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The study of movements of individual organisms in heterogeneous environments is of primary impor-
tance for understanding the effect of habitat composition on population patterns. We developed a new
experimental methodology to measure individual movements of walking insects, based on radiotracking.
Our aims were to understand the link between habitat heterogeneity and moving patterns, and to
characterize the movements with dynamic models of diffusion. We tracked individual movements of
adults of Cosmopolites sordidus (Coleoptera: Curculionidae) with passive radio frequency identification
(RFID) tags under different field management practices. Diffusion models based on recapture data
indicated a subdiffusive movement of this species. Substantial variation was found between individual
paths, but this variation was not sex dependent. Movement of released C. sordidus was affected by
banana planting pattern and the presence/absence of crop residues but not by the presence of a cover
crop between rows of bananas or by banana variety. These results show that the RFID technology is
useful for evaluating the dispersal parameters of cryptic insects in heterogeneous environments.
� 2010 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The dispersal of individuals is a fundamental process affecting
the metapopulation dynamics of organisms (Chapman et al. 2007).
Dispersal affects foraging choices, habitat selection and home
ranges (Clobert et al. 2004); it allows population spread and
redistribution between patches of suitable habitat (Stacey & Taper
1992; Doak 2000); it varies according to size, geometry and suit-
ability of patches (Tscharntke et al. 2002; Kreyer et al. 2004); and it
explains some of the spatial patterns of populations, such as
clumping (Lopes et al. 2007; Vandermeer et al. 2008). Good
measurements of individual dispersal behaviour in the wild are
therefore needed to address these ecological processes (Samietz &
Berger 1997). Movement processes inform the foraging ecology of
organisms (Ramos-Fernandez et al. 2004). Fitting movement
processes based on quantitative data allows us to predict long-
distance dispersal and therefore assess population persistence and
cohort strength (Coombs & Rodriguez 2007).

Most studies of insect dispersal are based on markerecapture
techniques, where insects are trapped and checked for the presence
of the marker (Cronin et al. 2000; St Pierre et al. 2005; Arellano
P. 214, 97285 Le Lamentin,
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et al. 2008). Simple methods such as paint (St Pierre & Hendrix
2003), ink, dust or mutilations (Delattre 1980) are used for visual
marking of insects (Hagler & Jackson 2001). Regular tracking of the
same individuals is impossible because insects need to be trapped
for identification. Other methods allowing regular tracking exist,
such as direct observation by eye (Banks & Yasenak 2003) or with
video recording (Hardie & Powell 2002; Robinson et al. 2009;
Sendova-Franks et al. 2010) for diurnal organisms as well as arti-
ficial illumination, fluorescent powders (Turchin & Thoeny 1993) or
reflective material for nocturnal organisms (Kindvall 1999).
Tracking methods should account for individual variability in
movement, which is influenced by sex, age or gene pool. For
example, dispersal can be sex biased (Gros et al. 2009) or highly
variable between individuals of the same sex (Bengtsson et al.
2004).

Among themethods for studying individual movement patterns
of organisms, radio frequency identification (RFID) tagging is the
most promising technology. It is a wireless sensor technology,
based on the detection of electromagnetic signals emitted by a tag.
It can be used to detect tags through a variety of habitats, for
example a layer of soil (Mociño-Deloya et al. 2009). This method
allows researchers to track organisms regularly in time and with
limited disturbance of their behaviour, keeping the individual
information of movements. RFID tags may be active (i.e. with
by Elsevier Ltd. All rights reserved.
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Figure 1. An individual C. sordidus with its tag.
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a built-in battery) or passive (i.e. based on the electromagnetic field
generated by the RFID reader; Domdouzis et al. 2007). Detection
distance ranges from several centimetres for passive tags to several
hundreds of metres for active tags. It is only during the last decade
that radiotransmitters have become sufficiently small to be
attached to invertebrates (Reynolds & Riley 2002). Active tags
have been used on tarantulas, Aphonopelma hentzi (Janowski-Bell
& Horner 1999) and large insects (Riecken & Raths 1996; Hedin &
Ranius 2002; Lorch et al. 2005). Passive tags have been used on
social insects such as bumblebees, Bombus terrestris (Molet et al.
2008) and honeybees, Apis mellifera (Streit et al. 2003), and also
on walking insects such as ants (Robinson et al. 2009) to study
activity patterns.

Until now, RFID tags have not been used to study dispersal
parameters of walking insects in their natural environment, such as
the banana weevil, Cosmopolites sordidus (Germar). This insect
attacks only wild and cultivated clones of the genus Musa (banana,
plantain, abaca) and is recognized as a major pest of banana crops
(Gold et al. 2001). The adult has a long life span and low fecundity;
it is nocturnally active and gregarious. Banana weevils are hygro-
tactic (Roth &Willis 1963) and prefer habitats with a high humidity
such as banana plants and crop residues (Gold et al. 2001). Males
emit an aggregation pheromone that attracts both males and
females (Beauhaire et al. 1995). Although C. sordidus adults have
functional wings, they have never been observed flying and are
assumed to move only by crawling (Gold et al. 2001). The move-
ment of C. sordidus, however, has not been studied in detail. The
insect’s cryptic, nocturnal behaviour does not allow the use of
direct visual marking techniques. Furthermore, C. sordidus has
limited dispersal abilities (Gold et al. 2001). Banana fields can be
infested with C. sordidus through the planting of infested material,
through spread from a heavily infested neighbouring field, or
through adults that have survived the last planting, which result in
random, linear or patchy distributions, respectively (Delattre 1980;
Treverrow et al. 1992). The weevil is able to colonize new banana
plants from heavily infested plants.

We present here a new experimental methodology, based on
radiotracking and quantitative analyses of individual movement
paths. We applied this method to a cryptic insect to address the
following questions. (1) Which movement process best suits the
movement patterns of a walking insect? (2) How does habitat
heterogeneity influence the spatial orientation of this organism?
The study was conducted on C. sordidus, which shows cryptic and
walking behaviours, in a heterogeneous natural environment
composed of banana plants, bare soil, crop residues (leaves, pieces
of old pseudostems and shoots) and cover crops.

