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Abstract Recent reports of pollinator declines have stirred interest in investigating the

impacts of habitat exploitation on the conservation of pollinator and plant communities. An

important prerequisite to tailor conservation action is to understand the drivers and patterns

of species-rich communities, and how they change in space and time during a whole

season. To account for this, we surveyed wild bees and flowering plants using standardized

transects in 11 natural habitat fragments of an IUCN important plant area along the coast of

Israel. We used phylogeny- and taxon-based methods of community structure analyses to

study the assembly processes of bee communities, and investigated the effects of several

landscape parameters on bee diversity using generalized linear models (GLMs). Our results

illustrate that natural habitat sites comprised significantly higher species richness compared

to disturbed habitat sites, and show that even the smallest habitat fragments harbored

unique bee assemblages, with significant species replacement (turnover) found in both

space and time. Our GLMs indicated that flower diversity, and semi-natural habitat within

500 m of habitat fragments were important drivers of bee diversity, but we found no

Communicated by David Hawksworth.

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10531-017-
1459-9) contains supplementary material, which is available to authorized users.

& Achik Dorchin
adorchin@campus.haifa.ac.il

1 Department of Evolutionary and Environmental Biology, University of Haifa, Mt. Carmel,
31905 Haifa, Israel

2 Institute of Evolution, University of Haifa, Mt. Carmel, 31905 Haifa, Israel

3 The Botanical Garden, Department of Molecular Biology and Ecology of Plants, Tel Aviv
University, 69978 Tel Aviv, Israel

4 Agroecology & Pollination Group, Landscape Ecology and Plant Production Systems (LEPPS/
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evidence for a species—area relationship among sites. Finally, we document a case of

phylogenetic overdispersion despite low species richness, which highlights the importance

of accounting for phylogenetic diversity rather than only species richness to reach a more

fine-grained understanding of pollinator diversity. This, in turn, is pivotal to developing

conservation actions to protect these essential pollinators and their interaction with rare and

endemic plant species in this highly threatened ecosystem.

Keywords Anthropogenic disturbance � Beta diversity � Co-occurrence � Fragmentation �
Habitat loss � Phylogenetic diversity � Pollinator conservation

Introduction

All over the planet, the growing exploitation of natural resources by human activities has

severely impacted and reduced natural and semi-natural ecosystems, threatening animal

and plant communities in the process (Bennett and Sunders 2010; Ellis et al. 2010). More

than half of the world’s major biomes, from temperate to Mediterranean forests, and from

tropical dry forests to grasslands have been already converted primarily to agriculture

(Millennium Ecosystem Assessment 2005). Although the appropriate implementation of

conservation targets is in debate, it is clear that greater portions of ecosystems consisting of

high-quality land should be protected to prevent further decline of biodiversity and sustain

ecosystem functions, including those directly profitable to human well-being (Hanski

2011).

Pollinators, particularly bees (Hymenoptera: Apiformes), are important components of

both natural and human-dominated ecosystems, due to their pivotal role in the reproduction

of about 87.5% of all flowering plants (Angiosperms) (Ollerton et al. 2011). They are also

key providers of pollination services to about 10% of all world crops, and enhance the

yield of additional 65% (Aizen et al. 2009; Klein et al. 2007). Despite the strong societal

impact of recent papers reporting on the decline of wild bees in Europe and in North

America (Bartomeus et al. 2013; Biesmeijer et al. 2006), the scientific understanding of

spatial and temporal trends in whole wild bee communities—the full taxonomic repertoire

of species recorded locally—is still largely lacking, even in some of the most intensively

investigated regions of the world (Goulson et al. 2015; Potts et al. 2010).

Although studies documenting the effect of landscape factors on the diversity of wild

bees have been published over the past decade, only recently were more studies designed

to include a broader taxonomical view, e.g., entire communities sampled during a period of

time encompassing the whole season of activity of all species. Most importantly, most

studies have primarily relied on the species counts and the abundance of insects collected

as measures of diversity (Krauss et al. 2009; Öckinger et al. 2012; Westphal et al. 2008;

Winfree et al. 2007). This approach is partly legitimate, since reaching a more complete

understanding of the effects of environmental disturbance on entire bee communities is

particularly challenging when communities encompassing sometimes over 100 species

locally respond in varying ways to different types and intensities of environmental dis-

turbances (Murray et al. 2009; Williams et al. 2010).

Alternative measures of biodiversity such as ‘‘functional diversity’’ or ‘‘phylogenetic

diversity’’ and their associated indices have been increasingly used to explore the details of

whole community structure with quantitative measures that best correlate with the pro-

vision of ecological processes and infer more directly the underlying mechanisms of

community assembly (Baraloto et al. 2012; Hoiss et al. 2012; Sydenham et al. 2015; Webb
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et al. 2002). Exploring the phylogenetic structuring of a (meta-)community may help

discriminate between contrasting scenarios of phylogenetic over-dispersion or clustering.

This, in turn, can provide information about the community assembly processes, and

suggest potential drivers such as competition for resources and/or habitat filtering (Baraloto

et al. 2012; Hardy et al. 2012; Hoiss et al. 2012; Sydenham et al. 2015).

In this study, we build up on the recent analytical developments of the assembly

processes driving the composition of wild bee communities with a specific focus on a rare

Mediterranean habitat type that has been recently acknowledged as an IUCN important

plant area (IPA) (Shmida and Pollak 2011). Because human-induced environmental

pressures have already lead to substantial fragmentation and loss of this habitat, reducing

natural floral abundance and diversity to critical values (see ‘‘Study system’’), we expect a

strongly negative impact on communities of native, wild bees and the diverse and some-

times endemic plants they pollinate.

We use taxon- and phylogeny-based methods of community structure analysis, and

combine community structure analyses with landscape parameters describing the study

sites both in terms of their spatial structure and their local resources. Using this framework

we test the predictions that: (1) Geographically closer sites harbor more similar levels of

taxonomic and phylogenetic diversity that increase with site area; (2) The study sites

exhibit both a species and a phylogenetic turnover among sites; and (3) Local factors such

as floral diversity and abundance are the strongest correlates of the taxonomic and phy-

logenetic diversity of wild bees across habitat fragments compared to other landscape

parameters.

