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Soybean and Maize Cropping Models for the Management 
of Meloidogyne incognita in the Coastal Plain 1 

ROBERT A. KINLOCH ~ 

Abstract: Models are presented to describe the influence of  rotations of  Meloidogyne incognita- 
susceptible cultivars, resistant cultivars, and maize on postharvest abundance ofM. incognitajuveniles 
in the soil. Depending on initial densities of  juveniles, monocultured regimes reached equilibrium 
densities after a few years of 287, 40, and 10 juveniles per 10 cm s soil for susceptible soybean, 
resistant soybean, and maize, respectively. Yearly changes in the population density of  juveniles due 
to rotation of these crops were simulated by iterative substitution of  the model equations for each 
crop. A maximum density of 319 per 10 cm 3 soil was reached following a susceptible cultivar in a 
susceptible-resistant soybean rotation. Soybean yield loss estimates are presented for monocultured 
regimes and for various rotations with maize. 

Key words: crop rotation, Glycine max, Meloidogyne incognita, southern root-knot nematode, popu- 
lation dynamics, resistance, Zea mays. 

In Florida, the root-knot nematode Me- 
loidogyne incognita (Kofoid & White) Chit- 
wood is a serious pathogen of  soybean, 
Glycine max (L.) Merr. Until recently the 
nematode was managed by applications of  
the fumigant nematicides DBCP and EDB. 
Environmental and health problems have 
eliminated, these nematicides as manage- 
ment tools in soybean production. A lack 
of  cost-effective alternative nematicides has 
intensified the development and use of  M. 
incognita resistant cultivars (3,8) and the 
use of  less susceptible crops in soybean ro- 
tation regimes (7). The  loss of  effective 
nematicides has been used, in part, to doc- 
ument the need for nematode-crop  man- 
agement models (2). The  feasibility of  em- 
ploying soybean yield response equations 
based on determined nematode popula- 
tions has been reported (1). In cropping 
regimes where the soil was left fallow dur- 
ing the winter months, yield losses of  sus- 
ceptible soybean cultivars were shown to 
be linearly related to the postharvest abun- 
dance of M. incognita juveniles in the soil 
following the previous year's crop (5). Sam- 
pling in the postharvest to midwinter pe- 
riod when juvenile populations in Florida 
soils remain relatively static offers advan- 
tages over sampling in the soybean pre- 
planting period when juvenile populations 
are subject to unpredictable and rapid de- 
cline (5). The  following studies were con- 
ducted to derive equations describing the 
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influence of  cropping strategies of  soybean 
and maize, Zea mays (L.), on the postharvest 
numbers of  M. incognita juveniles and soy- 
bean yield loss estimates. 

MATERIALS AND METHODS 

Crop rotation studies were conducted 
from 1972 to 1980 on a site infested with 
M. incognita at the Agricultural Research 
and Education Center at Jay, Florida (6). 
The soil was a loamy sand ultisol-typic pa- 
leudult, typical of  soils throughout  the 
Coastal Plain region of  the southeastern 
region of  the United States. Summer crops 
consisted of  soybean cultivars susceptible 
and resistant to M. incognita grown in 
monoculture and in rotations with maize. 
The  site was maintained as an undisturbed 
fallow during the winter months. In No- 
vember of  each year, all plots were sampled 
to determine postharvest populations of  
second-stage juveniles. Nematodes were 
extracted using the sugar centrifugal-flo- 
tation technique (4), and their numbers per 
10 cm ~ soil were recorded. 

On the assumption that the populations 
of  these juveniles (Y) were the result of  the 
effect of  the preceding crop on the pre- 
vious year's residual population (X), pairs 
of  X and Y values from each plot, taken 
over the 8-year period, were used to de- 
termine if a relationship existed between 
X and Y with each crop. Data were com- 
bined for analyses from three cultivars of  
susceptible soybean, four cultivars of  resis- 
tant soybean, and three cultivars of  maize. 
Data where Y = X = 0 were not used in 
the analyses. Data that included 90, 79, and 
498 pairs for susceptible soybean, resistant 
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Rela t ionsh ips  be tween  pos tha rves t  popu-  
lat ions o f  Meloidogyne incognita juven i l es  in two suc- 
cessive years  i n t e rposed  by p l an t ing  suscept ib le  soy- 
bean  (S), Y = 44 .919  + 2 .5667X - 0.006X2; res is tant  
soybean  (R), Y = 17.448 + 0 .5714X;  maize  (M), Y = 
9 .424 + 0 .1018X.  E = equ i l ib r ium,  Y = X. 

soybean, and maize, respectively, were sub- 
jected to regression analyses. 

