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Estimating Sample Size and Persistence of Entomogenous 
Nematodes in Sandy Soils and Their Efficacy Against the 

Larvae of Diaprepes abbreviatus in Florida 1 
L, W. DUNCAN, C. W. McCoy, AND A. C. TERRANOVA 2 

Abstract: In two studies to estimate sampling requirements for entomogenous nematodes in the 
field, highest persistence of Heterorhabditis bacteriophora after application occurred beneath the can- 
opies of mature citrus trees. Nematode persistence declined with distance from the center-line of the 
tree row toward the row-middles. Immediately after nematode application to soil, 32 samples (15 cm 
deep, 2.5-cm diameter) beneath a single tree were required to derive 95% confidence intervals that 
were within 40% of mean nematode population density. The estimated probability of measuring the 
mean density within 40%, using 32 samples, declined to 88% at 2 days post-application and to 76% 
at 7 days. The persistence in soil of Steinernema carpocapsae, S. riobra~is, and two formulations con- 
taining H. bacteriophora and their efficacy against the larvae ofDiaprepes abt~reviatus were compared in 
a grove of  4-year-old citrus trees. Within 6 days, the recovered population densities of all nematodes 
declined to <5% of levels on day 0. The recovery of H. bacteriophora during the first 2 weeks was 
lower than that of the other two species. Steinemema riobravis and both formulations of H. bacterio- 
phora reduced recovery of D. abbreviatus by more than 90% and 50%, respectively. Steinernema 
carpocapsae did not affect population levels of the insect. 

Key words: control, Diaprepes abbreviatus, efficacy, entomopathogenic nematode, Heterorhabditis bac- 
teriophora, sampling; Steinernema riobravis, survival. 

Diaprepes abbreviatus (L.) is one of five 
species of root weevils whose larvae are de- 
structive to the roots of  citrus trees, various 
ornamental  plants, and other important 
agricultural crops in Florida (37). On cit- 
rus, the female oviposits between leaves. 
As the eggs hatch, the neonate larvae drop 
to the ground, burrow into the soil, and 
feed on all root parts for approximately 1 
year before leaving the soil as adults (34). 
Larval feeding on the roots of citrus can 
cause severe tree decline and mortality. 
Since its discovery in Florida (36), this wee- 
vil has spread to 15 major citrus-growing 
counties within the state and is considered 
an important long-term threat to agricul- 
ture (22). 

In a soil survey of  commercial citrus 
groves and ornamental nurseries, Beavers 
et al. (3) found indigenous strains of ento- 
mopathogenic fungi and nematodes that 
were infectious to the larvae of D. abbrevi- 
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atus. Two species of nematodes recovered 
in the soil survey, Steinernema ca~pocapsae 
(Weiser) and  Heterorhabditis heliothidis 
(Kahn, Brooks & Hirschmann), belong to 
the families Steinernematidae and Heter- 
orhabditidae, which contain strains of  spe- 
cies being developed commercially and ap- 
plied as biological insecticides against a 
number of soil-inhabiting pests through- 
out the world (18). 

During the past decade, many labora- 
tory and commercially produced nema- 
tode preparations of different species and 
(or) strains from the above families have 
been evaluated in the greenhouse and the 
field and have been found to have poten- 
tial as microbial control agents for larvae 
of D. abbreviatus (2,8,25-31). Although no 
data have been presented on natural levels 
of parasitism of Diaprepes larvae by ento- 
mogenous nematodes, applications of  100 
S. carpocapsae (26) or H. bacteriophora (8) 
per cm 3 soil reduced adult D. abbreviatus 
emergence from treated soil compared to 
untreated soil by approximately 70% in 
the following year. In 1989, a commercial 
formulation of S. carpocapsae, under the 
trade name BioVector (biosys Corp., Palo 
Alto, CA) was registered to control root 
weevil larvae in Florida citrus groves. In 
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August 1994, the nematode in the com- 
mercial prepara t ion  BioVector was re- 
placed with a new species, S. riobravis (Ca- 
banillas, Poinar & Raulston), and labeled 
as BioVector 355. This paper presents the 
first data on the efficacy of  S. riobravis 
against the larvae of  D. abbreviatus in the 
field. 

