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Abstract: In agricultural landscapes, uncultivated habitat patches may have a focal role in supporting
communities of ecosystem service providers. However, little is known on the variances among
different types of uncultivated habitat patches in providing resources and maintaining populations
of these beneficial organisms. We studied wild bee communities in natural and semi-natural un-
cultivated patches embedded in semi-arid Mediterranean agricultural landscapes. We investigated
the effects of local- and landscape-scale land-use characteristics, as well as their interactions, on bee
diversity, functional composition, and forage and nesting resources. Most bee community parameters
were affected by both local- and landscape-scale characteristics, but no significant interactions were
found among the scales. Local land-use effects were related primarily to overall plant cover, and
to the abundance and richness of flowering plants. Landscape effects, mostly limited to a 400 m
range, were varied. The abundance of focal crop pollinators varied considerably between patch type
and pollinator species. The different types of uncultivated habitats maintain complementary bee
and flower communities. Our findings show the important role of uncultivated habitat patches in
providing floral and nesting resources for bees, and creating resource-landscapes that can support
wild bee communities and crop pollination services in Mediterranean agricultural landscapes.
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1. Introduction

Agricultural landscapes are comprised of agricultural production areas mixed with
uncultivated patches of different types and varying spatial scales. Much of the work
on biodiversity and ecosystem services in agricultural landscapes has used agricultural
fields and orchards as focal points, and explored how they are affected by field man-
agement and spatial configuration, biogeographic factors, crop type, and the landscape
matrix [1–3]. However, the uncultivated patches might have a crucial role as wildlife
habitats in agricultural landscapes, thus promoting biodiversity. In turn, populations of
ecosystem services providers may spill over from unmanaged habitats to adjacent fields and
provide agricultural benefits. These uncultivated patches may vary considerably in their
spatial configuration, physical characteristics, and ultimately resource availability. All these
may significantly affect their role as focal habitats that support biodiversity and its func-
tionality. Nevertheless, there is limited knowledge concerning the availability of resources
across different types of uncultivated patches and the possible effects of this variability on
communities of ecosystem services providers inhabiting agricultural landscapes.

Biotic pollination is crucial for the sustainability of both natural and agricultural
ecosystems. An estimated 88% of all angiosperm species are animal-pollinated [4] and
77% of the leading global food crops depend on animal pollinators for yield quantity and
quality [5–8]. Wild bees contribute substantially to the pollination of a variety of crops,
may enhance overall pollination when active alongside with honeybees, and provide a
“safety net” in the event of honey bee collapses [9]. Moreover, diverse bee communities
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promote the spatio-temporal stability of crop pollination services [10,11]. In Europe and
the US, long-term monitoring has shown declines in the richness of wild bee species during
the last century [12,13] and shifts in their species composition [14,15]. Habitat loss and
homogenization, driven mainly by agricultural intensification, are highlighted as current
and future main threats to wild bees [16–19].

The season-long abundance and diversity of nesting and foraging resources shape
the composition of bee communities and are vital for their persistence in agricultural land-
scapes [20,21]. Therefore, conservation actions for wild bees in agricultural landscapes are
usually focused on increasing the availability of these resources, mainly by managing field
margins and hedgerows [22–27]. Yet, relatively little is known on the utility of unmanaged
natural and semi-natural habitat patches in providing forage and nesting resources for bees
and promoting their diversity in agricultural landscapes. Resource availability and bee
communities in these natural and semi-natural habitat patches may be affected by local
characteristics at the patch scale that vary considerably between habitat patch types due to
local changes in biotic and abiotic conditions [28], with possible functional implications [29].
In addition, the effect of these natural and semi-natural habitat patches on bee communi-
ties depends on the landscape context that may alter overall abundance and dispersal of
bees [28–30] and their crop pollination services [31]. Finally, the importance of interactive
effects of local- and landscape-scale factors (such as landscape-dependent changes in local
habitat characteristics) on bee communities is poorly understood [28,30,32].

