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The study of the spatial distribution of phenotypic and genetic diversity of pollina-
tors has conservation implications since pollination is a key ecosystem function and
a basis for the maintenance of biodiversity. The impact of landscape heterogeneity on
the population structure of the important hoverfly pollinator, Eristalis tenax (Diptera,
Syrphidae), was investigated. Allele frequencies at allozyme loci, wing traits (size and
shape) and abdominal colour pattern were compared using samples from eight loca-
tions in the Durmitor National Park, Montenegro. These locations covered a broad
range of altitudes and vegetation structures, from deciduous and coniferous forests to
alpine meadows. From the conservation point of view, we investigated to what extent
the localities in the Durmitor mountain range are connected. Results indicated a lack of
population structure in the study area. A genetic clustering analyses based on Bayesian
model revealed no resolution among samples, coinciding with F estimates. Weak
genetic differentiation was accompanied by wing size and shape similarity. In addition,
there was an overlap between the levels of abdominal colour variation among samples
supporting the negative association between gene flow and phenotypic divergence in
E. tenax. We conclude that the surrounding landscape is of no relevance to the spe-
cies movement capabilities. The availability of many sites for E. fenax and its strong
dispersal capacity might make the study region a more or less continuous habitat for
this species. Thus, our results may contribute to understanding the potential extent to
which E. tenax can facilitate gene flow among isolated plant populations on Mt. Dur-
mitor.

Introduction Hanski 1999), but it is broadly applicable to

conservation, planning, and remediation (Debin-
Understanding the response of population struc-  ski & Holt 2000, Cabeza & Moilanen 2003).
ture to spatial heterogeneity in habitat structure = However, examining the role that landscapes
is of basic interest to ecology (Pulliam 1988, play in dispersal and gene flow can reveal much
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about the effect of environmental variation on
the distribution of genetic variation in natural
populations (Stevens et al. 2006, Wang et al.
2009). Predictors of a species distribution are
the amount of potential barriers to dispersal (Van
Dyck & Baguette 2005), as well as the amount
of available habitat in the surrounding landscape
(e.g. Binzenhofer et al. 2005). Thus, accounting
for landscape heterogeneity and the precise dis-
tribution of features in a landscape can contribute
to critical insights into our understanding of gene
flow and population structure (Spear et al. 2005,
Giordano et al. 2007). Indeed, gene flow can be
restricted even in highly mobile insect species,
e.g. by physical barriers on mountains (Loxdale
& Lushai 2001). Furthermore, studying gene
flow gives us better insight into genetic struc-
ture of populations since it significantly affects
population genetic differentiation in the majority
of animal species in nature (e.g. Bohonak 1999,
Mun et al. 1999), and plays an important role
in evolution both as a constraint (by preventing
local adaptation) and as an aid by promoting the
spread of beneficial alleles (Slatkin 1987).

For insects, however, species-specific
responses at different spatial landscape scales
are little understood (but see e.g. Roland &
Taylor 1997). It is well documented that envi-
ronmental variables, including altitude, ambient
temperature, wind speed, relative humidity and
light intensity, and demographic features of plant
species, such as population size are closely inter-
related with available number and behaviour of
pollinators (McCall & Primack 1992, Mitchell
et al. 2004, Zhu & Lou 2010). Contrary to more
generalist species with higher dispersal capacity,
a habitat specialist with poor dispersal abilities
might be strongly affected by fragmentation of
its habitat (Louy et al. 2007). Even for a single
species of pollinator, individuals may show con-
siderable heterogeneity in pattern of movement
across a landscape depending upon their learn-
ing processes (e.g. Ohashi et al. 2007, Ohashi
& Thomson 2009). Earlier studies showed that
landscape structure has strong effects on species
richness of solitary bees and on plant—pollinator
interactions (Steffan-Dewenter et al. 2001, 2002,
Steffan-Dewenter & Kuhn 2003).

Among insects, bees constitute perhaps the
most important group in terms of pollination

efficiency and diversity of plant species polli-
nated. Among flies, hoverflies (Diptera: Syrphi-
dae) are one of the most important groups of pol-
linators (e.g. Zych 2007, Jauker & Wolters 2008,
Rader et al. 2009). Because of their differing
dispersal modes and resource requirements as
compared to bees, hoverflies may play an impor-
tant role in maintaining pollination services in
landscapes unsuitable for bee species (Jauker et
al. 2009, 2012). In addition, it has been previ-
ously reported that hoverflies have the capac-
ity to transport pollen further than honeybees
(Rader et al. 2011). Although there are some
reports that hoverflies as pollinators have clear
flower preferences (Friind er al. 2010), most
hoverfly species are often regarded as general-
ist in flower use. Therefore, we choose to study
the dronefly, Eristalis tenax (Syrphidae, Erista-
linae), a widespread hoverfly with potential for
long-distance dispersal and migratory behaviour.
Indeed, observations in mountain areas indicated
that individuals of this species are able to cross
high mountain ranges like the Alps (Aubert &
Goeldlin de Tiefenau 1981). Under natural con-
ditions, for example, in the case of the absence
of bees on small islands, E. tenax proved to be
invaluable for the viability and the long-term
persistence of the local flora (Pérez-Baién et al.
2003), and plays an invaluable conservation and
perhaps evolutionary role for the native plants
(Pérez-Baiion et al. 2007). In addition, E. tenax
seems to be particularly important pollinator
in unfavourable ecological conditions at high
altitudes (Zoller et al. 2002, Zhu & Lou 2010).
Since this hoverfly appears to be relatively effi-
cient long-distance pollen disperser, more atten-
tion should be drawn to the migratory paths of
E. tenax (Pérez-Bafion et al. 2003) and what is
shaping them.

The purpose of this study was to investigate
spatial distribution of phenotypic and genetic
diversity of E. tenax, a taxon widely distrib-
uted in a range of landscapes of Mt. Durmitor,
Montenegro. Mountain ranges are among most
species-rich landscapes in Europe and, there-
fore, of special conservation interest. However,
while mountain tops are often well conserved,
their lower slopes are generally poorly pro-
tected (Sergio & Pedrini 2007). Therefore, our
sampling locations covered a broad range of
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altitudes and vegetation structures, from decidu-
ous and coniferous forests to alpine meadows.
Since conectivity studies of widespread species
indicated that gene flow among populations was
not limited by geographical distance per se, but
strongly dependent on the type and share of suit-
able and unsuitable habitat (Lange et al. 2012),
genetic differentiation might be registered even
in widespread and abundant species (such as
E. tenax) under specific landscape conditions
(Lange et al. 2010). Thus, from the conservation
point of view, we investigated to what extents
the localities in Durmitor mountain range are
connected. This study might also indicate if
pollen could be dispersed by droneflies over
complex landscapes.

