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Patterns in the diversity of dragonflies (Odonata) in cities across Central Europe
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Abstract. Urbanisation is an important cause of species extinctions. Although urban water systems are also highly modified, studies
on aquatic or semi-aquatic organisms are rare. The aim of this study is to identify the factors that determine species richness of Odo-
nata in 22 Central European cities and along an urban-rural gradient within six of them. With 64 indigenous species in total and an
average of 33 species per city, the species richness of Odonata in Central European cities is comparatively high. A generalised linear
model indicates that species richness is positively related to city area. Additional predictors are climatic variables (temperature
amplitude, sunshine duration and July temperature) and the year last studied. Since most cities are usually located in areas with natu-
rally high habitat heterogeneity, we assume that cities should be naturally rich in dragonflies. The role of city area as a surrogate for
habitat and structural richness most likely explains why it is strongly associated with Odonata species richness. The relationship
between species richness and the climatic variables probably reflects that Odonata species richness in Central Europe is limited by
warm and sunny conditions more than by availability of water. The temporal effect (the year last studied) on species richness is
likely to be a consequence of the recent increase in Mediterranean species associated with global warming. Urbanisation clearly has
an adverse effect on the species diversity of Odonata. Species richness increases along a gradient from the centre of a city to the rural
area and is significantly highest in rural areas. This pattern probably reflects a gradient of increasing habitat quality from the centre
of cities to rural areas. Moreover, the number of water bodies is generally very low in the city centres. Based on our results, we make
recommendations for increasing the abundance and number of species of dragonflies in cities.

INTRODUCTION plants, birds, mammals, butterflies and other insect
groups) is lowest in densely urbanised city centres
(McKinney, 2002, 2008). As the numbers of animal spe-
cies tend to be correlated with plant species richness, spe-
cies poverty in city centres is a result of sparse vegetation
coverage and a low number of plant species in the
remaining patches of vegetation (McKinney, 2002).
According to McKinney (2008), plants are the only group
for which most studies (~65%) indicate a peak in species

Despite great conservation efforts during recent dec-
ades global biodiversity continues to decrease (Butchart
et al.,, 2010). For terrestrial biomes, land-use change is
recognised as the main threat to biological diversity (Sala
et al., 2000). Among land-use changes, urbanisation is an
important cause of species extinction leading to biotic
homogenisation (McKinney, 2006; Grimm et al., 2008).
The urban human population is predicted to increase from ; . .
3.5 billion in 2010 to 6.3 billion in 2050 (United Nations, ~fichness in the suburbs. Suburbs are characterised by a

2010). Hence, urban areas are the fastest growing type of high ?nVﬁonmegtal hft}frg_geneltthlf to a dlveglse mix=
land-use worldwide. ture of urban and rural habitats, which are generally asso-

Urbanisation leads to a direct loss of natural and semi- ciated with high plant species ri.chness (McKi'nney., 2092’
natural habitats. Moreover, urbanisation alters adjacent ,2008)' However, mugh of the high p lar?t species dlverglty
undeveloped areas dramatically (McKinney, 2002, 2006). in the suburbs is attributed to non-native species, which
The size of the remaining habitat patches decreases while thrive there in the extensive areas of disturbed habitats

fragmentation increases (Donnelly & Marzluff, 2006). (i'g' Pysek, 1988; Celesti—Grapo;l)v e,t al., 2006; Rics)tta et
Water systems within cities are heavily modified for al., 2009). In contrast, most of the invertebrate and non-

; 00 e 1 .
domestic or industrial use and in order to protect against ~ 2V'a% vertebrate studies (~70%) indicate that species

natural hazards (e.g., floods). Air and surface tempera- diversity is greatest in rural ?reas (McKinney, 2008).
tures are generally higher in cities than in surrounding Marzluff (2001) analysed the bird studies and also finds

rural areas (Grimm et al., 2008) that two-thirds of them report a peak in diversity in rural
Typically, the effects of urbanisation are greatest in the 2135 McKinney (2008) explains the different diversity

centres of cities and lowest in the surrounding rural area. patt.erns ‘between plants ’anc.l ammals mn tems of the
However, diversity patterns along urban-rural gradients habitat size needed to maintain viable populations. Plants