The study reported here was focused on uncultivated patches as focal habitats of
wild bees in agricultural landscapes and on the factors that shape bee communities at
different spatial scales. We studied highly diverse bee communities in natural and semi-
natural habitat patches embedded in a semi-arid Mediterranean agro-ecosystem, and
asked the following specific questions: (A) What are the differences in micro-climatic
conditions and availability of wild bees foraging and nesting resources among major
types of uncultivated habitat patches? (B) What are the effects of local and landscape
land-use characteristics on bee species richness, abundance, and functional composition in
uncultivated patches? Do these effects vary across spatial scales? (C) Is there an interactive
effect between local and landscape land-use characteristics? (D) Do focal crop pollinators
inhabit uncultivated patches?

2. Materials and Methods
2.1. Study Area

The study was conducted in the Judean Foothills, a highly fragmented heterogeneous
Mediterranean agro-natural ecosystem, in central Israel. The study area was characterized
by a mosaic of natural vegetation at different successional stages (herbaceous, sparse
and dense shrublands), planted forests, agricultural fields and orchards, and a few rural
settlements. The area lies at the interface between a humid Mediterranean ecosystem to its
north and an arid ecosystem to the south, making it a hot-spot of biodiversity [33], bees [34],
and plants [35] in particular. Honeybees, Apis mellifera Linnaeus 1758, are native to the
region and are commonly managed for crop pollination and honey production; feral honey
bees are absent due to Varroa mites.

2.2. Study Design

To study the role of uncultivated habitats in maintaining crop pollinators in this
system, we focused on patches adjacent to agricultural fields that were not in bloom
during the study. Based on aerial photos and ground verification, we identified three
major types of uncultivated habitats surrounding agricultural fields in our study system:
(A) Mediterranean grassland (batha) dominated by herbaceous plants, (B) Mediterranean
shrubland (maquis) dominated by local shrubs and trees, and (C) planted forest > 20 years
old, of eucalyptus, carob and pine trees, not in bloom during our sampling. The planted
forest plots were not managed after tree planting, and underwent significant successional
changes, with considerable establishment of local perennial plants (Figure S1). Since we
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were interested in testing both local (patch-scale) and landscape (≥100 m radii) land-use
effects, as well as possible interactions across scales, we prepared our sampling plots to
independently represent the variation across these scales; twelve plots were established in
grasslands, nine in shrubland, and nine in planted forests, spanning a land-use gradient
of 10–70% uncultivated land in 300–1000 m buffers around plot centroid, for a total of
30 plots (see more details on land-use classification below) (Figures 1 and 2). Each plot
was 400 m2 (10 × 40) in size, at a minimal distance of 500 m from neighboring plots, and
10 m from the habitat patch edge (to decrease edge effects). Habitat patches varied in size
(1.8–51.6 hectares; Table S1); this variation was reflected in the land-use analysis as the
percentage of the area of each habitat type at 100–1000 m radii (see details on the land-use
analysis below).
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Figure 1. Study plot types along the gradient of the percentage of natural area within a 300 m radius
buffer (from lowest to highest). Numbers on top of bars represent number of bee species collected in
each plot. The order of plots and habitat type distribution along the land-use gradient were similar in
the other tested radii (see Table S1).

2.3. Landscape Parameters: Land-Use Classification and Analysis

Using the 2016 Israel land-use map (Central Bureau of Statistics) complemented by
ground verification, when necessary, we classified the following dominant land-use cate-
gories: grassland (herbaceous area), shrubland, planted forest (mainly eucalyptus, carob
and pine), agriculture (orchards and crop fields), and other land-uses (mainly water reser-
voirs, developed areas, and quarries; comprising <10% of the study area). We calculated the
percentage of each of these land-use categories in 100, 200, 300, 400, 500, 750, and 1000 m
radii around each of the plot centroids (ArcGIS 10.2.1). In addition, we grouped together
the natural and semi-natural land-use categories (grassland, shrubland, planted forest), to
obtain an overall uncultivated vs. cultivated area (orchards and crop fields were grouped
together). See Table S1 for detailed land-use data.

2.4. Field Data Collection

Fieldwork was conducted in March–April in 2017 (20 plots) and 2018 (10 plots), corre-
sponding to the peak wild bloom and bee activity period in the region [34]. We randomly
set the sampling order of plots, to avoid geographical bias. Each plot was sampled for
two consecutive days, under standardized weather conditions (clear, partly cloudy, or
bright overcast skies, temperatures between 16–34 ◦C, and wind velocity < 2.5 m/s). The
following measures were collected on each sampling day:
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Figure 2. The study system: (A) Location in central Israel; (B) the studied landscape, land-use
classification, and the spread of plots sampled each year; (C) two study plots at contrasting land-use
context. See Table S1 for plot information.

