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Abstract

Aim: Understanding which factors drive o- and B-diversity is fundamental to
ecological and biogeographical research. Especially in archipelagos, diversity patterns
are interesting due to the numerous factors influencing them. Here, we investigate
the importance of climate and ecogeographical factors in shaping a- and B-diversity
patterns of bee species in the Aegean Archipelago, a bee diversity hotspot.
Location: Nineteen islands in the Aegean Archipelago, located along a N-S climate
gradient.

Methods: We systematically sampled the bee fauna of phryganic communities in
100 sites across 19 islands. Using generalized linear models (GLMs), we tested cli-
matic (viz. annual mean temperature and annual precipitation), geographical (island
area, proportion of surrounding land mass, distance to climatically similar land mass,
and maximum step length of pathway to nearest island/mainland), and ecological
parameters (viz. floral abundance) as determinants of bee diversity. Following a mul-
timodel island species-area relationship (ISAR) framework, we ranked islands accord-
ing to the observed richness to identify biodiversity hotspots. Furthermore, we
estimated the effect of the above factors on overall B-diversity as well as on turn-
over and nestedness components, using multiple regression models on distance
matrices.

Results: Island area was the best predictor, positively affecting a-diversity, together
with precipitation, surrounding land mass proportion, and floral abundance. Temper-
ature was found to have a significant negative effect on a-diversity. Among all study
islands, Samothraki and Kea stood out as bee diversity hotspots, with a bee richness
higher than predicted by the multimodel ISAR. The overall B-diversity was mainly
driven by the turnover component and positively related to precipitation differences,
whereas the nestedness component was positively affected by differences in area
and surrounding land mass proportion.

Main conclusion: This study highlights the importance of geography and climate in
shaping both a- and B-diversity of bees in the Aegean and suggests that both factors
are likely to be crucial for analysing and predicting bee diversity responses to future

environmental changes.
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KALOVELONI ET AL.

1 | INTRODUCTION

Species-area relationships are among the most robust patterns in
ecology and biogeography (Lomolino & Weiser, 2001). Although area
is generally acknowledged as a powerful explanatory variable for
shaping and estimating species richness, it is often considered a sur-
rogate of other factors, such as habitat diversity (e.g., Brose, 2001).
Notwithstanding, various models of island species—area relationships
(ISARs) have been proposed (see Triantis, Guilhaumon, & Whittaker,
2012; Williams, Lamont, & Henstridge, 2009 for a review) and
widely used including for pinpointing biodiversity hotspots (e.g.,
Fattorini, 2006; Guilhaumon, Gimenez, Gaston, & Mouillot, 2008).

While a-diversity is a measure of species richness in a local assem-
blage, B-diversity is a measure of variation in assemblage composition
among sampling units (Whittaker, 1960). The recent methodological
approach of disentangling B-diversity into turnover and nestedness
components has been critical in unveiling the causes of p-diversity
patterns, as they reflect antithetic ecological processes (Baselga,
2010). Spatial turnover, that is, species replacement among sites, is
predicated on mechanisms of environmental filtering or spatial and
physical constrains relative to contemporary or historical events (Dap-
porto, Fattorini, Voda, Dinca, & Vila, 2014; Leprieur, Olden, Lek, &
Brosse, 2009). In contrast, nestedness, that is, differences in species
richness, occurs when biotas in species-poor sites are subsets of bio-
tas of species-rich sites (Lomolino, 1996; Wright & Reeves, 1992),
mostly due to selective colonization and extinction events, and nested
habitats (Ulrich, Almeida-Neto, & Gotelli, 2009; Wang, Bao, Yu, Xu, &
Ding, 2010). Nested structure is a common characteristic of insular
biotas and has been found to predominate at all spatial scales, from
individual islands to entire archipelagos (Sfenthourakis, Giokas, & Tza-
natos, 2004). It has been linked to colonization ability and migration
capacity (Dennis, Hardy, & Dapporto, 2012).

According to the Equilibrium Theory of Island Biogeography
(henceforth ETIB), species richness and community assembly are
determined by immigration and extinction rates, and the island area
and isolation are the synergistic factors that affect these rates
(MacArthur & Wilson, 1967). Although this theory satisfactorily
explains species richness of insular systems, it suffers limitations, as
it ignores additional factors that might enhance or suppress diversity,
for example, energy availability (Wright, 1983) or island ontogeny,
evolutionary and geological characteristics as formulated by the gen-
eral dynamic model (GDM) of oceanic island biogeography (Whit-
taker, Triantis, & Ladle, 2008), which extends the ETIB framework.

