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Autumn migrating passerines at
a desert edge: Do birds depart
for migration after reaching a
threshold fuel load or vary it
according to the rate of fuel
deposition?
Daniela Zinßmeister, David Troupin and Nir Sapir*

Animal Flight Laboratory, Department of Evolutionary and Environmental Biology and Institute
of Evolution, University of Haifa, Haifa, Israel

Fuel deposition rate is predicted to determine departure fuel load during

stopover in two models of optimal behavior of migrating birds. Yet, near

ecological barriers, such as wide deserts, birds may switch to a different

strategy of departing with just enough fuel to enable the long cross-barrier

flight, thus reaching a threshold of fuel load regardless of the rate of fuel

deposition. To test these predictions we studied autumn migrating Red-

backed Shrikes (Lanius collurio) before they departed for a∼2,000 km journey

across the Sahara Desert. The body mass of fourteen individuals was measured

on a daily basis throughout their stopover using field-deployed scales while

being tracked by the ATLAS biotelemetry system in the Hula Valley, Israel.

Statistical analysis found that the natural log of departure fuel load was

positively related to both the capture fuel load and the fuel deposition rate.

Hence, the results of this analysis suggest that bird condition at departure

depended on the rate of fuel deposition, as predicted by models of time-

minimization migration and the minimization of the total energy cost of

migration. Departure fuel load and stopover duration were negatively related

to each other as birds that remained for a long time in stopover departed

with relatively low fuel loads. These findings suggest that even near a wide

ecological barrier, departure fuel load is sensitive to the rate of fuel deposition,

especially at lower values of fuel deposition rate. Birds that were able to

accumulate fuel at higher rates showed a nearly constant departure fuel

load and as such we could not exclude the possibility that the birds were

trying to reach a certain threshold of fuel stores. Randomized 1,000 repeats

of the aforementioned correlation suggest that the correlation between fuel

deposition rate and the log of departure fuel load is valid and does not

represent a spurious result. Following bird migration simulation using the
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program Flight, we conclude that fuel loads allowed most individual to

accomplish the journey across the desert. Our findings suggest high between-

individual variation in stopover parameters with likely consequences for bird

migration performance and survival.

KEYWORDS

optimal migration strategies, bird stopover ecology, departure fuel load, body mass
measurements, ATLAS biotelemetry system, Hula Valley Israel, Red-backed Shrike

Introduction

The migration journey of most migratory birds is made
from alternating phases of cross-country flights and stopovers.
The cross-country flight of passerines usually takes place during
nighttime, and the stopover may last several days and even
several weeks (Carpenter et al., 1993; Schaub and Jenni, 2001).
During stopover, migratory birds accumulate fuel (mostly
lipids) to enable the following flight and to safeguard against
starvation (Alerstam and Lindström, 1990; McWilliams et al.,
2004; Kobylkov et al., 2014; Guglielmo, 2018). Yet, the stopover
period may have several additional functions that may affect bird
fitness, including physiological recovery from enduring flight
and avoidance of inclement meteorological conditions during
flight (Schmaljohann et al., 2022). How long to stay in a stopover
site and how much fuel to deposit before departing from the
site are two related questions with fitness consequences. This is
due to the effects of migratory time schedules and fuel storage
on bird survival during the journey and their carry over effects
on reproduction (Both and Visser, 2001; Studds and Marra,
2005; Drent et al., 2006; Jonzén et al., 2007; Bauer et al., 2008;
Møller et al., 2008; Gill et al., 2009). Consequently, it has been
proposed that migrating birds behave in an optimal way such
that their stopover duration is adjusted to maximize their fitness
(Alerstam and Lindström, 1990).

Several different models have been developed to predict
bird behavior during stopover. Specifically, Hedenström and
Alerstam (1997) suggested that two models, namely time-
minimization migration and minimization of the total energy
cost of migration, predict a positive, non-linear, diminishing
effect of fuel deposition rate on departure fuel load. These
relationships were empirically supported by many field studies
(e.g., Lindström and Alerstam, 1992; Bayly, 2006; Schmaljohann
and Eikenaar, 2017) in different parts of the world (primarily
in Western Europe), as reviewed by Alerstam (2011). These
two models suggest that the bird’s overall migration speed
relates to its fuel deposition rate and as such fuel deposition
rate determines the optimum departure fuel load. Time-
minimization migration theory suggests that birds are sensitive
to the overall duration of the migration. Consequently, having
the highest overall speed of migration is beneficial. Since the

speed of migration is determined by both flight times and
stopover times, the latter being the larger component (about
85% or higher) of the total migration duration (Hedenström and
Alerstam, 1997), quick departure from stopover sites is expected
to have the largest effect on the overall speed of migration.
Minimizing the total energy cost of migration is expected to
depend on the fueling conditions along the migration journey.
Migrating birds adopting one of these behavioral strategies
are expected to exhibit a positive relationship between fuel
deposition rate and departure fuel load, but this relationship is
expected to be steeper according to the former theory.

