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The Use of Harmonic Radar for Research on the Mobility of Small

Invertebrates

Berthold JanBen und Harald Plachter

Synopsis

Information on mobility is an important condition for
the development of individual based population mod-
els. Methods which provide high recapture rates of
invertebrates are needed. Harmonic radar has the po-
tential to solve some problems with tracking inverte-
brates and some aspects of the method are tested
here.

The height above ground and the alignment of
the radar tags in space have significant influence on
the detection range: The achieved mean detection
distance of 25 m in 60 cm height is three times the
distance of radar tags located in 4 cm height (just
above ground) with a mean of 8 m. The alignment
tests led to the conclusion that a vertically hanging
radar tag is optimal for the detection and would
show no influence by the direction one approaches
towards the animal. Additionally, the range of tags
just above ground (4 cm) is significantly higher in ar-
eas of low vegetation than in dense vegetation.

Choosing the land snail Cepaea nemoralis L. we
selected an example of a species living close to the
ground in dense vegetation. The method appeared to
be effective in collecting a high density of recapture
data. Therefore, evaluation of directional behaviour
and short term distance distribution is possible. Fur-
thermore the potential data density per specimen al-
lows the investigation of individual differences.

Dispersal, radar telemetry, movement behaviour,
Cepaea nemoralis

1 Introduction

Studies on the mobility of animals are of interest for
different reasons, i.e. to calculate probabilities for in-
sect pest outbreaks in agriculture and forestry
(RIESKE & RAFFA 1990, WRATTEN & THOMAS
1990), for the assessment of survival probabilities of
endangered species (DEN BOER 1990, OPDAM
1990) and for the analysis of the connectivity of land-
scapes (MADER & al. 1986).

Recent approaches in dispersal studies emphasize
the modeling of the overall movements within popu-
lations (e.g. BAUR & BAUR 1993). In all cases where

stochastic variables are of importance, deterministic
models are only first steps to the problem (BERG &
KUHLMANN 1993). Conventional methods like
mark and recapture may give estimates on spatial dis-
tribution but suffer in many cases from low recapture
rates and therefore insufficient information on the
movement behaviour. Therefore the requirements of
individually based models (like data on frequency dis-
tributions of distances and directions, orientation
abilities, landscape barriers, influence of abiotic fac-
tors like temperature and humidity) of single speci-
mens are frequently not met by these methods. At
present, radio telemetry, developed for vertebrates,
can only be used for very large invertebrates (RIECK-
EN & RATHS 1996), but radar telemetry (= harmonic
radar) has the potential for the application with much
smaller animals. The use of this method for ecologi-
cal investigations (for carabid beetles) was first intro-
duced by MASCANZONI & WALLIN (1986), but only
few applications were published since then (e.g.
WALLIN & EKBOM 1988, HOCKMANN & al. 1989).
The evaluation of advantages and disadvantages
and possible transfers to other taxa depends on the
detail information available on this method. We
therefore present data on features of radar telemetry
that are still unpublished. Furthermore we show the
practical applicability of the method in a study on dis-
persal of the snail Cepaea nemoralis L., which is
very common in Central Europe. Snails are suitable
for dispersal studies because of the mostly low range
of motion and therefore limited research areas. On
the other hand, there are some problems resulting
from the ecology and behaviour of this taxon. Snails
are often hidden in the vegetation and difficult to
find. Such problems should be solved by this method,
because of the possibility to search for individuals
over distance and the expected high recovery rates.

2 Materials and methods

The investigations where conducted at the experi-
mental farm of the Munich Research Association for
Agricultural Ecosystems (FAM) in Scheyern about
40km north of Munich (48° 29" N, 11° 26" E), with
a mean annual temperature of 7.4 °C and a mean an-
nual precipitation of 833 mm (see HANTSCHEL & al.
1993 for further details).
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2.1 Radar telemetry

Radar telemetry is based on harmonic radar: The sig-
nal of a microwave frequence (here: 917 Mhz) sent
by an emitter is received by a passive electronic de-
vice (Schottky diode) and this device is stimulated to
emit the double frequency (1834 Mhz). A receiver
(built together with the emitter into one case) is
tuned to this frequency and gives an audible sound in
case of detection. In this study we used a radar de-
tector of Recco, Sweden, that was constructed for the
bearing of avalanche victims.

