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Froat cover: Four photographs demonstrating three management tactics for limiting losses due to plant-parasitic
nematedes. Top two photos show smali-plot crop-rotation research, with photos taken at same location, same number
of days-after-planting, in consecutive growing seasons. Rotation of crops can be seen in the background, while effect of
monoculture is evident in foreground plots (photos courtesy of C. J. Nusbaum). Bottom-left photo shows two different
cullivars of soybean planted in a field infested with Heterodera glycines. Background block planted in a resistant
cultivar is dark green with good plaut vigor, demonstrating efficacy of resistance to nematodes compatred with a
susceptible cultivar in the foreground f photo courtesy of J. P. Ross). Bottom-right photo shows incorporation of
granular nematicide into soil at planting time.
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Preface

The objective of this guide is to assist nematologists in lesser-developed countries in the design and
implementation of cropping systems research programs for the limitation of crop losses due tc plant-
parasitic nematodes. The methods described represent our best effort at this time. However, systems
research is 2 evolving area of investigation, and these methods will be updated periodically as improved
apprcaches are developed. Cropping systems research is a primary goal of the Crop Nematode Research
and Control Project (CNRCP), funded by the United States Agency for International Development through
a cooperative agreement with North Carolina State University. The urgency of this research has been
brought about by recent reductions in the number and availability of effective rematicides. Remaining
nematicides are less effective and more costly, and their use may be prohibited in the near future because of
environmertal and health hazards. Also, the development and release of nematode-resistant cultivars has
proceeded slowly. A comprehensive research program directed toward the improved deployment of crop
rotations, available resistant cultivars, and other existing management practices is the surest and most
practical approach to long-term increases in agricultural productivity. Optimization of existing management
practices is the ultimate goal, including the improved deployment of crop rotations. This approach has the
advantage of not requiring high-cost inputs from developing-country farmers.

This guide will be distributed to all cooperating nematologists of the CNRCP network. It is anticipated
that Project statf and developin g-country scientists will beinvolved at several levels of --ollaboration for the
implementation of cropping systems research. As part of the planned cooperative research effort, the
CNRCP cropping systems specialist will be involved in all phases of the design, implementation, and
analysis of this research at a few selected international sites. These sites will be selected on the basis of local
interest in cropping systems research, adequacy of locai facilities, and the capability of personnel to carry
out the resea~ch over a period of several years. At additional sites collaboration with the cropping systems
specialist may be limited to close cooperation only during the initial design phase and final data analyses.
Other cooperators may implement the methods outlined in this guide with Project assistance only in the
data analysis phase, perhaps as a graduate-student thesis project. Regardless of the level of involvement by
CNRCEP staff, it is hoped that the distribution aad use of this guide will stimulate interest, encourage
discussion, and enhance the level of cropping systems research conducted by network nematologists.
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Cropping Systems Analysis for Limiting
Losses Due to Plant-Parasitic Nematodes:
Guide to Research Methodology

INTRODUCTION

Plant-parasitic nematodes are a severe constraint
to agricultural production in developing tropical and
semi-tropical countvies. Although there has been an
increasing appreciation of the damage caused by
these pests in recent years, during the same time
yeriod there has been a substantial loss in the avail-
ability of effective nematicides due to environmental
hazards associated with their use. Those nemati-
cides that remain on the market are less effective
and continue to inerease in cost, while farm revenues
deerease.

The use of cultivars resistant to various plant-
parasitic nematodes offers great promise for the
future, but at the present time this management
alternative is only a promise for most nematode-host
combinations. Where resistant cultivars have been
deployed, their effectiveness has been rapidly re-
duced by the emergence of new host races of the
target nematode species, or by the emergence of new
infestations of different nematode species on the
resistant hosts.

Biological control agents also offer promise for the
control of losses due to plant-parasitic nematodes,
but their development and deploymentis proceeding
slowly because thedetailed ecology, production, and
formulation of each agent must be studied. Also, it
appears that biological control agents will not pro-
vide suitable levels of control alone but must be
incorporated into other management schemes. There-
fore, at this time, the optimal deployment of remain-
ing nematicides and resistant cultivars is critical to
successful, sustained management of crops to limit
losses due to plant-parasitic nematodes.