A different model is the minimization of the energy cost
of transport during migration (Alerstam and Lindström, 1990;
Hedenström and Alerstam, 1997). This model predicts constant
departure fuel load, regardless of fuel deposition rate. Thus,
birds adopting this strategy are expected to fuel to a certain
fuel load that would allow them to reach the next stopover
site with minimal energetic costs, and avoid the high metabolic
cost of carrying a heavy load, which is predicted according
to the time-minimization strategy (Alerstam and Lindström,
1990). Notably, Erni et al. (2002) simulated a simple behavioral
rule with similar outcomes. In this simulation, birds departed
from the stopover site when their fuel load was equal or
exceeded a certain threshold. Thus, these two models predict
no positive relationship between departure fuel load and fuel
deposition rate as birds are predicted to depart regardless of
fuel deposition rate. When the next stopover site is located far
away from the site of departure, birds departing for migration
may exhibit a threshold departure fuel load allowing them to
reach the next site. Reaching a threshold of fuel load is essential
under some circumstances in which the availability of suitable
stopover habitats is limited. For example, migrating land-birds
cannot usually alight in large water bodies (oceans and seas)
and thus they require a certain amount of fuel to be able to
cross them. Also, for some birds, suitable food could only be
found in isolated stopover sites where birds may concentrate,
as in the case of waders (e.g., Clark and Butler, 1999). Due
to their extreme aridity, food availability in deserts is usually
insufficient for fueling and consequently, when encountering a
wide ecological barrier such as a wide desert, migrating birds
must store sufficiently high amount of lipids to facilitate the
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crossing of the barrier (Fransson et al., 2001). Consequently,
birds facing the 1,800 wide Sahara Desert (Moreau, 1972) are
expected to store high fuel loads before departing for a cross-
desert journey (Rubolini et al., 2002). Following the predictions
of the energy minimization model (Alerstam and Lindström,
1990; Hedenström and Alerstam, 1997) and the threshold fuel
load model (Erni et al., 2002; see also Schaub et al., 2008), we
predict an alternative fuel loading behavior of threshold fuel
loading, in which birds accumulate fuel to a threshold level
that will enable the crossing of the barrier. This hypothesis
proposes a rather constant departure fuel load among different
individuals that need to fly across the same wide barrier and no
positive relationship between fuel deposition rate and departure
fuel load during stopover at the desert’s edge.

Calculating the threshold fuel load required for a certain
migration could be done using range equations (e.g., Alerstam
and Lindström, 1990; Gudmundsson et al., 1991), while a more
comprehensive approach was proposed by Pennycuick (1998).
This latter method, which was also distributed in a computer
simulation program named Flight (Pennycuick, 2008), allows
taking into account many different factors related to bird
morphology, body mass, physiology, including lipid stores, and
environmental conditions, which are known to affect flight
performance. This method has been applied for studying bird
migration, including over wide barriers (e.g., Pennycuick and
Battley, 2003). Thus, using this program to simulated bird flight
across the Sahara Desert and comparing model predictions
with empirical data collected in the field can enhance our
understanding of bird migration.

Another important component of stopover ecology is the
duration of stopover. While no formal theoretical predictions
have been outlined in studies that developed optimal time-
and energy-minimization models, with regard to how stopover
duration is expected to be optimized in relation fuel deposition
rate, a graphical model presented as part of the time-
minimization model (Figure 2 in Alerstam and Lindström,
1990; Figure 1 in Hedenström and Alerstam, 1997) provides
predictions that can be deduced from the graph. Accordingly,
when the overall migration time is minimized (speed of
migration is maximized), stopover duration is expected to
decrease with increasing fuel deposition rate as birds are
expected to leave a stopover site sooner upon depositing a
higher fuel load. Alternatively, Erni et al. (2002) proposed a
stopover strategy of constant stopover duration. According to
this latter model, the birds are not expected to vary their
stopover duration in relation to habitat quality, as manifested
in their fuel deposition rate. Hence, no relationship (either
negative or positive) is expected between fuel deposition rate
and stopover duration.

We studied migrating Red-backed Shrikes (Lanius collurio)
while stopping-over during autumn in the Hula Valley, Israel.
This stopover area is located about 150 km north of the northern
fringes of the 1,800 km wide Saharo-Arabian desert belt

(Moreau, 1972). By assuming a nocturnal flight range of at least
200 km, it is likely that birds will enter the desert during their
first migration night after departing from the area. We measured
daily body mass using field-deployed scales and tracked bird
movement by a recently developed automatic telemetry system
(Advanced Tracking and Localization of Animals in real-
life Systems, ATLAS; Toledo et al., 2020) to determine their
departure timing (see example in Supplementary Figure 1).
The moment of departure was determined as the time the
bird had initiated a flight due south that continued in this
general direction until the signal was lost, 10–25 km from the
point of departure (due to limited coverage of the telemetry
system). Moreover, the ATLAS allowed following the birds
throughout the stopover duration in detail, and, importantly,
enabled identification of departure flights as opposed to local
flights and movement to other feeding territories in the area.
We used body mass and departure timing data to determine if
bird stopover behavior, and specifically the relationship between
bird fuel deposition rate and departure fuel load, as well as the
relationship between fuel deposition rate and stopover duration,
followed the predictions of the afore-mentioned models. Due
to the scarcity of field studies that are conducted before the
crossing of wide ecological barriers and specifically before
the crossing of the Sahara Desert, our work is important for
exploring how birds manage their fuel deposition and stopover
duration in these ecological circumstances that are relevant to
many long-distance migrants that move between the Western
Palearctic and the Afro-tropical regions.