R E S U L T S  AND D I S C U S S I O N  

Highly significant (P < 0.001) relation- 
ships between Y and X were found for all 
three crops. In association with M. incognita 
susceptible cultivars, residual juvenile den- 
sities between 2 years were described: 

Y = 44.919 + 2.5667X - 0.006X 2 
corr. coef. = 0.50, df  = 88 

Where X was the number of residual ju- 
veniles per 10 cm ~ soil after harvest in the 
first year and Y was the number after har- 
vest in the second year. 

This equation predicted a theoretical 
postharvest density of 319 juveniles per 10 
cm ~ soil in the soybean agro-ecosystem (Fig. 
1). This resulted from a previous residual 
density of  X = 214 juveniles per 10 cm 3 
soil. Above this value of  X, the estimated 
residual number of juveniles in the year 
following the planting of a susceptible cul- 
tivar decreased. Planting a susceptible cul- 

fivar increased the yearly residual popu- 
lation of  juveniles above the restoration 
level (Y = X), provided residual densities 
were below 287 juveniles per 10 cm 3 soil. 
At densities higher than this, the planting 
of susceptible cultivars reduced residual 
populations below the restoration level. 
High soil infestation levels could damage 
a susceptible cultivar so severely that it can- 
not adequately support existing population 
levels. Decreased nutritional resources and 
increased competition within the nema- 
tode population resulted in reduced repro- 
duction, hence lower postharvest juvenile 
populations. 

The relationship between residual ju- 
venile populations of  two successive years 
in association with M. incognita resistant 
soybean cultivars was described: 

Y = 17.448 + 0.5714X 
corr. coef. = 0.48, df  = 77 

This equation does not allow for a theo- 
retical maximum population. The slope 
predicted, however, that residual popula- 
tions of the nematode were not restored 
(Y < X) when soil containing residual pop- 
ulations of X > 40 juveniles per 10 cm 3 
was planted to resistant cultivars the fol- 
lowing year (Fig. 1). Thus, when X = 100, 
a crop of resistant soybean will produce 
Y = 76 the following year. Increased pop- 
ulations following X < 40 were indicative 
of partial (horizontal) resistance of  these 
soybean cultivars to M. incognita. 

The relationships between residual pop- 
ulations of  two successive years in associ- 
ation with maize were described: 

Y -- 9.424 + 0.1018X 
corr. coef. = 0.27, df  = 496 

As with resistant soybean cultivars, resto- 
ration of the postharvest residual popula- 
tion with maize plantings occurred only at 
low nematode densities, indicative of the 
lower status of maize as a host for M. in- 
cognita as compared with the susceptible 
soybean cultivars. Postharvest densities of  
X > 10 juveniles per 10 cm ~ soil were re- 
duced by planting maize in the succeeding 
year (Fig. 1). Thus, when X = 100, a crop 
of maize produced Y = 20 the following 
year. 

Monoculture models: Iterative substitu- 
tions of Y for X in each equation simulated 
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the population changes following each crop 
when it was grown in monocuhure.  This 
process predicted that postharvest densi- 
ties would stabilize around equilibrium 
levels, which were the points where the 
lines of  each equation crossed the resto- 
ration line (Y = X). This was 287 juveniles 
per 10 cm 3 soil for the susceptible soybean 
cultivars, 40 per  10 cm 3 soil for the resis- 
tant soybean cuhivars, and 10 per 10 cm 3 
soil for maize. These equilibrium levels 
were eventually reached irrespective of  the 
initial soil infestation level preceding the 
start of  the monocuhure  regime. The  equi- 
librium level for susceptible soybean was 
close to the theoretical maximum of  319 
juveniles per  10 cm s soil, and since repro- 
duction of  M. incognita increased rapidly 
on this crop, the equilibrium level was 
reached within 2-3 years whether initial 
infestation levels were high (Fig. 2A) or  low 
(Fig. 2B). Similarly, monocultured maize, 
a poor  host for M. incognita with a low equi- 
librium level, reached its juvenile equilib- 
rium level within 2-3 years irrespective of  
the initial soil infestation level. With low 
initial soil infestations, the equilibrium level 
for resistant soybean cuhivars was reached 
within 2-3  years. An expanded period of  
resistant soybean monocuhure  was need- 
ed, however, for high initial populations to 
be reduced to the equilibrium level (Fig. 
2A). This slow decrease was due to the con- 
siderable egg production of  M. incognita 
females that became established on resis- 
tant soybean cultivars (8,9). 

