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abstract: A positive correlation between species diversity and genetic diversity has been proposed, consistent with neutral predictions
in macroecology. We assessed the species–genetic diversity correlation
in tenebrionid beetle communities of the Aegean archipelago on 15
islands of different sizes, distances to mainland, and ages of isolation.
Alpha and beta diversity of species and haplotypes were assessed
using sequences of 11,000 individuals (mitochondrial cytochrome
oxidase 1 and nuclear muscular protein 20). We show that (i) there
is a strong species-area and haplotype-area relationship; (ii) species
richness in island communities is correlated with intraspecific genetic
diversity in the constituent species except when island size or distance
to mainland is factored out in partial correlations; (iii) community
similarity declines exponentially at an increasing rate when calculated
on the basis of species, nuclear, and mtDNA haplotypes; and (iv)
distance decay of community similarity is slower in dispersive sanddwelling lineages compared with less dispersive lineages that are not
sand obligate. Taken together, these correlated patterns at the species
and haplotype level are consistent with individual-based stochastic
dispersal proposed by neutral theories of biodiversity. The results
also demonstrate the utility of haplotype data for exploring macroecological patterns in poorly known biota and predicting largescale biodiversity patterns based on genetic inventories of local
samples.
Keywords: species–genetic diversity correlation, neutral theory,
macroecology, haplotype-area relationship, Aegean Islands,
Tenebrionidae.

Introduction
A positive correlation between species diversity and genetic
diversity (the species–genetic diversity correlation
[SGDC]) has been postulated on the basis of the parallels
between MacArthur and Wilson’s (1967) equilibrium theory of island biogeography and Wright’s (1940) island
model of population genetics (Vellend 2003, 2005; Etienne
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and Olff 2004; Vellend and Geber 2005; Vellend and Orrock 2009). Neutral theories in macroecology (Hubbell
2001; Hubbell and Lake 2003) make a further contribution
to this hypothesis by asserting that biodiversity is essentially structured as a fractal and thus that stochastic processes (migration, genetic/ecological drift, and mutation/
speciation) act in an analogous way at all taxonomic scales,
down to the level of individuals. In small and isolated
islands or habitat patches, species are lost from the community by ecological drift just as alleles are lost from the
population by genetic drift, while if an island is close to
a potential source of colonists, immigration may counteract the effects of drift at both the community level and
the population level (Ricklefs 2003; Vellend 2003; Cleary
et al. 2006). These ideas may provide a predictive framework for the distribution of biological diversity at the level
of species and haplotypes, in which one level of diversity
can be estimated using the other (Vellend 2005; He et al.
2008). Ultimately, if confirmed by empirical data, these
correlations might permit the study of biogeographic and
macroecological processes in previously unexplored faunas
and floras based exclusively on genotype data.
Both simulation studies (Etienne and Olff 2004; Vellend
2005; Vellend and Geber 2005) and empirical observations
(Vellend 2003, 2004; Evanno et al. 2009; Sei et al. 2009)
support a positive correlation between species diversity
and within-species genetic diversity. However, the causes
remain disputed (He et al. 2008), and the empirical database is relatively limited, as most existing studies have
assessed the SGDC by using a single focal species to measure genetic diversity. Here, we use a multitaxon approach
to assess genetic diversity of local species assemblages in
two different ways: (a) by measuring genetic diversity
within each species and averaging across all sampled species of the community and (b) by summing the total haplotype richness in the community, irrespective of which
species the haplotypes belong to, that is, following an in-
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dividual-based perspective (sensu Hubbell 2001). Likewise,
genetic beta diversity can be assessed using interpopulation
genetic distances averaged across species, as well as by
estimating community dissimilarity based on haplotypes
instead of species. We selected species-rich communities
of darkling beetles (Coleoptera: Tenebrionidae) in the central Aegean archipelago (fig. 1a) to generate a multipletaxon data set amenable to further tests regarding the underlying processes of the SGDC and to investigate the
applicability of haplotype data to describe macroecological
patterns. The evident dispersal limitation among islands
is likely to affect genetic diversity and neutral macroecological patterns in parallel, in accordance with differences
in island area, distance to the mainland, age of isolation,
and patterns of land-bridge reconnections.
Dispersal ability has previously been suggested as a major factor determining the strength of the SGDC (Vellend
2005). Likewise, dispersal is the key parameter shaping
neutral beta-diversity patterns (Bell 2001; Hubbell 2001;
Hu et al. 2006). However, suitable empirical data sets to
test these theoretical expectations are still scarce (Vellend
2003; Puscas et al. 2008), largely because of the difficulties
of measuring dispersal rate directly. This could be overcome by the comparative analysis of lineages with known
differences in dispersal propensity. Aegean tenebrionids
can be classified by their habitat as being either psammophilic (associated with ephemeral sand dunes or
beaches) or geophilic (associated with stable compact
soils), which is directly correlated with the lower apparent
dispersal propensity of the latter (Papadopoulou et al.
2008, 2009). This provides a unique system for testing the
SGDC at the level of entire communities in the framework
of stochastic dispersal.

that are commonly occupied by tenebrionids, over the dry
season of two consecutive years (April–September 2007
and 2008). Sampling was conducted using baited pitfall
traps and hand collecting. Specimens were killed and
stored in absolute ethanol. Additionally, 26 mainland localities in Greece (Attica, Peloponnese, South Euboea) and
18 localities in Turkey (Ayvalik, Çeşme, Izmir, Kuşadası,
and Bodrum regions) were sampled to assess similarity
between island and mainland tenebrionid assemblages. In
order to account for the temporal turnover of the tenebrionid communities (Ayal and Merkl 1994; Krasnov and
Shenbrot 1998), we sampled 11 island and 10 mainland
localities monthly during the first year. The month with
the highest observed species richness (June) was selected
for the sampling of the remaining islands (Ikaria, Herakleia, Donoussa, Ano Koufonissi) and mainland localities.
Specimens were identified to species/morphospecies,
and incidence data were recorded for each independent
sample that was collected using an equivalent amount of
sampling effort from a different island site and/or different
month of the year. EstimateS (Colwell 2005) was used to
compute sample-based rarefaction curves with the Mao
Tau function and five incidence-based species richness estimators (Chao 2, ICE, first- and second-order jackknife,
and Michaelis-Menten). In order to account for differences
in sample sizes, we performed individual-based rarefaction, using EstimateS, and calculated the number of species
(and unique haplotypes) corresponding to the smallest
sample size. Observed (SOBS), estimated (SEST; average of
five estimators), and rarefied (SRAR) numbers of species
richness were compared with existing literature and museum records, as summarized by Fattorini and colleagues
(Fattorini et al. 1999; Fattorini 2002, 2006; Fattorini and
Fowles 2005).

