
INTRODUCTION

Global warming is likely to have highly diverse effects
on species. Range shift is one example. Among insects,
the highly mobile Odonata show strong responses (Hick-
ling et al., 2005). However, range shifts are frequently
recorded for taxa with intermediate dispersal abilities,
such as most butterflies (Parmesan et al., 1999) and even
insect groups with many flightless species, like Ortho-
ptera (Reinhardt et al., 2005). In addition to species with
passive dispersal (Fartmann, 2004) there are species that
have a high flight ability (Kleukers et al., 1996; Ko árek
et al., 2008) or a well developed wing dimorphism (Sim-
mons & Thomas, 2004; Hochkirch & Damerau, 2009).

This study focuses on the latter dispersal strategy. Wing
dimorphism means that in addition to the predominantly
short-winged individuals (brachypters), long-winged indi-
viduals (macropters) are also regularly produced (Harri-
son, 1980; Zera & Denno, 1997). Until the mid-20th
century, macropters of wing-dimorphic Orthoptera were
rarely recorded in Europe (Ramme, 1931). Currently
macropters occur significantly more frequently (Gardiner,
2009) and populations with more than 20% macropters
are no longer a rarity (Gardiner, 2008; Poniatowski &
Fartmann, 2008). Climate change with increasing tem-
peratures promotes the survival of young nymphs and
leads to high population densities (Poniatowski & Fart-
mann, 2011). Crowding is assumed to be the main driver
of macroptery (Poniatowski & Fartmann, 2009, 2011).
Hence, many researchers assign macropters an important

role in dispersal (Simmons & Thomas, 2004; Gardiner
2009; Hochkirch & Damerau, 2009).

Although the mobility of many species of Orthoptera
has been studied (Kindvall et al., 1998; Leisnham &
Jamieson, 2002; Hein et al., 2003; Gardiner & Hill, 2004;
Diekötter et al., 2005), nothing is known about the loco-
motory behaviour of macropters. Indeed, observations on
the flight of long-winged individuals suggest that this
morph is much more mobile than its short-winged con-
specifics (Higaki & Ando, 2003; Smith, 2007; Gardiner,
2008). This assumption is supported by indirect evidence
such as genetic analyses and records of single macropters
occurring far from the nearest population (Hochkirch &
Damerau, 2009; Wissmann et al., 2009).

The factors determining dispersal are highly complex.
For instance, corridors (Berggren et al., 2002), type of
habitat (Hein et al., 2003, Schuhmacher & Fartmann,
2003), landscape structure (Diekötter et al., 2007), man-
agement (Berggren, 2004) and population density (Brun-
zel, 2002) can promote individual movement. Sex (Mason
et al., 1995; Walters et al., 2006) and wing morph (Sim-
mons & Thomas, 2004; Hochkirch & Damerau, 2009)
may also have a strong effect on mobility and dispersal.
However, how and to what extent wing morphs differ in
their locomotory behaviour is still unclear. To be able to
predict potential range shifts it is necessary to know the
dispersal potential of macropters.

Therefore, a study was designed to investigate the loco-
motory behaviour of a wing-dimorphic insect: Metrio-

ptera roeselii, a widespread bush-cricket (Maas et al.,
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Abstract. Range shifts are among the most conspicuous effects of global warming. Marked changes in distribution are recorded both
for highly mobile species of insects, which are capable of flight, and wing-dimorphic species with predominantly short-winged indi-
viduals. One of these species is the bush-cricket Metrioptera roeselii, which occasionally produces long-winged individuals. How-
ever, there is little known about the locomotory behaviour of wing-dimorphic insects. Yet to be able to predict potential range shifts
it is necessary to know the dispersal potential of macropters. Therefore, an experiment was conducted in which individually marked
M. roeselii were released at four sites. Different movement parameters, such as daily movement, activity radius, dispersal range, net
displacement and crowding rate, were calculated. The statistical analyses showed that the movement of long-winged and short-
winged individuals did not differ, but the percentage of individuals that were not seen again was twice as high for long-winged bush-
crickets. These results suggest that most of the long-winged individuals that were seen again did not fly; i.e., they had the same basic
mobility as the short-winged individuals. However, the comparatively low number of long-winged individuals that were seen again
suggests that at least some macropters are long-distance dispersers, which is relevant for the dispersal process. The comparison of
sexes showed that males were significantly more mobile than females. This sex-specific locomotory behaviour in M. roeselii might
depend on a complex series of social interactions and physiological conditions.
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2002), which regularly produces long-winged individuals
(Poniatowski & Fartmann, 2009, 2011). This species is an
ideal model system for studying wing dimorphism as it is
currently expanding its range in large parts of central
Europe (Simmons & Thomas, 2004; Wissmann et al.,
2009). To compare the locomotory behaviour of long-
and short-winged individuals, a marking experiment was
conducted. Individually marked M. roeselii were released
at four sites with suitable habitats and a similar vegetation
structure. Different movement parameters were calcu-
lated. The dispersal potential of long-winged M. roeselii

