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Abstract: Laboratory tests determined the lateral and vertical dispersal pat terns of Neo- 
aplectana carpocapsae in sand. In the vertical tests, placement of infective juveniles 15 cm below 
the sand's surface resulted in the majority (77%) being recovered above the point  of placement 
after 48 h. Placement of the nematodes on the sand's surface resulted in the majori ty (90.4%) 
remaining within 1 cm of the sand's surface. Placement of nematodes at depths of 2.5 cm and 
5.0 cm below the sand's surface also resulted in little nematode dispersal. However, vertical 
hioassay tests showed that  juvenile nematodes placed on the sand's surface dispersed 12 cm 
down to infect 67% of the Galleria mellonella pupae  placed at the depth.  Conversely, when 
nematodes were placed 11 cm below the insect pupae  no infection was observed, bu t  53% infec- 
tion occurred when nematodes were 7 cm below the site of the insect pupae.  In lateral dispersal, 
87% of the nematodes rentained within 2 cm of the placement site, a l though 0.5% were recovered 
at 12-14 cm away from the point  of placement. Lateral bioassay tests indicated that the nema- 
todes were capable of infecting 90, 35, and 5% of the G. melloneUa pupae  at 7 cm, 10 cm, and 
14 cm from the point  of placement, respectively. Key words: DD-136 nematode, biological con- 
trol, entomophil ic  nematode, dispersal, nematotte movement.  

T h e  entomogenous nematode, Neo- 
aplectana carpocapsae Weiser, and its asso- 
ciated bacterium, Xenorhabdus nema- 
tophilus (Poinar and Thomas),  are effective 
against a number  of insect pests in the lab- 
oratory (2,7,11) but  their use in the field 
has resulted in varying degrees of control 
(1,12). In above ground applications, the in- 
fective juvenile nematodes die within a 
short time if not  protected from desiccation 
(10,19,20). Simons and Poinar  (17) suggested 
that this nematode may be more effective as 
a biological control agent against soil- 
inhabit ing insects because adequate mois- 
ture is present in soil. Al though N. carpo- 
capsae has been used against soil-inhabiting 
insects, the results have not  been consistent. 
Reed and Carne (13) repor ted that the 
nematode was effective against the pruinose 
scarab, Sericesthis geminata Boisduval, and 
the dark soil scarab, Othnonius batesi 
Olliff, under  laboratory conditions, but  no 
mortal i ty could be at t r ibuted to N. carpo- 
capsae in field trials. Jaques et al. (5) ap- 
plied infective nematodes to the soil surface 
beneath apple trees and found that  the 
nematode reduced survival of the larvae of 
the pale apple leafroller, Pseudexentera 
mali (Freeman), and of the cocoons of the 
winter moth,  Operophtera brumata (L.), to 
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33 and 12% of the controls, respectively. 
Lewis and Raun (8) reported that N. 
carpocapsae could be found in nematode- 
treated soil but  did not  infect larvae of the 
European corn borer, Ostrinia nubilalis 
(Hfibner), in soil-borne corn debris. 

A closer examinat ion of the behavior of 
this nematode in soil is required. Pre- 
l iminary studies reported by E1-Sherif and 
by van Bracht (cited in 12) indicate that  
infective juveniles of N. carpocapsae and 
Heterorhabditis bacteriophora Poinar  be- 
have differently when placed in the soil or 
on the surface of the soil. This  paper re- 
ports laboratory tests on the lateral and 
vertical dispersal of N. carpocapsae in sand. 
This  information may provide a basis for 
future work in the field to maximize the 
use of this nematode as a biological control 
agent. 