Material and Methods
Sampling and Species Richness Estimation
Fifteen central Aegean islands (fig. 1a) were selected for
the purpose of this study, representing a wide range of
sizes (3.8–428 km2), distances to their closest mainland
area (5–152 km), and ages of isolation (0.01–3.5 million
years). The islands are situated along an east-west transect
(36⬚40–38⬚00N, 24⬚20–27⬚20E). In order to assess species
richness on each of the selected islands, we conducted
extensive sampling in eight to 20 independent sites (depending on island size), representing all of the habitat types

DNA Sequencing, Alignment, Haplotype Reconstruction,
and Haplotype Richness
A total of 1,378 specimens were selected for DNA sequencing, representing all (morpho)species from each of
the sampled localities on the 15 islands and their congenerics sampled from mainland Greece and Turkey. Genomic DNA was extracted from thorax or leg tissue, using
the Promega 96-well plate kit. One mitochondrial and one
nuclear protein–coding marker were selected for sequencing, in order to assess the SGDC with regard to the four-

Figure 1: a, Map of the central Aegean region, showing a total of 170 island and mainland sampling localities (triangles). b, cox1 Bayesian
phylogeny of the geophilic (not sand-obligate) species Graecopachys quadricollis, showing the clusters delimited by the generalized mixed
Yule-coalescent (GMYC) model. Terminals are labeled according to sampling region. Gray shading indicates the branches that were allocated
to the coalescence branching by the GMYC model. Numbers on the branches show the posterior probabilities (PPs) when PP 1 0.75. c,
cox1 Bayesian phylogeny of the sand-obligate Erodius orientalis; all other information as in b.
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fold-greater effective population size of nuclear loci compared with mitochondrial loci. A fragment of the 3 end
of the cytochrome oxidase 1 (cox1) gene was amplified
using standard oligonucleotide primers C1-J-2183 (Jerry)
and TL2-N-3014 (Pat; Simon et al. 1994) or JerryTen and
PatTen (Papadopoulou et al. 2009). The single-copy nuclear muscular protein 20 (Mp20) locus was amplified
using the primer pair Mp205 and Mp203 (Pons et al.
2004) for Pimeliinae or Mp20Trib5 and Mp20Trib3 (Papadopoulou et al. 2009) for Tenebrioninae and Diaperinae.
Amplification products were sequenced in both directions,
using BigDye Terminator technology and an ABI
PRISM3700 DNA analyzer (Applied Biosystems, Foster
City, CA) with the same polymerase chain reaction primers. Sequence chromatograms were assembled and edited
using Sequencher 4.6 (Gene Codes, Ann Arbor, MI). The
cox1 and Mp20 sequences for the genera Dailognatha, Dichomma, Eutagenia, Micrositus, Opatroides, and Zophosis
are from Papadopoulou et al. (2009), while sequences for
Dendarus, Pimelia, and Tentyria are from Papadopoulou
et al. (2010); 516 new cox1 sequences have been submitted
to the European Molecular Biology Laboratory Nucleotide
Sequence Database under accession numbers FN544263–
FN544779 and 347 new Mp20 sequences under accession
numbers FN544782–FM545129.
Amplified cox1 fragments were 826–829 bp (due to a
single amino acid insertion in some genera) but were
trimmed to 700 bp (corresponding to positions 62–761 of
the original alignments or 2,245–2,944 of the Drosophila
yakuba map; Clary and Wolstenholme 1985) in order to
reduce missing data. Mp20 fragments were 517–528 bp,
including 469 bp of coding region and one intron. Heterozygous sites of Mp20 alleles were identified as double
peaks of similar height in chromatograms of both forward
and reverse strands and were reconstructed using the
PHASE 2.1 algorithm (Stephens et al. 2001; Stephens and
Donnelly 2003) as implemented in DNAsp 5.0 (Rozas et
al. 2003). PHASE was run with the default settings twice
per data set and each time starting with a different seed.
Only homozygous and heterozygous individuals that were
resolved at a 0.75 probability threshold in both runs were
used for further analysis. For calculations of within-island
nucleotide diversity (p) and haplotype diversity (Hd) and
between-island Dxy distances, we considered only species
that were sampled from at least two independent localities
of the same island and that were represented by at least
three successfully sequenced and resolved (in the case of
Mp20) individuals. Mp20 sequences were aligned at the
genus level (0–4-bp intron length variation), using Clustal
W (Thompson et al. 1994), with equal gap opening and
gap extension penalties (6.66 : 6.66).