Soil texture (20,24), soil tempera ture  
(23), soil moisture (7,24), ultraviolet radia- 
tion (13), and natural antagonists (15) are 
important abiotic and biotic factors that af- 
fect the persistence of  nematodes in the 
soil (14). The effects of  these factors on the 
nematode populations cannot be studied 
in the field unless a sampling method is 
devised to monitor nematode persistence. 
Quantitative sampling of  entomopatho-  
genic nematodes, subsequent to artificial 
application, to estimate persistence and 
spatial patterns has not been studied in cit- 
rus orchards affected by subtropical cli- 
matic conditions. Most published research 
employs less quantitative nematode-host 
bioassay methods (4,32). Our  study ad- 
dressed both nematode sample size and an 
in vitro nematode-host bioassay using Gal- 
leria melloneUa to estimate persistence and 
efficacy in the soil of S. carpocapsae, S. rio- 
bravis, and H. bacteriophora. In addition, we 
will report, for the first time, the use of  a 
destructive tree-soil sampling procedure  
for  m e a s u r i n g  the  e f f icacy  o f  en to-  
mopathogenic nematodes against D. abbre- 
viatus. 

MATERIALS AND METHODS 

Estimating sample size: Soil beneath two 
15-year-old grapefruit  trees on Volkamer 
lemon rootstock was treated at a rate of  2 
x 106 nematodes/m 2 with infective third- 
stage Heterorhabditis bacteriophora commer- 
cially formulated in an inert clay carrier 
(Otinem, Ecogen Australia Pty. Ltd.). One 
tree was treated on 13 February 1994 (ex- 
periment  1), the other  on 28 February 
1994 (experiment 2). A rectangular area 
(4.6 m x 7.0 m) centered on the tree was 
sprayed with 2 liters of  water-nematode 
suspension using a pressurized sprayer 
with a flat-fan nozzle. Soil was irrigated to 

field capacity on 28 February 1994 and ir- 
rigated by hand for 10 minutes immedi- 
ately following treatment on both dates us- 
ing a garden hose spray attachment. Soil 
type under  both trees was Astatula fine 
sand (92% sand, 2% silt, 6% clay). 

In experiment 2, 100 cores of  soil (2-cm 
d x 30 cm deep) were removed from the 
treated area at 0, 2, and 7 days following 
treatment and divided into portions from 
0-15 cm and 15-30 cm depths. Sampling 
was identical in experiment 1, except that 
on day 7 following treatment, four com- 
posite samples (each consisting of  16 cores 
of  soil) were collected to estimate nema- 
tode population density. Cores were re- 
moved at grid intersections located by ex- 
tending a string at 10 equidistant intervals 
along each side of  the rectangular area. 
The grid was shifted 15 cm on successive 
sides of  the treated area after each sample 
date to avoid resampling the same points. 

To  detect migration of nematodes from 
the treated area, 15 cores of  soil were also 
taken in a line parallel to and 1 m distant 
from each edge of  the treated area on each 
sample date. The 15 cores along each side 
were pooled into single samples. To  mon- 
itor background levels of heterorhabditid 
nematodes, 15 cores of  soil were also taken 
from beneath four untreated control trees 
on each sample date and pooled into a sin- 
gle sample per tree. 

Nematodes were collected from soil on 
modified Baermann funnels for 48 hours. 
All of  the soil (47 cm s) in single core sam- 
ples was processed. Composite samples 
were mixed, and three 50-cm 3 subsamples 
per sample were processed. 

Means  and  var iances  o f  n e m a t o d e  
counts (n = 100) at each depth, on each 
sample date, in both experiments were 
used to estimate parameters for Taylor's 
Power Law (33). Sample size to estimate 
population density with specified precision 
(d) was estimated from the formula 

n = ax  b-2 (1) 

where n = number  of  cores of  soil, z = the 
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standard normal variate (1.96 for P = 
0.05), d = the half-length of  a confidence 
interval expressed as a proportion of the 
mean (2), and a and b are parameter esti- 
mates from Taylor's Power Law (11). To 
estimate the probability that mean esti- 
mates were within specified levels of pre- 
cision, for arbitrary values of n and d, 
Equation 1 was rearranged as 

f nd 
Z ~- ~t~"-'~Z_2 (2) 

and the  probability for a given value of z 
was obtained from a table of areas beneath 
the normal curve (11). 