Materials and methods

Field measurements

The Red-backed Shrike (L. collurio) is a long-distance,
nocturnal migrant that breeds in Europe and Western and
Central Asia and over-winters in Eastern and Southern Africa.
This predatory (mostly of insects and small vertebrate) bird
species uses perches when foraging, and it is known as territorial
during different times of the year, including while stopping-over
(Lindström, 1995; Shirihai, 1996). The characteristic foraging of
this species that includes repeated feeding bouts from perches
allows direct observations of bird behavior and measuring bird
body mass (Lindström, 1995). During autumn, many Red-
backed Shrikes stop-over in the Hula Valley (33◦06′N/35◦36′E),
a major stopover site for birds that travel between Africa,
Europe, and Asia (Shirihai, 1996; Newton, 2007). Consequently,
our field work took place in the Hula Valley during September
and October of 2017 and 2018. Since the Red-backed Shrike is
a fairly rare migrant in the country during spring, we could not
study its stopover behavior during this period.

Many Red-backed Shrike individuals arriving at the Hula
Valley use fences surrounding agricultural fields as vantage
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points and establish territories during their stopover. We
undertook surveys in two predesignated areas just north and
south of the Agamon Hula wetland within the valley where
we inspected fences in an agricultural area twice a day, in
the morning and evening (see additional details below). The
northern area had a total length of 4.3 km of its perimeter
and the southern transect had a total length of 3.6 km
(Supplementary Figure 2). During the surveys we recorded
the localities of Red-backed Shrike territories. Individuals that
occupied specific sites that were devoid of shrikes in the previous
day were considered as newly arriving birds and were the
target of our field measurements. While we could not study
bird movement before the birds were actually present at their
stopover sites, showing faithfulness to it over time, we noted
that arriving birds were usually anxious and behaved in an
erratic way. After a while, most birds became much less erratic
and occupied a territory which they usually held during their
entire stopover period. After locating candidate birds for the
study, we initiated a habituation procedure that lasted 2–4 days
depending on the behavior of each individual and then started
the routine measurement of the body mass of each individual
until it departed from the area due south, as confirmed by the
ATLAS (see example in Supplementary Figure 1). Birds that
moved from their territories during their stopover within the
valley as determined by data from the ATLAS, as well as those
flying from the valley in a reverse direction (e.g., due north) were
excluded from the analysis. Thus, the use of ATLAS facilitated a
highly detailed tracking of each individual, which is rarely the
case in studies of bird stopover, allowing us to include in the
data only birds that were tracked on a daily basis throughout
the period between their capture and departure.

For each bird we explored its departure track that was 10–
25 km long, to ascertain that the bird indeed departed from
the area toward the seasonally appropriate migration direction.
No bird that has departed southward returned later to the area,
according to data from the ATLAS. A description of all the birds’
departure flights is currently in preparation (Zinßmeister et al.,
in preparation). We note that unlike many other field studies of
passerine stopover fuel deposition in which bird movement was
not monitored at all (Lindström and Alerstam, 1992; Dierschke
et al., 2005; Schmaljohann and Dierschke, 2005; Bayly, 2006;
Schmaljohann et al., 2013; and many more – reviewed in
Schmaljohann and Eikenaar, 2017) or was monitored over a
coarse spatial resolution or at low frequency (Goymann et al.,
2010; Schmaljohann et al., 2011; Taylor et al., 2011; Crysler et al.,
2016—see the review of Schmaljohann and Eikenaar, 2017), our
work is likely the most detailed of its kind, as we closely followed
the movement of each bird from capture until the transmitter’s
signals were lost following its departure, at least 10 km after the
start of its migratory flight.

Following a preliminary fieldwork in autumn 2016, we
did not trap a bird before it was habituated to the feeding
station as doing so may cause avoidance behavior toward the

feeding station, even though traps and feeding stations were
never presented simultaneously to the birds. In each territory
we placed a feeding station that was positioned near the main
perch of the bird. The feeding station consisted of a glass bowl
placed on a 20 cm × 20 cm plate of measuring scales (FMW-
AFW, Larit Measurements Ltd., Ra’anana, Israel) with a 0.1 g
resolution (Figure 1). To attract the birds to the station we used
two superworms (Zoophobas morio; average 0.61 g/individual,
consisting 57.9% water, 19.7% protein, and 17.7% lipid; Finke,
2002) as bait within the bowl each morning and afternoon to
facilitate body mass measurement remotely by the scales. We
note that based on our observations, this supplementary food
was not a major food source of the birds, as birds continued
to forage for extended periods after consuming the worms,
and their daily body mass increase could not be attributed to
this rather minor food source. As soon as birds showed high
tendency to use the feeding station, the habituation period
ended and the birds were trapped using spring traps (trap model
TSB30N, Moudry-traps, Czechia) baited with Superworms. The
traps were never deployed when the shrikes were near the
bowl and were not positioned near the locality of the bowl to
disassociate the trapping from the food source. If a trapping
attempt did not succeeded immediately, usually that particular
bird could not be trapped at all. Upon trapping, all individuals
were ringed with a metal ring and a unique combination of color
rings for individual identification in the field (Figure 1). Body
mass, wing chord length, visual subcutaneous fat index (Kaiser,
1993), and age and the sex of adult birds (Svensson, 1992)
were determined for each bird. In addition, several undertail
coverts were plucked and used to determine the sex of first
calendar year birds using molecular DNA testing (Karnieli Vet
Ltd., Tivon, Israel).

