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ABSTRACT We investigated the spatial and temporal dispersion patterns of entomopathogenic
nematodes (Steinernematidae and Heterorhabditidae) and their host insects in a citrus orchard
located in the semiarid region of Israel (the Negev). Spatial patterns of entomopathogenic nema-
todeswere studied in plots differing on their shade level, and at two geographic scales: amacro-scale,
which included the entire orchard, and a micro-scale, which investigated the spatial patterns around
individual trees. Spatial patterns of insect hosts were only studied at the macro-scale. At the
macro-scale, soil samples were obtained from a symmetrical grid in which samples were separated
by a distance of '20 m; and in the micro-grid, soil samples were separated by a distance of 50 cm.
Population levels of entomopathogenic nematodes were spatially autocorrelated using MoranÕs I
statistics. Population loads of entomopathogenic nematodes, and their spatial and temporal patterns,
were not affected by the orchardÕs shade level. Entomopathogenic nematode loads were higher
during the fall, which coincideswith the reported abundance of theirmain hosts in this region, grubs
of Maladera matrida (Argaman). At the investigated scales and distances, we were unable to detect
any spatial dependence of entomopathogenic nematode populations or of insect hosts. However,
clusters of entomopathogenic nematodes were found to be highly localized in small volumes of soil.
At the level of the entire plot area we found a very strong correlation between the number of host
insects at a particular time and the level of entomopathogenic nematodes (as indicated by a
laboratory bioassay) 1 mo after (shifted-back correlation). We conclude that entomopathogenic
nematodes in the Negev orchards have a very low probability of encountering insect hosts, and that
under the environmental conditions of the Negev, effective biological control with entomopatho-
genic nematodes can only be achieved by inundative releases.
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ENTOMOPATHOGENIC NEMATODES OF the families Stein-
ernematidae and Heterorhabditidae are known as ef-
fective biological agents against soil dwelling stages of
insect pests (Kaya and Gaugler 1993, Martin 1997).
These insect pathogens are mutualistically associated
with particular bacteria (Xenorhabdus spp. for Stein-
ernematidae and Photorhabdus spp. for Heterorhab-
ditidae, Frost et al. 1997). The efÞcacy of the nema-
tode-bacterium complex against insects and the
environmental conditions affecting their activity have
been reviewed previously (Glazer 1992, 1996; Kaya
and Gaugler 1993). Furthermore, numerous studies
have demonstrated their ability to reduce insect pop-
ulations when inundatively applied (Georgis and
Manweiler 1994, Martin 1997).

Entomopathogenic steinernematids and hetero-
rhabditids have been isolated from diverse natural
habitats around the globe (Hominick et al. 1996).
Although a vast amount of information exists on en-
tomopathogenicnematode infectivityof insects in lab-
oratory and Þeld conditions, little is known about the
ecology of these organisms and their interaction with

their insect hosts in nature.Most of the environmental
studies conducted on this group consist of nematode
surveys (Akhurst and Brooks 1984; Akhurst and Bed-
ding 1986; Blackshaw 1988; Hominick and Briscoe
1990a, 1990b; Glazer et al. 1991; GrifÞn et al. 1991;
Goede and de Bongers 1994). Few studies have actu-
ally attempted to investigate the spatial and temporal
distribution patterns of entomopathogenic nematodes
in their natural habitats (Brodie 1976, Campbell et al.
1996, Glazer et al. 1996, del Pino and Palalomo 1997)
or the interactions of entomopathogenic nematodes
with their insect hosts (Strong et al. 1995, 1996).

