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Stopping-over is critical for migrating birds. Yet, our knowledge of bird stopover
distributions and their mechanisms near wide ecological barriers is limited. Using low
elevation scans of three weather radars covering 81,343 km2, we quantified large-
scale bird departure patterns during spring and autumn (2014–2018) in between
two major ecological barriers, the Sahara Desert and Mediterranean Sea. Boosted
Regression Tree models revealed that bird distributions differed between the seasons,
with higher densities in the desert and its edge, as well as inland from the sea, during
spring and a predominantly coastal distribution in the autumn. Bird distributions were
primarily associated with broad-scale geographic and anthropogenic factors rather than
individual fine-scale habitat types. Notably, artificial light at night strongly correlated with
high densities of migrants, especially in the autumn. Autumn migrants also selected sites
located close to water sources. Our findings substantially advance the understanding
of bird migration ecology near ecological barriers and facilitate informed conservation
efforts in a highly populated region by identifying a few high-priority stopover areas of
migrating birds.

Keywords: biodiversity monitoring, bird conservation, East-Mediterranean flyway, light pollution, Palearctic-
Afrotropical migratory birds, radar ornithology, stopover ecology, weather radars

INTRODUCTION

Migratory birds have been found to steeply decline in recent decades (Berthold et al., 1998; Sokolov
et al., 2001; Sanderson et al., 2006; Rosenberg et al., 2019). Research and conservation efforts have
mostly focused on protecting breeding habitats or wintering grounds and only rarely on stopover
habitats used by birds during migration (Hutto, 2000; Marra et al., 2015; Becciu et al., 2019)
although migration is the period when the risk of mortality is the highest (Sillett and Holmes,
2002; Newton, 2006). Since most of the migration time is spent on refueling and resting rather
than in active migratory flight (Alerstam, 2003; Wikelski et al., 2003), the ability of the birds to
accomplish the journey, as well as their survival and breeding output following migration, depend
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on the availability and the quality of stopover sites (Moore et al.,
1995; Calvert et al., 2009; McGowan et al., 2011).

Stopover areas adjacent to ecological barriers are critically
important for the migrants that have just completed or are
preparing for a cross-barrier flight (Petit, 2000). These areas
are usually characterized by high densities of migrants that
may compete for limited resources (Moore and Yong, 1991;
Petit, 2000). Most of the birds that migrate between Europe
and sub-Saharan Africa face two wide ecological barriers: the
Mediterranean Sea (about 550 km wide, but its width varies
substantially between different areas) and the Saharo-Arabian
desert belt (about 2000 km wide) which they need to cross or
detour twice a year. Israel is located at the edges of these two
barriers. The Negev Desert in the south of Israel is located
at the northern part of the Saharo-Arabian desert belt and an
approximately 200 km long north-south coastline in the west
of the country borders the eastern part of the Mediterranean
Sea. Although bird migration occurs across the whole width
of the Mediterranean Sea, densities are highest at its western
and eastern edges, where sea-crossing is short or avoided
through flight over land bridges (Bruderer and Liechti, 1999;
Newton, 2008), resulting in high densities and diversity of birds
migrating throughout Israel (Shirihai, 1996). Understanding how
birds negotiate these ecological barriers is important for our
understanding of migration biology and for the conservation of
stopover sites used by many bird species during migration before
and after barrier crossing.

The choice of a stopover site might be affected by various
factors at different spatial scales (Moore et al., 2005; Chernetsov,
2006). Large-scale geographic factors extrinsic to the habitat
patch include the distance of the site from seas or rivers, the
site’s latitude, longitude and altitude, as well as various climatic
parameters. Local-scale factors intrinsic to the habitat patch may
include land use, vegetation indices and other habitat features
(Hutto, 1985; Moore and Aborn, 2000). While intrinsic factors
that determine the quality of the habitat may be important and
could be critical near ecological barriers where site quality may
affect bird survival and physiological conditions, the extent to
which habitat properties influence the spatial distribution of the
birds and their stopover site use is unclear (Buler and Moore,
2011). Studies of stopover habitat use, specifically in the Middle
East region, typically focused on local-scale analysis at single
or several isolated sites (Simons et al., 2000; Shochat et al.,
2002; Sapir et al., 2004; Domer et al., 2018), as methodological
limitations did not permit studying large-scale distribution
patterns of migratory birds, as has been done using weather
radars in North America (Buler et al., 2007; Buler and Dawson,
2014; Sieges et al., 2014; Lafleur et al., 2016; Cohen et al., 2021).
The present study is the first to use low elevation scans of weather
radars outside North America to study, at a national scale, the
spatial distributions of migrating birds that depart for migration
from stopover sites. Shedding light on the factors that affect bird
distributions among stopover areas near large ecological barriers
is fundamental for our understanding of stopover site selection
mechanisms and is urgent for the conservation of important
areas that support large populations of migratory birds from
diverse species.