differ between taxonomic groups (McKinney, 2002, &€ able to survive even in small patches, whereas inver-
2008, McDonnell & Hahs, 2008). Nonetheless ’ species’ tebrates and, in particular, vertebrates depend on larger
richness for the vast majority of groups (e.g., vascular 2148 for long-term survival.
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Most studies on urban ecology involve terrestrial spe-
cies, such as vascular plants (Zerbe et al., 2003; Cornelis
& Hermy, 2004; Kiihn et al., 2004), birds (Cleargeau et
al., 1998; Crooks et al., 2003; Chace & Walsh, 2006) or
arthropods (Clark et al., 2007; Niemeld & Kotze, 2009;
Sattler et al., 2010). Although water systems in cities are
also highly modified by urbanisation, studies on aquatic
or semi-aquatic organisms in urban environments are
rare. The few studies available, also report a peak in
diversity of aquatic macroinvertebrates in rural areas
(Paul & Meyer, 2001; Walsh et al., 2001; Roy et al.,
2003; Urban et al., 2006). However, Vermonden et al.
(2009) show that the diversity of aquatic macro-
invertebrates in urban water systems is comparable to that
in rural areas.

Having a bipartite life cycle with aquatic and terrestrial
stages, Odonata are good indicators of habitat quality of
both aquatic and terrestrial habitats (Sahlén & Ekestubbe,
2001; Foote & Hornung, 2005). On a local scale, the
diversity of dragonflies depends on the species richness
and structure of aquatic and riparian plants. On a large
scale, climate is the main determinant of species richness
(Kalkman et al., 2008; Keil et al., 2008).

Since the 1980s, the conditions for Odonata in Central
Europe have changed considerably. Due to climate
change, temperatures have risen, making conditions more
favourable for Mediterranean species and less favourable
for northern species (Hickling et al., 2005; Hassall et al.,
2007, 2010; Flenner & Sahlén, 2008; Kalkman et al.,
2008; Ott, 2010). Pollution control and more efficient
sewage plants have resulted in an improvement in water
quality (Gurtner-Zimmermann, 1998; Adams et al.,
2001), leading to a recovery of threatened dragonfly spe-
cies (Kalkman et al., 2008). Moreover, the number of
water bodies within cities has increased due to nature
conservation and flood protection measures, which has
also possibly resulted in an increase there in the diversity
of Odonata (Willigalla & Fartmann, 2010).

The aim of this study is to identify the factors that are
associated with Odonata species richness in cities across
Central Europe and along urban-rural gradients within
cities. We hypothesize that, in general, dragonfly species
richness (i) is highest in large cities due to their high
habitat heterogeneity, (ii) is affected by climate and (iii)
has recently increased possibly due to global warming,
enhanced water quality or an increase in the number of
water bodies. Moreover, (iv) we assume that Odonata
species richness is negatively associated with urbanisa-
tion; that is, species richness should decrease along gradi-
ents from rural areas to city centres.

MATERIAL AND METHODS

Data sources and classification
Species richness across Central Europe

The databases “Odonata” (OSTLAP, 2009), “Dokumentation
Natur und Landschaft online” (BfN, 2011) and the Web of Sci-
ence (Thompson Reuters, 2011) were searched for relevant
papers using “city” (“stadt”), “urban” (“urban”) and “Odonata”
(“Libellen”) as keywords. In total, we found 214 articles. From
this literature on the dragonfly faunas of cities, we selected 22
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studies on Central European cities (Fig. 1) that fulfilled the fol-
lowing criteria: (i) the whole city was studied, (ii) the size of the
city was greater than 30 km?, (iii) the sampling period was at
least 2 years or the number of plots sampled was greater than 10
and (iv) they contained a complete list of all the species
recorded.

For all analyses, we used only indigenous species. Species
were considered indigenous if they were explicitly classified as
indigenous in the paper in question or if the species was
recorded at least three times in a city and suitable habitats for
the species were present. For further analyses, we differentiated
between Mediterranean and FEurasian species according to
Sternberg (1998). The different Mediterranean faunal elements
(e.g., Atlanto-Mediterranean, Ponto-Mediterranean) were classi-
fied as Mediterranean species. All the remaining species (Ponto-
Caspian, Siberian and Eurasian) were classified as Eurasian spe-
cies, which is a group of species with a more continental distri-
bution (cf. Sternberg, 1998).

Species richness along an urban-rural gradient

There is data on species richness in all the water bodies in six
of the aforementioned 22 cities (Cologne, Gera, Kaiserslautern,
Magdeburg, Mayence, Muenster). Sampling intensity in these
six cities was comparable; that is, each water body was sur-
veyed four to six times when weather conditions were favour-
able (warm and sunny days) during the growing season. During
each survey both adult dragonflies and exuviae were sampled.
Species were classified as indigenous if exuviae, hatching or
freshly hatched imagines were observed (Willigalla et al.,
2003).

