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Abstract At least four hypotheses have been suggested to
explain the formation and maintenance of song dialects
among birds: historic processes (epiphenomenon), genetic or
local adaptation, acoustic adaptation, and social adaptation.
We studied spatial and temporal distribution of dialect in the
orange-tufted sunbird (Nectarinia osea), a small nectarivorous bird that expanded its breeding range in Israel during
the past 100 years from the southern part of Rift Valley to the
entire country. Sunbird range expansion was concurrent with
the establishment of many small settlements with an ethos of
gardening, which introduced many ornithophilous plants. We
recorded songs and genetically screened individual sunbirds
in 29 settlements distributed across a 380 km north–south
gradient along the Rift Valley. We show that dialects cluster
together into geographical regions in 70% of cases, a
moderate concurrence to geography. Settlement establishment date, geographical position, and genetic distance
between local populations (i.e., settlements) were all poor
predictors for the variance among song dialects. The specific
effect of habitat was not tested because all sampled localities
were similar in their physical and acoustic properties. Using
a network analysis, we show that dialects seem to aggregate
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into several network communities, which clustered settlement populations from several regions. Our results are best
explained by either the epiphenomenon hypothesis or the
social adaptation hypothesis, but at present our data
cannot state unequivocally which of these hypotheses is
better supported. Last, we discovered a negative association between network centrality and genetic diversity, a
pattern that requires further examination in other systems.
Keywords Song dialects . Cultural transmission . Network
centrality . Israel . Nectarinia osea

Introduction
Geographical variation in vocalizations has been documented
in a wide variety of songbirds (Mundinger 1982; Catchpole
and Slater 2008). Song dialects may be formed in adjacent
aggregations of birds, with well-defined boundaries and
with different vocalization types (Rothstein and Fleischer
1987). Several authors report recent range expansions
associated with changes in song structure [the brownheaded cowbird Molothrus ater in California (Rothstein
and Fleischer 1987; Rothstein 1994) and the house finch
Carpodacus mexicanus in the eastern USA (Pytte 1997)].
New songs may evolve by mistakes in the learning process
or improvisations and a new dialect may form due to
isolation between populations or by preferential copying due
to behavioral consequences (e.g., Payne 1981; Petrinovich
et al. 1981; Baker and Cunningham 1985). Dialects are not
found in species lacking imitative learning (Podos and
Warren 2007). Following Rothstein and Fleischer (1987),
Podos and Warren (2007), and Catchpole and Slater (2008),
we considered four common hypotheses that purport to
explain the function and maintenance of dialects in birds.
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(1) Historical processes or epiphenomenal hypothesis—
local dialects are created by occasional inaccuracies in song
copying and maintained merely by geographic isolation,
and are at present epiphenomena with no functional link to
dialect structure (Andrew 1962, Baptista 1975; King 1972;
Payne 1981; Petrinovich et al. 1981). (2) Genetic or local
adaptation hypothesis—dialects are maintained because
they serve as population markers that local females use to
identify and thus to preferentially mate with local males
(Nottebohm 1969; Baker et al. 1981; MacDougallShackleton and MacDougall-Shackleton 2001). One possible advantage of this scenario is that genetic adaptations to
the local environment might be preserved within the
population (Nottebohm 1969). (3) Acoustic adaptation
hypothesis—dialects arise and are maintained because the
dialect vocalization transmits best through the local habitat
(e.g., Morton 1975; Wiley and Richards 1978). 4. Social
adaptation hypothesis - dialects are maintained through the
copying of songs of established males for the purpose of
gaining status, acquiring territory and mates. In order to
acquire a territory and/or a mate, males must establish their
status. Therefore, it is advantageous to copy a local male,
one holding a territory and/or having a mate. This
mechanism of dialect maintenance suggests that song
learning may continue after the juvenile period if there is
dispersal from the parental population (Payne 1981) or by
selective song attrition (Nordby et al. 2007). Under this
hypothesis, Rothstein and Fleischer (1987) define two
subhypotheses: deceptive convergence and honest convergence. In our analyses, we did not attempt to distinguish
between these two possibilities because the critical predictions required cannot be evaluated using our data.
Recent reviews found that none of the above hypotheses
could account alone for all or even a majority of published
examples of dialects (e.g., Slabbekoorn and Smith 2002a;
Podos and Warren 2007). Further, most studies examining
the relationship between cultural evolution (i.e., song
dialect) and genetic differentiation (i.e., local adaptation
hypothesis) so far have discovered limited or no degree of
correlation between vocalizations and neutral genetic
markers (e.g., Baker 1982; Handford and Nottebohm
1976; Lougheed and Handford 1992; Lougheed et al.
1993; Wright and Wilkinson 2001; Leader et al. 2008;
Nicholls et al. 2006; Ruegg et al. 2006; Soha et al. 2004;
Wright et al. 2005). These results may be due to the fact
that cultural evolution can proceed at a much faster rate
than neutral genetic divergence (e.g., Noad et al. 2000).
The orange-tufted or Palestine sunbird (Nectrinia osea;
hereafter the sunbird) is a small (6–8 g) passerine that feeds
on nectar, insects, spiders, and other invertebrates (Paz
1986; Cheke et al. 2001). Its range is patchy across north–
central Africa, penetrating north along the Great Rift Valley
on the eastern shores of the Red Sea as far as Israel (Cheke
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et al. 2001). In the mid-nineteenth century, it was reported
to breed in Israel only along the shores of the Dead Sea and
the lower Jordan Valley (Jericho, 31°51′19.6″ N, 35°27′
43.85″ E; Tristram 1884; Aharoni 1943/6). However,
during winter (i.e., outside the breeding season), it has
been reported from other (northern) parts of the country
(Shirihai 1996; Cheke et al. 2001). The original breeding
range of the sunbird in Israel almost overlaps that of the
common hemiparasitic mistletoe, Loranthus acaciae (YomTov and Mendelssohn 1988) whose prominent ornithophiluous flowers are a favorite food source for the sunbird
(Vaknin et al. 1996). The number of native ornithophilous
plants available in the rest of Israel was previously very
small, thus limiting nectar availability for the sunbird, and it
has been suggested that the former breeding distribution of
the sunbird was limited by the scarcity of ornithophiluous
flowers elsewhere (Smoli 1957; Paz 1986).
Since the 1930s, the sunbird has expanded its distribution to other areas, and it currently breeds throughout Israel
(Shirihai 1996). The expansion of its breeding range
occurred concurrently with the increase and cultural shift
in the local human population. The human population
increased about 15-fold and the number of settlements in
Israel proper increased between 1948 and 2000 from ca.
500 to about ca. 1,200 (Statistical Abstracts of Israel 2001).
Water, formerly available mostly for household consumption and to some extent also for agriculture, became
available also for gardening (Enis and Ben Arav 1994).
More than 1,400 plant species were introduced to Israel
during the twentieth century, among them many ornithophilous ones, all of which are now very common in urban
as well as agricultural settlements throughout Israel (Fahn
and Zohary 1981).
The sunbird has extensive intraspecific variation in its
songs, and during the breeding season individuals sing from
high perches in their territories (Leader et al. 2000). Male
song is highly stereotyped, and males usually sing only one
song type with little or no variation throughout their lives
(Leader et al. 2000). A typical song consists of four syllable
types, and the last part of the song almost always consists
of a trill. Sunbirds display regional vocal dialects throughout Israel, with the trill exhibiting large variability between
different populations, both in frequency and temporal
characteristics (Fig. 1). For example, in northern Tel Aviv,
the sunbird population exhibited two distinct song dialects
on a microgeographic scale (Leader et al. 2008), which
divided the small, yet densely populated neighborhood into
two separate areas, with a sharp boundary between them
(Leader et al. 2008). Sunbird populations in other parts of
Israel have their own song dialects. Dialects and geographical song variation have also been discovered in another
species of sunbird, the splendid sunbird, Nectarinia
coccinigaster (Grimes 1974; Payne 1978) and probably
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exist in at least two other sunbird species, Nectarinia
kilimensis and Nectarinia chalybeus, as well (Grimes
1974).
We selected the orange-tufted sunbird as a model system
for several reasons. The recent documented range expansion of this bird and the variety of dialects present across
the Rift Valley provide a unique setup to examine the
various hypotheses for dialect formation and maintenance.
In our study system, the southern sunbird population
presumably was the sole source of migrants that settled
the northern Rift Valley during the past 100 years, and there
is reliable information for most localities about the dates
when new suitable habitats became available for sunbirds
(Enis and Ben Arav 1994). All these novel habitats were in
agricultural settlements with planted gardens, environmentally similar to each other, thus partially controlling for
environmental conditions.
Considering the above background and our results, we
evaluated the suitability of each of the above hypotheses as
a possible explanation for the variation observed between
sunbird dialects along the Rift Valley in Israel.