was evaluated and its relevance for range expansion dis-
cussed.

MATERIAL AND METHODS

Study species

Roesel’s bush-cricket Metrioptera roeselii (Hagenbach, 1822)
(Orthoptera: Tettigoniidae) is a medium-sized bush-cricket,
13–26 mm in length and predominantly short-winged (Marshall
& Haes, 1988). However, in recent years long-winged indi-
viduals (macropterous form), which are capable of flight, have
been regularly recorded (Gardiner, 2009; Poniatowski & Fart-
mann, 2011). M. roeselii is a typical species of agricultural land-
scapes colonising a variety of different habitats (e.g., grassland,
fallow land and road verges) (Marshall & Haes, 1988; Kleukers
et al., 1997) in which the vegetation is of intermediate height
(Poniatowski & Fartmann, 2005). Population densities reach
values between 0.7 and 11 adults/10 m² (Nstudies = 5) (reviewed
by Ingrisch & Köhler, 1998).

Study area

The marking experiment was carried out in the military
training area “Handorf Ost” (HE), located in north-western Ger-
many (51°59´N/7°43´E). The study area of about 320 ha is a
plain (~ 55 m a.s.l.), which is characterized by a patchwork of
different nutrient-poor habitats such as semi-dry, mesic and wet
grassland (Fleischer et al., 2010). Other typical habitats are
hedges, shrubbery and small forests.

Experimental design

During the summer of 2009, a total of 288 brachypterous
(short-winged) and macropterous (long-winged) individuals of
M. roeselii were collected at five sites close to the study area.
All of them were marked with reflective material (3M Scotchlite
7610 high gain) so that they could be located at night by using a
headlamp (Heller & von Helversen, 1990). Marking was done
by gluing small pieces (2.5 mm in diameter) of reflective tape
on the paranota (Kindvall, 1999; Fig. 1). This modified marking
technique was used because bush-crickets that were marked by
fixing the reflective tape around the hind femur (Heller & von
Helversen, 1990) tried to bite off their hind legs. In addition,
individuals of M. roeselii were marked individually with
honey-bee markers on the dorsum of the pronotum (Ingrisch &
Köhler, 1998; Kindvall, 1999; Fig. 1). Uhu instant adhesive
without solvent and pungent vapours, was used as the adhesive,
as recommended by Ingrisch & Köhler (1998). All individuals
of M. roeselii were captured just before the start of the experi-
ment and kept individually in cool boxes before and after
marking (Hein et al., 2003; Diekötter et al., 2005, 2007).

For the marking experiment four sites (HE1–4) were chosen
all of which were unimproved grassland with a similar vegeta-
tion structure and a suitable habitat for M. roeselii. The species
was present at these sites at low densities (less than 1 adult/10
m²). The marked animals were released at these sites in the
summer of 2009 at 10.30 pm (19 July at HE1–HE3 and 5

August at HE4). At each site 72 marked individuals of M. roe-

selii (36 brachypters, 36 macropters) were released within a
radius of 1 m around each release point. On the following 11
nights, using headlamps the area within a radius of 300 m, and
occasionally within a radius of 500 m, around each release point
was searched carefully for marked individuals (Diekötter et al.,
2005, 2007). No marked individuals were found outside the 300
m radius during the entire study period. The maximum distance
a marked individual was found from a release point was 183 m.
The position of each individual that was seen again was
recorded using differential GPS (Garmin GPS-60 with an
external RTCM-decoder), which has an accuracy of ~ 1.5 m.
During this procedure care was taken not to disturb the animals.
Long-term activity of the bush-crickets was measured weekly
for an additional two weeks.