Island climate receives a strong oceanic/sea influence, thus, cli-
matic characteristics, such as temperature or precipitation variations
along a latitudinal gradient, can be significant for determining insular
diversity patterns and species assemblages (Whittaker & Fernandez-
Palacios, 2007). Integrating climate into models of global insular spe-
cies richness has been shown to increase their predictive ability
(Cabral, Weigelt, Kissling, & Kreft, 2014; Kalmar & Currie, 2006;
Kreft, Jetz, Mutke, Kier, & Barthlott, 2008). Indeed, the effect of cli-
mate on species diversity is manifest even within a narrow latitudinal
gradient (Petanidou et al, 2018). Geographical factors, such as
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geographic distance, are also important in shaping diversity patterns
(Diver, 2008). Species richness on islands declines significantly and
systematically with the degree of isolation from mainland sources
(Dennis, Shreeve, Olivier, & Coutsis, 2000). However, even though
distance to mainland constitutes a meaningful measure of isolation
and hence island reachability, there are additional, more biologically
relevant measures determining isolation, such as the existence of
stepping stones, area of surrounding land masses, and distance to cli-
matically similar land masses (Weigelt & Kreft, 2013). Both climate
and ecogeographical factors thus strongly affect species richness,
but hitherto research has primarily focused on continental areas
(e.g., Kivinen, Luoto, Kuussaari, & Helenius, 2006; Stefanescu, Her-
rando, & Paramo, 2004). The importance of both factors in shaping
B-diversity patterns and explaining turnover and nestedness compo-
nents has not been demonstrated until recently (Fattorini & Baselga,
2012; Liu, Dudley, Xu, & Economo, 2017; Svenning, Flgjgaard, &
Baselga, 2011). Moreover, it rarely has been investigated on islands
(but see Cabral et al., 2014; Hirao, Kubota, & Murakami, 2015).

Due to their unique characteristics, viz. numerous islands of
diverse sizes, complex palaeogeographic history, and variable geo-
morphology, the Aegean islands have become a model region for
studying diversity patterns in well-studied taxonomic groups of mol-
luscs, arthropods, and plants (Kallimanis et al., 2010; Kougioumoutzis
et al, 2017; Panitsa, Tzanoudakis, Triantis, & Sfenthourakis, 2006;
Pitta, Kassara, Trichas, Sfenthourakis, & Chatzaki, 2017; Sfen-
thourakis & Panitsa, 2012; Stéhls et al., 2016; Triantis, Sfenthourakis,
& Mylonas, 2008; Welter-Schultes & Williams, 1999), but never for
bees (see Petanidou et al., 2013). Despite their significant role in
providing ecosystem services (viz. pollination of crops and wild
plants: Klein et al., 2007; Ollerton, Winfree, & Tarrant, 2011), pat-
terns of bee diversity and related driving factors have only been
studied in tropical (e.g., Nemésio & Vasconcelos, 2013; Perillo,
Neves, Antonini, & Martins, 2017) and boreal regions (e.g., Kivinen et
al., 2006). Thus, the influence of climate and ecogeographical factors
on bee species and assemblages at a regional Mediterranean scale,
and particularly in the Aegean Archipelago with its outstanding bee
species richness (Michener, 1979), remains unexplored.

Based on bees sampled from 19 Aegean islands, this study aims
to: (a) explore the combined effect of climate and ecogeographical
factors on species richness (a-diversity), (b) estimate species richness
and determine the islands performance as bee diversity hotspots, by
applying an ISAR multimodel framework (Guilhaumon, Mouillot, &
Gimenez, 2010), and (c) identify whether variation in species compo-
sition and its components (viz. turnover and nestedness) are driven
by climatic and ecogeographical determinants. Based on the ETIB,
we hypothesize that a-diversity will be mainly driven by island area.
Regarding p-diversity, we expect the community composition to be
dominated by the turnover component, considering the high bee
faunal variation among islands (Petanidou, unpublished data). Addi-
tionally, given the difference in climatic conditions of the study
islands arrayed at a latitudinal gradient, we predict climate-related
turnover, without pronounced distance effects due to the continen-
tal nature of the Aegean islands.
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2 | MATERIALS AND METHODS

