
INTRODUCTION

Area and latitude can be used to predict large-scale
variation in species richness of animals and plants (cf.
Rosenzweig, 1995; Brown & Lomolino, 2005; Field et
al., 2008). Species richness usually increases with area
(Rosenzweig, 1995; Dengler, 2009), a pattern that is most
often described by a power function (Rosenzweig, 1995;
Drakare et al., 2006) of the form S = S0Az, where S
denotes the species richness of a given area A (the
-diversity at maximum A), S0 denotes the species rich-

ness per unit area ( -diversity) and the slope z describes
spatial species turnover ( -diversity). Most of the slopes
for mainland taxa vary between 0.1 and 0.3, with those
for islands generally greater (Drakare et al., 2006). This
species-area relationship (SAR) is attributed to area per
se, but as habitat heterogeneity increases with area it is
this which possibly allows more species to coexist
(Rosenzweig, 1995).

A second major predictor of large scale species richness
is latitude (Hawkins et al., 2003). With few exceptions
(sawflies, ichneumonids and aphids) species richness of a
given taxon peaks around the equator (Rohde, 1992; Hil-
lebrand, 2004). However, latitude per se does not control
species richness (Hawkins & Diniz-Filho, 2004). Latitude
is an aggregate variable that integrates mainly variables
connected with latitudinal gradients in climate (Currie et
al., 2004; Hawkins et al., 2007), productivity and evapo-
transpiration (Field et al., 2008). For instance in European
bats and springtails the gradient in winter length and
annual maximum temperature is important (Ulrich et al.,
2007; Ulrich & Fiera, 2009). Keil & Konvi ka (2005) and

Keil et al. (2008a, b) report that evapotranspiration is a
major predictor of European hoverfly and dragonfly spe-
cies richness. In addition, postglacial colonization trajec-
tories from glacial refuges combined with limitations on
dispersal influence present day differences in species
richness of bats (Horá ek et al., 2000) and trees in Europe
(Svenning & Skov, 2007).

Recent species distribution models focus on vertebrates,
vascular plants and a few invertebrate taxa like butterflies
(Dennis et al., 1998; Ulrich & Buszko, 2003a) dung bee-
tles (Lumaret & Lobo, 1996), longhorn beetles (Baselga,
2008), hover- and dragonflies (Keil et al., 2008a, b) and
springtails (Ulrich & Fiera, 2009). The present study
investigates whether species richness of clearwing moths
(Sesiidae) in Europe can be explained in terms of geogra-
phy.

Clearwing moths are mostly diurnal. Their larvae are
endophagous mainly in the roots and to a lesser extent in
stems of herbaceous plants (rhizophagous) and twigs,
stem and/or roots of woody plants (xylophagous). Species
that feed on herbaceous plants are usually less mobile and
probably do not leave their habitat; in contrast many xylo-
phagous species can be found far away from their host-
plants. Most sesiid larvae are oligophagous, but some are
monophagous (about 20%) and polyphagy is rare, e.g. in
Synanthedon spuleri.

Individual species differ greatly in their ecological
requirements, but only some species are more specialized
in their climatic or habitat requirements than their host-
plants and have a less extensive range than their hosts
(Špatenka et al., 1999). Xylophagous species are largely
independent of habitat humidity while the rhizophages are
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dae) in Europe. Area corrected species richness of rhizophagous Sesiidae peaked at about 40°N and decreased towards higher and
lower latitudes. Most species rich was Greece (45 species), Bulgaria (37), Italy (35) and Romania (35). The area corrected species
richness of xylophagous Sesiidae peaked at about 45°N with France (24) and Italy (22) being most species rich. Species richness was
significantly positively correlated with area and the average yearly difference in temperature, and significantly negatively correlated
with latitude. Island and mainland SAR slopes did not differ significantly, however island species richness per unit area appeared to
be about 2 to 2.5 times lower than mainland species richness.
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usually xerophilous. However, the presence of appro-
priate host-plants might override these constraints, as in
Chamaesphecia aerifrons and C. alysoniformis, which
can live in dry and in moist habitats if appropriate host-
plants are present.

In the present paper four major predictions about the
geographical factors that should influence large scale pat-
terns of species richness are tested.

1. Species richness is significantly positively correlated
with area and the average yearly difference in temperature
and significantly negatively correlated with latitude
(Hawkins et al., 2003; Hawkins & Diniz-Filho, 2004;
Field et al., 2008). Species richness should peak in Medi-
terranean countries and decrease continuously towards
the north (Willig et al., 2003).