Materials and methods
Study area
The Israeli part of the Syrian–African Rift Valley ranges
along ca. 400 km from Elat in the south to Dan in the north
and its width varies between 5 and 20 km. It is subdivided
along a south–north axis into four sections: the Arava
Valley (all locations south of latitude 310N), the Dead Sea
region (all locations between latitude 310 and 320N), the
Jordan Valley (incorporating the Bet Shean and Kinnarot
valleys; all locations between latitude 320 and 330N), and
the Hula Valley (all locations north of latitude 330 N;
Fig. 1). Its climate varies greatly from extreme dry (mean
annual rainfall about 25 mm) and hot desert dotted with
oases in the Arava and along the shores of the Dead Sea, to
mild Mediterranean climate in the Hula Valley (mean
annual rainfall about 550 mm).
Until the beginning of the twentieth century, the sunbird
was known to breed in oases along the shores of the Dead
Sea and south of it, but from the 1930s on, it started to
expand its distribution to other parts of Israel. There is little
information about the timing of the expansion and first
breeding of the sunbird in the Israeli part of the Rift Valley.
The first sighting record from the Kinnarot Valley (south of
the Sea of Galilee; mid-latitude 32.60oN) is from 1939 and
first nests were reported in 1955 (Lulav 1969). The first
nests in the Bet Shean Valley (32.50oN) and the Hula
Valley (mid-latitude 33.05oN) were noted in 1955 (Inbar
1975/6) and the early 1960s (D. Eisikovitz and Y. Lev-Ari,
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personal communication). We used the year of settlement
establishment as a proxy for the approximate period of
settlement by sunbirds (Statistical Abstracts of Israel 2001).
Song analysis
We recorded songs from territorial male orange-tufted
sunbirds inhabiting 29 collective (kibbutz) and cooperative
agricultural (moshav) settlements along a 380 km latitudinal gradient in the Rift Valley (Fig. 1). We considered
individuals sampled at each settlement as a population.
Recordings were made during two breeding seasons
(March–June 2006–2007). In order to reduce the possibility
of repeated recording of the same male, most recordings
within a settlement were done on the same day, and after
determining the boundaries of each male territory during
the previous day or two. In the few cases where we
recorded in the same area at a later date, we selected
territories farther away from where the previous recordings
were conducted. All recordings were made within close
proximity to singing birds (5–10 m) using a Sennheiser
ME-67 “shotgun” microphone and a solid-state digital
sound recorder (Marantz PMD670). Songs were recorded
at 16-bit with a 44.1 kHz sampling rate. After transferring
the digital song recordings to a computer, all song recordings were band-pass filtered from 2 to 10 kHz to eliminate
environmental noise and stored as individual computer
files.
We recorded 692 songs from 141 males in 29 settlements
(Fig. 1). For each male, we obtained a high quality
recording of three to five songs (mean±SD of 4.9±0.03
songs per individual), taken on 1–3 consecutive days. By
recording each unmarked male over a short period of time,
we minimized the probability of territorial shifts and
misidentification. Spectrograms used for measurements
were produced with a 512-pt. FFT (frequency resolution
55 Hz, time resolution 2.90 ms, Hamming window, and
87.5% overlap) using Avisoft SASLab Pro for Windows
Version 3.4 (Avisoft ® 1998). Previously, Leader et al.
(2000, 2002, 2005) showed that the trill component reliably
separates dialects at the microgeographic level. Therefore,
in this study, we analyzed only populations that had the trill
component. Songs recorded at several other localities (all in
the Bet Shean Valley) completely lacked the trill component, and these were not included in our analysis. We
measured the following nine trill variables from each song
(Fig. 2): (1) beginfreq—the frequency at the beginning of
the trill element (kHz), (2) minfreq—the lowest frequency
of the trill element (kHz), (3) endfreq—the frequency at the
end of the trill element (kHz), (4) begmaxfreq—the
difference between beginfreq and the maximum frequency
of the trill element (kHz), (5) maxendfreq—the difference
between endfreq and the maximum frequency (maxfreq) of
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Hamadya* (1942)
Gesher* (1939)