MA TERIA LS  AND M E T H O D S  

Nematode rearing: Stock suspensions of 
infective juveniles of N. carpocapsae were 
obtained by infecting larvae of the wax 
moth, Galleria mellonella (L.), according 
to the method described by Dutky et al. (3). 
Juvenile nematodes which emerged from 
the larvae were processed through a Baer- 
mann funnel apparatus into 250-ml Erlen- 
meyer flasks. Stock suspensions were main- 
tained at 10 C in 0.1% formalin at a 
concentrat ion of ca 1,000 nematodes per ml. 
Nematodes were concentrated by centrifuga- 
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tion (ca 500 rpm) as needed. New nematode  
stocks were obtained every 3-4 wk. 

Sand type: Sand used in this study was 
0.2-0.5 m m  particle size which was washed 
10 times--five hot water  (56 C) washings 
and five distilled water  wash ings - to  remove 
debris and any free salts, oven dried, and 
remoistened with 30 ml of distilled water  
per 100 cc of sand. 

Vertical dispersal: Vertical dispersal of 
N. carpocapsae was determined by using a 
30- × 5-cm plexiglass column as described 
by Johnson and Lear  (6). T h e  column could 
be broken down into individual  5- × 5-cm 
sections (inside d iameter  = 4.4 cm), and 
each section held ca 100 g of moistened sand 
(76.3 cm3). For the first test, ca 15,000 N.  
carpocapsae juveniles were injected into the 
sand at a dep th  of 15 cm. T h e  top of the 
column was capped with a l um i num  foil to 
retard the sand from drying. After 48 h, the 
column was dismant led into six sections 
and a 50- × 16-mm core sample of sand was 
taken with a No. 7 cork borer from the 
center of each section. Center samples were 
taken to el iminate the possibility of recov- 
ering nematodes which may have moved 
along the plexiglass/sand interface. Nema- 
todes were recovered for count ing by wash- 
ing them through a 200 mesh sieve (74 /~m 
pores) and t rapping  them on a 400 mesh 
(25 /~m) sieve screen. T h e  percentage of 
nematodes recovered per section, based on 
the total nu m be r  of nematodes recovered 
f rom the samples, was recorded. The re  were 
three trials with three replicates per trial. 

Tests in which the juvenile nematodes 
were placed on the surface of the sand and 
at depths of 2.5 cm and 5 cm were also con- 
ducted. Columns used in these tests were 
composed of two 5-cm sections, wi th  the 
upper  5-cm section composed of five 1-cm 
rings. Tests were conducted for 48 h as de- 
scribed above, using ca 15,000 nematodes 
per column. The re  were three trials per 
depth  with one column per trial. 

Lateral dispersal: Lateral  dispersal of 
N. carpocapsae was studied by using a 
modified technique of Marban-Mendoza 
and Viglierchio (9). A 28-cm diameter  glass 
plate was covered to a depth  of 0.5 cm with 
oven-dried sand and moistened with 15 ml 
distilled water  with the aid of a separatory 
funnel. T h e  tip of the stopcock stem was 
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placed at the edge of the sand disc, which 
was main ta ined  at a slight angle to allow 
tile water to wet the sand by capillary ac- 
tion. Approximate ly  10,000 nematodes were 
placed in the center of the plate, and the 
plate placed in a humidi ty  chamber  at 
25 -+ 2 C. T h e  plate was removed after 48 h 
and placed on a slide-ringing apparatus  and 
seven concentric 2-cm-wide bands of sand 
collected (9). Nematodes  were recovered 
and counted as described above. The re  were 
three trials with three replicates in each 
trial. 

Data analysis: Data collected from ver- 
tical and lateral dispersal tests were ana- 
lyzed by two-way analysis of variance and 
Duncan's  mult iple-range test. Percentages 
were t ransformed using arcsin transforma- 
tion before statistical analysis. 