After completing bird sampling and measurements, we
fitted the bird with an ATLAS tag (Toledo et al., 2020). The
tags weighed on average 4.7% of bird body mass at capture
with tag mass range of 1.35–1.85 g which was 3.8–5.9% of bird
body mass. The tags weighed on average 4.0% of bird body
mass at departure from the stopover site (range 3.4–4.9% of
bird body mass (Macdonald and Amlaner, 1980; Kenward, 1987;
Naef-Daenzer, 1993). The tags were attached to the birds using
a harness that was individually fitted to each bird (modified
from the harness described by Naef-Daenzer, 2007). The harness
consisted of a rubber band that expanded with body motion
and fell off within 1 month from the time of deployment due
to temperature changes that degrade the rubber with time. We
thoroughly tested the harness design using field observations
and concluded that bird movement was not jeopardized or
limited due to the harness. Birds were released back to their
territories after a handling time of up to 20 min. Birds were
examined thoroughly before released with a tag to make sure full
motility is normal in the hand. After release birds were observed
using binoculars from a nearby car. Usually the birds went to
hide inside a bush or tree close by and after a certain time
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FIGURE 1

Field measurement and observation of Red-backed Shrikes during stopover at the study area in the Hula Valley, Israel. (Left) A shrike perching
on the feeding station, allowing the observer to record its body mass throughout its stopover period. (Right) Adult female shrike (ring number
AB47045) with color rings allowing individual identification, as well as ATLAS transmitter (see the antenna of the transmitter near the tail of the
bird) to record its movement during the stopover period and at departure from the area.

(usually within half an hour) returned to their main perch on
the fence and resumed foraging activity. Some individuals went
directly back to the fence after tagging, without any hiding, and
behaved as if they were not affected at all by handling.

From the total number of birds that were trapped and tagged
during 2017 (19 individuals) and 2018 (62 individuals), we were
able to habituate a total of 36 individuals. Notably, of the 36
habituated birds, we were able to follow a total of 15 birds while
the other 21 birds were not followed due to several reasons. One
bird was predated by a Common Kestrel (Falco tinnunculus)
while perching on the feeding station (D. Zinßmeister personal
observation), three birds moved to areas where their body mass
could not be measured until their departure and two birds had
a decreasing body mass during their stopover to the extent
that we removed their tags. In addition, transmission was lost
entirely or during some part of the stopover period for a total
of 15 birds due to self-removal of tags and harnesses by the
birds, telemetry system failure or tag failure. We followed 15
individuals (3 in 2017 and 12 in 2008) throughout their entire
stopover period until their departure. Since 14 of these birds
were 1-year individuals and preliminary analysis suggested that
the adult bird differed from the rest of the birds in several
parameters of its stopover fuel deposition, we did not include
it in this work.

Bird body mass was determined by directly observing the
scales’ digital display by an observer throughout the migrants’
stopover period (Figure 1). The observer used binoculars while
sitting in a car 20–30 m away from the scales. Only data recorded
in the first moment the bird perched motionless on the bowl
were used in the analysis. Body mass measurements took place
twice a day between 6:00 and 10:00 a.m. and between 4:00
and 8:00 p.m. local time. During these times of the day the
birds showed high foraging activity and were inclined to feed
on the scale. Recorded data per session were bird ID, time,
bird body mass, and number of superworms eaten during the

feeding session and number of superworms eaten before the
weight was determined. We used these data to determine bird
body mass at the day of trapping and later throughout the
course of the bird’s stopover (Lindström and Alerstam, 1992;
Fransson, 1998; Schmaljohann and Dierschke, 2005; Bayly,
2006). We noted that many of the birds exhibited a bi-phasic
fuel loading pattern (e.g., Carpenter et al., 1993), with stable
or decreasing body mass in the beginning of their staging,
followed by an increase of their body mass until departure (see
examples in Supplementary Figure 3). We converted bird body
mass measurements to fuel loads (see details below) in order
to express variation in body mass in relation to lean, fuel-free
body mass in percentages, following a large number of studies
that used this methodology (e.g., Lindström and Alerstam, 1992;
Dänhardt and Lindström, 2001; Schmaljohann and Dierschke,
2005; Bayly, 2006; Delingat et al., 2008). Fuel deposition rate was
calculated as the total change in fuel load (derived from body
mass measurements) between the date of bird trapping and the
date of bird departure for migration, divided by the number
of days the bird was stopping-over in the area. Obviously,
this estimate does not include data from the period prior
to capture. The calculation of departure fuel load was based
on evening body mass measurements in 10 individuals. We
could not obtain evening body mass measurements from the
remaining four birds and consequently used their morning
body mass. We did not interpolate the evening body mass
based on morning body mass as changes in body mass between
morning and evening at the day of departure were highly
variable and inconsistent between individuals [range: (−0.7)–
1.4 g, mean± S.D. difference: 0.36± 0.72, paired t-test, t6 = 1.31,
p = 0.239].