Croprotation is a management technique which is
particularly suitable for use in developing areas of
the world. Sequential &lternation of crops with
varying degrees of susceptibility to the nematode
pest can produce striking resuits in the reduction of
crop losses (Iig. 1). The deployment of optimized
erop rotation regimes requires no high-cnst or high-
technology inputs, and the concept of rotating crops
1s a1 part of the agricultural history of many sub-
sistence-level farming operations. In this guide, an
emphasis is placed cn erop rotation as 1 manage-
ment tool since in many areas with severe nematode
problems nematoderesistant cultivars ave not avail-
able, and local economie conditions do not allow the
use of costly treatments. The analysis of cropping

systems as they relate to plant-parasitic nematodes
will provide information necessary for the optimal
deployment of all existing management techniques.
The specific objectives of this research are:

1. To provide farmers with optimum crop rota-
tion/management sequences for limiting crop
losses due to plant-parasitic nematodes.

2. To quantify the relationships of nematode
numbers to crop yields for a variety of crops
and plant-parasitic nematodes of worldwide
importance.

3. To demonstrate the feasibility of optimizing
cropping systems for farmers through an inter-
national cooperative research effort.

A study of eropping systems includes quantitative
analyses of the relationships among crops, pests,
and management techniques which are deploycd or
deployable in the target system. In order to provide
comprehensive information for management-deci-
sion systems, research designs must include econom-
ic and social aspects of the farming situation.
Ideally, even livestock operations should be included
in the economic analysis of cropping systems. As an
example of how livestock and crops caninteract, it is
conceivable that the most profitable management
alternative for a particular plant-parasitic nematode
infestation would be to use the land as pasture for a
number of years, thus rotating to a profitzble “non-
host.” Although comprehensive information is
needed, specific research designs for the an2lysis of
cropping systems may be limited to selected compo-
nents. Additional components can then be added to
the system as key relationships are quantified.

This guide describes a methodology for analysis of
cropping systems aimed toward limiting losses due
to plant-parasitic nematodes. The proposed research
design integrates a relatively simple field-oriented
approach to data collection with a more sophisti-
:ated structure of mathematical modelling, compu-
ter simulation, and linear optimization. Field-plot
design and data collection are described in detail,
and a step-by-step overview of the mathematical
processes is presented. Mathematical discussions
are necessarily limited and meant to provide the
researcher with a general idea of the cropping
systems analytical approach. This research should
not be attempted without the assistance of a profes-
sional biomathernatician. Services related to the
analysis of nematode cropping-systems data are
being offered to cooperators in the Crop Nematode
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Fig. 1. Effect of rotating to a nonhost (left) and host (right)in the previous year, showing much less damage
caused by Meloidogyne hapla on the current crop of peanuts. (Photo courtesy J. N. Sasser).

Research and Control Project (CNRCP) by the
cropping-systems specialist.

A key component of this research is quantification
of the relationships of nematodes to their hosts.
These relationships are affected by other pestsin the
cropping system, and eventually these effects must
be considered as part of the nematodemanagement
system, Although the methods described in this
guide are for studying nematode-host relationships
only, other pest models can be incorporated into the
system at a later date. After accurate derivation of
the appropriate nematode damage functions and
reproductive curves through this research, the math-
ematical functions representing these relationships
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could be modified to reflect the impact of other pests
as information becomes available. It is anticipated
that the research methods presented in this guide
will be periodically upgraded as our understanding
of the complexities of cropping systems increases.

LITERATURE REVIEW

Comprehensive studies of cropping systems have
evolved from a number of related areas, including
the analysis of crop rotations, the development of
quantitative host-parasite relationships, nematicide
and resistant-cultivar evaluations, and integrated
pest-management research. It would be difficult to



review the literature extensively in all related areas,
but some background information is necessary in
crop-rotation analyses and in the quantification of
nematode-host relationships.

In 1911, Bessey (7) suggested the use of certain erop
rotations to minimize losses to root-knot nematodes
in susceptible vegetable crops. Since that time
numerous studies have been done on crop rotations
to manage populations of plant-parasitic nematodes
(1,915, 14, 20, 22-26, 2830, 32, 36-:39, 42, 44, 45). The 26
papers listed represent only a sampling of more than
200 citattons produced by a literature search on
nematode crop-rotation research, These reports have
established that the selection of appropriate crop-
ping sequences can be an effective too! in the man-
agement of nematode populations, and speciiie crop
rotation results are available in the papers cited.
This guide. however, is for the development of
methodology, and therefore the methods employed
by previous researchers are of primary interest.