2.4.1. Local Habitat Parameters

1. Weather conditions. Twice a day, before starting the bee sampling (see below), we
measured air temperature and wind velocity using anemometer (model LM-8010, Lutron
Electronic Enterprise Co., Taibei, China), and solar radiation using a digital luminance meter.

2. Forage and nesting resources. Blooming plant species richness, abundance (number
of flower/inflorescence), and nesting substrates (classified to dry and fresh herbaceous and
woody plants, bare ground, large stones and rocks, and foliage) were recorded in ten 1 m
diameter hoops, placed in a 10 m × 40 m grid across the entire plot. The Shannon–Weaver
diversity index was calculated for the different nesting substrates (as listed above) in each
plot, to account for plot-level diversity of nesting resources.

2.4.2. Bee Sampling

Wild bees were sampled using two complementary methods [36]: netting and pan
traps. Bees were netted from flowers for a total of 30 min per sampling day; 15 min in the
morning (8:00–12:00) and 15 in early afternoon (12:00–15:00). Netting was carried out while
slowly walking across the plot, systematically surveying its entire area and all blooming
plants. Handling time of captured bees was excluded from the overall sampling time. Bees
were also collected using 12 pan traps (white, blue, and yellow, 15 cm diameter plastic
bowls, filled with soapy water) that were placed in a 2 m × 2 m grid in the side far from the
adjacent agricultural field (see Figure S2 for plot set up). Traps were placed in the morning
(8–9) and left open for 7 h on each sampling day.

2.5. Bee Identification and Functional Traits

Bees were identified to species level and deposited at the National Entomological
Collections, The Steinhardt Museum of Natural History, Tel Aviv University. Functional
traits were compiled for each bee species based on published literature, expert opinions,
flower visitation data, and inference from taxonomically related species (following Williams
et al. [37]). Traits included nesting guild (above/below ground; available for 87% of all
bee species), sociality (solitary/primitive eusocial/cleptoparasite; available for 84% of all
bee species), lecty (polylege/oligolege; available for 84% of all bee species), and tongue
length (short/long). For each species, we also measured the inter-tegular distance (distance
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between wing base, ITD) of five females and five males (available for 79% of bee species).
Bee size is considered a good proxy of foraging ranges of bee species [38]. ITD is correlated
with bee tongue length; by integrating it with bee family identity, 91% of tongue length
variation could be predicted [39]; “BeeIT” R package was used for this estimation. Finally,
we focused on species known to be crop pollinators or having high agricultural affinity, i.e.,
having highest relative abundance in agricultural fields, as found in previous studies in the
study region [34,40,41].

2.6. Data Analysis
2.6.1. Wild Bee and Flower Abundance and Species Richness

We used generalized linear mixed models (GLMMs) and linear mixed effects model
(LME) [42] to determine the effect of local-scale parameters (habitat type, habitat patch
size, micro-climate-weather measures, forage and nesting resources; no collinearity was
found between habitat type and the other habitat characteristics), landscape-scale parame-
ters (percentage of uncultivated area at various radii), and the interaction between them
(habitat type and landscape parameters) on the following dependent variables: (a) wild
bee abundance and species richness; (b) bee functional traits, focusing of the relative abun-
dance and species richness of: nesting—above vs. below ground nesters; sociality—solitary,
primitive eusocial, and cleptoparasitic bees; foraging (lecty)—oligo vs. polylectic bees;
tongue length—short vs. long tongue bees; body size (ITD measurement). We focused
on relative rather than absolute abundance and richness, to highlight changes in the func-
tional composition of the sampled bee communities; (c) richness and abundance of crop
pollinating species; and (d) flower abundance and species richness. We used a Poisson
distribution with a log-link function for the count data, and a binomial distribution for
the life history traits. To account for spatio-temporal variation, we defined the following
random factors: sampling year, time in the season (days after the first sampling day each
year), and sub-region (north or south). Due to overdispersion in all count data models, an
observation level random effect (OLRE) was added to each count data model [43]. First, a
full model that included all fixed effects, the interaction between habitat type and landscape
effects, and random effects was used. Accordingly, all possible models with the different
configurations of fixed effects were compared. In order to avoid multicollinearity between
land-use patterns at hierarchical radii, each radius was tested separately. We then tested the
data for Poisson distribution by using an ‘Overdispersion test’. Next, the best-fitted model
was selected, based on models’ AICcs [44]. When ∆AICc between alternative models was
<2, models were considered equivalent. Finally, p-values were obtained by a likelihood
ratio test for every fixed variable included in the model. Analyses were performed using
lme4, glmmTMB, DHARMa, and MuMin R packages (R Core Team 2018, version 3.5.0).