Statistical analyses

The linear movement parameters listed in Table 1 were calcu-
lated. To compare means of different movement parameters
between sexes, an independent t test for unpaired samples and a
dependent t test for paired samples were used. The relationship
between the number of individuals that were not seen again
(proportional response variable) and wing morph were analyzed
using a binominal generalized linear model (GLM) with a two-
vector response variable (for details see Crawley, 2007). Gener-
alized linear mixed-effects models (GLMM: lmer, Bates et al.,
2008) were conducted to analyze the effect of wing morph (bra-
chypters vs. macropters) and sex (females vs. males) on the
locomotory behaviour of M. roeselii. Origin of the bush-crickets
and release site were random factors in all GLMMs. A quasi-
Poisson error structure was used to counteract over-dispersion.
The significance of the predictor variables were assessed using
likelihood ratio tests (Type III test).

Statistical analyses were performed using R-2.9.0 (R Devel-
opment Core Team, 2009) and SPSS 11.5 statistical packages.

RESULTS

Percentage of the marked individuals that were seen

again

The percentages of marked individuals that were seen
again at HE1, HE3 and HE4 were high (Fig. 2). Although
there were some sharp declines on rainy and sunless days,
35% or more of the released individuals were seen on the
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Fig. 1. Long-winged individual of Metrioptera roeselii (&),
marked with reflective material on the paranota and a numbered
plastic plate on the dorsum of the pronotum.



11th day. One week later the percentages were 20 to 30%.
The day-to-day percentages (from the 2nd day of moni-
toring) were  85% until the 11th day. By contrast, the
percentage seen again at HE2 was rather low (Fig. 2). On
the fifth day only 18% of the released individuals were
seen. Therefore, the mobility recorded at HE2 was not
included in the analysis.

The percentage of individuals not seen again differed
significantly between wing morphs (GLM: Estimate =
1.0953; SE = 0.1525; Z = 7.184; P < 0.001; Pseudo R²
[McFadden] = 0.28): for long-winged (50% ± 12.3 SE)
bush-crickets the mean percentage was twice that of
short-winged (25.2% ± 9.9 SE) individuals (Fig. 3).

Patterns of movement

The results of the GLMMs revealed that long-winged
and short-winged individuals did not differ in their loco-
motory behaviour (Table 2). In only one of the six move-

ment parameters the short-winged individuals that were
seen again had a higher dispersal range than long-winged
individuals. In contrast, sexes differed in all the move-
ment parameters (Table 2). Males were significantly more
mobile than females (Table 2 and Fig. 4). Mean daily

movement ranged from 1.5 to 17 m (mean: 7.3 m ± 0.4
SE) for females and from 3.5 to 25.5 m (mean: 9.9 m ±
0.5 SE) for males (Fig. 4a). In both sexes, the mean
maximum daily movement was approximately twice as
high as the mean daily movement, ranged from 3 to 54.6
m (mean: 13.2 m ± 1.1 SE) for females and from 4.5 to
73.1 m (mean: 22.3 m ± 1.7 SE) for males (Fig. 4b). The
maximum value of the mean activity radius and dispersal

range was 144.4 m for a long-winged female and 126.8 m
for a short-winged male. However, the means of both
these parameters were much lower (Fig. 4c and d).

Males were significantly more mobile in the first two
days following their release than in the following days
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a To avoid a possible distortion of the data due to translocation (Heidinger et al., 2009) and/or crowding effects (Brunzel, 2002) the
calculations do not include the daily movement recorded in the first two days.
b Caution: DR depends strongly on the duration of the study, which in this case was a maximum of 25 days.
* Only individuals with at least 2 straight-line distances are included in the calculation.
1 – Diekötter et al. (2005); 2 – Diekötter et al. (2007); 3 – Samietz & Berger (1997); 4 – Self produced.

4
distance between the release point and the position of the released

individual after 3 days divided by 3
CRCrowding rate

2
distance between release point and the point at which it was last seen
divided by the number of days between release and the last sighting

NDRNet displacement rate

1, 3greatest distance between any two records for one individualDRDispersal rangeb

1, 3
arithmetic mean of all straight-line distances between release point

and all further observation points for one individual
MARMean activity radius

4greatest distance between the records on two consecutive daysMaxDMMaximum daily movementa

1, 2, 3
arithmetic mean of all straight-line distances* between consecutive

daily records for an individual, even if the record is incomplete
MDMMean daily movementa

SourceDefinitionAbbreviationMovement parameter

TABLE 1. Definitions of the movement parameters.