Menahemya (1901)

32000’

En Ha-Natsiv*
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Shluhot* (1948)
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En Yahav* (1967)

En Gedi* (1956)
Zophar (1970)
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Yahel* (1977)

29000’
36000’

35000’

34000’

Yotvata* (1951)
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Fig. 1 The orange-tufted sunbird populations sampled along the Rift
Valley in Israel. A typical population sonogram and the date of
settlement establishment are presented. Regions are indicated by color
from north to south: Hula Valley (black), Lake Kinneret basin (red),
Dead Sea basin (blue), and Arava Valley (yellow). An asterisk
indicates sites sampled for genetics

the trill element (kHz), (6) bandwidth—the difference
between the minimum (minfreq) and maximum (maxfreq)
frequencies of the trill element, (7) trillength—time length
of the trill element (s), (8) intersyllable—the time between
consecutive trill elements (s), (9) minmaxslope—bandwidth/trillength (kHz/s). For each trill variable, we averaged over individual the measurements obtained. The
variables minfreq and endfreq (r141 =0.985, P<0.0001)
and maxendfreq and bandwidth (r141 =0.983, P<0.0001)
were highly correlated, thus we excluded minfreq and
bandwidth from all subsequent analyses. The correlation
among all other variables was much lower, ranging from 0
to 0.62 (mean±SD, 0.27±0.20), which translated to a
tolerance >0.1 in all variables used (the tolerance of a
variable, i.e., 1-R2, which is a measure of its co-linearity
with all other independent variables in the model). Means
(±SD) of all trill variables used per location are presented in
the electronic supplement S1.
To test for correspondence between capture site of
individuals and their vocal profile, we applied discriminant
function analysis (DFA; e.g., McLachlan 1992). The vocal
variable beginfreq was the only one normally distributed.
All other six variables were normalized using the Box-Cox
transformation. The unique contribution of each variable to
the discriminatory power of the model was evaluated by
partial Wilk’s lambda and its associated statistics. The a
priori classification probabilities were set to give equal
weight for each site. Classification functions were used to
calculate the posterior classification probabilities for each
bird. Assignment of each bird to a site was designated by

Trill elements
maxfreq

beginfreq

minfreq
endfreq

Fig. 2 A subset of the trill variables measured in this study (see
“Materials and methods” for details)