Nematode persistence and efficacy against cit- 
rus root weevil larvae: Three species of en- 
tomopathogenic nematodes, Steinernema 
carpocapsae (BioVector), Steinernema rio- 
bravis (BioVector 355), and Heterorhabditis 
bacteriophora, were applied at defined rates 
as a soil drench beneath the canopy of  
4-year-old Hamlin orange trees on Swingle 
citrumelo rootstock planted in an Astatula 
fine sand. At the time of the test, all citrus 
trees showed severe tree decline from D. 
abbreviatus larval injury. They had an aver- 
age of 16 late instar larvae per tree based 
on sampling conducted 2 weeks before the 
test. The trees had received routine fertil- 
ization twice per year, regular irrigation, 
and herbicide applications for weed con- 
trol. No pesticides were applied to the soil. 

Three rows consisting of 48 trees, each 
approximately 2 m high with eanopies 2 m 
in diameter, were selected for the study. 
All t reatments,  including an untreated 
control, were randomized as single tree 
plots and replicated 10 times except for 
two treatments containing H. bacteriophora, 
which were limited in quantity. These 
t reatments  were replicated four  times. 
Prior to t r ea tment ,  weeds and debris 
found beneath the tree canopy were re- 
moved and soil barriers were constructed 
at the dripline of each tree to confine irri- 
gation water applied manually f rom a 
truck-mounted tank. One day before treat- 
ment, the soil within each ring (about 1.5 

m d) received approximately 115 liters of  
water. Before nematode application, all 
trees received 38 liters of water to assure 
uniform soil moisture to a depth greater 
than 60 cm. 

A commercial polymer base formulation 
(BioVector, biosys Corp., Palo Alto, CA) 
containing infective juveniles of S. carpoc- 
apsae with an estimated viability of 97%, 
based on pre-treatment motility counts in 
the field, was applied at rates of 2.7 and 5.4 
million nematodes/tree. Likewise, an ex- 
perimental polymer base formulation (bio- 
sys Corp., Palo Alto, CA) containing infec- 
tive juveniles of S. riobravis with an esti- 
mated viability of 95% was applied at a rate 
of 2.1 million nematodes per tree. Two ex- 
per imental  preparat ions,  a liquid and 
granu la r  fo rmula t ion  (Ecogen Corp. ,  
Langhorne, PA), containing infective juve- 
niles of H. bacteriophora with an estimated 
viability of 81 and 76%, respectively, were 
applied at rates of 4.5 and 3.1 million 
nematodes per tree, respectively. All treat- 
ments were applied in 7.6 liters of water 
using a sprinkling can on 6 April 1994, in 
late afternoon under partially cloudy skies 
at an ambient temperature of  31 C. Fol- 
lowing field application, an additional 8 li- 
ters of water was added to each plot to aid 
in the vertical movement of the nematodes 
into the soil. Thereafter,  57 liters of  water 
was applied to each plot on days 5, 8, 12, 
14, 19, and 23 post-treatment. 

Rainfall and soil moisture were moni- 
tored throughout  the trial (Fig. 1). Soil 
temperatures (15-cm depth) ranged from 
24 to 28 C during the experiment. 

Two soil samples, each comprised of 16 
cores (1-cm d x 15-cm deep), were col- 
lected from each plot on 0, 5, 12, and 21 
days post-treatment. Samples were col- 
lected by removing four equidistant cores 
of soil from each of four equally spaced 
lines radiating from the trunk to the drip- 
line. The two samples per plot were mixed 
and three, 50-cm 3 subsamples were ex- 
tracted on modified Baermann funnels for 
48 hours. The three subsamples were com- 
bined before counting the entomogenous 
nematodes. 
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Flc.  1. Rainfall (bars) and average soil mois ture  dur ing  30 days' in a field trial to measure  the persis tence 
of  en tomogenous  nematodes  and  their  efficacy against larvae of  Diaprepes abbreviatus. 