Based on the results, we discuss possible conservation measures that should help

maintain abundant and diverse communities of wild pollinators along the coasts of a

rapidly urbanized region threatening the remaining fragments of a unique and highly

endangered habitat.

Methods

Study system

The sandy-gravel ecosystem consists of the remnants of several fragmented eolianite land

ridges along the central coastal plain of Israel. Similar eolianite formations are found

across the Eastern and Southern Mediterranean regions (Bird 2005), but here the typical

calcareous sandstone (locally known as Kurkar, and elsewhere as Caliche) is accompanied

by Rhodoxeralf, Regosol-type red sand soils (Hamra) formed since the Quaternary (Dan

1984; Finkl 2005). These unique mixture of soil types within the Mediterranean region has

fuelled the diversity of flowering plants in the coastal plain that represents today’s richest

area in endemic plant species in Israel (ca. 1/4th of all endemic species in the country, see

Shmida 1984). This ecosystem extends over ca. 80 km long and 4 km wide, with altitude

range of 30–80 m a.s.l. The land use in this region currently comprises a mosaic of

agricultural and semi-natural areas, as well as settlements, including some of the country’s

largest urban centers (Fig. 1a). A typical dry Mediterranean climate prevails in the study

area with a mild wet winter and hot dry summer. Mean monthly precipitation and mean

minimum–maximum temperatures are: November–March, 99 ± 27 mm,

10 ± 1.7–20 ± 2 �C; May–September, 0.5 ± 0.8 mm, 20 ± 2–29 ± 1.5 �C, respectively
(IMS 2012). The habitat, Batha/Phrygana or Mediterranean shrub-land formed on
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stabilized sandy soils (Eig 1939) is also characterized by high floral diversity, demon-

strated by the ca. 180 flowering plant species we recorded in our surveys (authors’
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unpublished data) (see illustration in Fig. 1b). Characteristic perennial plant species in the

study sites include Chalicotome villosa and Retama raetam (Fabaceae), accompanied by

important nectariferous plants such as Alkanna tinctoria (Boraginaceae) and many annual

species, e.g., various Trifolium species (Fabaceae). However, this unique habitat is cur-

rently threatened by intensive development and exploitation of land, as are many other

Mediterranean coastal ecosystems (Carboni et al. 2009 and references therein). In fact,

plant surveys have shown already in the early 1980s that this habitat decreased to only 1%

of its estimated original area that had been found there in the late 1930s (Polak 1984).

Surveying the hitherto undocumented bee fauna in this region is therefore urgent in an area

of the Mediterranean basin home to one of the richest bee faunas in the world (Michener

2007).

Sampling procedures

A preliminary survey of natural sandy-gravel habitat sites in the study area early in the year

2009 found only 11 study sites comprising natural vegetation fragments with minimum

disturbance and minimum abundance of non-native and invasive plant species. Despite the

relatively low number of sites, we sampled only natural habitat sites during spring 2009,

but not included sites located within urban areas, and sites that were heavily disturbed or

burned as these exhibited very different plant assemblages. These 11 sites are thus the last

natural habitat sites left in the study area, comprising mostly small and isolated nature

reserves, ranging in size from 0.7 to 65.7 ha, and grouped into two regions to the north and

south of Tel Aviv, respectively: the Sharon (Sites N2, N3, N4, N5, N7, N8, N9, and N10 in

Fig. 1) and Yehuda (Sites N1, N6, N8, and N11) coastal plains. Geographical distances

between some of the natural habitat sites were short enough to allow bee dispersal among

them (400 m or more), although mark-recapture experiments showed limited bee move-

ment even among some of the most closely situated sites (Dorchin et al. 2012). No bee

individuals could have been resampled across sites as all bees were collected and removed

during the surveys for species-level identification (see below).

To compare bee and flower diversity in natural habitat fragments relative to more

disturbed areas, three of the natural habitat sites sampled in 2009 (Sites N2, N9, and N11)

were sampled again in spring 2010 and compared with a semi-natural habitat site and a

field margin site located within a distance range of 0.2–3.1 km (Sites S1, S2, and S3; and

F1, F2, and F3 in Fig. 1, respectively). Thus, a total of nine sites, representing a gradient of

habitat disturbance level were sampled in 2010 (natural vs. semi-natural vs. field margins,

see description of the composition of disturbed habitat sites in our study system in

‘‘Landscape variables’’ and in Table 1).

Bee diversity surveys coupled with flower diversity surveys, with maximum intervals of

a few days, were performed at each natural habitat site in both 2009 and 2010 within a 1 ha

plot, or the entire area was sampled in natural habitat fragment smaller than 1 ha (surveys

in disturbed habitat sites were performed during 2010 at the same locations, not within a

bFig. 1 Map of the study area along Israel’s central coastal plain (a); the 11 study sites (circles numbered

N1–N11) sampled in spring 2009 represent natural sandy-gravel habitat fragments and can be divided in two
regions: the Sharon and Yehuda coastal plains, northern and southern to Tel Aviv, respectively; Natural
habitat sites sampled also in 2010, together with seminatural habitat fragments (squares numbered S1–S3)
and field margin sites (triangles numbered F1–F3), are marked with an asterisk. Site codes are presented in
Table 1; numbers of natural habitat sites represent increasing order of area. IL Israel, PT Palestinian
territories; Mediterranean Batha/Phrygana formed on sandy soils with high floral diversity is typical to the
sandy-gravel ecosystem (b)
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1 ha plot). Due to the relatively small size of most natural habitat sites (Table 1), at least

one side of the plot was a few meters away from the edge of the fragment in all sites. In the

largest site (Geva’ot haKurkar NP, Table 1), sampling effort was divided between two

plots to improve sampling representation, ensuring the total sample size remains

unchanged. Three series of sequential surveys of all sites were performed by the same

samplers between February and May, each site been sampled at early-, mid-, and late-

season, representing the peak of the flowering season and bee-visitor activity in the study

area. In each survey, all the plots were sampled with a short, randomly selected intervals of

12–21 days to decrease possible bias from sampling order and seasonal change. Bee

sampling was done under sunny, warm weather, and low wind conditions suitable to the

activity of bees.