the highest posterior probability. Leave-one-out crossvalidation procedure, using a single bird from the original
sample as the validation data and the remaining birds as the
training data, was used for evaluating the performance of
the discriminat functions (SPSS 17, SPSS Inc.). This is
repeated such that each observation in the sample is used
once as the validation data.
We used the squared Mahalanobis distance among
settlement or region centroids, generated by DFA, as a
measure of similarity in vocal profile among populations.
The Mahalanobis distance is a metric adapted to handle
nonspherically symmetric distributions. It is simply the
distance of each song from the center of mass (settlement or
region) divided by the width of the confidence ellipsoid in
its direction (McLachlan 1992). It is based on correlations
between trill variables and it is a useful way of determining
similarity in trill profile between locations. A short
Mahalanobis distance implies close resemblance between
trill profiles, but not necessarily related evolutionary line.
The squared Mahalanobis distance between locations was
the basis for a network analysis and correlations between
vocal profile and genetic distances.
We used network theory to analyze dialect connectivity
between populations (i.e., settlements) of sunbirds along the
Rift Valley (e.g., Proulx et al. 2005). This approach allows
us to model the change in dialects from south to north and
to cluster locations of closely resembled vocal profiles. We
inversely transformed the squared Mahalanobis distances to
convert larger distances to represent more similar vocal
profiles. To eliminate weak connections, we percolated the
network by finding the cutoff distance value that connects
all sites into a single network (i.e., one component;
Rozenfeld et al. 2008). Using shorter distance values than
this cutoff value would generate several disconnected
networks, whereas longer distances would add surplus and
less informative connections. Thus, the percolation process
brings into view the backbone structure of the network. We
used randomizations to test whether the density (i.e., the
number of observed ties relative to the number of possible
ties) of the observed network is significantly different from
the density expected in random networks (tie weight=0.5).
In addition, we calculated two measures from the network,
eigenvector centrality and betweenness (Wey et al. 2008,
Coleing 2009). Centrality is often evaluated as the number
of connections each site has with others (degree). Eigenvector centrality is an approach for finding the most central
actors in a network using factor analysis. Betweenness is
the number of connections between other sites that run
through a given site (Freeman et al. 1991). A location can
have a very few connections (low centrality), but situated
on the network such that it connects between two clusters,
thus having high betweenness value. Higher betweenness
implies a location that is significant in bridging between
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other distant sites. Finally, we used the Girvan–Newman
algorithm (Girvan and Newman 2002) to define communities (clusters in a network), and modularity (Q) to find the
most fitted number of communities (Newman and Girvan
2004). Generally speaking, the larger the value of Q, the
more accurate is the partition into communities, and by
maximizing Q we can detect the community structure
(Newman and Girvan 2004). We examined modularity for
two to ten clusters, and selected the community structure
associated with the highest Q value. All network calculations were done in UCINET (version 6.0; Analytic
Technologies, Lexington, KY, USA).
To associate the variation in the distance matrix among
population vocal dialects (i.e., squared Mahalanobis distance; dependent) with vector variables like latitude,
longitude, and date of settlement establishment (independent variables), we employed the BIOENV procedure of
Clarke and Ainsworth (1993). The BIOENV is a nonparametric statistical procedure that calculates the Spearman’s
rank correlation coefficient (rs) between the distances in the
response distance matrix (in our case, a matrix of squared
Mahalanobis distances) and a Euclidean distance matrix
calculated from one or more predictor variables. Thus, the
BIOENV statistic is similar to a nonparametric version of a
simple Mantel’s correlation between two distance matrices.
The BIOENV procedure calculates the value of rs for all
possible subsets and finds the “best fit” (i.e., that
combination of predictor variables whose Euclidean distance matrix yields the highest value of rs). Unlike R2 in
multiple regression analyses, the BIOENV statistics does
not necessarily increase with the increase in the number of
predictor variables. A permutation test that accounts for the
selection process was used for calculating the probability
that the observed rs is significantly different from no
association. The BIOENV analysis was performed using the
Primer 6 computer package (Clarke and Gorley 2006).
Genetic analysis
We collected genetic samples from 80 individuals (69 males,
six females, and five unsexed juveniles) sampled from 13
locations, which overlapped those sampled for vocalization
(Fig. 1). Birds were trapped using a specially designed coneshaped trap and a live caged male as a lure (Leader et al.
2008). Upon capture, each bird was individually ringed
using numbered aluminum ring. Blood samples (~5–50 μl)
were taken in heparinized capillary tubes by means of
brachial venipuncture. Samples were preserved in 1 ml of
phosphate-buffered saline buffer and total cellular DNA was
extracted following the protocol of Walsh (1991).
All individuals were genotyped at five polymorphic
microsatellite loci using primers originally designed for
the congener Nectarinia olivacea (R. Bowie, personal
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information). All five loci were tetranucleotide repeat
markers and were amplified with polymerase chain
reaction (PCR) in 25-μL volumes with a final concentration of 1× PCR buffer, 0.1 mM of each dNTP, 1–1.5 mM
of MgCl2, 0.4 μM each of fluorescently labeled forward
and unlabelled reverse primers, 2 μL of template DNA
solution, 1 unit of Taq polymerase, and ultrapure water to
volume. PCR was performed on a Biometra TGradient
Thermocycler with a profile of 95°C for 2 min, 40 cycles
of 95°C for 45 s, 50–58°C for 60 s, 72°C for 120 s, and
5 min of extension at 72°C.
Products were sized on a 3,100 Genetic Analyser
(Applied Biosystems) and allele sizes were scored using
GeneScan software (Applied Biosystems) after calibration
with an internal size standard. Positive controls (i.e.,
amplicons of known sequence and size) were included to
ensure consistent size scoring across all runs.
We used Genepop (4.0.9; Raymond and Rousset 1995)
to test for Hardy–Weinberg equilibrium and linkage
disequilibrium, and FSTAT (2.9.3.2; Goudet 1995) for
allelic richness and the genic diversity of Nei (1973). In
the calculations of allelic richness, the program FSTAT uses
rarefaction procedure to account for the difference in
population sample size. We used the program Populations
(1.2.28; Langella, CNRS) to calculate the following genetic
distances among populations: Weir and Cockerham (1984)
Fst, Nei et al. (1983) DA, and Slatkin (1995) ASD. All
correlations between genetic, geographic, and vocal matrixes were performed using the Mantel’s test.
Last, to examine whether population genetic structure
can be explained by dialects we employed an assignment
test, which tests for significant genetic differentiation
between individuals located at different vocal communities.
We used the Rannala and Mountain (1997) Bayesian
algorithm for detecting migration and the probability
simulation algorithm by Paetkau et al. (2004), with 1,000
simulated individuals and α=0.01. These calculations are
implemented in the program GENECLASS2 (Piry et al.
2004).