The three city zones in which the water bodies were located
are according to McKinney (2002): (i) city centre: > 50% of the
area is covered mainly by multi-storey buildings; (ii) suburbs:
between 10% and 50% of the area is covered mainly by one- to
two-storey buildings; (iii) rural area: < 10% of the area is cov-
ered mainly by single-storey buildings. According to Sternberg
& Buchwald (1999) the water bodies were classified into one of
the following eleven types: river, stream, ditch, oxbow lake,
lake, gravel pit, natural pond, storm water pond, garden pond,
other artificial ponds and puddles. Habitat specificity of Odo-
nata species (Appendix 1) was classified based on their niche
breadth (Harabi§ & Dolny, 2010). For this we used Willigalla &
Fartmann (2010) who provide frequency data for all of the
eleven types of water body mentioned above and all the species
of dragonfly in our data set. Those species that occurred in at
most three of these types of water body were classified as
habitat specialists. Moreover, we used the differential species
criterion of Poniatowski & Fartmann (2008) to detect further
habitat specialists. Species fulfilling the differential species cri-
terion have at least twice the constancy (minimum constancy
20%) for a particular type of water body compared to another
water type. All species that fulfilled this criterion in at most
three different types of water body were also classified as
habitat specialists. All other species were defined as habitat gen-
eralists.

Statistical analysis
Species richness across Central Europe

Quasi-Poisson generalised linear models (GLM) (for details,
see Crawley, 2007) were used to evaluate the most important
parameters associated with species richness of all, Eurasian and
Mediterranean Odonata in cities (Table 1). In addition to envi-
ronmental factors (Table 1), the number of species of dragonfly
detected may depend on sampling effort and temporal effects.
Accordingly, we controlled for both by integrating “duration of
the study” and “last year studied” as predictors in the GLM
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Fig. 1. Species richness in cities in Central Europe. N, = 22. Abbreviations: B = Bremen, BA = Basel, BS = Brunswick, BT =
Bayreuth, E = Essen, EF = Erfurt, G = Gera, H = Hamburg, HA = Hagen, HT = Hattingen, K = Cologne, KK = Kaltenkirchen, KL =
Kaiserslautern, L = Linz, M = Munich, MG = Magdeburg, MS = Muenster, MZ = Mayence, O = Oldenburg, RM = Roermond, S =
Salzburg, SB = Saarbriicken. Data sources: Handke et al. (1986), Glitz et al. (1989), Schlumprecht & Stubert (1989), Breuer et al.
(1991), Ott (1993), Laister (1995), AdomBment (1996), Rosenberg et al. (1996), Brux et al. (1998), Artmeyer et al. (2000), Kordges
(2000), Schwarz-Waubke & Schwarz (2000), Bréu et al. (2001), Schliipmann (2001), Akkermans (2002), Steglich & Gentz (2002),
Willigalla et al. (2003), Janicke (2004), Bossneck (2005), Conze (2006), Willigalla (2007), Suhling et al. (2009), Kiiry & Christ
(2010), Menke unpubl. data, Willigalla unpubl. data. Artwork by Franz Loffler.

analysis (Table 1). Moreover, the interaction terms between
“city area” and each of the other environmental effects were
used as further explanatory variables (e.g. Jarosik et al., 2011,
Table 1). Non-significant predictors were excluded from the
final model by stepwise backward selection (P > 0.05).

Prior to the GLM analysis, inter-correlations between pre-
dictor variables were determined using a correlation matrix
(Table 1). The collinearity between predictor variables was gen-
erally low, with a Spearman rank correlation coefficient (7,) of
< |0.6] for all pairs except city area and duration of the study (r,
=0.61, P <0.01), altitude and temperature amplitude (r; = 0.70,
P < 0.001), potential evapotranspiration and temperature (r; =
0.65, P < 0.01), potential evapotranspiration and July tempera-

ture (v, = 0.80, P < 0.001), temperature and July temperature (7,
=0.73, P < 0.001) and actual evapotranspiration and precipita-
tion (ry = 0.69, P < 0.001). To avoid problems associated with
multicollinearity, actual and potential evapotranspiration, alti-
tude, temperature and duration of the study were deleted from
the data set.

Species richness along an urban-rural gradient

As the number of different types of water body per city zone
was normally distributed (Kolmogorov-Smirnov test) and vari-
ances were homogeneous (Levene’s test) an analysis of variance
(ANOVA) followed by a Tukey post-hoc test were used to com-
pare the three city zones (Table 1).
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TaBLE 1. A list of the parameters and statistical analyses used in this study. Abbreviations: generalised linear model (GLM), gen-
eralised linear mixed-effects model (GLMM), analysis of variance (ANOVA), Tukey post-hoc test (TT), Dunn’s post-hoc test (DT),
Spearman rank correlation (r). For further information, see Material and methods.