Landscape variables

The topography of natural habitat fragments was measured, together with the composition

of surrounding land-use in a radius of 100 and 500 m from habitat fragments edge

(variables referred to hereafter as fragments, rad100, and rad500, respectively), repre-

senting foraging ranges of bee taxa also found in our study sites (Gathmann and Tscharntke

2002). ArcGIS 9.0 (ESRI Redlands, CA) was used with landscape measures based on

orthorecticified digital aerial photos from 2010 with a resolution of 0.5 m2 (made and

provided by Survey of Israel—the Israel national mapping center). Land-use categories

followed the criteria of the Israel national mapping center (Survey of Israel 2006) and were

dichotomously classified into semi-natural land and non-natural land. Semi-natural land-

use types comprised mainly abandoned fields and orchards, where ruderal plant commu-

nities established and attracted many wild bees. Non-natural land-use types referred to

agricultural (mainly Avocado and Citrus) and residential areas, public parks (comprising

grass lawns), and planted Eucalyptus groves, all which were poor with both flower and

wild bee species due to occasional spraying in the former and shading in the latter (authors’

preliminary ground surveys). The variables rad100 and rad500 represent the fractions of

semi-natural habitat as a measure of suitable habitat for wild bees outside the natural

habitat fragments.

Bee surveys

Bees were sampled at flowers using aerial nets along random transects. In 2009 six tran-

sects were walked for 10 min periods, starting at 8:00, 11:00, and 14:00, altogether 18

transects per plot, per survey. In addition, a combination of one white, yellow, and blue

nonUV-reflecting pan trap was placed every 10 m along a 100 m linear transect, altogether

30 pan traps, for a period of 8 h, between 08:00 and 16:00. The pan traps were prepared

using 500 ml polypropylene round bowls, 15.5 cm in diameter, filled with 300 ml of water

with a drop of colorless, odor-free ionic surfactant, and were placed on the ground,

uncovered by surrounding vegetation. In 2010, the same sampling procedures were used as

in the previous year, with two netting transects been performed between 9:00 and 14:00,

and five pan traps been placed at each natural, seminatural, and field margin site. Bee

specimens were collected, identified by group specialists (see acknowledgments), and

deposited in the National Collection of Insects, Tel Aviv University. Honey bees (Apis

mellifera), making up to 25% of the bee abundance in some sites, represented the only

domesticated species in the study area. Because no feral colonies were known to exist in

the study area in the last 50 years (D. Eisikowitch, A. Hefetz, personal communication),
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the abundance of this species depends on apicultural activities rather than on the ecological

correlates we investigated. Thus, honey bee abundance was recorded but these data were

excluded from all analyses presented below (they will be explored in full details in a future

paper).

Flower surveys

Flower richness and abundance was quantified in the field within 5 m long and 0.5 m wide

quadrats. All flowering plant species (or inflorescence of Asteraceae and Apiaceae spp.)

were identified by trained botanists and the total number of flowers within a quadrate was

counted. Altogether 12 evenly spaced quadrates were sampled along one side of a 200 m

randomly selected transect in each of the sampling plots and surveys.

Statistical analysis

A variety of statistical methods were employed to explore the effects of landscape com-

position and floral resources on bee diversity and community structure. In particular, we

combined complementary approaches of beta diversity to reach a better understanding of:

(1) the degree of community composition similarity among natural habitat sites sampled in

2009, using hierarchical clustering analysis (HCA); and (2) the extent to which these

communities differ mostly because of nestedness or turnover, using beta diversity parti-

tioning. Additionally we examined the number of species shared between sites, using an

arcs diagram (provided as Online Supporting Resource).

Bee diversity and community composition

To determine the degree of similarity in community composition among natural habitat

sites and regions, a hierarchical clustering with bootstrap resampling was performed on the

community matrix sampled in 2009 aggregated by sampling sites (n = 11) using Ward’s

aggregation method. Prior to the hierarchical clustering analysis, the Hellinger transfor-

mation was applied to the community matrix, i.e., a relativisation by row (sample unit)

totals followed by taking the square root of each element in the matrix (Legendre and

Legendre 1998; Legendre and Gallagher 2001). The hierarchical clustering was performed

with the pvclust package, version 1.3-2, in R (Suzuki and Shimodaira 2015). All P-values

on the resulting dendogram were generated via multistep-multiscale bootstrap resampling

(n = 999), consisting a more accurate metric relative to normal bootstrap resampling

(Shimodaira 2002, 2004; Suzuki and Shimodaira 2015). We retained the Approximately

Unbiased (AU) P value produced for each cluster (ranging between 0 and 100), which

indicates how strong the cluster is supported by the data (100 = strongest support). A

k-means partitioning approach with vegan’s function cascade KM (Oksanen et al. 2012)

was then used to delineate ‘‘natural’’ clusters (i.e., high-density regions) in the 2009

dataset, using the Hellinger-transformed matrix of all sites as input file to remain coherent

with the previous analysis. The number of pre-defined partitions tested ranged from 2 to 7

with n = 999 iterations, and the cluster number with the highest value for the Calinski–

Harabasz/ssi criterion was retained as recommended by Borcard et al. (2011).

To estimate the variation in species composition among all natural habitat sites, and

among sampling seasons in 2009, the betapart package, version 1.3, was used in R

(Baselga et al. 2013). We computed the Sørensen index of beta diversity, bsor, a measure
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of total dissimilarity, and its partition into it’s two major components: (1) species

replacement among sites/seasons, i.e., turnover: bsim; and (2) species loss/gain among

sites, i.e., nestedness: bsne; following the formula bsor = bsim ? bsne (Baselga 2010;

Legendre 2014). The relative values of bsim and bsne allow to quantitatively evaluate the

relative importance of species turnover versus nestedness among sites and seasons. A Venn

diagram illustrating the number of bee species recorded during each sampling season was

also created using the VennDiagram package (version 1.6.9) in R (Chen 2014).

