post hoc test, Day 0:

4.62� 1.36 g/g, Day 6: 8.68� 2.48 g/g, NS).

PMI

Daily increase in PMI differed significantly between

the two groups (Fig. 3C; RM ANOVA, interaction:

F6,126¼ 9.22, P50.001). PMI of control birds

increased significantly during the simulated stop-

over days; from �3.719� 0.14 mm on Day 0

to �3.076� 0.49 mm on Day 6 (PMI¼�3.757þ

0.0949 day, r2
¼ 0.143, P50.001), while the PMI of

birds from the water-restricted group remained

unchanged (PMI¼�3.710–0.0377 day, r2
¼ 0.025,

NS). In addition, mean PMI was not different

between groups on Day 0 (RM ANOVA,

F1,21¼ 0.32, NS), Day 1 (F1,21¼ 1.33, NS), or Day

2 (F1,21¼ 3.28, NS). However, from Day 3, mean

Fig. 2 (A) Lean mass and (B) fat mass in blackcaps (S. atricapilla)

in relation to water availability and ‘‘stopover’’ day during 6 days

of feeding, following a 2-day fast, for three experimental groups

of birds: water ad libitum [control group (filled circle), n¼ 10],

0.5 h water/day [water-restricted group (open circle), n¼ 10], and

no water [water-deprived group (filled inverted triangle), n¼ 11].

Data are means� SD. (A) Lean mass increased significantly in all

groups, but there was no difference in the rate of change among

groups. (B) Fat mass increased significantly in all groups, but there

was no difference in the rate of change among groups. See text

for further details.
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PMI differed between the two groups (F1,21¼ 7.61,

P50.05).

Body mass

The rate of mb gain was different between the two

groups (RM ANOVA, interaction: F6,126¼ 13.71,

P50.001). mb was not different between groups at

the beginning of the experiment (Day 0) (RM

ANOVA, F1,21¼ 0.001, NS), but from Day 1, mb of

birds offered water ad libitum increased (from

15.60� 0.35 g on Day 0 to 18.56� 1.37 g on Day 6;

mb¼ 15.193� 0.511 day, r2
¼ 0.413, P50.001), while

mb of birds from the water-restricted group

remained unchanged (15.63� 1.14 g on Day 0;

15.44� 0.72 g on Day 6; mb¼ 15.286 � 0.0296 day,

r2
¼ 0.004, NS).

Lean mass and fat mass

The rate of gain in lean mass in the birds was pos-

itively affected by the availability of drinking water

(Fig. 4A; RM ANOVA, interaction: F2,30¼ 8.31,

P50.01). Mean lean mass on Day 0 was not differ-

ent between groups (F1,15¼ 0.02, NS), but differed

on Day 2 (F1,15¼ 7.68, P50.05) and on Day 6

(F1,15¼ 21.88, P50.001). Lean mass of the control

group increased significantly (F1,15¼ 15.25,

P50.01) from 12.02� 0.67 g on Day 0 to

14.27� 0.74 g on Day 6 (Tukey’s post hoc test,

P50.001), while in the water-restricted group lean

mass remained constant, from 12.08� 0.77 g on the

Day 0 to 12.70� 0.44 g on Day 6 (Tukey’s post hoc

test, P¼ 0.44).

The rate at which blackcaps gained fat was also

positively affected by the availability of drinking

water (Fig. 4B; RM ANOVA, interaction:

F2,30¼ 9.65, P50.001). Mean mass of fat on Day 0

was not different between groups (F1,15¼ 0.50, NS),

but it differed on Day 2 (F1,15¼ 5.16, P50.05) and

on Day 6 (F1,15¼ 19.66, P50.001). Furthermore,

mass of fat in the control group did not increase

from Day 0 to Day 2 (3.52� 1.06 g to 3.10� 0.67 g,

Tukey’s post hoc test, P¼ 0.61), but increased signif-

icantly from Day 2 to Day 6 (3.10� 0.67 g to

4.56� 1.16 g, Tukey’s post hoc test, P50.001).

Fig. 3 (A) Body mass (mb)-specific food consumption, (B) total

water intake, (C) PMI (mm��1), and (D) mb in blackcaps

(S. atricapilla) in relation to water availability and ‘‘stopover’’

day during 6 days of feeding, following a 2-day fast, for two

experimental groups of birds: water ad libitum [control group

(filled circle), n¼ 15], and 0.5 h water/twice a day [water-re-

stricted group (open circle), n¼ 15]. Data are means� SD. (A)

Birds from the control group reached an asymptote on Day 1 of

the experiment, while birds from the water restricted group

reached an asymptote on Day 2. (B) Intake of water by the

control group was higher than in the water-restricted group. (C)

The rate of change in PMI differed between groups. (D) The rate

of mb gain differed between groups. See text for further details.
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Fat mass of the water-restricted group did not in-

crease during the experiment (3.18� 0.69 g on Day 0

to 2.45� 0.25 g on Day 2 and to 2.40� 0.27 g on Day

6, Tukey’s post hoc test, P¼ 0.12).