Parameter Factor levels Study part Mean + SE Min.—Max.
(a) Species richness across Central Europe (Nies = 22)
Response variables
Species richness
All species Metric GLM, r, 326+14 22-44
Eurasian species Metric GLM, 1, 171+ 1.0 10-28
Mediterranean species Metric GLM, 1, 155+0.8 9-21
Predictor variables
Environmental effects
Altitude (m a.s.l.) Metric I 176.7+32.8 3-515
City area (km?) ® Metric GLM, r, 190.0 +£34.7 23-755
Actual evapotranspiration (mm) Metric I 449.6 +13.2 358-560
Potential evapotranspiration (mm) ¢ Metric T 571.6£153 493-739
Precipitation (mm) ° Metric GLM, r, 769.6 £36.3 458-1169
Sunshine duration (h) © Metric GLM, r, 1533.6 £ 18.2 1403-1716
Temperature (°C) ¢ Metric I 9.1+0.2 7.7-10.1
July temperature (°C) ¢ Metric GLM, 1, 17.6 £0.2 16.5-19.3
Temperature amplitude (°C) ¢ Metric GLM, r, 17.1£0.3 15.4-19.9
Sampling effects
Duration of the study (years) Metric I 7.6+1.7 2-30
Temporal effects
Last year studied Metric GLM, r 1997.7+ 1.6 19862009
(b) Species richness along an urban-rural gradient (Niies = 6) ©
Response variables
Types of water body/city zone * Metric ANOVA, TT 4.8+0.7 1-10
Species richness
All species Metric GLMM, DT, r, 72+0.3 0-29
Habitat generalists Metric GLMM, DT 63+0.2 0-21
Habitat specialists Metric GLMM, DT 0.9+0.1 0-8
Predictor variables
City zone & GLMM, DT
Random factor
City GLMM

*Data for all response and predictor variables was obtained from the 22 studies mentioned in Material and methods. The only excep -
tion is the climate data, which was provided by the German weather service (Deutscher Wetterdienst).
"Besides “city area” we used the interaction terms between “city area” and each of the other environmental effects as further pre dic-

tors.

¢ All climate data, except July temperature and temperature amplitude, are mean annual values (1960—1990).

dDifference between mean July and January temperature.

¢Data of all response and predictor variables were obtained from the six studies mentioned in Material and methods.
fEleven categories according to Sternberg & Buchwald (1999): river, stream, ditch, oxbow lake, lake, gravel pit, natural pond, st orm

water pond, garden pond, other artificial ponds and puddles.

¢ Three categories according to McKinney (2002): city centre, suburb and rural area.

To evaluate if species richness differed among the three city
zones, a Poisson generalised linear mixed-effects model
(GLMM: lmer, Bates et al., 2008) was used (for details, see
Crawley, 2007) (Table 1). To control for potential autocorrela-
tions “city” was set as a random factor. The significance of the
predictor variables was assessed using likelihood ratio tests
(Type I1I test). Dunn’s test was used as a post-hoc test.

All GLM and GLMM were performed using R-2.9.0 (R
Development Core Team, 2009). ANOVA was conducted using
SigmaPlot 11.0.

RESULTS

Species richness across Central Europe

In the 22 cities included in this study there is a total of
64 species of indigenous Odonata (Appendix 1) of which
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35 (55%) are Eurasian and 29 (45%) are Mediterranean.
Average species number per city is 32.6 = 1.4 (SE), com-
prising 17.1 £ 1.4 Eurasian and 15.5 + 0.8 Mediterranean
species (Table 1). Cities with below average species rich-
ness are mostly located in the north-western part of Cen-
tral Europe (Cologne, Oldenburg, Hagen, Hattingen,
Kaltenkirchen and Roermond; Fig. 1). Cities with a low
percentage of Mediterranean species (< 40%) are clus-
tered in northern Central Europe near the North Sea (Bre-
men, Hamburg, Kaltenkirchen, Oldenburg; Fig. 1).

The quasi-Poisson GLM models showed that the num-
bers of all (pseudo R? [McFadden] = 0.64), Eurasian
(pseudo R? [McFadden] = 0.50) and Mediterranean spe-
cies (pseudo R? [McFadden] = 0.55) are positively corre-



No. water body types

Suburb

City core Rural area

Fig. 2. Number of types of water body in the three city zones
(mean + SE). Nies = 6. Anova, F'=9.09, df =2, P <0.01. Sig-
nificant differences (P < 0.05) between two zones are marked
by different letters (Tukey post-hoc test). Data sources: Oftt
(1993), Rosenberg et al. (1996), Steglich & Gentz (2002), Willi-
galla et al. (2003), Janicke (2004), Willigalla (2007), Menke
unpubl. data, Willigalla unpubl. data.

lated with city area (Table 2). Moreover, species richness
of all and Eurasian species increases with temperature
amplitude. Further predictors of species richness are the
year last studied (all and Mediterranean species), sun-
shine duration (interaction term with city area; Eurasian
species) and July temperature (Mediterranean species); all
other variables were excluded from the final model.