Fig. 2. Percentages of marked individuals that were seen again (dark grey) and those seen again only on one of the following days
(grey). The number of individuals released was n = 72 (= 100%) at each of the four sites (HE1–4). Arrows indicate rainy days with
more than 20 mm precipitation or sunless days with less than 1 hour sunshine. For HE1 and HE2 there is no data for the first day,
because the differential GPS was defective on that day.



(Fig. 5a). The same pattern was recorded for females, but
it was less marked: females on the first day were dis-
tinctly more mobile than in the following days (Fig. 5b).
Both the net displacement and crowding rate differed
between the sexes (Fig. 6). While net displacement rate

was low and ranged from 0.4 to 9.8 m for females (mean:
1.9 ± 0.4 SE) and from 0.1 to 19.4 m for males (mean: 3.1
± 0.4 SE), crowding rate was much higher and ranged
from 1.3 to 24 m for females (mean: 6.6 ± 0.8 SE) and
from 0.5 to 38.8 m for males (mean: 8.7 ± 1 SE).

DISCUSSION

Percentage of the marked individuals that were seen

again

The percentages of marked individuals seen again are
comparable with those recorded in other studies on
Orthoptera (Heller & von Helversen, 1990; Kindvall et

al., 1998; Diekötter et al., 2005, 2007). Marking with
reflective material has resulted in day-to-day percentages
of individuals seen again of more than 80% (Hein et al.,
2003; Heidinger et al., 2009). A more or less steady
decrease in the percentage seen again over time (Hein et
al., 2003; Diekötter et al., 2007) due to mortality and emi-
gration (Heller & von Helversen, 1990; Narisu et al.,
1999) is typical. The loss of the marks, which is common
when reflective material is fixed to the femur (Heller &
von Helversen, 1990; Hein et al., 2003), was not observed
during this study and is thus unlikely to have affected the
results.

The percentages of marked individuals seen again were
low at HE2, possibly a result of low habitat quality,
which can affect patterns of movement and the likelihood
of marked individuals being seen again (Gardiner & Hill,
2004). In the case of HE2, the lack of hiding sites in the
low-growing vegetation might even have lead to a higher
predation rate as recorded in other studies (Hein et al.,
2003; Diekötter et al., 2007). Carrion crows (Corvus

corone), in particular, were often observed foraging at
this site and were more abundant there than at any of the
other release sites.

Patterns of movement of long-winged and

short-winged individuals

Even though long-winged individuals are able to fly
(Smith, 2007; Gardiner, 2008) the pattern of movement of
both long- and short-winged individuals were similar.
This surprising result indicates that most of the long-
winged individuals that were seen again did not use their
wings to fly. There are several possible reasons for this
behaviour: (i) unfavourable weather conditions, which
prevented them from flying (cf. Köhler, 2002). During
this study there were periods when the maximum tem-
peratures went above 25°C, however, it is unknown if this
is sufficient to induce flight. Secondly (ii), the bush-
crickets did not experience crowding during this study,
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< 0.00010.77760.44600.3468sex: males
CR

< 0.00011.7710.30690.5434sex: males
NDR

< 0.0001–0.37761.1763–0.4441wing: macropters
< 0.00010.69960.76200.5331sex: males

DR
< 0.00010.51330.77120.3958sex: males

MAR
< 0.00010.910.52140.4744sex: males

MaxDM
< 0.00011.2720.24300.3090sex: males

MDM
PTSEEstimate

TABLE 2. Statistics of GLMM (quasi-Poisson): Relationships
between different movement parameters (response variables)
and several predictor variables (sex and wing morph). Non-
significant predictors are not shown. For abbreviations see
Table 1.

Fig. 3. Percentage of individuals not seen again (mean ± SE);
calculated from the 2nd day of the experiment (nrelease points = 4).
Differences were analyzed using a binomial generalized linear
model (GLM): ***P < 0.001. For details see material and meth-
ods.