METHODS

Insect Trapping, Sexing and Marking

Because C. sordidus was difficult to rear in the laboratory, adults
were obtained from the field. Accordingly, instead of using cohorts
of known age, we used large sets of individuals directly collected
with pseudostem traps from one banana field (Rivière-Lézarde,
Martinique,West Indies). Tomake pseudostem trapswe cut banana
plants into slices and lay them on the ground to attract weevils. This
sampling method has been largely used in biological studies on
C. sordidus (Delattre 1980; Kiggundu et al. 2007). We assumed that
the distribution of ages of sampled individuals was similar to that of
the field population. Insects were sexed according to Longoria
(1968), based on punctuations of the rostrum that differ for male
and female. Before they were released in experiments, insects were
kept in the laboratory for up to 1 week in large plastic boxes
(80 � 40 cm and 40 cm high) with soil and pieces of pseudostem at
room temperature. To prevent crowding effects we kept 25 adults
per piece of pseudostem, which was much less than the density of
weevils found on infested plants (Delattre 1980; Gold & Bagabe
1997). They were marked 2 h before release with passive RFID
tags (TXP148511B, Biomark Inc., Boise, ID, U.S.A.) that were
attached to the insect by braided fishing line (14 kg, 0.260 mm;
Daiwa Sports Ltd, Wishaw, U.K.). Cyanoacrilate glue (superglue)
was used to fix the tag to the line and the line to the insect’s back
(Fig. 1), and epoxy glue (Araldite) was used to smooth the surface of
the tag. We attached the tag to the insect’s back to avoid disturbing
its burrowing behaviour. The ratio of tag mass to individual insect
mass was 1:1 and the width of the tag was narrower than the
insect. Each tag, and therefore each insect, was individually labelled
with a unique identification label.

Laboratory Experiment

Insects with and without tags were followed for short distances
(0.5 m) in controlled conditions at 25 �C to evaluate the possible
bias from the tag weight on their dispersal capacities. Forty adults
(20 tagged þ 20 nontagged) were released in the morning (1000
hours local time, Martinique: GMT e 4 h) at the centre of a 1 m2

wooden board that was covered or not covered with crop residues.
The experiment was conducted separately for males and females
and for boards with and without crop residues. For each individual,
the time from release to arrival at the end of the wooden board was
measured. Then recorded individuals were immediately removed.
The release was repeated three times both for the covered and
noncovered treatments, yielding a total of 120 individuals tested.

Field Experiments

Characteristics of experimental plots
Three experiments (named experiment 1, experiment 2 and

experiment 3) were conducted in banana fields in Martinique,
French West Indies (Table 1). Banana plants are considered to be
semiperennial, and plants are successively replaced (as many as 50
times) by suckers emerging at irregular intervals from a lateral
shoot of the mother plant (Turner 1994). Lateral shoots are selected
by farmers so that there is only one shoot per mat. Mats of banana
plants consist of one plant in young plantations and several plants
in older plantations; mats include shoots, the so-called mother
plant and the base of old plants resulting from former cycles.
Banana plants were planted in double rows in experiment 1 (Fig. 2a,
b; width of row: 1 m; width of inter-row: 5 m) and in staggered
rows (width of inter-row: 2 m) in experiments 2 and 3 (Fig. 2ceg).

Experiment 1 was carried out between January and February
2009 on a 4-year-old banana field. The objective of experiment 1



Table 1
Characteristics of field experiments

Experiment 1 Experiment 2 Experiment 3

Site name Rivière-lézarde Petit Morne Petit Morne
Site location 14�390N, 60�580W 14�370N, 60�580W 14�370N, 60�580W
Field area (m2) 2400 1300 1300
Area per plot (m2) 400 100 100
Plantation Double row Staggered rows Staggered rows
Number of banana

planting cycles
4 1 1

Banana stage Flowering Flowering Flowering
Design Randomized

complete block
Randomized
complete block

Randomized
complete block

Treatments 2 4 4
Number of replicated

plots/treatment
3 3 3
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was to evaluate the effect of a cover crop on insect dispersal.
Experiment 1 included two treatments: with and without a cover
crop in the inter-row; each treatment was represented by three
replicate plots.

Experiments 2 and 3 were carried out on banana fields recently
planted with three varieties: A (Musa spp., AAB group, cv. Créole
Blanche); B (Musa spp., AAA group, cv. FLHORBAN 924); and C
(Musa spp., AAA group, cv. Cavendish Grande Naine). A is suscep-
tible and C is tolerant to immature stages of C. sordidus; B is
intermediate (Kiggundu et al. 2003).
10 m
Experiment 1

Type of ground
Crop residues
Cover crop
Bare soil

Variety

A:Créole Blanche
B:FLHORBAN 924
C:Cavendish

Release are

(a) (b)

Figure 2. Diagrams of the three field experiments used to measure the effects of various
treatment is presented (aeg). Treatments aee, f and g were replicated three, five and four tim
(a) a cover crop or (b) bare soil between the banana rows. Experiment 2 compared the effects
is shown as an example). Experiment 3 compared the effects of crop residues (e) coverin
varieties planted in pure stands). Black ellipses represent the release area of each experiment
experiment 2 and experiment 3, respectively.
The objective of experiment 2, which was carried out between
May and June 2009, was to test the effects of banana plant variety
on dispersal capacities and habitat preference of C. sordidus. The
varieties A, B and C were planted in pure stands (one plot per
variety) and in a plot containing a random mixture of the three
varieties; all plots in experiment 2 had bare soil (Fig. 2). These four
types of plot were replicated three times, giving a total of 12 plots.

The objective of experiment 3 was to test the effect of different
spatial arrangements of crop residues (homogeneously distributed
or in strips) on weevil movements. We compared the absolute
angles of movement paths of weevils released on bare soil (outside
residues) for plots planted with varieties A, B or C in pure stands
with residues in strips (Fig. 2f, g; five and four replications,
respectively) to those of weevils released in the same relative
places in plots planted with a random mixture of varieties, where
residues were homogeneously distributed (Fig. 2e; three replica-
tions). The distribution of absolute angles was expected to be
nondirectional when crop residues were homogeneously distrib-
uted over the plot, and oriented towards crop residues when resi-
dues were in strips. Experiment 3 was carried out between July and
August 2009.