The detection range of a given radar device is
mainly determined by the electric quality of the an-
tenna fixed to the diode. In this study we used a
dipol antenna of varnished copper (0.1 mm diameter)
with a lenght of the antenna arms of 4.1 cm (wave-
length A/8). These two essential components where
accomplished by an silicone encapsulation of the
diode and its soldered joint for a better physical en-
durance. The radar tags had an average weight of
39.2 mg (£ SD 5.7 mg) and were glued to the shell.
The glue and an individual mark on the shell by a
numbered label of opalith together had a weight of
14 mg (+ SD 2.5 mg).

2.2 Detection range

The detection range was investigated with regards to
three variables: height in vegetation, alignment in
space and vegetation type. The measures were taken
in a fallow land and in a recently mowed meadow
(Tab. 1).

To test the influence of height above ground on
the detection range fifteen radar tags were fixed to
the vegetation with sticky tape so that the diodes
were located in 4, 30 and 60 cm height. While slow-
ly approaching the tags along a straight line, the dis-
tance was measured in intervals of 50 cm when a sig-
nal was first registered. For each height and each

Table 1
Vegetation parameters of the areas where the detection
ranges of the radar tags were tested.

radar tag three approaches were made and the medi-
an was used for further calculation.

To assess the effect of the alignment in space ten
radar tags were tested for three different alignments:
along the direction of detection, at right angles hori-
zontally and at right angles vertically (see Fig. 2 for
explanation). The tags were fixed to the vegetation in
4 cm height, thus the end of the lower antenna
touched the ground. The mode of measurement was
the same as with heights.

To compare the influence of the two vegetation
types the data of the vertically aligned radar tags in
the meadow and the 4 cm data (also vertically
aligned) of the height test in fallow land were used.

2.3 Mobility of Cepaea nemoralis L.

To investigate average and maximum movement
ranges and directional behaviour, 30 adult specimen
of C. nemoralis where captured in a nettle stand (Ur-
tica dioica) in about 30 km distance from the experi-
mental farm on June 16th 1997. The snails were
marked the day after their capture and released on
June 18th 1997 in an 8 x 8m grid in a fallow on the
experimental farm. They weighed between 1.860
and 3.984 g (x = 2.851 g), thus the weight of the
transponders equaled 1.0 to 3.8% of their body
weight (shell included). The fallow land was bor-
dered by a forest in the south and by a small creek in
the north.

Every second day the snails were searched by the
aid of the radar device and the location of the indi-
vidual animal was marked by a plastic stick with its
number. The direction and the distance from the for-
mer place were taken by tape and a compass, respec-
tively. On average 6 minutes were necessary for lo-
calization and measurement of one snail. When a
snail could not be found in the close surrounding of
its last location, the search was extended to a circle
with a diameter of 30 m. Due to losses of radar tags
by snails only 19 animals were recaptured after 10

Fallow land Meadow
Maximum height of vegetation 160 cm 15¢cm
Median of maximum heights 110 cm (n=20) 12.5 cm (n=10)
Median of average heights 60 cm (n=20) 12.5 cm (n=10)
Plant cover 95—-100% 95—-100%
Use in height test X
Use in alignment test X
Comparison of vegetation types X X
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days and for a detailed valuation of the method it
was distinguished between the location rate of tags
and the recapture rate of animals. The first is the pro-
portion of radar tags that could be located — with or
without adhering snail — of all tags in the field at that
moment, whereas the latter gives the proportion of
snails that were recaptured of all snails in the field at
that moment.

The directions of 2-day movements were tested
for differences from a uniform distribution by the
Rayleigh test (for further information on circular sta-
tistics see BATSCHELET 1981). To investigate a pos-
sible influence of the adjacent forest on the snails'
orientation, for every 2-day movement event the
snail’s distance from the forest border before the
move was calculated (range: 12.2-63.3 m) and relat-
ed to the chosen direction. For different distances
from the forest (25-50 m in 5 m steps) the chosen
directions below the respective distance were com-
pared to those above by the chi-squared test. The da-
ta of the lowest (< 20 m versus >20 m) and highest
distance classes (< 55 m vers. > 55 m and above) did
not meet the requirements for the chi-squared tests
and were omitted. To analyse the individual behav-
iour all animals with at least 3 recaptures were tested
for differences from an uniform distribution of direc-
tions.