The Mediterranean Sea is located in-between the breeding
and the over-wintering areas of many Palearctic-Afrotropical
migratory birds. When migrating birds encounter large water
bodies such as the Mediterranean Sea, three possible responses
may take place: direct crossing of the sea (Bruderer and Liechti,
1998; Bradley et al., 2014; Deppe et al., 2015; Horton et al., 2019;
Ferretti et al., 2021), bypassing the sea by following the coast
(Bruderer and Liechti, 1998; Bradley et al., 2014; Gesicki et al.,
2019), or interrupting the sea crossing by starting to fly across
the sea and at some point along the way changing their flight
course toward the shore (Alerstam and Pettersson, 1977; Alfiya,
1995; Fortin et al., 1999). Many of the Palearctic migrants that will
choose either of the last two options when reaching the eastern
part of the Mediterranean Sea will encounter the Mediterranean
coast of Israel on their route. Importantly, in Israel, like in many
other areas in the world, human population density in coastal
areas is very high (Kummu et al., 2016) with a density of about
3000 people per km2 (Central Bureau of Statistics, 2018). Coastal
areas are the most populated in the country, and more than
50% of the population of Israel lives within about 20 km of the
Mediterranean coast. Consequently, this region is characterized
by high anthropogenic development that includes widespread
urbanization and intense agriculture, as well as fragmentation
and degradation of natural habitats.

The Saharo-Arabian desert belt has little or no food resources
for Palearctic migrating birds that have to cross it in order
to reach their over-wintering grounds, often under challenging
weather (Moreau, 1961; Schmaljohann et al., 2007). These harsh
conditions affect the survival of the birds and, especially in the
case of juveniles, the mortality associated with crossing the Sahara
can be as high as half the total annual mortality (Strandberg
et al., 2010). Therefore, it is important to understand the factors
affecting spatial stopover site distributions of migrants that just
crossed or are about the cross this wide desert. Due to the
tendency of en route migrants to stop-over at the edges of
wide ecological barriers, including near the shore (Moore et al.,
1990; Lafleur et al., 2016) and at the margins of deserts (Fry
et al., 1970; Frannsson et al., 2006), analyzing what affects their
spatial distribution in these areas is crucial for understanding
fundamental habitat use relationships during migration, their
potential fitness implications, and, consequently how they may
influence migrants conservation.

The use of weather surveillance radars is the only method
allowing broad-scale investigation of stopover site use, including
characterizing the factors responsible for migrant spatial
distribution. So far, such analyses were made only in North
America (Buler et al., 2007; Buler and Dawson, 2014; Sieges
et al., 2014; Lafleur et al., 2016; Cohen et al., 2021) and the
present study is the first of its kind outside North America
to use weather surveillance radars over large spatial scales.
Furthermore, this work is pivotal in addressing major knowledge
gaps regarding broad, nation-wide stopover distributions within
unique geographic settings that include two wide ecological
barriers. We quantify migrant spatial distributions using three
radars at the finest spatial resolution attempted to date and
explore both spring and autumn migrations. We cover large
parts of Israel, which is characterized by a wide range of
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climatic conditions and ecoregions, including Mediterranean-
type scrub, Mediterranean Sea coast, semi-arid steppe and harsh
desert, over a relatively small area (∼22,000 km2). We modeled
the variability in bird densities in relation to 30 different
covariates including geographic and weather conditions (i.e.,
factors extrinsic to the habitat patch), as well as site properties
such as vegetation type and land use (i.e., intrinsic to the
habitat patch). Over recent years, studies from North America
suggested that attraction of birds to Artificial Light At Night
(ALAN) cause high bird mortality due to collision with man-
made structures and dramatically alters stopover use patterns of
nocturnal bird migrants (Van Doren et al., 2017; McLaren et al.,
2018). Yet, to the best of our knowledge, no other studies from
elsewhere in the world were undertaken to explore this serious
anthropogenic factor. We consequently examined if, and in what
ways, ALAN may influence spatial distributions of migrating
birds through Israel.