We tested the effect of climate variables on movement patterns.
Mean� SD temperature, rainfall, wind strength and relative
humidity of air were 26.2� 1.6 �C, 6.7� 10.5 mm/day, 1.62 � 0.34
m/s and 75.3� 5.2%, respectively. We found no significant effect of
climate variables on the percentage of recaptured tags, the mean
Experiment 2

10 m

a Left

Up

Right

Down
Experiment 3

(c)

(d)

(e)

(f)

(g)

factors on movement of C. sordidus individuals with RFID tags. An example of each
es, respectively. Dashed lines indicate plot edges. Experiment 1 compared the effects of
of banana varieties planted in (c) a randommixture or (d) pure stands (where variety B
g the whole treatment area (with mixed varieties) or (feg) arranged as a strip (with
; C. sordidus individuals were released in a patch, a plant, and on a line in experiment 1,
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distance moved per day and the number of movements during the
experiments (Pearson test:P> 0.05). Theonlyexceptionwasaneffect
of the relative humidity of the air on the distance moved per day
(R2 ¼ 0.20, N¼ 40).

Releasing and monitoring of the tagged insects
For experiment 1, 204 tagged individuals (34 per plot) were

released on 12 January 2009. Insects were released in the centre of
each plot on a patch 2 m long and 0.3 m wide in the double row
(Fig. 2a, b). For experiment 2, 360 tagged individuals (30 per plot)
were released on 11 May 2009. Insects were released near the
central banana plant of each plot, on a circle of 1 m diameter
(Fig. 2c, d). For experiment 3, 360 tagged individuals (30 per plot)
were released on 16 July 2009. Insects were in a line with alternate
male and female individuals 20 cm apart (Fig. 2e, f). Orientation of
the weevil’s body on the ground and sex of released weevils were
random for the three experiments.

Insect location was monitored during 38, 22 and 30 days for
experiments 1, 2 and 3, respectively. Individuals were monitored
daily during the first week, three times per week during the second
week, two or three times per week the following weeks, and once
the last week of the experiment leading to 18, 13 and 16 measures
for experiments 1, 2 and 3, respectively. A RFID antenna with
a Destron Pit tag reader (model FS2001 FR/ISOCB) was used to
locate insects at the base of banana plants, on the surface of bare
soil, and on the surface of soil covered with crop residues. The
detection distance, which was measured in the field with tags
alone, was between 0 and 20 cm. When a tag was detected, the
power of the signal increased with the proximity to the tag; the
precision of the signal’s position was 10 cm. A stake with its code
was sunk near the tag position, and this position was indicated on
a 1/100 map of the observation area, with an overall precision of
30 cm. Each tag was spatially localized, and its local environment
was recorded. For experiment 1, the recorded environments were
‘near a banana’, ‘on a mother plant’, ‘on a shoot’ or ‘on an old plant’.
For experiment 2, theywere ‘on bare soil’ or ‘on amother plant’ and
for experiment 3, ‘on bare soil’, ‘under the crop residues’ or ‘on
a mother plant’.

At the end of each experiment, all the tags were systematically
searched for and removed from the field. The state of each tag was
recorded (attached to a living weevil, attached to a dead weevil or
separated from the weevil).

Analysis of insects’ paths
Basic geometric and quantitative properties of the path of each

insect were defined according to Patterson et al. (2008) as follows.
A path consists of several segments, named steps, linking time-
indexed positions of an individual over the study period. Paths
were located on an orthogonal plane with plot axes (lefteright and
upedown) as indicated in Fig. 2. We calculated the length of each
step, the length of the path, the absolute angle between the
segment linking the beginning and end of the path and plot axes,
and the relative angle (called the turning angle) between two
successive steps, as well as the mean squared displacement
between each step (Rn2). Lengths of steps were divided by time (in
days) between two successive observations to take into account
unequal times between observations. For individuals found alive at
the end of the experiment, the monitoring period then stopped. For
individuals found dead or not found at the end of the experiment,
the monitoring period stopped at the last recorded movement.
Movement metrics and all parameters were calculated taking into
account individual monitoring periods, the monitoring period of
each individual being defined as the time between release and the
last recorded movement. Movements of length less than 10 cm
were not recorded.
For testing the movement process that best suits the movement
patterns of C. sordidus, we plotted the mean squared displacement
(Rn2) of each individual versus time (t) and we tested whether the
diffusion model was subdiffusive or superdiffusive by fitting
a power model on the resulting curve:

R2nðtÞ ¼ atb (1)

where a and b are parameters. The coefficient b of the power model
indicates whether the curve is concave or convex, suggesting
a subdiffusive or a superdiffusivemovement, respectively (Uchaikin
1999; Yadav & Horsthemke 2006).

A model of equation 1 was fitted to the data using nonlinear
least squares (Bates & Watts 1988). The coefficient R2 of the fitting
was estimated using a log transformation of the data for lineari-
zation (Turchin & Thoeny 1993).

Statistical Analysis

All statistical analyses were performed with R software (R
Development Core Team 2009) using basic packages, and special-
ized packages such as ‘spatstat’ (for spatial analyses and mapping)
and ‘circular’ (for circular analyses).

The effect of the tagging method (tagged or nontagged) on the
dispersal capacity (laboratory experiment) was assessed using a t
test, after testing the normality of the data with the Shapiro test
(Royston 1982). Repeatability of recapture rates over time was
calculated from a one-way analysis of variance using among-plots
and within-plots variances (Lessells & Boag 1987).

Distributions of movement metrics for male and female over
the three field experiments were compared using the Kolmo-
goroveSmirnov test (Conover 1971). The Watson two-sample test
was used to compare the circular distribution of angles
(Jammalamadaka & SenGupta 2001). Mean and standard deviation
of absolute and relative angles were calculated assuming vonMises
distributions. This assumption was confirmed by the Watson test
(Stephens 1970). The significance of mean direction of circular
distributions was tested using the Rayleigh test (Jammalamadaka &
SenGupta 2001). For applying circular statistics, bimodal distribu-
tions of absolute angles in experiments 1 and 3 were separated into
two ranges, from �180� to 0� and from 0� to 180�.

