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Signals of local adaptation across an environmental
gradient among highly connected populations of the
Dead Sea Sparrow Passer moabiticus in Israel
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Populations found at the edge of a species range often have decreased genetic diversity,
which together with high gene flow may reduce the ability of a species to adapt to local
environmental conditions. The Dead Sea Sparrow Passer moabiticus occupies a disjointed
range, where the Israeli populations are considered peripheral and fragmented. The spe-
cies is also thought to have undergone a recent range expansion. We aimed to describe
the genetic and morphological variation of the Israeli populations and to determine the
extent of gene flow among them. We expected that because of the small latitudinal gra-
dient across Israel and the recent range expansion of the species that Dead Sea Sparrow
populations would show no significant morphological adaptation to local environmental
conditions, and that considerable gene flow would be taking place among populations.
Our findings indicate the existence of gene flow, suggesting high connectivity among
populations, but recovered no support for a recent range expansion, possibly due to
insufficient time since expansion for mutations to have accumulated. However, despite
recurrent gene flow among populations, latitudinal variation in wing length (male and
female) and body mass (male) was indicative of local adaptation across Israel, in accor-

dance with Bergmann’s rule.
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structure, range expansion.

Populations found at the edge of a species range
often exhibit decreased genetic diversity and high
genetic differentiation (Mayr 1966, Eckert et al.
2008), although several exceptions have been doc-
umented (e.g. Vucetich & Waite 2003, Dai & Fu
2011, Assis et al. 2013). Genetic diversity is
expected to decrease, the greater the distance from
the centre of the species’ range, which is most
often attributed to reduced gene flow towards the
range edge due to lower rates of dispersal, selec-
tion against unfavourable genotypes at the range
periphery or strong genetic drift in small popula-
tions (Garcia-Ramos & Kirkpatrick 1997, Vucetich
& Waite 2003, Eckert et al. 2008, Dai & Fu
2011). In addition, as species tend to be more
abundant towards the centre of a species distribu-
tion (Brown 1984), gene flow will be directed
toward smaller, peripheral populations, thereby
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introducing genotypes which may not be beneficial
to populations at the range boundary and thereby
limit the capacity for local adaptation (Garcia-
Ramos & Kirkpatrick 1997, Lenormand 2002).
When peripheral populations are growing, as in
the case of range expansion, they are expected to
exhibit genetic patterns that include relatively
stable allele frequencies, high frequencies of rare
alleles and low frequency of mutations, and an
excess of homozygosity relative to the number of
observed alleles (Tajima 1989, Excoffier et al
2009). Typically, a gradual loss of genetic diversity
will occur towards the range expansion front
(Excoffier et al. 2009). Hence, decreased genetic
variation together with high gene flow among pop-
ulations may reduce the ability of populations to
adapt to local environmental conditions (Hartl &
Clark 1997).

However, divergent selection of traits related to
local adaptation can contribute to population dif-
ferentiation. One such adaptation is described by
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Bergmann’s rule, according to which the body size
of homoeothermic animals is larger in colder cli-
mates than in warmer ones, with the underlying
mechanism pertaining to the need for optimal
temperature control (Bergmann 1848, Salewski &
Watt 2017). Evidence of morphometric differences
among populations as a result of local adaptation
has been described in many avian species, includ-
ing neighbouring populations (Blondel et al. 1999,
Badyaev et al. 2008, Ben Cohen & Dor 2018) or
geographically distant ones (Saether et al. 2007).
These differences can be accompanied either by
genetic differentiation in neutral markers (Le
Corre & Kremer 2012), suggesting genetic drift as
the main mechanism for this divergence, or by low
neutral genetic variation (Saether et al. 2007,
Badyaev et al. 2008, Antoniazza et al. 2010, Le

Corre & Kremer 2012), which suggest local adap-
tation as the primary evolutionary mechanism
(Merilda & Crnokrak 2001, Leinonen et al. 2008).
Hence, mechanisms such as phenotypic plasticity
may contribute to population divergence without
modifying the genetic diversity of the population
(Grenier et al. 2016).