Results
The DFA indicated that the populations differed significantly
in their vocal profile (for all seven vocal variables Wilks’
lambda ranged 0.128–0.346, F(28,112) ≥7.5, P<0.0001). Out
of the 406 possible pairwise comparisons between 29
populations, only eight population pairs had a squared
Mahalanobis distance that was not significantly larger than
expected by random (P<0.05). Six out of the seven
canonical roots had an eigenvalue ≥1, but the first two roots
accounted for approximately 75% of the variance in the data
matrix (Table 1). The vocal variables endfreq, trillength, and
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Table 1 The standardized
canonical discriminant function
coefficients based on population
vocal profile

The eigenvalue, percent of
variance accounted, and the cumulative percentage of variance
explained for each root are
indicated at the bottom of the
table

Trill variables
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Discriminant roots
1

2

3

4

5

6

beginfreq
endfreq
begmaxfreq
maxendfreq
trillength
intersyllable
minmaxslope

−0.212
0.880
0.156
−0.077
0.762
0.622
−0.125

−0.383
−0.674
−0.806
0.313
0.554
0.301
0.796

1.192
−0.570
−0.085
−0.462
−0.057
0.362
−0.301

1.842
−0.667
1.559
−0.209
−0.266
0.036
−0.424

−0.271
0.315
−0.354
0.306
−0.403
0.718
0.679

−1.151
1.012
−1.088
1.174
0.144
−0.328
0.263

Eigenvalue
% of variance
Cumulative %

13.5
46.6
46.6

7.3
25.3
71.9

3.0
10.4
82.2

2.1
7.2
89.5

1.3
4.5
94.0

1.0
3.5
97.4

intersyllable were the most significant for the discrimination,
as they comprised the first root that accounted for nearly
50% of the variance. We assigned equal prior probability for
groups. Classification success was high: 84.4% of original
grouped cases were correctly classified. Out of 29 populations, all members of 14 populations were unmistakably
classified as members of their original populations (100%).
In another ten populations the success rate was 80%, and
only for Sde Eliezer and Yotvata was the classification rate
≤40%. Our DFA showed that 66.7% of cross-validated cases
were correctly classified into their original population.
The above vocal variables were also effective in assigning
individuals into the four geographical regions indicated in
Fig. 1 (for six vocal variables Wilks’ lambda ranged 0.427–
0.821, F(3,137) ≥9.9, P<0.0001; minmaxslope was insignificant). All pairwise Mahalanobis distances between region
centroids were significantly larger than expected by random
(P<0.001). Our analysis showed that 73.8% of original
grouped cases were correctly classified to their original
region, and the cross-validation correctly classified 70.9% of
cases. Classification success in the regions of Lake Kinneret
basin, Dead Sea basin, and the Arava Valley were high
(76.2%, 80.0%, 91.3%, respectively). Only in the Hula
Valley classification success was considerably lower
(57.5%). Of the cases recorded in this region, 27.5% and
12.5% were classified as dialects from the Dead Sea basin
and Lake Kinneret basin, respectively.
We constructed a dialect network based on the squared
Mahalanobis distance between population centroids. We
identified a distance value of 22 as the network percolation
point (Appendix 1), thus using all the distances equal or
smaller than this threshold to construct the network (Fig. 3).
The network density (0.036±0.0016), describing the density
of links between locations relative to the maximum possible,
was significantly lower (P=0.0002) than the expected in a
random network. Using the Girvan and Newman (2002)

7
1.141
−0.853
0.184
−1.255
0.649
−0.089
0.907
0.7
2.6
100.0

algorithm, the highest modularity (Q=0.442), representing the
best community classification, identified six communities on
the network (Fig. 3). The resulting network revealed several
key properties of sunbird dialect subdivisions. First, clustering
was partially associated with geography. The largest community included all the localities from the Arava Valley, the
second largest community was from the Lake Kinneret basin
where nearly all locations from this region were included, and
two of the smaller communities (two to three locations) each
composed from localities of the same region (Fig. 3).
However, two other communities had a mix of localities from
three different regions (Fig. 3). Second, the most central
populations in this network were Sde Eliezer, Bet Zera, and
En Gedi, each of which was located within a different
network community and geographic region (Figs. 1 and 3).
Three of the locations in the Arava were of high centrality,
and most of the outermost northern locations (Hula Valley)
were of low centrality (Fig. 3). Last, in this network,
betweenness was completely independent of centrality
(rs =−0.008, P=0.965), suggesting that high centrality populations are not necessarily bridging between network communities. The top betweenness populations were Kefar Blum,
Kefar Szold, Hulata, and Sha’ar Hagolan, which bridged
between the northernmost locations and all other locations.
Using the BIOENV analysis, we found that latitude and
settlement establishment dates were the best predictors for
the distances among dialects (Table 2). However, even the
best variable subset (i.e., latitude and establishment date)
accounted for only 9.9% of the variance in dialects, and
latitude alone accounted for only 4.4% (Table 2).
The five microsatellite loci used in this study were highly
variable (Table 3) and completely independent (linkage
disequilibrium; P≥0.495 in all comparisons). We did not
detect overall significant heterozygote deficiency (P=0.571)
or excess (P=0.419) and this trend also held for each
population when tested separately (all P values>0.05),
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Fig. 3 Song dialects network
based on the squared Mahalanobis distance between population centroids. Color denotes
region assignment and symbol
size is proportional to eigenvector centrality. Regions are
shown left to right from north to
south: Hula Valley (black), Lake
Kinneret basin (red), Dead Sea
basin (blue), and Arava Valley
(yellow). Color-shaded areas
denotes the six communities
(modularity Q=0.442) identified
by the Girvan and Newman
(2002) algorithm. An asterisk
indicates sites sampled for
genetics
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En Ha-Natsiv*
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except for heterozygote deficiency in the population of
Kaliya (P=0.008).
In contrast to the dialect distribution, the genetic structure
was much better predicted by geography. We detected a
significant correlation between geographic distance and Fst
(Mantel’s test; r=0.419, P=0.007), DA (r=0.617, P=0.0001;
Fig. 4a), and ASD (r=−0.401, P=0.01). However, the
genetic distances were poor predictors of dialect subdivision.
Only DA significantly correlated with squared Mahalanobis
distance (Mantel’s test; r=0.289, P=0.004; Fig. 4b), and that
relationship accounted only for about 8% of the variance. Fst
(r=−0.047, P=0.699) and ASD (r=−0.017, P=0.885) were
independent of the squared Mahalanobis distance. After
controlling for the effect of geographic distance, none of the
genetic distances was significantly associated with the
squared Mahalanobis distance (DA, r=0.128, P=0.243; Fst,
r=−0.188, P=0.118; ASD, r=0.114, P=0.305). In addition,
only 32.1% of individuals were correctly assigned to their
vocal community based on their genetic profile and the
Bayesian procedure in GENECLASS2.
Table 2 The BIOENV correlation analysis between the matrix of
population vocal distances and latitude, longitude and year of settlement
establishment
Variable set