Species richness along an urban-rural gradient

The number of different types of water body in suburbs
is significantly higher than in city centres, but not in rural
areas (Fig. 2). Species richness of all species, habitat gen-
eralists and habitat specialists increases from city centres
to rural areas and is significantly higher in the rural area
than the two other city zones (Fig. 3).

DISCUSSION

Species richness across Central Europe

With 64 indigenous species in total and an average of
33 species per city, Central European cities are character-
ized by a comparatively high Odonata species richness,
containing 79% and 41%, respectively, of the 81 German
species (Ott & Piper, 1998). The GLM analyses, indicate

a) All species

a a b
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(o2}

b) Habitat generalists
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No. species
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Rural area

City core Suburb
N, = 29 238 126

‘samples =

Fig. 3. Number of all species (a), habitat generalists (b) and
habitat specialists (c) per water body in the three city zones
(mean + SE). N, = 6. Statistics of GLMM (Poisson response
variable) with city as a random factor: (a) all species: Chi? =
136.3, df = 2, P < 0.001; (b) habitat generalists: Chi’ = 66.8, df
=2, P <0.001; (c) habitat specialists: Chi?= 141.8, df =2, P <
0.001. Significant differences (P < 0.05) between two zones are
marked by different letters (Dunn’s post-hoc test). Data sources:
Ott (1993), Rosenberg et al. (1996), Steglich & Gentz (2002),
Willigalla et al. (2003), Janicke (2004), Willigalla (2007),
Menke unpubl. data, Willigalla unpubl. data.

TaBLE 2. Statistics of GLM (quasi-Poisson response variable): Relationships between number of all (a), Mediterranean (b) and
Eurasian species (c) and several predictor variables. Non-significant predictors were excluded from the final model by stepwise

backward selection (P > 0.05). N.ues = 22. Data source: see Fig. 1.

Variable Estimate SE Z P

(a) All species
City area 0.0009 0.0002 3.72 <0.001
Temperature amplitude 0.0716 0.0278 2.58 <0.01
Last year studied 0.0098 0.0052 1.89 <0.05
Pseudo R? [McFadden] = 0.64

(b) Eurasian species
Temperature amplitude 0.0765 0.0383 2.00 <0.05
City area x sunshine duration 0.0000 0.0000 3.40 <0.001
Pseudo R? [McFadden] = 0.50

(c) Mediterranean species
City area 0.0006 0.0004 1.93 <0.05
July temperature 0.1415 0.0691 2.05 <0.05
Last year studied 0.0168 0.0075 2.23 <0.05

Pseudo R? [McFadden] = 0.53

239



that species richness of all, Eurasian and Mediterranean
species is positively related to the area of a city. Further
predictors of species richness are the temperature ampli-
tude (all and Eurasian species), last year studied (all and
Mediterranean species), sunshine duration (Eurasian spe-
cies) and July temperature (Mediterranean species). The
explanatory power of the models is generally high with
pseudo R? [McFadden] values of 0.50-0.64.

In contrast to other taxonomic groups (e.g., vascular
plants; Kiihn et al., 2004), no non-native species of drag-
onfly or urban exploiters (synanthropes) are known to
occur in Central European cities (Willigalla & Fartmann,
2010). Moreover, there is a decrease in dragonfly species
richness with increase in urbanisation (see below), which
indicates urbanisation clearly has an adverse effect on the
species diversity of Odonata.

However, there are high numbers of species in cities.
Most Central European cities are situated on floodplains
along large rivers and in areas of high geological diver-
sity (Willigalla & Fartmann, 2010). In line with Kiihn et
al. (2004), we assume that there was a high habitat and
species richness in these areas prior to their settlement by
man. Hence, cities should be naturally rich in dragonflies.

It is well known that the size of an area is among the
most important drivers of species richness (Arrhenius,
1921). With increasing area, the likelihood of there being
more types of habitat within a defined area increases.
According to the habitat heterogeneity hypothesis (cf.
Tews et al., 2004), species richness should also increase.
Therefore, city area can be considered as a surrogate for
habitat and structural richness. Consequently, the number
of species of all three groups increases with increasing
city area. Some other studies also record an area effect on
species richness in human settlements (e.g., Pysek, 1993;
MacGregor-Fors et al., 2011).