mtDNA-Based Species Delineation
The generalized mixed Yule-coalescent (GMYC) model
(Pons et al. 2006; Fontaneto et al. 2007) was used to delimit
species-level entities using the R package “splits” (SPecies
LImits by Threshold Statistics; available at http://r-forge.rproject.org/projects/splits/), with the “single-threshold”
option. For nine of the genera, this analysis had already
been conducted (Papadopoulou et al. 2009, 2010). We here
performed the analysis for the rest of the taxa, divided
into five data sets: the tribe Pimeliini, all other tribes of
Pimeliinae, the tribe Opatrini, all other tribes of Tenebrioninae, and the subfamily Diaperinae. Clock-constrained
trees required for the analysis were built separately for
these five cox1 data sets after removal of identical haplotypes. Tree searches were performed with Bayesian analysis
in MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003), applying separate models for two partitions (first- and second-codon positions together vs. third-codon position) as
selected by Akaike Information Criterion in MrModeltest
2.2 (Nylander 2004), with two parallel runs of 5–20 million
generations each, using one cold and two incrementally
heated Markov chains (l p 0.1) and sampling every 1,000
steps. Standard convergence diagnostics, as implemented
in MrBayes and Tracer 1.4.1 (Drummond and Rambaut
2007), were checked to ensure that the Markov chain had
reached stationarity. All post-burn-in trees were summarized using an “all-compatible” consensus, and each consensus tree was converted to ultrametric by using penalized
likelihood as implemented in r8s 1.7 (Sanderson 2003),
with the optimal smoothing parameter selected by crossvalidation of values between 0.01 and 1,000.
Phylogenetic analysis of the complete cox1 data set, including all subfamilies and all sequenced individuals, was
performed using maximum likelihood in RAxML 7.2.6
(Stamatakis 2006). Twenty independent searches were conducted, and a separate GTR⫹G model was applied to each
of the two partitions (first- and second-codon positions
vs. third-codon position).
Calculating Diversity and Statistics
We used EstimateS (Colwell 2005) to calculate the
Sørensen index of similarity for each pair of islands on
the basis of the number of shared morphological species,
GMYC entities, and cox1 and Mp20 haplotypes. We used
DNAsp 5.0 (Rozas et al. 2003) to estimate within-island
p and Hd per species and the average number of nucleotide substitutions per site between populations (Dxy; Nei
1987) for islands that shared the same species. We then
calculated average within-island p and Hd (across all sampled species with at least three individuals sequenced) and
average between-island Dxy genetic distances for all pairs
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of islands that shared at least three species/GMYC groups.
We tested the species-area relationship by fitting the loglinearized power function log S p log C ⫹ z log A, using
least squares regression on the log-transformed values of
species richness (observed or estimated by rarefaction) on
an island and the island size as given in table 1. Turnover
among sites was assessed using nonlinear regression on
fitted exponential decay curves, expressed as S p S 0e⫺cd,
where S is similarity at distance d, S0 is initial similarity,
and c is the rate of distance decay (Nekola and White
1999). This equation was used to calculate halving distances, at which the similarity is half its initial value (Soininen et al. 2007). The total area of sand habitat per island
and the minimum geographic distances among islands and
to the two mainlands were measured in Google Earth Pro,
version 6. Presumed ages of last isolation from the mainlands were based on the literature (Dermitzakis and Papanikolaou 1981; Dermitzakis 1990; Lambeck 1996; Perissoratis and Conispoliatis 2003). All statistical analyses
were performed in R (R Development Core Team 2008).
Mantel tests and partial Mantel tests were conducted using
the ncf package in R (Bjornstad 2009), with 1,000 permutations and missing values treated with pairwise
deletion.
Results
Species Richness and DNA-Based Groupings
Sampling of tenebrionid beetle communities at 281 sites
on 15 islands produced a total of 46 morphologically recognizable species from 30 genera (tables A1, A2, available
in the online edition of the American Naturalist). Habitat
preference was conserved at the species level and genus
level; nine genera were encountered only in sand habitats,
12 genera in compact-soil habitats, and nine genera in
both habitat types (table A1). Only the genus Eutagenia
was divided into a sand-dwelling clade and a soil-dwelling
clade (Papadopoulou et al. 2009). A total of 24 genera
were apterous (lacking hind wings, elytra fused), two were
brachypterous (hind wings present but reduced), and four
were macropterous (fully developed hind wings; table A1).
Sequences were obtained successfully for 1,090 and 692
specimens for cox1 and Mp20, respectively. Sample size
was reduced for the latter because of failure to produce
clean sequence reads as a result of intron length variation
in heterozygotes. In a further 29% of sequences, individual
alleles in heterozygotes could not be resolved by the
PHASE algorithm, so a total of 495 individuals (990 haplotypes) were used for Mp20 analyses.
Variation in cox1 showed strong clustering in phylograms, for example, in the geophilic Graecopachys quadricollis and the psammophilic Erodius orientalis, compris-

ing seven and two clusters, respectively (fig. 1b, 1c).
Quantification of clusters by using the GMYC model identified 96 separate groups across all cox1 haplotypes from
the 15 islands (86 clusters and 10 singletons), or 136
GMYC groups (119 clusters and 17 singletons) when including the mainland sites (see fig. A2 and table A4, available at Dryad [http://dx.doi/org/10.5061/dryad.8882]).
The number of GMYC entities delimited per morphological species ranged from one to 10 (table A1). On a single
occasion, the GMYC model lumped two morphologically
separable species (Dendarus angulitibia and Dendarus
dentitibia).
Each island harbored between 10 and 25 morphological
species (table 1, SOBS). Rarefaction curves (fig. A1 in the
online edition of the American Naturalist) indicated that
sampling was not complete. However, observed species
numbers were not substantially lower than the total of 12–
30 species (SEST) estimated for each island on the basis of
averages of five estimators of species richness (table 1; see
also table A3, available at Dryad). These estimates exceeded
previously recorded numbers (Fattorini et al. 1999; Fattorini 2002, 2006; Fattorini and Fowles 2005) in some but
not all cases (SLIT; table 1). Where named species were split
into multiple GMYC entities, these were usually confined
geographically to a single island or a set of adjacent islands.
Conversely, two GMYC clusters belonging to the same
named species rarely co-occurred on the same island. As
a result, the number of GMYC groups (SGMYC) per island
did not exceed the per-island number of morphological
species (SOBS; table 1), instead being slightly reduced as a
result of missing sequence data for some specimens.
The species-area relationship for four different approximations of species richness (SOBS, SEST, SSUM, and SGMYC)
was highly significant (P ! .005). The best-fitting slope of
the Arrhenius equations (z value) ranged between 0.14
and 0.19, and the intercept (logC) ranged between 0.85
and 1.01 (fig. 2a; table A5, available in a zip file). The
slope and the intercept of the species-area curves did not
differ significantly (slope, F1, 26 p 0.024, P 1 .1; intercept,
F1, 27 p 1.36, P 1 .1) when using the GMYC-delimited species (SGMYC) or the morphological species (SOBS; fig. 2a).
Similarly, we tested for a haplotype-area relationship by
using either observed values or rarefied values. The observed values of haplotype richness (Hcox1, HMp20) produced
steeper slopes with a slightly better fit than observed species richness (for both markers, z p 0.34, R 2 1 0.7; fig.
2a; table A5). Using rarefied values of either species or
haplotype richness resulted in much lower slopes (0.09–
0.12), but the linear regressions were in all cases significantly positive (P ! .01; table A5).
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Table 1: Species richness and geographic information per island
Island
Andros
Ano Koufonissi
Antiparos
Donoussa
Herakleia
Ikaria
Kos
Milos
Mykonos
Naxos
Paros
Patmos
Serifos
Sifnos
Tinos