Taylor's Power Law was fitted to the 
means and variances of  nematode counts 
for each treatment on each sample date to 
estimate experimental replication require- 
ments. Equations 1 and 2 were used to de- 
rive estimates of treatment replication re- 
quirements and to investigate sampling 
precision associated with treatment repli- 
cation of arbitrary number and precision. 

Nematode persistence during the first 5 
days of  the experiment was estimated by 
dividing the numbers of nematodes recov- 
ered on day 5 post-treatment by recovery 
on day 0. Analysis of variance was per- 
formed on t ransformed (arcsin square 
root) data, and differences in treatment 
means were evaluated using Tukey's hon- 
estly significant d i f ference  procedure .  
Since there was no difference in persis- 
tence between the two rates of S. carpocap- 
sae, those data were pooled for comparison 
with the other treatments. Differences in 
persistence at subsequent times were not 
evaluated because after day 5 entomoge- 
nous nematodes were not detected in the 
majority of plots of  all treatments. 

To estimate biological activity of the dif- 
ferent nematodes in the field over time, 
soil was taken from the same sample col- 
lected to estimate nematode population 
density. After mixing, 70 cm 3 of soil (5- 
10% moisture content) was placed in each 
of 10 standard petri dishes, and two D. ab- 
breviatus and two G. mellonella larvae were 
added per dish. After a 6-day exposure 
time, larval mortality was determined. To 
confirm parasitism, both live and dead lar- 
vae were dissected in water to release juve- 
nile and(or) adult nematodes. Nematodes 
were then identified to genus. 

On 9 and 10 May 1994 (33-34 days post- 
treatment), the D. abbreviatus larval popu- 
lation density within the tree rhizosphere 
to a depth of  60 cm was estimated using a 
tree removal-soil sampling procedure. On 
this date, the majority of larvae were 2.0- 
2.5 cm long (>5th instar) and easily de- 
tected in the soil. Trees were uprooted us- 
ing a front-end loader with a f o r k  head 
attachment.  By vigorously shaking the 
trees in situ, most of the soil adhering to 
the roots was removed along with any lar- 
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corded per given volume of  soil. Because 
the quantity of  soil lodged within the root 
crown varied from tree to tree depending 
on root density, it was impossible to deter- 
mine the volume of  soil extracted from the 
crown. However, the quantity was at least 
20-fold less than the quantity processed in 
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ance and mean separation by Tukey's hon- 
estly significant difference procedure. 
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Population densities of Heterorhabditis bac- 
teriophora recovered from 100 individual cores of  soil 
from a grid centered on a mature citrus tree. Nema- 
todes recovered 1 hour after application (A) and 7 
days after application (B). Center line of tree row lies 
between east-west lines 5 and 6. 

vae. The tree was then moved into the row 
middle and the soil lodged in the crown 
area removed by flushing the root zone 
with high-pressure water delivered by a 
handgun sprayer. Larvae from the crown 
area of  the plant were collected on a plastic 
tarp placed on the ground. To estimate the 
number of  larvae remaining in the upper 
soil dislodged from roots (30-cm depth) 
and lower rhizosphere (30-60-cm depth), 
0.28 m 3 of  soil was randomly collected us- 
ing a shovel and sieved through a coarse 
screen to separate the larvae from the soil. 
The number of  larvae per tree was re- 

Estimating sample size and treatment replica- 
tion requirements: Population density of  H. 
bacteriophora was higher under the tree 
canopy than in the unshaded row-middles 
in the second experiment (Fig. 2A,B). Im- 
mediately following treatment, the average 
nematode density (10 single cores/line) re- 
covered from each line running parallel to 
the tree row was approximately seven 
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cm depth. Bars represent mean standard error. 
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times h igher  (P = 0.001) in the middle  two 
lines o f  samples than  in the two southern-  
most lines and  near ly  three  times grea ter  
(P = 0.01) than  in the two n o r t h e r n m o s t  
lines o f  samples.  L inear  cor re la t ion  be- 
tween log e n ema t o d e  density and distance 
f r om the center- l ine o f  the row was - 0.42 
(n = 100, P ~< 0.001). This  pa t tern  per-  
sisted t h r o u g h o u t  the exper iment .  T h e r e  
were no d i f ferences  in nema tode  popula-  
t ion densities for  sample lines perpendic-  
u lar  to the  t ree  rows. T h e  same t rends  
were clearly evident  in the first sample-size 
expe r imen t  (data not  shown), a l though the 
data  were more  variable. 

