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Do different dispersal capacities influence the
biogeography of the western Palearctic
dragonflies (Odonata)?
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The biogeography of the western Palearctic has been intensively studied for more than a century. Recent advances
in genetics have allowed the testing of old theories based on distribution patterns, although these analyses are
obviously restricted to a reduced number of specific genetic data sets. On the other hand, an increased knowledge
on the distributions of species and advances in computer capacities have allowed more detailed biogeographical
analyses based on species presence/absence. In the present study, we selected the Odonata as the study group. For
all 162 species native to the western Palearctic, we compiled their respective presence or absence in 97 predefined
biogeographical regions. Using cluster analyses and principal component analyses, both based on Jaccard
similarity coefficients, we analysed the differentiation among these regions and species. In subsequent analyses,
the data set was reduced to the Zygoptera, Anisoptera, and the western Palearctic endemics. All analyses
consistently showed different faunal regions and faunal elements. In particular, the (1) western and (2) eastern
Mediterranean; (3) Central and (4) Northern Europe; and (5) the British Isles were invariably found in all cases.
Although the two major Mediterranean regions were characterized by several endemic faunal elements, Northern
Europe and the British Isles lacked such elements, but were characterized by faunal compositions strongly
deviating from the rest of the western Palearctic region. Moderate differences between Zygoptera and Anisoptera
existed, with the latter more clearly redrawing the Mediterranean refuge areas, whereas the former reflected to
a greater extent the postglacial expansion patterns from these regions. In general, our findings underline the old
biogeographical theories, but refine especially our understanding of the Atlanto- and Ponto-Mediterranean region.
Central Europe, comprising the area with the highest species numbers of our whole study region, unravels as a
croseroad of postglacial immigrations, but might also represent a region of in situ glacial survival. © 2010 The
Linnean Society of London, Biological Journal of the Linnean Society, 2010, 99, 177-195.

ADDITIONAL KEYWORDS: Anisoptera — damselfly — endemics — faunal elements — faunal regions — glacial
refugia — postglacial — range shifts — Zygoptera,

INTRODUCTION distinguished three major biogeographical groups in
the European fauna: (1) the Mediterranean elements
with Mediterranean core areas (i.e. glacial refuges
and postglacial expansion centres); (2) Siberian ele-

The distribution of species in space is not random,
but shows remarkable geographie patterns. There-
fore, scientists have long been mtgrested mde.scrlblng metits with eastarn Palsarctic glacial vefagis snd
these patterns (as, for example, in the classical cho- " . :

rology), aiming to idantify the driving forces (Schart postglacial range expansion westward throughout
r0I0gy), arming ¢ Criving > Asia to Europe; and (3) Arctic/Alpine elements with
1899; Reinig, 1937, 1950; de Lattin, 1949, 1964, 1967;
Holdhaus, 1954; Udvardy, 1969; Varga, 1977). Thus,
classical biogeographers of the past frequently

assumed large zonal distributions in Europe during
glaciations and postglacial (as well as interglacial)
retreat into the high geographic latitudes and the
high elevations of the mountain ranges further south,
thus resulting in large but young geographic disjunc-
*Corresponding author. E-mail: thsh@uni-trier.de tions in this group.
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178 M. HEISER and T. SCHMITT

Recent genetic studies conducted in the last two
decades have allowed the testing of these old hypoth-
eses by species specific approaches (Schmitt, 2007).
Compiling these genetic data sets has supported
many of the old biogeographical assumptions (e.g.
with respect to the Mediterranean core areas or the
arctic-alpine species), refined our knowledge (e.g.
on the internal structuring of the Mediterranean
sub-centres or the distribution history of the alpine
disjunct species), or unravelled some of the old
hypothesis as erroneous (e.g. the eastern Asiatic
origin of the ‘Siberian’ elements).