AISL

DGR

DTR

TGR

TTR

ASND

NSAM

SOBS

SEST

SLIT

SSUM

SGMYC

SRAR

SGR

STR

383
3.8
35
13
18
255
290
151
85
428
194
34
73
89
194

11
159
112
144
152
134
249
102
86
120
108
186
64
87
51

118
143
181
123
160
56
5
241
137
138
161
51
224
213
154

2
3.5
3.5
3.5
3.5
5.2
5.2
3.5
2
3.5
3.5
5.2
3.5
3.5
2

5.2
5.2
5.2
5.2
5.2
.01
.01
5.2
5.2
5.2
5.2
.01
5.2
5.2
5.2

.43
.03
.07
.01
.01
.09
1.81
.12
.29
1.15
.53
.02
.09
.06
.17

26
8
14
8
10
18
24
23
19
30
18
18
19
24
22

25
10
17
10
14
14
22
16
17
20
17
12
16
19
21

31
13
23
12
18
17
30
19
20
24
21
16
20
23
26

11
12
NA
NA
NA
NA
26
18
9
35
8
NA
8
9
12

27
16
17
10
14
14
33
22
18
37
20
12
17
20
22

27
10
13
10
12
13
18
16
16
19
17
11
15
18
20

16
10
14
10
11
11
14
12
13
14
13
9
11
13
16

15/8
8/4
14/7
9/4
11/4
10/3
11/2
12/3
12/6
14/7
14/7
8/3
13/6
14/6
15/7

19/7
8/3
14/7
8/4
10/4
13/7
16/10
12/2
14/3
13/4
14/6
11/6
14/4
14/5
16/5

Note: AISL, island area (km2); DGR, DTR, mininum geographic distance to the east coast of mainland Greece or the west coast of Turkey, respectively
(km); TGR, TTR, time since last connection with mainland Greece or the Turkish coast (myr); ASND, total area of sand habitats per island (km2) as calculated
approximately using Google Earth Pro; NSAM, number of independent samples collected per island and used for rarefaction curves and species richness
estimators; SOBS, observed species richness based on morphological species; SEST, estimated species richness, calculated as the average of five estimators (see
table A3, deposited in Dryad [http://dx.doi.org/10.5061/dryad.8882]); SLIT, species numbers according to previous literature (Fattorini et al. 1999; Fattorini
2002, 2006); SSUM, total of species either found by this study or reported by the literature; SGMYC, number of entities delimited by the generalized mixed
Yule-coalescent model; SRAR, rarefied species richness calculated on the basis of the smallest available sample size (8); SGR, STR, species shared with mainland
Greece or Turkish coast, respectively (morphological species/GMYC entities). NA, not applicable.

The SGDC at the Alpha-Diversity Level
Following Vellend (2003), we assessed the SGDC as the
correlation between the number of morphological species
on an island (SOBS) and the average p or Hd in the participating species. Adequate sampling for population analyses was available for five to 12 species per island for cox1
and three to eight species per island for Mp20. The correlations between observed species richness (SOBS) and average genetic diversity of cox1 and Mp20 were positive and
highly significant for both p and Hd (table 3; fig. 2b). The
correlations were similarly strong when SEST was used instead of SOBS (cox1, r p 0.69, P ! .01; Mp20, r p 0.74,
P ! .005) and were relatively reduced for SRAR (cox1,
r p 0.48, P p .07; Mp20, r p 0.64, P ! .05). However,
when each of the genera was tested individually, the correlation was significant in only a few cases (table A6, available in a zip file).
We then tested how the relationship between species
richness and genetic diversity is affected by island size
(AISL) and by distance to the nearest mainland (either DGR
or DTUR), using partial correlation analyses. In all cases,
the r values were greatly reduced, and the partial correlations were not significant (two-tailed test, P 1 .05; table
3). Thus, species diversity and genetic diversity respond
in the same way to island size and distance to mainland.
Time since last isolation from the mainland (TGR or TTUR)
was highly correlated with geographic distance (DGR : TGR,
r p 0.795, P ! .001; DTUR : TTUR, r p 0.821, P ! .001) and

was therefore considered redundant as an additional predictor variable and removed from further statistical
analyses.

Beta Diversity and the SGDC
At the beta-diversity level, we assessed the distance-decay
relationship, which describes how the similarity in species
composition between two communities decreases with
geographic distance. Its typical form is a negative exponential function (Nekola and White 1999). Similarity between each pair of islands (105 pairs in total) was estimated
using the Sørensen index on the basis of the number of
shared morphological species, GMYC entities, and cox1
and Mp20 haplotypes and was plotted against pairwise
geographic distances between islands. The resulting exponential decay curves (fig. 3a, 3b) showed that the initial
similarity values and the halving distances (as a measure
of the distance-decay rate) were highest for morphological
species, followed by GMYC entities, Mp20 haplotypes,
and, last, cox1 haplotypes. We also used Mantel tests to
assess the correlation of Bray-Curtis distances (1 ⫺
Sørensen index) with pairwise geographic distances among
islands, which was in all cases significantly positive (P !
.005) and strongest for GMYC groups (Mantel test statistic,
r p 0.747) compared with morphological species (r p
0.529), cox1 haplotypes (r p 0.517), and Mp20 haplotypes
(r p 0.615). Likewise, the number of an island’s species