Reaching a given row with or without a cover crop and being
attracted towards a given variety were considered as Bernoulli
experiments for statistical analyses. The effect of adding a cover crop
on the proportion of individuals that reached the next row on the
other side of the releasepointwas analysedwith a generalized linear
model (GLM), assuming a binomial distribution of values. The global
effect of varieties onmovementmetrics of insectswas analysedwith
a GLM, assuming a Poisson distribution of number of movements
during the experiment (KolmogoroveSmirnov test: D ¼ 0.1231,
P ¼ 0.71) and a gamma distribution of distance moved per day
(KolmogoroveSmirnov test: D ¼ 0.0739, P ¼ 0.41). The deviation
from a theoretical distribution of the observed distribution of
weevils on varieties in plots planted with a mixture of varieties was
chi-square tested toanalyse theattractivenessof varieties toweevils.

RESULTS

Efficiency of the Tagging Method

Table 2 presents the results of the laboratory experiment (tag-
ged versus nontagged insects). For both the noncovered and the
covered wooden boards, there was no significant difference for
time to reach the edge of the wooden board between tagged and
nontagged for both females and males. We also observed that



Table 2
Time (min) for individual weevils to reach the edge of the wooden board in the
laboratory experiment

Tagged
individuals

Nontagged
individuals

df t test P 95% Confidence
interval

Mean Range Mean Range

Noncovered experiment
Female 13.1 (2.4e25.0) 13.2 (3.2e23.4) 118 0.113 0.91 (�1.6e1.8)
Male 12.0 (2.5e23.0) 11.0 (1.6e24.3) 118 �1.043 0.30 (�11.0e12.0)

Covered experiment
Female 357.7 (40e574) 344.5 (58e585) 118 �0.496 0.62 (�65.7e39)
Male 357.7 (40e574) 326.7 (40e595) 118 �0.346 0.73 (�44.5e63.4)

Mean times were normally distributed (Shapiro test: W ¼ 0.9833 and 0.9691,
P ¼ 0.006 and P < 0.0001 for noncovered and covered experiments, respectively).
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tagged weevils maintained in boxes with pseudostem pieces were
able to enter and leave the pseudostem freely.

The mean percentage � SE of recaptured tags was 77.2 � 6.4%,
56.4 � 13.2% and61.3 � 6.7% for experiments 1, 2 and3, respectively.
Repeatability of percentage of recaptured tags over time was 0.35,
0.57 and 0.14 for experiments 1, 2 and 3, respectively. The lowest
level of repeatability for experiment 3was due to aweak decrease of
the recapture rate over the first few days (data not shown).

Dispersal Parameters

The individual monitoring period was 21.3� 11.5 days. A large
proportion (0.74) of individuals remained in the 2 m area around the
release site after 3 days. This proportion decreased to 0.43 after 29
days. Individuals moved on average 0.37 m/day for the three experi-
ments, considering the ratio between path length and monitoring
periods over all individuals. When periods of inactivity were
removed, this rate of movement increased to 0.50 m/day. The
maximal distance covered was 9 m in 1 day. The distribution of
distances moved per day was not significantly different between
males and females for the three experiments (KolmogoroveSmirnov
test: D¼ 0.0455, P¼ 0.78).

Thepowermodelof equation1explained85%of thevariationof the
mean squared displacement (nonlinear least squares, R2 on log-trans-
formed data). As 0< b< 1 (95% confidence interval estimated from
1000 bootstraps: 0.44e0.67), the movement is subdiffusive. Sub-
diffusivemovement is illustratedby the concavityof the curveonFig. 3.
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Figure 3. Fit of a power model (equation 1) on the mean squared displacement of
individuals versus time since release. Error bars (SE) are indicated.
In experiment 1, the proportion of individuals in crop residues
decreased over time (Pearson productemoment correlation:
r16 ¼ �0.65, P ¼ 0.003). The proportion of individuals in mother
plants and in old plants was equal (c1

2 ¼ 0.14, P ¼ 0.71) and
considerably larger than the proportion in shoots (c1

2 ¼ 42,
P < 0.0001; Fig. 4a). In experiment 2, all the individuals were found
in planted bananas. In experiment 3, nearly 60% of the individuals
were found in crop residues, about 40% were found in planted
bananas consisting only of mother plants, and none were found on
bare soil (Fig. 4b, c). Furthermore, the proportion of males in crop
residues increased over time at the expense of the proportion in
planted bananas (Pearson productemoment correlation: r13 ¼ 0.87,
P < 0.0001; Fig. 4c). The proportions of females in crop residues and
on banana plants did not change over time in experiment 3 (Pearson
productemoment correlation: r14¼0.039 P ¼ 0.88; Fig. 4b).

The distribution of turning angles between successive positions
differed significantly from a uniform distribution for every exper-
iment (Watson two-sample test: U2 ¼ 0.217, 0.648 and 2.203,
P < 0.001 for experiments 1, 2 and 3, respectively). Turning angles
were back oriented in the three experiments at 179.1 � 45.2� (mean
direction of resultant vector � circular variance; Rayleigh test:
P < 0.001), indicating a tendency of weevils to do U-turns
(Schtickzelle & Baguette 2003). Their distribution was not signifi-
cantly different between males and females (Watson two-sample
test: U2 ¼ 0.0001, P > 0.10).