Our goal was to reveal the factors affecting the distribution of
migrating birds at stopover sites located next to wide ecological
barriers which the birds encounter in both migration seasons
when crossing Israel. Similar to Buler and Moore (2011) in the
case of crossing the Gulf of Mexico, we expect that extrinsic
factors will have a large impact on bird distribution patterns in
both migration seasons as a result of the response of birds to
large-scale changes in environmental conditions when they are
found near the Saharo-Arabian desert belt and the Mediterranean
Sea. We consequently expect to find high densities of birds at the
edges of the barriers immediately following their crossing (Petit,
2000). Also, since precipitation is rare during bird migration
seasons in Israel, we predict that bird spatial densities will be
affected by the attraction of birds to various fresh water resources.
Following findings from studies in North America (Van Doren
et al., 2017; McLaren et al., 2018), we additionally expect that
ALAN will affect bird distribution such that the migrants will
broadly concentrate near sources of artificial light at night in
both seasons. We also expect a greater impact of the intrinsic
habitat factors during the autumn when the birds prepare for
crossing the desert. This is because the selection of stopover
sites is presumably based on food availability to maximize lipid
deposition rates and thereby migration speed (Lindström et al.,
2019). This is in contrast to spring when birds do not face
major barriers after crossing Israel and thus do not need to
accumulate high lipid stores. The results of these analyses can
be used to facilitate data-driven conservation decisions to help
protect migrating birds and their stopover sites.

MATERIALS AND METHODS

Mapping Landbird Stopover Locations
Using Weather Surveillance Radar
Observations
To understand the spatio-temporal variability of migratory birds
in Israel, we used the measured reflectivity factor (a relative
measure of bird density) from three weather radars to map
the onset of birds departing from their stopover locations.

We obtained raw data from a radar station operated by the
Israel Meteorological Service (IMS) at Bet Dagan (32.007◦N,
34.814◦E) in Central Israel, and from two stations operated by
the meteorology unit of the Israeli Airforce at Meron (MER;
32.996◦N, 35.416◦E) and Ramon (RAM; 30.652◦N, 34.780◦E)
in the north and south of the country, respectively. Due to the
proximity of these latter two stations to international borders,
MER radar also covered some areas in Lebanon and Syria while
the range of RAM radar also included parts of the Egyptian Sinai
Peninsula (Figure 1). Radar data were collected during several
spring and autumn migration seasons between the years 2014–
2018, with the exception of autumn data from 2016 and 2017
that were missing from the MER and RAM archive. Additionally,
the RAM data in years prior to 2017 were too sparse to interpret
bird movement. We were consequently able to use data from five
springs and five autumns for IMS, five springs and three autumns
for MER, and two springs and one autumn for RAM.

The radars emit C-band electromagnetic waves and record
returned signals, known as reflectivity, from objects in the
atmosphere at a polar resolution of ∼125 m in range and 1◦ in
azimuth (except for MER radar in which sampling resolution was
∼62.5 m in range during 2017). The radars scan the atmosphere
at varying tilt angles and the tilt angle closest to horizontal is
the most useful for detecting birds departing from stopover sites
to commence their flight (Table 1, Supporting Information).
Scan data were collected through a two-stage process. At the
first stage, we visually screened radar data at this tilt angle
around the time of evening civil twilight when birds, primarily
migrating passerines, depart daytime stopover locations. Nights
with low reflectivity (i.e., few birds that departed), precipitation,
anomalous propagation or other types of contamination cannot
be used for mapping bird distributions and were subsequently
eliminated from further analysis. In total, after the filtering
processes, we analyzed 199 days for the autumn and 222 days for
the spring from all three radars.

As expected, we found that birds initiate nocturnal migratory
flights en masse in an abrupt exodus closely synchronized to the
position of the sun (Åkesson et al., 1996). In a second stage, we
capitalize on this phenomenon by interpolating radar data to
an empirically determined sun angle at the point of maximum
rate increase in mean total reflectivity among scans near the
onset of nocturnal flight exodus for each of the remaining nights
following McLaren et al. (2018). For nights with sparse data (from
MER and RAM), we determined the sampling sun angle from
the average angle among all the sampling days we used for the
analysis from all the radars (9.8 degrees below the horizon). This
represents a refinement to the method of Buler and Dawson
(2014) that accounts for nightly variability in the exact timing of
flight exodus. Our approach also accounts for temporal sampling
bias between radars and nights, and minimizes the displacement
of birds aloft from their ground sources (Buler and Diehl, 2009).