2.1 | Data collection

We sampled 100 bee communities on 19 islands in the Aegean
Archipelago (Figure 1; Appendix S1 in Supporting Information) during
the main flowering and bee flight activity period, that is, from March
to June over 3 years (2012-2015). To achieve comparable sampling
effort per unit area, we aimed for one sampling site per 50 km?
island area. However, due to the loss of some sites (destroyed
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pantraps caused by grazing animals, wind, or vandalism), this was in
a few cases slightly compromised. Three surveys were undertaken at
each site: late March to early April, late April to early May, and late
May to early June, leaving a minimum of 3 weeks between visits to
the same site. We applied the pantrap and hand-netting protocol by
Westphal et al. (2008) and Nielsen et al. (2011), modified to effi-
ciently sample the high bee diversity of the Aegean islands. At each
site and at each visit, we: (a) used 10 pantrap triplets, each consist-
ing of three UV-bright pantraps of yellow, blue, and white colour;
each pantrap was filled with 350 ml of water to which one drop of
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FIGURE 1 The study islands in the Aegean Archipelago. Black dots represent bee sampling sites
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aroma-free detergent was added and left onsite to collect for 48 hr;
(b) hand-sampled using hand nets for 120 min per site between
10.00 and 16.30 hr, collecting bees observed on flowers along ran-
dom walks. Bee specimens were identified to species level by Euro-
pean bee taxonomy experts. During each visit, we recorded the total
number of functional reproductive units (flowers or inflorescences)
of each plant species in 1 mZsquares (n = 25) randomly selected

within each site.

2.2 | Geographical, climatic, and ecological variables

We selected seven independent variables potentially affecting spe-
cies richness, belonging to three categories: (a) geographical,
accounting for area and isolation, and known to influence island spe-
cies richness (Kreft et al., 2008; Weigelt & Kreft, 2013): (i) island
area (area, in km?), (i) surrounding land mass proportion (SLMP, in
%), (iii) distance to climatically similar largest island/mainland (Dist,
in km), and (iv) maximum step length from pathway to nearest
island/mainland (Disthay, in km); (b) climatic, that is, annual means
that have been shown to affect bee richness in the Aegean (Petani-
dou et al., 2018): (i) annual mean temperature (Temp, in °C) and (ii)
annual precipitation (Prec, in mm); and (c) ecological: (i) floral abun-
dance (FIAb), a factor known to act as key determinant of bee com-
munities (Petanidou & Ellis, 1996; Potts et al., 2006).

Island areas and distance metrics were calculated using ArcMap
10.4. Because all sampling sites were located in phryganic (East
Mediterranean low scrub) systems, we additionally estimated the
area covered by phrygana in each island (see Appendix S2) and per-
formed sensitivity analyses on the GLMs and ISAR models (discussed
below), using the total area covered with phrygana, rather than the
entire island area, to estimate the reliability of the modelling outputs.
SLMP was computed as the proportion of land area surrounding
each island; four SLMP indices were tested separately, the percent-
age of land area within a buffer distance of: (a) 10, (b) 100, (c)
1,000 km, and (d) the sum of these percentages; for SLMP calcula-
tions, islands smaller than 1 km? were excluded. Dist, was computed
as the shortest distance from the target island coastline to climati-
cally similar areas (+5% and +10% of Temp and Prec, respectively) of
mainland or larger source island, whichever was closest. Dist, ., was
defined as maximum inter-island distance derived from minimum
inter-island distance path to mainland or larger island of at least dou-
ble the size of the target island, whichever was closest. The above
distance metrics were chosen to represent three different compo-
nents of isolation (Weigelt & Kreft, 2013). The climatic data were
obtained from the EuMedClim database (Fréjaville & Benito Garzoén,
2018). For each island, we computed the averaged climatic values
over the 30 years preceding the actual sampling year (see Table S3.1
in Appendix S3). After having extracted the climatic data for each
site within an island, we assigned their average as the climate data
of the island. Floral abundance per island site is given as average flo-
ral abundance/m? and was calculated as the sum of abundances over
all sites and rounds divided by the number of random plots per site
(25) and the number of sites. Based on variance inflation factor
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(VIF), multicollinearity among variables was not a concern (VIFs were
1.96-5.42) according to Quinn and Keough (2002). A summary of all
variables per island is given in Appendix S3 (see Table S3.2).

