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Abstract
1.	 During migration, birds are often forced to cross ecological barriers, facing chal-
lenges due to scarcity of resources and suitable habitats. While crossing such 
barriers, birds are expected to adjust their behaviour to reduce time, energy ex-
penditure and associated risks.

2.	 We studied the crossing of the Sahara Desert by the Great White Pelican 
(Pelecanus onocrotalus), a large wetland‐specialist. We focused on decisions made 
by migrating pelicans along different parts of the southbound autumn migration, 
their response to local environmental conditions and the implications for time 
and energy optimizations. We compared the observed pelicans' migration routes 
with simulated ‘direct‐pass’ (shortest, mostly across the desert) and ‘corridor‐pass’ 
(along the Nile River) routes, and used GPS, body acceleration and atmospheric 
modelling to compare flight behaviour along the Nile River versus the desert.

3.	 The observed route was significantly shorter and faster than the simulated cor-
ridor‐pass route and not significantly different from the simulated direct‐pass one. 
Daily flights over the desert were longer than along the Nile River, with flying 
time extending to late hours of the day despite unfavourable atmospheric condi-
tions for soaring–gliding flight. Moreover, the pelicans' behavioural response to 
atmospheric conditions changed according to the landscape over which they flew. 
Overall, the pelicans showed stronger behavioural adjustments to atmospheric 
conditions over the desert than along the Nile River.

4.	 Our findings suggest that migrating pelicans primarily acted as time minimizers while 
crossing the Sahara Desert, whereas energetic optimization was only considered when 
it did not substantially compromise time optimization. The pelicans took the almost 
shortest possible route, only following the Nile River along its south‐oriented parts, and 
frequently staged overnight in the desert far from water, despite being large, wet‐habi-
tat specialists. Correspondingly, their behavioural response to atmospheric conditions 
changed according to the landscape over which they were flying, switching between 
time (over the desert) and energy (over the Nile River) optimization strategies. Our 
results suggest that the interaction between landscape and atmospheric conditions 
depict a flexible, yet primarily time‐dominated, migration optimization strategy.
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1  | INTRODUC TION

Seasonal migration – a widespread phenomenon characterizing 
many animals – can critically affect individual fitness and popula-
tion dynamics (Alerstam, Hedenström, & Akesson, 2003). During 
seasonal migration, individuals usually undertake a directional, per-
sistent, round‐trip journey across a much greater spatial scale com-
pared to their movements in the breeding grounds, passing through 
large areas that can vary substantially in their environmental condi-
tions (Alerstam et al., 2003; Bauer & Hoye, 2014). Migrating individ-
uals are assumed to gain fitness benefits compared to non‐migrating 
ones by maximizing resource availability and minimizing exposure to 
harsh conditions, both of which vary in a predictable manner across 
seasons (Alerstam et al., 2003; Shaw & Couzin, 2013). Yet, while 
successful migration could increase fitness, migrating animals need 
to cope with many challenges and uncertainties during these jour-
neys, such as ecological barriers that impede movement and various 
other environmental hazards (Alerstam & Lindström, 1990; Weber & 
Hedenström, 2000).

Migrating birds are therefore required to make decisions such 
as which route to take, where and for how long to stop, and how 
fast to fly (Alerstam, 2001; Horvitz et al., 2014; Weber, Fransson, & 
Houston, 1999). Over the last three decades, studies examining this 
decision‐making process have been placed in the context of optimal 
migration theory, which assumes that migrating birds consider three 
primary factors: their energy budget, the time spent on migration and 
the associated risks (Alerstam, 2011; Alerstam & Lindström, 1990). 
Because these factors might contradict each other (but see Harel et 
al., 2016), optimal bird migration studies have emphasized common 
trade‐offs between these components. For example, migrating birds 
often face a choice between migratory routes that differ in their 
weather conditions, food availability, predation risk or other charac-
teristics (Alerstam, 2001). Such differences are pronounced where 
the breeding and wintering grounds are separated by large ecolog-
ical barriers – geographical regions or features that prevent or re-
strict movement of individuals due to the scarcity of food and other 
resources, the prevalence of harsh environmental conditions, and/or 
the paucity of suitable or safe habitats – such as large seas, oceans or 
deserts (Alerstam, 2001; Moreau, 1972; Newton, 2008). Ecological 
barriers affect different species according to specific‐species char-
acteristics such as flight abilities, habitat and food requirements, 
hence birds' behaviour in face of such barriers varies by species; for 
example, some birds that cross barriers in straight tracks fly continu-
ously (i.e. non‐stop flights) while others intermittently (i.e. combining 
flights and stopovers) (Gill et al., 2009; Klaassen, Alerstam, Carlsson, 
Fox, & Lindström, 2011; Schmaljohann, Liechti, & Bruderer, 2007). 
Migrating birds that cross ecological barriers usually optimize time 
(i.e. select the fastest route), at the cost of high‐energy expenditure 
and higher mortality risk due to lack of food, exposure to environ-
mental hazards or scarcity of suitable staging habitats (Alerstam, 
2001; Strandberg, Klaassen, Hake, & Alerstam, 2010).

Optimizations of energy expenditure and migration time can 
also change according to the environmental conditions encountered 

during barrier crossing (Erni, Liechti, & Bruderer, 2005; Horvitz et 
al., 2014; Liechti, 1995; Liechti, Hedenström, & Alerstam, 1994). 
Changes in wind speed and direction, for example, can affect the 
energy required for flight and the birds' flying speed, rain may delay 
migration and thermal (rising air columns) conditions affect birds' 
abilities to soar (Shepard et al., 2013). Shifting from soaring–gliding 
to flapping flight is estimated to be 3–12 times more energetically ex-
pensive than soaring flight (Norberg, 1996; Videler, 2006). Different 
findings of birds' adjustments to weather conditions suggest that en-
ergy and time minimization strategies might be context‐dependent 
(Harel et al., 2016) and could also vary both within and among spe-
cies and environments (Erni et al., 2005; Panuccio et al., 2010; Rotics 
et al., 2018; Sapir, Wikelski, Mccue, Pinshow, & Nathan, 2010).

We studied route selection strategies and response to environ-
mental conditions encountered by migrating birds while crossing a 
large ecological barrier, in the context of time and energy optimiza-
tions. Specifically, we used GPS and acceleration data to study Great 
White Pelicans (Pelecanus onocrotalus) migrating over the eastern 
part of the Sahara Desert's 1,500–2,000  km ecological barrier. In 
the eastern part of the Sahara Desert, pelicans have the option of 
following the Nile River during major parts of their migration, a more 
suitable landscape especially for these large wetland specialists that 
are adapted to roost and protect themselves in water and may pos-
sibly feed in the Nile River. Therefore, the Nile River might act as a 
corridor for crossing major parts of the long and otherwise inhospi-
table barrier of the Sahara Desert (Newton, 2008). We hypothesized 
that pelicans' route and flight characteristics (i.e. flight speed, flight 
duration and flight mode) when crossing the Sahara Desert would 
be shaped by energy optimization considerations due to their large 
body size, long migration distance and restricted suitable habitats 
along the route (Alerstam & Lindström, 1990). To test this, we first 
compared the observed pelicans' route with two possible (simulated) 
routes, suggesting energy or time optimization strategies. Then, we 
compared the pelicans' flight behaviour between flight segments 
over the desert and along the Nile River and examined the effect of 
meteorological characteristics (i.e. wind and thermal condition) on 
this behaviour. Given our hypothesis, we predicted that pelicans will 
migrate along the Nile Valley where they can stage in their favoured 
habitat to safely rest and feed, despite the fact that such route will 
take longer to complete than the fastest possible one. Regarding 
flight behaviour, we predicted that the pelicans will reduce energy 
expenditure by flying more slowly in less suitable atmospheric 
conditions and by limiting the use of flapping flight, changing their 
behaviour according to atmospheric conditions regardless of the 
landscape over which they migrate.