The ATLAS was used to track the birds’ movement.
ATLAS is a highly accurate, automated radio-telemetry system
that is based on time-difference-of-arrival and records animal
position once in 1–8 s with a spatial accuracy of about 10 m
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(Toledo et al., 2020). A network of ATLAS stations (10 stations
in 2017 and 11 in 2018) were deployed in the surroundings of
the Hula Valley, recording multiple tagged individuals over an
area of about 15 km× 30 km, covering the whole stopover area.
Departure tracks of migrating birds were recorded beyond the
regular reception coverage area of the system in the Hula Valley
due to improved reception of tags carried by high flying birds
during departure (Supplementary Figure 1). The transmitters
used in the present study transmitted once every 8 s.

Following bird tagging and tracking by the ATLAS, we
calculated the minimum stopover duration of each bird, which
was defined as the number of days a bird spent in the Hula
Valley from the day of trapping until it departed for migratory
flight. Since all except two individuals underwent habituation
prior to trapping, the actual stopover duration is about two
to four days longer than the minimum stopover duration. The
habituation days were not included in this calculation to avoid
errors due to bird misidentification of specific individuals before
the individuals were marked and tagged. The date and time
of departure of each individual was determined by the ATLAS
(Supplementary Figure 1).

Data analysis

To calculate fuel load of autumn migrating Red-backed
Shrike individuals at the study area, we used body mass and
wing chord data from individuals trapped at the Hula Valley bird
ringing station during autumn in the years 2005–2018. Of these,
187 birds had no signs of visible fat and can thus be regarded
as lean birds. To test if bird size affected its body mass in this
group of lean birds, we applied linear regression and found that
wing chord length did not significantly affect bird body mass
(R2 = 0.007, p = 0.261). We consequently considered the average
body mass (25.55 g) of this group of birds as the lean body
mass of the Red-backed Shrike individuals. Using this value, we
calculated fuel loads, which are expressed in percentages relative
to this reference value (for example, a shrike with a body mass
of 30.00 g is considered to have a fuel load of 17.4%).

To calculate the fuel load required for a successful crossing
of the Sahara, we estimated that a bird departing from the
Hula Valley will usually not be able to feed in the coming
2,000 km of its journey. Using the program Flight (version
1.25 by Colin Pennycuick) we simulated the migration of a
Red-backed Shrike that was trapped in autumn 2018 in the
Carmel Coast, about 90 km southwest of the Hula Valley (see
Supplementarymaterial). This individual, which was measured
during a field course, was a 1-year bird. Using Flight, we
estimated that the bird will need 6.9 g of lipids to cover a distance
of 2,005 km. This added lipid mass corresponds to a departure
fuel load of 27%. We explored the birds’ fuel deposition by
comparing capture fuel loads (i.e., fuel load when captured) and
departure fuel loads using a paired t-test. Then, we tested if

bird stopover parameters (capture fuel load, fuel deposition rate,
departure fuel load, and stopover duration) differed between
male and female birds using independent samples t-tests. For
exploring the effects of fuel deposition rate on departure fuel
load and stopover duration, we tested the normality of the
latter two variables and found that they indeed were normally
distributed (Shapiro–Wilk tests; p = 0.850, 0.266, respectively).
We used generalized linear modeling (GLM, Gaussian family
linear link function) for testing, separately, two dependent
factors: the natural log of departure fuel load (according to
the expected relationship in Figure 3 in Hedenström and
Alerstam, 1997) and stopover duration using the R package
“lme4” (Bates et al., 2015). For each of the two dependent
variables we tested the AICc (the Akaike information criterion,
modified for small sample sizes; Akaike, 1987) of five different
models (no explanatory factor, one of each explanatory factor,
two explanatory factors and two explanatory factors and their
interaction). We selected a specific model only if its 1AICc
was > 2.00 compared to other models. Further, we report
significant terms in the models and their R2. We applied Pearson
correlation to test if the two explanatory factors correlate with
each other and also to examine if departure fuel load and
stopover duration were correlated. All tests were two-tailed
tested with α of 0.05. The analyses were done using SPSS
(version 25, IBM, Armonk, NY, United States) and R (version
3.6.1, R Development Core Team).