Since the abundance pattern and dispersal
behaviour of species influence the connectivity
of local populations, exchange rates can be indi-
rectly measured by genetic and phenotypic dif-
ferentiation among samples. One way to obtain
insight into the factors shaping the genetic struc-
ture of populations is to combine genetic data
with information on landscape characteristics,
referred to as landscape genetics (Manel et al.
2003). Therefore, we examined spatial diversity
across heterogeneous landscape using allele fre-
quencies at 17 allozyme loci, wing traits (size
and shape) and abdominal colour pattern in
eight samples of E. tenax from Mt. Durmitor,
Montenegro. Having a great potential for inves-
tigating processes such as gene flow, migration
or dispersal (Holderegger et al. 2006), alloz-
ymes allow us to empirically test the functional
relevance of spatial indices used in landscape
ecology (Holderegger et al. 2006). Connectiv-
ity estimates should have the potential to be
altered according to evolutionary changes, when
and where dispersal behaviour of individuals is
affected by landscape configuration (Baguette &
Van Dyck 2007). We also used wing geometric
morphometrics because it was widely employed
as a complementary tool to genetic data to get
information on population structure. Indeed,
using wing morphologies to determine popula-
tion structure has been encouraged by some
authors who consider this method to be a low-
cost alternative for the preliminary estimation
of population structure (Dujardin 2008, Morais
et al. 2010). In addition, adaptive importance

of wing traits has been previously proposed.
For instance, wing size is usually associated
with body size, and thus potentially linked to
a number of fitness components (Reeve et al.
2000), but wing shape is related to flight ability
which might also influence fitness (Kolliker-Ott
et al. 2003). Wing size and shape are thought to
have different genetic properties, and therefore
different patterns of evolution (Bithner-Mathé
& Klaczko 1999, Andrade et al. 2009). As com-
pared with wing size, wing shape has proved
to be under tighter genetic control, and to be
less sensitive to environmental changes (Bitner-
Mathé & Klaczko 1999, Matta & Bitner-Mathé
2004). Still, there are many genes involved in
regulating wing size and shape in insects (Mezey
& Houle 2005, Mezey et al. 2005), although
many still remain unidentified (De Celis 2003).
Thus, geometric morphometrics is tempting
as a candidate population marker because it is
informative about current or very recent popu-
lation events, and it contains information on
genetic variation (Dujardin 2008). Finally, the
third marker used herewith is abdomen colour
pattern which can additionally indicate the
associations between gene flow and phenotypic
divergence in E. tenax samples, which has been
previously suggested by Heal (1982). An expla-
nation for variation in abdominal colour pattern
was proposed concerning the thermoregulatory
requirements of the fly (Heal 1981, Holloway
1993). Namely, breeding studies of E. tenax have
previously shown that environmental variables
influence final adult colour patterns in that low
temperatures during pupation result, on average,
in darker abdominal patterns (DuSek & Ldska
1974, Heal 1989, Ottenheim et al. 1996). Fur-
thermore, some E. fenax abdominal phenotypic
plasticity may represent a degree of protection
from predators as a result of its resemblance to
the honey bee (e.g. Heal 1982). To outwit the
influence of temperature, E. tenax carries genetic
polymorphism that contributes substantially to
colour variation. A major Ap (abdominal pat-
tern) locus has been identified with alleles for
light and dark colour patterns, and heritability
estimates showed further genetic variation other
than at the Ap locus (Heal 1979). Finally, bear-
ing in mind that a system ecology approach is
recommended in order to quantify the structural
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importance of Diptera to pollination networks
(Ssymank et al. 2008), we studied three different
markers using both population- and individual-
based approaches in a comparative way to gain
insight into spatial patterns of population con-
nectivity of E. fenax.

Material and methods

Study species and landscape
characterisation

The study species Eristalis tenax is an anthro-
pophilic and almost ubiquitous one. Adults are
active with two or three generations from early
spring to late autumn (Gilbert 1986). The adults
hibernate and can even be found on particularly
warm January and February days. They feed on
nectar from flowers, but the larvae feed on rot-
ting organic material in stagnant water and are
known as rat-tailed maggots. When E. tenax
insects visit flowers, the hairy legs, thorax and
abdomen catch pollen grains and transfer them
to the next visited flower (Zhu & Lou 2010),
and the efficiency of E. fenax as a pollinator
may be enhanced by the presence of many paly-
nophilic hairs on the insect body (Pérez-Bafién
et al. 2003). In this way, E. tenax was observed
between 2700 m and 3200 m flying from cushion
to cushion and promoting outcrossing in alpine
plant Eritrichium nanum (Boraginaceae) (Zoller
et al. 2002). Under the hostile weather condi-
tions, E. tenax is also the principal pollinator of a
high-mountain perennial plant, Rhodiola dumu-
losa (Crassulaceae) (Zhu & Lou 2010). During
the tripping process, the pollen grains are mainly
widespread on the anterior half of the ventral
surface of the thorax, where they can remain for
several days (Holloway 1976). Eristalis tenax is
a locally abundant species and, although specific
studies on dispersion and migration of this spe-
cies are lacking, its wide altitudinal and geo-
graphical distribution, high mobility and ability
to live in distinct habitat types suggest at least
moderate dispersion rates.

The flies were sampled from 21 to 25 July of
the year 2009 while they were feeding on pollen
or nectar at flowers or resting on bare ground
or vegetation. Allozyme variation and differ-

ences in wing traits and abdominal colour were
analysed using the same individuals. Because
of the sexual dimorphism this species exhibits
(Francuski et al. 2011), wing traits and abdomi-
nal colour pattern analyses were performed sepa-
rately for males and females.

The Durmitor National Park lies high in the
southeastern Dinaric Alps. It ranges in altitude
from about 450 m to 2522 m a.s.l. Because of its
location and altitudinal range, the Park has both
Mediterranean and alpine microclimates result-
ing in an exceptional range of species and habi-
tats. Durmitor lower slopes are generally poorly
protected and characterized by intensively man-
aged agricultural areas and patchily distributed
fragments of forest and semi-natural grassland
habitats, while mountain tops are relatively well
conserved. We selected this structurally complex
landscape as a study region and eight sampling
locations including three mountain peaks (Veliki
§tuoc, Savin Kuk and Pruta$§, Table 1 and Fig. 1)
with similar elevation (above 2000 m a.s.l.). By
using high altitude mountain peaks, we tried to
find out if they may act as impermeable barriers
in this geographical area to highly mobile spe-
cies such as E. tenax. More detailed information
on locations and sampling points are summa-
rized in Table 1.

Methods
Population structure

A total of 123 specimens (Table 1) were included
in the allozyme analysis by vertical polyacry-
lamide gel electrophoresis (PAGE). Allozyme
polymorphism was studied at 17 different loci:
aconitate hydratase (4.2.1.3. ACO; two loci:
Aco-1, Aco-2), aspartate amino transferase
(2.6.1.1. AAT; Aar), esterase (E.C. 3.1.1.7 EST,;
Est-2, Est-4), fumarate hydratase (4.2.1.2. FUM;
Fum), glycerol 3-phosphate dehydrogenase
(1.1.1.8. GPD; Gpd-2), hexokinase (2.7.1.1.
HK; Hk-2), isocitrate dehydrogenase (1.1.1.42.
IDH; two loci: Idh-1, Idh-2), malate dehydro-
genase (1.1.1.37. MDH; Mdh-2), malic enzyme
(1.1.1.40. ME; Me), phosphoglucomutase
(2.7.5.1. PGM; Pgm), sorbitol dehydrogenase
(1.1.1.14. SDH; Sdh-1, Sdh-2), superoxide dis-
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mutase (1.15.1.1. SOD; Sod-1, Sod-2). The tris-
borate-EDTA buffer system (pH 8.9) was used
to assay EST, FUM, HK, ME, PGM and SOD,
while Tris-citrate buffer system (pH 7.1) was
used in analysis of AAT, ACO, GPD, IDH, MDH
and SDH. Details on the buffer systems and
staining procedures are given in Munstermann
(1979) (EST, FUM, GPD, GPI, HK, MDH, ME,
PGM, SOD) and Pasteur et al. (1988) (AAT,
AO). The duration of the electrophoretic run at
90 mA (135-220 V) was 3-4 hrs. Specimens
from all samples were run concurrently on all
gels to facilitate comparisons of electrophoretic

mobility. Loci and alleles were numbered with
respect to order of increasing anodal migration
following Francuski et al. (2011). Four of the
17 loci analysed were polymorphic: Aat, Est-2,
Est-4 and Me.

Parameters of the population genetic struc-
ture were calculated using the computer program
BIOSYS-2 (Swofford & Selander 1989).

We used two Bayesian clustering methods
to investigate the spatial genetic structure of
the dronefly in the sampled region. Firstly, we
analysed the population genetic structure using
a Bayesian model executed in the STRUCTURE

Table 1. Sampling points and sample sizes of Eristalis tenax used for geometric morphometrics, abdomen colour

pattern and allozyme analyses.

