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Summary

1.

 

The seasonal migration of birds is divided into alternating phases of stopover and
flight. The fuel deposition rate at stopover sites is the crucial factor determining overall
speed of  migration and its success. Therefore, field data about the variation in fuel
deposition rates at different levels (among sites, seasons, days, individuals) are essential
to explain the observed behavioural reactions to environmental variability and migration
strategies.

 

2.

 

Fuel deposition rates of four species of passerine migrant birds captured at 14 stop-
over sites from northern Europe to sub-Saharan Africa during autumn and spring were
analysed. Plasma concentrations of triglycerides and 

 

β

 

-hydroxy-butyrate were used to
estimate relative fuel deposition rates (named fattening index).

 

3.

 

The largest variation in fattening indices was between sites which was only weakly
explained by geographical position relative to ecological barriers and did not differ
between spring and autumn. Therefore it is expected that the selection of appropriate
stopover sites is of paramount importance for the success of migration.

 

4.

 

Variation in fattening index between days within sites was comparatively small with
no obvious seasonal trend over the restricted period of  mid-migration and with no
correlation between subsequent days. However, only samples during good weather
days were examined and the full range of  this variation could not be estimated. Air
temperature and duration of rainfall could explain part of this variation, probably
because invertebrate availability is higher during warm and dry weather.

 

5.

 

The variation of fattening rates between birds on the same day and site was low, and
could partially be explained by body mass. Heavy birds had higher fattening rates than
light birds.

 

6.

 

From this analysis, it appears to be difficult for migrating birds to predict the
fattening rate of the next stopover site, but relatively easy to assess the fattening rate of
the current site in a short time. This may result in larger departure fat loads than would
be necessary to reach the next stopover site.
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Introduction

 

The migration of birds is divided into alternating
phases of stopovers (when energy in the form of fat
and protein is deposited) and of flights (when part or
all of the energy stores are consumed). The rate of
energy accumulation at stopover sites is much lower
than the energy expenditure rate during flight and
varies strongly depending on environmental and
intrinsic factors (e.g. Bibby & Green 1981; Schaub &
Jenni 2000a). Therefore, the fuel deposition rate at

stopover sites is the crucial factor determining the
overall speed of migration and its success.

Seasonal migrants with limited time available for
migration are under a certain pressure to minimize
time spent on migration. In theoretical optimality
models, the fuel deposition rate of  time minimizers
is a crucial factor determining stopover duration and
departure fuel load and, hence, the way in which birds
should divide their migration in space and time (Aler-
stam & Lindström 1990; Weber, Houston & Ens
1994; Weber, Ens & Houston 1998). In these models,
the departure rules are based on an estimate of the
expected future fuel deposition rate, e.g. by projecting
the current fuel deposition rate onto future sites, by a
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fixed expected rate, or combinations thereof (Weber
1999). Hence, the predictability and variation of fuel
deposition rates along the migration route as well as
within a given stopover site are crucial factors deter-
mining optimality rules of bird migration. However,
there is very little empirical information on the varia-
tion in actual fuel deposition rates along migration
routes, which severely limits tests of these models and
the exploration of alternative explanations.

A bird migrating from the breeding to the wintering
grounds and back encounters variation of fuel deposi-
tion rates at different levels. Fuel deposition rates may
differ between stopover sites because of habitat quality
(food availability, competitors, predators) and this var-
iation between sites may vary with season. If  the vari-
ation in fuel deposition rate between sites is large, birds
should leave a current stopover site with a higher fuel
load than when this variation is small, because they
would need a safety margin for the search for a good
stopover site (Weber 

 

et al

 

. 1998). If  habitat quality var-
ies geographically or if  birds adjust their fuel deposi-
tion rate to the geographical position of the site in a
similar way as is done with body mass in some species
(Bairlein 1991; Schaub & Jenni 2000b), fuel deposi-
tion rate might change systematically with latitude or
might be higher at sites facing ecological barriers such
as deserts, seas or mountains.

At a given site, the bird may encounter variation in
fuel deposition rate from day to day. If  this variation is
small, a bird can predict its expected fuel deposition
rate in a short time. If  this variation is large, the overall
quality of a site is difficult to assess, and birds may stay
longer. However, if  the fuel deposition rates of consec-
utive days are correlated, the rates are predictable also
when variation is high. Within-site variation in fuel
deposition rates caused by changes in food availability
are similar for all individuals. For insectivorous birds,
weather or progressing season might be the most
important factors for temporal changes in food avail-
ability. Food availability and/or maximum digestive
rates (Lindström 1991) set the maximum possible fuel-
ling rate each day. Below this limit, birds might be flex-
ible in adjusting their actual (optimal) fuelling rate,
e.g. to predators or to the expected departure time
(Fransson 1998). This is the variation of fuelling rates
over time within individuals which does not parallel
the variation over time of all individuals.

At a site and during a certain day, fuel deposition
rates might be different between individuals, e.g.
because of competition or differences in foraging or
digestive efficiency (Stillman 

 

et al

 

. 2000), and this
variation might differ between spring and autumn
migration. A frequent consequence of competition is
the establishment of  territories. If  heavy birds are
the stronger competitors their fuel deposition rate
is higher than that of lighter birds.

The main aim of this study was to estimate some
components of  variation in fuelling rates in four
passerine bird species (Reed Warbler 

 

Acrocephalus

scirpaceus

 

 Hermann, Sedge Warbler 

 

A. schoenobaenus

 

Linnaeus, Garden Warbler 

 

Sylvia borin

 

 Boddaert, Pied
Flycatcher 

 

Ficedula

 

 

 

hypoleuca

 

 Pallas), in both migration
seasons and at 14 stopover sites along the migration
routes, and to evaluate their relative importance. All species
considered breed in Europe and winter in sub-Saharan
Africa, but differ in preferred diet, its availability and
predictability, and in territoriality (Cramp 1992, 1993).
We also examined whether some factors (latitude of the
site, position of the site with respect to ecological barriers,
progress of the season, actual body mass, weather)
explained part of the variation in fuelling rates.