Figure 2: Tests of the species–genetic diversity correlation (SGDC) at the alpha-diversity level. a, Species-area and haplotype-area relationships,
shown for the morphological species (log SOBS p 0.16 log area ⫹ 0.90 , R2 p 0.689 , P ! .001 ), the generalized mixed Yule-coalescent entities
(log SGMYC p 0.17 log area ⫹ 0.85, R2 p 0.703, P ! .001), the cox1 haplotypes (log Hcox1 p 0.34 log area ⫹ 0.87 , R2 p 0.798, P ! .001), and the
Mp20 haplotypes (log HMp20 p 0.34 log area ⫹ 0.66 , R2 p 0.740, P ! .001). b, SGDC between average within-species nucleotide diversity and
observed species richness in an island community (cox1, r p 0.720 , P ! .005 ; Mp20, r p 0.727 , P ! .01 ). Each point in the graphs corresponds
to a single island.
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and haplotypes that were shared with the Greek and Turkish mainland sites (table 1, SGR, STR; table 2, HGR, HTR)
showed a negative correlation with geographic distance
from the respective coast.
For a test of the SGDC at the beta-diversity level, BrayCurtis distances based on shared number of morphological
species or GMYC groups between each pair of islands were
correlated with average interpopulation (Dxy) genetic distances across all morphological species or GMYC entities
shared between two islands. The correlation of Bray-Curtis
distances based on morphological species and Dxy distances
was assessed by a Mantel test and was found to be significantly positive for both cox1 and Mp20 (P ! .05; fig.
A3a, available in a zip file). The correlation between species
level and genetic dissimilarity was even stronger when using GMYC groups (fig. 3c). Partial Mantel tests on the
correlation between species-level Bray-Curtis distances
and interpopulation genetic distances (Dxy) were used to
control for the effect of among-island geographic distances
(DPAIR). This correlation was not significant in the partial
Mantel test for morphological species (table 4) and remained significant but weaker for the GMYC groups (table
4). The Dxy distances for Mp20 were extremely low within
each GMYC entity and did not appear to vary with geographic distance (fig. A3b). The results again suggest that
the SGDC at the level of beta diversity is driven by geographic distances among islands, although not exclusively
so.
Separating Geophilic and Psammophilic Communities

Figure 3: Tests of the species–genetic diversity correlation at the betadiversity level. a, Distance decay of similarity at the species level;
Sørensen index values of community similarity based on morphological species and generalized mixed Yule-coalescent (GMYC) entities as a function of geographic distance (exponential curve: morphological species, S p 0.711e⫺0.002d, R2 p 0.305; halving distance,
310.7 km; GMYC entities, S p 0.597e⫺0.009d , R2 p 0.608; halving distance, 9.7 km). b, Distance decay of similarity at the haplotype level;
Sørensen index values of community similarity based on cox1 and
Mp20 haplotypes as a function of geographic distance (exponential
curve: cox1 haplotypes, S p 0.075e⫺0.021d , R2 p 0.364; halving distance, 33.3 km; Mp20 haplotypes, S p 0.277e⫺0.010d , R2 p 0.389; halving distance, 66.7 km). c, Correlation between Dxy interpopulation

The strong negative correlation between measures of community similarity and geographic distance predicts a dependence on dispersal that can be confirmed by separating
taxa of known differences in apparent dispersal rates (Papadopoulou et al. 2009). When flightless genera were considered separately for psammophilic (sand-obligate) and
geophilic (i.e., not sand-obligate, including compact-soil
taxa and generalists found in both types of habitats) species
as proxies for high and low dispersal propensity, respectively (see “Introduction”), the pattern of lineage diversification was consistent with expectations. In geophilic
lineages (table A1), the number of GMYC entities per
genus was comparatively high and was positively correlated
with the number of islands where a genus was encountered
(r p 0.755, P ! .001). This was not the case in the psammophilic lineages (r p 0.044, P p .925), where the number of GMYC entities was generally very low and not cor-

genetic distances and Bray-Curtis community dissimilarity distances
(1 ⫺ Sørensen index). Each point in the graphs corresponds to a
pair of islands.
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Table 2: Genetic diversity per island
Island

Hcox1

HMp20

Populations

pcox1

Hdcox1

pMp20

HdMp20

HGR

HTR

HRAR

Andros
Ano Koufonissi
Antiparos
Donoussa
Herakleia
Ikaria
Kos
Milos
Mykonos
Naxos
Paros
Patmos
Serifos
Sifnos
Tinos

72/96
13/26
24/41
16/29
15/32
29/40
43/56
45/58
47/58
62/81
37/51
27/39
33/49
43/67
63/83

36/82
7/22
17/46
15/40
8/20
20/38
27/56
22/60
31/64
39/64
24/54
15/28
28/66
23/70
37/90

12/7
5/3
5/4
6/4
6/2
8/4
6/5
9/6
10/8
11/7
7/4
5/1
6/5
7/6
12/6

.0170
.0021
.0029
.0019
.0004
.0091
.0118
.0087
.0053
.0091
.0050
.0078
.0104
.0081
.0074

.8718
.3200
.7600
.3833
.1587
.7753
.9215
.7981
.8131
.8101
.7635
.7467
.6083
.9378
.7986

.0034
.0014
.0010
.0015
NA
.0024
.0037
.0028
.0025
.0034
.0015
NA
.0030
.0028
.0040

.6550
.3429
.2411
.4562
NA
.6457
.7935
.5476
.5965
.7675
.4730
NA
.5289
.4481
.5944

3/1
1/0
2/1
3/0
3/0
1/1
3/0
2/0
3/2
2/0
4/2
3/1
4/1
4/0
4/1

4/0
0/0
2/1
1/0
3/0
4/0
9/2
1/0
2/0
0/0
3/0
3/1
2/1
1/1
6/0

21/11
13/7
16/9
15/10
13/9
20/13
21/12
21/10
22/13
23/15
19/10
19/12
19/11
18/9
21/11

Note: H, number of unique haplotypes/total number of haplotypes sequenced and resolved (in the case of Mp20). Populations
list number of species that were adequately sampled per island and were used to calculate within-population nucleotide and
haplotype diversity in cox1/Mp20; p lists average within-population nucleotide diversity across all species numbered in the
populations column. Hd, average within-population haplotype diversity (in the case of Mp20, Herakleia and Patmos had fewer
than three populations sequenced and resolved and were not used to calculate average p and Hd).