2  | MATERIAL S AND METHODS

The Great White Pelican is the heaviest long‐range migrant in the 
Western Palearctic, weighing between 5.5 and 15 kg, with a wing 
span of 226–360 cm (Elliot et al., 2017). Great White Pelicans' diet 
is based almost entirely on fish caught while swimming; they feed 
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mostly in shallow freshwater in inland lakes, ponds, wide rivers and 
deltas (Elliot et al., 2017; Shmueli, Izhaki, Arieli, & Arad, 2000). They 
rarely (if ever) forage in saline sea such as the Gulf of Suez (Elliot et 
al., 2017), and take a detour through the Middle East rather than di-
rectly crossing the Mediterranean Sea during migration. They are so-
cial, breeding in large colonies, often feed in synchronous flocks and 
seldom fly alone (Elliot et al., 2017; Hatzilacou, 1996). Furthermore, 
during migration, they fly and roost in groups of up to 30,000 in-
dividuals, gliding in line formations (‘V’ shaped) (Elliot et al., 2017; 
Shirihai, 1996).

Pelicans were trapped in Israel during autumn migration and har-
nessed (using a ‘backpack’ configuration) with data loggers which 
collected GPS locations and acceleration data, the later used to 
distinguish flapping from gliding flight modes (Nathan et al., 2012; 
Resheff, Rotics, Harel, Spiegel, & Nathan, 2014); tag plus harness 
constituted 1.5%–2.5% of the bird's body mass (see Appendix S1). 
Wind velocity and turbulence kinetic energy (TKE), a proxy for 
convective updraft intensity, were obtained using numerical at-
mospheric simulations from the Regional Atmospheric Modelling 
System (Appendix S2).

Migration routes and stopover sites were identified by map-
ping the GPS locations of every individual. Migration onset lati-
tude was defined as the northernmost latitude after which all daily 
flights were directional towards the south; the end of migration 
and beginning of the wintering area were defined as south of the 
latitude in which directional flights ceased. Routes were compared 
between pelicans, and segments in which most pelicans' routes 
overlapped were noted. Mean route was measured by averaging 
all locations for every 0.5 latitude degrees except for locations of 
two pelicans at the beginning and end of migration which were 
substantially different (see Section 3). The number of nights that 
the pelicans spent at each stopover was counted and the distance 
from the Nile River was measured to distinguish stopovers at the 
suitable habitat from stopovers at the desert (including a few ob-
served stops at the Gulf of Suez, a non‐suitable habitat due to 
its salinity). A daily migration flight was defined as a continuous 
flying period in which a pelican's north to south displacement was 
at least 50 km. During all daily migration flights, the pelicans flew 
non‐stop between their morning take‐off and their landing for 
night roost.

We compared the average observed pelican migration route to 
two hypothetical routes representing alternative migration strate-
gies: a straight (shortest) one which means migration mostly over 
the Sahara Desert, denoted as ‘direct‐pass’ route, and a tortuous 
one that maximizes migration along the Nile River, denoted as ‘corri-
dor‐pass’ route. These two alternative routes, assumed to represent 
time versus energy optimizations, respectively, were generated by 
stochastic simulations. The number of daily migration flights was 
summed for every pelican which had data throughout the migration 
route and compared to the number of days it would take a pelican 
to migrate using these two different hypothetical routes (Figure 1). 
For each route in each hypothetical scenario, the start and end loca-
tions were the same as the real (observed) route, and the simulated 

pelicans could not switch between the two route types but main-
tained the same route type until the end of their migration. For the 
simulated direct‐pass route, a straight line (orthodrome) was set, 
with one exception: to avoid unrealistic flights including 200 km over 
the Red Sea, the route was forced to cross the Gulf of Suez at its 
easternmost part (Figure 1). For the corridor‐pass route, a straight 
route to the Nile River was first set; then, the route continued by 
following the river. The number of days required to cross the Sahara 
Desert was estimated by 10,000 stochastic simulations for each 
route type. Stochasticity was implemented by randomly choosing a 
daily distance out of the measured daily distances, then summing 
daily distances until the modelled pelican reached or crossed the end 
location. Distributions of the number of flight days required to cross 
the Sahara Desert were compared between the two route types, and 
each was also compared to the observed distribution of flight days, 
using a two‐sample Kolmogorov–Smirnov (KS) test.

To test for differences in the pelicans' behaviour when flying over 
different landscapes, daily migration flights were divided into hourly 
segments, starting at the first location. This meant that the last seg-
ment before landing was always shorter than 1 hr (e.g. a 5 hr and 
40 min daily migration flight would have five segments of 1 hr and 
one segment of 40 min), thus last segments that were shorter than 
30 min were excluded from the analysis. Hourly migration flight seg-
ments were divided into two landscape groups: (a) Nile – a radius of 
30 km around the Nile River's centre and (b) Desert – all other parts, 
starting at latitude 31.25N. Landscape classification was based on 

F I G U R E  1  Theoretical corridor‐pass (Nile River, green) and 
direct‐pass (orthodrome, red) routes and the observed migration 
routes taken by the pelicans (black). Real routes are semi‐
transparent thus darker black mean that more pelicans took that 
route. Migration start and end points are the northernmost and 
southernmost meeting points of the corridor‐pass and direct‐pass 
routes
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the changing width of the Nile River along the pelicans migration 
route, and according to the birds distance from the river when fly-
ing along it, and was confirmed with a sensitivity analysis testing 
different thresholds to define the Nile River landscape (Appendix 
S3). Segments that had GPS locations over more than one landscape 
were categorized by the higher number of locations. Complete daily 
migration flights were categorized as Nile or Desert flights based 
on the landscape that had the higher number of hourly segments 
throughout the day. Differences between daily migration flights in 
total flight time, take‐off time (hours after sunrise) and landing time 
(hours before sunset) were tested using a generalized linear mixed 
effects model (GLMM) with a gamma distribution (data were not 
normally distributed), log link function and individual as a random 
factor. To account for flights that ended earlier because the pelicans 
reached the Gulf of Suez (see Section 3), differences in daily flight 
characteristics were tested with and without these flights. To better 
understand the implications of changes in take‐off time, landing time 
or total flight time on the pelicans flights, atmospheric conditions 
and flight characteristics (averaged per hour) were plotted against 
time before sunset.