Effect of Management Practices

In experiments 2 and 3, in which varieties A, B, and C were
planted homogeneously, the variety of banana had no effect on the
movement metrics of the insect, such as the number of movements
during the experiment (GLM: F2,62 ¼ 0.79, P ¼ 0.59) and the mean
distance moved per day (GLM: F2,281 ¼ 0.62, P ¼ 0.43). In the
treatment where a random mixture of these varieties was planted,
the proportion of individuals moving from the release point to
a different varietywas cumulated over repetitions, yielding PA ¼ 11/
31, PB ¼ 8/31 and PC ¼ 12/31. These proportions were not signifi-
cantly different from the proportions of the variety in the plot (1/3;
c3
2 ¼ 1.82, P ¼ 0.61).
At the end of experiment 1, weevils were significantly more

abundant in their release row than in other rows (c1
2 ¼ 19.3,

P < 0.001). There was no effect of the type of inter-row (bare soil or
cover crop; c5

2 ¼ 1.67, P ¼ 0.89; Fig. 2a, b) on theweevils that moved
to another row. The absolute angles between paths of each indi-
vidual and plot axes differed according to the experiment (Fig. 5). In
experiment 1, paths of released individuals were oriented up and
down (mean direction ¼ �85.2� and 82.3� for negative and positive
angles, respectively; Rayleigh test: P < 0.0001; Fig. 5a), following
the organization of planting rows. In experiment 2, the distribution
of absolute angles between individual paths was not significantly
different from a uniform distribution (Watson two-sample test:
U2 ¼ 0.105, P > 0.1; Fig. 5b). In experiment 3, the distribution of
absolute angles for individuals released on bare soil was signifi-
cantly different from a uniform distribution (Watson two-sample
test: U2 ¼ 0.179, P < 0.01; Fig. 5c). The mean directions of individ-
uals released on bare soil were �90.5� and 86.3� for negative and
positive angles, respectively (Rayleigh test, P < 0.0001; Fig. 5c). In
contrast, the distribution of absolute angles for individuals released
under crop residues was not different from a uniform distribution
(Watson two-sample test: U2 ¼ 0.042, P > 0.1; Fig. 5d).

DISCUSSION

The new RFID-based methodology was successfully used to
understand true fine-scale movements of an insect species in
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heterogeneous environment. First, the laboratory experiment
showed that the tagging method did not affect movements of C.
sordidus, although the weight ratio of tag to insect was almost 1:1.
This ratio is generally lower for flying insects in mark-recapture
studies, ranging from 0.025 to 0.05 (Ranius 2006). However, C.
sordidus is a burrowing insect and is able to carry more than its
weight, as is also the case for ants, which carry from 3.5 to 6.5 times
their body weight (Burd 2000). Furthermore, the estimated
frequency and range of dispersal movements were of the same
magnitude as those estimated in the other mark-recapture studies
on this insect. In our experiments, 74% of theweevils remained near
their release site after 3 days, in accordance with Delattre (1980).
The dispersal of C. sordidus appeared to be limited and slow. Adults
moved on average 0.37 m/day, with a maximal distance moved in 1
day of 9 m, which agrees with a maximal weevil movement of 6 m
and 15 m recorded by Wallace (1938) and Cendana (1922),
respectively. After 29 days, weevils had remained within 10 m of
the release site. Whalley (1957) and Cardenas & Arango (1987)
reported that most banana weevils move less than 10 m over
a period of several months. Second, recapture rates were higher
than found with captureerecapture studies (Koppenhofer et al.
1994; Tinzaara et al. 2005). The error in location of individuals
(0.3 m) was negligible in comparison to the range of displacements
(1e10 m). However, RFID-tagged weevils may suffer from long-
term effects such as exhaustion or a higher level of predation,
which were out of the scope of this study which focused on short-
term movements. For example, tagged weevils could be more
visible to predators (toads, lizards or birds) when they disperse on
bare soil or egg-laying behaviour of females could also be influ-
enced by the tagging. Further experiments will be needed to study
this potential bias.

The relationship between the mean squared displacement and
time since release was not linear as predicted by a simple diffusion
model (Banks & Yasenak 2003). The analysis of this relationship
revealed that the movement process of C. sordidus is subdiffusive
rather than diffusive. This means that weevils are most active just
after release. During this period, weevils may search for a suitable
microhabitat.

The analysis of the circular distribution of turning angles char-
acterizes the foraging strategies of C. sordidus. It suggested that
individuals make frequent U-turns. As plots were surrounded by
deep and large ditches and no weevils were found inside, U-turns
could be attributed to weevils that hit the plot borders. Neverthe-
less, the high level of circular variance (s2 ¼ 45.2�) of turning
angles means that subsequent steps of the trajectory were poorly
correlated, indicating a randomwalk movement of individuals. The
high frequency of turns suggests an ‘area-restricted’ searching
behaviour (Westerberg et al. 2008). This type of behaviour is usual
when individuals are entering a resource patch (Dajoz 2002;
Shuranova 2008; Garnier et al. 2009).

Radiotracking revealed variation among individuals for move-
ments and habitat selection. As shown by the error bars of mean
squared displacements over time, some individuals moved faster
than others. Individuals did not necessarily choose the same habitat
whereas they were released at the same position (data not shown).
However, individual variation inmovement and in habitat selection
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Figure 5. Frequency distribution of absolute angles between individual paths of C. sordidus and plot axes for (a N¼ 198) experiment 1 (see Fig. 2a, b), (b N ¼ 284) experiment 2 (see
Fig. 2c, d) and (c N ¼ 155) experiment 3 for individuals released on bare soil (see Fig. 2f, g) or (d N ¼ 46) in the same relative places under crop residues (see Fig. 2f, g). N refers to the
number of individual paths used for the construction of the frequency distribution of angles. Arrows represent the mean direction of circular distributions. For (a) and (c),
distributions are separated into two ranges (see Methods). Confidence intervals (0.95) are shown by black lines, except for (b) and (d) where the distribution of angles does not differ
from a uniform distribution.
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was not explained by gender. Movement parameters seemed
generally similar for males and females, in accordance with Gold
et al. (1999). Hedin et al. (2008) found the same result with
Osmoderma eremita. The sex ratio is balanced for both O. eremita
(Ranius 2001) and C. sordidus (Gold et al. 2001). Differences in
movement patterns are generally observed for organisms with
a biased sex ratio. Higher movement rates are found for males
when the population is female biased (Young 2001; Gruber & Henle
2008; Kwiatkowski et al. 2008). In our experiments, however, we
found fewer tagged males than females in banana plants. It is thus
possible that females were less exposed to predators than males,
perhaps because females must lay eggs in the less-exposed parts of
the banana corm to increase the survival of immatures. We suppose
that some of the individual variability of insect paths is determined
by factors other than gender, such as age or fitness.