We also tested for the relationships between the community data and the spatial layout

of the sampling locations in the 2009 dataset using a Mantel test (Mantel 1967), and by

using multivariate Mantel correlograms and spline correlograms (Bjornstad 2016) to

estimate the multivariate spatial dependence of the community composition. Description of

the methods used is provided in Online Resource 1.

Finally, we produced an arcs diagram illustrating the number of species shared among

sites (Sanchez 2014) to obtain further insight into bee community structure. A description

of this analysis is provided in Online Resource 1.

Phylogenetic community structure analyses

To explore phylogenetic structuring in our system, we classified all bees to family fol-

lowing Danforth et al. (2006), and followed Michener (2007) for the taxonomy from family

to subfamily, tribe, genus and subgenus. The R-package ape (Paradis et al. 2004) was used

to build a polytomous, ultra-metric tree comprising all species recorded in situ. Branch

lengths were calculated for the whole tree by setting the p-parameter to 1 following Hoiss

et al. (2012).

Several indices of phylogenetic diversity were then computed for each study site, region

(Sharon vs. Yehuda coastal plain) and sampling season (early, middle and late) from our

2009 dataset following the framework by Sydenham et al. (2015). We calculated the

standardized effect sizes (SES) of Faith’s Phylogenetic Diversity (Faith 1992, hereafter

PD) to describe the difference between the phylogenetic distances in the observed com-

munities versus null communities generated with randomization (n = 999 replicates),

divided by the standard deviation of phylogenetic distances in the null data (Gotelli 2000).

Also computed were the Mean Phylogenetic Distance (MPD), an average for the pairwise

PD values across all pairs of taxa in a community, and the Mean Nearest Taxon Distance

(MNTD), a metric that provides an average of the distances between each species and its’

nearest phylogenetic neighbor in the community (Webb et al. 2002). While MPD is more

strongly influenced by branch lengths at the deepest nodes of the phylogeny, MNTD is

necessarily sensitive to replacement of closely related taxa, and both metrics are inde-

pendent from species counts (Swenson 2013). These variables were calculated with the

picante package (Kembel et al. 2010) in R.

Besides these metrics expressing the phylogenetic relatedness between bee species co-

occurring within a site (in absolute terms), we also computed four diversity indices (Ist, Pst,

Bst andPst) expressing the phylogenetic relatedness between bee species among sites versus

within sites, thus testing for ‘phylogenetic turnover’ among bee communities (Eastman et al.

2011). More details about these analyses are provided in Online Resource 1.

Bee diversity in natural relative to disturbed habitat

To compare the diversity harbored in the natural habitat sites investigated here relative to

more disturbed habitat sites, we first calculated the seasonal patterns of species richness
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Table 1 Survey sites comprising sandy-gravel natural habitat fragments and nearby disturbed habitat sites
along Israel’s central coastal plain. Natural habitat sites sampled during spring 2009 are presented in
increasing order of area; NR nature reserve, NP national park. Natural habitat sites sampled also in 2010
together with seminatural habitat and field margin sites are marked with an asterisk. Inapplicable data are
marked with (–)

Site Site
code

Geographical
region

Coordinates
(center of
fragment)

fragment
area (ha)

fragment
perimeter
(m)

Altitude (m.a.s.l,
center of fragment)

Natural habitat

Rehovot N1 Yehuda plain 31�52040N,
34�48025E

0.709 320.4 60

Tel Yizhaq
NR*

N2 Sharon plain 32�15003N,
34�51044E

0.974 449.5 18

Alone
Qadima
NR

N3 Sharon plain 32�17014 N,
34�55015E

0.996 439.5 66

Sha’ar
Poleg NR

N4 Sharon plain 32�15030N,
34�50024E

1.223 452.8 13

Yaqum N5 Sharon plain 32�15019N,
34�50040E

1.566 549.0 17

Irus haArgaman
NR

N6 Yehuda
plain

31�55057N,
34�45010E

3.315 860.6 31

Bitan
Aharon
NR

N7 Sharon plain 32�22003N,
34�52026E

4.671 1172.5 31

Humera N8 Yehuda plain 31�56008N,
34�44034E

4.914 924.8 16

Bene
Ziyyon
NR*

N9 Sharon plain 32�13016N,
34�51026E

11.691 1203.9 36

Haruzim
NR

N10 Sharon plain 32�13044N,
34�51031E

12.605 1306.1 32

Geva’ot
haKurkar
NP*

N11 Yehuda plain 31�55056N,
34�46059E

65.782 2033.7 49

Seminatural habitat

Site 1 S1 Sharon plain 32�14039N,
34�51050E

1.494 679.0 11

Site 2 S2 Sharon plain 32�13025N,
34�51022E

3.733 802.0 32

Site 3 S3 Yehuda plain 31�56000N,
34�44040E

6.471 1349.0 18

Field margin

Site 1 F1 Sharon plain 32�14057N,
34�51050E

– – 10

Site 2 F2 Sharon plain 32�13035N,
34�51020E

– – 23

Site 3 F3 Yehuda plain 31�55038N,
34�46017E

– – 32
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(SR) among seasons and sites characterized by different levels of disturbance (natural vs.

seminatural vs. field margin sites). The z-score of the species richness was computed as

follows:

z ¼ X � lð Þ=r

where z is the z-score, X is the species richness observed at a given site during a given

season, l is the mean species richness observed across all sites and seasons, and r is the

Table 2 The 10 most abundant bee species recorded during spring 2009, representing ca. 50% of the total
abundance. Species are listed in increasing rank-abundance with the associated number of specimens
collected, the proportional abundance and the accumulated proportional abundance in the dataset

Species n Specimens Proportion (%) Cumulative freq.