The Dead Sea Sparrow Passer moabiticus is one
of the smallest species in the genus. It was first
described south of the Dead Sea and it currently
occupies a highly disjointed range extending from
southwest Afghanistan in the east, through Iran,
Pakistan, Iraq, Syria, Jordan, Israel, Turkey and
Cyprus in the west (Clement et al. 1993, TUCN
2017; Fig. 1). The species preferred habitat is that
of semi-desert regions with high ambient tempera-
tures adjacent to water resources (Summers-Smith
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Figure 1. (a) Sampling locations of Dead Sea Sparrow populations in Israel. Grey squares represent locations where genetic sam-
ples were collected. (b) Breeding and non-breeding range of populations of the Dead Sea Sparrow in its complete range. Black cir-
cles represent locations from which morphological samples were available for the study. Range specification as follows: dark grey —
Extant (breeding); medium grey — Extant (non-breeding); light grey — Extant (resident). Adapted from BirdLife International and Hand-
book of the Birds of the World (2016) Passer moabiticus. The IUCN Red List of Threatened Species. Version 2017-1.
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1988), although the species’ recent expansion also
includes well-vegetated cultivated areas (Snow &
Perrins 1998). Expansion of its distribution range
with resulting increase in abundance has been doc-
umented from both Israel and Jordan, as well as
from northern Iraq to Syria, Turkey and, more
recently, to Cyprus. This expansion has in part
been attributed to changes in resource availability
resulting from the development of new human set-
tlements (Yom-Tov et al. 1976, Summers-Smith
1988). There is uncertainty whether this recent
range expansion is simply a result of an increase in
observer effort or a true increase in distribution
range.

In Israel, where the nominate subspecies
P. m. moabiticus occurs, the species is known to
have originated in the southern parts of the Dead
Sea but has since expanded its breeding range
deep into the Rift Valley from FEilat in the south
to the Hula Valley in the north, and has been
reported from the western valleys of Esdraelon
(Yizra'el) to the Zvulun Valley near the Mediter-
ranean coast (Yom-Tov et al. 1976). Previous stud-
ies have suggested that this range expansion may
have been the result of anthropogenic changes that
led to both the destruction of the original habitat
and the creation of new advantageous ones for the
species, with irrigated agriculture and fish ponds
being constructed for new settlements (Yom-Tov
et al. 1976, Yom-Tov & Ar 1980). Being a social
species, the Dead Sea Sparrow nests in loose colo-
nies of 10-100 nests established by males on tree
branches (Mendelssohn 1955). Females then join
the males at the breeding grounds and pairs
demonstrate high nest-site fidelity (75.1%, R.
Haran unpubl. data). Outside the breeding season,
the Dead Sea Sparrow lives in flocks of up to hun-
dreds of individuals, sometimes in mixed flocks
together with Spanish Sparrows Passer hispaniolen-
sis and House Sparrows Passer domesticus (Shirihai
1996, Yosef et al. 2004). Seasonal migration from
the breeding grounds has been described during
the non-breeding season and is considered mostly
local in nature, but little is known about the
migratory behaviour of this species (Summers-
Smith 1988, Shirihai 1996). Although reports of
the species are disjointed, leading to what seem-
ingly is a fragmented distribution range of
P. m. moabiticus, the Israeli populations most
likely represent the species’ southwestern border,
i.e. representing a series of peripheral populations

(Fig. 1).

Local adaptations in the Dead Sea Sparrow 3

To elucidate the status of the Israeli population
of the Dead Sea Sparrow, in light of the evidence
of its recent range expansion, we aimed to describe
the genetic and morphological structure of the
Israeli populations and to determine the level of
connectivity among them. We sought to investi-
gate local movement behaviour of this species. We
hypothesize that in light of the small latitudinal
gradient and the recent nature of the range expan-
sion, the Israeli populations of the Dead Sea Spar-
row would show no significant morphological
adaptations to the local environment. In addition,
in light of the known seasonal migratory behaviour
of this species, we expect gene flow to occur
among populations. This study contributes to the
unveiling of the changes brought about by the
recent range expansion of the species, both by
increasing our knowledge regarding population
connectivity and gene flow, and by delineating the
morphological variation stemming from isolation-
by-distance among populations as well as variable
environmental conditions.