Our study suggests that habitat matrix heterogeneity affects the
movement patterns of insects. Attractiveness of habitats may
increase with the stage of the resource; for example, shoots of
young banana plants were less attractive than older plants. It may
also vary temporally: for example, crop residues would make old
banana plantations more attractive. The analysis of absolute angles
between subsequent steps of individuals clearly indicates that the
spatial heterogeneity of the plantation and the spatial organization
of residues affect the direction of individual paths. As movements
of individuals are oriented towards crops and residues, the spatial
arrangement of these elements may alter dispersal. However, some
habitat elements, such as cover crop or varieties of banana in our
case, do not affect the weevil’s dispersal, which is consistent with
McIntyre et al. (2004) who showed no effect of adding mulch on
infestation patterns of C. sordidus in Uganda and with Pavis &
Lemaire (1996) who suggested that the resistance of varieties was
not related to attractiveness but rather to antixenosis.

In conclusion, we developed an experimental methodology that
makes it possible to study the fine-scale movements of walking
insects at the individual level, to derive movement patterns and to
analyse the effects of habitat heterogeneity on movements. This
offers the opportunity to implement individual-based models for
pattern-oriented modelling (Grimm et al. 2005) such as that of
Vinatier et al. (2009) on C. sordidus, thus helping to bridge the gap
between individual and population studies.

Acknowledgments

We thank two anonymous referees for helpful suggestions on
the manuscript, particularly on diffusion processes. We thank
Dominique Arnaud for technical assistance. This work is part of
a Ph.D. study by F.V. funded by the CIRAD.

References

Arellano, L., Leon-Cortes, J. L. & Ovaskainen, O. 2008. Patterns of abundance and
movement in relation to landscape structure: a study of a common scarab
(Canthon cyanellus cyanellus) in southern Mexico. Landscape Ecology, 23, 69e78.

Banks, J. E. & Yasenak, C. L. 2003. Effects of plot vegetation diversity and spatial
scale on Coccinella septempunctata movement in the absence of prey. Entomo-
logia Experimentalis et Applicata, 108, 197e204.

Bates, D. M. & Watts, D. G. 1988. Nonlinear Regression Analysis and Its Applications.
New York: J. Wiley.

Beauhaire, J., Ducrot, P. H., Malosse, C., Ndiege, D. R. O. & Otieno, D. O. 1995.
Identification and synthesis of sordidin, a male pheromone emitted by
Cosmopolites sordidus. Tetrahedron Letters, 36, 1043e1046.

Bengtsson, G., Nilsson, E., Ryden, T. & Wiktorsson, M. 2004. Irregular walks and
loops combines in small-scale movement of a soil insect: implications for
dispersal biology. Journal of Theoretical Biology, 231, 299e306.

Burd, M. 2000. Body size effects on locomotion and load carriage in the highly
polymorphic leaf-cutting ants Atta colombica and Atta cephalotes. Behavioral
Ecology, 11, 125e131.

Cardenas, R. & Arango, L. G. 1987. Control del picudo negro Cosmopolites sordidus
(Germar, 1824) del platano Musa AAB (Simmonds) mediante practicas cultur-
ales. Cenicafe, 38, 50e61.

Cendana, S. M. 1922. The banana weevil. Philippine Agriculturist, 10, 367e376.
Chapman, D. S., Dytham, C. & Oxford, G. S. 2007. Modelling population redistri-

bution in a leaf beetle: an evaluation of alternative dispersal functions. Journal
of Animal Ecology, 76, 36e44.

Clobert, J., Ims, R. A. & Rousset, F. 2004. Causes, mechanisms and consequences of
dispersal. Ecology, Genetics, and Evolution of Metapopulations, 307e335.



F. Vinatier et al. / Animal Behaviour 80 (2010) 221e229228
Conover, W. J. 1971. Practical Nonparametric Statistics. New York: J. Wiley.
Coombs, M. F. & Rodriguez, M. A. 2007. A field test of simple dispersal models as

predictors of movement in a cohort of lake-dwelling brook charr. Journal of
Animal Ecology, 76, 45e57.

Cronin, J. T., Reeve, J. D., Wilkens, R. & Turchin, P. 2000. The pattern and range of
movement of a checkered beetle predator relative to its bark beetle prey. Oikos,
90, 127e138.

Dajoz, R. 2002. Les Coléoptères Carabidés et Ténébrionidés: Ecologie et Biologie. Paris:
Lavoisier.

Delattre, P. 1980. Recherche d’une méthode d’estimation des populations du
charançon du bananier, Cosmopolites sordidus Germar (Col., Curculionidae). Acta
Oecologica: Oecologica Applicata, 1, 83e92.

Doak, P. 2000. Population consequences of restricted dispersal for an insect
herbivore in a subdivided habitat. Ecology, 81, 1828e1841.

Domdouzis, K., Kumar, B. & Anumba, C. 2007. Radio-Frequency Identification
(RFID) applications: a brief introduction. Advanced Engineering Informatics, 21,
350e355.

Garnier, S., Guérécheau, A., Combe, M., Fourcassié, V. & Theraulaz, G. 2009. Path
selection and foraging efficiency in Argentine ant transport networks. Behav-
ioral Ecology and Sociobiology, 63, 1167e1179.

Gold, C. S. & Bagabe, M. I. 1997. Banana weevil, Cosmopolites sordidus Germar
(Coleoptera: Curculionidae), infestations of cooking- and beer-bananas in
adjacent plantations in Uganda. African Entomology, 5, 103e108.

Gold, C. S., Rukazambuga, N. D. T. M., Karamura, E. B., Nemeye, P. S. & Night, G.
1999. Recent advances in banana weevil biology, population dynamics and pest
status with emphasis on East Africa. In: Mobilizing IPM for Sustainable Banana
Production in Africa. Proceedings of a Workshop on Banana IPM (Ed. by E. Frison,
C. S. Gold, E. B. Karamura & R. A. Sikora), pp. 33e50. Nelspruit, South Africa:
INIBAP.

Gold, C. S., Pena, J. E. & Karamura, E. B. 2001. Biology and integrated pest
management for the banana weevil Cosmopolites sordidus (Germar) (Coleop-
tera: Curculionidae). Integrated Pest Management Reviews, 6, 79e155.