Sampling Characteristics and land cover Sampling points  Allozyme  Wing traits and
locations™ of sampling locations and altitude analysis abdomen colour
pattern analyses
male female
1. Veliki Stuoc Softly-sloped mountain peak, at an altitude Grassland, top of 15 11 11
of about 2000 m a.s.l. forest zone ends with the mountain peak;
dwarf pine and juniper shrubs; highest parts 2200 m a.s.l.
are covered with karsts and calcareous
grassland
2. Lake Crno Largest Lake Durmitor, surrounded by Lakeshore 15 23 19
mixed coniferous forest including spruce, forest edge;
fir, beech, black pine and maple 1422 m a.s.l.
3. Plateau Grassland open space with lakes, Meadow 13 22 9
lot of creeks and water sources, surrounded by
mesophilic meadows and pastures arable fields;
1200 m a.s.l.
4. Komarnica  Canyon with its a same name river Forest edge; 16 11 5
surrounded by mixed forest of oriental 1000 m a.s.l.
hornbeam (Carpinus orientalis) and
xerothermal maple (Acer sp.)
5. Savin Kuk Mountain peak covered with Grassland, top of 16 13 14
alpine pastures and meadows the mountain peak;
2313 ma.s.l.
6. Pruta$ Mountain peak, at an altitude of about Grassland, top of 16 8 16
2000 m a.s.l. forest zone ends with mugo the mountain peak;
pine and juniper shrubs, highest parts are 2393 m a.s.l.
covered by rocky subalpine and alpine
meadows
7. Lake Skréko Located in the center of glacial cirque valley, Lakeshore 16 10 9
surrounded by low forest of mesial forest edge;
beech and fir around the lake 1686 m a.s.l.
8. Lake Susicko Periodical lake; largest and full of water in Meadow (bottom 16 18 11
spring time when glaciers melt; during summer of the lake valley);
the water disappears and stays a green 1140 m a.s.l.

grassy meadow

* Numbers as in Fig. 1.
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Fig. 1. Map of Mt. Durmi-
tor. Geographic location of
sampling locations of the
study area: 1. Veliki Stuoc;
2. Lake Crno; 3. Plateau;
4. Komarnica; 5. Savin
Kuk; 6. Pruta$; 7. Lake
Skreko; 8. Lake Susitko.
Black areas indicate the
position of lakes.

\‘\5 Montenegro
et

|Adriatic Sea

software (Pritchard er al. 2000). This analysis
delineates clusters of individuals as populations
(K), based on their multilocus genotypes. In
our STRUCTURE analyses, we performed runs
with values of K set from 1 to 8, the latter of
which was the number of sampling localities.
Specifically, we selected the correlated allele
frequencies model and the admixture model with
a burn-in period of 100 000 and 100 000 MCMC
(Markov chain Monte Carlo). Five runs were
performed for each value of K, to check the
consistency of the results between runs with the
same K. We estimated the number of clusters and
the assignment of individuals into clusters using
two methods. First, the most likely number of
clusters was estimated by determining the change
in the marginal likelihood of the data Pr(XIK)
when the numbers of clusters (K) was fixed to
different values (Pritchard et al. 2000). We also
implemented the AK method sensu Evanno et al.
(2005) to detect the amount of structuring. AK is
the second-order rate of change of the marginal
likelihood function and takes into account both

the gain in posterior probabilities over a range of
K values and the variance between independent
runs at given values of K. Results of all the runs
were summarized using STRUCTURE HAR-
VESTER ver. 0.6.92 (Earl & vonHoldt 2012).
Secondly, we employed the spatial Bayesian
clustering method implemented in the program
BAPS 5.4. (Corander et al. 2003, 2006), using
samples with known geographical coordinates
as units to be clustered. We used the “spatial
clustering of groups” options (Corander et al.
2006), which utilises the spatial location of each
individual to provide a biologically meaningful
non-uniform prior distribution, without making
an assumption regarding what is a biological
population (Corander & Marttinen 2008). This
increases the power to detect underlying popula-
tion genetic structure when it exists (Corander
et al. 2008). In the spatial clustering model, the
landscape occupied by the population is divided
into a ‘coloured Voronoi tessellation’ (Deussen
et al. 2000), in which different colours in the
tessellation represent genetically differentiated
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samples. The model specifies the colouring, cor-
responding to an estimate of the underlying
genetic population structure, jointly for all cells
of the tessellation. In the present application, the
spatial model was fitted using 20 replicate runs,
each with the maximum number of 8 clusters
(corresponding to the number of sample plots in
our sample).

Analysis of molecular variance (AMOVA)
was performed using ARLEQUIN ver. 3.1
(Excoffier et al. 2005) to examine the distribu-
tion of genetic variation within and among popu-
lations (samples). Using genotypic data of four
polymorphic loci, one group of populations and
no within-individual level, we tested all sampled
individuals with < 5% of missing values. Ten
thousand permutations were used to determine
the significance of variance components.

We then employed Wright’s F-statistics
(Wright 1951, Conner & Hartl 2004) to measure
genetic differentiation among samples. Treating
each sample as a separate population, we cal-
culated genetic differentiation among samples
using F. The pairwise F values between eight
samples were calculated with FSTAT ver. 2.9.3.2
(Goudet 2001), and the significance between
each comparison pair was evaluated through
1000 permutation procedures.

Association between genetic and geographic
distances was assessed by Mantel’s test (Mantel
1967). Approximate linear geographical dis-
tances (measured in kilometres) between sample
pairs were obtained with Google™ Earth soft-
ware and prior to analysis geographic distances
were In-transformed. Estimates of genetic dis-
tances between pairwise populations were char-
acterized as F_/(1 — F) (Rousset 1997). The
significance levels of associations were evalu-
ated by permutation. This analysis was per-
formed with the Isolation By Distance Web
Service ver. 3.23 (Jensen et al. 2005) using a
total of 10 000 permutations.

Finally, a landscape shape interpolation of
genetic distances, which interpolates calculated
genetic distances across the landscape and shows
them graphically as heights (z axis) in a graph
where the base (values along x and y axes)
represents the geographic space, was obtained
using the software Alleles in Space (AIS) (Miller
2005). We used several different distance weight-

ing values (a = 0.25-2), grid sizes, and both raw
and residual genetic distances to make sure that
interpretations were not sensitive to these param-
eters. Across the genetic landscape, the peaks
and troughs indicate high and low genetic dis-
tances between individuals respectively.

Geometric morphometrics

The right wings of 210 specimens (116 males
and 94 females) were mounted in Hoyer’s
medium and then digital images of them were
taken with a Leica DFC320 camera connected to
a Leica MZ12.5 stereomicroscope. In each wing
image, a total of 16 landmarks were digitized
using TpsDig ver. 1.40 (Rohlf 2004). Locations
of landmarks selected for geometric morphomet-
ric analysis follow Francuski ez al. (2011).

For comparing overall wing size between
groups, we used centroid size which is an iso-
metric estimator defined as the square root of
the sum of the squared distances between the
center of the configuration of landmarks and
each individual landmark (Bookstein 1991). Size
variation was explored by means of ANOVA and
a Tukey test. To analyse variation in wing shape,
a full set of shape variables (w matrix; the matrix
of partial warp scores; Rohlf et al. 1996), includ-
ing both non-uniform and uniform shape com-
ponents, was used for canonical variate analysis
(CVA).

Both centroid size and w matrix were obtained
utilizing TpsRelw 1.44 (Rohlf 2006), and all sta-
tistical analyses were calculated using STATIS-
TICA ver. 10 for Windows (StatSoft Inc.).