In a survey thatweconducted in theNegev, the arid
region of Israel, entomopathogenic nematode popu-
lations from the family Heterorhabditidae were iso-
lated from orchards in the northwestern part of this
region(Glazer et al. 1991).This areahas sandy soil and
nematodes have never been isolated from nonculti-
vated soils. A further study in this area included the
characterization of the temporal occurrence of ento-
mopathogenic nematodes in an orange grove, and the
interrelationship between the presence of nematodes
and some environmental parameters such as soil
depth, distance from tree trunk, and shade (Glazer et
al. 1996). Our previous results suggested a strong re-
lationship between nematode densities and shade in-
tensity (Glazer et al. 1996). However, because of the

1 Department of Nematology, Volcani Center, Bet Dagan, 50250,
Israel.

2 Department of Entomology ARO, Volcani Center, Bet Dagan,
50250, Israel.

3 To whom reprint requests should be addressed.

0046-225X/01/0254Ð0261$02.00/0 q 2001 Entomological Society of America

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/article/30/2/254/448218 by guest on 17 M

ay 2023



high variability in the collected data, no relationship
was found between nematode densities and the other
investigatedenvironmental parameters. In thecurrent
study, we extended our investigation to the charac-
terization and analysis of spatial patterns of ento-
mopathogenic nematodes and their insect hosts in the
Negev region of Israel.

Materials and Methods

Study Site and Experimental Plots. The same citrus
grove described in the previous study (Glazer et al.
1996) was used here. It is located '0.5 km east of
KibbutzGvulot, at thenorthwesternpart of theNegev
(318 139 N, 348 279 E). In this grove, different varieties
of grapefruits and oranges are planted on sandy soil
(75% sand, 13% silt, 12% clay) and are cultivated Ôbi-
ologicallyÕ without any use of pesticides. The grove is
semiannually fertilized with manure, and irrigated bi-
weekly during the dry season (AprilÐSeptember) by a
permanent spray irrigation system. The grove is sur-
rounded by noncultivated, or seasonally, cultivated
Þelds, thus, serving as a green island, especially during
the hot season (MayÐAugust).

Sampling was conducted during 1994Ð1996. Soil
samples were obtained from three plots characterized
by different canopy coverage: plot 1, 75Ð100%; plot 2,
50Ð75%; and plot 3, 25%Ð50 (see Glazer et al. 1996 for
full description of canopy cover determination). Un-
derstory vegetation in plot 1 was patchy and small, full
in plot 2, and conÞned under the canopy in plot 3. We
studied the spatial patterns of nematodes at two dif-
ferent spatial scales at macro- and micro-grid scales.
Insect spatial patterns were only investigated at the
macro-grid level.

SpatialDispersionofNematodes in theMacro-Grid.
The macro-grid in all the plots was established by
dividing the plot-area into 20 rectangles (36 m long 3
32 m wide). The central tree in each rectangle was
marked and samples were obtained from the vicinity
of these speciÞc trees (sampling stations). Soil samples
were taken once a month (from November 1994 to
September 1995) during the morning hours (0600Ð
0800 hours) from a depth of 5Ð10 cm from under the
canopy of the tree (at a distance of 30Ð40 cm from the
trunk in the easterndirection). Samples (130 cm3 soil)
were collected in containers, covered with a lid, and
transferred to 258C (62) to avoid extreme tempera-
ture conditions.

Presence and estimate of nematode number in soil
samples was determined following the procedure of
Campbell et al. (1996). Soil samples were moistened
(7Ð10% water wt:wt) with tap water. Five last instars
of thegreaterwaxmoth,Galleriamellonella (L.),were
inoculated into each container. The containers were
inverted to induceaclosecontactbetween the soil and
the insect larvae. Sampleswere then incubated at 256
28C for 4 d. Number of nematode-killed larvae was
counted (live insects were incubated for an additional
24 h in a separate dish before the Þnal count was
established). Soil samples showing nematode activity
were again subjected to an additional batch of Þve

fresh larvae. This process was repeated until soil sam-
ples stopped to produce nematode-killed insects. The
total number of dead insects was used as an indicator
of the relative number of nematodes in the soil.

To establish the nematode species, insect cadavers
obtained from the different soil samples were dis-
sected. Mature males and female nematodes that de-
veloped in the insects were used for morphological
identiÞcation according to a key by Poinar (1990).