Ceratina parvula 302 9.2 9.2

Osmia lhotelleriei 302 9.2 18.3

Lasioglossum pseudolittorale 301 9.1 27.4

Hylaeus taeniolatus 137 4.2 31.6

Ceratina bispinosa 106 3.2 34.8

Eucera spectabilis 99 3.0 37.8

Eucera (Hetereucera) sp. n. 95 2.9 40.7

Eucera vulpes 86 2.6 43.3

Anthophora plumipes 81 2.5 45.7

Ceratina mandibularis 73 2.2 47.9

Hoplitis wahrmani 68 2.1 50.0

Table 3 Observed number of specimens and species, and extrapolated diversity metrics (Shannon’s H,
Pielou’s J and the corrected versions of Jackknife 1, Jackknife 2 and Chao1) for each site during spring
2009. The last row represents the average of all values across sites

Sites n Specimens/n
species

Shannon’s
H

Pielou’s J Jackknife1
P

Jackknife2
P

Chao1
P

Rehovot 245/43 2.94 0.782 76.62 94.87 90.81

Tel Yizhaq NR 488/85 3.55 0.799 138.04 162.40 145.08

Alone Qadima NR 157/35 2.64 0.743 67.01 83.45 76.50

Sha’ar Poleg NR 420/70 3.59 0.846 97.34 106.01 91.52

Yaqum 344/58 3.35 0.826 91.51 107.52 95.70

Irus haArgaman
NR

395/53 2.76 0.696 83.39 95.96 82.25

Bitan Aharon NR 148/41 3.07 0.828 81.13 101.74 95.30

Humera 259/45 2.82 0.741 77.84 89.81 74.57

Bene Ziyyon NR 231/55 3.41 0.855 89.32 102.08 86.13

Haruzim NR 296/61 3.37 0.821 100.44 114.46 96.27

Geva’ot haKurkar
NP

338/66 3.28 0.785 113.34 134.81 119.10

Average/site 1.90/55.63 3.16 0.792 92.36 108.46 95.75
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standard deviation. We also computed the standardized effect size (SES) of the wild bee

phylogenetic diversity (PD) observed at each site and season with the picante package

(version 1.6-2) (Kembel et al. 2010) in R. Because the variances were homogeneous

among levels of disturbance for both the SR and the PD (Levene’s tests with the car

package (version 2.1-3) (Fox and Weisberg 2011), all P values[ 0.05), we used a one-way

ANOVA to test for significant differences among levels of disturbance, followed by

pairwise Tukey’s Honest Significant Difference (Tukey’s HSD) tests.

The effect of landscape parameters on diversity indices

To examine the effect of landscape parameters on the diversity and abundance of wild

bees, generalized linear models (GLMs) were used with the glm function in the car

package (second edition) (Fox and Weisberg 2011) for R. Three models were tested, using

three response variables: (1) the estimated richness of wild bees per site (Chao1 estimator),

(2) bee abundance (number of individuals; log ? 1 transformed to improve normality), and

(3) Shannon’s alpha diversity index. The explanatory variables used were the estimated

floral richness (Chao 1 estimator), the floral abundance, the area of natural habitat fragment

at each site, as well as the fraction of semi-natural habitat in a radius of 100 and 500 m of

habitat fragments. In all three models we used site, season, and their interaction as co-

factors. A Gaussian model showed an optimal fit to the data, and the explanatory variables

have been transformed for each GLM in order to keep their variance inflation factor (VIF)
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Ward’s aggregation method on an euclidean distance matrix of the Hellinger-transformed community
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to minimum values in the analysis of all the response variable (see more details in Online

Resource 3, Table S3).

All statistical analyses were performed in R (R Development Core Team 2014), using

RStudio (2015) interface.

Results

Bee alpha diversity and community sampling

Altogether, 3300 wild bee individuals and a total of 167 species were recorded in our

surveys at 11 natural habitat sites in 2009, of which 15 (9%) were undescribed species (a

total of 212 species was sampled over the 2 years). A relatively low proportion of abundant

species ([ 2% of the total abundance) was found, 6.5% of the species accounted to ca. 50%

of the total individual abundance (Table 2), and a high level of rarity, with 16% of the

species appearing as singletons and with singletons and doubletons together comprising

26% of all species. Species accumulation curve showed that sufficient effort was made to

sample the overall bee diversity in the study area (Online Resource 2, Fig. S1). The total

richness estimation of all the sites together was calculated as 199–202 species, indicating

that we sampled 82–83% of the species present in the study area (167/199.4 ± 14.2, and

167/202.7 ± 8.3, in Chao1 and Jackknife1 estimation, respectively). Contrary to our

expectations, the size of natural habitat fragments did not correlate with bee abundance

(P = 0.903 in GLM with Gaussian model) and estimated richness (using Chao1 estimator,

P = 0.401). Asymptotic estimation values, Shanon’s H, and Pielou’s J of individual sites

are presented in Table 3.

Community composition and beta diversity

The HCA cluster dendrogram produced shows that communities from different natural

habitat sites sampled in 2009 are significantly differentiated, with AU values for most

nodes[ 70, and with AU value distribution of 68–97 (Fig. 2).

The k-means analysis indicates that the dataset is best partitioned into three distinct

clusters (Fig. 2). Calinski–Harabasz/ssi criterion value obtained for three clusters was

0.0366 vs. 0.0246 for two clusters vs. 0.0326 for four clusters (Online Resource 2, Fig. S2).

In keeping with our HCA result of all sites in the southern region of the study comprising a

cluster (following the node associated with edge number 4 in Fig. 2), a Mantel test indi-

cated the communities, defined as the occurrence data across all seasons at any given site,

tend to be more similar when they are located close to one another (the effect was very

Table 4 The Sørensen index of beta diversity (bsor) for measuring the total dissimilarity of wild bee
species composition among sites/seasons, and its partition into it’s two major components: species
replacement, i.e., turnover (bsim) and species loss/gain, i.e., nestedness (bsne) (Baselga 2010; Legendre
2014, and see additional information in ‘‘Bee diversity and community composition’’)

Indice/analysis bsor bsim bsne

Sites 0.788 ± 0.001 0.726 ± 0.001 0.061 ± 0.001

Seasons 0.638 ± 0.001 0.406 ± 0.001 0.233 ± 0.001
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close to the significance threshold, Monte-Carlo test: Observation = 0.232, Simulated

P = 0.056). However, multivariate Mantel correlograms showed that most study sites

harbored communities that are not more or less similar than expected by-chance-alone

across all study sites in the region. Spline correlograms also showed similarly low levels of

correlative similarity in community composition across all study sites, with values not

significantly different from zero (Online Resource 2, Fig. S3).