related with the geographical range (number of islands)
of each lineage. Only two exceptions to this trend were
encountered; among psammophilic taxa, Ammobius rufus
was considerably subdivided (six GMYC entities from 10
islands), and one geophilic lineage, Pedinus quadratus,
lacked subdivision (a single GMYC entity across nine
islands).
Separate analysis of psammophilic and geophilic lineages revealed a steeper slope of the species-area relationship in the latter (z p 0.2 in geophilic groups vs. z p
0.1 in psammophilic groups; fig. 4a), consistent with lower
dispersal rates. Moreover, in the case of the psammophilic
taxa, the correlation was weak (R 2 p 0.24), and the slope
was not significantly different from 0 at the 5% level
(P p .06). This pattern was confirmed when the speciesarea relationship of the psammophilic taxa was assessed
using the sand habitat area only (fig. 4b), which resulted
in a similarly shallow slope (z p 0.08). The distance-decay
rate based on the GMYC entities was three times faster
for the geophilic communities (a halving distance of 43
vs. 132 km and a lower initial similarity of 0.54 vs. 0.83;
fig. 4c), although in both cases the negative correlation
between community similarity and geographic distance
was significant (Mantel test: geophilic, r p 0.683, P !
.005; psammophilic, r p 0.736, P ! .005).
At the genotype level, mean within-island nucleotide
diversity was significantly lower in psammophilic lineages
than in geophilic lineages (cox1, F1, 109 p 4.43, P ! .05;
Mp20, F1, 64 p 7.194, P ! .01). Regarding beta diversity,
mean Dxy distances between pairs of islands were also lower
in psammophilic species than in geophilic species (cox1,

F1, 374 p 76.919, P ! .001), although the difference was not
significant for Mp20 (F1, 195 p 1.916, P 1 .1).
The SGDC at the alpha-diversity level (species richness
and within-island intraspecific nucleotide diversity) was
highly significant in both psammophilic communities and
geophilic communities (table 5), as expected. However, in
partial correlations controlling for island area or distance
to the mainland, the two groups differed. In the case of
the psammophilic (high-dispersing) communities, the partial correlation remained significant when we controlled
for island area, sand habitat area, and distance to mainland
(table 5). In contrast, in the geophilic communities, the
partial correlation was not significant when controlling for
island area, and it was reduced but still significant for
distance to the mainland (table 5). Hence, measures of
species diversity and genetic diversity are more closely allied across the island setting in these low-dispersal groups.
The Effect of Sampling
Recognizing patterns of diversity requires adequate sampling design and sample sizes. Undersampling of communities at the species and haplotype levels is the principal
concern. Repeated visits to islands and targeting the peak
activity period resulted in final species tallies close to or
frequently exceeding the totals previously known for various islands (reported in Fattorini 2002; table 1, SLIT).
However, sampling effort was neither equivalent across
different islands (fig. A1) nor exactly proportional to island
size, which might have introduced biases in observed species richness (SOBS). Our nonquantitative sampling pro-
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Table 3: Pearson correlations and partial
correlations between species richness and
intraspecific nucleotide or haplotype
diversity
x

y

A6), indicating that over the entire data set, sampling was
sufficient to detect a SGDC.

rxy

z

rxy.z

Discussion

AISL
DMAIN
AISL
DMAIN
AISL
DMAIN
AISL
DMAIN

.377
.483
.487
.446
.486
.492
⫺.069
.206

The intriguing correlation of diversity at the species level
and the genetic level (the SGDC) appears to be caused by
common but possibly independent responses to geographic parameters at the community level and the population level, as predicted from island biogeography and
population genetics, respectively (Vellend 2003, 2005;
Evanno et al. 2009; Sei et al. 2009). In addition, communities and their constituent species undergo evolutionary lineage diversification that coincides with the spatial
differentiation of communities. The link between these
spatial and temporal patterns on multiple hierarchical levels might be explained ultimately by models of stochastic
dispersal, extinction, and mutation/speciation at the level
of individuals, as proposed by neutral theories of biodiversity (Hubbell 2001; Hubbell and Lake 2003). The Aegean tenebrionid beetles are an outstanding study system
to assess the combined effects of dispersal and evolutionary
change on the composition of assemblages.

SOBS

pcox1

.720***

SOBS

pMp20

.727**

SOBS

Hdcox1

.700***

SOBS

HdMp20

.556*

Note: rxy, Pearson product-moment correlation
coefficient or Mantel test statistic between variables
x and y; rxy.z, partial correlation coefficient or partial
Mantel test statistic between x and y when controlling for the effect of variable z; AISL, island area;
DMAIN, geographic distance to closest mainland.
* P ! .01.
** P ≤ .005.
*** P ≤ .001.

tocol (baited traps, hand collecting) did not permit the
use of species diversity indexes that would account for
both richness and evenness and would thus be less biased
by sampling intensity. Nevertheless, the use of SEST, calculated as the average of five incidence-based species richness estimators, was aimed at maximizing the comparability in species richness estimates among islands and
produced a strong SGDC (cox1, r p 0.69, P ! .01; Mp20,
r p 0.74, P ! .005). The rarefied estimates corresponding
to the smallest sample size (SRAR) showed a reduced correlation with cox1 intraspecific diversity, but this method
of rarefaction is not considered appropriate for comparisons among different-sized areas, and it is expected to
overestimate relative species richness of smaller islands
(Collins and Simberloff 2009).
At the level of genetic diversity, it is unlikely that haplotype sampling was complete. In order to account for
differences in sampling effort and the different number of
individuals sequenced per species, we used genetic diversity estimates (p and Hd), which are supposed to be unbiased by sample size (Nei and Li 1979; Nei and Tajima
1981). Yet, the difficulty of obtaining sufficient (sequenced) samples also resulted in a low number of species
that could be assessed for intraspecific variation. The limit
of three species used as a minimum for the analysis might
not be adequate, whereas averaging across all species of
the community (irrespective to their life-history traits, dispersal ability, etc.) may also skew the results. However,
strong correlations emerged when average intraspecific genetic variation was analyzed (figs. 2b, 3c; tables 3–5), even
if individual cases contradicted the general trend (table