Fig. 4. Differences in the movement parameters recorded for
females (f) (nsample size = 49) and males (m) (nsample size = 77). Inde-
pendent t test for differences: *P < 0.05, ***P < 0.001. For
abbreviations see Table 1.



population densities were only high on the first day after
release, after which the bush-crickets were well-distri-
buted and moved little. Thirdly (iii), the wing muscles
were non-functional, it is conceivable that some long-
winged M. roeselii histolyze their flight muscles, as
recorded for Gryllidae (cf. Shiga et al., 1991; Zera et al.,
1997); i.e. they were flightless because prior to the
experiment they flew and then switched to investing the
energy obtained from food, almost exclusively, to repro-
duction (Mole & Zera, 1993; Tanaka & Suzuki, 1998).

However, the comparatively low number of long-
winged individuals that were seen again indicates a high

dispersal potential of at least some long-winged bush-
crickets (Fig. 3). This assumption is supported by many
observations of long-winged individuals at locations far
from the nearest population (e.g. Gardiner, 2009; Wiss-
mann et al., 2009; Poniatowski, pers. observ.). Genetic
analyses by Hochkirch & Damerau (2009) reveal that
some long-winged individuals of M. roeselii move up to
19 km from source populations. In conclusion, sedentary
long-winged individuals have the same mobility as short-
winged individuals, but some macropters probably dis-
perse over long-distances and colonize other suitable
habitats.

Patterns of movement of males and females

The density-dependent dispersal documented for M.
roeselii, is common in many taxa (Lambin et al., 2001)
and recorded for the sibling species, M. brachyptera

(Brunzel, 2002): crowded individuals are more mobile
than unstressed individuals. However, the results of this
study reveal that the effect of crowding lasts only for a
short time after release; in females just for the first day
and males for the first two days. After that a high per-
centage of the marked insects had dispersed into the sur-
rounding area and the densities at the release point
declined to a level when they no longer experienced
crowding. That the locomotory behaviour in response to
crowding of the different sexes differs, accords with that
recorded by Diekötter et al. (2005). According to their
study, when males are crowded they have a stronger ten-
dency to avoid each other than females. However, these
sex-specific differences were not only observed in
crowded but also in un-crowded situations where the indi-
viduals were more evenly distributed (Fig. 4: MDM and
MaxDM).

That the males were more mobile than females accords
with the results of many other studies and is a common
phenomenon in Orthoptera (Mason et al., 1995; Samietz
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Fig. 5. Mean movement per day (± SE), measured over 11 consecutive days, for (a) males and (b) females. Error bars capped with
different letters indicate significant differences (analyzed using GLM with a quasi-Poisson error structure).

Fig. 6. Comparison of the net displacement rate (NDR) and
crowding rate (CR) for females (n = 38) and males (n = 67).
Dependent t test for differences: ***P < 0.001.



et al., 1996; Maes et al., 2006; Walters et al., 2006; Heid-
inger et al., 2009). However, there are several studies that
record no differences between sexes (Kindvall, 1999;
Brunzel, 2002; Diekötter et al., 2005), including the study
on M. roeselii carried out by Kindvall et al. (1998). At 9.0
m for males and 7.8 m for females, the mean daily move-

ment values recorded by Kindvall et al. (1998), however,
are similar to the results presented here (males: 9.9 m,
females: 7.3 m).

One reason for the different patterns of movement
could be differences in the sex-specific behaviour after
mating. Males might be more mobile because they search
for unmated females in order to increase the likelihood of
producing offspring. In contrast, females, once mated,
usually can find all the resources they need, such as ovi-
position sites, close by. Moreover, acoustic interactions
may play a crucial role (Berggren, 2005). Although male
singing functions primarily to attract females (Gwynne,
2001), it has also a strong influence on the behaviour of
other males (Weidemann et al., 1990; Berggren, 2005).
One reason might be acoustic interference (Latimer,
1981). Weak-singing individuals whose songs are super-
posed by those of other individuals tend to leave the prox-
imity of dominant males (Bailey & Morris, 1986). In
addition to social interactions, the body weight of the
sexes might affect mobility (Mason et al., 1995; Walters
et al., 2006). Females of M. roeselii are generally larger
and thus heavier than males, particularly when they are
gravid. However, the stronger tendency of males to dis-
perse may also be an inherent behavioural trait (Walters
et al., 2006). In conclusion, the sex-specific locomotory
behaviour of M. roeselii has probably different causes. It
might depend on a complex series of social interactions
and physiological conditions.
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