Fuel deposition rates are usually measured by fol-
lowing the development of body mass of individually
marked birds captured at least twice (e.g. Bibby &
Green 1981; Schaub & Jenni 2000a). However, this
method would not have been suitable for our aims,
because it measures average fuel deposition rate over
the time between capture and recapture. Thus, the var-
iation over short time periods cannot be assessed, e.g.
variation within and between individuals during the
same day and variation between days. For this study,
we used the concentration of specific metabolites in
blood plasma as a measure of fuel deposition rates.
They estimate fuel deposition rates in birds caught
only once and over short time periods (a few hours),
i.e. conserving variation caused by changes in weather
or food supply (Jenni-Eiermann & Jenni 1994, 1996;
Jenni & Jenni-Eiermann 1996; L. Jenni & R. Schwilch,
unpublished data).

 

Materials and methods

 

 ,       


 

Blood samples were taken from four species captured
at 14 stopover sites during the spring and autumn
migration seasons (Table 1, Fig. 1). The northernmost
sites in Finland (Rauvola, Hanko) and the southern-
most sites in Senegal (Djoudj) and Nigeria (Nguru)
were near the end or start, respectively, for spring and
autumn migration. From Ventotene Island, where the
majority of birds are caught shortly after landing, only
samples from birds that had fed before capture were
included, indicated by pollen around the bill or by
defaecation. The other sites were not on small islands,
and thus it can be expected that the majority of birds
sampled did not arrive just before capture (Schaub

 

et al

 

. 2001). As the number of birds caught during bad
weather days (particularly rain and heavy wind) is usu-
ally much less than during good weather days, our
samples are biased towards good weather situations.

Because the concentrations of the metabolites inves-
tigated change after capture (Jenni-Eiermann & Jenni
1997), birds were blood-sampled as soon as possible
after capture. The time between capture and blood col-
lection (sampling time lag) was between 1 and 40 min
(average 10 min) and was included in the statistical
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model. Blood was sampled by puncturing the alar vein
and the blood drops were collected with a capillary
system (Microvette CB300 Fluore, Sarstedt, Sevelen,
Switzerland). The blood was centrifuged and the plasma
stored in liquid nitrogen and later at 

 

−

 

20 

 

°

 

C until analysis.
Body mass, time of capture and date were recorded,
and the birds were ringed and released thereafter.

From Rybachy daily weather data, such as ambient
temperature and the duration of rainfall, were avail-
able. At this site, the study species were sampled in
reasonable numbers in spring and in autumn, which
renders this site particularly useful to study weather
influences on fuel deposition rate.

 

    


 

The concentration of three metabolites (triglycerides,
free glycerol and 

 

β

 

-hydroxy-butyrate) in the plasma
were determined using standard test combinations,
modified for handling small amounts of plasma (3–
10 

 

µ

 

l per determination): enzymatic colorimetric
tests for triglycerides including free glycerol (Roche
Diagnostica, Basel) and enzymatic UV-tests for glycerol
(Boehringer Mannheim GmbH, Mannheim, Germany)
and for 

 

β

 

-hydroxy-butyrate (Sigma Diagnostics, Buchs,
Switzerland). Plasma triglyceride concentration was
calculated as the difference between the concentrations
of triglycerides including free glycerol and glycerol.
Because the amount of blood collected varied, not all
metabolites could be determined in all individuals.

Glycerol levels were determined only for calculat-
ing the concentration of  triglycerides, but needed the
highest plasma volume. The concentrations of glycerol
compared to triglyceride levels are usually low. Since
the concentration of triglycerides and the concentra-
tion of triglycerides including free glycerol were highly
correlated (correlation coefficients for each species
between 0·97 and 0·99, sample size between 98 and
460), the concentration of triglycerides including free
glycerol in the analyses was used, in order to obtain a
larger sample size. For the sake of  simplicity, the
concentration of triglycerides including free glycerol is
named concentration of triglycerides throughout this
paper.

 

     


 

A migratory bird during fuel deposition is hyper-
phageous and deposits mainly fat (73–82% of mass
increase), the remaining part being wet protein (Klaassen
& Biebach 1994). The increased processing of food and

 

Table 1.

 

Location of the study sites, period of blood sampling and sample sizes for each species and season. The numbering of the sites corresponds to
that in Fig. 1. The number of birds that were sampled at least twice is given in parentheses

Site Coordinates

Sampling period Sample size (autumn/spring)

Autumn Spring
Reed 
Warbler

Sedge 
Warbler

Garden 
Warbler

Pied 
Flycatcher

1. Rauvola, Finland 60·4

 

°

 

N, 22·3

 

°

 

E 10·8·95–12·9·95 – 32/– 100 (6)/– 19/– –/–
2. Hanko, Finland 59·8

 

°

 

N, 22·9

 

°

 

E 31·8·95–6·9·95 – –/– 14/– –/– –/–
3. Rybachy, Russia 55·2

 

°

 

N, 20·8

 

°

 

E 16·8·96–10·9·96 6·5·96–7·6·96 35 (1)/40 21/55 43 (2)/57 –/22
4. Galenbecker See, Germany 53·6

 

°

 

N, 13·7

 

°

 

E 17·8·95–15·9·95 – 84 (4)/– 13/– –/– –/–
5. Portalban, Switzerland 46·9

 

°

 

N, 6·9

 

°

 

E 5·8·–3·10·87/88/89 – –/– –/– 12/– 17/–
6. Bolle di Magadino, Switzerland 46·2

 

°

 

N, 8·9

 

°

 