Distances between animal locations were deter-
mined as moved distance per 2 day interval (27 ani-
mals with a total of 115 movements) and as maxi-
mum distance from the release point in the 10 day
interval (19 animals that were recaptured after 10
days). The latter is a measure of dispersal power
whereas the first gives information on movement be-
haviour in general.

3  Results
3.1 Detection range

Heights of radar tags in the vegetation and align-
ment in space have significant influence on the de-
tection range (Fig. 1, 2). The mean detection range
of radar tags in 30 cm height (median 16.5 m) is
more than double the distance of radar tags in 4 cm
height (median 8 m). When tagged animals climb
up in vegetation to 60 cm above ground, they may
be detected in a distance of 25 m (all differences
significant with p < 0.001, Mann-Whitney U-test).
This indicates a high potential for the use with in-
vertebrate groups with such climbing behaviour, as
many locusts and grashoppers might be examples
for. The high detection distance enables the re-
searcher to walk through an investigation area in
parallel lines keeping great distances to each other,
which means a low disturbance effect by the inves-
tigation itself.

This is limited by the impact of the alignment of
radar tags in space (Fig. 2). It is smaller than that of
height, but nevertheless of statistically significant in-
fluence (Mann-Whitney U-test, p < 0.01 and p < 0.001,
respectively). The radar tags — only 4 cm above
ground — could be detected from 11.8 m (median)
when their axis was vertically aligned. Lower dis-
tances were investigated for horizontally alignment
(10.0 m) and alignment along the direction of detec-
tion (8.5 m). Thus the probability to detect animals is
not equal for all potential exposure directions of the
tag. In the worst case (minimum of »along«: 5.5 m)
only 39% of the range of the best case (maximum of
»vertically«: 14 m) is reached.
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Median and range of the dist of detection in
on the height of the radar tags in the vegetation. All
differences statistically significant (Mann-Whitney U-test,

p << 0.001).

Median and range of the distance of detection in relation to
the alignment of the radar tags in space. Test of 10 radar
tags, each of which in different alignments. Arrows indicate
direction of detection. All differences statistically significant
(Mann-Whitney U-test, * : p=0.0099; ** : p=0.0008).
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The comparison of detection ranges under differ-
ent vegetation types (cut meadow versus fallow land)
demonstrate a higher detectable distance in the low
vegetation stand. While there was a considerable
overlapping of the ranges (meadow: 10—-14 m; fallow
land: 7-11 m), the median value for the meadow
(11.8 m) is significant higher than that on the fallow
land (8 m, Mann-Whitney U-test, p < 0.001). It must
be concluded that the lowering influence of vegeta-
tion on the radiation is not neglectable, especially if
the tagged animals are close to the ground.

3.2 Recapture data

3.2.1 Recapture and location rate

The loss of radar tags by snails led to lower recapture
rates (mean 90.6 + 5.8%) than location rates (mean
95.9 + 4.0%). This problem is mainly due to the thin-
ness of the antenna (0.1 mm) and the movement be-
haviour of the snails, because crawling on grass
leaves in acute angles leads to kinks in the wire
which may break after a while. The location rate of
05.9% indicates that not all radar tags that were ex-
pected could be detected (see discussion for possible
reasons).

3.2.2 Analysis of dispersal in Cepaea nemoralis
The analysis of the chosen directions of all 2-day
movements shows a significant difference from an
equal distribution (Rayleigh-Test, p = 0.0038) with a
mean vector at 208° (+ 100°) (Fig. 3). Snails within a
low distance (< 25 m) from the forest border have a
different distribution of directions compared to those

within a higher distance (chi-squared test, p =
0.0498). For other distances this comparison exhibit-
ed no significant differences (0.336 < p < 0.716).
The mean vector of the snails within low distance
from the forest was at 185° (+ 74°) and the distribu-
tion is significantly different from a uniform distribu-
tion (Rayleigh-Test,.p = 0.0052). Thus the forest obvi-
ously has an influence on the snails orientation.