2.6.2. Wild Bee and Flower Species Composition

We performed a non-metric multidimensional scaling (NMS) to visualize patterns of
bee and flower species composition. We used the Sorensen measure [45] and compared
the obtained results using all the species. Ordinations with p-value < 0.05 and final stress
< 20 were chosen and re-run five times each to determine consistency [46]. We investigated
for correlation of environmental factors and dominant genus to bee composition. Multi-
Response Permutation Procedures (MRPP) with the Sorensen measure were performed
to determine whether wild bee and flower species composition varied significantly be-
tween habitat types; values close to 1 indicated high within-habitat similarity in species
composition, compared to random site allocation. NMS and MRPP tests were performed in
PC-ORD version 6.22 (McCune and Mefford 2011, Gleneden Beach, OR, USA).

3. Results

Overall, we collected 2355 wild bees of 253 species (99% of the specimens were
identified to the species level; see Table S2 for species list), and we recorded 11,191 flow-
ers/inflorescences of 130 plant species.
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3.1. Local Habitat Characteristics
3.1.1. Microclimate

The uncultivated habitats did not differ in mean temperature (LME, χ2 = 3.05, p = 0.2)
and wind velocity (LME, χ2 = −0.37, p = 0.7), while radiation intensity was higher in
shrubland compared to planted forest plots (LME, χ2 = 6.01, p < 0.001).

3.1.2. Forage and Nesting Resources

Planted forests provided significantly lower number of flowering species and flower
abundance compared to grasslands and shrublands (Figure 3A,B; GLMM; flower richness:
χ2 = 8.7, p = 0.01; flower abundance: χ2 = 8.0, p = 0.01). The uncultivated habitats overlapped
in their flowering species composition (MRPP A = 0.018, p = 0.018; Figure 3C); planted
forests exhibited highest intra-habitat variation, while the grasslands had lowest variability.
Twenty-two to 37.5% of flowering species were unique to only one uncultivated habitat
type (Figure 3D) and only 18% (23 species) of these unique species were rare or very rare in
the study area, according to Danin and Fragman-Sapir (2016 [47]). Twenty one percent of
flowering species (28 species) were found in all uncultivated habitat types; all these species
were common or very common in the study area [47].
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Figure 3. Uncultivated habitat characteristics: (A) Mean (±SE) flower abundance (columns with
different letters differ significantly at p < 0.05; GLMM analysis); (B) mean (±SE) flower species
richness; (C) flower species composition (based on NMS; p < 0.01, Stress = 15.1, three dimension,
45.9% of variance explained); and (D) shared vs. unique flower species in the three habitats (the
unique species are of the total number of species per habitat type; n = 9 for the shrubland and planted
forest, n = 12 for the grassland).
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The uncultivated habitats did not differ in percent cover of the main nesting substrates
(plants: LME, χ2 = 0.9, p = 0.6; bare ground: LME, χ2 = 2.5, p = 0.2), nor in the Shannon–
Weaver index for ground cover diversity (LME, χ2 = 2.8, p = 0.2). However, as expected,
grasslands contained higher herbaceous cover compared to planted forests (Tukey, t = −2.7,
p = 0.02) and lower woody cover compared to shrublands (Tukey, t = 4.5, p < 0.001). The
total plant cover (herbaceous and woody) was highest in shrublands and lowest in planted
forests (Tukey, t = −2.5, p = 0.04).

3.2. Bee Community

In all analyses of the bee community, no interaction was found between habitat type
and landscape parameters, and it was therefore not included in the best-fitted models.