E 13·8·94–12·9·94 24·4·96–11·5·96 26 (1)/15 (1) –/10 –/– –/20
7. Campotto, Italy 44·6

 

°

 

N, 11·8

 

°

 

E 14·8·96–7·9·96 – 40/– 20/– 24 (1)/– –/–
8. Ventotene, Italy 40·8

 

°

 

N, 13·4

 

°

 

E – 28·4·–9·5·95/96 –/– –/– –/84 –/23
9. Ebro Delta, Spain 40·7

 

°

 

N, 0·9

 

°

 

E 28·8·96–25·9·96 19·4·96–14·5·96 143/61 11/6 –/26 30/28 (1)
10. Coto de Doñana, Spain 37·2

 

°

 

N, 6·5

 

°

 

W 21·9·94–15·10·94 – 31 (1)/– –/– 40/– 46 (5)/–
11. Gibraltar, Gibraltar 36·2

 

°

 

N, 5·4

 

°

 

W – 17·4·95–8·5·95 –/– –/– –/35 –/28 (1)
12. Oued Moulouya, Morocco 34·1

 

°

 

N, 2·5

 

°

 

E 17·9·96–11·10·96 19·4·96–12·5·96 40 (3)/23 –/– –/75 (1) 12/15 (1)
13. Djoudj, Senegal 16·4

 

°

 

N, 16·2

 

°

 

W 24·11·95–9·12·95 15·3·96–23·4·96 –/115 (2) 10/6 –/– –/–
14. Nguru, Nigeria 12·8

 

°

 

N, 10·5

 

°

 

E – 10·4·95–15·4·95 –/– –/5 (1) –/– –/–
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Fig. 1. Geographical distribution of the 14 stopover sites
where the blood samples were collected. Numbering refers to
Table 1.
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fat deposition is reflected in the concentration of cer-
tain metabolites in the plasma. Hence, levels of certain
metabolites in the plasma correlate with changes in
body mass over time and can be used to estimate short-
term fuel deposition rates (Jenni-Eiermann & Jenni
1994). Plasma levels of triglycerides and 

 

β

 

-hydroxy-
butyrate showed the best correlation with change in
body mass out of six metabolites examined.

Triglyceride levels are positively, and levels of 

 

β

 

-
hydroxy-butyrate negatively correlated with body
mass changes that occurred over a few hours before
blood sampling (Jenni-Eiermann & Jenni 1994; L. Jenni
& R. Schwilch, unpublished data). Most plasma trig-
lycerides originate directly or via synthesis in the liver
from the diet and indicate lipid transport to the periph-
eral tissues (e.g. Robinson 1970), hence high triglycer-
ide levels indicate a high rate of fat deposition. From
the onset of feeding in the early morning, triglyceride
levels increase from low levels and level off  in the
course of the day. Birds that fatten up more extensively
have a steeper increase over time especially in the early
morning, but start from the same level in the morning
as birds that do not fatten up (L. Jenni & R. Schwilch,
unpublished data). Because it was usual to start to
collect blood samples only 1–2 h after sunrise (i.e.
1·5–2·5 h after the birds start feeding), fattening and
non-fattening birds can be distinguished and triglyceride
levels indicate fattening rates if  time of day is taken
into account (Jenni-Eiermann & Jenni 1994; L. Jenni
& R. Schwilch, unpublished data).

 

β

 

-Hydroxy-butyrate is a ketone body synthesized
from free fatty acids and replaces glucose when the
energy balance is negative. An increase in 

 

β

 

-hydroxy-
butyrate indicates catabolism of fat. The relationships
among fuel deposition rate, time of day and 

 

β

 

-
hydroxy-butyrate concentration are basically the
inverse of those described for triglycerides.

In experiments with caged Garden and Reed
Warblers, triglycerides alone accounted for 44% and 47%,
respectively, of body mass change, 

 

β

 

-hydroxy-butyrate
alone for 51% and 55%, respectively, and both together
for 61% in the Garden Warbler (Jenni-Eiermann &
Jenni 1994; L. Jenni & R. Schwilch, unpublished data).
Because of the higher explanatory power of the two
metabolites together, they were reduced to a new single
variable by a principal component analysis (PCA).

From the concentrations of triglycerides and 

 

β

 

-
hydroxy-butyrate in the plasma the scores of the first
principal axis were calculated by a PCA for each species,
and used these scores as the dependent variable in all
analyses that follow. These scores are called fattening
indices throughout this paper. Note that the average of
the scores is zero, hence negative scores do not reflect
negative fuel deposition rates.

 

 

 

For each site, the peak of  migration was determined
by inspecting the daily catching totals of the whole

migration season (Bairlein 1997). The date of a blood
sample was then expressed as the deviation from the
date of peak migration. For each sampling date and
site, the time of sunrise was determined. The time of
day of blood sampling was then expressed as the time
elapsed since sunrise, and hence reflects the time dur-
ing which the birds had the opportunity to feed. Since
Sedge Warbler, Garden Warbler and Pied Flycatcher
separate moult and migration (Berthold, Gwinner &
Klein 1972; Redfern & Alker 1996; Schaub & Jenni
2000b), only non-moulting individuals were included,
because moulting conspecifics are not yet likely to be
on migration. Reed Warblers overlap moult and migra-
tion (Herremans 1990; Schaub & Jenni 2000b) and
therefore no restrictions were made for moult.