The SGDC in the Aegean Tenebrionids
The Aegean island communities provided strong support
for the SGDC, corroborating the initial findings of Vellend
(2003), whose conclusions were also based on island communities. Unlike the traditional tests, which focused on a
single species to assess genetic diversity, our multiple-taxon
approach produced a strongly positive correlation between
average intraspecific genetic variation and species richness.
In contrast, very few species on their own produced a
significant relationship (table A6). It is therefore not surprising that some studies, using only a single species for
assessing genetic diversity, have failed to observe any corTable 4: Mantel tests and partial Mantel tests between Bray-Curtis community distances and Dxy interpopulation genetic distances
x
BCMOR
BCMOR
BCGMYC
BCGMYC

y

rxy

z

rxy.z

Dxy, MORcox1
Dxy, MORMp20
Dxy, GMYCcox1
Dxy, GMYCMp20

.323*
.500*
.482***
.438

DPAIR
DPAIR
DPAIR
DPAIR

⫺.0058
.188
.315*
.477

Note: rxy, Pearson product-moment correlation coefficient
or Mantel test statistic between variables x and y; rxy.z, partial
correlation coefficient or partial Mantel test statistic between
x and y when controlling for the effect of variable z; DPAIR,
pairwise geographic distances among islands.
* P ! .01.
*** P ≤ .001.
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Table 5: Pearson correlations and partial correlations between species richness and intraspecific nucleotide calculated separately for
sand-obligate and soil taxa
x

y

rxy

z

rxy.z

AISL
DMAIN
AISL
DMAIN
AISL
ASND
DMAIN
AISL
ASND
DMAIN

.251
.599*
.205
.603*
.734***
.694**
.688**
.583*
.601*
.548*

SSOIL

pcox1 soil

.711***

SSOIL

pMp20 soil

.669*

SSAND

pcox1 sand

.754***

SSAND

pMp20 sand

.583*

GMYC groups showed a closer fit to the negative exponential function than did the distance decay of the morphological species (R 2 p 0.61 vs. R 2 p 0.30; fig. 3a) also
supports the notion that this procedure of dividing entities
(based on a neutral coalescent) is highly appropriate to
capture the evolutionary processes leading to the observed

Note: rxy, Pearson product-moment correlation coefficient or Mantel test statistic between variables x and
y; rxy.z, partial correlation coefficient or partial Mantel
test statistic between x and y when controlling for the
effect of variable z; AISL, island area; ASND, sand habitat
area; DMAIN, geographic distance to closest mainland.
* P ! .01.
** P ≤ .005.
*** P ≤ .001.

relation or have even obtained a negative SGDC (Puscas
et al. 2008; Silvertown et al. 2009). Macroecological regularities are detectable only with large sample sizes. Hence,
a multiple-taxon approach is required to balance out the
peculiarities in genetic diversity patterns of individual taxa
and the stochastic error produced by the small number of
individuals sequenced per species.
Additionally, this study attempted to assess the SGDC
at the beta-diversity level. The original models used to
describe the SGDC (Vellend 2005; Vellend and Geber 2005)
were aimed primarily at explaining alpha-diversity patterns
over short timescales and did not consider mutation and
speciation. However, beta-diversity patterns in an island
system as ancient as the Aegean have to be considered over
evolutionary timescales, as island populations accumulate
mutations and diverge genetically from each other, to an
extent that is also largely dependent on migration rate and
genetic drift, and this process often leads to speciation
(Johnson et al. 2000). We here established a positive correlation between community dissimilarity and mtDNA Dxy
distances among populations (figs. 3c, A3; table 4), which
is stronger when assessed at the level of the GMYC entities
than at the level of morphological species. Given the distribution of GMYC groups limited to single islands or sets
of adjacent islands, their formation reflects in situ speciation due to island isolation, which may not be evident
when relying on the comparatively slowly diverging morphological characters (fig. 1b; table A1) for defining species-level entities. The fact that the distance decay of

Figure 4: Comparisons between flightless psammophilic (sandobligate) and geophilic (not sand-obligate) taxa. a, Species-area relationship (soil, log S p 0.20 log area ⫹ 0.60, R2 p 0.729, P ! .001;
sand, log S p 0.10 log area ⫹ 0.50, R2 p 0.241, P p .06). b, Correlation between number of psammophilic species and total area of
sand habitat per island (log S p 0.08 log area ⫹ 0.29, R2 p 0.227,
P p .07). c, Distance decay of similarity relationship based on the
generalized mixed Yule-coalescent entities (soil, S p 0.544e⫺0.016d,
R2 p 0.564; halving distance, 43.3 km; sand, S p 0.833e⫺0.005d,
R2 p 0.547; halving distance, 132.4 km).
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spatial patterns of community dissimilarity. Hence, the
processes leading to spatial patterns of alpha and beta
diversity (presumably dispersal limitation) also extend
over evolutionary time and lead to the formation of these
entities.
The Role of Dispersal in Determining
Macroecological Patterns
Several observations support stochastic dispersal as a major cause for the SGDC, backing the notion of a uniform
underlying process at both hierarchical levels. First, the
SGDC at both the alpha-diversity level (correlation between number of species in a community and intraspecific
genetic variation) and the beta-diversity level (correlation
between community dissimilarity and Dxy interpopulation
genetic distances) was greatly weakened or lost when we
controlled for area or geographic distances among the islands (tables 3–5). That is, both species diversity and intraspecific genetic variation responded in the same way to
spatial parameters. A complicating factor in the Aegean is
that the effects of current geography and paleogeographic
history are difficult to separate, as island proximity appears
strongly correlated with geological time since the most
recent connection with the mainland. Overall, spatial and
temporal parameters combine to generate patterns of diversity that are consistent with the equilibrium model of
island biogeography and random genetic drift, that is, with
stochastic dispersal-based concepts.
Second, the distance decay of community similarity at
the species and haplotype levels is equally in agreement
with expectations from ecological drift and stochastic dispersal. The initial similarity (S0) of the negative exponential
relationship decreases, and the halving distances are lower,
in the order of Linnean species 1 GMYC groups 1 Mp20
haplotypes 1 cox1 haplotypes. This again suggests a uniform process at various hierarchical levels, with GMYC
groups generally subdividing the more inclusive Linnean
species at the level of isolated islands and hence showing
faster distance decay. At the genetic level, similarity declined less rapidly with geographic distance for the nuclear
Mp20 compared with mtDNA, which is expected if population differentiation is dependent on stochastic dispersal,
given the greater effective population size. The correlation
of diversity patterns at these various hierarchical levels is
expected if each level represents the outcome of stochastic
dispersal in a spatially structured landscape over different
timescales.
Third, comparisons of two ecological types associated
with habitats of different temporal stability, used here as
proxy for different migration rates, support the role of
neutral dispersal in establishing distributional patterns.
Psammophilic (sand-obligate) lineages showed overall