The results of the Sørensen index of beta diversity, bsor, showed moderate values of

total dissimilarity among sites and seasons. In both space and time, species replacement,

i.e., turnover: bsim, was the component accounting to a greater fraction of the total dis-

similarity among communities, rather than nestedness: bsne (indices values are presented

in Table 4). These results imply that communities were not representing merely a fraction
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Fig. 4 Species richness and phylogenetic diversity values compared between natural habitat, seminatural
habitat, and field margin sites sampled in spring 2010 and representing a gradient of habitat disturbance level
of the endangered sandy-gravel ecosystem. Z-score values of species richness (upper panel) and
Standardized effect sizes (SES) of Faith’s Phylogenetic Diversity (PD) (lower panel) were calculated based
upon seasonal patterns among seasons and sites (see details in ‘‘Phylogenetic community structure analyses’’
and ‘‘Bee diversity in natural relative to disturbed habitat’’). Different letters on top of the boxplots indicate
significant differences (Tukey’s HSD: P\ 0.05). The results show that natural habitat sites harbored
significantly richer communities at each season surveyed comparing to disturbed habitat (Tukey’s HSD:
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SES PD values comparing to field margins (Tukey’s HSD: P = 0.0072), but not to seminatural habitat
(Tukey’s HSD: P = 0.844)
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of the overall regional pool of species but instead indicate unique assemblages of species in

each of the sites. The distribution of beta diversity indices are presented graphically in

Online Resource 2, Fig. S4 together with a Venn diagram illustrating the community

partition across seasons.

Communities in all sites appeared to share a minimum of 11 species, and a maximum of

46 species. An arcs diagram of adjacency matrix depicts the relatively high frequency of

species shared among sites, and shows the number of species shared was independent of

the sites’ geographical location or size (Online Resource 2, Fig. S5). Especially noteworthy

is Tel Yizhaq NR, the second smallest site, which consisted the highest number of species

shared with other sites (Online Resource 2, Fig. S5).

Phylogenetic diversity

Faith’s PD (effect size) showed no significant linear correlation to the observed species

richness across natural habitat sites in our 2009 dataset (adjusted R2 = 0.081, P = 0.203),

thus species rich communities not necessarily conveyed higher phylogenetic diversity

(Fig. 3). While a lower species richness was observed in our ‘late season’ surveys, PD

(effect size) did not significantly change throughout the season (Anova: F2,30 = 0.651,

P = 0.529, Online Resource 2, Fig. S6). Significant differences were neither observed

between study regions in PD (effect size) (t = 0.579, d.f. = 31, P = 0.566), MPD

(t = 0.122, P = 0.905), nor MNTD (t = 1.441, P = 0.183), indicating there is no phy-

logenetic structuring among regions (Online Resource 2, Fig. S7). Further, all PD, MPD,

and MNTD suggest that bee communities in most sites are not deviating from random

(Fig. 3, Online resource 3, Tables S1, S2). Excepted are four sites: the site at Alone

Qadima NR, which had significant positive PD and MPD, indicating phylogenetic over-

dispersion (mpd.obs.z = 1.527, mpd.obs.p = 0.953), the sites at Sha’ar Poleg NR and Tel

Yizhaq North NR that had negative PD, and the site at Irus haArgaman NR that had

negative MNTD, indicating phylogenetic clustering (mntd.obs.z = - 1.282,

mntd.obs.p = 0.017, Fig. 3). These results suggest there should be no strong environ-

mental or biotic effects on bee communities in our system.

The results obtained through the computation of the four diversity indices expressing

the phylogenetic relatedness between bee species from different sites (Ist = 0.045;

Pst = 0.043; Bst = - 0.003; Pst = 0.007; mean Gini-Simpson value = 0.9) suggest that

local communities have different species composition (species turnover) but that wild bee

species assemble by pairs irrespective of their phylogenetic relatedness (no phylogenetic

turnover). This scenario corresponds to the case B described by Eastman et al. (2011).

Bee diversity at natural habitat relative to disturbed habitat

We found significant differences among sites characterized by different levels of distur-

bance (natural vs. seminatural vs. field margin sites), both in SR (ANOVA: F = 9.589,

d.f. = 2,24, P = 0.00087) and in PD (ANOVA: F = 8.813, d.f. = 2,23, P = 0.00144).

Our results show that field margin sites were always significantly less diverse than natural

habitat sites, regardless of whether the SR (z-score) (Tukey’s HSD: P = 0.00099) or the

PD (effect size) was considered (Tukey’s HSD: P = 0.0072) (Fig. 4). Sites classified as

seminatural habitat showed contrasting patterns depending on whether SR (z-score) or PD

(effect size) was considered: these sites surveyed each season were significantly less

diverse than natural habitat sites (Tukey’s HSD: P = 0.0088) and not significantly dif-

ferent from field margin sites (Tukey’s HSD: P = 0.649) for SR (z-score), but they turned
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out to be significantly more diverse than field margin sites (Tukey’s HSD: P = 0.0019) but

not significantly different from natural habitat sites (Tukey’s HSD: P = 0.844) for PD

(effect size) (Fig. 4).

Effects of floral resource availability

As anticipated, floral diversity was the most important factor influencing the diversity and

abundance of wild bees. GLMs with a Gaussian model indicated that estimated floral

richness was the only variable significantly affecting the estimated richness of wild bees

(Chao1, t = 3.636; P = 0.001). In addition, a significant effect of two variables: estimated

floral richness (t = 3.138; P = 0.004) and rad500 (t = 2.073; P = 0.047) was found on

wild bee abundance (t = 2.842; P = 0.008). The combined effect of these two variables on

bee abundance was found to be greatest (AICc = 3.403), while the effects of the variables

rad100, fragments, and floral abundance were much smaller (summary statistics of GLMs

are presented in Online Resource 3, Table S3, and regression slopes for floral diversity and

abundance in Online Resource 2, Fig. S8).