SpatialDispersionof Insects in theMacro-Grid.The
abundance of insects in the above mentioned lots
were determined by sampling and examining soil lo-
cated close to the sample taken for nematodes. Soil
samples ('6,250 cm3) were obtained by removing a
block of soil (25 cmwide 3 25 cm long 3 10 cmdeep).
The samples were then taken to the laboratory, and
the number of potential insect hosts (i.e., grubs of
Maladera matrida Argaman) in the sample were de-
terminedbydirect visual inspectionof the sample. Soil
samples for insects determinationwere taken from the
three plots on three different occasions: November
1994 and February and August 1995.

Distribution of Nematodes in the Micro-Grid. Mi-
cro-grids were established around three trees of plot
3 (25Ð50% canopy cover). This plot was used because
it showed the highest populations of nematodes in the
macro-grid samples. Treeswere also selectedbasedon
the probability of Þnding nematodes. That is, trees
showing high levels of nematodes in the macro-grid
were selected and sampleswere performedduring the
months when nematode levels were expected to be
the highest. Micro-grids were established around the
tree-trunk in 250 by 250-cm square plots subdivided
into 25 (50 by 50 cm) quadrats that surrounded the
tree-trunk. Soil samples (130 cm3 taken from a depth
of 5Ð10 cm) were taken during late September 1996
from the center of each one of the quadrates.

In the case of the three micro-grids, the number of
nematodes in the soilwasdeterminedusing amodiÞed
Baermann funnel technique (Hopper 1986). Soil sub-
samples (30 cm3) were individually poured into a
60-micron nylon sieve supported by a 7.3-cm Perspex
cylinder. The sieve-cylinder was then suspended
above a 10-cm petri dish Þlled with water. After an
incubation period of 24 h at room temperature, the
number of infective juveniles that moved into the
waterwas recorded. Counting of nematodeswas done
under an inverted microscope at 3003 magniÞcation.
Before the visual observation, each nematode suspen-
sion was treated with 0.5% vol:vol of hypochloride
solution for 5 min. This treatment killed most of the
nonsteinernematid or nonheterorhabditid nematodes
that were extracted from the soil. The infective juve-
niles from these two families are not affected by this
treatment because their natural openings are closed
until they enter the heomolyph of an insect. The
technique was calibrated using the following proce-
dure: sterilized soil samples were mixed with a known
concentration of nematodes. Soil samples were then
subjected to the Baermann funnel technique.

Statistical Analysis. Spatial autocorrelation of nem-
atodes (macro-grid and micro-grid) and insects was
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investigatedusingMoranÕs I spatial statistics (Cliff and
Ord 1981). Spatial autocorrelation, especially MoranÕs
I, has been widely used in the study of insect spatial
patterns (see for example, Liebhold and Elkinton
1989, Midgarden et al. 1993, Nestel and Klein 1995,
Kitron et al. 1996). Moran I index is an attractive
procedure because it efÞciently uses data that are
usually wasted, its application puts few constraints on
sampling designs, and it reveals and quantiÞes pattern
differences that are not usually obvious (Jumars and
Thistle 1977). MoranÕs I index compares geographic
neighbors in terms of their deviation from themean of
all observations. The MoranÕs I index for a given lag
class is calculated as follows:

I 5 nOOwijzizj/soOzi
2

where n is the number of sampling stations,

zi 5 ~ xi 1 x#!, zj 5 ~xj 1 x#!

where xi or xj is the observation at the ith or jth
sampling station, wij is a weight denoting the connec-
tion between stations i and j (for example, 1 for neigh-
bors and 0 otherwise), and so is the sum of the weights
(Sokal and Oden 1978). In the current study, obser-
vations refer to thenumber of nematode-killed insects
in the laboratory bioassay, insect hosts, or nematode
numbers in the soil sample of a given sampling station
and sampling date. Connections between adjacent
observations where those related by a chess queenÕs
move (both orthogonal and diagonal connections).
MoranÕs I range between 1 and 21. When I is signif-
icantly positive, the observations from sampling sta-
tions separated by a distance falling within the ana-
lyzed distance lag class tend to be alike; if I is
signiÞcantly negative, the observations tend to be dis-
similar. If there is no spatial autocorrelation (i.e., in-
dependence) the expected value of I is close to 0. In
the spatial analysis of the two grid systems we used up
to Þve lag classes (i.e., separation distances with mu-
tually exclusive intervals). The boundaries of these
intervals were chosen in such a way that the largest
distance classwill include aminimumof 30pair points.
Correlograms were tested for spatial autocorrelation