3.2.1. Bee Abundance and Species Richness

Bee abundance and species richness did not differ statistically among the three uncul-
tivated habitats. Instead, these variables were best explained by the combined effects of
local- and landscape-scale parameters—total plant cover (herbaceous and woody) and size
of uncultivated areas within 100–400 m radii for bee abundance (three equivalent models;
Table 1); total plant cover and size of uncultivated areas within 100–500 m for bee species
richness (five equivalent models; Table 1).

Table 1. Best-fitted GLMM models (∆AIC < 2) for wild bee abundance and species richness. Each
equivalent model includes total plant cover (herbaceous and woody at the plot scale) + uncultivated
area in a specific buffer range (100/300/400 m radii for bee abundance; 100/200/300/400/500 m
radii for bee richness).

Model Parameters 100 m 200 m 300 m 400 m 500 m

p (χ2) p (χ2) p (χ2) p (χ2) p (χ2)

Bee abundance
Total plant cover (%) 0.01 (6.2) 0.003 (8.7) 0.003 (8.4)
Uncultivated area (%) 0.02 (4.9) 0.03 (4.5) 0.04 (3.9)

Bee species richness
Total plant cover (%) 0.01 (5.8) 0.004 (8.2) 0.003 (8.3) 0.003 (8.3) 0.004 (8.1)
Uncultivated area (%) 0.03 (4.7) 0.04 (3.9) 0.01 (5.7) 0.02 (5.4) 0.03 (4.5)

3.2.2. Bee Community Composition

Bee community composition was similar in the three uncultivated habitats, as visual-
ized by their overlap in the NMS (Figure 4) and the low A value obtained in the MRPP (i.e.,
high within habitat variation in species composition; A = 0.01, p = 0.04). Bee composition
was associated by landscape variables; highest correlations were obtained between bee
species composition and the percentage of orchards (axis 1; r = 0.54), and non-cultivated
habitats (axis 3; r = 0.54) within 1 km buffers, as well as bee body size (ITD) (axis 3; r = 0.66).
Among the bee genera sampled, the ordination was strongly shaped by Andrena (axis
2; r = 0.52), Nomada (axis 2; r = 0.53), Lasioglossum (axis 3; r = 0.51), and Hylaeus (axis 3;
r = 0.47).

Twenty-six percent of the sampled bee species (66 bee species, represented by 1611 in-
dividuals) were sampled in all habitat types; 45% of the sampled bee species (115 species)
were unique to one habitat and were similarly spread between the three habitat types
(Figure 5). Almost all of the habitat unique species (110 species out of 115 unique species in
total) were rare species (present in less then 3 plots), and there was no significant difference
in the proportion of unique/common species between habitat types (Fisher’s Exact Test,
p = 0.64; Figure 5).
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3.2.3. Bee Functional Traits

(a) Nesting guild

The majority of sampled bees were ground-nesters (61.5% of bee species and 74% of
sampled bees). The proportion of above-ground nesting bees was correlated with both
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local and landscape factors; their relative abundance was affected by woody cover, flower
abundance, flower richness, and the percentage of uncultivated area within 300–400 m
radii (Table 2); the proportion of above-ground nesting bee species was correlated with the
percentage of uncultivated area within a 200 m radius and flower abundance.

Table 2. Best-fitted GLMM models (∆AIC < 2) for the proportion of above-ground nesting bees and
bee species.

Modeled Variables Model (∆AIC, Weight) and Explanatory Variables
(− with Negative Effect; + with Positive Effect) χ2 p

Relative abundance of
above-ground nesting bees

Best-fitted model: (∆AIC = 0, Weight = 0.32) 19.5 <0.001
Flower abundance (−) 31 <0.001

Alternative model: (∆AIC = 0.5, weight = 0.25)
Flower abundance (−) 29.8 <0.001

Flower richness (+) 2.9 0.08
Woody cover (%) 13.6 <0.001

Alternative model: (∆AIC = 0.5, Weight = 0.25)
Flower abundance (−) 20.2 <0.001
Woody cover (%) (+) 26.4 <0.001

Uncultivated area within a 300 m radius (−) 2.9 0.08
Alternative model: (∆AIC = 1.1, Weight = 0.18)

Flower abundance (−) 20.6 <0.001
Woody cover (%) (+) 27.6 <0.001

Uncultivated area within a 400 m radius (−) 2.2 0.1

Proportion of above-ground
nesting bee species

Best-fitted model: (∆AIC = 0, Weight = 0.54)
Uncultivated area within a 200 m radius (−) 5.5 0.02