Yet, one has to bear in mind that the results of these
analyses could produce spurious results (Williams et al., 2022).
This is because fuel deposition rate, an independent factor
in the analyses, is calculated using both departure fuel load
and stopover duration, which are dependent factors in the
same statistical models. Thus, these calculations could result
in spurious relationships and thus a statistical approach that
will take these inherent relationships into account is required.
In order to determine if the observed correlations between
fuel deposition rate and the response variables (departure fuel
load and stopover duration) is different from those expected
by chance, we applied a randomization test (Jackson et al.,
1990). We simulated 20 values of each of the following variables:
departure fuel load and capture fuel load. These values were
generated using their mean and standard deviation based on
the normal distribution. We additionally simulated 20 values of
the variable stopover duration, based on uniform distribution
of integer numbers truncated between the minimum (5 days)
and maximum (31 days) values recorded in the field. Then,
we calculated the correlation between fuel deposition rate and
the natural log of departure fuel load and the correlation
between fuel deposition rate and stopover duration. This
procedure was repeated 1,000 times, yielding two distributions
of 1,000 correlation coefficient values, each for the two
explored relationships. We present the two distributions of the
correlations in the Supplementary material, as well as the R
code used to produce the distribution of 1,000 correlations
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between the natural log of departure fuel load and fuel
deposition rate. Based on the formula used for calculating fuel
deposition rate, the relationship between log departure fuel load
and fuel deposition rate is expected to be positive, and we
consequently considered the top 5% of the distribution as the
threshold of the rejection area at 95% confidence. Since the
relationship between stopover duration and fuel deposition rate
is expected to be negative, we considered the lowest 5% of the
distribution as the rejection area threshold at 95% confidence.

Results

We studied a total of 14 first-year birds (bird details are
in Supplementary Table 1) that were followed in the field
throughout their stopover period in 2017 (3 birds) and 2018
(11 birds). Mean ± SD and the range of bird capture fuel load,
departure fuel load, fuel deposition rate and stopover duration
are provided in Table 1. We compared same-bird capture and
departure fuel loads and found that all the birds departed with
higher fuel load than their capture fuel load, and this difference
was statistically significant [paired t-test, mean± SD difference:
16.02 ± 10.31%, t13 = (5.814), p < 0.0001]. No differences in
stopover parameters (capture fuel load, departure fuel load, fuel
deposition rate, and stopover duration) were found between
male (N = 8) and female (N = 6) birds (independent samples
t-tests; t12 = 0.83, p = 0.42; t12 = 0.40, p = 0.97; t12 = 0.74, p = 0.48;
t12 = 0.90, p = 0.39, respectively). We found that both capture
fuel load and fuel deposition rate [which were not correlated to
each other: Pearson correlation; r = (−0.33), p = 0.250], affected
positively on departure fuel load (Table 2 and Figure 2), and
that these two factors affected negatively on minimal stopover
duration (Table 3 and Figure 2). Departure fuel load and
minimal stopover duration were negatively correlated [Pearson
correlation; r = (−0.61), p = 0.021; Figure 2].

Histograms of the distributions of the simulated
correlations between log departure fuel load and fuel
deposition rate and between minimal stopover duration and fuel
deposition rate are presented in the Supplementary material
(Supplementary Figures 4,5, respectively). Since the observed
correlation between fuel deposition rate and the natural log of
departure fuel load is r = 0.398, and the upper 5% rejection

TABLE 1 Details of stopover parameters of Red-backed Shrikes that
were studied in the Hula Valley.

Capture fuel
load (%)

Departure
fuel load (%)

Fuel
deposition
rate (%/day)

Minimum
stopover
duration
(days)

Mean 18.48 34.50 1.38 14.71

S.D 13.48 10.87 1.14 8.16

Range (−4.11)–43.64 17.42–56.95 0.12–4.44 5–31

area value of the distribution of 1,000 randomized correlation
is r = (−0.401), we conclude that the observed correlation
is within the 5% rejection region and thus this correlation is
meaningful and allows inferences regarding the relationship
between the variables. Regarding the relationship between fuel
deposition rate and stopover duration, the observed correlation
is r = (−0.492) and the lower 5% rejection is r = (−0.584).
Therefore, the observed correlation is not within the rejection
area and the correlation is thus spurious and should be ignored.
Thus, we conclude that stopover duration is not related to fuel
deposition rate despite the significant observed correlation.

Discussion

Our study combined repeated weighing of bird body
mass using field-deployed scales with advanced biotelemetry
to examine predictions of optimal migration theories. We
investigated the relationships between departure fuel load,
stopover duration and fuel deposition rate in a passerine species
that used the Hula Valley near the northern fringes of the Sahara
Desert for stopover during autumn migration. We found a
positive relationship between fuel deposition rate and departure
fuel load. These findings suggest that the birds behaved in ways
predicted by the time-minimization migration theory or the
minimization of the total energy cost of migration (Hedenström
and Alerstam, 1997). Several empirical studies that were carried
out mostly in temperate latitudes over the past three decades
have generally found similar relationships (Lindström and
Alerstam, 1992; Schmaljohann and Dierschke, 2005; Bayly,
2006; Delingat et al., 2008; but see Fransson, 1998; Dänhardt and
Lindström, 2001). Notably, Schaub et al. (2008) demonstrated
conformity to this prediction in two sites in Europe. Yet, in
North Africa, where autumn migrants are about to cross the
Sahara Desert, birds accumulate fuel to a threshold level. With
regard to our findings, one must bear in mind that while the
aforementioned relationship between fuel deposition rate and
departure fuel load was significant, it was not steep. As clearly
seen in Figure 2A, the relationship between fuel deposition rate
and departure fuel load is rather constant at the middle and
higher part of the range of fuel deposition rate values, albeit
with some variation, which could be explained by between-
individual differences in physiology or other migration-related
properties (Piersma and Van Gils, 2011). At low values of fuel
deposition rate, there is a strong positive relationship between
fuel deposition rate and departure fuel load (Figure 2A).
Therefore, it cannot be excluded that some of the birds try to
reach a certain fuel load threshold, but fail to do it due to their
lower rate of fuel deposition (see also Bulyuk and Tsvey, 2013).
Following the randomization test we applied, our data cannot
rule out the constant stopover duration model, proposed by Erni
et al. (2002). Although stopover duration was highly variable
between different individuals, the apparent correlation between
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TABLE 2 Model selection table that outlines the effects of capture fuel load (CFL) and fuel deposition rate (FDR) on the natural log of departure fuel
load.