signiÞcance (under the randomization assumption,R)
using a Bonferroni approximation and the software
SAAP (Wartenberg 1989). Assumption R considers
the observations to be random, independent drawings
from a population or set of populations with an un-
known distribution (Sokal and Oden 1978). Under R
the expectation for Moran I in the absence of spatial
autocorrelation is as follows:

E(I) 5 21/(n 2 1)

The spatial relation between entomopathogenic
nematodes (or the indication of their levels, i.e., nem-
atode-killed insects) and insect hosts was investigated
by simple correlation. Locations and dates where in-
sect hostswere recovered from soil sampleswere used
for the correlation analysis. Two schemeswereused to

Fig. 1. Plot average (20 soil samples per plot per date) of
nematode-killed laboratory test larvae as a function of sam-
pling date. o, Plot 1, p, plot 2, and u, plot 3. Error bars 5
standard deviation of the mean.

Fig. 2. Number of nematode-killed insects recovered
after laboratory incubation of host larvae on soil samples
obtained from the macro-grids. Graphs represent different
plots and dates that are representative of the most common
situations found during the study. (A) Plot 3, March 1995
(low nematode recovery). (B) Plot 2, December 1994 (in-
termediate nematode recovery). (C) Plot 3, December 1994
(high nematode recovery). The x-axis (across the front)
stands for thedistancebetween stations in theE-Wdirection,
and y-axis (going to the back) represents the distances in the
N-S direction.
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correlate these two variables: a corresponding scheme
(during the same sampling date) and a shifted-back
scheme(Ogata et al. 1996).Under the second scheme,
number of insects recovered from the soil sample
during a certain sampling date were correlated with
the results of the nematode-bioassay (i.e., amount of
nematode-killed larvae) obtained during the follow-
ing sampling date (1 mo later) in the same sampling
station.A further association between insect hosts and
nematodeswas done at thewhole-plot level. The plot-
average amount of insect hosts in soil samples was

correlated with the plot-average amount of killed in-
sects in the bioassay of the same month (correspond-
ing scheme) and of the following month (shifted back
scheme).

Results

Levels of nematodes, as indicated by the laboratory
bioassay on Galleria mellonella larvae in the macro-
grid differed with season (Fig. 1). In general, the
highest nematode activity was found during the fall

Table 1. Moran’s I spatial autocorrelation statistics for number of nematode-killed insects after exposure to soil samples of the three
macro-grid plots during the different sampling dates

Plot no.
Sampling

dates

MoranÕs I median distance class Overall correlogram
probability24 m 57 m 80 m 101 m 137 m

1 Nov. 1994 20.202 20.020 20.054 20.046 20.019 0.254
Dec. Ñ Ñ Ñ Ñ Ñ Ñ
Jan. 1995 20.056 20.087 20.060 0.119 20.181 0.354
March 20.168 20.161 0.087 0.014 20.050 0.417
Apr. 20.095 0.206** 20.102 20.032 20.105 0.018
May 20.131 0.009 20.067 20.113 0.112 0.521
June 20.053 20.106 20.048 20.053 20.023 0.416
July 20.169 20.196 0.159 0.058 20.164 0.113
Aug. Ñ Ñ Ñ Ñ Ñ Ñ
Sept. 20.137 0.125 20.185 0.069 0.029 0.648