Alternative model: (∆AIC = 0.3, Weight = 0.46)
Flower abundance (−) 2.8 0.09

Uncultivated area within a 200 m radius (−) 4.8 0.02

(b) Sociality

Sampled bees were mostly solitary (89% of bees belonging to 207 species), whereas
4.8% (110 bees belonging to 7 species of Halictus and Lasioglossum) were primitive eusocial,
and the remaining sampled bees (146 bees belonging to 39 species) were either cleptopara-
sitic bees or of unknown sociality. The relative abundance of primitive eusocial bees was
not linked to local factors, and was marginaly linked to landscape factors (GLMM, habitat
type:, χ2 = 0.6, p = 0.7, uncultivated area within 400 m: χ2 = 3.2, p = 0.07). The proportion of
primitive eusocial bee species was too low to allow statistical modeling.

(c) Foraging guild (lecty)

Forty nine percent of the sampled bees were polylectic—generalist foragers (131 species),
40% were oligolectic—specialist foragers (66 species), and the rest were either cleptopara-
sites or of unknown foraging habitats. Both local and landscape factors were correlated
with bees’ foraging guild distribution; the relative abundance and species richness of
oligolectic bees were correlated with flower abundance, woody plants ground cover, and
the percentage of uncultivated area within a 200 m radius (Table 3). The proportion of
polylectic bee species was also correlated with both local (flower richness and abundance)
and landscape elements (the percentage of uncultivated area within a 200 m radius).
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Table 3. Best-fitted GLMM models (∆AIC < 2) for the relative abundance of oligolectic bees, and for
the proportion of oligolectic and polylectic bee species.

Explained Variables, Model Type Model (∆AIC, Weight)/Explanatory Variables
(− Negative Effect; + Positive Effect) χ2 p

Relative abundance of oligolectic bees
GLMM, Poisson

Best-fitted model: (∆AIC = 0, Weight = 0.36)
Flower abundance (+) 13.9 <0.001

Habitat type 6.7 0.07

Proportion of oligolectic bee species
GLMM, Poisson

Best-fitted model: (∆AIC = 0, Weight = 0.51)
Woody cover % (−) 6.6 0.01

Uncultivated area within a 200 m radius (+) 6.6 0.02
Alternative model: (∆AIC = 0.1, Weight = 0.49)

Flower abundance (+) 5.4 0.01

Proportion of polylectic bee species
GLMM, Binomial

Best-fitted model: (∆AIC = 0, Weight = 0.38)
Flower richness (−) 6.9 <0.001

Alternative model: (∆AIC = 0.7, Weight = 0.28)
Flower abundance (−) 6.2 0.01

Alternative model: (∆AIC = 1.4 Weight = 0.19)
Flower abundance (−) 5.7 0.01

Uncultivated area within a 200 m radius (−) 2.4 0.11

(d) Tongue length and body size (ITD)

Sampled bees were mostly short-tongue (82% of species, 49% of bees) and of tiny to
medium body size (ITD range 0.63–4.66 mm, median 1.9 mm). The calculated tongue length
was correlated with flower abundance, and the proportion of long-tongue bee species was
additionally correlated with total plant cover and the percentage of uncultivated area
within a 100 m radius (Table 4). Bee body size (ITD) was correlated only with local scale
factors, with positive relation to habitat patch size and flower abundance.

Table 4. Best-fitted LME and GLMM models (∆AIC < 2) for calculated tongue length distribution,
proportion of long tongue bee species, and inter-tegular distance (ITD, a proxy for body size).