2.3 | Calculation of the response variables

a-diversity (species richness) was defined as the number of bee spe-
cies per island captured by all methods employed. p-diversity was
calculated as the compositional dissimilarity between islands using
the Sgrensen dissimilarity index (Bso;) (Baselga, 2010). The Bso was
partitioned into two separate components: Bsin, (turnover), that is,
the dissimilarity due to species replacements, and s, (nestedness),
that is, the dissimilarity due to richness differences (Baselga, 2010).
Pairwise dissimilarities of the above measures were estimated using
the ‘betapart’ R package (Baselga & Orme, 2012).

2.4 | Statistical analysis

2.4.1 | Species richness modelling

To determine the effect of climatic and ecogeographical variables on
species richness, we used generalized linear models (GLMs). A Pois-
son distribution was selected for the dependent variable (count data)
and the link function was set to logarithmic. Explanatory variables
that were not normally distributed were log10-transformed. All vari-
ables were standardized (mean = 0, SD = 1) to improve model con-
vergence. Model selection was performed using the dredge function
in ‘MuMIn’ R package (Barton, 2016), covering all possible combina-
tions, based on the Akaike's information criterion corrected for small
sample sizes (AICc) (but see Harrison et al. [2018] for recent criticism
on this approach). To avoid model overfitting, four global models
were considered separately, each accounting for one of the four
SLMP isolation metrics. Proportion of explained deviance was calcu-
lated with the ‘modEvVA’ R package (Barbosa, Brown, Jimenez-Val-
verde, & Real, 2016). Tests using sam 4.0 (spatial analysis in
macroecology, Rangel, Diniz-Filho, & Bini, 2010) revealed that there
was no statistically significant spatial autocorrelation in model residu-
als (see Table S3.3, Figure S3.1 in Appendix S3). To evaluate the rel-
ative importance of each of the variables selected by the best GLM
model, we performed hierarchical partitioning (Chevan & Sutherland,
1991) using the ‘hier.part’ R package (Walsh & Mac Nally, 2013).
The GLMs were also performed with the phryganic area instead of
the entire island area.

2.5 | Island species-area relationship

Using the ‘mmSAR’ R package (Guilhaumon et al, 2010), we
explored the performance of the following ISAR models: (a) power
(S = cA?), (b) exponential (S = c+zlog(A)), (c) negative exponential
(S = c(1—exp(—zA)), (d) Monod (S = (cA)/(z+A)), (e) rational (S = (c+zA)/
(14fA)), (f) logistic (S = c/1+exp(—zA+f)), and (g) cumulative Weibull
(S = c[1—exp(—zAN)), where ¢, z, and f are constant parameters. Since
the tested models have different numbers of fitted parameters, they
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were evaluated in terms of their performance according to AlCc. We
used the Akaike weights (WAICc) (i.e., the relative model likelihood
given the data) for the estimation of each model's probability to be
the best at explaining the data (Burnham & Anderson, 2002). Multi-
model inference should be preferred in order to account for the
model selection uncertainty in cases that competing models provide
similar strength and none of the models fit is strongly supported by
the data (w; > 0.9) (Burnham & Anderson, 2002). Model averaging
was conducted by considering the weighted average of all valid
model predictions with respect to model wAICc to construct the
multimodel ISAR as: § = M Swi, where $ is the multimodel aver-
aged species richness, §; is the species richness inferred from model
i, and M is the number of valid models. Confidence intervals (Cl) of
the multimodel ISAR were devised to take into account uncertainty
regarding model selection and parameter estimation by using a non-
parametric bootstrapping procedure based on percentile method
with 9,999 bootstrap samples (see Guilhaumon et al., 2008). Follow-
ing Guilhaumon et al. (2008), we ranked islands by positioning the
observed richness in the associated vector of bootstrap species rich-
ness estimates sorting in ascending order. Islands above the upper
limit of the 95% CI of multimodel ISAR are considered relative bee
diversity hotspots. The same procedure was repeated when consid-
ering phryganic areas alone.

251 | p-diversity patterns

The relationship between the pairwise compositional dissimilarities
(Bsors Bsim» and Psne) With pairwise dissimilarities of climatic and eco-
geographical variables among islands was estimated by applying mul-
tiple regression models on distance matrices (MRM) (Lichstein,
2007). Prior to MRM, we selected distance matrices that had a sig-
nificant effect on p-diversity indices through simple Mantel tests.
These individually significant variables were used in a separate MRM
analysis following backward elimination. Simple Mantel tests and
MRM analysis were conducted with 9,999 permutations using the
‘ecodist’ R package (Goslee & Urban, 2007). The dissimilarities of
the explanatory variables were expressed as differences (or environ-
mental distances) between pairs of islands using the Euclidean
method. Measurements were standardized prior to calculation of dis-
similarity matrices. Patterns of pairwise dissimilarity indices (Bsor, Psim,
and Bsne) Were described by performing hierarchical clustering using
the average linkage method. Dendrograms were visualized and com-
pared using the ‘dendextend’ R package (Galili, 2015).