METHODS

Sample collection

Birds were captured following standard mist-net-
ting procedures for banding, measurements and
blood sampling. Blood was taken by puncturing
the brachial vein and drawing up to 50 uL of
blood from each individual, and was preserved in a
blood lysis buffer (modified from White & Dens-
more 1992). In total, 61 P. m. moabiticus individu-
als were sampled during the breeding season
(March—August) in 2014-2015, representing three
localities along the Rift Valley (~150 km; Fig. 1a):
14 individuals from Kfar Rupin (KR; latitude:
32.45°N, longitude: 35.57°E), 28 from Og (OG;
latitude: 31.75°N, longitude: 35.48°E) and 19
from Hemar Reservoir (HE; latitude: 31.13°N,
longitude: 35.37°E). An additional 47 individuals
were sampled outside of the breeding season at
Og (n =43) and Einot Tzukim (ET; n = 4; lati-
tude: 31.7°N, longitude: 35.45°E; Table S1). Max-
imum wing length was recorded with a ruler
(1 mm) by flattening and straightening the wing
(Eck eral 2011) and body mass was measured
with a 0.1-g scale.

Additional morphometric data were available
from data deposited at The Israeli Bird Ringing
Centre (IBRC) during 1981-2015 (n = 875),
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which included data pertaining to sex, age, wing
length, body mass and fat percentage of the ringed
bird. Data were also obtained by measuring
P. moabiticus specimens at the British Museum
Bird Collection at Tring (n=51) and at The
American Museum of Natural History in New
York (n=09). The total number of samples avail-
able for morphological comparisons was therefore
1039, for which coordinates were only ascertained
for 1020 individuals, representing 24 localities. Of
these, 924 specimens were available from Israel,
for which data on sex, age and wing or body mass
measurements were available for 379 males (10
juveniles, 323 adults) and 297 females (18 juve-
niles, 243 adults; Table S1, Appendix S1, Fig. 1a).

DNA extraction and amplification

A subsample of birds from three breeding popula-
tions, representing most of the breeding range in
Israel, was used for the genetic study, comprising
only breeding individuals: 18 from Hemar, 26
from Og and 13 from Kfar Rupin (Fig. 1). DNA
was extracted using a Qiagen DNeasy Blood and
Tissue Kit (Qiagen, Valencia, CA, USA). We poly-
merase chain reaction (PCR)-amplified a 691-base
pair fragment of the mitochondrial gene cyto-
chrome oxidase unit I (COI) with the primers
avianCOIF1-f (5-CTGTAAAAAGGACTACAGC
CTAACGC-3) and avianCOIR1-r (5-GGTTCG
ATTCCTTCCTTTCTT-3"). The 25-uL. volume
solution used for PCR comprised 3 ul. of DNA
extract, 2.5 pL. 10x PCR buffer, 2.5 pL. 0.2 mm
of dNTPs, 2.5 uL of 20 mm MgCl,, 0.5 pL of for-
ward and reverse primers (10 mm) and 0.5 U/reac-
tion of Hy-Tag DNA Polymerase (Hylabs,
Rehovot, Israel). The PCR programme comprised
an initial denaturation step at 94 °C for 2 min fol-
lowed by 35 cycles of 30 s at 94 °C, 1 min at
62 °C and 1 min elongation at 72 °C, with a final
extension time of 10 min at 72 °C. The success-
fully amplified samples were genotyped or
sequenced at the ZABAM Instrumentation and
Service Center of Tel Aviv University on an ABI
3500x] Genetic analyser (Applied Biosystems, Fos-
ter City, CA, USA). All sequence data are depos-
ited in GenBank (Accession numbers MF767303~
MF767304).

In addition, 10 microsatellite markers known to
be highly variable in the House Sparrow were
PCR-amplified using primers in two sets of multi-
plex reactions (multiplex 1: CAMO1, CAM17,
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Pdo05; multiplex 2: CAMI10, CAMOS5, Pdo0l,
CAM15) and singleplex markers (Pdo08, CAM20
and CAMO2; Neumann & Wetton 1996, Griffith
et al. 1999, 2007, Dawson et al. 2013). PCR was
carried out in 25-pL. volumes which comprised
3 pL of DNA extract, 100x PCR buffer, 0.2 mm
of dNTPs, MgCl,, forward and reverse primers
and 0.5 U/reaction of Hy-Taqg DNA Polymerase
(Hylabs). MgCl, and primer volumes varied with
the markers and are detailed in Table S2. The
PCR programme was similar to that used for
amplification of the mitochondrial marker, with
the exception of marker Pdo08 (PCR Touch
Down programme consisted of an initial denatura-
tion at 94 °C for 2 min followed by a total of 40
cycles of 30 s at 94 °C, 30 s annealing (Table S2)
for 1 cycle each at 66-55 °C, and 30 cycles at
55 °C, and 1 min elongation at 72 °C, with a final
extension time of 10 min at 72 °C).