We constructed a radial grid shapefile for each radar to display
data and for extracting georeferenced data, including measures
of ground elevation, land cover, and other landscape metrics
used for modeling bird distributions. Individual sample volumes
of radar data grids match the resolution of the radar data:
125 m in range × 1◦ azimuth. Within 100 km of each radar,
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FIGURE 1 | Satellite imagery of the study area with the weather radars (white triangles), their 100-km-radius coverage (white circles) and international borders (black
lines). The ecological barriers in the study area are the Mediterranean Sea to the west of Israel and the northern fringes of the Saharo-Arabian desert belt that
includes the Negev Desert in the southern part of country. Please note the transition from a desert environment in the south of the country (sandy colors in the image)
to Mediterranean-type scrub vegetation in the center and northern parts of the country that is greener in color.

we assessed radar beam blockage and areas of persistent clutter
by determining the frequency of detection of reflectivity among
individual radar scans for the lowest tilt angle (for details see
Buler and Diehl, 2009). In addition, the data were filtered to
only include volumes that sampled more than 10% of the nightly
vertically-integrated radar reflectivity (VIR) across at least 75%
of sampling nights. We mapped the standardized probability of
reflectivity detection for each sample volume to identify areas
of (1) persistent ground clutter, where sample-mean magnitudes
of measured reflectivity exceeding 1,000 Z occurred at a high
frequency, and (2) partial beam blockage, where reflectivity was
infrequently measured regardless of magnitude. Data from these
sample volumes were excluded from analyses.

We computed mean seasonal VIR across sampling nights and
years at the lowest tilt angle (Supplementary Table 1). The VIR
represents an approximation of the mean reflectivity (i.e., cross-
sectional area of energy reflected from birds back to the radar)
from the ground to an elevation of 1.5 km within the column
of airspace over the two-dimensional “footprint” of an individual
sampling volume (Buler and Dawson, 2014) that is measured in
units of cm2/ha. To aid in visualizing the results, we characterized
bird stopover use across the study period by the mean VIR (MN)
and the mean coefficient of variation of VIR (CV) across all
nights. We classified stopover use following Buler and Dawson
(2014). “Important” stopover sites were identified as those areas

with high mean (≥85th percentile) VIR, and further categorized
as “consistently high”, “moderately variable” or “highly variable”
for CV ≤25th percentile, between the 25th and 75th percentile
and greater than the 75th percentile, respectively. Stopover areas
of “Medium” and “Low” use were classified as so according to
MN between the 50th and 85th percentile, and below the 50th
percentile, respectively. Areas classified as having consistently-
high bird density are potentially important stopover sites for
landbirds in the region.

Modeling Bird Response to Geographic,
Habitat, Atmospheric and Anthropogenic
Covariates
We calculated stopover densities at a 120-m resolution grid
covering the land area within the effective range of detection
of 100 km of each radar to model the effects of 30 different
geographic, habitat, atmospheric and anthropogenic covariates
on the densities of birds at stopover sites (Table 1). The number
of cells used for the analysis was 74784 cells in the autumn and
69446 cells in the spring. From previous work (e.g., Schaub et al.,
2004; Sjöberg et al., 2015; Lafleur et al., 2016; McLaren et al., 2018;
Zenzal et al., 2018), we identified several environmental factors
that may predict bird habitat use and obtained datasets for use as
covariates in modeling. These included several geographic and
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TABLE 1 | Overview of predictor variables selected to explain estimates of
stopover density.

Predictor
type

Predictor Description Range/Presence
(0/1)

1 Geographic
position

UTM Northing [m] UTM 3360571-3695131

2 UTM Easting [m] UTM 616983–771183

3 Elevation [m] Height above sea
level

−425–2377

4 D_artificial waters
[km]

Distance to nearest
artificial waters

0–35

5 D_coast [km] Distance to coast 0–50

6 D_natural waters
[km]

Distance from nearest
natural waters

0–50

7 D_pond [km] Distance to nearest
pond

0–50

8 D_river [km] Distance to nearest
river

0–50

9 Geographic SAVI Soil Adjusted
Vegetation Index

−1–0.81

10 Soil wetness index −0.76–0.1

11 Anthropogenic D_ALAN [km] Distance to bright
artificial light at night

0–33

12 Landscape Agricultural
plantations

Proportion within
sampling volume

0/1

13 Agricultural crops 0/1

14 Grassland 0/1

15 Low vegetation 0/1

16 Openland 0/1

17 Shrubland 0/1

18 Urban landcover 0/1

19 Woodland 0/1

20 Weather Geopotential height
at 500 hPa [m2/s2]

The gravitational
potential energy of a

unit mass, at a
particular location,

relative to mean sea
level.