Grimm, V., Revilla, E., Berger, U., Jeltsch, F., Mooij, W. M., Railsback, S. F.,
Thulke, H. H., Weiner, J., Wiegand, T. & DeAngelis, D. L. 2005. Pattern-oriented
modeling of agent-based complex systems: lessons from ecology. Science, 310,
987e991.

Gros, A., Hovestadt, T. & Poethke, H. J. 2009. Evolution of sex-biased dispersal: the
role of sex-specific dispersal costs, demographic stochasticity, and inbreeding.
Ecological Modelling, 219, 226e233.

Gruber, B. & Henle, K. 2008. Analysing the effect of movement on local survival:
a new method with an application to a spatially structured population of the
arboreal gecko Gehyra variegata. Oecologia, 154, 679e690.

Hagler, J. R. & Jackson, C. G. 2001. Methods for marking insects: current techniques
and future prospects. Annual Review of Entomology, 46, 511e543.

Hardie, J. & Powell, G. 2002. Video analysis of aphid flight behaviour. Computers
and Electronics in Agriculture, 35, 229e242.

Hedin, J. & Ranius, T. 2002. Using radio telemetry to study dispersal of the beetle
Osmoderma eremita, an inhabitant of tree hollows. Computers and Electronics in
Agriculture, 35, 171e180.

Hedin, J., Ranius, T., Nilsson, S. G. & Smith, H. G. 2008. Restricted dispersal in
a flying beetle assessed by telemetry. Biodiversity and Conservation, 17,
675e684.

Jammalamadaka, S. R. & SenGupta, A. 2001. Topics in Circular Statistics. Singapore:
World Scientific Press.

Janowski-Bell, M. E. & Horner, N. V. 1999. Movement of the male brown tarantula,
Aphonopelma hentzi (Araneae, Theraphosidae), using radio telemetry. Journal of
Arachnology, 27, 503e512.

Kiggundu, A., Gold, C. S., Labuschagne, M. T., Vuylsteke, D. & Louw, S. 2003.
Levels of host plant resistance to banana weevil, Cosmopolites sordidus (Germar)
(Coleoptera: Curculionidae), in Uganda Musa germplasm. Euphytica, 133,
267e277.

Kiggundu, A., Gold, C. S., Labuschagne, M. T., Vuylsteke, D. & Louw, S. 2007.
Components of resistance to banana weevil (Cosmopolites sordidus) in Musa
germplasm in Uganda. Entomologia Experimentalis et Applicata, 122, 27e35.

Kindvall, O. 1999. Dispersal in a metapopulation of the bush cricket, Metrioptera
bicolor (Orthoptera: Tettigoniidae). Journal of Animal Ecology, 68, 172e185.

Koppenhofer, A. M., Seshu Reddy, K. V. & Sikora, R. A. 1994. Reduction of banana
weevil populations with pseudostem traps. International Journal of Pest
Management, 4, 300e304.

Kreyer, D., Oed, A., Walther-Hellwig, K. & Frankl, R. 2004. Are forests potential
landscape barriers for foraging bumblebees? Landscape scale experiments with
Bombus terrestris agg. and Bombus pascuorum (Hymenoptera, Apidae). Biological
Conservation, 116, 111e118.

Kwiatkowski, M. A., Schuett, G. W., Repp, R. A., Nowak, E. M. & Sullivan, B. K.
2008. Does urbanization influence the spatial ecology of Gila monsters in the
Sonoran Desert? Journal of Zoology, 276, 350e357.

Lessells, C. M. & Boag, P. T. 1987. Unrepeatable repeatabilities: a common mistake.
Auk, 104, 116e121.

Longoria, A. 1968. Diferencias sexuales en la morfologia externa de Cosmopolites
sordidus Germar (Coleoptera, Curculionidae). Ciencias Biologicas, La Habana, 1, 1.

Lopes, C., Spataro, T., Doursat, C., Lapchin, L. & Arditi, R. 2007. An implicit
approach to model plant infestation by insect pests. Journal of Theoretical
Biology, 248, 164e178.

Lorch, P. D., Sword, G. A., Gwynne, D. T. & Anderson, G. L. 2005. Radiotelemetry
reveals differences in individual movement patterns between outbreak and
non-outbreak Mormon cricket populations. Ecological Entomology, 30,
548e555.

McIntyre, B. D., Gold, C. S., Ssali, H. & Riha, S. J. 2004. Effects of mulch location on
banana weevil, soil and plant nutrients, soil water and biomass in banana fields.
Biology and Fertility of Soils, 39, 74e79.

Mociño-Deloya, E., Setser, K., Pleguezuelos, J. M., Kardon, A. & Lazcano, D. 2009.
Cannibalism of nonviable offspring by postparturient Mexican lance-headed
rattlesnakes, Crotalus polystictus. Animal Behaviour, 77, 145e150.

Molet, M., Chittka, L., Stelzer, R. J., Streit, S. & Raine, N. E. 2008. Colony nutritional
status modulates worker responses to foraging recruitment pheromone in the
bumblebee Bombus terrestris. Behavioral Ecology and Sociobiology, 62,
1919e1926.

Pavis, C. & Lemaire, L. 1996. Resistance of Musa germplasm to the banana borer
weevil, Cosmopolites sordidus Germar (Coleoptera: Curculionidae). Infomusa, 5,
3e9.

Patterson, T. A., Thomas, L., Wilcox, C., Ovaskainen, O. & Matthiopoulos, J. 2008.
State-space models of individual animal movement. Trends in Ecology &
Evolution, 23, 87e94.

R Development Core Team. 2009. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.

Ramos-Fernandez, G., Mateos, J. L., Miramontes, O., Cocho, G., Larralde, H. &
Ayala-Orozco, B. 2004. Lévy walk patterns in the foraging movements of spider
monkeys (Ateles geoffroyi). Behavioral Ecology and Sociobiology, 55, 223e230.

Ranius, T. 2001. Constancy and asynchrony of Osmoderma eremita populations in
tree hollows. Oecologia, 126, 208e215.

Ranius, T. 2006. Measuring the dispersal of saproxylic insects: a key characteristic
for their conservation. Population Ecology, 48, 177e188.