Bioassay: Bioassay techniques were also 
utilized to determine vertical and lateral  
dispersal. Vertical dispersal bioassays were 
conducted as follows. In  the first experi- 
ment,  five 3-5-d-old G. meIlonella pupae  
per 30-cm column were placed at depths of 
0, 1, 4, 8, and 12 cm. Approximate ly  15,000 
juvenile nematodes per column were placed 
on the sand's surface to determine the abil- 
ity of the nematode to disperse and infect 
pupae.  T h e  columns were capped with 
a luminum foil and main ta ined  at 26 -+ 2 C. 
After 7 d, each column was dismant led and  
the pupae  were recovered, dissected, and 
examined for nematodes.  T h e  stages of 
nematode development  were recorded. 
The re  were two trials with one to three 
replicates per trial. T h e  second exper iment  
was similar to the first except that  five 
pupae  per column were placed at depths of 
0, 4, 8, and 12 cm, and ca 15,000 nematodes 
were introduced 15 cm below the surface of 
the sand to determine whether  tile nema- 
todes could disperse upward  and infect the 
pupae.  The re  were three replicates. Pupae  
placed at a depth  of 12 cm in columns with- 
out  nematodes served as controls in both  
experiments.  

Lateral  bioassay dispersal exper iments  
were conducted using the 28-cm glass plate. 
In  these exper iments  four sets of five ,G. 
mellonella pupae  each were placed at dis- 
tances of 5, 10, and 14 cm along the radii  
and approximate ly  10,000 nematodes were 
introduced at  the center of the plate. T h e  



plate was placed in a h u m i d i t y  chamber .  
After  7 d pupae  were r e m ove d  and  ex- 
amined  for nema tode  presence and  devel- 
opment .  T h e r e  were two replicates. 

R E S U L T S  

W h e n  infective juveniles  of  N. carpo- 
capsae were placed 15 cm below the sand's  
surface in a co lumn  (Table  1), there were 
h ighly  significant differences in the distr ibu- 
t ion of  the nematodes  a m o n g  the six sec- 
tions (F = 319.1, P < 0.01). T h e  major i ty  
(77%) of  the juveniles were found  above 
the poin t  of  p lacement .  A compar i son  of  
sections equid is tan t  f rom the po in t  of  place- 
tuent  showed significantly more  nematodes  
in tile uppe r  sections than  in the lower sec- 
tions. For  example,  5 .5% of the nematodes  
were found  at the 0-5 cm dep th  in compari-  
son to 0 .2% at 25-30 cm. Thus ,  the nema- 
todes showed a tendency to disperse up- 
wards f rom the po in t  of  p lacement .  

P lacement  of  the nematodes  on  the 
sand's  surface (Table  2) showed that  there 
were h ighly  significant differences in the 
d i s t r ibu t ion  of  the nematodes  (F = 521.1 
P < 0.01). T h e  majo r i ty  (90.4%) remained  
wi th in  1 cm of the surface while  the re- 
ma in d e r  were recovered 1-10 cm below the 
surface. W h e n  tile nematodes  were placed 
2.5 cm below the surface, 55% were re- 
covered f rom the u p p e r  2 cm of the sand's  
surface, while ca 40% were found  below the 
po in t  of  p lacement  down  to I0 cm. U p o n  
c o m p a r i n g  the two sections at 0-5  cm and  
5-10 cm, the major i ty  (94%) of  the nema- 
todes were in the 0-5  cm section, which  
indicated that  very little dispersal had  oc- 
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curred. W h e n  the nematodes  were placed 
5 cm below tile sand's  surface, ca 43 % were 
recovered near  tile p lacement  po in t  and  ca 
56% were found  below the po in t  of place- 
ment .  Less than  1% were found  above the 
po in t  of p lacement .  I n  c o m p a r i n g  the 0-5 
cm section wi th  the 5-10 cm section, more  
were in the lower section (56%) than in 
the uppe r  section (44%).  