2. According to the habitat preferences of rhizophagous
species (Lašt vka, 1990; Lašt vka & Lašt vka, 2001;
Špatenka et al., 1999) the number of herbivorous species
should decrease with increasing latitude. In turn, the

number of xylophagous species should increase towards
higher latitude.

3. According to the theory of island biogeography
(MacArthur & Wilson, 1967) islands and mainlands
should differ in species numbers even after correcting for
area, geographical heterogeneity, temperature and
latitude. Of particular importance for Sesiidae is the
number and diversity of potential host plants. Plant spe-
cies richness might therefore act as a surrogate variable of
heterogeneity.

4. A recent analysis points to the southern part of the
Balkans and Turkey as the main glacial refugia of
Sesiidae in the Western Palaearctic (Špatenka et al.,
1999). Therefore, whether post-glaciation patterns of
colonization shifted richness peaks towards other Euro-
pean regions is also investigated.

MATERIAL AND METHODS

The results of recent taxonomic revisions and faunal surveys
are used to update the faunal composition of 66 countries (main-
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Fig. 1. Spatial distribution of sesiid species richness in Europe.
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1641213244064United Kingdom
44271724603886Ukraine
3413211941285Switzerland
1731420449964Sweden
53312218505988Spain
4322212020273Slovenia
4726212249049Slovakia
292091325426Sicily
49321720102199Serbia and Montenegro
191271423813Sardinia
1101461San Marino

52351723237453Romania
3320131291854Portugal
31112020312766Poland
1321121323963Norway
303914144Northern Ireland
422183886North Aegean Islands

13491441536Netherlands
7252333709Moldova
43114316Malta
1015789Madeira

4931182325339Macedonia
26818162588Luxembourg
173142265318Lithuania
1531214160Liechtenstein
133102064626Latvia
4131915000Kaliningrad Region

59352416301401Italy
6151070273Ireland

4527182293054Hungary
62451717131992Greece
220106.5Gibraltar

35152019357021Germany
56302615543965France
1421223338145Finland
312291823764European part of Turkey 
133102145227Estonia
220142663Dodecanese Islands

143111643093Denmark
4322211978866Czech Republic
12111199250Cyprus
5232202156594Croatia
19145138259Crete
16124138680Corsica
10110300Channel Islands
22057270Canary Islands

56371921110971Bulgaria
4527182051197Bosnia and Herzegovina
206141530528Belgium
1541123207650Belarus
844155014Balearic Islands

4625212083871Austria
32115468Andorra

4026141728748Albania

Total number
of species 

Number of rhizo-
phagous species

Number of xylo-
phaous speciesTArea (km–2)Country

TABLE 1. The species richness of rhizophagous and xylophagous Sesiidae of European countries and large islands included in the
present study (data from Bartsch, 2004; Bartsch & Pühringer, 2005; Bartsch et al., 2005; Bartsch & Kallies, 2008; Kokot, 2005;
Lašt vka, 2004; Lašt vka & Lašt vka, 2008; Predovnik, 2005).



land and large islands regardless of national affiliation) men-
tioned in Fauna Europaea (Lašt vka, 2004). Additionally, recent
(recorded after 2004) descriptions and findings of single species
for certain countries and islands were also used (Bartsch, 2004;
Bartsch et al., 2005, Bartsch & Pühringer, 2005; Bartsch & Kal-
lies, 2008; Kokot, 2005; Lašt vka & Lašt vka, 2008;
Predovnik, 2005). For 54 countries and large islands reliable
recent faunistic surveys are available (Fig. 1; Table 1). The
Azores, Cyclade Islands, Monaco and some other small islands
were not considered due to undersampling. For the same reason
Russia was omitted. Double entries in the case of subspecies
were also corrected. In total the present paper is based on 133
European species and subspecies of Sesiidae (Table 1) of which
94 are rhizophagous and 39 xylophagous.