Explained Variables
Model Type

Model (∆AIC, Weight)/Explanatory Variables
(− Negative Effect; + Positive Effect) χ2 p

Calculated tongue length
LME, Normal

Best-fitted model: (∆AIC = 0, Weight = 0.9)
Flower abundance (+) 17.9 <0.001

Proportion of long tongue bee species
GLMM, Binomial

Best-fitted model: (∆AIC = 0, Weight = 0.61)
Flower abundance (+) 8.5 0.003

Uncultivated area within a 100 m radius (−) 5.8 0.01
Alternative model: (∆AIC = 0.8, Weight = 0.31)

Flower abundance (+) 11 <0.001
Total plant cover (%) (−) 2.6 0.1

Uncultivated area within a 100 m radius (−) 6.4 0.01

Body size (ITD)
LME, Normal Best-fitted model: (∆AIC = 0, Weight = 0.66)

Flower abundance (+) 5.4 0.02
Alternative model: (∆AIC = 0.2, Weight = 0.34)

Flower abundance (+) 5.5 0.01
Uncultivated patch area (+) 6.1 0.01

3.2.4. Crop Pollinators Species

We collected 249 bees of eight species which were described as crop pollinators and
of high agricultural affinity ([34]; Figure 6). These species were found in all three habitat
types, but at variable prevalence and abundance. No model described (∆AIC < 2 with null
model) the abundance and species richness of this group well.
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Figure 6. Crop pollinator abundance in the different uncultivated habitats.

4. Discussion

In this study of bee communities inhabiting uncultivated patches in semi-arid Mediter-
ranean landscapes, we found that natural patches (shrublands and grasslands) differed
from semi-natural (planted) patches in both physical structure and the provisioning of
floral resources. The majority of bee community parameters were affected by both local-
and landscape-scale characteristics, but no significant interaction was found between these
scales. Local land-use effects were related mostly to the characteristics of plant commu-
nities, including their physical structure (ground cover) and the abundance and richness
of flowering plants. The landscape effects varied between different bee community pa-
rameters and were mostly limited to a 400 m range; only bee species composition was
significantly affected by factors at a relatively larger scale (1000 m). Most of the focal crop
pollinators known to this region were found in the studied uncultivated patches, but their
abundances varied considerably between patch type and pollinator species.

The planted patches were significantly different from the natural patches in both
their biotic and abiotic conditions, having lower sun radiation, plant cover, and flower
richness and abundance. All these factors significantly affect the physical structure and
floral resource availability and composition of the planted vs. the natural patches. These
differences are interesting because the planted patches were established more than 30 years
ago, at low tree density (>15 m apart) and were not managed since. Consequently, local
perennials were abundantly established between trees in these patches. Hence, habitat
management actions in this ecosystem may have relatively long-lasting effects on plant
communities, floral availability, and species composition in specific, and consequently
on bee communities. Importantly, habitat type in itself was not included in bee models.
Instead, local land-use characteristics, related to plant cover and to floral richness and
abundance, were included in the models. This may highlight a broader pattern of greater
precision in modeling of wild pollinators that could be obtained by converting categorical
habitat classifications into continuous variables specifically reflecting resource availability
and habitat structure [48].

Our bee sampling was conducted when the planted trees were not in bloom. Yet,
when in bloom, these trees, and especially Eucalyptus trees, provide high amounts of nectar
and pollen, also at times with low wild floral availability in these landscapes. Therefore,
temporal complementarity in forage availability between the different habitat patches is
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plausible in these landscapes [21]. The findings that many flower species were unique to
each habitat type further supports a possible complementarity between habitat patches
in providing floral resources throughout the bee activity season in the system. However,
temporal complementarity is beyond the scope of the current study and could not be
assessed directly.

Bee abundance and species richness were similarly affected by the combined effects of
local habitat characteristic (plant cover) and landscape land-use attributes (percentage of
uncultivated area); uncultivated habitat patches with higher plant cover and surrounded by
higher percentage of uncultivated land showed higher bee abundance and species richness.
Surprisingly, we did not find a direct effect of local flower community characteristics on
bee abundance and richness, as found in other Mediterranean studies conducted on field
margins [27,28]. However, plant cover includes overall woody and herbaceous cover,
so that higher plant cover is likely associated with extended temporal availability and
diversity of forage resources in the studied patches. For both bee abundance and species
richness, landscape effects were limited to relatively short ranges (400 and 500 m radii,
respectively) and no differences were found across the tested scales. This result likely
reflects the small-bodied bee fauna found in this study and in the region as a whole [34],
with a limited foraging distance [38].