lower within-island nucleotide diversity and smaller genetic interpopulation distances between pairs of islands
than did geophilic (not sand-obligate) lineages, which accurately predicted distinct patterns of alpha and beta diversity at the community level. The steeper slope of the
species-area relationship in the geophilic (presumed nondispersive) lineages than in the psammophilic (dispersive)
lineages (z p 0.2 vs. z p 0.08; fig. 4) confirmed previous
results of simulations (Bell 2001), which showed a steeper
slope of the species-area relationship under lower dispersal
rates. At the level of beta diversity, lower dispersal rates
are expected to induce a faster decay in community similarity with distance (Nekola and White 1999; Soininen et
al. 2007; Morlon et al. 2008). Indeed, the less dispersive
geophilic taxa showed lower initial similarity and a halving
distance one-third of that of the psammophilic groups.
Again, these findings are mirrored at the haplotype level,
consistent with the overriding effect of stochastic migration on the structuring of communities.
Models of Individual-Based Dispersal and Neutral
Theories of Macroecology
Establishing the key role of dispersal-based processes
therefore has implications for understanding species distributions and the composition of communities (macroecology), as well as the patterns of lineage diversification.
As individuals move at a local scale, restricted by available
habitat patches, island perimeter, distance from a source
(mainland), and so on, and dependent on their inherent
dispersal ability (e.g., winglessness), over longer time periods these individual-based processes generate larger-scale
patterns of geographic distribution and lineage diversification. In “neutral community ecology” models (Bell 2001;
Hubbell 2001, 2005; Hubbell and Lake 2003), individuals
of all species are demographically equivalent and partake
in repeated cycles of loss and replacement in a zero-sum
metacommunity. In this dynamic system, species ranges
are determined by migration rate and extinction, punctuated by occasional mutation-speciation events. Evolutionarily, Hubbell’s neutral theory predicts the fractal geometry of biodiversity; that is, similar patterns are expected
to arise at all hierarchical scales, down to the individual
organism level. This is reflected here in the correlated patterns observed at four hierarchical levels (Linnean species,
GMYC groups, nuclear haplotypes, and mtDNA haplotypes). However, neutral community models (Hubbell
2001) do not assume the special nature of the species level
(i.e., that the species category is qualitatively distinct from
lower and higher taxonomic ranks), while Vellend’s SGDC
is fundamentally based on the importance of species as
the unit of biodiversity. The latter is supported here by
the discovery of strongly clustered haplotype variation at
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the species level, using the GMYC method. The fractal
structure of sequence variation was evident only below the
species level, suggesting that neutrality is not overriding
species cohesion. Finally, species traits such as habitat preference also produce deviations from strictly neutral patterns, for example, in the case of psammophilous and
geophilous lineages with different dispersal propensity,
which is fixed for a given species or genus (although each
type then is subject to stochastic dispersal under different
rates).
Toward a Haplotype-Based Macroecology?
Given the strong correlation between patterns of species
diversity and haplotype variation, we believe that spatial
and temporal patterns of biodiversity may be described
meaningfully using the haplotype itself as a unit instead
of the species, for a haplotype-based macroecology. Two
spatial patterns of biodiversity well established at the species level, the species-area curve and the distance decay of
community similarity, were both documented at the haplotype level. The species-area relationship is probably the
best-documented general pattern in ecology and biogeography (Martin 1981; Lomolino 2000). The mechanistic
or biological interpretation of this correlation and of the
parameters that describe it (MacArthur and Wilson 1967;
Connor and McCoy 1979; Whittaker and FernandezPalacios 2007; Triantis et al. 2008) may also apply to the
haplotype-area relationship. The values of the slope of the
log haplotype–log area relationship were much higher
(z p 0.34) for both cox1 and Mp20 in comparison with
morphological species and GMYC (z p 0.15–0.19; table
A5), while we found that the log haplotype–log area linear
regression had an even better fit (higher coefficients of
determination R2) than the log species–log area curve.
Hence, the haplotype-area relationship emerged as a novel
macroecological pattern. Further studies in the Aegean and
other archipelagoes will be needed in order to assess the
generality and quantify the slope of this relationship. Similarly, the distance decay of community similarity based
on haplotypes exhibited a strong negative correlation (fig.
3b; Mantel tests), which fitted an exponential function with
decreased initial similarity (S0) and shorter halving distances than in the case of species. These results demonstrate that meaningful comparisons of community similarity can be conducted at the haplotype level. Yet, a wider
assessment of this approach in a range of ecological communities is required before making further generalizations.
The self-similarity of patterns at two levels of diversity
might be expected. Haplotypes are nested within species,
so estimates of species richness and total haplotype richness of the community are not truly independent. However, haplotype richness does not simply follow species

richness, as community size is correlated with intraspecific
genetic diversity of the constituent species. This aspect of
the SGDC therefore holds great theoretical importance, as
these two quantities build up independently under
(individual-based) stochastic dispersal. On a more practical level, these nested patterns found at different hierarchical levels and different geographical scales suggest that
genetic inventories of local samples might be used to predict species richness and turnover at larger scales. This
would introduce a new approach to the study of biodiversity based on haplotype data. If macroecological regularities can be described meaningfully by analyzing haplotype diversity data without requiring the definition of
species boundaries, then DNA sequence variation can be
used to explore ecological phenomena and biogeographic
processes in poorly known biota. The theoretical foundation for the haplotype-based approach has been laid by
neutral models in macroecology (Bell 2001; Hubbell 2001),
while new sequencing technology enables rapid genetic
diversity inventories of entire species assemblages and environmental samples. This will provide a wealth of suitable
data sets in order to develop and challenge this concept
further in a range of more complex ecological communities and continental settings.
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Center, Vivipara Georgiana. “When the animal retires within its shell the head and forward part of the foot disappears first, followed by
the tail with the operculum, which answers as a lid, or door to close the aperture of the shell.” Outer left, outer right, “Vivipara intertexta
Say has a very globose shell, yellowish green or brownish horn color, having numerous nearly obsolete revolving lines.” From “Our Common
Fresh-Water Shells” by E. S. Morse (American Naturalist, 1869, 3:530–535).