93–130

21 Cross wind [m/s] The perpendicular
component to the
migration direction

0–5

22 Rain [kg/kg] Specific rain water
content

0–4.13539e-06

23 Tail wind [m/s] The parallel
component of the

wind to the migration
direction

−5.3–0.65

24 Temperature [◦C] 16.87–28.65

25 U wind [m/s] Zonal (east/west)
component of the

wind

−1.5–2.7

26 V wind [m/s] Meridional
(north/south)

component of the
wind

−6.37–2.04

27 Vertical velocity
[Pa/s]

−0.26–0.58

28 Temporal Year 2014–2018

29 Corrective D_radar [km] Distance from radar 0–100

30 Relative elevation
[km]

Ground elevation
relative to the nearest
radar antenna height

−1.2–1.52

corrective variables (i.e., spatial coordinates, distance to coast,
distance to the nearest radar, rivers, lakes, fish ponds, artificial
water sources, natural water bodies, relative elevation and bright
ALAN), weather covariates [i.e., precipitation, temperature, zonal
(u) and meridional (v) components of wind, velocity and
geopotential height at 500 hPa], and landscape variables (i.e.,
land cover composition, forest cover type), soil wetness index
and Soil Adjusted Vegetation Index (SAVI; see below). For the
variables Distance from fish ponds and Distance from rivers, we
obtained fish pond data from the Israeli Ministry of Agriculture
GIS repository1, and river data from the Survey of Israel2. For the
landscape variable we used the national land cover classification
produced by Israel’s National Ecosystem Assessment Program
(HaMa’arag3), with the exception of areas managed by the KKL-
JNF (Keren Kayemeth LeIsrael – Jewish National Found), for
which we used a land cover/vegetation dataset provided by the
KKL-JNF (available from the KKL-JNF upon request).

Other data were freely available and downloaded from their
sources. We obtained weather variables from ECMWF (European
Centre for Medium-Range Weather Forecasts) and ALAN from
VIIRS (Visible Infrared Imaging Radiometer Suite) Corrected
Reflectance Imagery4. For weather covariates, we calculated
seasonal means for each year. Due to sparse data in the
VIIRS imagery in some months, we combined data across the
spring and autumn and computed yearly means. We classified
bright ALAN as light ≥5 times brighter than the natural level
(digital number value > 26) following McLaren et al. (2018).
We computed seasonal mean SAVI and soil wetness index for
each year using data from the MODIS (MODerate-resolution
Imaging Spectroradiometer) satellite obtained from the USGS
LPDAAC (United States Geological Survey Land Processes
Distributed Active Archive Center). SAVI is used to correct NDVI
for the influence of soil brightness in areas where vegetation
cover is low. We calculated SAVI using the formula [(NIR-
red)/(NIR + red + L) × (1 + L)] (Huete, 1988). We obtained
NIR and red surface reflectance bands from MODIS data product
MYD13Q1 v006 which is produced at 16 days intervals at a
spatial resolution of 250 m, and used a correction factor (L) of 0.5
(Huete, 1988). We computed soil wetness index from the MODIS
reflectance data product MCD43A4 v005 (Nadir BRDF-Adjusted
Reflectance) which is produced every 16 days at 500 m resolution
and contains seven reflectance bands. We calculated a mean
wetness index using the tasseled cap transformation for MODIS
data (Lobser and Cohen, 2007), by the tasseledCap function
(MODIS R package). Pairwise correlation among predictors were
examine and in the spring model, the soil wetness index covariate
was exclude as a result of high correlation with the northing
variable (r = 0.9). The rest of the covariates correlations were less
than 0.85 and generally low.

1https://data1-moag.opendata.arcgis.com/datasets/%D7%91%D7%A8%D7%99%
D7%9B%D7%95%D7%AA-%D7%93%D7%92%D7%99%D7%9D
2https://data.gov.il/dataset/rivers
3https://www.hamaarag.org.il/content/product/%D7%9B%D7%99%D7%A1%
D7%95%D7%99-%D7%A7%D7%A8%D7%A7%D7%A2-2016
4https://earthdata.nasa.gov/earth-observation-data/near-real-time/download-
nrt-data/viirs-nrt
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We ran separate model for each season and used the log
of the arithmetic mean VIR (hereafter referred to as “lmean”)
from our summarized radar data as the response variable. To
model the relationships between lmean and the covariates, we
used Boosted Regression Trees (BRT) models with the gbm.step
function in R package “dismo” (Elith et al., 2008). The models
had a Gaussian error distribution, 10-fold cross validation, tree
complexity of 10, learning rate of 0.1, bag fraction of 0.5 and
minimum number of trees of 25 per step. We ran the model
20 times for each season (with different seed for every model),
averaged the results and evaluated model fit with an assessment
of the total deviance explained of training data and a mean
cross-validation correlation. Notably, BRT models use only a
random subset of the data to fit each new tree (Friedman, 2002).
Consequently, spatial and temporal correlation of the data is low.
When models are intended only for interpolation (predicting the
response variable values within the same spatial and temporal
ranges by which they were trained), random cross-validation
yields fair error estimates (Roberts et al., 2017). All analyses were
conducted using R version 4.0.3 (R Core Team).