Popula t ion  density o f  H. bacteriophora re- 
covered  f r om  single cores o f  soil 0 -15-cm 
and 15-30-cm d e e p  generally declined ex- 
ponential ly du r ing  the first 7 days o f  both  
trials, creat ing a wide range  o f  means and 
assoc ia ted  va r i ances  (Fig. 3A,B).  Esti- 
mated  nema tode  recovery on  day 0 was 
14% and 28% in the first and second ex- 
per iments ,  respectively. 

In  the first sample-size expe r imen t ,  no  
h e t e r o r h a b d i t i d  n e m a t o d e s  were  recov-  
e red  in the composi te  samples, taken 1 m 
f rom the t rea ted  area. Heterorabditis spp. 
were recovered  f ro m  benea th  one  o f  the 
fou r  control  trees at densities o f  0.0, 2.0, 
and 6.0 nematodes/100 cm 3 soil on  days 0, 
2, and 7. In the second sample-size exper-  
iment,  no he te rorhabd i t id  nematodes  were  
detected benea th  control  trees. Heterorhab- 
ditis spp. were recovered  1 m distant f rom 
the t reated areas in three  d i f fe ren t  direc- 
tions at mean  densities o f  2.0, 8.0, and 4.0 
nematodes  per  100 cm s soil on  days 0, 2, 
and 7 following t rea tment .  

T h e  parameters  o f  Taylor ' s  Power  Law 
fit to single-core data  f rom both  sample- 
size exper iments  and both  soil depths  were 
a = 5.64 and b = 1.77 (r z = 0.99, P = 
0.01, Fig. 4). F rom Equat ion 1, the popu-  
lation densi ty at which 32 cores  o f  soil 
would resul t  in m e a n  densi ty  est imates 
within 40% of  Ix, 95% of  the time, is ap- 
proximately  600 nematodes/100 cm s soil. 
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From Equation 2, the respective probabil- 
ities of  attaining at least 40% precision 
from 32 cores of  soil for population den- 
sides of  600, 60, and 6 nematodes per 100 
cm s soil is 0.95, 0.88, and 0.76, (Fig. 5A). 

In the field trial to measure the persis- 
tence and efficacy of  entomogenous nema- 
todes against D. abbreviatis, the population 
densities of  all steinernematid species de- 
clined exponentially during the first 14 
days (Fig. 6). Heterorhabditisbacteriophora 
populat ion density declined during the 
first week in a manner similar to the pre- 
vious two studies. 

Recovery on day 0 was estimated to be 
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45% for S. carpocapsae (low rate), 31% for 
S. carpocapsae (high rate), 18% for S. rio- 
bravis, 19% for H. bacteriophora (liquid for- 
mulation), and 10% for H. bacteriophora 
(granular formation). 

Parameter values of  Taylor's Power Law 
fit to these composite-sample data were a 
= 5.16 and b = 1.52 (r 2 = 0.96, P = 0.01, 
Fig. 4). From Equation 1, the population 
density at which 10 replicate plots (32 core 
samples per plot) would result in mean 
density estimates within 40% of  I~, 95% of  
the time, is approximately 200 nematodes/ 
100 cm s soil. From Equation 2, the respec- 
tive probabilities of  attaining at least 40% 
precision from 10 replicate plots (32 cores/ 
plot) for population densities of 600, 60, 
and 6 nematodes per 100 cm s soil are 0.99, 
0.86, and 0.61 (Fig. 5B). 