Rotation models: The influence of  crop 
rotation models on the postharvest abun- 
dance of  juveniles was simulated by itera- 
tive substitution of  the crop equations in 
the desired sequences. The  effect of  grow- 
ing susceptible cuhivars in increasing ro- 
tational sequences with resistant soybean 
cuhivars was schematized (Fig. 3). In the 
2-year ro ta t ion ,  s imula ted  equi l ibr ium 
postharvest populations of  juveniles fol- 
lowing resistant and susceptible cuhivars 
of  199 and 318 per 10 cm 3 s0il, respec- 
tively, were reached before 8 years of  crop- 
ping, depending on the size of  the initial 
infestation (Fig. 3A). It was notable that 
this rotation produced higher equilibrium 
densities than either crop when monocul- 
tured. The  density following resistant cul- 
tivars was greatly increased and this rota- 
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FIG. 2. Predicted postharvest populations of Me- 
loidogyne incognitajuveniles following initial high pop- 
ulation densities (A) and initial low population den- 
sities (B) and monocultured to susceptible soybean (S), 
resistant soybean (R), and maize (M). 

t ion increased the densi ty  fol lowing 
suscept ible  cuhivars  to the theore t ica l  
maximum soil infestation level. In the 
longest rotation depicted, when a suscep- 
tible cultivar was grown following 4 years 
of resistant cuhivars (Fig. 3D), a maximum 
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Predicted postharvest Meloidogyne incognita juvenile densities in various rotational sequences of 
susceptible (S) and resistant (R) soybean cuhivars at high (O) and low (O) beginning juvenile densities. A) One- 
year rotation. B) Two-year rotation. C) Three-year rotation. D) Four-year rotation. 
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maize (M) and resistant (R) soybean cultivars at high (Q) and low (O) beginning juvenile densities. A) One- 
year rotation. B) Two-year rotation. C) Three-year rotation. D) Four-year rotation. 
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TABLE 1. Predicted postharvest equilibrium den- 
sities ofMeloidogyne incognitajuveniles following maize 
and resistant and susceptible soybean and estimated 
soybean yield losses in various cropping regimes. 

Crop- Postharvest Annual Average annual 
ping density soybean soybean yield 
re- (~uveniles/ yield loss loss for regime 

girne* 10 cm ~ soi l)  (kg/ha) (kg/ha) 

1. S 287 1,524 1,524 
2. R 40 36 36 
3. R 199 283 

S 318 1,057 670 
4. R 164 228 

R 111 146 
S 256 589 321 

5. R 128 172 
R 91 114 
R 69 81 
S 193 366 183 

6. R 112 148 
R 81 100 
R 64 72 
R 54 57 
S 166 287 133 

7. M 12 
R 24 11 11 

8. M 13 
R 25 12 
R 32 22 17 

9. M 13 
R 25 12 
R 32 22 
R 36 28 21 

10. M 13 
R 25 12 
R 32 22 
R 36 28 
R 38 32 24 

11. M 19 
S 90 98 98 

12. M 38 
S 134 202 
S 281 712 457 

13. M 39 
S 136 207 
S 283 722 
S 291 1,503 811 

14. M 38 
S 134 202 
S 281 712 
S 292 1,492 
S 283 1,551 989 

* S = susceptible soybean; R = resistant soybean; M = maize. 

density of  167 juveniles per 10 cm 3 soil was 
achieved following the susceptible cultivar 
within a period of  15 years, depending on 
the initial infestation. Respective cyclical 
densities following the resistant cultivar will 

be 114, 83, 64, and 54juveniles per 10 cm ~ 
soil for the first through the fourth crop. 