Unlike bee abundance and species richness, bee species composition was affected
only by landscape scale factors, spatial ranges of land-use effects were relatively large
(1 km) and included the extent of both uncultivated land and orchards within this range.
Indeed, bee visitor composition varied considerably between almond orchards (the main
orchard crop requiring pollinators in the study region) and other, cropped and non-cropped
habitats [34]. Interestingly, species composition was also affected significantly by bee body
size, which varied considerably among the four bee genera with highest impact on bee
ordination, especially Hyleaus vs. Andrena, Nomada and Lasioglossum. While the three
habitat patch types shared 27% of their bee species and overlapped in their overall bee
species composition, each habitat type also maintained 13–19% unique rare bee species.
This indicates a complementary contribution of the three uncultivated habitat types to the
bee species pool of this system, as found in other Mediterranean agricultural systems [27].
The planted patches exhibited the highest intra-habitat variation in bee species composition,
likely due to the difference in planted tree composition (eucalyptus, carob, and pine) and
variation in their phenology and pollen and nectar provisioning.

Bee nesting and foraging guild composition were similarly affected by a combination
of local and landscape variables, at limited spatial scales, and with no variation across
spatial scales. However, the direction of these effects differed among traits. The relative
abundance and species richness of above-ground nesters was affected negatively by local
patch-scale flower abundance and the percentage of uncultivated land at 200–400 m radii.
The relative abundance and species richness was positively affected by patch-scale woody
cover and flower richness (only relative abundance). The negative effects of the landscape
are harder to explain and might indirectly reflect lower availability of diverse above-ground
nesting sites and resources, such as hollow twigs and stems, wood logs, preexisting burrows,
and crevices in the uncultivated habitats. This notion is further supported by the positive
effect of woody cover, plausibly reflecting its limited availability in the habitat patches.
The negative effect of flower abundance, which is likely to be inversely related to woody
cover, also supports this idea. Interestingly, the relative abundance and species richness
of oligolectic bees showed opposite effects compared to the described patterns of above-
ground nesters. A higher proportion of oligolectic bees and bee species were found at sites
with higher flower abundance and proportion of uncultivated land at the landscape and
lower woody cover. Taken together, these results may reflect, both directly and indirectly,
variation in the availability of forage resources and the sensitivity of oligolectic bees to
changes in land use [49–51]. As in many bee communities in agricultural landscapes, the
distribution of sociality was skewed toward much higher proportion of solitary bees and
bee species, so that the modeling of primitive eusocial bees could not be performed. Larger
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habitat patches with higher floral abundance sustained larger bees with longer tongues.
This may reflect the larger resource uptake necessary for larger-bodied species, possibly
associated also with tongue length (Megachilidae and Apidae bees in our study system
were larger compared to the short-tongue bee taxa).

Eight of the 10 dominant crop pollinators described previously in this region (for
almond, sunflower, and watermelon; refs. [34,40,41]) were found in the uncultivated
patches. Yet, the absolute abundance of the different species varied considerably, as
well as their relative abundance in the three habitat types, with no clear pattern of habitat
preference. The overall and per-plot-abundance of these agrobiont species was probably too
low for our analyses. We can therefore conclude that crop pollinators inhabit uncultivated
patches, and likely spill-over to nearby fields when crop is in bloom. However, additional
research is needed to gain a better understanding of the factors that shape crop pollinators’
abundance and richness in these uncultivated patches and across agricultural lanscapes as
a whole.

5. Conclusions

This study shows the important role of uncultivated habitat patches, shrubland and
grassland in particular, in providing floral and nesting resources for bees, and supporting
diverse and abundant wild bee communities in agricultural landscapes. The studied
natural and semi-natural habitats were found to be important both locally, by providing
wild bees with nesting and foraging resources, and at larger spatial scales, where they create
resource-landscapes for the bees. Unique flower and bee species found in each type of these
uncultivated habitats highlight their complementarity and collective conservation value.
Bee communities inhabiting the uncultivated patches include species with high agricultural
affinity and high potential to significantly contribute to crop pollination. Agricultural fields
adjacent to uncultivated habitats and surrounded by uncultivated habitats at larger spatial
scales are likely to receive substantial crop pollination services compared with fields lacking
these elements. Hence, in Mediterranean agricultural landscapes, maintaining patches
with natural and semi-natural vegetation, primarily on marginal lands not suitable for crop
production, is expected to promote the conservation of wild bee communities and increase
crop pollination services. Further investigations are needed to quantify the effect of such
approach on other taxa and ecosystem services/disservices-providing organisms.
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