lind-of-season, or end-ofrotation, nematode counts
have been the variables of interest in most crop-
rotation experiments (1, 1011, 19, 20, 25, 26, 28, 30,
36-39, 42, 10), with yield data (15, 22, 23, 29, 14) and
nematicide results (9, 23, 24, 32 also included in
some papers. End-ofsseason counts were deemed
important as an indication of whether or not the
population had been reduceed to a level that would
not cause economic damage in future crops. In
designing the ficld rescarch, the researcher usualiy
selected a promising series of rotations based on
previous information, and cach rotation selected
was implemented in field plots of various sizes. FFinal
population counts and yield then were compared
across rotations to determine the most appropriate
management sequences, This data-colleetion meth-
od was an efficient way of studying rotations in the
field; however, the rotations analyzed were limited to
those selected by the researcher. The effectiveness of
the resulting recommendations were contingent on
identiication of the best cropping sequences by the
researcher prior to beginning the research.

These studies also were limited in the number of
growing seasons which could be analyzed in the
field due to time limitations on the research pro-
grioms. The time and number-of-crop constraints
were not a problem in cases where only two or three
crops were included in the research design for only
two or three years, but effective management of
nematode problems for optimum net production
and/or profit may require the analysis of five or
more crops for five to ten years., Additional crops
could not be added to these analyses at a later date
sinee each erop rotation had to be included in the
orviginal research design.

Concurrent with the development of crop-rotation
research has been the development of methods for

quantifying the relationships of plant-parasitic
nematodes to their hosts. Particular emphasis has
been placed on the development of nematode dam-
age functions, primarily through the fitting of var-
ious mathematical functions to experimental data.
In order to assess the value of having reduced the
nematode population to a certain level, one must
project the damage caused by that population of
nematodes to the target crop. Relating planting-time
nematode numbers to crop damage has been the
foundation of nematode advisory services (3).

Plant-parasitic nematodes arerelatively immobile
m their soil environment, so that crop losses are
largely dependent on pest pressures present at the
beginning of the growing season, modified to vary-
g degrees by certain environmental viriables. In
1965, Seinhorst (43) proposed a deseriptive model for
the relationship of nematode density to plant growth
which has been further refined and expanded (16,
17). The use of Seinhorst damage functions has been
well documented (4, 16). A logistic model (27) has
been developed torepresent the relationship between
nematode density and root damage, and linear func-
tions fitted to log-transformed data (4, 5, 41) also
have been used to represent nematode damage func-
tions. All of these models incorporate the basie bio-
logical concept that damage per parasite decreases
as density increases.

Another important consideration in the analysis
of cropping systems is the reproduction of plant-
parasitic nematodes under various crops and man-
agement practices. The rate of reproduetion will
influence levels of residual nematodes vwhich, in
turn, will impact future management decisions. The
relationship of end-of-season nematode counts to
preplant counts has been described by a logistic
mathemartical function (27). Where log-transformed
population data were analyzed, linear reproductive
curves were derived. Both logistic and log-linear
curves represent decreasing fecundity per female as
initial density increases.

The next step in the development of eropping sys-
tems analysis for nematode management has been
the merging of crep rotation studies with the deriva-
tion of quantitative host-parasite relationships, for
the purpose of simulating the effects of cropping
sequences on nematode populations. A model has
been developed (27) from previously published in-
formation to simulate the population dynamics of
Globodera rostochiensis on various host and non-
host crops by combining reproductive curves, dam-
age functions, and between-host survival functions.
In another study (15), using small-plot experimental
techniques, the effects of Meloidogyne incognita on
a cotton-cowpea cropping system was simulated. In
that work, crop damage, nematode reproduction,
and between-crop survival functions were combined
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with economic analysis of crop values and man-
agement costs to simulate the net profitablity of
selected management practices.

Simulation of crop-nematode interaction can be a
useful tool in understanding the impact of various
crop sequences and management practices on nem-
atode population dynamics and on the economic
analysis of a production system. Further research
needs to be directed toward the implementation of
this potential in an applied diagnosis and manage-
ment recommendation service, with decisions based
on expert-information systems using quantitative
host-parasite relationships and comprehensive eco-
nomic models.

METHODS FOR NEMATODE
CROPPING SYSTEMS ANALYSIS

A methodology 1s described for the systematic
quantification of nematode-host relationships in
small experimental field plots. A structure will be
developed for integrating this information with eco-
nomic and cultural variables into a representationof
the target cropping system, which then can be used
to recommend optimum cropping sequences and
management practices.