In order to test the predictions of the four hypotheses men-
tioned above the influence of four geographical and climate
variables on sesiid species richness were evaluated. For each
European country and large island included in the study (Table
1) the area in km2 and the latitude and longitude of its capital or
(in the case of islands) its main city (data from World Atlas,
http://www.worldatlas.com/atlas/world.htm) were determined.
As an estimate of topographical heterogeneity (H) the quotient
of highest altitude of a country or island area was used (Ricklefs

et al., 2004). The average annual temperatures Tmean, mean tem-
peratures in January TJanuary and July TJuly, and the average
number of days with temperatures below zero NT<0 (as an esti-
mate of winter length) were compiled from data in Weatherbase
(http://www.weatherbase.com) and the yearly temperature dif-
ference T of a country or island was estimated using T = TJuly

– TJanuary. Average precipitation and humidity for each country
was not used because in many cases high mountain areas biased
the data. Further more the temperature ranges of large countries
are over stated. Latitude is highly correlated with different cli-
mate variables linked to temperature (like average, minimum
and maximum temperatures, winter length, numbers of days
below 0°C etc.) and can be used as an aggregate variable for a
general temperature gradient (Hawkins et al., 2007; Ulrich et al.,
2007; Ulrich & Fiera, 2009). T in turn is only weakly posi-
tively correlated with latitude (Pearson r = 0.40).

Further, data on the number of vascular plants was compiled
from data in EarthTrends: The Environmental Information
Portal (http://earthtrends.wri.org) and used as an estimate of
habitat heterogeneity. However, because there is reliable data
for only 6 islands and 35 countries the numbers of plant species
were not include in the basic model. Data on productivity and
evapotranspiration were not included because of lack of suffi-
ciently precise data. Both these variables are known to be
important aggregate variables influencing broad scale patterns
in species richness (Hawkins et al., 2003).

Sesiid species richness appeared to be spatially autocorrelated
(Moran’s I of first distance class: I = 0.64; P (I = 0) < 0.001). To
correct for spatial autocorrelation the simultaneous autoregres-
sion model (Lichstein et al., 2002; Kissling & Carl, 2007; Bini
et al., 2009) with generalized least squares estimation that is
implemented in the Spatial Analysis in the Macroecology (SAM
v. 3.0) package of Rangel et al. (2006), was used. Because the
SARs are most often of the power function type, species rich-
ness and area are entered as ln-transformed data. Errors refer to
standard errors.

RESULTS

Island and mainland SARs were best described by the
power function model (Fig. 2) with slopes of z = 0.28
(islands) and z = 0.27 (mainlands). However, the low
coefficients of determination (both R2 < 0.4) show that
area is only a weak descriptor of species richness in Sesii-
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Fig. 2. Species area relationships of Sesiidae for islands (open
circles) and mainland (dots) in Europe. Island ordinary least
squares regression (broken line): S = (0.52 ± 0.81)A(0.28 ± 0.09); R2

= 0.40; p(slope = 0) < 0.01. Mainland ordinary least squares
regression (continuous line): S = (1.23 ± 0.64)A(0.27 ± 0.06); R2 =
0.38; p(slope = 0) < 0.001.

Fig. 3. A: Residuals of SARs of rhizophagous (open circles) and xylophagous (dots) Sesiidae show the latitudinal gradient in area
corrected species richness. Dashed quadratic regression line (rhizophagous): R2 = 0.48; p (quadratic term = 0) < 0.001; continuous
regression line (xylophagous): R2 = 0.31; p (quadratic term = 0) < 0.001. In both cases SARs and residuals were calculated sepa-
rately for islands and mainland. B: Quotient of species richness of xylophagous Sesiidae (#Xy) over species richness of rhizo-
phagous Sesiidae (#Rh) dependence on latitude shows that there is a relative increase in xylophagous species with latitude.
Regression: Y = 0.0041e0.12x; R2 = 0.76; P (no correlation) < 0.0001.



dae. Island and mainland SAR slopes did not differ sig-
nificantly, however island species richness per unit area
appeared to be about 2 to 2.5 times lower than that on the
mainland (Fig. 2). Of the countries for which reliable data
were available (Fig. 1; Table 1), Greece appeared to be
most species rich (62 species), followed by Italy (59),
Bulgaria and France (56).

Area corrected species richness of rhizophagous
Sesiidae (Fig. 3A) peaked at about 40°N and decreased
sharply towards higher and moderately towards lower
latitudes. Most species rich were Greece (45 species),
Bulgaria (37), Italy (35) and Romania (35) (Table 1). In
turn, the area corrected species richness of xylophagous
Sesiidae peaked at about 45°N with France (24) and Italy
(22) the most species rich (Table 1). The peak in species

richness was less pronounced than that observed for the
rhizophagoues species. A plot of the quotient of xylo-
phagous to rhizophagous species richness (Xy/Rh)
against latitude revealed that xylophagous species are
dominant in countries north of 50°N and rhizophagous
species dominant in countries south of 45°N (Fig. 3 B).