Reynolds, D. R. & Riley, J. R. 2002. Remote-sensing, telemetric and computer-based
technologies for investigating insect movement: a survey of existing and
potential techniques. Computers and Electronics in Agriculture, 35, 271e307.

Riecken, U. & Raths, U. 1996. Use of radio telemetry for studying dispersal and
habitat use of Carabus coriaceus L. Annales Zoologici Fennici, 33, 109e116.

Robinson, E. J. H., Richardson, T. O., Sendova-Franks, A. B., Feinerman, O. &
Franks, N. R. 2009. Radio tagging reveals the roles of corpulence, experience
and social information in ant decision making. Behavioral Ecology and Sociobi-
ology, 63, 627e636.

Roth, L. & Willis, E. 1963. The humidity behavior of Cosmopolites sordidus Germar
(Coleoptera: Curculionidae). Annals of the Entomological Society of America, 56,
41e42.

Royston, P. 1982. An extension of Shapiro and Wilk’s W test for normality to large
samples. Applied Statistics, 31, 115e124.

Samietz, J. & Berger, U. 1997. Evaluation of movement parameters in insects: bias
and robustness with regard to resight numbers. Oecologia, 110, 40e49.

Schtickzelle, N. & Baguette, M. 2003. Behavioural responses to habitat patch
boundaries restrict dispersal and generate emigration: patch area relationships
in fragmented landscapes. Journal of Animal Ecology, 72, 533e545.

Sendova-Franks, A. B., Hayward, R. K., Wulf, B., Klimek, T., James, R., Planqué, R.,
Britton, N. F. & Franks, N. R. 2010. Emergency networking: famine relief in ant
colonies. Animal Behaviour, 79, 473e485.

Shuranova, Z. 2008. Bilateral symmetry in crayfish behavioral reactions. Acta Bio-
logica Hungarica, Supplement, 59, 163e172.

St Pierre, M. J. & Hendrix, S. D. 2003. Movement patterns of Rhyssomatus line-
aticollis Say (Coleoptera: Curculionidae) within and among Asclepias syriaca
(Asclepiadaceae) patches in a fragmented landscape. Ecological Entomology, 28,
579e586.

St Pierre, M. J., Hendrix, S. D. & Lewis, C. K. 2005. Dispersal ability and hosteplant
characteristics influence spatial population structure of monophagous beetles.
Ecological Entomology, 30, 105e115.

Stacey, P. B. & Taper, M. 1992. Environmental variation and the persistence of small
populations. Ecological Applications, 2, 18e29.

Stephens, M. A. 1970. Use of KolmogoroveSmirnov, CramereVon Mises and related
statistics without extensive tables. Journal of the Royal Statistical Society, 32,
115e122.

Streit, S., Bock, F., Pirk, C. W. W. & Tautz, J. 2003. Automatic life-long monitoring
of individual insect behaviour now possible. Zoology, 106, 169e171.

Tinzaara, W., Gold, C. S., Kagezi, G. H., Dicke, M., von Huis, A., Nankinga, C. M.,
Tushemereirwe, W. & Ragama, P. E. 2005. Effects of two pheromone trap
densities against banana weevil, Cosmopolites sordidus, populations and their
impact on plant damage in Uganda. Journal of Applied Entomology, 129,
265e271.

Treverrow, N., Peasley, D. & Ireland, G. 1992. Banana Weevil Borer: A Pest
Management Handbook for Banana Growers. Murwillumbah: Banana Industry
Committee, New South Wales Agriculture.

Tscharntke, T., Steffan-Dewenter, I., Kruess, A. & Thies, C. 2002. Characteristics of
insect populations on habitat fragments: a mini review. Ecological Research, 17,
229e239.

Turchin, P. & Thoeny, W. T. 1993. Quantifying dispersal of southern pine beetles
with mark-recapture experiments and a diffusion model. Ecological Applica-
tions, 3, 187e198.

Turner, D.W.1994. Banana and plantain. In:Handbook of Environmental Physiology of
Fruit Crops (Ed. by B. Schaffer & P. Andersen), pp. 206e229. Boca Raton: CRC Press.

Uchaikin, V. V. 1999. Subdiffusion and stable laws. Journal of Experimental and
Theoretical Physics, 88, 1155e1163.

Vandermeer, J., Perfecto, I. & Philpott, S. M. 2008. Clusters of ant colonies and
robust criticality in a tropical agroecosystem. Nature, 451, 457e459.



F. Vinatier et al. / Animal Behaviour 80 (2010) 221e229 229
Vinatier, F., Tixier, P., Le Page, C., Duyck, P.-F. & Lescourret, F. 2009. COSMOS,
a spatially explicit model to simulate the epidemiology of Cosmopolites sordidus
in banana fields. Ecological Modelling, 220, 2244e2254.

Wallace, C. R. 1938. Measurement of beetle borer migration in banana plantations.
Journal of the Australian Institute of Agricultural Science, 4, 215e219.

Westerberg, L., Lindström, T., Nilsson, E. & Wennergren, U. 2008. The effect on
dispersal from complex correlations in small-scale movement. Ecological
Modelling, 213, 263e272.
Whalley, P.1957. The banana weevil and its control. East African Agricultural Journal,
23, 110e112.

Yadav, A. & Horsthemke, W. 2006. Kinetic equations for reactionesubdiffusion
systems: derivation and stability analysis. Physical Review E: Statistical, Nonlinear,
and Soft Matter Physics, 74.

Young, R. A. 2001. The eastern horseshoe bat, Rhinolophus megaphyllus, in south-east
Queensland,Australia: colonydemographyanddynamics, activity levels, seasonal
weight changes, and captureerecapture analyses.Wildlife Research, 28, 425e434.


	Radiotelemetry unravels movements of a walking insect species in heterogeneous environments
	Methods
	Insect Trapping, Sexing and Marking
	Laboratory Experiment
	Field Experiments
	Characteristics of experimental plots
	Releasing and monitoring of the tagged insects
	Analysis of insects’ paths

	Statistical Analysis

	Results
	Efficiency of the Tagging Method
	Dispersal Parameters
	Effect of Management Practices

	Discussion
	Acknowledgments
	References