The  effect of  growing maize in increas- 
ing sequences with resistant soybean cul- 
tivars was simulated (Fig. 4). The  2-year 
rotation model indicates that postharvest 
equilibrium densities of  12 and 24 juve- 
niles per 10 cm 3 soil were achieved follow- 
ing maize and resistant soybean, respec- 
tively (Fig. 4A). In the longest rotation, 
where maize was iterated every 5th year 
(Fig.. 4D), postharvest densities following 
maize were not substantially increased 
above those indicated in the 2-year rota- 
tion. In the 4-year sequence of resistant 
soybean cultivars in this rotation, posthar- 
vest juvenile densities reached a maximum 
level of  38 per 10 cm ~ soil following the 
final year of  resistant soybean production. 
The  cropping of  maize had a dramatic de- 
pressing effect on the postharvest abun- 
dance ofM. incognitajuveniles. If maize was 
introduced at the beginning of  the crop- 
ping sequence, simulated low postharvest 
juvenile densities were reached quite rap- 
idly, irrespective of  the frequency of  maize 
cropping with resistant cultivars. 

Soybean yield loss estimates: Yield losses of  
soybean cultivars susceptible toM. incognita 
in the southern Coastal Plain region of  the 
United States are related to the residual 
density of  juveniles in the postharvest pe- 
riod following the previous summer crop 
(5). These losses amount to 5.31 kg /ha  for 
each juvenile per  10 cm 3 soil on 'Pickett 
71' soybean. Thus, in an established mono- 
culture of susceptible soybean cultivars with 
postharvest juvenile populations at the 
equilibrium level, estimated losses of  soy- 
bean will be 287 x 5.31 = 1,524 kg/ha.  
Similarly, in a 2-year rotation of  suscepti- 
ble-resistant cultivars after establishment 
of  nematode equilibrium levels, suscepti- 
ble soybean yield losses will be 199 (equi- 
librium level following the resistant culti- 
var) x 5.31 = 1,057 kg/ha .  Resistant 
cultivars were not so severely damaged by 
the nematode. Yield losses of  resistant cul- 
tivars, even in the presence of  high nema- 
tode infestations, were probably caused by 
env i ronmenta l  factors  o the r  than the 
nematode. A recent study (8) has shown 
that soybean yields are inversely related to 
the amount of  root-knot galling. In cultivar 
testing, where roots were indexed on a scale 
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of  0 (no galling) to 4 (> 75% root  surface 
galled), susceptible cultivars (gall index 
greater than 2) had an average galling in- 
dex of  3.0, whereas resistant cultivars had 
an average index of  0.5 (8). If  we assume 
that for each value of  X in the cropping 
equations M. incognita was six times more 
damaging to the susceptible cultivar than 
it was to the resistant cultivar, a yield loss 
prediction for the latter would be 5.31 + 
6 = 0.89 kg /ha  for each value of  X in the 
cropping equations. Thus in a stabilized 
monoculture of  resistant soybean in in- 
fested soil, a yield loss estimate would be 
40 x 0.89 = 36 kg/ha.  Similarly, in a 2-year 
susceptible-resistant rotation, estimated 
yield losses of  the resistant soybean, after 
stabilization of  the nematode, would be 318 
(equilibrium level following susceptible 
soybean) x 0.89 = 283 kg/ha.  

Simulated postharvest densities of  juve- 
niles and estimated yield losses of  soybean 
in subsequent crops are shown for various 
cropping regimes in Table 1. These cal- 
culations predict the effectiveness of  resis- 
tant soybean cultivars and maize in mod- 
erating the soil infestation levels of M. 
incognita and the need to avoid planting 
susceptible soybean cultivars in soil infest- 
ed with the nematode. Once simulated 
nematode populations became established, 
there appeared to be negligible differences 
between monocultured resistant soybean 
and rotational regimes of  resistant soybean 
and maize in managing the nematode. The  
choice of  the most effective cropping re- 
gime involving these crops will be influ- 
enced  by prevai l ing economic  factors .  
These may variously favor the planting of  
soybean or maize. The  most effective ini- 
tial strategy would be to stabilize the nema- 
tode population density as quickly as pos- 
sible. Thus when populations ofM. incognita 
were high, planting maize the first year 
would be the most appropriate decision, 
even if production of  resistant soybean in 
monoculture was envisioned (Table 2). 
High population densities following resis- 
tant soybean at the initiation of  a resistant 
soybean cropping regime should not be in- 
terpreted as a reason for abandoning the 
practice, since nematode population den- 
sities will decline to a lower equilibrium 
level after a few years of  production. Be- 
cause of  the likely enhancement  of other 

TABLE 2. Influence of planting maize or resistant 
soybean in the  first year of a 4-year rotat ion on the 
population density of Meloidogyne incognita juveniles, 
initial nematode density 319 per  10 cm s soil. 