Site Selection

Within cach agricultural area to be studied, a
research site must be selected where there is a high
infestation of the target nematodes, and where a
sufficient rangeof crops is commonly grown to allow
for the analysis of complex long-term rotations. Por-
tions of the research site must be severcely infested
with nematodes since an objective of the research s
to quantify the nematode damage function. In order
to quamtify the entire function, the research plots
must include areas with minimum yield or highest
damage levels. Much time and effort can be wasted
by attempts to derive nematode damage functionsin
areas where the nematode pressure is not high
cnough to cause significant damage. Likewise, there
must be a number of crops of varying susceptibility
to the nematode pests to select from when the crop-
Ing sequence is optimized, or else the eventual
recommendations will be trivial.

Approximately 0.25heetares should be allotted for
cach crop to be established at a site, Replications of
the research sites may he located in different fields,
or several sites can be located in one large field. In
order to analyze three erops, with three replications
of the sumpling area per crop, a total of 2.25 heetares
would be needed. A eropping systems research site
can be located in part of a larger field, with no dis-
ruption of normal cultural practices.

Sites may be located in farmers’ fields where the
researcher has a close working relationship with the
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farmer and is confident that good crop management
practices will be implemented. Sites also may be
located on institutional research stations, where the
implementation of good crop management pra-tices
‘an be controlled by the researcher. Since the prima-
ry goal of this phase of the research is to derive
nematode-host relationships, the crop must be prop-
erly managed to ensure that nematode effects will be
accurately represented in the data. The capability of
the researcher, farmer, or production manager to
manage the crop properly is of overriding impor-
tance in selection of a cropping systems research
site. Since specific rotations will be implemented in
the field plots, therescarcher should be sure of access
to the same sites for a number of years.

Crop/Management Selection

Crops should be selected for analysis that are
appropriate for the research sites and for the local
farming systems. A sclection of four to five annual
row crops, including nonhosts and cultivars resist-
ant to the target nematodes would be ideal. The
techniques deseribed in this guide for quantifying
and optimizing cropping systems are best applied to
annual row crops planted in sequential monocul-
tures. ‘Techniques have not yet been developed for
quantifying the effects of plant-parasitic nematodes
in intercropping systems, and the concepts of opti-
mized rotations are difficult to implement in long-
cyele perennial crops. In the choice of specific crops,
the feasibility of harvesting small plots shauld be
considered. In four-row plots, only the two center
rows may be harvested, asis common in other areas
of agricultural research. Where a broadeast or contin-
uously planted crop is selected, harvesting small
plots may be more difficult. Crops that must be
harvested mechanically may require larger experi-
mental plots than are ideal for the collection of
nematode population data.

Alternative management practices, such as the
applicatian of nematicides and hiological contrs!
agents, can be implemented as part of the cropying
systems research design. The addition of these fac-
tors will increase considerahly the size and number
of sites needed since a factorial design will haveto be
established with appropriatereplications. Each crop
for which the use of nematicides or biological control
agents is being analyzed will have to be established
both in fields that are treated and in those that are
not treated. It should be well documentec, by the
researcher that the alternative control methods are
comimonly practiced in the cropping systems under
study, or that the introduetion of methods would be
leasible if their use were indicated by the c opping
systems analysis. All pessiklemanagement ¢ \terna-
tives should eventually be investigated, however,
since economic anaiyses and the seleetion of opti-



mum sequences will be more meaningful if there are
more possibilities from which to select.
Establishing Plots

A systematic sampling grid will be constructed
immediately after pianting at each of the research
sites. The sampling grid will consist of 64 to 100,
24-m? plots, laid off along plant rows, with no alleys
between plots (Fig. 2). This design is meant to reflect
as closely as possible actual grower practices and to
allow placement of the grids in farmers’ fields with-
out disrupting normal operations. Each plot should
beapproximately 6m long, and four plant-rows wide
(approximately 1m). This grid can be established by
placing 25 1o 15em high weoden stakes marked
with plot numbersin the center of plant rows (Irig. 3).
Placing relatively short stakes in row centers will
adlow for normal cultivation procedures without the
stakes being disturbed. All that is needed for ostab-
lishment of the grid is a measuring tape and a
supply of wooden stakes. The grid should be as
nearly square as possible. A grid with 64 plots
should bearranged eight plots wide (totai of 32plant