rs

P

Latitude, year
Latitude, longitude, year
Longitude, year
Longitude
Latitude, longitude
Year
Latitude

0.314
0.308
0.303
0.269
0.251
0.239
0.222

0.0008
0.0008
0.0011
0.0015
0.0071
0.0101
0.0169

All possible subsets and their associated statistics are presented, and
sorted by their rs value

Last, we examined whether genetic variability at each site,
a reflection of dispersal, is associated with vocal connectivity
(e.g., network centrality). We found that genetic variability
significantly correlated with the dialect eigenvector centrality
(allelic richness, rs = −0.621, P=0.024; gene diversity,
rs =−0.725, P=0.005; Fig. 4c), but not with dialect betweenness (allelic richness, rs =−0.297, P=0.324; gene diversity,
rs =−0.421, P=0.152). The negative association between
genetic variability and eigenvector centrality was significant
even after exclusion of the population with the highest
centrality value (allelic richness, rs =−0.539, P=0.058; gene
diversity, rs =−0.665, P=0.013).

Discussion
Geographical dialects have been documented in a wide
variety of avian species, mainly in oscine songbirds
(Mundinger 1982). Song dialects are thought to be a
product of cultural evolution, whereby geographic variation
is maintained through the preferential learning of local
variants (reviewed in Catchpole and Slater 2008). Four
hypotheses were advanced to purport the creation and
maintenance of dialects, and below we discuss the
consistency of each with our results on the sunbird along
the Rift Valley.
Hypothesis 1 (historical processes or epiphenomena) Colonization of new areas by songbirds is thought to be one
process through which regional differences in song may
arise (Baker and Cunningham 1985). However, only in a
very few species showing geographic dialects has the
historical process of dialect formation been determined.
Such an example is the concurrent change in the whistle
structure of the brown-headed cowbird (M. ater) following
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Table 3 Sample size (n), mean
alleles number (NAlleles ±SD),
allelic diversity (AD; adjusted
for the minimal sample size of
2), mean Nei’s genic diversity
(±SD), and observed and
expected heterozygosity (Ho and
He) for 13 populations

Larger values indicate higher
genetic diversity
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Population

n

NAlleles

AD

Nei’s genic diversity

Ashdot Ya’aqov
En Gedi
En Ha-Natsiv
En Yahav
Gesher
Hamadya
Kaliya
Lehavot Ha-Bashan
Mizpe Shalem
Sha’ar Hagolan
Shluhot
Yahel
Yotvata

5
17
3
5
4
6
4
9
8
6
6
2
5

5.8±1.10
7.6±0.89
3.8±0.84
5.0±1.23
5.4±1.52
5.4±0.55
4.2±1.10
5.4±0.89
6.2±1.48
4.6±0.89
4.4±1.34
3.2±0.84
4.6±1.34

3.2
3.0
3.0
3.0
3.3
3.0
2.9
3.0
3.1
2.6
2.9
3.2
2.9

0.86±0.06
0.79±0.06
0.80±0.13
0.79±0.11
0.88±0.08
0.82±0.02
0.76±0.10
0.81±0.03
0.83±0.03
0.70±0.06
0.78±0.10
0.83±0.20
0.78±0.11