We estimated multiple site dissimilarity among all islands, consid-
ering the overall B-diversity (Bsor), measured as Sgrensen dissimilar-
ity, and the nestedness (Bsne) component, using the ‘betapart’
R package (Baselga & Orme, 2012), in order to obtain the propor-
tion of nestedness-resultant component with total p-diversity
(Bratio = Bsne/Psor)- Values less than 0.5 indicate that p-diversity is
mainly determined by species turnover, whereas values higher than
0.5 indicate nestedness as the dominant contribution component
(Dobrovolski, Melo, Cassemiro, & Diniz-Filho, 2012). Dissimilarity
due to nestedness is a related but different concept of nestedness

per se, as it measures the degree of dissimilarity due to a nested
pattern and not how perfect the nested pattern is (Baselga, 2010,
2012). Thus, we assessed nestedness of species communities by cal-
culating the nestedness metric based on overlap and decreasing fill
(NODF) (Almeida-Neto, Guimaraes, Guimardes, Loyola, & Ulrich,
2008). The observed NODF value was assessed for statistical signifi-
cance based on 1,000 simulations of random null communities with
the standardized effect size of the observed statistic as z-value. For
the construction of the randomized matrices, the quasiswap method
was implemented (Miklés & Podani, 2004). The calculation of the
NODF metric was performed using the ‘vegan’ R package (Oksanen
et al,, 2017). Since we aimed to explore whether islands that support
less species richness are subsets of islands richer in species, we eval-
uated the NODF among islands. All statistical analysis were done in
R 3.4.0 (R Core Team, 2017).

3 | RESULTS

A total of 22,047 wild bee specimens (honeybees excluded) belong-
ing to 485 species, 54 genera, and 6 families were sampled on the
study islands (see Table S3.1 in Appendix S3). Apidae was the most
dominant family (143 species, 17 genera), followed by Megachilidae
(120 species, 20 genera), Halictidae (100 species, 9 genera), Andreni-
dae (90 species, 4 genera), Colletidae (28 species, 2 genera), and
Melittidae (4 species, 2 genera).

3.1 | Species richness modelling

Among all candidate models, the one including surrounding land
mass area within a 100 km buffer had the lowest AlCc (176.86). Nei-
ther the distance to climatically similar land mass nor the maximum
step length was included in the best-fitting model. The percentage
deviance explained by the best-fitting model was 91.16%. The
selected variables had a significant effect on species richness
(p < 0.001, Table 1). Species richness was correlated negatively to
annual temperature, but positively to annual precipitation, island
area, proportion of land mass within 100 km surrounding a target
island, and floral abundance. Hierarchical partitioning revealed that
area had a substantially greater independent explanatory power than
other variables, followed by proportion of surrounding land mass,
annual precipitation, annual temperature, and floral abundance (Fig-
ure 2). The GLM results considering the phryganic area alone were
similar (cf. Table 1 vs. Table S3.4 in Appendix S3; and Figure 2 vs.
Figure S3.2 in Appendix S3).

3.2 | Island species-area relationship

Driven by the importance of island area in affecting species a-diver-
sity, we explored the performance of ISAR models. Overall, the
power model had the best fit according to the AlCc, followed by the
logistic model, while exponential, rational, and Weibull provided the
least fit to the data (see Table S3.5 in Appendix S3). However, based
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TABLE 1 Regression coefficients + SE, the confidence intervals of
the regression parameters (lower/upper 95% Cl), the z value, and the
residual deviances of the generalized linear model relating climatic
and geographical variables to bee species richness in the Aegean
Archipelago. Temp = mean annual temperature, Prec = annual
precipitation, SLMP = proportion of surrounding land mass,