The median of the moved distances per 2 days
(n = 115) was 1.85 m (1st quartile: 1.15 m, 3 quar-
tile: 2.75 m), whereas a maximum of 7.0 m was
achieved (s. Fig. 4). This maximum is more than the
2.5fold of the third quartile and raises the question
whether there are individual differences in move-
ment behaviour.

After 10 days, 19 animals were recaptured. Their
maximum distance from the release point ranged
from 2.5 to 17.9 m (median: 5.4 m). Eighteen of
them were continuously recaptured in 2-day inter-
vals, the one with the highest distance was not found
for two times. For the three animals with the highest
and with the lowest dispersed distance, respectively,
from the release point the movement patterns are
shown in Fig. 5. The comparison of dispersal dis-
tances and means of moved distances per 2 days for
those 6 animals reveals a relation between these fac-
tors (Tab. 2). The strong correlation (r = 0.915;
p < 0.001) indicates a higher resulting distance with
higher 2 day movements. This is not self-evident, be-
cause only directed movement will lead to effective
higher distances. Two animals chose directions that
differed significantly from an uniform distribution
(Rayleigh test, p = 0.038 in both cases), one of which
was the snail with the highest dispersal distance.
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Fig. 3

Frequency distribution of directions of 2-day movements of
Cepaea nemoralis based on 5°-classes. Mean vector and 95%
confidence interval are shown, the distribution is signifi-
cantly different from a uniform distribution (Rayleigh test,
p=0.0038).

Fig. 4
Frequency distribution of distances (2-day intervals) of
Cepaea nemoralis in 50-cm classes (median=185 cm).
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Table 2

Dispersal distances and mean distance moved per two days
for the three most and least dispersing snails. The medians
of all snails are given for comparison.

Snails with highest All snails Snails with lowest

dispersal distances (median) dispersal distances
Maximum distance from release point (m) | 17.90  11.80  11.20 5.35 2.55 2.55 2.50
Mean of moved distances per 2 days (m) 3.65" 355 3.35 1.85 1.15 1.40 1:35

1) This snail was not recaptured on two consecutive recapture days. To give a mean of five 2 day
movements, the distance for six days (10.6 m) was divided by 3.

4 Discussion
4.1 Missing radar tags

The missing of radar tags can be due to predation of
snails by mice (Apodemus sp.) or by birds, namely
the song thrush (7urdus philomelos) (WILLIAMSON
& al. 1977). In the first case the tags are transported
into the ground, which reduces the range dramatical-
ly, because electromagnetic waves of the used wave-
lenght are strongly absorbed by the soil. In the latter
case the tags may be transported out of the detection
range. Besides predation, dispersal of snails out of the
searched area might occur. In this case the animal
would have to crawl a distance of at least 15 m from
the last location, more than twice the highest dis-
tance recorded for a two day movement in this study.
A fourth possibility is that the snail buried itself for a
resting period. Only one snail was recaptured after
beeing missed for 2 searching events, indicating that
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Fig.5
Movement patterns of animals with a) high and b) low
dispersal distances in 10 days.

this animal might have been buried or out of the
searching area.

These examples valid for most land snails indi-
cate some disadvantages of the method. First, ani-
mals that temporarly live in the soil (e.g. for resting
periods) will be found with a lower probability. Sec-
ondly, if travelled distances significantly exceed the
expected range, those specimens may easily leave the
searched area because of the relatively low detection
range.

4.2 Detection range and use of radar telemetry

In general, the detection range of a telemetric
method should be as high as possible. In this study
we prove that the attainable range depends on the
height at which the tagged animals are located, the
vegetation type of the area and the alignment of the
tag in space.

With species that ususally stay in a height of
60 cm or more above ground in the vegetation and
with the described devices a detection range of 25 m
can be realized. The limit of the range is partly due
to the transportability of the radar detector, and the
renunciation of transportability leads to much higher
ranges of up to 250 m (RILEY & al. 1996). Another
reason for the limitation of range is the restriction of
the antenna's size, due to size and shape of the ani-
mal. The fixing of the tag to the animal is also impor-
tant for the detection range: If the species is often
vertically aligned on stems of herbs or grasses, fixing
the tag at right angles to this direction is of disadvan-
tage whereas a vertical alignment along the body axis
of the animal gives best results.