Nematode persistence: Persistence of  H. 
bacteriophora in the 0-15-cm horizon 2 days 
post-treatment was 18.8% and 23.6% in 
the first and second sample-size experi- 
ments (Fig. 3A). By 7 days post-treatment, 
persistence in the two experiments was es- 
timated to be 3.5% and 2.4%, respectively. 
Migration to lower soil depth did not ap- 
pear to be a major factor in persistence 
because population densities at the 15-30- 
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cm depth declined in a manner similar to 
those in the 0-15-cm depth (Fig. 3B). 

Persistence of  S. riobravis (4.4%) between 
days 0 and 5 in the efficacy field trial (Fig. 
6) was greater (P = 0.05) than that of S. 
carpocapsae (2.1%). Survival of  H. bacte~o- 
phora from the liquid formulation (0.2%) 
was less (P = 0.01) than that of  either 
steinernematid species. No H. bacteriophora 
from the granular formulation were de- 
tected in any plot on day 5 post-treatment 
or thereafter.  Bioassay data conformed 
reasonably well with nematode  counts 
from soil samples. Almost no infection of 
either insect species occurred 14 or 28 days 
post-infection (Table 1). Parasitism of  G. 
mellonella was greater than that of  D. abbre- 
viatus in all nematode treatments on days 0 
and 5 post-treatment. No insects were par- 
asitized in soil from control plots at any 
time during the experiment. 

Nematode efficacy against citrus root weevil 
larvae: The total number  of  larvae recov- 
ered f rom the rhizospheres of  control 
t rees  (14.8) was s imi lar  to the  pre-  
treatment estimate (16.0) using the tree re- 
moval-soil sampling procedures described 
herein (Table 2). More D. abbreviatus were 
recovered from the lower rhizosphere  
than from the other sites. Since the volume 
of  soil found in the crown was significantly 
less than the volume processed in the other 
areas of the rhizosphere, most likely the 
density of  D. abbreviatus larvae was greater 
in the crown area at this time of  the year. 

Larval parasi t ism by S. riobravis ap- 
peared to be significantly higher in all re- 
gions of the rhizosphere based on larval 
recovery compared to the other nematode 
species (Table 2). Both formulations of  H. 
bacteriophora were superior to both rates of  
S. carpocapsae in reducing the total number 
of  larvae in the rhizosphere. 

In the crown region, both the liquid for- 
mulation of  H. bacteriophora and S. riobravis 
gave similar results and significantly re- 
duced larval populations. Neither ra te  of  
S. carpocapsae appeared to have an effect 
on larval populations when compared to 
the untreated check. 

DISCUSSION 

The effect of  sampling intensity on the 
accuracy of  population density estimates 
for entomogenous nematodes, under  con- 
ditions in these studies, was similar to that 
r e p o r t e d  for  o the r  n e m a t o d e  species 
(11,12). At population densities resulting 
from standard inoculation rates (in the 
present study, ca. 600 nematodes per 100 
cm 3 soil in the top 15 cm soil), we estimated 
that 32 cores of soil should achieve popu- 
lation measurements within 40% of  ~ ap- 
proximately 95% of the time. When those 
population densities decline 100-fold, the 
same sample intensity should produce con- 
fidence interval half-lengths of  approxi- 
mately 66% of 2 95% of the time. While 
the additional error involved in composit- 
ing and subsampling from the single cores 
was not measured in this study, we deter- 
mined that 32-core composi te  samples 
taken from 10 individual plots resulted in 
95% confidence interval half-lengths of  
approximately 31% of  2 at populat ion 
densities of  600 nematodes per 100 cm 3 
soil and 88% of ~ when populations de- 
cline 100-fold. These levels of  sampling 
precision were sufficient to estimate per- 
sistence of the nematodes in the field be- 
cause of the wide range of  densities en- 
countered over relatively short time inter- 
vals. For field studies in which treatment 
means are expected to exhibit  smaller 
ranges, sampling requirements can be es- 
timated using the appropriate parameter  
estimates for Taylor's Power Law. 