Area = entire island area, and FIAb = floral abundance

Coefficient Lower  Upper Residual
Variables  (+SE) 95% Cl  95% Cl z value deviance
Intercept 4.46 (+0.03) 4.40 4.50 171.64***  435.59
Temp —-0.10 (x0.03) -0.16 -0.04 -3.36"**  289.40
Prec 0.16 (+0.03) 0.10 0.22 4.91***  160.88
SLMP 0.16 (x0.04)  0.09 0.23 4.25*** 133.56
Area 0.30 (x0.03) 0.24 0.37 9.05"*  62.92
FIAb 0.18 (+0.04) 0.11 0.25 4.96** 3852
***p < 0.001.

on AICc weights, none of the models satisfactorily fitted the data
(WAICc < 0.9 in all models) (see Table S3.5 in Appendix S3), indicat-
ing substantial uncertainty regarding model selection. Therefore,
islands were ranked according to the CI limits of the averaged ISAR
curve. Only Samothraki and Kea scored above the upper 95% Cl
limit (Figure 3) and are, therefore, considered relative bee diversity
hotspots. The sensitivity analysis showed that the above results are
robust as the ISAR results considering the phryganic areas alone
were equivalent to the ISAR model performance and island ranking
using the entire island area (cf. Table S3.5 in Appendix S3 vs.
Table S3.6 in Appendix S3; and Figure 3 vs. Figure S3.3 in
Appendix S3).

3.3 | p-diversity patterns

The multiple regression analysis on pairwise dissimilarities showed
that differences in community composition measured as Bsor Were
significantly positively correlated with differences in annual tempera-
ture and precipitation, island area, and surrounding land mass pro-
portions (Table 2). Turnover (Bsim) wWas positively associated with
differences in precipitation (although this result should be treated
with caution, as precipitation explains little variation in the turnover
component); and nestedness-resultant component (Bs,.) was posi-
tively associated with differences in island area and surrounding land
mass proportions (Table 2). The dendrogram of the overall pairwise
B-diversity pattern showed two distinct clusters, separating islands
according to Mid-Aegean Trench, with the exception of Karpathos
and Milos; Bsim displayed a similarity to the overall pattern, although
clusters of highly isolated islands were evident, whereas the nested-
ness-resultant component differed considerably from the overall pat-
tern, representing the aggregation of islands according to their
species richness (see Figure S3.4a-e in Appendix S3). The ratio
between the nestedness-resultant and the overall p-diversity was
lower than 0.5 (Bratio = 0.09), signifying the spatial turnover as the
prevalent contributor to p-diversity. Bee communities were found to
have significant intermediate values of nestedness, since the

EEMEE ey

Estimated effects
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Area SLMP Prec Temp FIAD

0.5
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FIGURE 2 Explained variance of the different bee species
richness determinants found to be significant, independently or
jointly, as estimated from the hierarchical partitioning procedure.
They are: entire island area (Area), proportion of surrounding land
mass (SLMP), annual precipitation (Prec), annual mean temperature
(Temp), and floral abundance (FIAb) of the Aegean islands. Variables
are presented in order of total estimated effect. Hierarchical
partitioning was implemented with R? as a goodness of fit measure

observed NODF for islands was significantly different than expected
from the null model (NODFigangs = 53.33, z = 4.87, p < 0.001).

4 | DISCUSSION

Island area was the most important factor explaining bee species
richness in the Aegean. This is not surprising, as area has been found
to drive island species richness in plants and other animal groups
within the Archipelago (Fattorini, 2002; Kallimanis et al., 2010; Kou-
gioumoutzis & Tiniakou, 2015; Welter-Schultes & Williams, 1999)
and worldwide (Kreft et al., 2008), with larger islands having greater
carrying capacity, supporting a diverse number of habitats, and pro-
moting opportunities for within-island speciation.