2 Nov. 1994 20.138 20.229 0.044 0.018 0.000 0.912
Dec. 0.033 20.128 0.026 20.100 20.202 0.361
Jan. 1995 20.142 20.130 20.036 0.047 0.023 0.334
March 20.079 0.086 20.061 0.008 20.146 1.000
Apr. 20.106 20.179 0.081 20.134 0.013 0.521
May Ñ Ñ Ñ Ñ Ñ Ñ
June Ñ Ñ Ñ Ñ Ñ Ñ
July 0.069 20.092 20.040 0.053 20.344 0.076
Aug. Ñ Ñ Ñ Ñ Ñ Ñ
Sept. 20.065 0.093 0.089 20.286 20.095 0.208

3 Nov. 1994 0.094 20.222 20.018 20.298 0.012 0.232
Dec. 20.114 0.508** 20.073 20.168 20.176 0.003
Jan. 1995 20.163 20.100 0.038 0.002 20.018 0.739
March Ñ Ñ Ñ Ñ Ñ Ñ
Apr. Ñ Ñ Ñ Ñ Ñ Ñ
May Ñ Ñ Ñ Ñ Ñ Ñ
June 20.153 20.141 0.003 0.039 0.002 0.444
July 20.018 0.016 20.233 0.014 0.025 0.155
Aug. Ñ Ñ Ñ Ñ Ñ Ñ
Sept. 0.098 20.075 20.406** 0.140 0.009 0.005

** , SigniÞcant autocorrelation at P , 0.01 (an experiment-wide error of a 5 0.01 was used as the critical value for any distance class). We
established the null hypothesis of independence as the expected value of I under the randomization assumption [E(I) 5 20.053]. Ñ, No data
was collected for these dates and plots.

Table 2. Moran’s I spatial autocorrelation statistics for number of insect-hosts present in the three macro-grid plots during the different
sampling dates

Plot no.
Sampling

dates

MoranÕs I median distance class Overall
correlogram
probability24 m 57 m 80 m 101 m 137 m

1 Nov. 1994 0.137 20.002 20.457** 0.060 0.046 0.003
Feb. 1995 20.130 0.030 20.107 0.001 0.041 1.000
Aug. 1995 20.046 20.195 20.134 20.082 0.168 0.273

2 Nov. 1994 0.120 20.142 20.247 20.156 0.089 0.198
Feb. 1995 0.007 20.074 20.184 0.009 20.018 0.757
Aug. 1995 0.082 20.236 20.081 20.363 0.187 0.102

3 Nov. 1994 20.023 20.249 20.015 20.294 0.209 0.143
Feb. 1995 20.192 0.202 0.169 20.421** 0.065 0.040
Aug. 1995 20.119 20.206 0.020 0.091 20.083 0.902

** , SigniÞcant autocorrelation at P , 0.01 (an experiment-wide error of a 5 0.01 was used as the critical value for any distance class). We
established the null hypothesis of independence as the expected value of I under the randomization assumption [E(I) 5 20.053].
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months. During the winter, spring, and summer, nem-
atode activity was relatively low, except for July.
There was not a clear differential pattern in the abun-
dance of nematodes between the three plots.

The spatial distribution of nematode levels in the
macro-grid during some selected sampling dates, and
in some selected plots, is shown inFig. 2. These graphs
exemplify themost common situations found through-
out the study (low, intermediate, and high nematode
density, or nematode-killed insects in the laboratory
bioassay). At the sampling scale of the macro-grid, we
were unable to Þnd dependency between adjacent
sampling stations (Table 1). Except for a few cases,
and at certain distance classes, MoranÕs I was not
signiÞcantly different from the expected value under
the randomization assumption (Table 1). Similarly,
the overall correlogram probabilities, which summa-

rize theperformanceof the statisticswhen all distance
classes are taken into consideration, were usually high
(Table 1). This suggests that, at this scale of analysis,
we are unable to reject the hypothesis of no depen-
dency between nematode levels at neighboring sam-
pling stations. Likewise, and except for a signiÞcant
pattern of insect hosts during November 1994 in plot
1,wewereunable toÞndanysigniÞcant spatial pattern
in numbers of insect hosts at the macro-grid scale
(Table 2).