its recent range expansion in California (Rothstein and
Fleischer 1987; Rothstein 1994). The occurrence of distinct
dialects on a macrogeographic scale in the song of the
sunbird along the Rift Valley in Israel is therefore not
surprising, as most populations of sunbirds are sedentary
and are isolated from one another by large areas of
unsuitable habitat, particularly in the Arava Valley. Although, breeding sunbirds are often faithful to their
territories (Zilberman et al. 2001), during the nonbreeding
season they are also local wanderers and short-distance
migrants (Shirihai 1996; Cheke et al. 2001). Hence, the
observations before the beginning of the early 1900s that
spotted sunbirds outside their southern breeding distribution
range mostly during winter (reviewed by Shirihai 1996).
Thus, sunbird capability of long distance flights, and that
vocal communities composed of locations from different
regions, negates the notion that dialects formed only due to
isolation.
In the case of sunbirds in Israel, history may have played
a role in the formation of dialect clusters (Fig. 3). We
showed that year of settlement establishment alone
explained only 6%, and combined with geographical
information, only 10% of the trill variation is explained
(Table 3), which suggests that dialects are not formed in a
gradual manner over time and space. This result should be
taken with caution because of two reasons. First, there is
only sketchy information about the exact sunbird establishment date (i.e., first breeding) in many localities along the
Israeli Rift Valley. The existing records suggest that the
temporal order of sunbird colonization followed that of
modern human settlement along the Rift Valley. These
records suggest that the first sunbird settlement most
probably occurred in Kinnarot Valley, followed shortly
after that by the Bet Shean Valley to the south of it, while
the Hula Valley to the north was settled last. Although this
anecdotal data appears to support the contention that

Ho

He

0.820
0.830
0.867
0.840
0.950
0.867
0.550
0.867
0.707
0.767
0.833
0.700
0.730

0.767
0.766
0.667
0.712
0.769
0.750
0.669
0.763
0.776
0.639
0.711
0.625
0.700

sunbird settlement in many parts of Israel is dependent on
nectar-producing ornamental bushes and trees planted in
gardens during the last 50 years (Enis and Ben Arav 1994),
the use of settlement establishment date may not reflect
correctly, in some cases, the arrival time of sunbirds. This is
probably due to the fact that establishment date did not
coincide with the date of water availability for gardening.
Second, song types within a population may drift with time
(e.g., Payne et al. 1981; Gibbs 1990). Although copying in
general may be very accurate, errors may create new song
types. Likewise, some song types are not copied and go
locally extinct. Over 50–100 years the distribution of
dialects may have been changed considerably, to a point
that time can only modestly explain the contemporary
dialect distribution. Thus, founder effects followed by drift
may predict similar trill profiles within localities.
Hypothesis 2 (genetic adaptation) According to the genetic
adaptation hypothesis, dialects facilitate assortative mating
(Baker et al. 1986; Nottebohm 1969). Song learning
provides the substrate for geographical vocal variation.
Theoretically, the initial events leading to increased genetic
polymorphism in a population, and eventually to speciation,
need not be genetically encoded (Vaneechoutte 1997). Such
events can be solely caused by phenotypic behavior, not
encoded by genes, or in other words by cultural-related
activity. However, it is reasonable to assume that, given
time, genetic differentiation will be created between
separate populations. We found that genetic structure was
strongly predicted by geography, which may suggest a
pattern of isolation by distance. However, genetic proximity
did not reflect on the distance between dialects (Table 4).
The former result would be expected if sunbirds most often
breed locally, and if those that disperse often end up as
unsuccessful breeders. On the other hand, the lack of
correlation between dialect and genetic distances supports
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Fig. 4 Genetics as a predictor in dialect subdivision: a the
correlation between Nei’s DA genetic distance and geographic
distance (Mantel’s test; r=0.617, P= 0.0001); b the correlation
between Nei’s DA genetic distance, and population dialect squared
Mahalanobis distance (Mantel’s test; r=0.289, P=0.042); and c the
correlation between Nei’s gene diversity and dialect network
eigenvector centrality (rs =−0.725, P= 0.005)

the idea that songs are locally learned by dispersers and
individuals are not fixed on their parent’s dialect (e.g.,
social adaptation hypothesis) or it is a result of vocal drift.
This result can also be explained by the theory of selective
attrition, where young songbirds memorize many songs in
their natal range, but use only a few in their final repertoire.
Under this theory, dispersers may keep the song(s) that
match most neighbors in their new surrounding and drop
the rest (Nordby et al. 2007).
Further, our finding that genetic variability is inversely
correlated with dialect centrality suggests a more complex
pattern. High centrality populations can be viewed as dialect
distributors, i.e., the origin population of a successful
dialect. We assume that dialect-distributing populations are
well established and thus provide little room for outsiders to
infiltrate and become successful breeders. This assumption
is supported by the fact that most locations with high
centrality also showed high classification success in the
DFA (only Yotvata and Sde Eliezer were exceptions), and
further by our finding that centrality and betweenness were
not correlated, which suggests that locations of high
centrality are not bridging between distant populations. In
contrast, low centrality populations are probably those that
are less stable, a situation that permits establishment by
migrants. The above scenario would result in higher genetic
variability in low centrality populations. The alternative
view that high centrality populations are sinks has little
support in our case because such a scenario would suggest
higher genetic variability in locations with high network
centrality.
Our study adds to the growing number of studies that
have used sensitive, rapidly evolving genetic markers, such
as microsatellites (e.g., Leader et al. 2008; Nicholls et al.
2006; Ruegg et al. 2006; Soha et al. 2004; Wright et al.
2005), yet fail to find a direct association between song and
genetic variation in dialect species. This is contrary to
predictions of the long-standing hypothesis that avian
dialects contribute to reproductive isolation between populations (but see MacDougall-Shackleton and MacDougallShackleton 2001 for correlation between dialect and genetic
distances). The lack of correspondence between genetics
and dialects could have arisen from a lack in genetic
variability. However, this seems highly unlikely in our case
because the microsatellite markers we used were highly
polymorphic (Table 3) and generated a clear genetic pattern
on the geographical scale, but not on the dialect scale.
Hypothesis 3 (acoustic adaptation) Several recent studies
have discovered a significant correlation between ecological
and acoustic distance after accounting for genetic distance
(Nicholls et al. 2006; Ruegg et al. 2006), suggesting a
potential role for ecological selection on divergence in
spectral and temporal components of bird song. According
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Table 4 The four hypotheses considered in this study to explain maintenance of dialects in sunbirds
Hypothesis