Sparse vegetation should have the same effect as
low vegetation: a lowering of the radiation by water
containing plant bodies does hardly appear in this
case. Some unsystematic tests in a forest showed a
nearly total absorbance of the radiation by trees.
Thus the application of the method in forests will
probably be limited (but see HOCKMANN & al.
1989).
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The obvious potential of the method with regard
to flying insects has been realized for bees and bum-
ble bees (RILEY & al. 1996), tachinid and sarcophagid
flies and butterflies (ROLAND & al. 1996). But also in
cases when ground dwelling species were investi-
gated, the use of radar telemetry resulted in valid
data (MASCANZONI & WALLIN 1986, WALLIN &
EKBOM 1988, HOCKMANN & al. 1989). MASCAN-
ZONI & WALLIN (1986) stated that the animals have
to be at least = lcm of body size but the tags
ROLAND & al. (1996) take use of (< 0.5 mg) are suit-
able for flies with a weight of 55-75 mg.

In the present study on the land snail Cepaea
nemoralis, although the coincidence of unfavourable
circumstances (snails live few centimeters above
ground, the vegetation of the fallow land was high
and dense, all kinds of alignment of radar tags oc-
cured) the method worked fine. BAUR & BAUR
(1993) state that in mark and recapture studies with
snails a reduced recovery must be accepted if the
vegetation shall not be damaged. Radar telemetry is a
way to avoid this problem by receiving a high density
of recapture data while vegetation damage remains
low.

The discrepancy between the recapture rate and
the location rate was mainly due to antenna breaks,
which led to locations of radar tags with a half anten-
na and without a snail. The problem might be solved
by embedding the antenna into a thin layer of sili-
cone or else. The mean recapture rate of more than
90% is much higher than in a comparable investiga-
tion without use of telemetry (BAUR & BAUR 1993:
average of 47.5% for Arianta arbustorum).

4.3 Dispersal distances and directions

Activity and movement of Cepaea nemoralis are in-
fluenced by several environmental factors (e.g. height
of vegetation, CAIN & CURREY 1968, or olfactorious
signals, GOODFRIEND 1983). Knowledge on orienta-
tion is sparse: C. nemoralis can move towards a shel-
ter with high humidity from more than one meter
distance (ROLLO & WELLINGTON 1981) and posi-
tive anemotaxis (moving upwinds) is also proved
(GOODFRIEND 1983). In the present study the
analysis of moving directions reveals a tendency of
the snails to move towards a nearby forest. Since the
study was not planned to investigate this question,
further research on the kind of perception and the
spatial range of this orientation ability are required.
Due to the fact that C. nemoralis climbs up trees and
shrubs (JAREMOVIC & ROLLO 1979), it seems rea-
sonable to expect the capability to orientate towards
these habitat elements.

Although the meaning of individual differences
has already been discussed 40 years ago (WELLING-

TON 1957), individual differences rarely have been
taken in account as an important factor in population
ecology. For Arianta arbustorum, BAUR & GOSTELI
(1986) found individual differences in geotactic re-
ponses of snails to artificial inclination. They stress
the possible advantages of a risk spreading tactics for
snails in unstable habitats, like different offspring
movement behaviour, when some specimens stay
close to their shelter place and others disperse to find
new suitable habitats.

The present study indicates individual differences
in dispersal patterns of C. nemoralis. The frequency
distribution of distances moved in 2 days is exponen-
tially declining as found for other snails (BAKER
1988, BAUR 1993). The comparison of individual
movement patterns and the correlation of achieved
maximum distances with the mean of short term dis-
tances lead to the assumption that not all animals of
a population are involved in dispersal processes in
the same way, and that the probability for a higher
distance move is not equal for all snails. Further stud-
ies are necessary to quantify different movement
types and to assess the influence of genetic differ-
ences and environmental impacts (including intraspe-
cific interactions) on dispersal patterns, respectively.

The analysis of movement data for individual dif-
ferences in distances and directions as well as the de-
velopment of stochastically based dispersal models re-
quire detailed and high resoluted information on sin-
gle specimen. In many habitat types a sufficient den-
sity of data cannot be realized by conventional
searching for marked animals but radar telemetry
might solve this problem. Furthermore, a fast and
non destroying search for animals living in dense veg-
etation is possible by this technique.
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