Sufficient nematodes  dispersed down- 
ward  to infect  G. meIlonella pupae  when  
juveniles were placed on the surface of the 
sand. Thus ,  100% (n = 25) infect ion oc- 
curred  at 0 cm, 80% (n = 10) at  1 cm, 
80% (n = 10) at  2 cm, 72% (n = 25) at 
4 cm, 67% (n = 15) at 8 c m ,  and  67% (n 
= 15) at  12 cm. Fur the rmore ,  at 12 cm 54% 
of the infected pupae  con ta ined  nema tode  
progeny which  demons t r a t ed  tha t  bo th  male  
and female juveniles dispersed downward .  
Conversely,  when  nematodes  were placed 15 
cm below the sand's surface, none  (n = 15) 
of the pupae  located 11 cm above  tile po in t  
of  p lacement  (pupae  at 4 cm) was infected. 
However ,  47% (n ---- 15) of  the pupae  lo- 
cated 7 cm above the po in t  of  p lacement  
(at 8 cm) and  73% (n = 15) located 3 cm 
above tile po in t  of  p lacement  (at 12 cm) 
were infected. Only  10% of all infected 
pupae  f rom the u p w a r d  dispersal trials had  
progeny.  

In  the lateral  dispersal studies (Table  
3), h ighly  significant differences were ob- 
served in the n u m b e r  of  nematodes  recov- 
ered f rom various distances f rom the po in t  
of p lacement  (F = 304.4, P < 0.01). Al- 
t hough  the ma jo r i ty  (87%) of  the nema- 
todes were recovered wi th in  2 cm of the site 
of  p lacement ,  0.5% of the nematodes  dis- 

Table 1. Vertical distribution of Neoaplectana carpocapsae juveniles 48 h after pIacement at depth of 15 
cm in sand. 

"~%(-~ total no.) nematodes recovered* 
Depth (cm)~- Trial 1 Trial 2 Trial 3 Overall ~%* 

0-5 5.0 (186) 5.6 (204) 5.9 (217) 5.5 c 
5-10 10.3 (407) 13.3 (471) 15.0 (555) 12.9d 

10-15 63.0 (2,424) 57.6 (2,098) 55.3 (2,148) 58.6 f 

15-20 20.0 (770) 21.6 (785) 21.5 (791) 21.0 e 
20-25 1.4 (52) 1.8 (67) 2.2 (79) 1.8 b 
25-30 0.3 (11) 0.I (3) 0.I (3) 0.2 a 

*~ of three replicates in each trial. 
J'Dashed line indicates point of placement of 15,000 nematodes. 
~Means followed by the same letter are not significantly different at the 5% level, Duncan's multiple- 

range test. 
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Tab le  2. Vertical d i s t r ibu t ion  of NeoapIectana carpocapsae juveniles  48 h af ter  p lacement  at  different  
depths  in  sand. 

% (total  no.) nematodes  recovered 
Dep th  (cm) T r i a l  1 T r i a l  2 T r i a l  3 1~%* 

Placement  of nematodes  on surface 

0-1 86.6 (4,861) 92.8 (7,185) 91.7 (6,018) 90.4 d 
1-2 10.2 (573) 5.4 (414) 6.0 (394) 7 .2c 
2-3 1.9 (106) 0.5 (42) 1.1 (73) 1.2 ab 
3-4 1.0 (53) 0.8 (61) 0.7 (45) 0.8 ab 
4-5 0.2 (13) 0.4 (30) 0.4 (29) 0.3 ab  
5-10 0.1 (8) O.1 ( l l )  0.1 (6) O.1 a 

P lacement  of nematodes  at  2.5 cm below surface 

O-I 0.5 (43) 3.2 (140) 2.6 (175) 2.1 a 
1-2 2.2 (180) 2.8 (124) 4.2 (284) 3 .1a 
2-3 47.4 (3,926) 54.3 (2,380) 63.4 (4,246) 55.0 d 
3-4 30.0 (2,484) 20.4 (896) 13.3 (891) 21.2c 
4-5 17.3 (1,435) 10.3 (450) 10.2 (683) 12.6 be 
5-10 2.6 (212) 9.0 (396) 6.3 (417) 6 .0ab  