Discussion

Availability of water during simulated stopover sig-

nificantly affected the renewal of tissues in blackcaps.

Moreover, water content of food in addition to

availability of drinking water affected their body

condition. When the water content of food was

high (Experiment I: mealworms) availability of

drinking water had no effect on body condition.

However, when water content of the food was low

(Experiment II: mixed diet), access to drinking water

had a significant affect on condition. Birds that did

not have free access to drinking water when their

food water content was low, had lower mb, less in-

crease in PMI, and no increase in lean mass and fat

mass over the stimulated stopover period.

Intake of water differed among groups in both

experiments; birds with free access to water drank

significantly more than did birds with limited

access. However, no differences were found in

intake of food among groups in either experiment,

except in Experiment II, in which food intake in the

group with unlimited access to drinking water

reached an asymptote, 1 day earlier than the group

with limited access. This led us to conclude that

birds eating the mixed diet and with restricted

access to water, re-established digestive capacity

slower than did those birds with free access to

water, as indicated by the slower increase in food

consumption in the former group on Day 1. We

suggest that the renewal of the previously reduced

digestive tract may be slower when water is limited.

Interestingly, Tsurim et al. (2008) found that food

consumption in blackcaps was positively correlated

with water intake. They showed that when only a

few mealworms (0.14 g) were offered to blackcaps,

along with Pistacia atlantica drupes ad libitum,

water-deprived birds ate 4-fold less fruits per day

than did birds with ad libitum access to drinking

water. Six birds with unlimited access to water

ate 5.74� 1.98 (SD) g/day, while seven water-

deprived birds ate 1.30� 0.23 (SD) g/day. However,

Tsurim’s and colleagues’ experiment differed from

the present study in that their birds were deprived

of water for only 1 day and they were not examined

during tissue renewal. Also, the birds fed only

fruit of P. atlantica that, because of its high content

of fat and fiber, was probably more difficult for to

consume and digest when no water was available

than was the mixed diet in the present study.

Furthermore, the birds in the present study had lim-

ited access to drinking water (30 min twice a day)

and were not completely deprived of water, as were

those of Tsurim et al. (2008). In addition to the

above, Sykes (1983) reported that when laying,

hens who were provided with only 30% of their

normal intake of water, they consumed �30% less

food. The dissimilarity between our results and those

of Sykes (1983) likely arises from the fact that Sykes’

study was on domestic chickens that are clearly non-

migratory and in a steadier nutritional state than our

stopover migrants, and also their diet probably dif-

fered from our bird’s diet in its electrolyte content.

Several lines of evidence suggest that digestive con-

straints, and not availability of drinking water, lim-

ited daily food intake of blackcaps immediately

after fasting. On Day 1 of Experiment II, the mean

Fig. 4 (A) Lean mass, and (B) fat mass in blackcaps (Sylvia

atricapilla) in relation to water availability and ‘‘stopover’’ day during

6 days of feeding, following a 2-day fast, for two experimental

groups of birds: water ad libitum (control group (filled circle),

n¼ 15), and 0.5 h water/twice a day (water-restricted group

(open circle), n¼ 15). Data are means� SD. (A) The rate in lean

mass gain was different between groups. (B) The rate in fat mass

gain differed between groups. See text for further details.
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food consumption of both groups of birds was 5.5 g,

while on Days 2, 3, 4, 5, and 6, the mean food intake

was 11.6, 10.4, 11.1, and 13.9 g, respectively. In ad-

dition, availability of water had no effect on mb gain

when mealworms were available ad libitum; in fact all

the birds increased in mb at the same rate. However,

when the birds ate relatively dry food (the mixed

diet), those with unlimited access to drinking water

increased in mb, while birds with restricted access

either lost mb, or it remained constant. These results

are similar to those of Tsurim et al. (2008), who

found that blackcaps provided with P. atlantica

drupes ad libitum, along with a restricted quantity

of mealworms, gained less mass when deprived of

drinking water than did birds that had mealworms

and drinking water ad libitum. Sapir et al. (2004)

also found that free-living blackcaps given free

access to drinking water, increased mb faster than

did birds with no available drinking water, which

lost mb.