Population genetic analyses

Microsatellite genotypes (Appendix S2) were
examined and determined wusing the software
GeneMarker (Holland & Parson 2011). Deviations
from Hardy-Weinberg equilibrium were evalu-
ated, as was evidence of linkage disequilibrium
using Arlequin 3.5.1.3 (Excoffier & Lischer 2010).
The presence of null alleles was examined with
Cervus 3.0 (Kalinowski et al. 2007). Population
genetic analysis was performed with GenAlEx
6.5b2 (Peakall & Smouse 2001). This comprised
an estimation of allele frequencies for each locus
relevant to each population and the calculation of
expected (H.) vs. observed (H,) heterozygosity
values. An analysis of variances (AMOVA) test
was performed to examine the variable distribu-
tion within and between populations and to deter-
mine Fgr. Assignment tests were employed to
determine the likelihood of individual genotypes
being assigned to the population from which they
had been sampled. Furthermore, allelic richness
was calculated with 9999 bootstraps using the
‘diveRsity’ R package (Keenan et al. 2013).
Clustering analysis, using principal coordinates
analysis (PCoA), was calculated on the basis of a
pairwise, individual-by-individual (N' x N) genetic
distance matrix via GenAlEx (Peakall & Smouse
2001). Population structure was detected with
STRUCTURE 2.3.4 (Pritchard et al. 2000) using a
Bayesian clustering method with 1 million Markov
chain Monte Carlo (MCMC) repetitions and a
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burnin period of 0.1 million iterations. Microsatel-
lite allele frequencies were considered to be corre-
lated among populations. STRUCTURE was run
under the admixture model, with correlated allele
frequencies from K = 1 to K = 7 with three itera-
tions for each K-value to explore the probability
of assignment of individuals to different popula-
tions. We examined the means of the posterior
probability distribution (Ln P (D)) in order to find
the largest value for different numbers of genetic
groups (K) over three runs per K-value by apply-
ing STRUCTURE HARVESTER (Earl 2012).

Observed demographic range expansion, as well
as the fragmented nature of the species range, and
the recent observed reduction in breeding success
necessitated a search for evidence of a population
bottleneck. To do so, we utilized the program
BOTTLENECK 1.2.0.2 (Cornuet & Luikart 1996,
Piry et al. 1999) using data from the microsatellite
markers. Both the two-phase model of mutation
(TPM; Di Rienzo et al. 1994, Primmer et al.
1998) and the SMM model were employed, using
10 000 replicates, as no prior information regard-
ing the mutation model of the loci used in this
study was available. The TPM model was run once
with 95% single-step mutations and once with
80%, with a variance among multiple steps of 12.
To identify gene diversity excess, a one-tailed Wil-
coxon signed-rank test was applied (Luikart 1997)
and a qualitative descriptor of the allele frequency
distribution (‘mode-shift’ indicator) was employed
to discriminate bottlenecked populations from
stable populations (Luikart & Cornuet 1998). Sig-
nificance levels were adjusted using the Sidak cor-
rection: the corrected P-value was calculated as
the significance level (0.05) divided by the number
of loci (9) (P = 0.005). In addition, we tested for
departures from constant population size using the
COI marker employing Fu's Fs statistic (Fu 1997)
and R, statistics (Ramos-Onsins & Rozas 2002), as
well as Tajima’s D test (Tajima 1989), and tested
their significance using 1000 coalescent simula-
tions. We employed all of these tests via DnaSP v.
5.0 (Librado & Rozas 2009).

To estimate contemporary gene flow by com-
paring migration rates among the populations we
utilized the program BAYESASS v. 3.0 (Wilson &
Rannala 2003) using data from the microsatellite
markers. BAYESASS uses a Bayesian approach to
infer migration rates (‘m’) by employing an
MCMC sampling procedure. After initial trials
showed appropriate acceptance rates (20-60%,
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Rannala 2007), we used 107 iterations, a burnin of
10° steps and a sampling interval of 1000 steps
between samples being drawn from the MCMC
distribution. Additionally, we employed multiple
runs (n = 10) with changing seed numbers to
ascertain consistency of the results. The results we
present are averaged over the 10 runs.

Morphometric analyses

Because body size measurements vary significantly
between the breeding and non-breeding season,
and due to local seasonal movement during the
winter, intraspecific comparisons were also limited
to samples collected during the breeding season
alone.