Surrounding land mass proportion was found to be the best
among various isolation metrics explaining the plant diversity in
islands at a global scale (Weigelt & Kreft, 2013). The same holds true
also for the bee diversity in the Aegean Archipelago, although this
metric was also significant at a smaller (100 km) buffer, possibly as a
result of the smaller geographical scale of our study. Similarly, Lav-
ery, Olds, Seddon, and Leung (2016) found the percentage of area
within a 100 km buffer to influence regional mammalian species
richness. Colonization success of bees is expected to depend, among
other factors, on the availability of floral abundance, which have
been recognized as a structuring element in explaining bee richness
at local level (Potts et al., 2006). Interestingly, our results, which con-
sider the phryganic bee richness at the island level, point to the
same conclusion. Species exchange in the Aegean may be favoured
by the plethora of small islands. Smaller islands can be assumed to
comprise habitats less uneven in plant species richness, demonstrat-
ing higher plant density and, thus, floral resources, and may posi-
tively influence species exchange among islands (Sfenthourakis &
Panitsa, 2012). Undoubtedly, species exchange has been much influ-
enced by the Aegean Archipelago's complex geological history (e.g.,
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FIGURE 3 Fitting of the ISAR models,
based on the entire island area, for bee
species richness of the Aegean islands.
Broken lines represent the ISAR
predictions (blue: power, orange: negative
exponential, green: Monod, yellow:
logistic). The red solid line represents the
averaged multimodel ISAR and the shaded
area the 95% nonparametric bootstrap
confidence interval. Exponential, rational,
and cumulative Weibull are not illustrated
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as they provided similar results with the
above models [Colour figure can be
viewed at wileyonlinelibrary.com]
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TABLE 2 Parameter estimates and p-values from multiple regression models on dissimilarity indices (Bsor, Psim» and Bsne) Of bee species
assemblages with differences in environmental variables between the Aegean islands. R? values for the entire models are also reported.
Significance was assessed by permutation test (n = 9,999). Temp = mean annual temperature, Prec = annual precipitation, SLMP = proportion

of surrounding land mass and Area = entire island area

p-diversity Intercept Temp Prec SLMP Area R?

Psor 0.460™ 0.020* 0.034*** 0.028** 0.028** 0.51***
Bsim 0.428" — 0.023* — — 0.05*
Bsne 0.046™ — — 0.024* 0.052*** 0.32***

*rkp < 0.001, ##p < 0.01, *p < 0.05, ns = nonsignificant.

Messinian Salinity Crisis, Pleistocene changes) (Simaiakis et al.,
2017). Indeed, for the Aegean islands, Pleistocene palaesogeography
has been identified as a key factor for the present distribution pat-
terns (Fattorini, 2002; Poulakakis et al., 2014) and Pleistocene dis-
tances as the drivers of its current biota (Hausdorf & Hennig, 2005).

Temperature has a negative effect on bee species richness in the
Aegean, a result consistent with Hamblin, Youngsteadt, and Frank
(2018) regarding bee abundance, and Stefanescu et al. (2004) regard-
ing butterfly diversity. Although these areas exhibit different climatic
regimes (temperate and Mediterranean, respectively), their findings
are convergent and contradict the results reported by Kivinen et al.
(2006) who, in boreal landscapes, found a positive effect of tempera-
ture on multispecies richness, including bees, implying that tempera-
ture is a limiting factor in higher latitudes versus water availability as
a limiting factor in the Mediterranean Region. Given that the Aegean
is a relatively summer-dry area, our finding that precipitation has a
positive effect on bee diversity in the Aegean is not surprising: bee
richness is maximal in areas where water availability, a resource reg-
ulated by the interplay between temperature (energy) and precipita-
tion (water), is adequate. The above results agree with Petanidou
et al. (2018) who found that pollinator species richness in the
Aegean Archipelago depends positively on annual precipitation, and
the conclusions by Hawkins et al. (2003), who reviewed published
studies at broader scales, and argued that in cool climates, inverte-
brate species richness is strongly affected by energy, that is, temper-
ature, whereas in warmer climates, it is affected by water availability

alone or combined with energy. Our findings, although at smaller
extent, fit well in the above context, demonstrating that bee richness
is controlled by water—energy interaction, either directly or via flow-
ering plant abundance. Thus, bee richness is probably related to
more diverse floral resources (mainly nectar) available within the bet-
ter rainfed habitats of the generally hot and dry Archipelago (Petani-
dou, Goethals, & Smets, 1999; Petanidou & Smets, 1996; Takkis,
Tscheulin, & Petanidou, 2018; Takkis, Tscheulin, Tsalkatis, & Petani-
dou, 2015).