However, the classical biogeographical methods
based on the comprehensive comparison of distribu-
tion patterns of species have experienced a revival
subsequent to the early 1990s as a result of impres-
sive improvements in statistical techniques and com-
puter capacities (Dennis, Williams & Shreeve, 1991,
1998; Dennis, Shreeve & Williams, 1995; Araqjo
et al., 2008; Dennis & Schmitt, 2009). This makes
them a powerful tool in biogeography, and the com-
parison of case specific genetic data sets with
advanced statistical analyses embracing a whole
order of animals or plants allows a comparative
understanding of the biogeographical history of a
region, including the glacial centres of survival and
the postglacial range shifts and redistributions of
species,

One suitable model group for this type of analysis
comprises the dragonflies of the western Palearctic
because: (1) this group is taxonomically sufficiently
well understood; (2) the number of autochthonous
species (162 in the western Palearctic; Dijkstra &
Lewington, 2006) is sufficiently large for such an
analysis, but still manageable; (3) distribution data
for all regions of the western Palearctic are available
for the construction of regionalized maps for all
species; and (4) the dragonflies consist of two ecologi-
cally different groups with strongly differing dispersal
capacities: the Anisoptera or dragonflies s.s. exhibit-
ing a rather high dispersal power and the Zygoptera
or damselflies with a rather restricted dispersal
(Corbet, 2004).

We therefore constructed distribution maps for all
162 autochthonous odonates of the western Palearctic
(excluding the European part of Russia and the Cau-
casus region) based on a map of 97 biogeographically
reasonable units. By statistical analyses, we ex-
tracted the faunal elements and faunal regions for
our study area. These results are reflected against the
classical hypotheses in biogeography, other recent
chorological studies on other taxonomic groups, and
the results from geneti¢c approaches to improve our
understanding of the biogeography of the western
Palearctic. A special focus of the present study is on
the influence of the dispersal capacities of a group of

organisms (as effected by the two taxonomic units in
the odonates) on the resulting biogeographical pat-
terns of faunal elements and faunal regions.

MATERIAL AND METHODS
STUDY AREA AND STUDY GROUP

The study area includes Europe (without the Euro-
pean Part of Russia) plus North Africa and Turkey.
Because of missing grid based monitoring in most
countries of the western Palearctic, it is necessary to
divide the study area into biogeographical regions.
Therefore, two levels of regionalization were con-
ducted. In a first step, the regionalization by Illies
(1976) proposed for freshwater organisms was used,
dividing Europe into 24 regions. Because this was not
sufficiently fine scaled, each of these regions was
further subdivided into two to eleven sub-regions
resulting in 97 biogeographical units (Fig. 1). These
sub-regions were based on the respective ecological
and orographical structures. Thus, borders between
different biomes (i.e. between Steppe, Sclerea,
Sylvaea, Boreal, and Arctic) were always employed for
the definition of sub-regions. High and the larger
middle high mountain regions were always defined as
their own sub-regions and as a separator between the
adjoining lowland regions; areas in plains were sepa-
rated from those of hilly regions. For means of prac-
ticability, country borders were applied in some cases
to further subdivide otherwise rather large geo-
graphic sub-regions,

The odonata were selected as the study group, They
embrace 162 autochthonous species in the western
Palearctic corresponding to the nomenclature of Dijk-
stra & Lewington (2006). One hundred and seven of
these species belong to the Anisoptera and 55 to the
Zygoptera, Thirt-nine species are western Palearctic
endemics (i.e. species restricted to the study area plus
the European part of Russia limited by the Urals in
the east and the Caucasus in the south).

STATISTICAL ANALYSIS

Presence-absence data were derived from numerous
distribution atlases and checklists of odonates
throughout the western Palearctic (for details, see
Supporting information, Appendix 81). For each of
the 97 regions, the presence or absence was deter-
mined for each of the 162 odonates existing in the
entire study area.

For an overview of the species richness, the
numbers of species were plotted on a map consisting
of the 97 biogeographical regions for (1) all species, (2)
the Anisoptera species, (3) the Zygoptera species, and
(4) the odonates endemic to the western Palearctic.
However, the use of regions of different size is often

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 99, 177-195
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Figure 1. Study area and its biogeographical subdivision. Numbers indicate regions sensu Illies (1976), letters indicate
sub-regions hased on orographic elements, light grey indicates regions dominated by high mountain systems.

problematic when values of species richness are

compared because some regions might have more

species just because they have a larger area. To
address this possibly confounding effect of area, we
tested a species—area relationship (Fattorini, 2006,
2007) using different possibly meaningful equations
in biogeography (i.e. linear, power, logarithmic, expo-
nential, guadratic) (Guilhaumon et al., 2008; Dengler,
2009).

We also tested the influence of latitudinal and lon-
gitudinal influence on the species richness of regions
by use of the above mentioned equations. Partial
autocorrelation analyses showed that each population
is only significantly correlated with its nearest neigh-
bours. Therefore, we also performed all these latitu-
dinal and longitudinal correlations for the significant
cases using only regions that were separated by at
least one other region. If significant in this case, the
result is not simply based on spatial autocorrelation.