Data analysis was carried out using R v. 3.3.2
(R Core Team 2016). Multifactorial analysis was
applied to examine the effect of fixed environmen-
tal predictors on wing length and body mass,
including latitude, elevation (https://www.gps-
coordinates.net/), the age and sex of the bird, and
interactions between sex and latitude, as the
migration behaviour of this species may be related
to the sex of the individual. Initially, the analysis
included mean temperature of the warmest quar-
ter and maximum temperature of the warmest
month as explanatory variables (CHELSA
Climate, ver. 1.1; Karger et al. 2017). However,
these predictors were highly correlated with lati-
tude (Pearson’s r = —0.879 and r = —0.89, respec-
tively, P < 0.001) and with each other (Pearson’s
r=0.999, P<0.001). As latitude potentially
entails a collection of environmental changes along
the gradient (including also precipitation, vegeta-
tion index and more; Mittelbach et al. 2007), and
as these are also highly correlated, we included lat-
itude as the explanatory factor rather than temper-
ature (but see Supporting Information for separate
analysis for both variables; Fig. S1). Because none
of the response variables had a normal distribution,
this was achieved by using a generalized linear
mixed-effects model (GLMM) with Gaussian error
and log link function (‘glmmPQL’ function in the
package ‘MASS’, Venables & Ripley 2002) with a
random factor of ‘year’, which corresponded to
the effect of the individual who had recorded the
measurements and because ringers have changed
over the course of the period during which the
dataset was generated (36 years). Continuous pre-
dicting factors were standardized to increase com-
parability (Schielzeth 2010) wusing the stdize
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function in the r-package ‘MuMIn’ (Barton & Bar-
ton 2018). As neither rescaled nor log-transformed
response variables had a normal distribution, origi-
nal values were used in the model to enable easy
interpretation of the results. All models were run
with the complete set of factors in a step-wise
manner, omitting the factor with the high P-value
until all coefficients were significant (P < 0.05). In
addition, models were also run separately for males
and females to examine the difference between
the two sexes. Because of difficulties in determin-
ing the exact age of juveniles in the field, this
analysis was only applied to birds aged as adults.
Additionally, a Wilcoxon rank-sum test was
employed to determine statistical differences
between males and females.

RESULTS

Genetic diversity

All 10 microsatellite markers originally used to
genotype the House Sparrow populations were
successfully PCR-amplified in the Dead Sea Spar-
row. All loci were polymorphic, but the levels of
polymorphism varied among markers, with as few
as two alleles per locus for some markers
(CAMO02, CAM17 and CAM20) and as many as
nine in others (Pdo08; Table S2). The average
number of alleles per locus was 5.4 and no linkage
disequilibrium was found between any of the
markers when adjusting for multiple comparisons
using the Bonferroni correction. No statistically
significant deviations from Hardy-Weinberg were
recovered for loci across populations, with the
exception of the locus Pdo08, for which null alle-
les were detected. However, when analyses were
performed with this locus omitted, similar results
were recovered. Nonetheless, the marker was
excluded from the final analyses. One locus
(CAM20) was found to be monomorphic in the
Hemar population.

PCR-amplification of a region of the COI gene
in 39 individuals from the three populations
yielded an identical sequence for 38 individuals
(H1; Accession number MF767303), representing
low genetic diversity. Only one sequence from the
Hemar population was different at one nucleotide
position from the other sequences (H2; Accession
number MF767304).

Genetic variability was estimated according to
the observed and expected heterozygosity of
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microsatellite markers among the three popula-
tions and was found to be moderate to high
(Table 1), suggesting a genetically diverse popula-
tion in which out-breeding and dispersal probably
take place. This was also supported by low fixation
index values, indicating that random mating is
likely to occur (0.001-0.136). Allelic richness was
similar in all three populations (range 5.3-5.7).
Assignment tests yielded low self-assignment val-
ues, suggesting a high rate of gene flow among
populations (Table 1). Moreover, Fsr values were
low  between all paired comparisons
(0.000 < Fst < 0.006) and the results were not
significant (Table S3).

Population structure, demographic
history and gene flow

The optimal number of clusters recovered was
one, i.e. a single population (K =1: mean
LnP(D) = —1020.4; Fig. S2). The recovery of a
single population was also supported by the clus-
tering analysis using PCoA (Fig. 2).