To understand the energetic implications of flying over the dif-
ferent landscapes, key atmospheric conditions (TKE, tail and cross-
winds) and flight characteristics (altitude, flap rate, ground and air 
speed) during hourly segments were compared between the land-
scapes. Differences in atmospheric conditions between the Nile and 
the Desert were tested using a GLMM with a gamma distribution and 
a log link function for TKE and crosswind and a linear mixed effect 
model (LMM) for tailwind; all atmospheric condition models included 
hour as a random factor. The effect of atmospheric conditions and 
landscape (Nile or Desert) on flight characteristics was tested using 
GLMMs with a gamma distribution and a log link function for altitude 
and air speed and a binomial distribution and a logit link function for 
flap rate; an LMM was used to examine ground speed. These mod-
els included hour and individual as random factors and were ranked 
using a corrected AIC (AICc) score for all possible variable subsets 
including the atmospheric conditions, landscape and interactions 
between landscape and each atmospheric condition. Models that 
had approximately the same weight (ΔAICc <  2, Anderson, 2008; 
Burnham & Anderson, 2002) were averaged using the ‘MuMin’ pack-
age in r (Barton, 2012).

Sorting and analysis of the data were performed using MATLAB® 
R2013b (MathWorks®), and statistical analyses were done using r 
3.4.2 (R foundation for statistical computing). MATLAB and Google 
Earth® Pro 7.1.2.2041 were used to map and view GPS tracks. 
Unless otherwise noted, results are reported by their mean ± SD.

3  | RESULTS

Migration routes were mapped for 26 pelicans between latitudes 
32.1° and 16.7°N. Of these birds, 22 were trapped during the 
2  years of study and four additional birds harnessed with trans-
mitters during 2010 and 2012, using the same methods. The 

migration routes of all tagged pelicans were similar, especially 
when crossing the Gulf of Suez and along the Nile River, though 
one bird made a long stopover at the Nile Delta west of the main 
route and another ended its migration east of the other pelicans' 
end location (Figure 1). The pelicans migrated 3 days over the de-
sert before reaching the Nile River, and then followed the river 
south until it bends west, where they crossed the desert again. 
When flying along the Nile River, the pelicans often drifted up to 
30 km from its centre, hence we set 30 km as a threshold for the 
corridor‐pass route. A total of 119 daily migration flights from 19 
different individuals were used for flight characteristics analyses, 
with 6.4 ± 3.2 migration days per individual pelican, consisting of 
4,098 GPS locations and 23,970 acceleration measurements in 
total. Complete migratory routes were obtained for 18 pelicans; 
eight of them crossed the Sahara Desert without making stopo-
vers longer than a single night, other birds spending 2–58 nights at 
the same stopover. Of the 102 stopovers along the migration, 53 
were more than 30 km away from the Nile River, and all stopovers 
longer than a single night occurred on the Nile River. Upon reach-
ing the Gulf of Suez, 13 of the 18 pelicans stopped their daily flight 
<10 km from the coast (n = 9) or on water (n = 4), flying an average 
of 1 hr less than other flight days over the desert and about 35 min 
less than all other flight days (6.33 ± 1.33 compared to 7.4 ± 1.14 
and 6.94 ± 1.63 hr, respectively). The five pelicans that did cross 
the Gulf of Suez upon arrival did not arrive there earlier than the 
other 13 birds and did not start their daily flight closer to the Gulf. 
GPS intervals lower than or equal to 25 min were obtained for 12 
pelicans from migration onset to their first encounter with the Nile 
River and for nine pelicans throughout the migration. The mean 
migration route flight distance was 1,773  km and the pelicans 
reached the Nile River after 645 km, spending 48% of their route 
less than 30 km from the river.

The simulated corridor‐pass route was measured at 2,600 km and 
reached the Nile River after 460 km while the simulated direct‐pass 
route was measured at 1,744 km and reached the Nile River after 
1,430 km, following the river for 60 km before leaving it (Figure 1). 
The observed migration route lasted 7.93 ± 1.28 flight days (rang-
ing 6–10, n = 18), while the simulated routes lasted 7.82 ± 1.06 and 
11.4 ± 1.27 days (ranging 4–12 and 8–17) for the direct‐ and corri-
dor‐pass routes, respectively (Figure 2). Because the simulated daily 
migration distance was (randomly) taken from the empirical track-
ing data in both route types, the overall migration speed was very 
similar for the two route types (227.2 ± 31.49 and 231.1 ± 26.3 km/
day, respectively), emphasizing our focus on decision‐making re-
garding route selection rather than daily migration speed. Despite 
this clear tendency of the (real) pelicans to migrate as fast as the 
direct‐pass simulated ones, they spent large parts of their migration 
along the Nile River, while the direct‐pass route only crosses it once 
(at ~18.9°N). This was accomplished by flying along the Nile River 
mostly (or only) along its fairly straight north–south sections (east-
ernmost longitude ~33.9○E) and taking shortcuts over the desert to 
avoid the two large western bends (westernmost longitude ~30.5○E; 
Figure 1).
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A significant difference was found between the distributions 
of flight days of the two simulated routes, and between the simu-
lated corridor‐pass and the observed routes (KS; D = 0.89, 0.81, re-
spectively, p < .001 for both), but no difference was found between 
the simulated direct‐pass and the observed routes (KS; D = 0.089, 
p = .99, Figure 2). Landing time was significantly later when landing in 
the desert compared to along the Nile River, both including (n = 49, 
57, respectively) and excluding (n = 37, 57, respectively) flights that 
ended at the Gulf of Suez (Table 1). A significant increase in daily 
hours flown for flights over the desert was found only when dis-
regarding flights that ended at the Gulf of Suez; take‐off time was 
not significantly different in either case (Table 1). Tailwind showed 
a general decrease throughout the day while crosswind showed the 
opposite trend and TKE was at a minimum at the end of the day; flap 
rate was highest at the start and end of the day and ground and air 

speed showed a general increase throughout the day with a small 
decrease at sunset (Figure 3).

For the analysis of landscape effects, a total of 707 one‐hour 
segments (n = 299, 408 for Desert and Nile, respectively) of 119 
daily migration flights from 19 pelicans were used. Of the nine 
pelicans with <30  min interval GPS data throughout migration, 
54  ±  9.3% of the segments were over the Nile River. No differ-
ence was found in TKE, tail or crosswind between the landscapes 
(Table 1). The effects of landscape and atmospheric conditions on 
ground and air speed, altitude and flap rate had 2, 2, 3 and 2 models 
with ∆AICc < 2, respectively (Appendix Table S1). Model averaging 
of these models shows that flying along the Nile River had a signif-
icant negative effect on flap rate and a significant positive effect 
on all other flight characteristics (Table 2). Crosswind had a signifi-
cant positive effect on flap rate and ground and air speed; tailwind 
had a significant positive effect on ground speed and altitude had a 
significant negative effect on air speed and flap rate; TKE had a sig-
nificant positive effect on altitude and a significant negative effect 
on flap rate (Table 2). The interaction between flying along the Nile 
River and crosswind had a significant negative effect on flap rate 
and ground and air speed; the interaction between flying along the 
Nile River and tailwind had a significant positive effect on flap rate; 
the interaction between flying along the Nile River and TKE had a 
significant negative effect on altitude (Table 2, Figure 4).