All these results support the notion that drinking

water has positive effects on the birds’ digestive pro-

cesses (see also Yasar and Forbes 1999), allowing mb

to increase faster. The conclusion that we draw from

the above is that, if drinking water is available at

migratory stopover, birds can refuel faster than

they can without access to drinking water. This

seems to apply especially to the first days of stopover,

when the digestive tract is under reconstruction.

Thus, drinking water available to migratory birds

may shorten their sojourn, and enable them to con-

tinue migration sooner than if drinking water is

limited.

During preparation for long-distance migration,

passerine birds increase pectoral muscle mass

(Marsh 1981; Bauchinger and Biebach 2006), which

serves as one of the organs in which protein is ca-

tabolized during flight (Bauchinger and Biebach

2001). In the present study, PMI of blackcaps pro-

vided with the mixed diet was positively correlated

with the availability of drinking water, suggesting

that its availability positively influences the increase

in the mass of flight muscles. Also, Wiersma et al.

(2005), using the same ‘‘Muscle Meter’’ to study the

relation between daily energy expenditure, foraging

costs, and physiological variables (mass changes, time

and energy budgets, pectoral muscle size) of starlings

to their harsh environment, found that pectoral

muscle size was directly related to availability of

food. The rate of renewal of pectoral muscle is

likely a determinant of the time a bird needs to

spend at stopover in order to start the next leg of

the flight with adequate muscle. Slow renewal of

flight muscle may cause a delay in migration that

would be disadvantageous, assuming that birds

follow a time-minimizing strategy (Alerstam and

Lindström 1990).

We also found that gain in lean mass was strongly

affected by availability of water to birds fed with the

mixed diet. Birds provided with water ad libitum

renewed tissue more rapidly than did birds with re-

stricted access to drinking water. After 3 days of

stimulated stopover, lean mass, which is largely de-

termined by the mass of internal organs and pectoral

muscle, was higher in blackcaps that were not limited

in access to drinking water. Apparently, only after

birds complete renewing their digestive system does

the deposition of fat begin, since the size of the di-

gestive system influences fuel gain (Karasov 1996).

Indeed, we found that fat mass in birds in both

experiments did not increase until Day 2. However,

from Day 2 until the last day of the experiment, fat

mass in blackcaps provided with the mixed diet

increased faster, and to a greater extent, when pro-

vided with water ad libitum than when they were

water-restricted. Similarly, Tsurim et al. (2008)

found that blackcaps, provided with P. atlantica

fruit and a restricted quantity of mealworms,

gained less fat than did birds offered mealworms

and drinking water ad libitum. In addition, Sapir

et al. (2004) found that blackcaps deposited fat

faster when they were given free access to drinking

water than when they lacked drinking water.

To summarize, contrary to our predictions, when

mealworms were available ad libitum to blackcaps,

availability of water did not affect mb, pectoral

muscle size, or rate of accumulation of lean mass

or fat during stopover. The fact that availability of

drinking water did not affect these physiological re-

sponses suggests that preformed and metabolic water

gained through having a diet high in water-content

was adequate for blackcaps to maintain a high diges-

tive activity and consequently to renew tissue and

energy reserves during stopover at the same rate as

if they had unlimited access to drinking water.

Furthermore, availability of water affected food

intake only on Day 1 and only in birds fed with

the mixed diet. Nevertheless, the rate of deposition

of lean tissue and fat was affected when mealworms

were not made available to blackcaps and when they

had limited drinking water. Possibly, the lack of

drinking water resulted in lower digestive efficiency

through slower development of the digestive organs

and/or by increasing the mean ‘‘viscosity’’ of the

gut’s contents thereby, bringing about a slower rate

of passage of food through the tract (Yasar and

Forbes 1999), or through lower efficiency in digest-

ing food (Yalda and Forbes 1995). Another
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possibility is that lack of drinking water may influ-

ence biochemical processes in the gut, such as the

rate of entry of digestive juices into food matter,

which might result in slower digestion (Forbes

2003). Perhaps for that reason, despite similar food

consumption in birds with unrestricted and birds

with restricted drinking water there were differences

in mb, and increases in fat and lean tissue, between

the groups. An alternative explanation might be be-

havioral adjustment of the birds to limitation of

water by reducing activity and thereby using water

more frugally. Birds with limited access to drinking

water may have fed more during the time that water

was served to them, that is, 30 min twice a day.

Our results also imply that if drinking water is

unavailable to migrating blackcaps their choices of

food are restricted, which may constrain the rate of

fat deposition, which is in agreement with earlier

studies (Tsurim et al. 2008). Consequently, drinking

water could have an important influence on the

birds’ migratory strategy with respect to habitat se-

lection, use of energy, and time saved (Lundberg

et al. 1981; Moller 1994; Norris et al. 2004; Smith

and Moore 2005).
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