The main aim of the study was to estimate the vari-
ation of the fattening index at different levels. For this
purpose we analysed the fattening indices by a linear
mixed model which allows breakdown of the total var-
iation of the fattening index into different components
and estimation of their size. In the main analysis we
estimated the variation of fattening indices between
sites and between days within sites separately for each
species. The design of the statistical model was hierar-
chical with days nested within sites, and thus the model
contained three random components. One was the
variance of the random variation between the sites,
which are considered as a random sample of all stop-
over sites. The second was the random variation due to
days within sites, which can be regarded as a random
sample of  all days in the migration period (but see
Discussion for the bias towards good weather days).
The last random component was the residual error
variance. This component contains the random varia-
tion between individuals within sites and days and the
sampling error. In order to test whether the variation
between sites differed during autumn and spring
migration this variance component was divided fur-
ther, by allowing separate variation during the two sea-
sons for each component. In a similar way the residual
variation was divided into two parts in order to test
whether the residual variation was the same during
spring and autumn variation. Under the assumption
that the sampling errors are the same in both seasons,
a significant difference in the residual variation
between the two seasons would be caused by differ-
ences in the between individuals variance component.
Because of the unequal sample sizes of the blood
metabolite samples at the sites and during the days, the
linear mixed model was not fitted by a standard nested

 



 

, but by the method of restricted maximum like-
lihood or REML (Patterson & Thompson 1971).

The maximal model was simplified, first by con-
straining the variation between sites during autumn
and spring to be equal, and then by constraining the
residual variation during the two seasons to be equal.
Likelihood ratio tests between these nested models
were used to test the various effects. When modelling
these random terms, the fixed effects sampling time
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lag, time since sunrise, its square, body mass, date
(continuous), latitude, barrier and the interaction of
these with season were adjusted for. Once the best
structure for the random model was found, the fixed
effects were tested with the Wald statistic, which is
approximately 

 

χ

 

2

 

-distributed (Payne 

 

et al

 

. 1993). The
variable ‘barrier’ indicated whether a site was just
before one of the ecological barriers Baltic Sea, Medi-
terranean Sea, Sahara desert or Alps (see Fig. 1). The
variable ‘barrier’ and its interaction with season were
not included for the analysis of the Garden Warbler,
because in each season there was only one site facing
an ecological barrier.

Because each bird was included only once, it was
not possible to estimate properly for the variation of
fuelling rates between individuals. This variance
component, however, can be estimated when consider-
ing individuals that have been caught at least twice.
Because we only had a restricted sample of such birds,
they were analysed separately from the main analysis.
The design of the linear model was hierarchical again,
with the repeated measures nested within birds. Birds
from all sites and from all species were included in the
same analysis. Thus, to get an estimate of the variation
between individuals that is free of site and species
effects, the site 

 

×

 

 species interaction was included in
the model as well. Because of a slight imbalance, the
REML method was also used. For adjusting for the
effects of sampling time lag and time since sunrise these
variables were included as fixed terms in the model.

The influence of weather factors at Rybachy during
spring and autumn migration was investigated by lin-
ear regression models for each species separately with
fattening index as dependent variable and sampling
time lag, time since sunrise, its square and body mass
and one weather variable at a time as independent

variables. For each data set, five models that differed
only in the weather variable were fitted and the one with
the best fit was chosen for making inferences. These
weather variables were either the date as categorical
variable (allowing a separate estimate for each day,
thus the most complex model), air temperature at
1200 h, the duration of rainfall between time of sunrise
and capture time of the bird, rain as categorical vari-
able (presence or absence of rain on the day of sam-
pling) or no weather variable. The null model without
a weather variable tested whether there was significant
temporal variation at all. Most of these models were
not nested and thus likelihood ratio tests could not be
performed for model selection. Since some of these
models did not contain the same number of estimated
parameters and the deviation from a perfect fit
decreases with increasing number of estimated para-
meters in the model, a measure of fit had to be used
that balanced the deviation and the number of estim-
ated parameters. For that purpose we chose Akaike’s
information criterion (AIC) (Burnham & Anderson
1998). All statistical analyses were performed with

 



 

 5·4·1 (Payne 

 

et al

 

. 1993).

 

Results

 

    
 

 

In all species, the plasma concentrations of triglycer-
ides and 

 

β

 

-hydroxy-butyrate were negatively corre-
lated (Reed Warbler: 

 

r 

 

=

 

 

 

−

 

0·344, 

 

n

 

 

 

=

 

 685, 

 

P 

 

< 0·001;
Sedge Warbler: 

 

r 

 

=

 

 

 

−

 

0·284, 

 

n

 

 = 271, 

 

P 

 

< 0·001; Gar-
den Warbler: 

 

r 

 

=

 

 

 

−

 

0·358, 

 

n

 

 

 

=

 

 415, 

 

P 

 

< 0·001; Pied
Flycatcher: 

 

r 

 

=

 

 

 

−

 

0·421, 

 

n

 

 

 

=

 

 242, 

 

P 

 

< 0·001). The first
principal axis explained between 66·3% (Sedge
Warbler) and 73·4% (Pied Flycatcher) of the variation
between the concentrations of the two metabolites.
The factor score coefficients were positive for triglyc-
eride concentration and negative for 

 

β

 

-hydroxy-
butyrate concentration. Thus, the PCA score (named
fattening index) was positively correlated with fuel
deposition rate.

 

     
  

 

In all species the variation between sites was similar
during spring and autumn (Table 2: fit of model 2 not
worse than that of model 1 in all species). The varia-
tion between sites was largest in the Garden Warbler
and smallest in the Pied Flycatcher (Table 3).

The residual variation of the fattening index differed
between spring and autumn in the two 

 

Acrocephalus

 

species, but not in the Garden Warbler and the Pied
Flycatcher (Tables 2 and 3). In both 

 

Acrocephalus

 

 species,
the residual variation was significantly larger in autumn
than in spring (Table 3). Under the assumption that
the sampling error is the same in spring and in autumn,

 

Table 2.