RESULTS

The spring and autumn models share the same top 13 covariates
(out of 30) that affect stopover densities with some difference
in the order of importance (Table 2). The only covariate that
is not shared is the soil wetness index which was excluded
from the spring model as a result of high correlation with the
northing covariate. All of the top 13 covariates are geographic
and anthropogenic and neither relate to atmospheric factors nor
to habitat properties. The combined relative importance of all the
rest of the covariates used in the models, which include habitat
and atmospheric covariates (17 different covariates) is less than
15%. The models had a mean cross-validation correlation of
0.805± 0.0001 for spring and 0.801± 0.0003 for autumn.

We found that there is a substantial difference in the stopover
distributions of birds between the spring and the autumn with
higher densities in the desert (southern areas) and inland during
the spring whereas birds were concentrated near the coast during
the autumn (Figure 2). While bird densities were overall slightly
higher in the autumn in the northern half of Israel, spring
densities were much higher in the southern half of the country
(Figure 3a). In addition, bird density decreased with distance
from fresh water sources (rivers and artificial water reservoir)
only during the autumn while no such effect was found during the
spring (Figures 3b,c). Also, we found a positive effect of the soil
wetness index on the stopover densities in the autumn (Table 2).
Thus, birds tended to concentrate near water sources and in
humid areas only during the autumn. Interestingly, the ground
elevation covariate demonstrates a marked contrast between the
spring and the autumn. Migrant densities were high at lower
elevations during autumn while during spring densities were the
greatest at higher elevations. In elevations near and below sea
level, densities were much higher during the autumn compared
to spring, while between sea level and about 1000 m above mean
sea level (AMSL), densities in both seasons were similar, with

TABLE 2 | Top 13 influencing covariates in the spring and the autumn as found in
Boosted Regression Tree models. Relative importance of covariates is based on
the number of times a variable is selected for splitting, weighted by the squared
improvement of the model, averaged over all trees and scaled so that the sum
adds to 100 (Friedman and Meulman, 2003). Covariate descriptions are given in
Table 1.

Importance rank Relative importance

Spring Autumn Spring Autumn

D_radar 1 1 11.24 11.46

D_natural waters 2 5 7.81 6.51

D_river 3 4 7.67 6.87

D_pond 4 9 7.61 6.06

Northing 5 6 7.49 6.38

D_ALAN 6 10 7.42 5.41

D_coast 7 7 7.22 6.32

SAVI 8 3 6.93 7.55

D_artificial waters 9 8 6.55 6.27

Elevation 10 12 5.09 4.75

Easting 11 2 4.9 8.9

Relative elevation 12 13 3.79 4.53

Soil wetness index (not tested
in spring due to high correlation
with northing covariate)

– 11 – 5.32

slightly higher autumn densities. Above 1000 AMSL, there was
a sharp contrast between the seasons, with very low autumn and
very high spring densities (Figure 3d).

Another important influencing covariate was the distance to
bright ALAN. In general, there were higher densities of birds near
bright artificial light sources, and the densities started to decline
at a distance of approximately 10 km from bright areas. Notably,
the influence differed between the two migration seasons, and was
stronger during the autumn (Figures 3e,f).

DISCUSSION

In this study, we present the first broad-scale quantitative analysis
of passerine stopover distributions outside North America
in a unique geographic setting, testing how stopover bird
distributions relate to two wide ecological barriers: a terrestrial
barrier (the Saharo-Arabian desert belt which is one of the widest
deserts in the world) and a marine barrier (the Mediterranean
Sea). Our findings reveal complicated, season-specific effects
of the ecological barriers on the stopover distribution of the
migrants. These birds, which stage in Israel during their voyages
between sub-Saharan Africa and Eurasia, use a wide variety of
areas and habitats for stopover and tend to concentrate near
the coast in the autumn and in the desert during the spring.
In the desert, differences between the autumn and the spring
are dramatic. The conditions in the desert differ substantially
between the two seasons, as during the spring the desert is usually
green in some areas, mainly along dry rivers beds, following the
occasional winter rains. In contrast, during the autumn, following
the hot summer and after many months with no precipitation, the
desert is totally dry. Spring migrants that arrive to southern Israel,
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FIGURE 2 | Spatial mapping of bird stopover densities classified by seasonal mean and coefficient of variation during (A) spring and (B) autumn. Classes are divided
by seasonal mean stopover density as “low density” (<50th percentile), “medium density” (50th–85th percentile), and “high density” (≥85th percentile), and high
density areas are further classified by the coefficient of variation as “high variance” (>75th percentile), “medium variance” (25th–75th percentile), and “low variance”
(≤25th percentile). (C) Seasonal differences in mean reflectivity between the autumn and the spring. (D) Example of the change in mean vertically integrated bird
reflectivity (VIR; cm2/km2) by distance to coast from Ramon radar in autumn (black line and a gray error area) and in spring (dark pink line and light pink error area).

which is located at the northern fringes of the Saharo-Arabian
desert belt after crossing about 2000 km of desert thus find there
some food. Consequently, during spring, they stop-over at the
desert fringes in high densities. During the autumn, birds that
arrive from areas found north of the desert, mainly consisting
food-rich Mediterranean-type scrub (Izhaki and Safriel, 1985),
encounter very dry areas in the desert and appear to avoid
stopping-over within it. Thus, the last place for birds to attempt
refueling before the crossing of the desert is north of it, and not
within it (Sapir et al., 2004; Domer et al., 2021).