Abdomen colour patterns

We scored the ventral abdomen colour pattern
following Francuski et al. (2011), assigning
specimens into arbitrary groups based on the
marking size, shape and colour (yellow, orange,
brown, black). Combining eight arbitrary groups
of tergite 2 and seven groups of tergite 3, 23 dif-
ferent abdomen phenotypes were assessed. Each
abdominal pattern was allocated to one of the
categories and colour pattern frequencies were
calculated for samples and genders. Correspond-
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Fig. 2. Membership of Eristalis tenax individuals in a number of presumed “populations”. Population clusters
(K = 2) determined by the a priori Bayesian cluster method in STRUCTURE. Each vertical line represents an indi-
vidual’s probability of belonging to one of the K clusters (represented by grey and white).
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Fig. 3. Genetic clustering of samples in the study
area inferred with the program BAPS. Identical grey of
sample plots indicates homogeneous genetic composi-
tion in the study area. Names of sampling locations are
given in Fig. 1 and Table 1.

resolution among samples. Across a range of
potential subgroup sizes from K = 1-8, there
was no clear indication of clustering since all
samples showed a high degree of admixture.
Most probable number of clusters indicated by
a declining rate of increase in Pr(XIK) and Evan-
no’s AK was two (K = 2). However, two genetic
clusters (clusters 1 and 2) were almost evenly
represented in samples, suggesting an absence
of distinct genetic discontinuities of E. tenax
samples (Fig. 2). Taking spatial information into

account, BAPS gave a probability of 99.3%
of there being a single genetic cluster in the
study area (Fig. 3). As a result, we assume that
there is no coarse partitioning of genotypes on
this landscape. Moreover, AMOVA revealed no
significant difference among samples with only
3.62% of the variation among populations, while
a huge amount (96.38%) of the variation was
partitioned within populations (Table 3). The
F, averaged 0.036 (p = 0.547) and corroborated
non-significant (p > 0.05; Table 4) pairwise F,
values among samples in showing that inter-
population gene flow was not negligible. In
addition, we found no evidence of isolation by
distance in the Mantel test (r = 0.06, p = 0.597).

The genetic landscape generated in AIS
revealed that several landscape features were
associated with increased or decreased inter-
individual genetic distance (Figs. 1 and 4), sug-
gesting that these features restrict or facilitate
gene flow, respectively. Genetic distances peaked
in the northern part of the study region (around
the Veliki Stuoc peak). Other peaks are less
pronounced than those in the north. Genetic dis-
tances were the lowest on the eastern edge (Lake
Crno, Plateau) and associated with troughs. The
same general patterns were found regardless of
the choice of grid size and a distance-weighting
parameter.

Table 3. The AMOVA results for eight Eristalis tenax samples from Mt. Durmitor. Fixation Index Fy. =0.036, p = 0.547.

Source of variation d.f. Sum of squares Variance components Percentage of variation
Among populations 7 11.602 0.033 3.62

Within populations 238 167.542 0.864 96.38

Total 245 179.144 0.897
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Fig. 4. Results of genetic
landscape shape inter-
polation analysis for Eri-
stalis tenax using a dis-
tance weighting parameter
(a) of 1 and raw genetic
distances; x and y axes
correspond to geographic
locations and surface plot
heights reflect genetic dis-
tances. Qualitatively simi-
lar results were obtained
using both raw and resid-
ual genetic distances, dif-
ferent grid sizes, and a
range of distance weight-
ing parameters. The posi-
tions of sampling locations
in the “base” of the graph
are approximate: 1. Veliki
Stuoc; 2. Lake Crno; 3.
Plateau; 4. Komarnica;
5. Savin Kuk; 6. Prutas;
7. Lake Skr&ko; 8. Lake
Susicko.

Wing geometric morphometrics

Eristalis tenax males collected from different
parts of Mt. Durmitor showed size similarity
(F7’13 = 0.21, p = 0981, all post-hoc Tukey
HSD pairwise comparisons were not signifi-
cant). Similarly, the CVA scatter plot (Fig. 5)

showed that male samples are not well separated

in the analysis. Non-significant divergence in

wing shape (Wilks’ 1 = 0.148, Fly, = 1178,
p = 0.069) allowed 61% of all male individu-
als to be classified correctly (classification rates
ranged between 46% and 80%). Similarly to
males, females did not show significant dif-
ferences in wing size (F, , = 1.23, p = 0.289,

7.12
all post-hoc Tukey HSD pairwise comparisons

Table 4. Pairwise comparisons among eight samples of Eristalis tenax from Mt. Durmitor. Pairwise F; values are
below diagonal, and pairwise geographical distances (km) among sampling sites are shown above diagonal.

Veliki Lake Plateau Komarnica Savin Prutas Lake Lake

Stuoc Crno Kuk Skréko Susicko
Veliki Stuoc 12.90 21.03 25.04 18.04 18.86 17.20 25.04
Lake Crno 0.0361 15.58 17.01 2.65 9.26 6.43 9.47
Plateau 0.0802 —-0.0247 15.96 13.75 21.50 20.96 25.11
Komarnica —-0.0016 0.0501 0.0622 13.19 14.46 15.04 20.37
Savin Kuk —-0.0905 0.0426 0.0659 0.0129 10.68 9.63 13.28
Prutas —-0.0630 0.0296 0.0618 0.0347 -0.0187 1.50 6.16
Lake Skréko -0.0743 0.0049 0.0231 -0.0114 -0.0481  —-0.0570 5.23
Lake Susicko -0.0672 -0.0027 0.0076  —0.0029 —0.0553 0.0030 —0.0378
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were not significant). In addition, CVA with
collection sites as a grouping variable revealed
non-significant wing shape differences among
female specimens (Wilks’ 4 = 0.118, Floees =
1.237, p = 0.058). The scatter plot showed that
there was no clearcut separation between the
groups (figure not shown). Based on wing shape,
89% of flies caught at Lake Crno were correctly
classified, whereas percentages of correct clas-
sification were lower for other collection sites
(Lake Skreko 69% , Prutas 66%, Savin Kuk 64%,
Plateau 62%, Lake SuSicko 60%, Komarnica
40% and Veliki Stuoc 35%).

Abdomen colour patterns

Variation of abdomen colour and patch size in
different landscapes was investigated for male
and female specimens separately. Based on the
colour patterns of the tergites 2 and 3, there were
no pronounced spatial differences among male
samples. Abdomen phenotype frequencies (cor-

m Savin Kuk

lis tenax from the Durmi-
tor region. The amount of
variation is given in paren-
theses.

A Skréko lake
O Susicko lake

respondence analysis) revealed no differentiation
among males (Total Inertia = 0.483, > = 205.75,
df = 189, p = 0.193). Light phenotype A2B2 was
dominant in all samples. Tergite combination
A2B7 was shared by only Pruta$/ Plateau sample
pair, while phenotype A2B4 was unique for Pla-
teau. In addition, males collected in Lake Skreko
shared one abdomen phenotype with each Lake
Crno (A3BS5), and Savin Kuk (A7B7) sample
(Table 5).