4  | DISCUSSION

Migrating Great White Pelicans exhibited both time‐ and energy‐
optimization strategies when crossing the Sahara Desert in a flex-
ible, yet asymmetric, time‐dominated manner. This is reflected 
first by their tendency to follow the Nile River Corridor only along 
its north–south sections, while avoiding migration along the Nile 
in its two large bends to the west (Figure 1). In these sections, 

F I G U R E  2  Number of flight days needed to cross the Sahara 
Desert for simulated pelicans taking a direct‐ or corridor‐pass route, 
and for GPS‐tracked pelicans denoted as ‘observed’ (see Figure 1 
for routes)
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Route
Direct−pass
Observed
Corridor−pass

Variable Nile Desert t wald p df

Turbulent kinetic energy (m/s2) 1.19 1.34 −1.27 .205 703

Tailwind (m/s) 2.69 2.88 −0.66 .507 694

Crosswind (m/s) 3.22 2.95 1.7 .09 703

Flight hours (hr) 6.64 7.14 −1.45 .148 103

Take‐off time (hr after 
sunrise)

3.26 3.30 −0.16 .870 103

Landing time (hr before 
sunset)

1.19 0.570 2.55 .011*  103

Without flights that ended at the Gulf of Suez

Flight hours (hr) 6.64 7.40 −2.09 .036*  91

Take‐off time (hr after 
sunrise)

3.32 3.26 −0.03 .976 91

Landing time (hr before 
sunset)

1.19 0.37 3.36 <.001*  91

*Significantly different. 

TA B L E  1  Comparisons of mean 
atmospheric conditions (hourly segments) 
and daily flight characteristics between 
Desert and Nile flights



2166  |    Functional Ecology EFRAT et al.

the pelicans departed from the Nile Corridor and took a shortcut 
of 300–400  km across the desert. This is also reflected by the 
comparison of their observed versus simulated migration routes 
across the Sahara Desert: observed migration duration and route 
length were nearly the same as the simulated direct‐pass route 
that represent time optimization, but 3.5 days and 830 km shorter 
(~70%) than the simulated corridor‐pass route along the Nile River 
that represent energy optimization. Furthermore, their response 
to atmospheric conditions in these two landscape types suggests 
time‐ and energy‐optimization, respectively, despite similarity in 
atmospheric conditions in these two contrasting landscapes. This 
implies that Great White Pelicans migrating 1,744 km to cross the 

Sahara Desert act primarily as time optimizers, switching to en-
ergy optimization only when this strategy does not compromise 
time optimization in a substantial manner. This finding negates our 
hypothesized energy‐optimized migration, excepted for the heavi-
est long‐distance avian migrant of the Western Palearctic which is 
also an obligatory wet‐habitat specialist.

This flexible yet time‐dominated migration optimization strategy 
is manifested in a more in‐depth exploration of their chosen route. 
The pelicans optimized time by making two key decisions while 
crossing the Sahara Desert: (a) to cross the Gulf of Suez and to con-
tinue SSW to the Nile, and (b) to make a shortcut across the des-
ert (rather than follow the Nile's western bend) in northern Sudan. 

F I G U R E  3  Hourly mean values of different flight characteristics (left) and atmospheric conditions (right). Error bars represent ± standard 
error

  LS CW TW TKE LS:CW LS:TW LS:TKE

Ground speed 2.64**
+

3.7***
+

14***
+

NA 2.69**
−

0.63
−

NA

Air speed 2.76**
+

12.4***
+

8.44***
−

NA 2.63**
−

0.324
−

NA

Altitude 3.53***
+

0.901
+

2.33*
+

4.67***
+

NA 1.75
−

3.47***
−

Flap rate 3.56***
−

5***
+

7.63***
−

2.54*
−

2.88**
−

4.91***
+

1.39
−

Note: For every predictor, the Z wald is given and p values are denoted as: *.01 < p < .05, 
**.001 < p < .01, ***p < .001. A+ or − symbol represents whether the predictor's effect was positive 
or negative; for the landscape (LS) effect, the symbol indicates whether the flight characteristic 
increased (+) or decreased (−) while migrating over the Nile River compared to the desert. NA 
indicates that the predictor was not present in any of the best models (Appendix S1). Abbreviations 
for predictors: LS, landscape, CW, crosswind, TW, tailwind, TKE, turbulence kinetic energy. 
Interactions are marked with a colon (‘:’).

TA B L E  2  Effects of atmospheric 
conditions and landscape on flight 
characteristics
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Considering the average daily travel distance, crossing the Gulf of 
Suez shortened migration by 220  km compared to the simulated 
‘corridor‐pass’ route, hence saved one migratory day. Similarly, by 
crossing the desert later in northern Sudan, the pelicans migrated 
500  km and 2  days less than the simulated ‘corridor‐pass’ birds. 
Remarkably, their 858 km southward migration along the Nile, com-
prising nearly half (48%) of the total cross‐Sahara migration journey, 
resulted in extending the total route length by only 29  km (1.6%) 
and migration duration by only a few hours compared to the sim-
ulated direct‐pass pelicans, predicted to migrate only 60 km (3% of 
the total route) over the Nile. Similarly, while flying along the Nile 
River, pelicans' daily flights were shorter and they spent less energy 
during these days, but their ground and air speeds were higher than 

over the desert, resulting in no significant time loss. The total route 
length, flight speed and flight energetics indicate that the pelicans 
switched to energy optimization over the Nile River without com-
promising time optimization. The pelicans also switched to energy 
optimization upon arrival to the Gulf of Suez, delaying their migra-
tion on this occasion, but only by a few hours. Although the Gulf of 
Suez is <30 km wide at the crossing location, the pelicans' decision 
not to cross it is probably because thermals are weak over water 
(Pennycuick, 2008), thus they avoided expending extra energy by 
delaying their migration.

The finding that over the desert daily migration flights lasted lon-
ger (excluding flight days that ended at the Gulf of Suez) and ended 
closer to sunset compared to flights over the Nile River cannot be 

F I G U R E  4  Effects of atmospheric 
conditions on flight characteristics, 
categorized by the effect over the desert 
and the effect along the Nile River, as 
calculated by the mixed effects models 
(Table 2)
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explained by differences in atmospheric conditions (Table 1). While 
flying for more hours per day could shorten the total number of mi-
gration days, thermal (TKE) and wind conditions are less suitable for 
soaring–gliding flight closer to sunset (Figure 3), thus landing closer 
to sunset entails higher energy expenditure due to elevated flapping 
rate. This strategy is predicted (and was documented) for smaller 
soaring birds when food is not available at the next stopover (Stark 
& Liechti, 1993; Vansteelant et al., 2015). However, this is not ex-
pected for large soaring birds such as pelicans, due to higher ener-
getic costs of switching from soaring to flapping flight (Hedenström, 
1993). Interestingly, take‐off time did not differ between landscapes, 
perhaps because taking‐off entails high‐energy expenditure, espe-
cially for large birds, thus pelicans took‐off only when atmospheric 
conditions were sufficiently suitable for soaring flight. At the end of 
the day, migrating pelicans are already airborne, and hence can soar 
and glide as long as thermals are still available (Pennycuick, 2008). 
Such prolonged flights imply that pelicans compromise energy opti-
mization while acting as time optimizers over the desert.