 

Model selection of the variance components of the fattening index with
REML for four species. In the maximal model (1), the random variation between sites
(S) and the residual variation (R) differed between autumn (a) and spring (s), whereas
those between days (D) did not. In the intermediate model (2), only the residual
variation was different between seasons, and in the minimal model (3), all random
variance components were the same in each season. The likelihood ratio test between
nested models tests whether a reduced model fits significantly worse than the more
complex one. The most parsimonious model is given in bold. In all models, the fixed
factors listed in Table 4 were also included. For sample sizes see Table 1; for variance
components see Table 3 and for the effect of the fixed factors see Table 4

Species Model Deviance df Likelihood ratio test

Reed Warbler 1: S(a,s), D, R(a,s) 683·2 668

 

2: S, D, R(a,s)

 

686·7 669 1 

 

vs

 

 2: 

 

χ

 

1
2

 

 = 

 

3·5, 

 

P 

 

= 0·06
3: S, D, R 742·3 670 2 

 

vs

 

 3: 

 

χ

 

1
2

 

 = 

 

55·6, 

 

P 

 

< 0·001
Sedge Warbler 1: S(a,s), D, R(a,s) 244·4 254

 

2: S, D, R(a,s)

 

245·7 255 1 

 

vs

 

 2: 

 

χ

 

1
2

 

 = 

 

1·3, 

 

P 

 

= 0·25
3: S, D, R 252·2 256 2 

 

vs

 

 3: 

 

χ

 

1
2

 

 = 

 

6·5, 

 

P 

 

< 0·05
Garden Warbler 1: S(a,s), D, R(a,s) 507·0 400

2: S, D, R(a,s) 507·1 401 1 

 

vs

 

 2: 

 

χ

 

1
2

 

 = 

 

0·1, 

 

P 

 

= 0·78

 

3: S, D, R

 

509·6 402 2 

 

vs

 

 3: 

 

χ

 

1
2

 

 = 

 

2·5, 

 

P 

 

= 0·11
Pied Flycatcher 1: S(a,s), D, R(a,s) 293·1 224

2: S, D, R(a,s) 294·1 225 1 

 

vs

 

 2: 

 

χ

 

1
2

 

 = 

 

1·0, 

 

P 

 

= 0·32

 

3: S, D, R

 

294·5 226 2 

 

vs

 

 3: 

 

χ

 

1
2

 

 = 

 

0·4, 

 

P 

 

= 0·53
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we conclude that the variation between individuals
was larger in autumn than in spring for the two 

 

Acro-
cephalus

 

 species.
In all species, the variation in fattening index

between days within sites was much smaller than the
variation in fattening index between sites (Table 3).
The mean fattening indices per site and day (corrected
for sampling time lag, time since sunrise and its
square) showed no significant correlation with the
mean fattening indices of the day before (Reed Warbler:

 

r 

 

=

 

 0·13, 

 

n

 

 

 

=

 

 154, NS; Sedge Warbler: 

 

r 

 

= −0·04, n = 55,
NS; Garden Warbler: r = 0·18, n = 82, NS; Pied
Flycatcher: r = 0·13; n = 49, NS).

Most of the factors examined as possible sources of
the variation at different levels were not significant
(Table 4). The relatively small variation in fattening
index between days was not a result of increasing or
decreasing fattening indices over the season. The resid-
ual variation could be explained partially by body
mass. Body mass had a significant effect on the fatten-
ing indices in all species (Table 4). The effect was pos-
itive in all species and in both seasons, except in Pied
Flycatchers in spring. Thus, heavy birds generally had
higher fattening indices than light ones. The between-
sites variation in fattening index was not caused by

linear changes with latitude along the migration route,
either in spring or in autumn. In the Pied Flycatcher,
average fattening indices were significantly higher at
sites facing ecological barriers than at others (Fig. 2),
but there was no such significant effect in the other species.

The estimated site-specific mean fattening indices
(corrected for sampling time lag, time since sunrise
and its square) illustrate the large variation between
sites (Fig. 2). At certain sites all species had low fatten-
ing indices. This was especially striking in the Ebro
Delta during both seasons, but was also obvious at
Rauvola in autumn. At Oued Moulouya, all species
had high fattening indices in autumn and in spring,
whereas at the Bolle di Magadino the indices were high
in spring, but not in autumn. The fattening indices
were surprisingly low at stopover sites in the Sahel
zone in spring (Nguru, Djoudj) where birds prepare
for crossing the Sahara. At some sites, only some spe-
cies attained high fattening indices. For example in the
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Fig. 2. Mean fattening index (with standard error; corrected
for sampling time lag, time since sunrise and its square) for
each site and species, separated for autumn and for spring
migration. The sites are ordered from left to right in the
direction of migration. Cross-hatched columns refer to sites
that face an ecological barrier. Sample sizes per site and
species are given in Table 1. Note that the fattening index is a
relative estimate of the fuel deposition rate, thus negative
fattening indices do not reflect negative fuel deposition rates.

Table 3. Variance components (equal to the variance s2) for each species and season
estimated with the most parsimonious REML model from Table 2. Standard errors are
given in parentheses. Note that the variance between days is the average variance
between days within sites and the residual variance includes the variance between birds
within days and sites and the sampling error

Table 4. Wald statistics for testing the fixed effects in the mixed model analyses (most
parsimonious model in Table 2). The random model was the one selected in Table 2.
The Wald statistics follow an approximate χ2-distribution with one degree of freedom.
For sample sizes see Table 1

Species

Between sites

Between days

Residual variance

Autumn Spring Autumn Spring

Reed Warbler 0·389 (0·222) 0·023 (0·027) 1·120 (0·081) 0·446 (0·047)
Sedge Warbler 0·417 (0·281) 0·075 (0·050) 0·616 (0·076) 0·345 (0·067)
Garden Warbler 0·564 (0·357) 0·043 (0·043) 0·904 (0·071)
Pied Flycatcher 0·407 (0·332) 0·037 (0·061) 0·766 (0·085)