Similarly, phenotypic divergence among spa-
tial female samples was tested using tergites
combinations and revealed no pronounced
spatial differences (Total Inertia = 0.325, > =
128.54, df = 133, p = 0.593). All female samples
had common dominant pattern A1B7 (yellow
A1l morph of the tergite 2 and black B7 morph
of the tergite 3). Phenotypes with smaller col-
oured patches (A1B1, A4B1 and A4B7) also
occurred frequently in collections, while orange
A6BS5 phenotype was unique for the Veliki Stuoc
sample (Table 5).
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Discussion

Pattern of genetic diversity is not
concordant with landscape features

Herewith, weak genetic structuring indicates
ongoing gene flow in E. fenax across sampled
sites on Mt. Durmitor. Using both population-
(Wright’s F value) and individual-based levels
(individual’s genotypes), we found limited (if
any) effects on genetic structuring of E. tenax
since none of the Durmitor samples displayed a
significant degree of genetic differentiation from
one to another. Considered in concert, our results
suggest that the studied sites where droneflies
were sampled exhibit substantial connectivity.
Moreover, an observed lack of isolation by geo-
graphical distance (IBD) is likely to be a result
of the dispersal power of our study species.
Given the continuous distribution of the species

in the study area, and considering that individual
hoverflies are highly dispersive, it was likely that
the data set would not exhibit an IBD pattern.
Furthermore, we studied whether landscape
features and habitat connectivity influenced dis-
persal patterns and genetic structure among natu-
ral conspecific populations as has been previ-
ously reported (Spear et al. 2005, Giordano et
al. 2007). Interestingly, we found that different
landscape features affect patterns of gene flow in
opposite directions (although we found no evi-
dence of distinct genetic breaks in E. tenax). The
Veliki Stuoc peak was associated with increased
genetic distance, thus suggesting a restriction of
gene flow. The Savin Kuk (in the eastern part)
peak, on the other hand, was associated with
genetic-distance troughs, indicating high levels
of gene flow. Similarly, genetic distances of the
Pruta$ region were not as high as in the Veliki
Stuoc region. Beside similar elevation and veg-

Table 5. Abdominal colour pattern frequencies of Eristalis tenax from the Durmitor region. Abdomen colour patterns

were scored following Francuski et al. (2011).

Phenotype Veliki Lake Plateau = Komarnica Savin Pruta$ Lake Lake
Stuoc Crno Kuk Skreko Susicko

Males
A2B2 0.46 0.52 0.22 0.55 0.15 0.26 0.20 0.50
A2B3 0.09 0.14 0.22 0.09 0.15 - - 0.06
A2B4 - - 0.09 - - - - -
A2B5 0.09 0.09 - - 0.15 0.12 0.20 -
A2B7 - - 0.09 - - 0.12 - -
A3B2 - - 0.05 0.09 - - 0.10 0.06
A3B3 - 0.04 0.05 0.27 0.15 0.12 0.10 0.16
A3B4 0.09 - 0.09 - 0.08 0.26 - -
A3B5 - 0.04 - - - - 0.10 -
A4B1 - 0.04 0.09 - - - -
A4B2 0.09 - - - 0.08 - - 0.06
A4B5 0.09 0.09 - - - - - -
A6B5 - 0.04 0.05 - - 0.12 0.20 0.10
A7B7 - - - - 0.08 - 0.10 -
A8B6 0.09 - 0.05 - 0.15 - - 0.06

Females
A1B1 0.09 - - 0.20 0.14 0.06 0.22 0.18
A1B6 - - - - 0.07 - 0.11 0.09
A1B7 0.46 0.53 0.45 0.60 0.30 0.38 0.34 0.55
A4B1 - 0.05 0.1 0.20 0.07 0.12 - -
A4B2 - 0.11 - - 0.21 0.12 - -
A4B6 0.27 - 0.1 - - 0.06 0.11 0.09
A4B7 - 0.10 - - 0.21 0.26 0.22 0.09
A5B7 0.09 0.05 0.22 - - - - -
A6B5 0.09 - - - - - - -
A7B7 - 0.16 0.11 - - - - -
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etation coverage of the analysed mountain peaks,
we also required information if the sites around
peaks differ, and thus have potential impact on
E. tenax population differentiation at this spatial
scale. As detailed information about the habitat
quality and configuration of the surrounding
landscape is lacking, the study of its role is a
subject for future research. Nevertheless, based
on our result, we suspect that different mountain
peaks have similar effects on E. fenax gene flow.
Non-significant F_ estimates among samples
indicate that probably none of the landscape fea-
tures represent impermeable barriers to move-
ment. Generally, complex landscapes with a high
habitat diversity, a high proportion of semi-nat-
ural habitats and small mean patch area should
provide a more continuous supply of nectar
and pollen than structurally simple landscapes
(Beekman & Ratnieks 2000, Steffan-Dewenter
et al. 2002). In addition, the abundance pattern
and dispersal behaviour of species influence the
connectivity of local populations. In this context,
since E. tenax is spread almost evenly at all alti-
tudes and in all types of ecosystems across the
study region (Simi¢ 1987), we assume that Mt.
Durmitor with high amounts of flowering plants
is attractive to, and can support a large number
of the Eristalis flies. The availability of many
habitats for E. fenax and its strong dispersal
capacity might make the study region a more
or less continuous habitat for this species, with
no or only rather weak genetic differentiation.
Such slight genetic structuring in diverse, high
gene-flow species can be ecologically impor-
tant although cannot be detected by conven-
tional methods (Kelly et al. 2010). As gene flow
increases, values of F become small relative to
their confidence intervals (Waples 1998), making
it impossible to assess subtle genetic subdivision
without impractically large sample sizes (Kelly
et al. 2010). Since most previous work on intra-
specific genetic differentiation in Syrphidae has
been based on mitochondrial DNA haplotype
and allozyme variation and focused on longer
time scales in the context of incipient speciation
(e.g. Stahls er al. 2008, Milankov et al. 2008),
further examination should be directed to higher
resolution markers (such as microsatellites) and
to studies at smaller spatial scales (i.e., local or
regional). However, our results support that E.

tenax is capable of moving across heterogeneous
landscape and thus possess sufficient movement
capabilities to maintain moderate to high rates of
gene flow.

Diversity of wing traits and abdominal
colour pattern are in concordance

After characterizing the genetic structure of E.
tenax, we wanted to determine whether flies
collected across the study region differed in
their wing and abdominal morphology. In line
with allozyme analysis, a pattern of wing size
similarity was observed. Likewise, the wing
shape analysis found that there was no way of
separating the samples into groups. The results
seem to indicate that E. tenax inhabiting dif-
ferent landscapes developed very similar wing
shapes and sizes. Similar to genetic data, the
lack of phenotypic structuring in wing traits is
likely to be the result of high mobility of adult
E. tenax flies. However, as long as morpho-
metric traits have much higher environmental
variance (Dujardin 2008) than genetic markers,
they are not appropriate for gene flow estima-
tion. As a consequence, they are not appropri-
ate for estimating the level of migrants. Due to
their sensitivity to diversifying selection among
subpopulations or habitats, they could underes-
timate true levels of migration (Dujardin 2008).
Nonetheless, we consider our findings important
as negative associations between gene flow and
phenotypic divergence are common for many
taxa (e.g. King & Lawson 1995, Henry et al.
2010). Yet, a spatial scale of tens of kilometres
may be too small to accumulate differentiation in
a species as mobile as the dronefly.

A lack of differences E. fenax wing traits in
this study were accompanied by a lack of abdom-
inal colour differentiation. In fact, we found an
overlap between the levels of abdominal colour
variation among the E. tenax samples. With rela-
tively small sample sizes and potentially 23 dif-
ferent abdomen phenotypes, variation in pattern
frequencies is likely to reflect sample size. How-
ever, the distribution of dominant phenotype
patterns was unaffected and differences among
Durmitor samples were not obvious. Compar-
ing females, all samples had common dominant
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pattern A1B7. In males, light phenotypes A2B2,
A3B3 and A3B3 were frequently found through-
out the study region. In addition, it was already
suspected that high mobility of adult E. tenax
flies limits the abdomen colour differentiation
between populations (Heal 1982). A number of
abdomen phenotypes found in analyzed samples
are in concordance with the proposed phenotypic
plasticity of the abdominal colour patterns of
Eristalis species (Heal 1982, Holloway 1993,
Ottenheim et al. 1996). The lack of significant
differences in abdominal variation of the drone-
fly was also observed among temporal samples
of the species (Heal 1989, Francuski et al. 2011),
indicating that seasonal phenotype changes do
not affect the focal phenotype trait. Since vari-
ation in abdominal colour pattern was proposed
concerning the thermoregulatory requirements
of the fly (Heal 1981, Holloway 1993) and pro-
tection from predators as a result of its resem-
blance to the honey bee (e.g. Heal 1982), it
seems reasonable to consider that pigmentation
of adult specimens in our collection is influenced
by the similar temperature experienced during
pre-imaginal stages, or that different pupal treat-
ments have not made a strong effect on hair col-
ouration in E. fenax.