Model rank Intercept CFL FDR CFL:FDR df R2 Log likelihood AICc 1AICc Weight

1 2.863*** 0.01988*** 0.1905** – 4 0.766 6.58 −0.7 0 0.914

2 2.878*** 0.01841* 0.184** 0.00106 5 0.768 6.64 4.2 4.9 0.078

3 3.224*** 0.01457* – – 3 0.366 −0.40 9.2 9.9 0.006

4 3.493*** – – – 2 0.000 −3.59 12.3 13.0 0.001

5 3.337*** – 0.113 – 3 0.158 −2.38 13.2 13.9 0.001

Five models were examined: No explanatory variable (ranked no. 4), (2) only fuel deposition rate (ranked no. 5), (3) only capture fuel load (ranked no. 3), (4) both fuel deposition rate and
capture fuel load (ranked no. 1), and (5) both fuel deposition rate and capture fuel load and their interaction (ranked no. 2). Statistical significance of factors in the model: ***p < 0.001;
**p < 0.01; *p < 0.05.

it and fuel deposition rate might be the outcome of a spurious
relationship, based on the randomization procedure.

Notably, the birds’ capture fuel load had a strong impact
on both the departure fuel load and stopover duration. Birds
that arrived with high fuel loads tended to depart with high
fuel loads, suggesting that the process of accumulating fuel
toward the enduring journey across the Sahara is starting well
before the birds depart for the cross-desert flight (see also
Rubolini et al., 2002). Unfortunately, no data exists for other
localities north and south of the Hula Valley, which could reveal
the spatial patterns of fuel deposition. Importantly, successful
foraging that translated to high fuel deposition rates allowed
the birds to depart for migration with high fuel reserves for
the journey. Since capture fuel load and fuel deposition rate
did not correlate, it seems that they had separate contribution
to the observed variation in departure fuel load. Furthermore,
it also suggests that good body condition at the start of the
stopover does not predict bird performance during this period.
Remarkably, even after long stopover periods and despite the
increase in their fuel loads, some of the birds were still departing
for migration with rather low departure fuel loads. Altogether,
these findings suggest that both capture fuel load (Goymann
et al., 2010; Schmaljohann and Eikenaar, 2017; Schmaljohann
and Klinner, 2020) and fuel deposition rate (Lindström and
Alerstam, 1992; Bayly, 2006; Delingat et al., 2008) have critical
consequences for migration timing. These might translate to
bird fitness by possibly affecting the chances to accomplish the
cross-desert journey.

To the best of our knowledge, fuel deposition of migrating
Red-backed Shrikes has not been studied yet elsewhere,
precluding comparisons of our findings with those of others
from the same species. In general though, passerines accumulate
fuel at daily rates of 1–3% (Lindström, 2003), as found in
our study. Interestingly, the shrikes’ average fuel deposition
rate (1.4%) is identical to that reported for autumn migrating
Robins (Erithacus rubecula) in the eastern Baltic Sea (Bulyuk
and Tsvey, 2013). Comparison of our data with those reported
from other passerine species about to cross the Sahara Desert,
suggests that the Red-backed Shrike’s fuel deposition rate is
similar to that reported from autumn migrating Reed Warbler

(Acrocephalus scirpaceus) and Garden Warbler (Sylvia borin) in
Southern Spain and lower that that reported from the northern
part of North Africa (Schaub and Jenni, 2000). As can be
expected, fuel deposition rates of Red-backed Shrikes found in
our study are substantially lower than those reported for birds
that were measured in the field and supplied with ad libitum
food (Schmaljohann and Eikenaar, 2017). In addition, when
comparing our findings to the expected maximal fuel deposition
rates reported in Lindström (1991), we find that the bird
with the highest average fuel deposition rate in our study
accumulated fuel at about half the expected maximal rate.
Since fuel deposition rates were averaged over the stopover
period, data from specific days might be closer to theoretical
expectations of maximum fuel deposition rates. Indeed, a bird
with ring number AB47066 increased its body mass from 28.4 to
31.2 g (10.96% increase in fuel loading) in a single day, between
12 and 13 of October 2018. This value is expected for birds in
the size of Red-backed Shrike Lindström (1991, 2003).