Species richness was modelled as a function of area, without the
effect of the remaining variables, using nonlinear regressions. Based
on area alone, Samothraki and Kea stood out as islands with higher
than expected species richness. Both islands, together with Thassos,
ranked at the upper limit of the multimodel CI; all three were con-
nected to the mainland during Pleistocene, thus, likely to have faced
many colonizations and extinctions. The islands of the central
Cyclades, together with lkaria and Karpathos, were probably invaded
by fewer species during Pleistocene as shown elsewhere (cf. Triantis
& Mylonas, 2009), which might explain the lower than expected spe-
cies richness of these islands. Southern Cyclades appear at the upper
part of the curve, perhaps due to their geological and plant diversity,
that is, ecological features that make these islands particularly attrac-
tive for bees. Indeed, Anafi has been demonstrated to be a plant
diversity hotspot in the southern Aegean (Kougioumoutzis & Tini-
akou, 2015), which the authors attributed to its plant diversity vis-a-
vis geological diversity. Kos, ranked at the highest Cl limit of the
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multimodel curve, was an exception among the eastern Aegean
islands. The proximity of Kos to Anatolian coast facilitates species
migration and probably reflects the palaeogeographic history of the
Aegean. During mid-Pleistocene, Kos, as well as Chios, was con-
nected to Asia Minor (Sakellariou & Galanidou, 2016; Triantis &
Mylonas, 2009), allowing unhindered migration and colonization.
During that period, Limnos was only connected to the nearby
islands, implying some isolation from the continental area, probably
resulting in only moderate colonization.

In the Aegean islands, p-diversity of bees seems to be driven by
differences in temperature, precipitation, proportion of surrounding
land mass, and area. The significant correlation with climate can be
explained with the existence of climatic gradient across our study
islands. For instance, our results differ from those found by Hausdorf
and Hennig (2005) that annual temperature and precipitation, with
the exception of the negative impact of annual precipitation on rep-
tiles, did not significantly influence the faunal composition of various
animal groups, that is, snails, isopods, beetles, and butterflies, in the
central Aegean islands. This might reflect the homogeneous climate
regime within the Cyclades compared to our study area, that is, the
entire Aegean.

The lack of distance effects on turnover component could be
explained by the relative short inter-island distances in the Aegean,
at least compared to interconnected oceanic insular systems where
turnover has been found to be driven by isolation effects (Cabral et
al., 2014; Carvalho & Cardoso, 2014). This is especially true for the
Cycladic islands, which due to having experienced several historical
connections and detachments share a higher number of species and
consequently show higher levels of nestedness (Fattorini, 2007).

The positive effect of area differences in nestedness-resultant
component reveals the trend that communities of smaller islands
tend to be subsets of larger islands (Lomolino, 1996), probably
resulting from a selective extinction mechanism, as increased area
differences promote extinction rates and lead to nested patterns
(Wright, Patterson, Mikkelson, Cutler, & Atmar, 1998). Nestedness,
despite the different area requirements of species, may be further
associated with species differences in dispersal ability (Wang et al.,
2010). For instance, Carvalho and Cardoso (2014) found that it was
the area mainly important for the assemblage composition of Mac-
aronesian spiders with increased mobility. The authors stressed the
likelihood that dispersal limitation affects island community composi-
tion in response to island area. This finding might explain the clus-
ters of highly isolated islands, Paros-Limnos and Karpathos-Milos,
which perhaps share good colonists from the same species pool.

Bee community assemblages were found to be driven by turn-
over in species composition, which is reflected in the steeper ISAR
curve, and might be associated with long-term speciation events and
the existence of Pleistocene refugia (Baselga, Lobo, Svenning, Ara-
gon, & Arautjo, 2012; Fattorini & Baselga, 2012; Hortal et al., 2011)
or dispersal barriers, such as the Mid-Aegean Trench, ultimately
resulting in different species composition between the Cycladic and
the Anatolian island groups (Stahls et al., 2016). The significant inter-
mediate levels of nestedness can be explained by the continental
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character of most island groups and their common palaeogeographic
history (Kougioumoutzis, Simaiakis, & Tiniakou, 2014; Sfenthourakis
& Triantis, 2017) that influences ecological processes, such as selec-

tive immigration and extinction (Wright et al., 1998).

5 | CONCLUSIONS

Most of the variables investigated as potential factors driving natural
and ecological processes related to species dispersal and island spe-
cies richness colonization rate were significant. Our results showed
an increased probability of colonization on larger islands, influenced
by the degree of isolation, climate, and to a lesser extent floral abun-
dance. However, we did not find exclusive area effects, as many
smaller islands exhibit higher number of species than predicted by
their size. Although species turnover among islands was significant,
overall we conclude that the Aegean seems to be characterized by
both species turnover and nestedness. Prospective conservation per-
spectives need to capture this by utilising different implementation
strategies. The geoecological complexity of the Aegean and the scar-
city of bee diversity studies suggest that more research, controlling
for the impact of historical and human-mediated factors, could pro-
vide further elucidation of bee diversity patterns beyond the findings
of this study.
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