Conservation implication

Genetic and phenotypic evidence presented here
indicates moderate to high level of gene flow
across the Durmitor region, suggesting that hov-
erfly’s dispersal ability is sufficient to establish
gene flow over a network of habitats involv-
ing the whole study region. Thus, our results
may suggest that droneflies are able to maintain
adequate pollination over the Durmitor area and
have some general implications for plant—pol-
linator interactions and gene flow in a land-
scape context. From a conservation perspective,
our data suggest that E. tenax dispersal activ-
ity presumably influence genetic connectivity
of insect-pollinated plant populations and thus
have relevance for conservation of local flora. In
addition, the findings that high-elevation moun-
tain ranges do not restrict dispersal of E. tenax
may contribute to understanding the potential
extent to which the species can facilitate gene

flow among isolated plant populations on high
Durmitor mountain peaks. Although the focus in
conservation is often on endemic organisms that
are at risk of decline or extinction, we agreed
with Mock et al. (2007) that it is also important
to consider organisms that may be favoured by
current environmental changes, such as E. tenax.
Actually, studies of species composition and
interactions indicated that specialized, locally
rare plants tend to be visited by generalized,
locally abundant animals (Vazquez & Aizen
2004, Stang et al. 2007). Therefore, conservation
biologists are concerned with pollinator diversity
and the effects of pollinator extinction on the
reproduction of rare plants and their populations
(Kearns et al. 1998, Biesmeijer et al. 2006).
Such pattern could have implications for conser-
vation and stress the importance of preserving
not only rare species, but also the more abun-
dant ones, such as E. fenax, which may be key
pollinators in the plant flower-visitor network
(Dupont et al. 2003).

Acknowledgement

The authors thank to two anonymous reviewers for con-
structivecomments on an earlier version of this manuscript.
We are also grateful to Dragana Vujkovi¢ for improving the
English. This work was supported in part by the Ministry
of Science of Serbia (Dynamics of gene pool, genetic and
phenotypic variability of populations, determined by the
environmental changes, no. 173012), and the Provincial Sec-
retariat for Science and Technological Development (Molec-
ular and phenotypic diversity of taxa of economical and
epidemiological importance, and endangered and endemic
species in Europe).

References

Andrade, C. A. C., Vieira, R. D., Ananina, G. & Klaczko, L.
B. 2009: Evolution of the male genitalia: morphological
variation of the aedeagi in natural population of Dro-
sophila mediopunctata. — Genetica 135: 13-23.

Aubert, J. & Goeldlin de Tiefenau, P. 1981: Observations
sur les migrations de Syrphides (Dipt.) dans les Alpes
de Suisse occidentale. — Bulletin De La Société Ento-
mologique Suisse 54: 377-388

Baguette, M. & Van Dyck, H. 2007: Landscape connectiv-
ity and animal behaviour: functional grain as a key
determinant for dispersal. — Landscape Ecology 22:
1117-1129.

Beekman, M. & Ratnieks, F. L. W. 2000: Long-range forag-



276

Francuski etal. + ANN.ZOOL.FENNICI Vol.50

ing by the honey-bee, Apis mellifera L. — Funtional
Ecology 14: 490-496.

Biesmeijer, J. C., Roberts, S. P. M., Reemer, M., Ohlemiiller,
R., Edwards, M., Peeters, T., Schaffers, A.P., Potts, S.
G., Kleukers, R., Thomas, C. D., Settele, J. & Kunin, W.
E. 2006: Parallel declines in pollinators and insect pol-
linated plants in Britain and the Netherlands. — Science
313: 351-354.

Binzenhofer, B., Schroder, B., Strauss, B., Biedermann, R. &
Settele, J. 2005: Habitat models and habitat connectivity
analysis for butterflies and burnet moths — the example
of Zygaena carniolica and Coenonympha arcania. —
Biological Conservation 126: 247-259.

Bitner-Mathé, B. C. & Klaczko, L. B. 1999: Heritability,
phenotypic and genetic correlations of size and shape
of Drosophila mediopunctata wings. — Heredity 83:
688-696.

Bohonak, A. 1999: Dispersal, gene flow, and population
structure. — Quarterly Review of Biology 74: 21-45.
Bookstain, F. L. 1991: Morphometric tools for landmark
data: geometry and biology. — Cambridge University

Press, Cambridge.

Cabeza, M. & Moilanen, A. 2003: Site-selection algorithms
and habitat loss. — Conservation Biology 17: 1402-1413.

Conner, J. K. & Hartl, D. L. 2004: A primer to ecological
genetics. — Sinauer, Sunderland, Massachusetts.

Corander, J. & Marttinen, P. 2008: BAPS: Bayesian analysis
of population structure; manual, version 5.2. —Depart-
ment of Mathematics, University of Helsinki, Finland,
Helsinki.

Corander, J., Marttinen, P. & Mantyniemi, S. 2006: A Baye-
sian method for identification of stock mixtures from
molecular marker data. — Fishery Bulletin 104: 550—
558.

Corander, J., Marttinen, P., Siren, J. & Tang, J. 2008:
Enhanced Bayesian modelling in BAPS software for
learning genetic structures of populations. — Bioinfor-
matics 9: 539.

Corander, J., Waldmann, P. & Sillanpdi, M. J. 2003: Baye-
sian analysis of genetic differentiation between popula-
tions. — Genetics 163: 367-374.

De Celis, J. F. 2003: Pattern formation in the Drosophila

wing: the development of the veins. — Bioessays 25:
443-451.

Debinski, D. M. & Holt, R. D. 2000: A survey and overview
of habitat fragmentation experiments. — Conservation

Biology 14: 342-355.
Deussen, O., Hiller, S., van Overveld, C. & Strothotte, T.
2000: Floating points: a method for computing stipple

drawings. Computer Graphics Forum. — Proceedings of

Eurographics 19: 41-51.

Dujardin, J.-P. 2008: Morphometrics applied to medical
entomology. — Infection Genetics and Evolution 8:
875-890.

Dupont, Y. L., Hansen, D. M. & Olesen, J. M. 2003: Struc-
ture of a plant-flower-visitor network in the high-altitude
sub-alpine desert of Tenerife, Canary Islands. — Ecog-
raphy 26: 301-310.

Dusek, J. & Laska, P. 1974: Influence of temperature during
pupal development on the colour of syrphid adults

(Syrphidae, Diptera). — Folia Prirodovedecke fakulty
University J.E. Purkyne 15: 77-81.

Earl, D. A. & vonHoldt, B. M. 2012: STRUCTURE HAR-
VESTER: a website and program for visualizing STRUC-
TURE output and implementing the Evanno method. —
Conservation Genetics Resources 4: 359-361.

Evanno, G., Regnaut, S. & Goudet, J. 2005: Detecting the
number of clusters of individuals using the software
STRUCTURE: a simulation study. — Molecular Ecol-
ogy 14:2611-2620.

Excoffier, L., Laval, G. & Schneider, S. 2005: Arlequin (ver-
sion 3.1): an integrated software package for population
genetics data analysis. — Evolutionary Bioinformatics
1: 47-50.

Francuski, L., Matié, 1., Ludoski, J. & Milankov, V. 2011:
Temporal pattern of genetic and phenotypic variation of
epidemiologically important species Eristalis tenax. —
Medical and Veterinary Entomology 25: 135-147.

Friind, J., Linsenmair, K. E. & Bliithgen, N. 2010: Pollinator
diversity and specialization in relation to flower diver-
sity. — Oikos 19: 1581-1590.