We did not recover evidence for a signature of
a recent range expansion or a bottleneck, when
analysing the populations separately or as a single
population. The Wilcoxon signed-rank tests found
no evidence of a significant population size change
in either of the analyses, indicating no significant
excess of heterozygosity or a deficit of heterozy-
gotes in either of the models used (Table S4). In
addition, mitochondrial DNA frequency-based
tests did not show any significant signal of depar-
tures from stable population size in either the total
population (Fu’s Fs = 0.000, P = 0.499;
R, =0.131, P=0.817; Tajima’s D = —1.089,

Table 1. Estimates of genetic diversity of the Israeli popula-
tions of the Dead Sea Sparrow as determined using nine
microsatellite markers.

Assign
Populaton N N, Agr H, H, F (%)
Kfar Rupin 13 45 5.7 0.582 0.565 0.001 7.69
Og 26 46 57 0555 0490 0.090 19.23
Hemar 18 42 53 0527 0439 0.136 44.44
Total 57 44 6.3 0555 0.498 0.074 24.56

N, sample size; N, average number of alleles over all loci;
Ag, allelic richness over all loci; H,, unbiased expected
heterozygosity; H,, observed heterozygosity; F, fixation index;
Assign, assignment test score.
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Figure 2. Principal coordinates analysis of Dead Sea Sparrow
individuals from different localities as illustrated for nine
microsatellite markers. Geographical regions are marked by
colours and shapes as follows: light grey square — Kfar Rupin;
black triangle — Nahal Og; dark grey circle — Hemar reservoir.
Axes represent the percentage of total variation of the markers
explained for each principal coordinate.

P =0.128) or for the Hemar population, the only
population with more than one haplotype (Fu's
Fs =0.000, P=0.775; R,=0.229, P=0.55];
Tajima’s D = —1.165, P = 0.077).

Gene flow estimates generated by BAYESASS
revealed asymmetrical estimates of migration (‘m’),
as north-to-south migration (KR - OG:
m=0.16 £ 0.11, KR - HE: m=0.15 & 0.11,
OG — HE: m = 0.17 £+ 0.12) was more frequent
than south-to-north migration (HE — KR:
m=004 + 004 HE — OG: m=0.15+ 011,
OG — KR: m=0.04 £ 0.04). However, confi-
dence intervals (CI) for all of the pairwise compar-
isons overlapped with zero, suggesting that these
results should be interpreted with caution. In addi-
tion, whereas BAYESASS has previously been
shown to provide accurate estimates of migration
rates when Fgr > 0.05 (Faubet et al. 2007), the
current estimates of Fgr of the studied populations
did not meet this assumption
(0.000 < Fst < 0.006); therefore migration esti-
mates could be underestimated.

Morphological analyses

Data for 333 males (323 adults, 10 juveniles) and
261 females (243 adults, 18 juveniles) were avail-
able for the morphological study of the Israeli pop-
ulation. Whereas male adult birds had longer
wings than females (mean: 62.87 + 1.47 and
60.89 + 1.35 mm, respectively, P = 0.035), dur-
ing the breeding season, female adult birds had
greater body mass (14.30 & 1.22 g) than males

Local adaptations in the Dead Sea Sparrow 7

(13.96 + 0.97 g; Fig. 3). Both wing length and
body mass differed significantly between the two
sexes (W =64 149 and W =24 776, P <0.001
and 0.002, respectively, Wilcoxon rank sum test).
In addition, sex, age and latitude had a significant
effect on wing length, with northern adult males
having the longest wings (GLMM; Table 2). Con-
versely, body mass was only significantly affected
by sex and age, with female adults weighing the
most (GLMM,; Table 2).

When analysing the sexes separately, the
increase in wing length as explained by latitude of
adult  males  (estimate:  0.0052 & 0.0017,
P = 0.003) was more prominent than that in adult
females (estimate: 0.0030 + 0.0015, P = 0.044),
but was also affected by elevation (estimate:
0.0044 4+ 0.0017, P = 0.012). The body mass of
adult males was also dependent on latitude (esti-
mate: 0.0267 4 0.0052, P < 0.001), but none of
the other explanatory variables was found to be
significant.