Source of 
variation

Reed 
Warbler

Sedge 
Warbler

Garden 
Warbler

Pied 
Flycatcher

Sampling time lag 7·4** 8·6** 5·2* 0·3
Time 75·1*** 14·2*** 17·8*** 41·7***
Time2 9·0** 1·0 0·8 0·4
Date 3·3 2·8 0·2 1·4
Body mass 19·9*** 6·5* 14·4*** 0·2
Latitude 0·6 0·0 0·4 0·0
Barrier 2·2 2·0 – 4·1*
Season 0·0 0·6 0·0 0·1
Date × Season 0·0 0·2 0·0 0·1
Body mass × Season 0·9 0·0 0·0 6·7*
Latitude × Season 1·0 1·0 0·7 1·2
Barrier × Season 1·3 0·2 – 0·4

*P < 0·05; **P < 0·01; ***P < 0·001.
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Coto de Doñana, Reed Warblers and Pied Flycatchers
had high indices, but not Garden Warblers. Another
example is the Galenbecker See where Reed but not
Sedge Warblers had high fattening indices.

     


Thirty-six individuals were sampled at least twice. Two
individuals had an unusually high variation (Fig. 3)
and were excluded from the analysis. The remaining 34
individuals originated from different sites (Table 1,
Fig. 3). The average time between first and last capture
was 6·0 days (range 0–24 days). The fattening indices
often differed considerably between the two sampling
occasions, but there was not much difference between
the individuals (Fig. 3). This was confirmed statistically
by a linear model. The estimated variance in fattening
index between individuals was much smaller than the
residual variation (Table 5).

There was no systematic change in fattening index
between the first and the second sample. Out of the 34
individuals caught twice, the fattening indices were
higher in the second sample for 16 individuals and
lower for 18 (P = 0·86, sign test). On average, the
fattening index was higher by 0·16 in the second sample.

      
   

As indicated by similar Akaike weights of  compet-
ing models (Table 6), it was generally unclear which
weather variable best explained variation in fattening
index at Rybachy. Temperature was often the best indi-
cator of the fattening indices out of the weather factors
considered. Fattening indices increased with increas-
ing temperature in the Reed Warbler in autumn, and
in Sedge Warbler and Pied Flycatcher during spring
migration. The variation of fattening indices of Reed
Warblers during spring migration could best be
explained by the duration of rainfall. The fattening
indices were low when the duration of rainfall was
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Fig. 3. Fattening indices of birds caught at least twice. The
measurements of the same individuals are connected by a
vertical line. Different sites are indicated by different symbols.

Table 5. Variance components of the fattening indices of
birds captured at least twice (n = 72). The mixed model used
to estimate these components contained the fixed factors
sampling time lag and time and the random variance
components listed in this table. The variation between sites
and species is not of particular interest, but was included in
order to obtain accurate estimates of the variance between
and within individuals

Variance component Estimate (SE)

Between sites and species 0·780 (0·412)
Between individuals 0·078 (0·139)
Residual 0·595 (0·138)

Table 6. Influence of weather variables on the fattening index of the study species in Rybachy during autumn and spring
migration. The linear models always contained the variables sampling time lag, time, time2 and body mass, and one of the
variables listed in this table. The differences in Akaike’s information criterion were calculated as ∆AICi = AICi – AICmin, where
AICi = ni × ln(RSSi/ni) + 2Ki, and where n is the sample size (see Table 1), RSS the residual sums of squares of each model, K
the number of estimated parameters in the model and AICmin the AIC of the model with the lowest value. The best models
(∆AIC = 0) are given in bold. The Akaike weight gives the relative support of one model compared to the other fitted models
given the data and is calculated as weighti = exp(−0·5∆AICi)/Σ exp(−0·5∆AICi) (Burnham & Anderson 1998)

Model

Reed Warbler Sedge Warbler Garden Warbler Pied Flycatcher

∆AIC Weight ∆AIC Weight ∆AIC Weight ∆AIC Weight

Autumn
Date (categorical) 10·09 0·00 0·00 0·99 5·47 0·02 – –
Temperature 12 h 0·00 0·34 16·71 0·00 1·09 0·20 – –
Duration of rainfall 1·01 0·21 9·56 0·01 1·43 0·17 – –
Rain yes/no 2·07 0·12 18·58 0·00 0·72 0·25 – –
Constancy over time 0·12 0·32 16·58 0·00 0·00 0·35 – –

Spring
Date (categorical) 3·81 0·05 0·87 0·34 0·00 0·84 12·22 0·00
Temperature 12 h 0·16 0·33 0·00 0·53 5·78 0·05 0·00 0·96
Duration of rainfall 0·00 0·35 3·07 0·11 5·97 0·04 7·70 0·02
Rain yes/no 1·22 0·19 8·87 0·01 7·44 0·02 10·06 0·01
Constancy over time 3·16 0·07 7·00 0·02 5·44 0·06 8·47 0·01
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long. Although the fattening indices varied signific-
antly between days in Garden Warblers in spring and
in Sedge Warblers in autumn, none of  the weather
factors examined could explain this. In the Garden
Warbler during autumn migration, fattening indices
were best approximated by a constant rate over time.

Discussion

Most studies investigating fattening rates of birds at
stopover sites used recaptures and measured the
change in body mass or estimated visually the change
in subcutaneous fat stores (e.g. Bibby & Green 1981;
Åkesson, Hedenström & Hasselquist 1995; Schaub &
Jenni 2000a). Although recaptures may occur in short
time intervals of a few hours, they are usually analysed
only if  they occur after at least one day. This largely
eliminates possible effects of handling on body mass
(Schaub & Jenni 2000a). Hence, retraps provide
estimates of  fattening rates which are usually aver-
aged over a variable number of several days and are
thus unable to adequately trace variation from day to
day. There are only a few studies investigating day-to-
day variation in body mass change or fattening rates
(Lindström et al. 1990; Fransson 1998) and these are
with automatic weighing systems of  birds attracted
to feeders, thus under conditions of improved food
availability.