Although flapping flight is energetically expensive, especially for 
large species (Hedenström, 1993; Rayner, 1988; Spaar, 1997), birds 
tend to increase their flap rate in less suitable atmospheric conditions 
to reduce drift (Panuccio et al., 2010; Vansteelant et al., 2015) or to 
increase speed (Rotics et al., 2016; Spaar, 1997). Furthermore, drift in-
duced by crosswinds can also be reduced by flying faster (Harel et al., 
2016; Sapir, Horvitz, Dechmann, Fahr, & Wikelski, 2014) at the cost 
of increased energy expenditure (Liechti, 2006; Pennycuick, 2008). 
Accordingly, we found that pelicans increased their flap rate with 
stronger crosswinds, weaker tailwinds and weaker thermals (TKE). 
However, the wind‐induced increase in flap rate only occurred over 
the desert and not along the Nile River, indicating that the pelicans in-
creased their effort to fly faster and to avoid wind drift only over the 
desert. Air speed also increased with stronger crosswinds over both 
landscapes, but only over the desert did this lead to higher ground 
speed, while along the Nile River, ground speed remained constant. 
The differences in the pelicans' adjustments to changing atmospheric 
conditions between the landscapes further suggest that they act as 
time minimizers that (strongly) compromise energy optimization over 
the desert, while acting as energy optimizers without substantially 
compromising time optimization over the Nile River Corridor.

Increase in flight altitude is expected to allow birds to fly faster, 
either because winds are stronger at higher altitudes in case of tail-
winds (Liechti, 2006) or because it allows soaring birds to glide at a 
steeper angle (hence faster) with a lower risk of reaching the ground 
compared to gliding from a lower altitude (Horvitz et al., 2014). 
However, due to their high wing loading, pelicans can utilize only 
relatively strong thermals (Pennycuick, 2008; Shamoun‐Baranes, 
Leshem, Yom‐Tov, & Liechti, 2003). Soaring birds likely engage in a 
rather complex decision‐making process regarding the altitude at 
which they should depart from a thermal (Harel & Nathan, 2018), yet 
such analysis was not possible in the current study due to the lack of 
sufficiently long high‐resolution GPS tracks. Nevertheless, we found 
that thermal strength (estimated by TKE) is positively correlated with 
flight altitude over the desert, but not along the Nile River where 

the pelicans kept an almost constant altitude and seemed to refrain 
from taking advantage of stronger thermals to fly faster. This further 
implies a time minimization strategy over the desert at the cost of 
higher energy expenditure, while over the Nile River the pelicans 
compensated not utilizing the thermals by flying faster.

An important limitation of this study is the lack of consideration of 
the social behaviour typical of the study species. Great White Pelicans 
exhibit a strong tendency to remain in social groups during all stages 
of their life cycle and especially during migratory flights (Elliot et al., 
2017; Hatzilacou, 1996). Group feeding can increase energy intake 
(and shorten feeding time) by effective social feeding (Clark & Mangel, 
1986), and group formation flight can reduce energy expenditure, as 
evident by a 11%–14.5% reduction in heart rate found for Great White 
Pelicans flying in formation compared to flying alone (Bajec & Heppner, 
2009; Weimerskirch, Martin, Clerquin, Alexandre, & Jiraskova, 2001). 
Currently, with a few exceptions of studies of trained groups of birds 
(Portugal et al., 2014; Weimerskirch et al., 2001), such social effects 
are practically impossible to disentangle in studies of migrating birds. 
In our study, we documented only two occasions in which two tracked 
birds flew in the same flock and only for 2 or 3 days. In another study 
on white storks, a six‐fold larger tagging effort also yielded relatively 
few cases of tagged birds flying in the same flock (Rotics et al., 2016). 
This implies that a very intensive (hence impractical) tagging effort 
would be required to reveal social interactions among GPS‐tracked 
wild birds in most species (but see Dhanjal‐Adams et al., 2018). We 
also note that our findings do not necessarily reflect the behaviour 
of pelicans during spring migration or during other periods of the an-
nual cycle as energy and time optimizations can greatly vary across 
seasons and in different contexts (Harel et al., 2016; Mellone et al., 
2014; Zhao et al., 2017). Future studies should also tackle the prop-
osition that time and energy considerations can be moulded through 
carry‐over effects between different parts of the annual cycle (Marra, 
Cohen, Loss, Rutter, & Tonra, 2015).

The finding that pelicans exhibit different behaviours over dif-
ferent parts of the migration route corresponds to previous results 
from other soaring birds (Klaassen, Strandberg, Hake, & Alerstam, 
2008; Mellone et al., 2014; Vansteelant et al., 2015). Furthermore, 
our findings on the decisive role of atmospheric conditions in shap-
ing flight characteristics of migrating birds are in general agreement 
with previous studies of other soaring birds, including other pelican 
species (Efrat, Harel, Alexandrou, Catsadorakis, & Nathan, 2018; 
Gutierrez Illan, Wang, Cunningham, & King, 2017). However, our re-
sults show how the interaction between landscape and atmospheric 
conditions modulates migratory optimization considerations, sug-
gesting that the landscape over which birds migrate can affect their 
migratory behaviour and response to atmospheric conditions, even 
without landscape‐induced changes in the atmospheric conditions. 
Shmueli et al. (2000) estimated that upon departure from Israel, mi-
grating Great White Pelicans can cover 1,051–1,620 km in 4.8 days, 
according to fat stores found in pelicans' stomachs during autumn mi-
gration stopover in Israel. This 1,051–1,620 km range was calculated 
for alternative mean daily migration distances of 219 or 338 km/day, 
the former lies much closer to our data (228 km/day). Shmueli et al. 
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assumed that migrating pelicans take the shortest route – equivalent 
to our simulated direct‐pass route – to their wintering grounds at the 
Sudd swamps of southern Sudan, without feeding along the way in 
the Nile River or elsewhere and without making longer than overnight 
stops. They noted that although their estimated migration range falls 
short of the Sudd area, pelicans that overwintered in Israel had a much 
higher fat load than those that migrated to Africa, and with such a 
higher fat store they could have migrated 1,600–2,464 km to reach 
the vicinity of the Sudd area within 7.3 days. Our study shows that 
all pelicans reached the Nile River long before they reached the Sudd 
area, after flying 719 km for 3.33 days on average. This implies that 
the lower bound (1,051–1,620 km) of Shmueli's et al. estimate better 
reflects the energy constraints of migrating pelicans, suggesting that 
these birds are forced to refuel at the Nile River to accomplish their 
cross‐Sahara migration. Indeed, some pelicans stopped‐over for up to 
58 consecutive days on the Nile River, hence feeding there must be 
possible, at least at some points on their route.

Overall, our study reveals that Great White Pelicans crossing the 
Sahara Desert engage in both time and energy optimization, as long as 
the former is not compromised by the latter in a substantial manner, 
suggesting that time optimization plays a primary role. This conclusion 
contradicts the predicted energy optimization for such large, wetland 
specialist species. Importantly, our study divulged frequent shifts 
among opposing landscape‐specific migration strategies, reflecting 
a plastic response to atmospheric conditions. We thus suggest that 
migratory optimization strategies are affected not only by the species 
characteristics and environmental conditions, but also by the land-
scape over which the species migrates. We call for further integration 
of movement data and environmental modelling to further improve 
our understanding of the mechanisms underlying the response of ani-
mals to their environments across multiple spatial and temporal scales.