Gilbert, F. S. 1986: Hoverflies. — Cambridge University
Press, Cambridge.

Giordano, A. R., Ridenhour, B. J. & Storfer, A. 2007: The
influence of altitude and topography on genetic structure
in the long-toed salamander (Ambystoma macrodactu-
lym). — Molecular Ecology 16: 1625-1637.

Goudet, J. 2001: FSTAT, a program to estimate and test gene
diversities and fixation indices, ver. 293. — Available at
http://www?2 .unil.ch/popgen/softwares/fstat.htm.

Hanski, 1. 1999: Metapopulation ecology. — Oxford Univer-
sity Press, Oxford.

Heal, J. R. 1979: Colour patterns of Syrphidae: II. Genetic
variation in the dronefly Eistalis tenax. — Heredity 42:
223-236.

Heal, J. R. 1981: Colour patterns of Syrphidae: III. Sexual
dimorphism in Eristalis arbustorum. — Ecological
Entomology 6: 119-127.

Heal, J. R. 1982: Colour patterns of Syrphidae: IV. Mimicry
and variation in natural populations of Eristalis tenax. —
Heredity 49: 95-109.

Heal, J. R. 1989: Variation and seasonal changes in hover-
fly species: interactions between temperature, age and
genotype. — Biological Journal of the Linnean Society
36: 251-269.

Henry, A., Thongsripong, P., Fonseca-Gonzalez, 1., Jara-
millo-Ocampo, N. & Dujardin, J.-P. 2010: Wing shape
of dengue vectors from around the world. — Infection
Genetics and Evolution 10: 207-214.

Holderegger, R., Kamm, U. & Gugerli, F. 2006: Adaptive
vs. neutral genetic diversity: implications for landscape
genetics. — Landscape Ecology 21: 797-807.

Holloway, B. A. 1976: Pollen-feeding in hoverflies (Diptera:
Syrphidae). — New Zealand Journal of Zoology 3:
339-350.

Holloway, G. J. 1993: Phenotypic variation in colour pattern
and seasonal plasticity in Eristalis hoverflies (Diptera:
Syrphidae). — Ecological Entomology 18: 209-217.

Jauker, F. & Wolters, V. 2008: Hover flies are efficient pol-
linators of oilseed rape. — Oecologia 156: 819-823.



ANN.ZOOL.FENNICI Vol.50 -

Landscape genetics of Eristalis tenax 277

Jauker, F., Bondarenko, B., Becker, H. C. & Steffan-
Dewenter, 1. 2012: Pollination efficiency of wild bees
and hoverflies provided to oilseed rape. — Agricultural
and Forest Entomology 14: 81-87.

Jauker, F., Diekotter, T. & Schwarzbach, F. 2009: Pollinator
dispersal in an agricultural matrix: opposing responses
of wild bees and hoverflies to landscape structure and
distance from main habitat. — Landscape Ecology 24:
547-555.

Jensen, J. L., Bohonak, A. J. & Kelley, S. T. 2005: Isolation
by distance, web service. — BMC Genetics 6: 13.

Kearns, C. A., Inouye, D. W. & Waser, N. M. 1998: Endan-
gered mutualisms: the conservation of plant-pollinator
interactions. — Annual Review of Ecology and System-
atics 29: 83-112.

Kelly, R. P., Oliver, T. A., Sivasundar, A. & Palumbi, S. R.
2010: A method for detecting population genetic struc-
ture in diverse, high gene-flow species. — Journal of
Heredity 101: 423-436.

King, R. B. & Lawson, R. 1995: Color-pattern variation in
Lake Erie water snakes: the role of gene flow. — Evolu-
tion 49: 885-896.

Kolliker-Ott, U. M., Blows, M. W. & Hoffmann, A. A. 2003:
Are wing size, wing shape and asymmetry related to
field fitness to Trichogramma egg parasitoids? — Oikos
100: 563-573.

Lange, R., Diekétter, T., Schiffmann, L. A. & Wolters, V.
2012: Matrix quality and habitat configuration interac-
tively determine functional connectivity in a widespread
bush cricket at a small spatial scale. — Landscape Ecol-
ogy 27: 381-392.

Lange, R., Durka, W., Holzhauer, I. J., Wolters, V. & Diekot-
ter, T. 2010: Differential threshold effects of habitat
fragmentation on gene flow in two widespread species
of bush crickets. — Molecular Ecology 19: 4936-4948.

Louy, D., Habel, J. C., Schmitt, T., Assmann, T., Meyer,
M. & Miiller, P. 2007: Strongly diverging population
genetic patterns of three skipper species. The role of
habitat fragmentation and dispersal ability. — Conserva-
tion Genetics 8: 671-681.

Loxdale, H. D. & Lushai, G. 2001: Use of genetic diversity
in movement studies of flying insects. — In: Woiwod, I.
P.,Reynolds, D. R. & Thomas, C. D. (eds.), Insect move-
ments: mechanisms and consequences: 361-386. Royal
Entomological Society 20th International Symposium,
Imperial Colledge, London, 13-14 September 1999,
Wallingford, Oxon, CAB International.

Manel, S., Schwartz, M., Luikart, G. & Taberlet, P. 2003:
Landscape genetics: combining landscape ecology and
population genetics. — Trends in Ecology and Evolution
18: 189-197.

Mantel, N. 1967: The detection of disease clustering and a
generalized regression approach. — Cancer Research
27: 209-220.

Matta, B. P. & Bitner-Mathé, B. C. 2004: Genetic architec-
ture of wing morphology in Drosophila simulans and
an analysis of temperature effects on genetic parameter
estimates. — Heredity 93: 330-341.

McCall, C. & Primack, R. B. 1992: Influence of flower char-
acteristics, whether, time of day, and season on insect

visitation rates in three plant communities. — American
Journal of Botany 79: 434—442.

Mezey, J. G. & Houle, D. 2005: The dimensionality of
genetic variation for wing shape in Drosophila mela-
nogaster. — Evolution 59: 1027-1038.

Mezey, J. G., Houle, D. & Nuzhdin, S. V. 2005: Naturally
segregating quantitative trait loci affecting wing shape of
Drosophila melanogaster. — Genetics 169: 2101-2113.

Milankov, V., Stéhls, G., Stamenkovi¢, J. & Vuji¢, A. 2008:
Genetic diversity of populations of Merodon aureus and
M. cinereus species complexes (Diptera, Syrphidae):
integrative taxonomy and implications for conservation
priorities on the Balkan Peninsula. — Conservation
Genetics 9: 1125-1137.

Miller, M. P. 2005: Alleles In Space (AIS): computer soft-
ware for the joint analysis of interindividual spatial
and genetic information. — Journal of Heredity 96:
722-724.

Mitchell, R. J., Karron, J. D., Holmquist, K. G. & Bell, J. M.
2004: The influence of Mimulus ringens floral display
size on pollinators visitation patterns. — Functional
Ecology 18: 116-124.

Mock, K. E., Bentz, B. J., O’Neill, E. M., Chong, J. P.,
Orwin, J. & Pfrender, M. E. 2007: Landscape-scale
genetic variation in a forest outbreak species, the moun-
tain pine beetle (Dendroctonus ponderosae). — Molecu-
lar Ecology 16: 553-568.

Morais, S. A., Moratore, C., Suesdek, L. & Marrelli, M. T.
2010: Genetic-morphometric variation in Culex guin-
quefasciatus from Brasil and La Plata, Argentina. —
Memorias do Instituto Oswaldo Cruz 105: 672-676.

Mun, J. H., Song, Y. H., Heong, K. L. & Roderick, G. K.
1999: Genetic variation among Asian populations of
rice planthoppers, Nilaparvata lugens and Sogatella
furcifera (Hemiptera: Delphacidae): mitochondrial DNA
sequences. — Bulletin of Entomological Research 89:
245-253.