Exponent ia l  popu la t ion  decay rates 
commonly have been reported for ento- 
mogenous nematodes (6,15,23). However, 
with the exception of  one other study also 
conducted in sandy soil (23), most workers 
r e p o r t e d  h igher  pers i s tence  of  ento-  
mopathogenic nematodes in soil than mea- 
sured in our studies. For example, Curran 
and Heng (6) estimated a minimum of 30 
days was required before populations of  
various Steinernema spp. declined by 90% 
in vitro compared to less than 6 days in this 
study. Further, using a clay loam soil, they 



TABLE 1. Mean percentage mortality and parasitism by different entomogenous  nematodes to late instar larvae of  Diaprepes abbreviat~ and Galleria 
mellonella after 4 days exposure to treated field soils in the laboratory. 

S" 
Posttreatment sample time in days ~' 

0 5 t4 26 

Diaprepes Galleria Diaprepes Galleria Diaprepes Galleria Diaprepes Galleria 

Nematode Rate/tree % % % % % % % % % % °A % % % % 
species (million) Mort b Par ~ Mort Par Mort Par Mort Par Mort Par Mort Par Mort Par Mort Par 

bo 

Steinernema 
carpocapse 2.7 100 25 100 100 35 25 

Steinertzema 
carpocapse 5.4 75 5 100 100 35 25 

Steinernema 
riobravis 2,1 70 35 100 70 20 0 

Heterorhabditis 
bacteriophora 
(liquid) 4.5 100 37.5 100 50 25 0 

Heterorhabditis 
bacteriophora 
(granule) 3.1 83.3 16.1 100 50 37.5 0 

Control - -  85 0 50 0 20 0 

80 50 20 0 25 0 0 0 100 0 

100 75 75 0 10 0 60 0 95 0 

55 30 35 15 30 0 20 0 95 0 

75 25 25 0 20 0 10 0 25 0 

62.5 50 15 0 10 0 30 0 60 0 
70 0 25 0 25 0 10 0 95 0 

M5 

a Each treatment replicated I0 times; two larvae hosts in 70 cm ~ of field soil. 
~' Mort = mortality, Par = parasitism. 
c Parasitism based on dissection of both live and dead larvae. 
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TABLE 2. E f f e c t  o f  d i f f e r e n t  spec i e s  o f  e n t o m o p a t h o g e n i c  n e m a t o d e s  a p p l i e d  to  soi l  b e n e a t h  t h e  c i t r u s  
t r e e  c a n o p y  o n  t h e  r e c o v e r y  o f  l a t e  i n s t a r  larvae of Diaprepes abbreviatus f r o m  d i f f e r e n t  l o c a t i o n s  in  t h e  r o o t  z o n e  
a f t e r  3 0  d a y s .  

T r e a t m e n t  

Rate Mean no. larvae -+ SE at d i f ferent  soil depths  a 

(Viable nema/  U p p e r  rhizosphere b Lower rhizosphere b 
tree x 106) (0-30-cm depth)  (30-60-cm depth)  Crown b Total  

C o n t r o l  - -  2 .5  +- 0 .8  a 8 .4  --- 2 .6  a 4 .2  4- 1.6 a 14.8  -_ 4 . 0  a 
S teinernema 

carpocapsae 2.7  2 .7  +- 0 .7  a 6 .5  -+ 1.7 a b  5.1 -- 1.7 a 14.3  + 3 .3  a 
S. carpocapsae 5 .4  1.9 +- 0 . 8  a 4 .8  +- 1.0 a b  3 .6  +- 1.0 a 10 .3  _+ 2 .5  a 
S. riobravis 2.1 0.1 - 0.1 b 0 .7  -+ 0 .4  c 0 . 3 - + 0 . 2  b 1.1 + 0 . 6 c  
Heterorhabditis bacteriophora 

g r a n u l e  3 .1  1,8 + - l . l a  3 .3  +- 0 , 8 b  1.8+-- 1 . 0 a  6 ,8  + - 1 . 7 b  
H. bacteriophora 

l i q u i d  4 .5  1.8 - 1,2 a 4 .3  -+ 1.2 a b  0 .3  --- 0 .3  b 6 .3  -+ 2 .3  b 

Means followed by the same letter are not  significantly di f ferent  (P = 0.05). All t rea tments  replicated 10 times except H.  
bacteriophora t reatments,  which were replicated four  times. 

b Volume of  soil sampled:  C r o w n - - N o t  de termined,  Upper  rh izosphere- -0 .283  m 3, Lower rh izosphere - -0 .283  m 3. 

demonstrated a major effect of  extraction 
method  on survivorship estimates for  
some nematode species. As shown by Cur- 
ran and Heng (6), the proportion of nema- 
todes recovered by sucrose centrifugation 
from these soils increased somewhat with 
time following inoculation in laboratory 
studies (Duncan, unpubl.). However, the 
use of  sucrose centrifugation with these 
sandy soils did not increase survivorship 
estimates appreciably in the unpublished 
studies. 