ACKNOWLEDG EMENTS

We thank the Israeli Nature and Park Authority and its employees 
for their help in field work and for sharing their knowledge, especially 
to Ygal Miller, Yifat Artzi, Assaf Kaplan and Avishai Baron. We are 
grateful for Luca Maritan and Marry Megalli for retrieving a tag from 
a dead pelican in a remote area. Special thanks to the Movement 
Ecology Laboratory members and especially to Roi Harel and Shay 
Rotics for their help in data analyses, to Nir Horvitz for his help with 
the atmospheric model and to Sondra Turjeman with manuscript 
revision. We thank two anonymous reviewers and the editors of 
Functional Ecology for their constructive feedback. We would also 
like to acknowledge the Adelina and Massimo Della Pergola Chair 
of Life Sciences, the Minerva Center for Movement Ecology, the 
German‐Israeli Foundation for Scientific Research and Development 
(GIF 999‐66.8/2008), the German‐Israeli Project Cooperation 
(DIP NA 846/1‐1) and the United‐States‐Israel Binational Science 
Foundation (BSF 255/2008) and the Foundation Segré for their 
generous support. Finally, we would like to dedicate this paper to 
Shmulik Landau who passed away too young. His help in this re-
search is a constant reminder of his love and dedication to wildlife. 

Research permits were obtained from the Israel Nature and Parks 
Authority (Ref. No.: 2012/002495, 2014/002495, 2015/002495).

AUTHORS'  CONTRIBUTIONS

R.E., O.H. and R.N. conceived the ideas and designed methodology; 
R.E. and O.H. collected the data and R.E. analysed the data; R.E. and 
R.N. led the writing of the manuscript; All authors contributed criti-
cally to the drafts and gave final approval for publication.

DATA AVAIL ABILIT Y S TATEMENT

The data used in this study are stored in Movebank Data Repository 
https​://doi.org/10.5441/001/1.hs79pk45 (Efrat, Hatzofe, & Nathan, 
2019).

ORCID

Ron Efrat   https://orcid.org/0000-0002-6129-0596 

R E FE R E N C E S

Alerstam, T. (2001). Detours in bird migration. Journal of Theoretical 
Biology, 209(3), 319–331. https​://doi.org/10.1006/jtbi.2001.2266

Alerstam, T. (2011). Optimal bird migration revisited. Journal of Ornithology, 
152(1 SUPPL), 5–23. https​://doi.org/10.1007/s10336-011-0694-1

Alerstam, T., Hedenström, A., & Akesson, S. (2003). Long‐distance migra-
tion: Evolution and determinants. Oikos, 103(2), 247–260. https​://doi.
org/10.1034/j.1600-0706.2003.12559.x

Alerstam, T., & Lindström, Å. (1990). Optimal bird migration: The relative 
importance of time, energy and safety. In E. Gwinner (Ed.), Bird migra‐
tion (pp. 331–351). Berlin, Heidelberg: Springer.

Anderson, D. R. (Ed.) (2008). Model based inference in the life sciences: A 
primer on evidence. New York, NY: Springer.

Bajec, I. L., & Heppner, F. H. (2009). Organized flight in birds. Animal Behaviour, 
78(4), 777–789. https​://doi.org/10.1016/j.anbeh​av.2009.07.007

Barton, K. (2012). MuMIn: Multi‐model inference. Retrieved from http://
cran.r-proje​ct.org/packa​ge=MuMIn​

Bauer, S., & Hoye, B. J. (2014). Migratory animals couple biodiversity and 
ecosystem functioning worldwide. Science, 344, 1242552. https​://
doi.org/10.1126/scien​ce.1242552

Burnham, K. P., & Anderson, D. R. (Eds.) (2002). Model selection and infer‐
ence: A practical information theoretic approach (2nd ed.). New York, 
NY: Springer‐Verlag.

Clark, W., & Mangel, M. (1986). The evolutionary advantages of group 
foraging. Theoretical Population Biology, 30, 45–75. https​://doi.
org/10.1016/0040-5809(86)90024-9

Dhanjal‐Adams, K. L., Bauer, S., Emmenegger, T., Hahn, S., Lisovski, S., & 
Liechti, F. (2018). Spatiotemporal group dynamics in a long‐distance 
migratory bird. Current Biology, 28(17), 2824–2830.e3. https​://doi.
org/10.1016/j.cub.2018.06.054

Efrat, R., Harel, R., Alexandrou, O., Catsadorakis, G., & Nathan, R. (2018). 
Seasonal differences in energy expenditure, flight characteristics and 
spatial utilization of Dalmatian Pelicans Pelecanus crispus in Greece. 
Ibis, 161, 415–427. https​://doi.org/10.1111/ibi.12628​

Efrat, R., Hatzofe, O., & Nathan, R. (2019). Data from: Landscape‐depen-
dent time versus energy optimisations in pelicans migrating through 
a large ecological barrier. Movebank Data Respiratory, https​://doi.
org/10.5441/001/1.hs79pk45

https://doi.org/10.5441/001/1.hs79pk45
https://orcid.org/0000-0002-6129-0596
https://orcid.org/0000-0002-6129-0596
https://doi.org/10.1006/jtbi.2001.2266
https://doi.org/10.1007/s10336-011-0694-1
https://doi.org/10.1034/j.1600-0706.2003.12559.x
https://doi.org/10.1034/j.1600-0706.2003.12559.x
https://doi.org/10.1016/j.anbehav.2009.07.007
http://cran.r-project.org/package=MuMIn
http://cran.r-project.org/package=MuMIn
https://doi.org/10.1126/science.1242552
https://doi.org/10.1126/science.1242552
https://doi.org/10.1016/0040-5809(86)90024-9
https://doi.org/10.1016/0040-5809(86)90024-9
https://doi.org/10.1016/j.cub.2018.06.054
https://doi.org/10.1016/j.cub.2018.06.054
https://doi.org/10.1111/ibi.12628
https://doi.org/10.5441/001/1.hs79pk45
https://doi.org/10.5441/001/1.hs79pk45


2170  |    Functional Ecology EFRAT et al.