Fig. 2. Diagram of systematic sampling grid laid
out along plant rows for collecting cropping systems
research data,

rows), with eight plots in each row. Permanent
markers should be established outside the area of
cultivation, so that plots can be located in subse-
quent growing seasons.
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Fig. 3. Cropping systems sampling grid marked off with 30-em wooden stakes in plant row centers.
Placement and height of stakes will allow normal cultivation and management of the crop.
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Itisimportani that the sampling grid be extended
across a number of plant rows since this will maxi-
mize the variation among nematode counts (35).
Precise placement of the grid at the research site is
critical and should be based on a preliminary nema-
tode assay. Plant-parasitic nematodes usually eceur
in clus:ors within infested fields (Ifig. 4) (21, 31, 33,
34,30, and the cropping systems research is
designed to make use of this spatial pattern, One
side of the sampling grid should be located directly
over a high population density cluster of nematodes.
Usually, over a distance of 20 to 30 m across plant
rows, the nematode densities will vary greatly, and
the other side of the grid will have areas with very
low to zero nematode counts (g 5). With this
design, asufticient range of nematode densities will
be included in the plots to allow for the derivation of
nematode damage functions and nematode repro-
ductive curves (Fig. 6). This wide range of initial
densities is essential to the suceess of the cropping
systems experimesitad design. Cropping systems
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Fig. 4. Patchy distribution of damage caused by
Belonolaimus longicaudatus on soybeans.
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research sites should not be located where the infes-
tation of nematodes is too uniform or where other
constraints will not allow the grid to be constructed
as described, In such asituation, another site should
be chosen. Another nematode-host system may have
to be analyzed if the nematode characteristically
has a uniform spatial patiern in the field. If the
nematode spatial pattern were too uniform, then
there would not be sufficient variation in the pop-
ulation densities among the individual plots for the
determination of host-parasite relationships.

Sampling For Nematodes

Collecting soil samples and assaying the soil for
plant-parasitic nematodes is perhaps the most ardu-
ous and error-prone part of this research. Samples
must be collected in such a way that they accurately
represent the nematode population, and assaying
methods must be standarized to the extent that their
results are predictable and can be interp eted by
other researchers. The entire process must be prac-
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I'ig. 5. Distribution of Meloidogyne hapla counts
from cropping systems research plots. The sampling
(eid was placed so that a major cluster of nematodes
was located on one side of the grid, whereas there
were very few or zero nematodes on the other side.
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Fig. 6. Distribution of Meloidogyne hapla counts from sampling grid in Fig. & (field 3}, along with counts
from two other research sites, showing wide range of counts well distributed around the threshhold level

(indicated by vertical dashed line).

tical and consistent with methods currently avail-
able or implementable in nematode diagnostic labs.
Since the eventual diagnosis and recommendation
service will be based on assay resulis, the nematode
counts used in this research must coincide with
counts that may be expected from a nematode assay
service.,

The Yactors of accuracy and consistency must be
balanced against the time and effort expendable by
the researcher in cropping systems research, along
with the availalility of skilled technical personnel
and laboratory equipnrent. Where the cropping sys-
tems research design includes simultancous analy-
sis of three crops, with three replications of the sam-
pling grid per crop, a total of 576 soil samples (64
small piots per grid) would have to be collected and

processed at cach sampling date. Assessment of

initial and final nematode populations (two sam-
pling dates) would require 1,152 samples per growing
scason. The number of samples per year can be
reduced, however, by limiting the experimental de-
sign to analysis of the nematode-host relationships
of only one (384 samples) or two (768 samples) crops
during each growing season and extending the
reseavch over a greater number of years.

Thereis no single best method for taking soil sam-
ples and extracting plant-parasitic nematodes, and
any procedure will need to be adapted for local exper-
tise and crop management practices. However, cer-
tain simple, standarized methods are applicable to

many species of plant-parasitic nematodes.

Plots should be sampled at planting time and at
harvest time so initial (P;) and final (Pg) population
densities can be estimated. Ten to twenty 2.5-cm-
diameter by 20-cm-deep soil samples are removed
from the center rows of each plot in a zigzag pattern,
with the cores spaced equally along the plant rows
(Iigg. 7). The individual cores from ecach plot are
buiked for extraction of nematodes and counting,
Soil samples to be used for nematode assay are per-
ishable and should b2 handled properly. Samples
should be collected in plastic bags to prevent drying.
Bags should not be left in dircet sunlight, as result-
ing high temperatures may decrease the viability of
nematodes in the sample. Ideally, samples should be
processed within sue week of the date of sampling,
but where thisis not a feasible time period, storage of
the samples at 10-15°C will prolong the recoverabil-
ity of many nematodes species ().