P lacement  of nematodes  at  5.0 cm below surface 

0-1 0.2 (3) 0.0 (0) 0.3 (6) 0.2 a 
1-2 0.l (1) 0.0 (0) 0.4 (8) 0.2 a 
2-3 0.1 (1) 0.0 (0) 0.2 (3) 0.1 a 
~-4 0.4 (8) 0.1 (3) 0.5 (11) 0.3 a 
4-5 53.6 (896) 26.6 (1,769) 48.4 (966) 42.8 b 
5-10 45.6 (762) 73.3 (4,872) 50.2 (1,002) 56.4 c 

*Means followed by the  same le t ter  are no t  significantly different at  the  5% level, Duncan ' s  mul t ip le -  
range test. 

persed 12-14 cm away from the placement  
site. 

Bioassay tests indicated that  sufficient 
numbers  of nematodes dispersed laterally to 
infect 90% (n = 40) of the pupae  at 7 cm, 
35% (n = 40) at 10cm, a n d 5 %  (n = 40) 
at 14 cm from the point  of placement.  T h e  
nematodes dispersed in different directions 

because the G. melloneUa pupae  were 
placed at four different points on the plate 
and some of the pupae  f rom all points at 7 
and 10 cm away were infected. Fur thermore,  
these nematodes were capable of infecting 
some pupae  after dispersing laterally up  to 
14 cm. 

T a b l e  3. Latera l  d i s t r ibu t ion  of Neoaplectana carpocapsae juveniles  af ter  48 h on a sand-covered 28-cm 
plate. 

Distance from 
center  of 
p la te  c m t  

Y~% (Y~ total  no.) nematodes  recovered* 
Tr i a l  1 T r i a l  2 T r i a l  3 ~%$ 

0-2 95.0 (2,279) 76.7 (3,003) 89.3 (6,931) 87.2 d 
2-4 2.9 (376) I4.0 (535) 6.9 (530) 7.8c 
4-6 1.1 (123) 3.5 (145) 1.9 (148) 2.2 ab 
6-8 0.5 (61) 2.4 (93) 0.9 (68) 1.2 ah 
8-10 0.2 (30) 1.3 (44) 0.4 (27) 0.6 ab 

10-12 0.1 (19) 0.9 (29) 0.4 (26) 0.5 a 
12-14 0.2 (21) 1.2 (32) 0.5 (12) 0.5 a 

*Y~ of three  replicates.  
"~10,000 nematodes  placed in center  of plate.  
~Means followed by the  same let ter  are no t  significantly different  at  the  5% level, Duncan ' s  mul t ip le -  

range t e s t .  



DISCUSSION 

In studies on the dispersal of N. carpo- 
capsae in a soil medium, EI-Sherif (cited in 
12) demonstrated that the DD-136 strain 
had a tendency to disperse upward when 
placed 15 cm below the surface of a sandy 
loam soil and the Agriotos strain dispersed 
upwards and downwards in about  equal 
numbers. However, both strains of the 
nematode stayed near the point  of place- 
ment. Reed and Carne (13) reported that 
most DD-136 juveniles disperse toward the 
soil's surface. On the soil surface, N. earpo- 
capsae is reported to be able to leap from 
one soil particle to another (14). Using an- 
other nematode species, Heterorhabditis 
bacteriophora, van Bracht (cited in 12) re- 
ported that when infective juveniles were 
placed 15 cm below the soil surface, the 
majority dispersed upwards, but  some dis- 
persed downwards. 

In our studies with the DD-136 strain, 
the majority of the nematodes remained 
near the point of placement, but  those 
which dispersed showed a tendency to dis- 
perse upwards when placed 15 cm below the 
surface of the sand. These data are in agree- 
ment  with those obtained by E1-Sherif (cited 
in 12). When the DD-136 juveniles were 
placed at 2.5 cm or 5.0 cm below the surface, 
the majority again remained at the point  of 
placement, but  the migrating nematodes 
showed a tendency to disperse downwards. 
These data are contrary to those obtained 
by Reed and Carne (13). The  reason for 
these differences is not  known. It  may be 
that placement of the nematodes at differ- 
ent levels below the surface and the strain 
of N. carpocapsae result in differences in 
vertical dispersal of the nematode. Different 
species of nematodes also show differences in 
vertical dispersal. Therefore, tests with vari- 
ous strains of N. carpocapsae placed at dif- 
ferent depths should be conducted before 
generalizations, if any, are made on vertical 
dispersal of the infective nematodes. 