DISCUSSION

Local adaptation despite low genetic
differentiation

Examination of the genetic structure of the local
Dead Sea Sparrow population in Israel revealed no
significant degree of genetic differentiation among
populations (Table S3, Fig. 2). STRUCTURE
analyses revealed that each sample had a similar
probability of being assigned to a theoretical clus-
ter, suggesting a panmictic population. Addition-
ally, low assignment tests scores and fixation index
values, as well as moderate to high observed
heterozygosity within populations (Table 1) sug-
gests that gene flow is ongoing. However, despite
low genetic differentiation among geographically
distinct populations, evidence of local adaptation
of individual populations sampled across Israel was
found in the wing length of adults of both sexes
and body mass of adult males (Table 2). Northern
birds, both males and females, had longer wings,
in agreement with Bergmann’s rule (Bergmann
1848, Salewski & Watt 2017). This result is in
accordance with wing length being previously
shown to be a proxy for body size in birds (Nolan
& Ketterson 1983, Wiklund 1996, Gosler et al.
1998). Although wing length has also been associ-
ated with mean ambient temperature (Allen’s rule,
Welty 1962), and was found to decrease with

© 2018 British Ornithologists’ Union



8 T. Magory Cohen, R. Haran & R. Dor

a  Y..=45371+0.54231 x,r*=0.032187

Voo =5240.27 x, = 0.024983
67.51
A r'y
b
- A Fry A
65.0 1 = : A4
[ - - A
e A - s A m
1S A - A a
by ™ r
= 6251 - A
o N - - -
5 - - -
) - - _E_______.-—'—-"I
g - - =
= 6004 = L] - - - W
g - - -
- - - -m -
-
- -
57.51
30 31 32 33
Latitude

Body mass [g]

184

164

124

Females Males

Sex

Figure 3. (a) The effect of sex on wing length and (b) body mass in adult female and male Dead Sea Sparrows as depicted by a
single factorial analysis. Values of adult males are shown in grey triangles and those of adult females are shown in black squares.
The boxes are drawn with widths proportional to the square-roots of the number of observations in each group.

Table 2. Results of the generalized linear mixed-effects model (GLMM) with Gaussian error and log link function testing the effects
of age, sex and latitude on wing length (n = 589) and body mass (n = 523) in Dead Sea Sparrows during the breeding season

between 1981 and 2015.

Wing length (mm)

Body mass (g)

Estimate se t-value P Estimate se tvalue P
Intercept 4.109 0.002 1953.29 < 0.001 2.653 0.008 349.93 < 0.001
Age (Juveniles) —0.01 0.005 —2.01 0.046 —0.043 0.018 —2.42 0.016
Sex (Males) 0.031 0.002 16.1 < 0.001 —0.023 0.007 —3.42 0.001
Latitude® 0.005 0.001 4.05 < 0.001 - - - -

‘Year was employed as a random factor to represent the effect of the individual who recorded the measurements. All models were
run with the complete set of factors in a step-wise manner, omitting the factor with the highest P-value until all coefficients were sig-

nificant (P < 0.05). 2Standardized.

decreasing temperatures in some birds (Yom-Tov
et al. 2006, McCollin et al. 2015), this trend was
not reflected in our results. In contrast to wing
length, variance in body mass was only signifi-
cantly explained by latitude in adult males, pre-
sumably because of physiological changes, which
include an increase in female body mass during
the breeding season. Alternatively, Blanckenhorn
et al. (2006) have shown in an extensive review
that male latitudinal body size clines were steeper
than those of females for a large number of spe-
cies, representing what they term ‘a latitudinal ver-
sion of Rensch’s rule’.

© 2018 British Ornithologists’ Union

To confirm that our present results did not stem
from differences in sample size between the
genetic and the morphological datasets, we con-
ducted a separate morphometric analysis for the
samples used in the genetic analysis and observed
similar trends. This result suggests that local adap-
tation has taken place under the distinctive envi-
ronmental conditions that exist over a relatively
short geographical distance in Israel, and which are
also demonstrated in the ambient average temper-
ature during the breeding season: mean tempera-
tures in the warmest quarter range between
27.7 °C at the northernmost locality to 32.1 °C at



the southernmost locality. Although evidence of
high gene flow is traditionally thought to limit
adaptive variation among local populations due to
‘gene swamping’ (Haldane 1930, Lenormand
2002), the interplay between stabilizing genetic
pressure and divergent selection remains unclear
(Seehausen 2004, Savolainen et al. 2013, Tigano &
Friesen 2016). The occurrence of local adaptation
despite low genetic differentiation has been
described previously in plants (Sambatti & Rice
2006, Gonzalo-Turpin & Hazard 2009), fish
(Saint-Laurent et al. 2003, Hemmer-Hansen et al.
2007, Nielsen et al. 2009) and birds (e.g. Dor
et al. 2011, Poelstra et al. 2014). Several mecha-
nisms have been suggested to support the presence
of phenotypic variation among closely related pop-
ulations, including non-random gene flow (Edelaar
& Bolnick 2012, Richter-Boix et al. 2013), specific
loci that experience reduced gene flow due to nat-
ural selection (Matsubayashi et al. 2010, Sousa
et al. 2013), phenotypic plasticity (Crispo 2008),
sexual selection (Wilkins et al. 2016) and migra-
tion-selection—drift balance (Bridle & Vines 2007,
Yeaman & Whitlock 2011). In general, the extent
of evolutionary change is dictated by directional
selection, gene flow, the ecological gradient and
the heritability of the trait (Garcia-Ramos & Kirk-
patrick 1997).