Recovery of heterorhabditid nematodes 
at depths > 15 cm and at 1 m beyond the 
treatment zone demonstrated that lateral 
and vertical movement of  nematodes out 
of  the sampling zone probably resulted in 
underestimation of  survival in the field. 
Nevertheless, emigration losses were prob- 
ably low because vertical and horizontal 
migration of  H. bacteriophora and S. carpoc- 
apsae was found to be negligible during 30 
days in soils of  similar texture (26). Rather, 
the negative correlation between nema- 
tode recovery and distance from the tree 
row centerline suggests that physical fac- 
tors were important sources of mortality. 

Poor survival of  H. bacteriophora in soil 
outside of  the tree canopy may have re- 
sulted from more rapid desiccation (9,10, 
35), higher soil temperature (23), or in- 
creased UV radiation (13) compared with 
conditions under  the canopy. The infesta- 

tion patterns evident in these studies sug- 
gest that requirements for optimum nema- 
tode application may differ depending on 
tree age, particularly in the case of  young 
trees that provide little shade. 

Greater persistence of  S. riobravis and S. 
carpocapsae than H. bacteriophora in soil 5-6 
days following treatment was consistent 
with other reports (18,23). Heterorhabditis 
bacteriophora persistence was least in the 
field trial measuring persistence and effi- 
cacy. That result was consistent with the 
fact that the young trees in the study pro- 
vided the least amount of shade encoun- 
tered in any experiment. Higher survivor- 
ship of  H. bacteriophora immediately after 
treatment in the second compared to the 
first sample-size experiment was likely due 
to pre-irrigation of the test site in the sec- 
ond trial (7). 

Although no nematode species persisted 
at high levels in soil, S. riobravis effectively 
reduced the density of D. abbreviatus, sug- 
gesting that conditions were favorable for 
parasitism. Molyneux and Bedding (24) 
demonstrated in laboratory trials that Het- 
erorhabditis sp. and S. glaseri effectively par- 
asitized Lucilia cuprina larvae in fine sand 
at temperatures and moisture levels en- 
compassing all those encountered in the 
present work. Nevertheless, in a related 
study H. bacteriophora and S. carpocapsae 
persisted poorly in sandy soil as tempera- 

I . . . .  I 
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ture increased from 15 C (23). Results o f  
other field trials using S. carpocapsae dem- 
onstrated significant control of  insect lar- 
vae in soil that did not persist for more 
than 8 days (5,2I). Thus, a high rate of  
persistence in soil may not be a major de- 
terminant of  short-term efficacy. 

It is unknown whether repeated inocu- 
lation of  these nematode species is neces- 
sary to maintain measurable insect control. 
However, the persistence at low levels of  
all n e m a t o d e  spec ies  26 days post-  
treatment was consistent with results of  
other studies in which nematode recycling 
eventually resulted in long-term pest sup- 
pression (16,19). 

Entomopathogenic  nematode  species 
are known to have different search strate- 
gies in the soil (17). Clearly, this was the 
situation in our study. Steinernema riobravis 
appeared to have the greatest searching 
ability because it aggressively reduced the 
higher larval population densities both in 
the crown and the lower rhizosphere. Ef- 
ficacy of  S. riobravis was approximately the 
same as that reported in a study conducted 
under similar conditions (9). By compari- 
son, H. bacteriophora, which has been re- 
ported to infect hosts deeper in the soil (1), 
was most effective in the crown region 
near the soil surface. We cannot explain 
the complete failure of  S. carpocapsae, par- 
ticularly in the crown region where one 
would expect it to be most efficacious. 
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