When placed on the sand's surface, N. 
carpocapsae juveniles displayed little down- 
ward movement. Reed and Came (13) and 
Reed and Wallace (14) concluded that N. 
carpocapsae is better adapted for dispersal 
on the soil surface and does not penetrate 
deeply into the soil. 

Lateral dispersal of N. carpocapsae juve- 
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niles in sand apparently has not  been as- 
sessed before. The  results indicate that the 
nematode is able to disperse laterally to 14 
cm, al though the majority remained within 
6 cm of the placement site. 

In  the vertical bioassay tests, sufficient 
juvenile nematodes dispersed in either di- 
rection to infect the host pupae, but infec- 
tivity was higher when the nematodes were 
placed on the surface of the sand. Similarly, 
the lateral bioassay trials showed that the 
nematode was capable of dispersing 14 cm 
and infecting the host, al though the highest 
percentage of infection occurred within 7 
cm. This occurred even though the vertical 
and lateral dispersal studies showed that 
nematodes tended to remain at the place- 
ment site. 

Tile ability of N. carpocapsae to orien- 
tate to host insects was demonstrated by 
Schmidt and All (15) and they suggested 
that chemical attractants might be involved. 
Furthermore, N. carpocapsae orientate to 
insect by-products including uric acid (16) 
and CO 2 (4). Plant-parasitic nematodes 
also respond to chemical gradients that form 
in the rhizosphere of host roots (18). This 
ability to orient to chemical attractants may 
explain that while DD-136 juveniles tend 
to remain at the point  of placement, they 
can infect hosts located 14 cm away. 
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An Algorithm for Fitting Seinhorst Curves 
to the Relationship between Plant Growth 

and Preplant Nematode Densities 
H. Ferris, W. D. Turner,  and L. W. D u n c a n  t 

Quanti tat ive description of the relation- 
ship between plant  growth and preplant  
nematode densities is an essential pre- 
requisite for nematode pest management  de- 
cisions in annual  crops (2,3). A common 
technique to describe this relationship is to 
use linear regressions of plant growth and 
log-transformed nematode populat ion den- 
sities (1,7). T h e  linearization produced by 
the transformation empirically accounts for 
the decreased damage per nematode, due to 
competitive interactions and damage over- 
lap, as nematode densities increase. Sein- 
horst (9) derived an explanatory model for 
the relationship based on Nicholson's com- 
petit ion curve. 

T h e  model is based on sound biological 
theory and is of the form y = m + (l-m) 
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z (I'-a'). T h e  min imum yield (m) (on a 0 - i  
relative scale) represents tile residual plant 
growth at extremely high nematode popula- 
tion densities. It  assumes that there may be 
a point  below which yield cannot  be further  
reduced by nematodes. Of course, for any 
crop or environmental  situation, m may be 
zero. P is tile nematode popula t ion density 
per prescribed unit  of soil and /o r  roots. T h e  
tolerance limit (T) is the nematode popula- 
tion density below which yield reduct ion 
cannot be measured. Again, for any crop 
variety or environmental  situation, T may 
be zero. TILe slope-determining parameter  
(z) of tile damage function is defined as the 
proport ion of the plant  undamaged in the 
presence of parasitism by one nematode. 
Since z has a value slightly smaller than 1, 
raising it to the exponent  (P-T) results in 
less effect per nematode as each new nema- 
tode is added to the system. 

T h e  l inear approach has been charac- 
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