Because the simple species richness analysis revealed
peaks in species richness at intermediate latitudes we used
linear and quadratic latitudinal terms in the spatial autore-
gression modelling. Total species richness (Table 2) and
richness of rhizophagous and xylophagous species (Table
3) were significantly positively correlated with area. The
average yearly difference in temperature, T, was
included in the best fitting models of the whole fauna and
of xylophagous species only, although a plot of area cor-
rected species richness did not indicate that T is a major
predictor of sesiid species richness in Europe (Fig. 4).
Geographical heterogeneity, measured by the quotient H
of highest altitude and area (Table 1), appeared to have a
weak effect (P = 0.03), which is, however statistically
insignificant after Bonferroni correction for multiple
testing (Pcorr > 0.20).

As expected from the above described latitudinal trends
the quadratic terms for latitude were in all cases negative
and always highly significant. The latitude and T cor-
rected SAR slope was z = 0.295 for rhizophagous and z =
0.316 for xylophagues species. Both slopes did not differ
significantly [P(t-test) > 0.05]. The magnitude of the lati-
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<0.001–4.6270.001–0.007Latitude2

<0.001  3.8190.1380.543Latitude

  0.014  2.5540.0270.073T

<0.001  7.1740.0440.316ln Area

<0.001–3.873.062–12.177Constant

PtSt. ErrorCoefficientVariable

Xylophagous

<0.001–4.3230.001–0.006Latitude2

<0.001  4.4690.1190.533Latitude

<0.001  8.0160.0370.295ln Area

<0.001–4.9682.689–13.357Constant

PtSt. ErrorCoefficientVariable

Rhizophagous

TABLE 3. Best fitting spatial autoregression models describing
the ln-transformed species richness of rhizophagous and xylo-
phagous Sesiidae in Europe. Rhizophagous: N = 54; R2 = 0.72;
P(t) < 0.001. Xylophagous: N = 54; R2 = 0.74; P(t) < 0.001.

Fig. 4. The dependence of the residuals of island (open
circles) and mainland (dots) SARs (Fig. 1) on annual tempera-
ture difference does not point to an increase in species richness
with T. Both regression lines are statistical insignificant at the
5% error benchmark.

  0.374–0.906<0.001<0.001Svascular plants

<0.001–3.8170.002–0.009Latitude2

<0.001  3.8640.214  0.835Latitude

<0.001  6.6450.051  0.341ln Area

<0.001–3.9654.602–18.464Constant

PtSt. ErrorCoefficientVariable

TABLE 4. Best fitting model describing sesiid species richness
in Europe when vascular plant species richness (Svascular plants) is
included. N = 31; R2 = 0.71; P < 0.001.

<0.001–3.9120.001–0.005Latitude2

<0.001  3.5380.1310.464Latitude

  0.011  2.6320.0260.068T

<0.001  7.7180.0420.327ln Area

<0.001–3.8362.909–11.157Constant

PtSt. ErrorCoefficientVariable

Best fitting model

<0.001–4.1430.001–0.006Latitude2

<0.0013.6840.1410.518Latitude

  0.7120.3710.0150.005Longitude

  0.5760.5630.0030.002NT<0

  0.6610.4420.0560.025Temp

  0.4540.7550.0550.041T

  0.0302.2760.0110.025Elevation/Area

<0.0017.2350.0540.375ln Area

<0.001–3.5773.700–13.233Constant

PtSt. ErrorCoefficientVariable

Complete Model

TABLE 2. Spatial autoregression model describing the ln-
transformed species richness of Sesiidae in Europe. N = 54;
Complete model: R2 = 0.74; P(t) < 0.001; Best fit model: R2 =
0.74; P(t) < 0.001.



tudinal gradients for both guilds was also similar (Table
3). The complete model (Table 2) revealed that longitude,
country/island heterogeneity H, winter length and average
annual temperature did not significantly influence pat-
terns of species richness. A separate spatial modelling
using only those islands/countries with reliable data for
vascular plant species richness did not point to plant spe-
cies richness as a significant predictor of sesiid species
richness (Table 4).