Figure 3 shows three examples of numbers of insect
hosts of nematodes (mainly grubs of Maladera ma-
trida) in the macro-grid. The graphs in Fig. 3 show the
level of insect hosts in the same plots as Fig. 2, but 1
mo ahead (shifted back scheme). As can be seen,
when the two variables are inspected in relation to the
geographic location of the sampling station there is no
visual relationship between the level of insect hosts
(Fig. 3) and the number of nematode-killed insects
(Fig. 2). This is conÞrmed by the low correlation
obtained between the two variables when the entire
data set is associated at the level of sampling stations
(r50.08,n5120,P.0.05 for thecorresponding form;
and r 5 0.26, n 5 180, P , 0.05 for the shifted-back
scheme). However, at the entire plot level, there is a
clear visual relationship between the numbers of in-
sect hosts and the number of nematode-killed insects
found 1 mo later in the soil-bioassay (Figs. 2 and 3).
This relationship is more evident when the plot aver-
ages for the two variables are associated using the
shifted-back scheme (Fig. 4) (r 5 0.93, n 5 9, P ,
0.01). The correlation of the two variables in the cor-
responding form was low and not signiÞcantly differ-
ent from zero (r 5 0.68, n 5 6, P . 0.05).

The calibration of nematodes by theBaermann fun-
nel technique resulted in a highly signiÞcant correla-
tion between recovery and inoculation (r 5 0.83, n 5
20, P , 0.01), and a relatively high extraction efÞ-
ciency ('75%). Thus, the reported results on nema-
tode numbers in the micro-grid are expected to ap-
proximate,with a certain good level of conÞdence, the
number of nematodes in soil samples. Even here, the
analysis of spatial patterns (e.g., dependency between

Fig. 3. Number of insect hosts recovered from soil sam-
ples obtained in the macro-grids. Graphs are linked to those
shown inFig. 2 (sameplots and shifted-back sampling dates).
This exempliÞes the relationshipbetween insecthosts caught
1 mo earlier and nematodes present in soil samples. (A) Plot
3, February 1995 (low insect host populations). (B) Plot 2,
November 1994 (intermediate insect hosts populations). (C)
Plot 3, November 1994 (high insect hosts populations). The
x-axis (across the front) stands for the distance between
stations in the E-W direction, and y-axis (going to the back)
represents the distances in the N-S direction.

Fig. 4. Shifted-back relationship between the average
plot amount of nematode-killed insects during laboratory soil
incubation and the average amount of insect hosts per plot
recovered 1 mo earlier from soil samples.
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neighbors) of nematode relative numbers in the mi-
cro-grid, where the shortest distances between neigh-
bor sampling stations was 50 cm, showed a lack of
signiÞcant patterns (Table 3). However, the visual
inspection of nematode numbers in the micro-grid
graph clearly shows that there are focal spots where
nematode levels per soil volume can reach very high
numbers (Fig. 5AandC).This suggests thatnematode

clusters areextremely localized tovery small areas and
volumes of soil.

Discussion

Temporal patterns of entomopathogenic nema-
todes in the investigated plots were quite similar to
those found in a previous study conducted in this
region (Glazer et al. 1996). Even the relative increase
in entomopathogenic nematodes during July (Fig. 1),
whichwasobservedonplotswithhighdegreeof shade
coverage, was previously reported in this area (Glazer
et al. 1996).Theapparent reason for this pattern seems
to be related to the Þeld availability of insect hosts and
to climatic conditions. The main insect hosts of ento-
mopathogenic nematodes in this area are grubs of
Maladera matrida (Glazer et al. 1996). Two main
peaks of M. matrida grubs have been observed in soils
of this area: one during June and the second peak
during SeptemberÐOctober (Harari et al. 1998). This
phenology of the main insect host, thus, explains the
observed temporal patterns of entomopathogenic
nematode in this and in previous studies. The June
peak of M. matrida grubs will be the base for the
sudden increase of entomopathogenic nematodes
during July, and the SeptemberÐOctober peak will be
responsible for the fall increase in entomopathogenic
nematodes numbers (Fig. 1). However, milder cli-
matic conditions on soils of shadedplots (those having
.50% shade) during midsummer were probably re-
sponsible for the higher populations of nematodes,
andprobably alsoof insect hosts in theseplots (Fig. 1).
This situation is inverted during the fall, when envi-
ronmental temperatures start to decrease, making
plots with low shade conditions more viable for both
M. matrida grubs and entomopathogenic nematodes.