In this study, a measure of fattening rate was used
that is based on plasma metabolites which have been
found to correlate with change in body mass over the
past hours of the same day. They thus reflect variation
in fattening rates during the day of sampling. Based on
the concentrations of the two metabolites and time of
day, average site-specific body mass changes from sun-
rise to sunset were estimated for Reed Warblers with a
calibration equation (L. Jenni & R. Schwilch, unpub-
lished data). The smallest average fattening index
(Ebrodelta, autumn; Fig. 2) thus translates into an
average fuel deposition rate of 0·190 g over the day-
light hours, the largest one (Oued Moulouya, autumn)
into 1·028 g over the daylight hours. These estimates
are within the usual range of body mass changes during
daylight (Schaub & Jenni 2000a).

     
 

This study showed that the variation of fattening rates
of four long-distance passerine migrants was large
between sites and comparatively low between days and
individuals. Thus, for migrating small passerines (of at
least the four species examined) it seems relatively dif-
ficult to predict the fattening rate at the next stopover
sites, but comparatively easy and quick to assess the
potential fattening rate at a particular site during good
weather periods.

The variation of the fattening rates between sites
was large in all four species investigated and could not

be explained by a latitudinal trend and in only one spe-
cies by the position relative to ecological barriers. If
birds have to attain higher departure fuel loads at sites
facing ecological barriers it is apparently not achieved
by increasing the fattening rate, but probably by longer
stopovers or by increasing fuel loads along the migra-
tion route towards ecological barriers (see also Schaub
& Jenni 2000b). However, the large variation between
sites and the relatively low number of sites examined
might have reduced the power to detect possible geo-
graphical effects.

There was no significant difference in the between-
sites variance of fattening indices between autumn and
spring. Although food availability is likely to differ
between seasons, the variation between sites, and thus
the predictability of the potential fattening rate at
stopover sites, was similar in autumn and in spring.
Furthermore, the average fattening indices did not dif-
fer systematically between autumn and spring. Of the
10 sites where a species was sampled in autumn and in
spring, five average fattening indices were higher in
autumn and five were higher in spring (values taken
from Fig. 3).

The variation in mean fattening index between days
(mainly good weather days) within sites was 6–17
times lower than the variation between sites. Variation
of mean fattening rates between days within sites are
caused by factors that affect the fattening rate of all
birds in a similar way, e.g. weather or food availability.
As shown by the data from Rybachy, variation in mean
fattening index between days could to some degree be
explained by ambient temperature and the duration
of rainfall. At high temperatures and without rainfall
when insects are more active (Schaub 1996), birds
attained higher fattening rates. Fattening rates of Gar-
den Warblers, which take a considerable amount of
berries in autumn, were not dependent on ambient
temperature. In our study, the variation between days
was underestimated, because we usually obtained
samples only during good weather situations (no rain,
weak wind), which favoured capture in mist nets.
There are indications that fattening rates (measured
with plasma metabolites) during periods of rain or
strong wind are much lower than during good weather
(S. Jenni-Eiermann & L. Jenni, unpublished data). The
variation in mean fattening index between days could
not be explained by a systematic increase or decrease
over the season. This does not agree with a study on
fuel deposition rates from retraps (Schaub & Jenni
2000a) during autumn migration, where Reed and
Sedge but not Garden Warblers increased fuelling
rates in the course of the season despite decreasing
food availability. However, in the present study birds
were not sampled over the whole migration season, but
only around the peak of migration, and this lowered
the power to detect possible trends, because early and
late migrating individuals were missing. There was no
correlation in mean fattening index between two
consecutive days (during good weather). Hence, birds
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could not predict the fuelling rate of the next day based
on the rate encountered on the present day. However,
because the variation between good weather days was
small compared with the variation between sites, it is
uncertain whether birds would gain much by being
able to predict the fattening rate of the next day.

The low variation between daily mean fattening
indices, as mentioned above, does not necessarily mean
that variation between days within individuals is also
low. While the variation of the average fattening rate
between days may be low, individuals may vary in fat-
tening rate from day to day. For example, if  birds
defend territories of unequal quality at stopover
places, as Pied Flycatchers (Bibby & Green 1980) and
Reed Warblers (G. Walinder et al., personal communica-
tion) do, or if  there is a dominance hierarchy between
individuals, changes in food availability can affect the
fattening rates of  different individuals differently.
Possibly, increases in food availability are more pro-
nounced in high-quality territories or only dominant
birds could profit from it and are able to increase fat-
tening rates. Alternatively, it also seems possible that
birds living in poor-quality territories profit most from
an increase in food availability or that competition for
food is relaxed such that non-dominant birds profit
from increased food availability. In both cases the
observed variation in mean fattening rates between
days within sites is lower than it would be if  all birds
reacted in the same way to changes in food availability.
This might also have contributed to our result that the
day-to-day variation in fattening rates was low.

The residual variation was significantly larger in
autumn than in spring in the two Acrocephalus species.
This variation consists of two components: true varia-
tion between individuals and sampling error, which we
assume to be equal in both seasons. Hence, the higher
variation in fuelling rates in autumn is probably caused
by a higher between-individuals variation than in
spring. Biological reasons might be experience gained
from autumn to spring migration or selection against
poorly refuelling birds during autumn migration.