In the Dead Sea Sparrow, strong breeding site-
fidelity suggests that despite seasonal movement,
these individuals spend the better part of the year
in the same area. This enables phenotypic diver-
gence related to the effect of temperature to be
selected, as wing length (and body mass in males),
and by proxy body size, increases with the
decrease in average temperature. Alternatively,
preliminary data collected from individuals cap-
tured during the breeding season and recaptured
during wintering (R. Haran unpubl. data) revealed
seasonal movement patterns from north to south
during  wintering, as average temperatures
decrease, suggesting a possible role of wing length
in local migration distances in allowing birds with
longer wings to travel longer distances (Forschler
& Bairlein 2011). However, a deeper understand-
ing of the mechanism underpinning geographical
variation in wing length requires additional explo-
ration of the genetic and genomic architecture of
the selected traits.

Strong north to south directional migration was
detected between the populations (0.15 <
m<0.17, 0.11 <sd <0.12) and was consistent
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with the expected seasonal migration pattern
(Summers-Smith 1988, Shirihai 1996). This result
may reflect local wintering southward movement
of the species that may be caused by the decreas-
ing ambient temperature during the cold season,
after which most individuals probably return to
their original breeding grounds (R. Haran unpubl.
data). Such migration behaviour may result in the
gene flow pattern revealed here, should a fraction
of the migrating individuals stay on their wintering
grounds. However, northward migration was also
detected, although to a lesser extent, suggesting
that gene flow may occur in both directions.

Despite having found no evidence of a recent
range expansion, this result may reflect seasonal
migration patterns rather than the lack of an
expansion event. High migration rates between
adjacent populations, such as those found in this
study, may result in populations with high genetic
diversity despite a clear demographic expansion
pattern (Excoffier et al. 2009). An alternative
explanation may be the relatively short period of
time since the documented range expansion
(Yom-Tov et al. 1976, Summers-Smith 1988),
which may impede a stronger genetic signal of
population growth, as the number of variable sites
between two DNA sequences is proportional to
the time since the expansion began (Rogers &
Harpending 1992). Increasing the genetic sample
size may reveal additional haplotypes in these
populations.

Implications for conservation

The conservation status of the Dead Sea Sparrow
is difficult to determine, partly because of the diffi-
culty inherent in studying the species across much
of its distribution range. The Israeli population
examined here is considered a peripheral popula-
tion, located at the southwestern border of the
species’ range (Fig. 1b). As such, it may become
even smaller and more fragmented (Thomas &
Kunin 1999), and gene flow from the centre of
the species’ range may decrease, eventually leading
to reduced fitness (Bridle & Vines 2007).
Although gene flow can prevent peripheral popu-
lations from reaching the optimal trait phenotype
through the introduction of poorly adapted immi-
grants (Garcia-Ramos & Kirkpatrick 1997), high
genetic variation can facilitate the emergence of
adaptive alleles in a rapidly changing environment
(Bridle & Vines 2007). However, if the rate of

© 2018 British Ornithologists’ Union
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environmental change outpaces the extent of avail-
able genetic variation, including that which is
introduced by migration, then the mean fitness
and total density of the population are expected to
decline drastically (Lenormand 2002, Bridle &
Vines 2007). Therefore, although no evidence of a
bottleneck was found in the present study, the
fragmented nature of the range of P. moabiticus
may require careful monitoring of the species’
demographic and genetic variation, particularly in
light of the morphological divergence found in the
Israeli population. Moreover, additional research of
the connectivity among populations across a larger
part of the species’ range may help to shed light
on the current status of the species from a global
perspective, which is presently that of ‘Least Con-
cern’ but with signs of a decrease in population
size (IUCN 2017).
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Data S1. Morphometric analysis for mean tem-
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perature of warmest month on wing length and
body mass.
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