The spatial distribution patterns of organisms is
shaped by behavioral traits of the species and by en-
vironmental factors (Taylor 1984). Spatial patterns are
also inßuenced by the relative size of the organisms,
their mobility, rate of mortality, and the geographic
scale at which the observer is analyzing the system. In
the current study, entomopathogenic nematodes did
not show dependency between neighboring sampling
locations at any of the two geographic scales selected
for analysis. However, clusters of nematodes were
highly localized to small soil spots (Fig. 5). These
results seem to be linked to certain features of ento-
mopathogenic nematodes and their ecology. Redistri-
bution of entomopathogenic nematodes in space

Fig. 5. Number of nematodes recovered from soil sam-
ples (30 ml soil/sample) obtained from the micro-grids es-
tablished in three different trees from plot 3. Sampling was
performed during September 1996. (A) Tree 1. (B) Tree 2.
(C) Tree 3. The x-axis (across the front) stands for the
distance between stations in the E-W direction, and y-axis
(going to the back) represents the distances in the N-S
direction.

Table 3. Moran’s I spatial autocorrelation statistics for number of nematodes in micro-grids

Tree no.
MoranÕs I median distance class Overall

correlogram
probability35 cm 89 cm 129 cm 164 cm 231 cm

1 20.038 0.010 20.152 20.004 20.082 0.582
2 20.084 20.152 20.051 0.147 20.015 0.285
3 0.005 20.019 20.048 20.020 20.150 0.231

** SigniÞcant autocorrelation at P , 0.01 (an experiment-wide error of a 5 0.01 was used as the critical value for any distance class). We
established the null hypothesis of independence as the expected value of I under the randomization assumption [E(I) 5 20.042].
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seems to occur mainly by the infected insect grub,
which acts as a carrier. Localized clusters of ento-
mopathogenic nematodes thus seem to be related to
the place were host grubs are Þnally killed by the
nematodes: Newly produced nematodes may then
breakout in spots, transforming the area into a center
of entomopathogenic nematodes.

The lack of spatial dependence, even at small-scale
levels, makes the study of the ecology of ento-
mopathogenic nematodes quite difÞcult. Data that are
not spatially dependent do not lend themselves to
interpolation (Roberts et al. 1993). As a result, it is
difÞcult to design a systematic sampling scheme to
obtain ecological information on entomopathogenic
nematodes. The fact that foci of entomopathogenic
nematodes in orchards seem to be distributed in space
at random, not only makes the sampling of ento-
mopathogenic nematodes difÞcult but also may have
some repercussions regarding the relationship be-
tween entomopathogenic nematodes and their host
insects, as well as the management of innoculative
releases.Encountersbetweenwildentomopathogenic
nematodes and host insects are probably low. More-
over, the host Þnding activity of entomopathogenic
nematode populations may be quite localized to very
small areas of soil, as can be inferred from the lack of
correlation between nematode-samples and insect-
samples in soil samples that were quite close to each
other. Nevertheless, we did measure a strong corre-
lation between number of insect hosts and ento-
mopathogenic nematodes-killed insects at the level of
the entire plot. The results and analysis of the data,
thus, suggest that wild entomopathogenic nematodes
in the Negev orchards have very low probabilities of
encountering an insect host in nature, and that under
the environmental conditions of the Negev, effective
biological control by entomopathogenic nematodes
can only be achieved by inundative releases.
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