Munstermann, L. E. 1979: Isozymes of Aedes aegypti: phe-
notypes, linkage, and use of genetic analysis of sympat-
ric population in East Africa. — Ph.D. thesis, University
of Notre Dame, Notre Dame.

Ohashi, K., Thomson, J. D. & D’souza, D. 2007: Trapline
foraging by bumble bees: IV. Optimization of route in
the absence of competition. — Behavioral Ecology 18:
1-11.

Ohashi, K. & Thomson, J. D. 2009: Trapline foraging by
pollinators: its ontogeny, economics, and possible conse-
quences for plants. — Annals of Botany 103: 1365-1378.

Ottenheim, M. M., Volmer, A. D. & Holloway, G. J. 1996:
The genetics of phenotypic plasticity in adult abdominal
colour pattern of Eristalis arbustorum (Diptera: Syrphi-
dae). — Heredity 77: 493—499.

Pasteur, N., Pasteur, G., Bonhomme, F., Catalan, J. & Brit-
ton-Davidian, J. 1988: — Practical isozyme genetics.
Ellis Horwood Limited, Chichester.

Pérez-Banoén, C., Juan, A., Petanidou, T., Marcos-Garcia, M.
A. & Crespo, M. B. 2003: The reproductive ecology of
Medicago citrina (Font Quer) Greuter (Leguminosae):
a bee-pollinated plant in Mediterranean islands where
bees are absent. — Plant Systematics and Evolution 241:



278

Francuski etal. + ANN.ZOOL.FENNICI Vol.50

29-46.

Pérez-Baiion, C., Petanidou, T. & Marcos-Garcia, M. A.
2007: Pollination in small islands by occasional visitors:
the case of Daucus carota subsp. commutatus (Apiacae)
in the Columbretes archipelago, Spain. — Plant Ecology
192: 133-151.

Pritchard, J. K., Stephens, M. & Donnelly, P. 2000: Inference
of population structure using multilocus genotype data.
— Genetics 155: 945-959.

Pulliam, H. R. 1988: Sources, sinks, and population regula-
tion. — American Naturalist 132: 652-661.

Rader, R., Edwards, W., Westcott, D. A., Cunningham, S. A.
& Howlett, B. G. 2011: Pollen transport differs among
bees and flies in a human-modified landscape. — Diver-
sity and Distributions 17: 519-529.

Rader, R., Howlett, B. G., Cunningham, S. A., Westcott, D.
A., Newstrom-Lloyd, L. E., Walker, M. K., Teulon, D.
A. J. & Edwards, W. 2009: Alternative pollinator taxa
are equally efficient but not as effective as the honeybee
in a mass flowering crop. — Journal of Applied Ecology
46: 1080-1087.

Reeve, M. W., Fowler, K. & Partridge, L. 2000: Increased
body size confers greater fitness at lower experimental
temperature in male Drosophila melanogaster. — Jour-
nal of Evolutionary Biology 13: 836—844.

Rohlf, F. J. 2004: tpsDig — Thin plate spline digitizer, ver-
sion 1.40. — State University of New York at Stony
Brook, New York.

Rohlf, F. J. 2006: tpsRelw — Thin plate spline relative warp,
version 1.44. — State University of New York at Stony
Brook, New York.

Rohlf, F. J., Loy, A. & Corti, M. 1996: Morphometric analy-
sis of old world talpidae (Mammalia, Insectivora) using
partial-warp scores. — Systematic Biology 45: 344-362.

Roland, J. & Taylor, P. D. 1997: Insect parasitoid species
respond to forest structure at different spatial scales. —
Nature 386: 710-713.

Rousset, F. 1997: Genetic differentiation and estimation of
gene flow from F-statistics under isolation by distance.
— Genetics 145: 1219-1228.

Sergio, F. & Pedrini, P. 2007: Biodiversity gradients in the
Alps: overriding importance of elevation. — Biodiver-
sity and Conservation 16: 3243-3254.

Simi¢, S. 1987: The fauna of Durmitor, 2: Syrphidae (Insecta,
Diptera), a biogeographical and ecological analyses of
the hoverflies of Durmitor with a survey of the hoverflies
of Montenegro. — CANU, Titograd.

Slatkin, M. 1987: Gene flow and the geographic structure of
natural populations. — Science 236: 787-792.

Spear, S. F., Peterson, C. R., Matocq, M. D. & Storfer, A.
2005: Landscape genetics of the blotched tiger salaman-
der (Ambystoma tigrinum melanostictum). — Molecular
Ecology 14: 2553-2564.

Ssymank, A., Kearns, C. A., Pape, T. & Thompson, F. C.
2008: Pollinating flies (Diptera): a major contribution to

plant diversity and agricultural production. — Biodiver-
sity 9: 86-89.

Stahls, G., Vuji¢, A. & Milankov, V. 2008: Cheilosia vernalis
(Diptera, Syrphidae) complex: molecular and morpho-
logical variability. — Annales Zoologici Fennici 45:
149-159.

Stang, M., Klinkhamer, P. G. L. & van der Meijden, E. 2007:
Asymmetric specialization and extinction risk in plant-
flower visitor webs: a matter of morphology or abun-
dance? — Oecologia 151: 442-453.

Steffan-Dewenter, I. & Kuhn, A. 2003: Honeybee foraging in
differentially structured landscapes. — Proceedings of
the Royal Society of London B 270: 569-575.

Steffan-Dewenter, 1., Miinzenberg, U. & Tscharntke, T. 2001:
Pollination, seed set and seed predation on a landscape
scale. — Proceedings of the Royal Society of London B
268: 1685-1690.

Steffan-Dewenter, 1., Miinzenberg, U., Buerger, C., Theies,
C. & Tscharntke, T. 2002: Scale-dependent effects of
landscape context on three pollinator guilds. — Ecology
83: 1421-1432.

Stevens, V. M., Verkenne, C., Vandewostijne, S., Wesselingh,
R. A. & Baguette, M. 2006: Gene flow and functional
connectivity in the natterjack toad. — Molecular Ecol-
ogy 15:2333-2344.

Swofford, D. L. & Selander, R. B. 1989: BIOSYS-2: a com-
puter program for the analysis of allelic variation in
genetics. — University of Illinois at Urbana-Champaign,
Urbana IU.

Van Dyck, H. & Baguette, M. 2005: Dispersal behaviour in
fragmented landscapes: routine or special movements?
— Basic and Applied Ecology 6: 535-545.

Vazquez, D. P. & Aizen, M. A. 2004: Asymmetric specializa-
tion: a pervasive feature of plant-pollinator interactions.
— Ecology 85: 1251-1257.

Wang, I. J., Savage, W. K. & Shaffer, H. B. 2009: Land-
scape genetics and least-cost path analysis reveal unex-
pected dispersal routes in the California tiger salamander
(Ambystoma californiense). — Molecular Ecology: 18:
1365-1374.

Waples, R. S. 1998: Separating the wheat from the chaff: pat-
terns of genetic differentiation in high gene flow species.
— Journal of Heredity 89: 438-450.

Wright, S. 1951: The genetical structure of populations. —
Annals of Eugenics 15: 323-354.

Zhu, L. & Lou, A. 2010: Mating system and pollination
biology of a high-mountain perennial plant, Rhodiola
dumulosa (Crassulaceae). — Journal of Plant Ecology
3:219-227.

Zoller, H., Lenzin, H. & Erhardt, A. 2002: Pollination and
breeding system of Eritrichium nanum (Boraginacea).
— Plant Systematics and Evolution 233: 1-14.

Zych, M. 2007: On flower visitors and true pollinators: The
case of protandrous Heracleum sphondylium L. (Api-
acae). — Plant Systematics and Evolution 263: 159-179.

This article is also available in pdf format at http://www.annzool.net/