Discussion

Pollinator community structure in an endangered ecosystem

In this study complex patterns were found for bee communities of the endangered sandy-

gravel ecosystem of coastal Israel. Our results have shown that each of the natural habitat

sites harbored unique bee assemblages (Fig. 2), and that differences in communities were

primarily due to species replacement (turnover) in both space and time rather than to

nestedness (Table 4; Online Resource 2, Fig. S4). The moderate beta-diversity values we

recorded suggest that regardless of subtractive or additive processes that might have taken

place, in which ubiquitous species have become rare or new species established and

became widespread, respectively, their effect were limited on bee communities (Socolar

et al. 2016). Rather, a structure of many rare species and a few abundant species have been

identified as the usual condition among communities in general and could account to the

compositional difference observed, while not necessarily reflecting a consequence of

habitat loss (McGill et al. 2007). Different studies have demonstrated a high spatiotem-

poral variation and rarity among bee faunas also in natural, undisturbed or moderately

disturbed habitats (Williams et al. 2001; Potts et al. 2003; Roubik 2001). Williams et al.

(2001) suggested that a large proportion of transient species that are less adapted to a

habitat could explain the widespread rarity observed among bee communities. The par-

ticular study region was identified as a corridor connecting sand dunes of the Negev desert

of Israel and the Sinai Peninsula of Egypt northwards to the Mediterranean region (Kutiel

2001; Yom-Tov and Mendelssohn 1988). Rapid desiccation of the sandy soil despite

relatively high precipitations permits dispersal of desert species into this habitat and makes

the survival of temperate Mediterranean species more difficult (Kutiel 2001). Conse-

quently, less well adapted bee species from both temperate Mediterranean and xeric desert

regions are expected to sustain smaller, perhaps temporary populations in this ecosystem.

Such species are likely Megachile melanopyga (Megachilidae) and Colletes judaicus

(Colletidae), which find their southern and northern distribution limit, respectively, in

Israel’s coastal plain (Kuhlmann et al. 2017). A high frequency of rare or temporarily
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occurring species could have contributed to the variation in community composition and

also explain the high similarity in species composition observed across communities in this

study (Online Resource 2, Fig. S5). Although we cannot determine that rare species were

absent from sites in which they were not found, our high sampling efforts within small

habitat fragment suggest that the patterns observed in this study will not likely change with

more sampling.

Nevertheless, we cannot exclude the possibility that the nearly complete replacement of

natural habitat with agricultural or disturbed seminatural habitat (see ‘‘Study system’’) has

lead to population decline of some potentially vulnerable species that eventually became

rare. For example, an especially high fraction of singleton species coupled with lower

overall individual abundance was found in different habitats of the San Bernardino Valley

across the Mexico–Arizona border when exposed to continuous disturbance of grazing

(Minckley 2013). As bee abundance was associated with floral abundance in that study like

also in our study, habitat disturbance could have negatively affected bee communities via

changes in the availability of floral resources. We are currently lacking basic ecological

information such as floral preference even for the most abundant species that are unique to

our region, e.g., Ceratina mandibularis, Hoplitis wahrmani, Lasioglossum pseudolittorale

(see in Table 2), let alone for the rare (and newly discovered) species in this study.

Especially because many species unique to the studied ecosystem exhibit contrasting

natural history traits (e.g., nesting strategy or host preference in cleptoparasitic species), it

is difficult to identify trait-based patterns of rarity and distribution.

Phylogenetic diversity and structure

Contrary to our expectations, we failed to highlight any significant phylogenetic structure

within bee communities, and the different phylogenetic community structure indices

computed also suggest a lack of phylogenetic turnover among communities. This result

could be a direct consequence of our sampling of ecologically homogeneous natural habitat

sites with minimal disturbance. For example, comparing community phylogenetic structure

before and during disturbance, Helmus et al. (2010) found that zooplankton communities

tended to be more closely related following disturbance as a consequence of environmental

filtering of conserved disturbance-tolerant traits. In another ecologically homogenous

ecosystem, a Borneo rain forest, Webb (2000) showed that tree communities were sig-

nificantly more closely related on average comparing to the overall pool of species only

when using a nearest taxa index (NTI, equivalent of MNTD used in this study, but not

when using MPD). Nevertheless, the dispersion capacity of trees is much slower com-

paring to insects, such as in our study, which could account for the finding of phylogenetic

clustering in that system. Sydenham et al. (2015) have further demonstrated that broad

level environmental filters, such as altitude, have greater effect on bee community phy-

logenetic organization relative to local habitat filters. Our results give support to their

assumption that filters at the local level will explain phylogenetic structuring only when

representing extreme environmental gradients. We could find significantly positive PD and

MPD values only for the community at Alone Qadima NR, representing overdispersed

phylogenetic composition (Fig. 3). This small and remote natural habitat site had relatively

low species richness (Table 1), but was the only site comprising all six bee families known

in the study area, including Melitta maura, the sole representative of the most-basal bee

family Melittidae (Danforth et al. 2013). Prioritizing against this site would result in a

significant reduction in the overall phylogenetic diversity of this ecosystem. Similarly our

finding that seminatural habitat sites had comparably high phylogenetic diversity
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highlights their potential value for wild bees despite the much lower species richness

observed in those sites. Thus, despite an overall low frequency of phylogenetic structuring

in our system, our results correspond with the understanding that maximizing PD rather

than only relaying on taxon richness information is an advantageous strategy for biodi-

versity conservation as already demonstrated with both plants and birds (Forest et al. 2007;

Jetz et al. 2014).