Elliot, A., Christie, D. A., Jutglar, F., Garcia, E. F. J., & Kirwan, G. M. (2017). 
Great white pelican (Pelecanus onocrotalus). In J. del Hoyo, A. Elliot, 
J. Sargatal, D. A. Christie, & E. de Juana (Eds.). Handbook of the birds 
of the world alive. Barcelona: Lynx Edicions. Retrieved from https​://
www.hbw.com/node/52610​

Erni, B., Liechti, F., & Bruderer, B. (2005). The role of wind in passerine 
autumn migration between Europe and Africa. Behavioral Ecology, 
16(4), 732–740. https​://doi.org/10.1093/behec​o/ari046

Gill, R. E., Tibbitts, T. L., Douglas, D. C., Handel, C. M., Mulcahy, D. M., 
Gottschalck, J. C., … Piersma, T. (2009). Extreme endurance flights 
by landbirds crossing the Pacific Ocean: Ecological corridor rather 
than barrier? Proceedings of the Royal Society B: Biological Sciences, 
276(1656), 447–457. https​://doi.org/10.1098/rspb.2008.1142

Gutierrez Illan, J., Wang, G., Cunningham, F. L., & King, D. T. (2017). 
Seasonal effects of wind conditions on migration patterns of soar-
ing American white pelican. PLoS ONE, 12(10), 1–15. https​://doi.
org/10.1371/journ​al.pone.0186948

Harel, R., Duriez, O., Spiegel, O., Fluhr, J., Horvitz, N., Getz, W. M., … 
Nathan, R. (2016). Decision‐making by a soaring bird: Time, en-
ergy and risk considerations at different spatio‐temporal scales. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
371(1704), 20150397. https​://doi.org/10.1098/rstb.2015.0397

Harel, R., & Nathan, R. (2018). The characteristic time scale of perceived 
information for decision‐making: Departure from thermal columns 
in soaring birds. Functional Ecology, 32(8), 2065–2072. https​://doi.
org/10.1111/1365-2435.13136​

Hatzilacou, D. (1996). Feeding ecology of the Great White Pelican 
(Pelecanus onocrotalus) nesting at Lake Mikri Prespa (northwestern 
Greece). Colonial Waterbirds, 19(1996), 190–206.

Hedenström, A. (1993). Migration by soaring or flapping flight in birds: 
The relative importance of energy cost and speed. Philosophical 
Transactions of the Royal Society of London. Series B, 342, 353–361.

Horvitz, N., Sapir, N., Liechti, F., Avissar, R., Mahrer, I., & Nathan, R. (2014). 
The gliding speed of migrating birds: Slow and safe or fast and risky? 
Ecology Letters, 17(6), 670–679. https​://doi.org/10.1111/ele.12268​

Klaassen, R. H. G., Alerstam, T., Carlsson, P., Fox, J. W., & Lindström, Å. 
(2011). Great flights by great snipes: Long and fast non‐stop migra-
tion over benign habitats. Biology Letters, 7(6), 833–835. https​://doi.
org/10.1098/rsbl.2011.0343

Klaassen, R. H. G., Strandberg, R., Hake, M., & Alerstam, T. (2008). 
Flexibility in daily travel routines causes regional variation in bird mi-
gration speed. Behavioral Ecology and Sociobiology, 62(9), 1427–1432. 
https​://doi.org/10.1007/s00265-008-0572-x

Liechti, F. (1995). Modelling optimal heading and airspeed of migrating 
birds in relation to energy expenditure and wind influence. Journal of 
Avian Biology, 26, 330–336. https​://doi.org/10.2307/3677049

Liechti, F. (2006). Birds: Blowin' by the wind? Journal of Ornithology, 147, 
202–211. https​://doi.org/10.1007/s10336-006-0061-9

Liechti, F., Hedenström, A., & Alerstam, T. (1994). Effects of sidewinds on 
optimal flight speed of birds. Journal of Avian Biology, 170, 219–225.

Marra, P. P., Cohen, E. B., Loss, S. R., Rutter, J. E., & Tonra, C. M. (2015). 
A call for full annual cycle research in animal ecology. Biology Letters, 
11(8), 20150552. https​://doi.org/10.1098/rsbl.2015.0552

Mellone, U., De La Puente, J., López‐López, P., Limiñana, R., Bermejo, 
A., & Urios, V. (2014). Seasonal differences in migration patterns of 
a soaring bird in relation to environmental conditions: A multi‐scale 
approach. Behavioral Ecology and Sociobiology, 69(1), 75–82. https​://
doi.org/10.1007/s00265-014-1818-4

Moreau, R. E. (Ed.) (1972). The Palearctic‐African bird migration system. 
London, UK: Academic Press.

Nathan, R., Spiegel, O., Fortmann‐Roe, S., Harel, R., Wikelski, M., & Getz, 
W. M. (2012). Using tri‐axial acceleration data to identify behavioral 
modes of free‐ranging animals: General concepts and tools illus-
trated for griffon vultures. Journal of Experimental Biology, 215(6), 
986–996. https​://doi.org/10.1242/jeb.058602

Newton, I. (2008). The migration ecology of birds. London, UK: Elsevier.
Norberg, U. M. (1996). Energetics of flight. In C. Carey (Ed.), Avian ener‐

getics and nutritional ecology (pp. 199–249). New York, NY: Chapman 
and Hall. https​://doi.org/10.1007/978-1-4613-0425-8_7

Panuccio, M., Agostini, N., Lucia, G., Mellone, U., Wilson, S., Ashton‐
Booth, J., … Todisco, S. (2010). Local weather conditions affect mi-
gration strategies of adult Western Honey Buzzards pernis apivorus 
through an isthmus area. Zoological Studies, 49(5), 651–656.

Pennycuick, C. (2008). Modelling the flying bird. London, UK: Academic 
Press, Elsevier.

Portugal, S. J., Hubel, T. Y., Fritz, J., Heese, S., Trobe, D., Voelkl, B., … 
Usherwood, J. R. (2014). Upwash exploitation and downwash avoid-
ance by flap phasing in ibis formation flight. Nature, 505(7483), 399–
402. https​://doi.org/10.1038/natur​e12939

Rayner, J. M. V. (1988). Form and function in avian flight. In R. F. Johnston 
(Ed.), Current ornithology (pp. 1–66). Boston, MA: Springer. https​://
doi.org/10.1007/978-1-4615-6787-5_1

Resheff, Y. S., Rotics, S., Harel, R., Spiegel, O., & Nathan, R. (2014). 
AcceleRater: A web application for supervised learning of behavioral 
modes from acceleration measurements. Movement Ecology, 2, 27. 
https​://doi.org/10.1186/s40462-014-0027-0

Rotics, S., Kaatz, M., Resheff, Y. S., Turjeman, S. F., Zurell, D., Sapir, N., … 
Nathan, R. (2016). The challenges of the first migration: Movement 
and behaviour of juvenile vs. adult white storks with insights regard-
ing juvenile mortality. Journal of Animal Ecology, 85(4), 938–947. https​
://doi.org/10.1111/1365-2656.12525​

Rotics, S., Kaatz, M., Turjeman, S., Zurell, D., Wikelski, M., Sapir, N., … 
Nathan, R. (2018). Early arrival at breeding grounds: Causes, costs 
and a trade‐off with overwintering latitude. Journal of Animal Ecology, 
87(6), 1627–1638. https​://doi.org/10.1111/1365-2656.12898​

Sapir, N., Horvitz, N., Dechmann, D. K. N., Fahr, J., & Wikelski, M. (2014). 
Commuting fruit bats beneficially modulate their flight in relation to 
wind. Proceedings of the Royal Society B: Biological Sciences, 281(1782), 
20140018–20140018. https​://doi.org/10.1098/rspb.2014.0018

Sapir, N., Wikelski, M., Mccue, M. D., Pinshow, B., & Nathan, R. (2010). 
Flight modes in migrating European bee‐eaters: Heart rate may indi-
cate low metabolic rate during soaring and gliding. PLoS ONE, 5(11), 
1–13. https​://doi.org/10.1371/journ​al.pone.0013956