With the analysis of  a comparatively small sample
of retraps (Table 5), the variation in fattening index
between individuals could be estimated taking all
species together and was found to be comparatively
small. The residual variation of this model was large
and consists again of two components: the within-
individual variation and the sampling error. We have
no indication how large the contribution of these two
components was. Day-to-day variation of fattening
rates within individuals might occur because of two
reasons. Firstly, birds might vary their fuelling rate
within a certain range. Fuelling rates might for ex-
ample be adjusted to the bird’s expected departure
time. Whitethroats Sylvia communis and Reed Warblers
decreased fuelling rates during the last 2 days of
their stopover (Fransson 1998; Merom, Yom-Tov &
McClery 2000), possibly because birds have to change
their physiological state from fat deposition to flight or

as a reaction of mass-dependent predation (Witter &
Cuthill 1993) when departure is delayed due to un-
suitable weather conditions aloft. Secondly, variation
within individuals might be caused by changing access
to food, e.g. by changing competition. Short-term
changes in competition are possible because every day
conspecifics arrive and depart from the stopover site.

The variation in fattening rates between individuals
could be explained partly by body mass or by the
progress of the season. In all species we found a pos-
itive relationship between body mass and fattening
index, but in the Pied Flycatcher in spring there was a
negative relationship. In experiments with caged birds,
actual body mass did not correlate with the level of
triglycerides or β-hydroxy-butyrate, and the same held
when looking at birds with increasing or stable body
mass separately (Jenni-Eiermann & Jenni 1994; L. Jenni
& R. Schwilch, unpublished data). This contrasts with
wader species (Williams et al. 1999; S. Jenni-Eiermann
& T. Piersma, unpublished data), where a higher body
mass increases the basal level of triglycerides per se.
Therefore, the pattern found in this study indicates
that heavy birds indeed had higher fuel deposition
rates. This is in contrast to findings in retraps (Schaub
& Jenni 2000a), but the latter result might have been
caused by a statistical artefact (see Schaub & Jenni
2000a for discussion). There are several possible expla-
nations for the positive relationship between body
mass and fattening index as found in this study. Heavy
birds might be dominant and can occupy the best food
patches and therefore achieve higher fattening rates.
This idea is not supported by a study on Bluethroats
Luscinia svecica where dominant birds indeed had
higher fuel deposition rates, but dominance was posit-
ively correlated with wing length and not with body
mass (Lindström et al. 1990). Another explanation
might be that heavy birds have already spent a longer
time at the stopover site than light birds (M. Schaub &
L. Jenni, unpublished data) and have a better knowledge
about the most rewarding feeding places and attain a
higher fuelling rate. A third explanation is predation
risk, which increases with increasing body mass (Witter
& Cuthill 1993; Kullberg, Fransson & Jakobsson 1996).
Birds should minimize the time during which they are
especially prone and exposed to predators (Bednekoff
& Houston 1994) which is best achieved when fattening
rates increase with increasing body mass.

Conclusions and perspectives

In summary, with the restricted number of sites and
the absence of bad weather days, we found (a) a large
variation in fattening index between sites which was
only weakly explained by geographical position relat-
ive to ecological barriers and did not differ between
spring and autumn, (b) a small variation in mean fat-
tening index between days (only good weather days)
with no obvious seasonal trend over the restricted
period of mid-migration and with no correlation
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between subsequent days, (c) generally a higher fatten-
ing index of heavy birds, and (d) a low variation in fat-
tening index between birds at the same site and day.

It is likely that the pattern of variation in fattening
rates will shape the organization of migration, i.e.
stopover duration and the length of flight bouts. From
the present analysis, it appears that the largest varia-
tion in fattening rate is associated with site. This
confirms that the selection of appropriate sites and
habitats is of paramount importance for the success of
migration. Theoretical models have shown that a sto-
chastic variation in fuelling rates between sites entails
higher fat stores at departure (‘overload’) (Weber et al.
1994; Weber et al. 1998). However, this prediction has
not been tested with field data for passerines.

As discussed above, it is likely that birds are exposed
to a higher variation in fattening rates between days
than presented here. During bad weather days condi-
tions for flight are also bad. Hence, birds have the
choice to remain at a stopover site with low or even
negative fattening rates or to continue migration in
bad weather conditions, most likely with headwinds,
since bad weather in Europe is generally associated
with westerly winds. Day-to-day variation of fattening
rates within birds is likely to be of special importance
in species whose food availability depends on weather.
For such species it might be difficult to assess the
potential habitat quality in a short time, if  the only
determinant is fuelling rate. This might have two con-
sequences. Firstly, these species might have to stay at
the stopover place for several days for the assessment
of their fattening rate, and only then decide when to
leave by taking into account the experienced average
fuelling rate. Secondly, such species might not base
their decision to leave the site on fuel deposition rate
experienced at this site, but instead might for example
decide to depart based on their actual body mass, on
the endogenous rhythm or on weather factors.

Fattening rates are probably not only determined by
food availability (e.g. Bibby & Green 1981), but are the
outcome of trade-offs between food availability, com-
petition (Bibby & Green 1980; Moore & Yong 1991)
and predation risk (Fransson & Weber 1997; Cimprich
& Moore 1999). Fattening rates are probably also
dependent on endogenous factors, such as moult and
actual body mass (Schaub & Jenni 2000a; this study).
An important factor shifting the trade-off  towards
higher fuelling rates is ‘time pressure’, i.e. the progress
of migration relative to the endogenous time pro-
gramme (probably mediated through photoperiod).
An endogenous increase in fattening rate with increas-
ing season was observed in the laboratory (Bairlein
2000). From all this, it is very likely that birds do not
fatten up at maximum rates given food availability.
It seems that fattening rates may be increased under
certain conditions, such as under time pressure and
in front of  ecological barriers (e.g. Pied Flycatcher).
If  such a flexibility in fattening rates exists (at the
expense, e.g. a higher predation risk or slower migration

progress), this would allow mitigation of unpredict-
ability in fuelling rates between days or between sites.

We suggest that future research should investigate
the variation of fuelling rates within individuals over
time. It remains to be shown how important this vari-
ation is and which factors are causing it. The answers
to these questions would help to interpret the sig-
nificance of the variation of realized fattening rates
between sites for birds and might provide further
insight into selection pressures for bird migration.
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