Predictions

This study

Historical
processes or
epiphenomenal
Genetic adaptation

Nearby settlements established at the same period
of time are occupied by sunbirds with a similar trill profile

Supported

Locations that show high similarity in their trill profile
are occupied by genetically related individuals
Locations that are physically similar in their acoustic
properties show similarity in their trill profile

Weakly supported

A similar trill profile is observed within localities. Neighboring
localities may have different dialects. Birds singing the same
dialect are not necessarily genetically or socially related

Supported, however, the exact mechanism of social
benefits that may be acquired has yet to be
determined

Acoustic
adaptation
Social adaptation

to Nicholls et al. (2006), divergence in vocalizations among
genetically related populations in different habitats suggests
that dialect species match their vocalizations to the environment in which they live, despite the homogenizing influence
of gene flow. In combination with convergence of vocalizations among genetically divergent populations occurring
in the same habitat, this shows the overriding importance that
habitat-related selection can have on the establishment and
maintenance of variation in vocalizations.
In this context, our findings of the existence of distinct
vocal dialects in the sunbird do not appear to strictly
represent habitat-induced selection. This was previously
shown on a microgeographic scale in Israel (Leader et al.
2005; Leader et al. 2008) and now on a macrogeographic
scale (this study). We showed that the vocal communities
identified by the Girvan–Newman algorithm (Fig. 3)
clustered locations from several radically different climate
zones. The 29 sunbird populations sampled for this study
were situated within a 380 km latitudinal and climate
gradient along the Israeli Rift Valley, and represent diverse
natural habitat types, caused by environmental conditions.
However, as the study focused on birds inhabiting human
settlements along this gradient, one must regard the strong
anthropogenic effect imposed on the natural habitat. The
availability of water for gardening has rapidly transformed
these settlements into “green islands”, supporting not only a
large number of ornithophilous plant species appealing to
sunbirds, but also green lawns and many species of trees
planted for shade and recreation purposes. Thus, despite the
geographic distance and the extreme variability in the
surrounding natural habitat and environmental conditions,
these settlements are not only essentially similar in
composition and abundance of food resources available
for sunbirds, they are also similar in the acoustic constraints
they impose on the local habitat. The predominant selection
pressures that may modify the structure of long-distance
acoustic signals, so as to maximize their transmission, are
(1) the “habitat matching” hypothesis (Hansen 1979) that
sound transmission properties are associated with local

Not directly tested. All localities were presumed
to be acoustically structurally similar

microclimate and vegetation structure (Wiley and Richards
1978, Brown and Handford 2000, Slabbekoorn et al. 2002)
and (2) signal interference by local ambient noise patterns
(Brenowitz 1982, Ryan and Brenowitz 1985, Nelson and
Marler 1989, Slabbekoorn and Smith 2002b, Slabbekoorn
and Peet 2003). We argue that most of the settlements we
sampled are similar in their human lifestyle, landscape
design, and resulting gardening practices, causing a
homogenizing effect on the acoustic properties of the local
habitat (in terms of both sound transmission properties and
ambient noise patterns). The result of any ecological
selection on divergence in sunbird song should therefore
translate into a homogenizing effect on song dialects as
well. Although we have not directly tested for environmental effects on dialect pattern, the fact that all sunbirds were
sampled in comparable human habitation and dialects were
only partially clustered by regions provide little support for
this hypothesis (but see Table 4).
Hypothesis 4 (social adaptation; deceptive or honest
convergence) Our data show that sunbird dialect distribution corresponds to geography. Dialects seem to aggregate
around several settlements that form dialect centers (Fig. 3).
The most central populations in our study were Bet Zera,
Sde Eliezer, and En Gedi, located in the Kinnarot Valley,
Hula Valley, and the Dead Sea area, respectively. Further,
our DFA successfully assigned about 84% of individuals
back to their capture sites based on their vocal profile, a
result indicating high vocal uniformity within sites. The
above spatial pattern of dialect distribution conforms to the
social adaptation hypothesis in which dialects are maintained through the copying of songs of established males
(Table 4). These results also suggest that song learning may
continue after the juvenile period if there is dispersal from
the parental population or by selective song attrition.
Support for the social adaptation hypothesis also comes
from a study of urban population of the orange-tufted
sunbird, where confounding effects of isolation, history or
acoustic adaptations are not relevant (Leader et al. 2008).
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Nevertheless, unrecorded drift in song types over time and
founder effects cannot be excluded as an alternative mechanism (the epiphenomenal hypothesis) given our current data.
In conclusion, our results are best explained by either the
epiphenomenon hypothesis or the social adaptation hypothesis, but at present our data cannot state unequivocally
which of these hypotheses is better supported. The genetic
adaptation hypothesis conforms considerably less to our
data (Tables 2 and 4). The acoustic adaptation was not
directly tested but the physical and vegetational uniformity of our sites and the clusters of locations from
several radically different habitats may suggest weak
support for this hypothesis. These interpretations are in
the same line suggested by earlier studies on sunbird
dialects (Leader et al. 2000, 2008). Last, the association
between dialect centrality and genetic variation is intriguing because it reflects on the how dispersers establish
themselves in target populations, and requires examination
in other systems.
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