How stopover densities all over Israel vary between the
two migration seasons can also be explored by looking at the
covariates distance to rivers and distance to artificial water

reservoirs. In both covariates, there is a clear decrease in the
density of birds with distance from fresh water sources during
the autumn. During the spring, these covariates do not have a
clear influence. Therefore, during the autumn, bird densities are
high near wet areas of different sorts that may provide fresh water
to the migrants. In spring, after the rainy winter season, no such
effect is discernible, likely because access to water is less limited.

The reasons for which migrants concentrate near the coast
during the autumn are not clear. One possible explanation for this
pattern could be the loop migration hypothesis, which suggests
a counterclockwise loop migration path of various bird species
at the eastern part of the Mediterranean Sea, with a general
pattern of a relatively western migration concentration during
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FIGURE 3 | Marginal responses of mean vertically integrated bird reflectivity (VIR; cm2/km2) based on boosted regression tree (BRT) models in relation to (a)
northing, (b) distance to rivers, (c) distance to artificial water reservoirs, (d) ground elevation, (e) distance to bright artificial light at night (ALAN) for both autumn and
spring, (f) distance to bright ALAN only in the spring (note the change in the scale compared with e). Autumn is depicted by a black line and a gray error area,
representing 95% confidence intervals among ensemble of 20 BRT models. Spring is depicted by a dark pink line and a light pink error area. In (a), the orange area
represents the desert region latitudes, which encompass the southern half of Israel.

the autumn and a more easterly migration during spring, which
takes place further inland, including east of Israel (Shirihai, 1996;
Koleček et al., 2016; Briedis et al., 2018; Klvaňa et al., 2018). The
higher inland densities of birds during the spring in northern
Israel also support this explanation. The high bird densities in
coastal areas in the autumn, which are evident throughout central
and southern Israel, are likely a result of coastal landfall in this
region. Alfiya (1995), who used a long-range scanning radar
images from central Israel, reported that migrating birds flying
over the Mediterranean Sea during autumn head south during
the first part of the night, parallel to the coastline that has a
general south-north direction. Whereas, after midnight, the birds
turn toward a more easterly direction that brings them over land.
This behavioral change between the start and end of the night has
also been described elsewhere, for example in Lake Erie (Gesicki
et al., 2019). Indeed, early morning observations of birders along
the coastline often reported active migration heading inshore,
sometimes at mass. For example, approximately 50,000 birds,
mostly skylarks, were counted on 5 November 2014 at a single
point on the coast near Tel-Aviv in central Israel, during 06:00–
9:00 a.m. (Granit, personal communication). Our results suggest
that many of these birds stop-over in sites close to the coastline.
Noteworthy, higher densities were found very close to the coast,
up to 20 km away from it in the most urbanized region of the
country (see below) and not further inland. This pattern may
indicate that the birds are not selective and stage in any habitat
along the coast, just because it is found next to the shoreline.
We note that we did not find any important effects of habitat

properties or weather conditions on the stopover densities, and
only extrinsic geographic and anthropogenic factors affected bird
distribution, as found in Buler and Moore (2011).

Similar to findings from North America (McLaren et al., 2018;
Cabrera-Cruz et al., 2020; Cohen et al., 2021), we found a strong
correlation between proximity to artificial light at night and bird
stopover densities. This broad scale pattern related to bright
lights is the first documented evidence of this anthropogenic
phenomenon outside the United States Northern and especially
Central Israel are characterized by very high light pollution,
whereas the desert, in the south of the country, has substantially
fewer light sources (Falchi et al., 2016). While not a causal
relationship per se, the relationship with ALAN was important
even after controlling for potential confounds like amount of
urban development and proximity to the coastline that is heavily
developed. Therefore, the relationship of bird density with ALAN
is consistent with behavioral attraction of migrating birds to
artificial light (Gauthreaux and Belser, 2006; Van Doren et al.,
2017). The possible consequences of staging in low quality
stopover sites due to suboptimal selection of habitats as a result
of this attraction is of heightened conservation concern. Optimal
selection of stopover habitat is critical to migrating birds since
stopover site quality may influence the rate of fuel accumulation
(Kelly et al., 2002; Ktitorov et al., 2008; Schaub et al., 2008), which
can affect the timing and speed of migration (McLaren et al.,
2013; Lindström et al., 2019), as well as bird survival (Pfister et al.,
1998) and breeding output (Sandberg and Moore, 1996; Drent
et al., 2003). Consequently, selection of sub-optimal habitats due
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to attraction to light likely have negative fitness consequences
(Gaston et al., 2015; McLaren et al., 2018; Sanders et al., 2020).