Dragonflies are of tropical origin (Pritchard & Leggott,
1987; Corbet, 1999). Accordingly, diversity increases
with temperature from the poles to the equator except in
areas with low precipitation (Kalkman et al., 2008). In
Central Europe, water is generally widely available due to
the moderate, oceanic climate. However, summer tem-
peratures seldom exceed 30°C (Ellenberg & Leuschner,
2010). Hence, temperature rather than precipitation
should limit dragonfly diversity. In line with this, drag-
onfly species richness in Central European cities is
related to temperature variables; that is, species richness
of all and Eurasian species increases with temperature
amplitude, and that of Mediterranean species with July
temperature.

Within Central Europe, temperature amplitude strongly
increases with longitude and altitude but decreases with
latitude; that is, it is lowest in the north-western lowlands
and highest in south-eastern Central Europe (Endlicher &
Hendl, 2003). In general, temperature amplitude is a
measure of continentality. Continental areas are charac-
terised by warm summers, cold winters and high sunshine
duration (Walter & Breckle, 1994), which are conditions
that generally should favour Eurasian species (cf. Ever-
sham & Cooper, 1998). In line with this, we also
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observed a positive relationship with sunshine duration
(interaction term with city area).

Mediterranean species are highly thermophilic (Stern-
berg, 1998). Accordingly, the relationship between the
species richness of Mediterranean species and July tem-
perature, as a measure for temperature conditions during
summer, is not surprising. Areas with the highest July
temperatures within Central Europe are the Rhine and
Danube Valleys and adjacent areas, and the southern part
of the north-eastern lowlands (Miiller-Westermeier et al.,
1999). These three regions are not only characterized by
warm summers, they are among the most important
migration corridors for species from southern Europe
(Sternberg, 1998), which possibly also accounts for the
high numbers of Mediterranean species.

Cities are warmer (“heat islands”) than the surrounding
landscape (McKinney, 2002; Grimm et al., 2008), condi-
tions that should, in particular, favour high numbers of
species of Mediterranean dragonflies. However, the per-
centage of Mediterranean species is only marginally
higher in the cities studied (45%) than in all of Central
Europe (42%) (cf. Sternberg, 1998). Hence, we assume
that for dragonflies the macroclimate is more relevant
than the “city climate”.

Our analysis indicates that species richness of all and
Mediterranean species, but not Eurasian species, is higher
the more recent the study. We assume that global
warming is the main reason for this increase. A recent
range expansion and increase in the species richness of
Mediterranean species are documented for Central and
Northern Europe (Hickling et al., 2005; Ott, 2010). Nega-
tive effects of global warming on northern dragonfly spe-
cies are also recorded. However, these effects seem to be
less pronounced (Hickling et al., 2005; Kalkman et al.,
2008; Ott, 2010), which perhaps accounts for the lack of
a temporal effect on the species richness of Eurasian spe-
cies in our data.

Although the number of water bodies in Central Euro-
pean cities has recently increased (Willigalla & Fartmann,
2010), it is difficult to assess the effect of this on Odonata
species richness because data on the quantity and quality
of water bodies are missing. However, many of the new
water bodies should offer good conditions for Mediterra-
nean species. These water bodies were often designed for
nature conservation purposes (e.g., for the European tree
frog [Hyla arborea (Linnaeus 1758)] or even dragonflies)
or as storm water ponds; both types of water body are
ephemeral water bodies that are well exposed to the sun,
hence, providing ideal conditions for Mediterranean spe-
cies of Odonata (e.g., many species of the genus Sympe-
trum Newmann, 1833; cf. Sternberg & Buchwald, 2000).

Water quality requirements of Mediterranean and Eura-
sian species are very similar (Sternberg & Buchwald,
1999, 2000). Because we observed only a temporal effect
in the number of Mediterranean species, improvement in
water quality is very unlikely to be the factor determining
the increase in their species richness, otherwise there
should have also been an increase in the numbers of Eura-
sian species. Moreover, improvement in water quality has



occurred mainly in rivers and streams (Gurtner-
Zimmermann, 1998; Adams et al., 2001). However, in
Central Europe these particular habitats only make up a
small percentage of the potentially suitable habitats for
Odonata, and only a few species (~10) are characteristic
of rivers and streams (cf. Kuhn & Burbach, 1998).

In conclusion, although the negative effects of urbani-
sation on dragonflies clearly dominate over the positive
effects, cities still have a rich dragonfly fauna, most likely
because they were usually established in areas with high
habitat heterogeneity. Because habitat diversity is related
to area, dragonfly species richness increases with city
size. Under the moderate, oceanic climate conditions in
Central Europe, temperature and sunshine duration are
also associated with species richness of Odonata; areas
with a continental climate (high temperature amplitude,
high sunshine duration) promoted Eurasian species, and
areas with warm summers (high July temperature) favour
Mediterranean species. In general, the macroclimate
seems to be more relevant for dragonflies than the “city
climate”. The recent increase in the species richness of
Mediterranean species in the cities studied is possibly a
result of global warming. In addition, Mediterranean spe-
cies were possibly favoured by the construction of new
water bodies.