Schmaljohann, H., Liechti, F., & Bruderer, B. (2007). Songbird migration 
across the Sahara: The non‐stop hypothesis rejected!. Proceedings of 
the Royal Society B: Biological Sciences, 274(1610), 735–739. https​://
doi.org/10.1098/rspb.2006.0011

Shamoun‐Baranes, J., Leshem, Y., Yom‐Tov, Y., & Liechti, O. (2003). 
Differential use of thermal convection by soaring birds over central 
Israel. Condor, 105(May), 208–218. https​://doi.org/10.1650/0010-
5422(2003)105[0208:DUOTC​B]2.0.CO;2

Shaw, A. K., & Couzin, I. D. (2013). Migration or residency? The evolu-
tion of movement behavior and information usage in seasonal en-
vironments. The American Naturalist, 181(1), 114–124. https​://doi.
org/10.1086/668600

Shepard, E. L. C., Wilson, R. P., Rees, W. G., Grundy, E., Lambertucci, 
A., Vosper, S. B., … Vosper, S. B. (2013). Energy landscapes shape 
animal movement ecology. The American Naturalist, 182(3), 298–312.  
https​://doi.org/10.1086/671257

Shirihai, H., Dovrat, E., Christie, D. A., & Harris, A. (1996). The birds of 
Israel. London, UK: Academic Press.

Shmueli, M., Izhaki, I., Arieli, A., & Arad, Z. (2000). Energy requirements 
of migrating Great White Pelicans Pelecanus onocrotalus. Ibis, 142, 
208–216. https​://doi.org/10.1111/j.1474-919X.2000.tb048​60.x

Spaar, R. (1997). Flight strategies of migrating raptors: A comparative 
study of interspecific variation in flight characteristics. Ibis, 139(3), 
523–535. https​://doi.org/10.1111/j.1474-919X.1997.tb046​69.x

Stark, H., & Liechti, F. (1993). Do levant Sparrowhawks Accipiter brevipes 
also migrate at night? Ibis, 135(3), 233–236. https​://doi.org/10.1111/
j.1474-919X.1993.tb028​39.x

http://www.hbw.com/node/52610
http://www.hbw.com/node/52610
https://doi.org/10.1093/beheco/ari046
https://doi.org/10.1098/rspb.2008.1142
https://doi.org/10.1371/journal.pone.0186948
https://doi.org/10.1371/journal.pone.0186948
https://doi.org/10.1098/rstb.2015.0397
https://doi.org/10.1111/1365-2435.13136
https://doi.org/10.1111/1365-2435.13136
https://doi.org/10.1111/ele.12268
https://doi.org/10.1098/rsbl.2011.0343
https://doi.org/10.1098/rsbl.2011.0343
https://doi.org/10.1007/s00265-008-0572-x
https://doi.org/10.2307/3677049
https://doi.org/10.1007/s10336-006-0061-9
https://doi.org/10.1098/rsbl.2015.0552
https://doi.org/10.1007/s00265-014-1818-4
https://doi.org/10.1007/s00265-014-1818-4
https://doi.org/10.1242/jeb.058602
https://doi.org/10.1007/978-1-4613-0425-8_7
https://doi.org/10.1038/nature12939
https://doi.org/10.1007/978-1-4615-6787-5_1
https://doi.org/10.1007/978-1-4615-6787-5_1
https://doi.org/10.1186/s40462-014-0027-0
https://doi.org/10.1111/1365-2656.12525
https://doi.org/10.1111/1365-2656.12525
https://doi.org/10.1111/1365-2656.12898
https://doi.org/10.1098/rspb.2014.0018
https://doi.org/10.1371/journal.pone.0013956
https://doi.org/10.1098/rspb.2006.0011
https://doi.org/10.1098/rspb.2006.0011
https://doi.org/10.1650/0010-5422(2003)105%5B0208:DUOTCB%5D2.0.CO;2
https://doi.org/10.1650/0010-5422(2003)105%5B0208:DUOTCB%5D2.0.CO;2
https://doi.org/10.1086/668600
https://doi.org/10.1086/668600
https://doi.org/10.1086/671257
https://doi.org/10.1111/j.1474-919X.2000.tb04860.x
https://doi.org/10.1111/j.1474-919X.1997.tb04669.x
https://doi.org/10.1111/j.1474-919X.1993.tb02839.x
https://doi.org/10.1111/j.1474-919X.1993.tb02839.x


     |  2171Functional EcologyEFRAT et al.

Strandberg, R., Klaassen, R. H. G., Hake, M., & Alerstam, T. (2010). 
How hazardous is the Sahara Desert crossing for migratory birds? 
Indications from satellite tracking of raptors. Biology Letters, 6(3), 
297–300. https​://doi.org/10.1098/rsbl.2009.0785

Vansteelant, W. M. G., Bouten, W., Klaassen, R. H. G., Koks, B. J., Schlaich, 
A. E., van Diermen, J., … Shamoun‐Baranes, J. (2015). Regional and 
seasonal flight speeds of soaring migrants and the role of weather 
conditions at hourly and daily scales. Journal of Avian Biology, 46(1), 
25–39. https​://doi.org/10.1111/jav.00457​

Videler, J. J. (2006). Bird flight modes. In J. J. Videler (Ed.), Avian flight (pp. 
118–155). Oxford, UK: Oxford University Press.

Weber, T. P., Fransson, T., & Houston, A. I. (1999). Should I stay or should 
I go? Testing optimality models of stopover decisions in migrating 
birds. Behavioral Ecology and Sociobiology, 46(4), 280–286. https​://
doi.org/10.1007/s0026​50050621

Weber, T. P., & Hedenström, A. (2000). Optimal stopover decisions 
under wind influence: The effects of correlated winds. Journal 
of Theoretical Biology, 205(1), 95–104. https​://doi.org/10.1006/
jtbi.2000.2047

Weimerskirch, H., Martin, J., Clerquin, Y., Alexandre, P., & Jiraskova, S. 
(2001). Energy saving in flight formation. Nature, 413(6857), 697–
698. https​://doi.org/10.1038/35099670

Zhao, M., Christie, M., Coleman, J., Hassell, C., Gosbell, K., Lisovski, S., 
… Klaassen, M. (2017). Time versus energy minimization migration 
strategy varies with body size and season in long‐distance migratory 
shorebirds. Movement Ecology, 5(1), 1–12. https​://doi.org/10.1186/
s40462-017-0114-0

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

How to cite this article: Efrat R, Hatzofe O, Nathan R. 
Landscape‐dependent time versus energy optimizations in 
pelicans migrating through a large ecological barrier. Funct Ecol. 
2019;33:2161–2171. https​://doi.org/10.1111/1365-
2435.13426​

https://doi.org/10.1098/rsbl.2009.0785
https://doi.org/10.1111/jav.00457
https://doi.org/10.1007/s002650050621
https://doi.org/10.1007/s002650050621
https://doi.org/10.1006/jtbi.2000.2047
https://doi.org/10.1006/jtbi.2000.2047
https://doi.org/10.1038/35099670
https://doi.org/10.1186/s40462-017-0114-0
https://doi.org/10.1186/s40462-017-0114-0
https://doi.org/10.1111/1365-2435.13426
https://doi.org/10.1111/1365-2435.13426