Moreover, light pollution could elicit staging in urban habitats
(e.g., city parks) where cat predation is high and bird mortality
is furthermore boosted through collision with tall buildings
(Loss et al., 2013, 2014; Van Doren et al., 2021). The stronger
correlation between stopover densities and ALAN during the
autumn can be explained by the composition of the migrants
that include more immature birds that migrate for the first time,
compared with spring. These immature birds are known to attract
more strongly to ALAN compared to adults (Gauthreaux and
Belser, 2006). This overall higher impact of ALAN during the
autumn could have substantial population level consequences (La
Sorte et al., 2017). Thus, it is urgent to have a better understanding
of the quality of these hot spot areas through measures of
mass gain or stopover duration. High densities of birds, in low
quality stopover sites, can increase the competition and as a
result, may decrease the probability that the migrant birds will
successfully refuel and survive the migration journey (Moore
and Yong, 1991), especially during autumn when many of the
birds are about to cross a wide desert following their stopover
(Schmaljohann et al., 2007).

Our work uncovered the way ecological barriers affect the
spatial and temporal distributions of migrating birds while
stopping-over for refueling before and after they cross these
massive barriers. Yet, one has to bear in mind that these
environmental conditions may vary over time. Specifically, the
Sahara Desert has expanded over the twentieth century by
more than 10% (Thomas and Nigam, 2018). This expansion
can significantly affect the survival of birds that migrate
through this area and therefore knowledge of the properties of
intensively-used stopover sites in the desert and on its edges
is critically important. We identified a few high-priority areas
for conservation of migrating passerines, which have been used
differently in spring and autumn. The coastal region has very
high densities of birds during the autumn while being the most
populated region in Israel. In addition, this region is undergoing
further expansion of urbanized areas at the expense of natural
habitats. It is furthermore facing substantial, extensive future
threats to migrating birds, including the development of large
wind turbine facilities and gas pumping rigs that include bright
light sources. The findings of our work suggest that habitat
alteration due to anthropogenic development in and near the
Israeli Mediterranean coastline, including infrastructure that may
attract birds such as strong artificial lights, should be minimized
and even completely avoided, as much as possible, especially
in the central and south coastal regions in Israel. Any such
alterations should be accompanied by environmental impact
assessments and long-term monitoring to understand their
implications for migrants as development in this sensitive area
could have negative impacts on the survival of many migrating
birds.

Our quantitative and spatially-explicit metrics of bird stopover
intensities can be used by different stakeholders to minimize
different current and future risks to migrating passerines. For
example, we showed that during autumn, just before crossing the
wide Saharo-Arabian desert belt, birds tend to concentrate in or

near wet areas, including rivers and artificial water reservoirs.
These areas are threatened from water pollution and intensive
tourism (Herut et al., 2000; Barinova et al., 2010; Barinova and
Krassilov, 2012). Furthermore, covering water reservoirs with
solar panels is now rapidly expanding throughout the country,
with little or no monitoring of this potentially serious threat to
different animal groups and surrounding ecosystems (Mathijssen
et al., 2020). Therefore, we encourage investigating habitat
properties in and around water sources, including the vegetation
features, water quality and reservoir size and shape. This can
increase our understanding of the significance of water sources
for birds and how existing and planned water sources could be
improved to support migrating birds. In addition, we recommend
considering our findings in the land-use planning policy at local,
regional and national scales, to conserve migratory birds and
their stopover areas at different times of the year. Specifically, we
highly recommend keeping open, undisturbed natural habitats
in coastal areas and prohibiting vegetation removal at the desert
and its edges (e.g., for sand mining and altering natural drainage
systems). We note that bird stopover distributions and the
long-term trends of their densities (Rosenberg et al., 2019),
which could be affected by anthropogenic actions (Shamoun-
Baranes et al., 2011; Hüppop et al., 2019), are essential for
informed conservation of migratory birds and their habitats.
Unfortunately, due to policy changes, access to the radar data
repositories that are essential for these analyses is becoming
limited in Europe (Shamoun-Baranes et al., 2021), substantially
hindering our ability to quantify biodiversity changes and identify
their causes and consequences.
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