For all further statistics (Zuur, Teno & Smith, 2007),
the 97 regions x 162 species matrix was converted into
square matrices, with Jaccard similarity coefficients
as an association measure (cf. Sneath & Sokal, 1973;
Shi, 1993; McGarigal, Cushman & Stafford, 2000;
Fattorini, 2002, 2009b), thereby excluding the influ-
ence of double zeros (i.e. the absence of a species in the
two regions compared). This association measure was
calculated in two ways, for differences between species

(R analysis) and regions (Q analysis), with four differ-
ent types of species assemblages each: (1) all species,
(2) only the Anisoptera, (3) only the Zygoptera, and (4)
only the western Palearctic endemics (the latier only
for the species data set).

Cluster analyses with bootstrapping by regions for
all species, Anisoptera, and Zygoptera were performed
using the R package PVCLUST (Suzuki & Shimodaira,
20086). Distances of objects based on the Jaccard simi-
larity coefficients were calculated in the Euclidean
space using the average linkage method. Approxi-
mately unbiased bootstrap values (Shimodaira, 2002)
were calculated by running 10 000 iterations.

For the factor analysis by regions (Johnson, 1980),
the principal components method was used as extrac-
tion method., The results have been rotated by the
orthogonal varimax method. Only factors with an
eigenvalue > 1 were extracted, and the factors repre-
senting 5% or more of the total variance were used for
further analyses.

Factor analyses by species (Johnson, 1980) were
performed in analogy to the factor analyses by
regions. In a first step, factors with an eigenvalue > 1
and an explained total variance of 5% and more were
extracted. In a second step, species with score values
> 0.7 were assigned to their respective factor(s).
Thereafter, the number of such species was deter-
mined for each factor. In a next step, the number of

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 99, 177-195
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species assigned to each factor was identified for each
of the 87 regions. Finally, the number of factor specific
species for each region was divided by the total
number of gpecies assigned to the respective factor
(i.e. if’ a factor includes 70 species, s region, in which
35 of these species oceur, receives a value of 50%),
Both types of factor analyses were performed using
SPSS (Nie ef al,, 1975; Brosius, 2006) for all species,
only the Anisoptera and only the Zygoptera. The
factor analysis by species was also performed for the
European endemies.

Species numbers, factor loadings (of faunal regions)
and percentages of species (for faunal elements) were
plotted onto the regionalized map of the western
Palearctic. To facilitate reading these figures, values
were grouped info at maximum six categories, For
factor loadings, we used six categories (=< 0.5, scores
in the range 0.5-1.0 were distinguished in 0.1 steps).
To define the categories more objectively for the
species numbers and the percentages of species, we

caleulated the respective median values (but excluded
all zero values), and then identified categories based
on quartiles (Fattorini, 2009a); in cases of less than
five species, the categories were labelled with their
absolute values.

RESULTS
SPECIES RICHNESS

The number of odonate species was in the range 9-76
per region (mean+SD of 517+ 15.8) (Fig. 24).
Testing the influence of area size on the species
numbers revealed no meaningful influence for none of
the five algorithms tested, and R* never surpassed
0.2, Thus, no more than a maximum of 20% of the
variance could be explained. If we excluded the small
islands or island groups of less than 10000 km?
(i.e. Canaries, Balearies, Malta, Crete, and Cyprus),
no significant species-area relationship was detected

mmr >

=3

BRI

Figure 2, Species richness of Odonata in 97 biogeographical regions of the western Palearctic. A, all species (N = 162).
B, Anisoptera (N = 107). C, Zygoptera (N = 55). D, western Palearctic Endemics (N = 39).

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 99, 177-195
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by none of the applied algorithms (all P> 0.15).
Because the influence of area size on our species
richness values is ambiguous and mostly superim-
posed by our large study area including subtropical to
arctic regions, we do not further include area size in
our analyses of species richness. Furthermore, a
study based on 250 x 250 km? grids (Wasschner &
Bos, 2000) revealed a distribution of species richness
distribution similar to our data based on regions of
different area sizes, thus supporting area having little
influence on species richness in the partitioning
selected for our analyses,

The highest values of species richness were
observed in western and Central Europe, with a
maximum in the region between the Jura Mountains,
the Vosges, the Black Forest, and the north-western
pre-Alps. From here, the species numbers decrease to
the South and the North, but the decrease north-
wards is more pronounced. This pattern was strongly
supported by a significant quadratic regression from
the South to the North (R?=0,350, P<0.001). A
similar value was obtained when only including non-
neighbouring regions (R?=0.314, P =0.007). No sig-
nificant longitudinal correlation was obtained for any
of the equations tested.