DISCUSSION

Sesiidae occur in most of Europe up to the tundra in the
north and the subalpine and partly alpine zones in the
mountains. Their present distribution is the result of cli-
matic changes and opportunities for spreading from gla-
cial refugia after the end of the Glacial Era and to a con-
siderable degree, also the influence of man-made changes
to habitats throughout Europe after the Atlantic epoch.
Moreover, the distribution of some species was probably
directly affected by introduction with their host-plants
(Lašt vka & Lašt vka, 2001). This pattern is particularly
apparent in widespread xylophagous species that develop
in fruit plants, ornamental or woody forest species, or in
agriculture crops and occur from the boreal to the Medi-
terranean zone. Of the rhizophagous species only Bem-

becia ichneumoniformis has a comparable tolerance of
climate.

This study confirms previous work on European
arthropod species richness (Ulrich & Buszko, 2003a;
Baselga, 2008; Ulrich et al., 2007; Ulrich & Fiera, 2009)
and identified area, latitude and absolute temperature dif-
ference as major drivers of species richness (Tables 2, 3).
Latitude is an aggregate variable that includes the effects
of several climatic variables, like snow cover, tempera-
ture, humidity, or length of seasons (Hawkins et al.,
2007). Hence this study adds support to the hypothesis
that arthropod species richness primarily depends on area
and climate. However, geographical heterogeneity did not
significantly influence species richness (Table 2). In this
respect clearwing moths differ from European butterflies
for which heterogeneity is a significant predictor of spe-
cies richness (Konvi ka et al., 2006).

The present results have implications for the identifica-
tion of clearwing hot spots. Area corrected richness of
rhizophagous species peaked in Greece (45 species), Bul-
garia (37), Italy (35) and Romania (35), while that for
xylophagous Sesiidae peaked in France (24) and Italy
(22). Hence the distribution of rhizophagous species
accords with the hypotheses that the main centre of post-
glacial invasions of arthropods and plants was the
southern part of the Balkans and Turkey (Medail &
Quezel, 1997; Svenning & Skov, 2007). There are about
100 species of clearwing moths in Turkey (Špatenka et
al., 1999) and therefore far more than any European
country. On the other hand, there is no significant longi-
tudinal trend in species richness, which should be the case
if the invasion was from the south-east (Ulrich & Fiera,
2009). A similar pattern in bats (Ulrich et al., 2007) is

explained by an additional postglacial centre on the Ibe-
rian Peninsula.

Latitude and climate corrected sesiid SAR slopes (z =
0.30 to 0.38; Tables 2, 3) are higher than those reported
for many other arthropod taxa (Rosenzweig, 1995;
Drakare et al., 2006). However, contrary to recent theo-
ries, island and mainland SAR slopes were nearly iden-
tical (Fig. 2). Most studies report that slopes for islands
are steeper than that for the mainland indicating higher
beta diversity on islands (Connor & McCoy, 1979;
Rosenzweig, 1995; Dennis et al., 2008; Ulrich & Fiera,
2009). In turn, species densities (number of species per
unit area) on islands appear to be at least two times lower
than on mainland (Fig. 2). This finding is in accordance
with previous comparisons of patterns of diversity on
islands and mainland (Drakare et al., 2006) and recent
approaches to the theory of island biogeography (Brown
& Lomolino, 2005).

This study also confirms previous suggestions that
rhizophagous and xylophagous sesiid species have dif-
ferent distributions (Špatenka et al., 1999). Xylophagous
Sesiidae occur predominately north of the Alps while
rhizophagous sesiid diversity peaks in Mediterranean
countries (Fig. 3). This is indicated also by the fact that
many Mediterranean herbaceous host species of rhizo-
phagous clearwings live only in the southernmost part of
France and several xylophagous Italian and Spanish spe-
cies live only in northernmost parts of these countries.

The present modeling corroborates previous work on
butterflies (Ulrich & Buszko, 2003a, b, Konvi ka et al.,
2006), bats (Ulrich et al., 2007), Cerambycidae (Baselga,
2008) and Collembola (Ulrich & Fiera, 2009), which
show that even coarse grained data (whole country spe-
cies richness and climate variables) are able to identify
major environmental predictors of insect species richness
(but see Bustamante & Seoane, 2004). These results
hopefully will encourage others to do similar analyses of
recent faunal data of other large taxa. This would greatly
increase our understanding of the environmental corre-
lates of large scale arthropod species richness.
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