Juve- Juve- 
niles per niles per 

Year Crop* 10 cm s Crop* 10 cm ~ 

1 M 42 R 200 
2 R 41 R 132 
3 R 40 R 93 
4 R 40 R 71 

* R = resistant soybean; M = maize. 

disease agents, however, monoculturing 
resistant soybean cultivars may not be a 
desi rable  p roduc t ion  pract ice.  Conse- 
quently, occasional rotation with maize or 
another poor  host for M. incognita may be 
the most advisable course. 

The equations for these cropping models 
were derived from data collected over an 
8-year period. They were devised without 
regard to the influence that seasonal en- 
vironmental factors may bear on the over- 
wintering mortality of  M. incognita juve- 
niles. They  are, therefore, the result of the 
influence of  the average environmental 
conditions prevailing during the observa- 
tion period. More refined models must 
await studies defining the specific influ- 
ences that soil factors, such as changes in 
temperature and moisture, have on the 
survival of  M. incognita. 
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Population Changes of Heterodera glycines and 
Soybean Yields Resulting from Soil Treatment with 

Alachlor, Fenamiphos, and Ethoprop 1 
A. L. BOSTIAN, D. P. SCHMITT, AND K. R. BARKER 2 

Abstract: The population dynamics of  Heterodera glycines as influenced by alachlor, fenamiphos, 
and ethoprop alone and in herbicide-nematicide combinations were studied in the field. Numbers 
of H. glycines juveniles and eggs were higher at midseason and harvest where nematicides were 
applied. Fenamiphos alone or in combination with alachlor provided better control of H. glycines 
and greater seed yields than treatments with ethoprop. Numbers of H. glycines eggs at harvest in 
1980 were positively correlated with numbers of juveniles at planting in 1981 and negatively related 
to seed yield in 1981. 

Key words: chemical control ,  Glycine max, herbicide, soybean cyst nematode, organophosphate 
nematicide, pesticide interaction, population dynamics. 

Applications of  both the herbicide ala- 
chlor and the organophosphate nemati- 
cides to soil frequently result in higher 
nematode populations at harvest than when 
the pesticides are used alone (3,15,16). Ala- 
chlor is used for grass and small-seeded 
broadleafweed control in soybean and oth- 
er field crops. Fenamiphos (systemic) and 
ethoprop (nonsystemic) are organophos- 
phate nematicides. Although many pesti- 
cide interactions affect nontarget organ- 
isms (8,12,14), research has been directed 
primarily toward effects on the crop plant 
(14). 

Herbicide-nematicide interactions are 
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receiving increasing attention, but  are still 
poor ly  unde r s tood  (1,3,9,11,13,15,16).  
The  herbicide cycloate applied in combi- 
nation with aldicarb to fields of  Beta spp. 
infested with Heterodera schachtii Schmidt 
affected neither nematicide efficacy nor the 
nematode (1). Cotton (Gossypium hirsutum 
L.) plants stressed by nematodes were more 
susceptible than nonstressed plants to dam- 
age from the herbicides trifluralin and pro- 
metryn; nemat ic ide-herb ic ide  combina- 
tions, however, were not different (no 
herbicide injury) from the nematicide alone 
(11). T h e  herb ic ide  sodium azide, al- 
though having some nematicidal activity, 
may reduce the efficacy of  carbofuran (13). 
Fewer Heterodera glycines Ichinohe (SCN) 
juveniles were recovered from soils treated 
with vernolate, trifluralin, or metribuzin 
in combination with aldicarb than with al- 
dicarb alone (9). Alachlor applied in com- 
bination with several nematicides resulted 
in increased numbers of  nematodes in the 
soil at harvest, compared with the nema- 
ticides alone (3,15,16). 

Enhanced late-season resurgence of  H. 
glycines populations often occurs in soils 
t r ea ted  with fenamiphos  + alachlor  
(3,15,16). This phenomenon was first ob- 
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