The Carpathian region and Italy are comparatively
poor in species, This result is also maintained if the
geographically relatively small sub-regions of these
two areas (as a result of high orographic complexity)
are merged into larger units. In the Mediterranean
region, Turkey shows the highest regional species
numbers. The separate analyses for the species
numbers of Anisoptera and Zygoptera (Fig. 2B, C)
show quite similar results, althongh it was more
pronounced in Zygoptera than in Anisoptera. The
diversity centre of the Zygoptera is located in the
western Alps (29 species), whereas the one of the
Anisoptera (> 47 species) is located more in the west
than for all odonate species. The species poorness of
Italy is more pronounced for the Anisoptera, whereas
it is more pronounced for the Zygoptera in the
Carpathian region.

Thirty-nine species are endemic to the study area
(plus the European part of Russia). The highest
numbers of endemics (15-19 species per region) were
detected in the western Mediterranean, decreasing to
the North, East, and Southeast (Fig. 2D). A second
centre of endemic richness exists around the eastern
Mediterranean coastlines, No endemics are found in
northern Scandinavia and Cyprus.

CLUSTER ANALYSIS

The c¢luster analysis for all species (Fig. 3A) revealed
two main clusters. The first one is subdivided into two
sub-clusters: (1) northern Scandinavia + Scotland and

(2) Malta + Canaries; this clustering is not the effect
of species in common but an artefact of the extreme
species poorness of these regions. The second cluster
consists of three sub-clusters further subdivided into
six, three and two geographic units, respectively. The
first sub-cluster is a Mediterranean one including the
units: (1) Turkey + Crimea + Peloponnese, (2) Iberia,
(3) Ttaly, (4), North Africa (5) southern Turkey, and (6)
some Mediterranean islands; the second sub-cluster
includes more the continental part of Europe with the
units: (1) Central Europe, (2) France, and (3) south-
eastern Europe; the third one includes: (1) the Baltic
Sea region and (2) the British Isles.

The cluster analysis exclusively for the Anisoptera
(Fig. 3B) also yielded a subdivision into two main
clusters, although their internal sub-structure was
much different from the one obtained for the whole
data set. The first main cluster consists of two sub-
clusters with two geographic units each: (1) northern
Scandinavia and (2) the British Isles, in the first;
(1) North Africa and (2) southern Turkey+ some
Mediterranean islands, in the second sub-cluster. The
second main cluster consists of two sub-clusters with
four subdivisions each. The first is a Mediterranean
sub-cluster consisting of the geographic units: (1)
Iberia, (2) Turkey+ Crimea, (3) Italy, and (4) the
Balkans. The second one is more continental, distin-
guishing: (1) the Baltic Sea region, (2) Central
Europe, (3) France, and (4) the Carpathian Basin
from each other,

The cluster analysis for the Zygoptera (Fig. 3C)
is also divided into two main clusters. The first
main cluster consists of three sub-clusters: (1) the
islands Malta + Canaries, (2) northern Scandinavia +
Scotland, and (3) the southern Mediterranean. The
second main cluster consists of three sub-clusters
with two, five and three geographic units, respec-
tively. The first one distinguishes: (1) the Baltic Sea
region and (2) the British Isles. The second is a
western Mediterranean one separating: (1) Italy, (2)
France, (3) the Ebro region + Pyrenees, (4) the Italian
Islands, and (5) the Iberian Peninsula, In the third
south-eastern and central European sub-cluster:
(1) Turkey + Peloponnese + western Greece, (2) south-
eastern Europe, and (3) Central Europe + the Car-
pathian region are distinguished.

FACTOR ANALYSES BY REGIONS

The factor analysis by regions for all species extracts
five factors (Fig. 4A, B, C, D, E) with an explained
variance > 5%. The cumulative explained variance for
these five factors is 91%. For the single factors, the
values are in the range 5.8-39.1%. The first factor
shows values of approximately 0.9 in Central and
Eastern Europe (from Germany to Poland and

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 99, 177195
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