Habitat size and landscape composition

The lack of area effect in our system could be explained by two main reasons: (1) our small

sample size of habitat fragments—we sampled all the remaining natural habitat fragments

that could be found for this rare and unique habitat, but sampling only n = 11 sites may

still not provide sufficient statistical power to capture a significant species-area effect.

Studies that found a significant effect of habitat fragmentation on bee diversity have used

twofold to fivefold number of sites comparing to our study, with size gradient comprising

3–4 orders of magnitudes (Cane et al. 2006; Krauss et al. 2009; Hopfenmüller et al. 2014).

Focusing on natural habitat fragment, we missed the smallest size class (0.1 ha or smaller),

accounting for much of the variation in bee diversity recorded in those studies; (2) a weak

contrast (from the bees’ perspective) between the natural habitat fragments sampled and

the surrounding landscape matrix. Seminatural areas at some of our sites were in fact

considered as high quality habitat for bees and could have masked the area effect of natural

habitat in our study. Indeed, our study provides evidence that semi-natural habitat up to

500 m of natural habitat fragments have significantly contributed to bee abundance. Thus,

the contrast between natural and seminatural habitat in our system is weaker than that

considered in other studies in highly modified urban and intensive agricultural ecosystems

(Cane et al. 2006; Krauss et al. 2009; Öckinger et al. 2012). Numerous studies have

demonstrated the importance of seminatural fragments in the surrounding landscape to

different groups of pollinators (e.g., Hopfenmüller et al. 2014; Jauker et al. 2009;

Neokosmidis et al. 2016; Öckinger et al. 2012). Especially in the Mediterranean region

extensively managed and moderately disturbed landscapes such as olive groves were found

to sustain at least as diverse bee communities as some other natural habitats (Potts et al.

2006; Nielsen et al. 2011). Although important to bee communities, moderately disturbed

seminatural habitat in our system was still significantly less species-rich comparing to

natural habitat. Our findings that seminatural areas within 500 m of habitat fragments were

important to bee communities is in line with results from other Mediterranean habitats in

Lesvos, Greece, where bee species, including small species with limited foraging ranges,

responded positively to landscape correlates within 250–500 m of the sampling sites

(Neokosmidis et al. 2016; Tscheulin et al. 2011). Thus, conservation of moderately dis-

turbed seminatural habitat within a distance of 500 m of existing natural habitat fragments

should benefit maximal bee fanua in the sandy-gravel ecosystem.

Our second year surveys at sites with varying disturbance intensity suggest that

restoration and successful conservation of this unique ecosystem is still feasible as phy-

logenetically diverse communities persist in moderately disturbed sites classified as sem-

inatural habitat. Nevertheless a decrease in species richness has already taken place in

disturbed habitat sites in line with findings of immediate bee population decline subsequent

to habitat fragmentation compared to some butterflies and specialist vascular plants that

have shown an ‘extinction debt’ (Bommarco et al. 2014; Krauss et al. 2010). Taken

together these results suggest that bee populations at disturbed sandy-gravel areas, which

are not protected by law, are currently at decline.
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Conclusions for habitat conservation

Mediterranean ecosystems, with a long history of anthropogenic disturbance, have been a

subject to considerable change (Shmida 1981). About 70% of all Mediterranean forests,

woodland, and scrub had been already converted primarily to agriculture (Millennium

Ecosystem Assessment 2005). The sandy-gravel ecosystem, with 167 wild bee species

recorded in 11 sites (212 species sampled during two consecutive years), including 15

species hitherto undescribed and therefore new to science, represents an unusually diverse

and ill-explored Mediterranean habitat. The high species richness we document for the

sandy-gravel ecosystem with limited remaining natural and seminatural habitat still

compares to that reported in other diverse Mediterranean ecosystems (e.g., Pisanty and

Mandelik 2015, Neokosmidis et al. 2016, Potts et al. 2003, Tscheulin et al. 2011). This is

noteworthy as all these ecosystems are far less affected by urbanization and development

comparing to the central coastal plain of Israel where we conducted our surveys. In such

regions as the IUCN IPA investigated here, the loss of wild pollinator fauna as a result of

human disturbance is likely to go unnoticed, and hence is of high priority for conservation.

The indistinctness of small habitat fragments in terms of phylogenetic diversity and the

high diversity recorded there which can be explained by the floral resource distribution

measured in those fragments, show that even in substantially reduced ecosystems high bee

diversity can be maintained if essential resources are available. This was recently

demonstrated also with bee communities in a Central European agricultural landscape

(Rollin et al. 2015). In this network of habitat fragments varying in size, each individual

part of the puzzle has an important role to play for the conservation of wild bees in the

region. We therefore recommend the protection of maximum remaining natural and semi-

natural habitat that still exist in the region for the conservation of the rich bee communities

and unique flora they harbor. Our study highlights the importance of expending conser-

vation efforts in the coastal plain of Israel currently aimed at only a number of target plant

species to also include wild bee communities. This would be an important step towards

safeguarding plant-pollinator systems in this region, including some rare and endemic

species. For example different bee species, mainly from the genus Eucera (Apidae), were

identified as specialized pollinators, important for the reproduction of endemic Irises from

the section Oncocyclus (Iris: Iridaceae) (Watts et al. 2013; Vereecken et al. 2013).
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M, Pino J, Pöyry J, Raatikainen KM, Sang A, Stefanescu C, Teder T, Zobel M, Steffan-Dewenter I
(2010) Habitat fragmentation causes immediate and time delayed biodiversity loss at different trophic
levels. Ecol Lett 13:597–605

Kuhlmann M, Ascher JS, Dathe HH, Ebmer AW, Hartmann P, Michez D, Müller A, Patiny S, Pauly A, Praz
C, Rasmont P, Risch S, Scheuchl E, Schwarz M, Terzo M, Williams PH, Amiet F, Baldock D, Berg Ø,
Bogusch P, Calabuig I, Cederberg B, Gogala A, Gusenleitner F, Josan Z, Madsen HB, Nilsson A,
Ødegaard F, Ortiz-Sanchez J, Paukkunen J, Pawlikowski T, Quaranta M, Roberts SPM, Sáropataki M,
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