Species richness along an urban-rural gradient

In this study, habitat diversity and dragonfly species
richness is clearly associated with the degree of urbanisa-
tion. The number of types of water bodies is highest in
the suburbs and significantly differs from that in the city
centre but not that in the rural area. In addition, species
richness increases along a gradient from the city centre to
areas outside the city and is significantly highest in rural
areas.

Our results corroborate the findings of the majority of
studies on animals along urban-rural gradients with spe-
cies richness lowest in city centres and peaking in rural
areas (see reviews by Marzluff, 2001; McKinney, 2008).
However, numbers and types of water bodies alone are
poor predictors of the observed pattern in the diversity of
dragonflies. Although we have no data on the number of
water bodies in each zone of a city, we assume that the
number is, like the number of types of water bodies,
highest in the suburbs. Swan & Oldham (1997) show that
the conversion of farmland into a housing development
led to a net increase in the number of ponds due to the
creation of new garden ponds. Because the majority of
stormwater ponds following urbanisation are also con-
structed within the suburbs (Willigalla & Fartmann,
2009), the number of water bodies should also have
increased. In our study, the number of study plots per city
zone clearly peaked in the suburbs, where 60% of all
plots were located, which probably also reflects that the
number of water bodies is highest in the suburbs.

For a better understanding of the observed pattern, we
also have to take into account the quality of the water
bodies as well as the quantity and quality of terrestrial
habitats for adult Odonata. All of these parameters are
assumed to increase along a gradient from the centre of

an urbanized area into the surrounding rural area (McKin-
ney, 2002, 2006). Urban water bodies are often inten-
sively managed and poorly designed, and contain high
densities of ornamental fish or water birds (Ott, 1995;
Swan & Oldham, 1997). Semi-natural and natural terres-
trial habitats, as sites for foraging and thermoregulation of
adult dragonflies, are usually small and fragmented in
urban areas. Moreover, they are often highly disturbed by
human activities (McKinney, 2002, 2006).

We conclude that city centres are characterized by a
low number of suitable aquatic and terrestrial habitats for
dragonflies and that these habitats are often of low
quality. The lack of suitable habitats results in a low spe-
cies richness of Odonata in general. Although suburbs are
characterized by the highest number of different types of
water body and probably the highest number of water
bodies, the negative effects of human activities on aquatic
habitats are high. In addition, the area and quality of the
terrestrial habitats might also be low. The peaking of
dragonfly species richness in rural areas is most likely
because there are more good quality aquatic and terres-
trial habitats.

IMPLICATIONS FOR CONSERVATION

Due to their location on floodplains along large rivers
and in areas with high geological diversity, many cities
have a high Odonata diversity. Accordingly, cities are
generally of interest when considering the conservation of
dragonflies. In terms of both the aquatic and terrestrial
habitats of dragonflies, nature conservation strategies
have to focus on the preservation and restoration of rem-
nant habitats and creation of new habitats.

The construction of garden ponds (Ott, 1993; Briu et
al.,, 2001; Schlipmann, 2001) and storm water ponds
(Willigalla et al., 2003; Willigalla & Fartmann, 2009) can
considerably increase the species richness of Odonata in
an area, especially of the species that are mobile and
habitat generalists. Moreover, storm water ponds can act
as important habitats for rare pioneer species [e.g.,
Ischnura pumilio (Charpentier, 1825); Willigalla et al.,
2003; Ott, 2008; Willigalla & Fartmann, 2009]. As Funk
et al. (2009) show, floodplain restoration is another way
of increasing the number of dragonflies in cities.

Heterogeneous and insect-rich open habitats (e.g.,
grasslands, verges or forest clearings) that are exposed to
the sun and situated in the vicinity of breeding sites are
important for foraging and thermoregulation of adult
dragonflies (Kuhn & Burbach, 1998). Hence, conserva-
tion should additionally focus on open habitats.

Besides the size and quality of habitat patches, connec-
tivity between water bodies and between water bodies
and terrestrial dragonfly habitats is also important. Gled-
hill et al. (2008) show that in an urban landscape the spe-
cies richness of hydrophytes and aquatic macro-
invertebrates is determined by the number of ponds per
unit area. Hence, networks of water bodies and adjacent
terrestrial habitats could facilitate migration between
water bodies and so improve species persistence (cf. Snep
et al., 2006; Brauniger et al., 2010).
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Arpenpix 1. Constancy (%) of indigenous species of Odonata in Central European cities. N.s = 22. Data source: see Fig. 1. Classifica-
tion of habitat specificity: see Data sources and classification. Scientific nomenclature follows Dijkstra & Lewington (2006).