The departure fuel loads of the Red-backed Shrikes that
were followed during their stopover were highly variable,
ranging between 17.4 and 57% (Supplementary Table 1). The
simulation results using the program Flight suggested that a fuel
load of at least 27% is required for accomplishing the migration
over the Sahara. Out of the 14 birds, eight had departure fuel
loads well above this minimal value (31.1–57.0%), four had
departure fuel load values slightly above or somewhat below this
expected threshold (25.6–28.4%) and two birds had substantially
lower fuel load at departure (17.4 and 22.5%). We do not have
any information about the fate of these latter two birds, which
preliminary analysis suggested that their departure properties
(timing, direction, and speed) was similar to those of the birds
with higher fuel load at departure. While birds that depart from
the Hula Valley may stop-over in the following 150 km after their
departure before entering the desert, some birds may even be
able to stop-over within the desert in oases and other localities
where food is available, allowing them to accomplish the cross-
desert journey even if their fuel loads are low when departing for
the desert crossing (Biebach, 1985).

Performance differences between individuals, which could
affect their survival and reproduction, may be caused by various
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FIGURE 2

The relationships between different stopover parameters of autumn migrating Red-backed Shrikes at the Hula Valley, Israel. (A) Fuel deposition
rate and departure fuel load. (B) Capture fuel load and departure fuel load. (C) Fuel deposition rate minimal and stopover duration. (D) Capture
fuel load and minimal stopover duration. (E) Minimal stopover duration and departure fuel load. (F) Capture fuel load and fuel deposition rate.

factors. While no differences were found between female and
male birds, we did not have sufficient data to test possible age-
related differences. Including additional adult birds in future
studies exploring Red-backed Shrike stopover behavior may
help resolve if adults perform better than first calendar year

birds, as found in other migratory species (e.g., Woodrey
and Moore, 1997; Jones, 2002; Rotics et al., 2016). We could
not find any noticeable morphological differences between
individuals that had variable stopover behavior parameters.
Yet, such variation could result from factors that were
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TABLE 3 Model selection table that outlines the effects of capture fuel load (CFL) and fuel deposition rate (FDR) on minimal stopover duration.

Model rank Intercept CFL FDR CFL:FDR df R2 Log likelihood AICc 1AICc Weight

1 30.23*** −0.448*** −5.258** – 4 0.729 −39.582 91.6 0 0.899

2 30.90*** −0.517* −5.564** 0.0495 5 0.737 −39.395 96.3 4.68 0.087

3 20.27*** −0.301 – – 3 0.247 −46.742 101.9 10.28 0.005

4 19.56*** – −3.516 – 3 0.242 −46.792 102.0 10.38 0.005

5 14.71*** – – – 3 0.000 −48.730 102.6 10.94 0.004

Five models were examined: No explanatory variable (ranked no. 5), (2) only fuel deposition rate (ranked no. 4), (3) only capture fuel load (ranked no. 3), (4) both fuel deposition rate and
capture fuel load (ranked no. 1), and (5) both fuel deposition rate and capture fuel load and their interaction (ranked no. 2). Statistical significance of factors in the model: ***p < 0.001;
**p < 0.01; *p < 0.05.

not examined in this work, including deterioration of bird
immune function and allocation of energy and resources for
compensatory measures (Buehler and Piersma, 2008; Eikenaar
and Hegemann, 2016), oxidative stress and investment in
anti-oxidation mechanisms (Costantini et al., 2007; Isaksson
et al., 2011; Jenni-Eiermann et al., 2014; Eikenaar et al., 2017),
digestion physiology constraints (Karasov and Pinshow, 2000;
Kvist and Lindström, 2000; McWilliams et al., 2004), competitive
abilities and territoriality (Rappole and Warner, 1976; Bibby
and Green, 1980; Carpenter et al., 1983; Stillman et al., 2000),
as well as recovery from a previous enduring flight or fasting
periods before arriving at the study area (Eikenaar et al.,
2014). Furthermore, variation in stopover parameters could
result from the response of the birds to environmental factors
(Schmaljohann et al., 2013). We hope that future studies will
allow testing these factors to uncover their influence on the
shrikes and other birds during stopover and at their departure.

Our focal species, the Red-backed Shrike, is highly suitable
for studying stopover behavior due its characteristic territorial
behavior that facilitated repeated measurements in the same
spot and its use of high perches that allowed observing it in the
field (Lindström, 1995). Nevertheless, we were not able to follow
many of the individuals that were attached with a transmitter
in the field due to various technical issues (i.e., transmitter and
system failure), bird behavior and movement (translocating to
territories that were inaccessible to us and movement outside
the area covered by the system, for example, due north across
the border to Lebanon). This resulted in a rather modest sample
size and an overall low rate of success in collecting data from the
tagged individuals (see full information above).

Another potential issue could be the limited range of
tracking of the birds after their departure. Although the shrikes
departed at seasonally appropriate direction of migration
(southward), our work cannot rule out that some of the birds
terminated their nocturnal flight after a short while and stopped-
over again before entering the desert. The recent deployment
of another ATLAS system in the Harod Valley, 65 km south
of the Hula Valley, might facilitate the detection of individuals
departing from the Hula Valley during their nocturnal flight,
partly alleviating this concern. The development of global
tracking systems, such as the ICARUS (Jetz et al., 2022),

which, in the future, might facilitate the tracking of small
passerines, could revolutionize our understanding of bird
migration biology by studying both stopover and migratory
flight of the same individuals.
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