Species Habitat specificity Constancy (%)

Zygoptera
Calopteryx splendens (Harris, 1782) specialist 86
Calopteryx virgo (Linnaeus, 1758) specialist 64
Ceriagrion tenellum (de Villers, 1789) specialist 9
Coenagrion hastulatum (Charpentier, 1825) specialist 18
Coenagrion lunulatum (Charpentier, 1840) specialist 9
Coenagrion mercuriale (Charpentier, 1840) specialist 18
Coenagrion puella (Linnaeus, 1758) generalist 100
Coenagrion pulchellum (Vander Linden, 1825) specialist 45
Enallagma cyathigerum (Charpentier, 1840) generalist 100
Erythromma lindenii (Selys, 1840) generalist 32
Erythromma najas (Hansemann, 1823) specialist 77
Erythromma viridulum (Charpentier, 1840) generalist 73
Ischnura elegans (Vander Linden, 1820) generalist 100
Ischnura pumilio (Charpentier, 1825) specialist 68
Lestes barbarus (Fabricius, 1798) specialist 41
Lestes dryas Kirby, 1890 specialist 59
Lestes sponsa (Hansemann, 1823) generalist 95
Lestes virens (Charpentier, 1825) specialist 36
Lestes viridis (Vander Linden, 1825) generalist 100
Platycnemis pennipes (Pallas, 1771) generalist 91
Pyrrhosoma nymphula (Sulzer, 1776) generalist 100
Sympecma fusca (Vander Linden, 1820) generalist 64

Anisoptera
Aeshna affinis Vander Linden, 1820 specialist 18
Aeshna cyanea (Miiller, 1764) generalist 100
Aeshna grandis (Linnaeus, 1758) generalist 68
Aeshna isoceles (Miiller, 1767) specialist 32
Aeshna juncea (Linnaeus, 1758) specialist 45
Aeshna mixta Latreille, 1805 generalist 100
Aeshna subarctica Walker, 1908 specialist 9
Aeshna viridis Eversmann, 1836 specialist 14
Anax ephippiger (Burmeister, 1839) specialist 5
Anax imperator Leach, 1815 generalist 100
Anax parthenope (Selys, 1839) specialist 18
Brachytron pratense (Miiller, 1764) specialist 41
Cordulegaster bidentata Selys, 1843 specialist 14
Cordulegaster boltonii (Donovan, 1807) specialist 27
Cordulia aenea (Linnaeus, 1758) generalist 82
Crocothemis erythraea (Brullé, 1832) specialist 36
Gomphus flavipes (Charpentier, 1825) specialist 9
Gomphus pulchellus Selys, 1840 generalist 50
Gomphus vulgatissimus (Linnaeus, 1758) specialist 45
Leucorrhinia albifrons (Burmeister, 1839) specialist 5
Leucorrhinia dubia (Vander Linden, 1825) specialist 27
Leucorrhinia pectoralis (Charpentier, 1825) specialist 14
Leucorrhinia rubicunda (Linnaeus, 1758) specialist 18
Libellula depressa Linnaeus, 1758 generalist 100
Libellula fulva (Miiller, 1764) specialist 9
Libellula quadrimaculata Linnaeus, 1758 generalist 95
Onychgomphus forcipatus (Linnaeus, 1758) specialist 18
Ophiogomphus cecilia (Fourcroy, 1785) specialist 23
Orthetrum brunneum (Fonscolombe, 1837) specialist 36
Orthetrum cancellatum (Linnaeus, 1758) generalist 100
Orthetrum coerulescens (Fabricius, 1798) specialist 14
Somatochlora arctica (Zetterstedt, 1840) specialist 5
Somatochlora flavomaculata (Vander Linden, 1825) specialist 9
Somatochlora metallica (Vander Linden, 1825) generalist 86
Sympetrum danae (Sulzer, 1776) generalist 86
Sympetrum flaveolum (Linnaeus, 1758) generalist 86
Sympetrum fonscolombii (Selys, 1840) specialist 23
Sympetrum meridionale (Selys, 1841) specialist 5
Sympetrum pedemontanum (Miiller in Allioni, 1766) specialist 23
Sympetrum sanguineum (Miiller, 1764) generalist 100
Sympetrum striolatum (Charpentier, 1840) generalist 86
Sympetrum vulgatum (Linnaeus, 1758) generalist 95
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