For extraction of moiile life stages, such as the
infective second-stage juveniles of root-knot and cyst
nematodes, Baermann methods can be used (2) (Fig.
8). The Raermann funnel technique requires a supply
of funnus (10-20 em diameter) with rubber tubing
attached to thestem and a clip to close off the tubing.
The tunnel is placed on a stand and filled nearly to
the top with water. A 20-mesh plastic or stainless
steel sereen (do not use copper mesh) is placed in the
funnel at water level. A 20- to 30-cm® aliquant of soil
is spread on a wet-strength paper tissue and placed
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four-row plots
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6 meters
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middle

two rows

Plots will be sampled

at planting, and at harvest

collect 10-12 cores
per plot in a zig-zag
pattern, bulk cores for

nematode extraction

;4 —— 20 cm deep

- 1e— 254 cm wide

Fig. 7. Method of collecting soil samples from cropping systeins research plots.

on the sereen. Add water just to cover the soil, and
imcubate the samples for 48 h at room temperature
(21-24°C is idead). The nematodes then are removed
from the bottom of the funnel by release of the clipon
the plastie tubing, Plant-parasitic species are then
identified and counted (Iig. 9).

The soil sample must be mixed thoroughlv, but
gently, before the aliquant of soil is removed “w
Baermann extraction. Rough handling of the sample
will decrease the recoverability of eertain nematode
species. The number of nematodes recovered by this
technique is sersitive to temperature and the length
of time incubated. Tinie of incubation should be
monitored closely, and ambient temperatures should
be recorded for later reference. During the incuba-
tion period, motile nematodes will move out of the
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soil through the tissue and sereen and collect at the
bottom of the funnel. When Baermann methods are
used, care should be taken to eusure that proper
amounts of soil and water are added. Too much soil
or water will greatly reduce the efficiency of this
extraction technique.

[For the extraction of non-motile life stages, other
techniques will have to be considered. Flotation-
sieving, centrifugal-flotation, and elutriation may
all be used for non-motile nematodes (2). In some
cases, where eritieal population densities may be
extremely low, or where the nematodes are primarily
in the egg stage, bioassay techniques may be re-
quired (2). Regardless of the extraction technigue
employed, theresearcher should deseribe the methods
in detail and determine the efficiency of the tech-
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Baermann funnels
Fig. 8. Diogram of Bacrmann funnel technique
forextracting motile plant-parasiiic nematodes from
soil samples.

nique under local conditions, Efficiency may be
derermined by adding a known number of nema-
todes to a given volume of soil, and processing the
sample throngh the extraction technigue. The actual
number of nematodes recovered is compared to the
number added to estimate efficiency. This informa-
tion will enable other rescarchers to nterpret and
utilize the data.

Harvest

The process of harvesting will probably cause the
greatest disruption of normal grower practices, since
viclds will have to be assessed in each of the small
plots. All crops should be harvested when fully
mature and at an appropriate stage of field dryness.
Close coordination with the farmer or production
manager will be required so that ideal harvest dates
can be determined. Only yields from the two center
rows of each plot need be assessed, although whole-
plot yields are acceptable if harvesting all four rows
15 more convenient. Usually, small plots can be
harvested manually, but mechanienl harvesting
may he desirable for some crops. Care should he
taken to ensure that the vields from each of the plots
are kept separate if a mechanical harvester is used.

Where quality of the erop is of cconomic concern,
the harvest from cach plot will hove to he graded.
Flant-parasitic nematodes may fail to cause a quan-

titative loss but may significantly damage the mai-
ketability of @ crop. This market-quality effect is
usually found with root crops, such as carrots.
peanuts, and potatoes. Any grading systems em-
ployedin the cropping systems research will have to
be converted into a quantitative measure for data
analysis.

DATA ANALYSIS

Atter initial population (1), final population (Pp),
and yield (Y) data are collected from each of the
experimental plots, information expressing nema-
tode-host relationships muiit be extracted, reduced,
and represented by characterisie mathematical fune-
tions. The basic approach will be to fit appropriate
curves to the data through best-fit empirical tech-
niques. The best tunction for simulating the cropping
system will be that funetion which best decribes the
particular set of data, not necessarily the most
attractive biological or theoretical model. After deri-
vation, the functions will be combined *vith eco-
nomicand cultural variables into a constraint analy-
sis model, which will be optimized through linear
programming techniques.

Nematode Damage Functions

Planting-time nematode assays and yields mea-
sured ineach plotarc used to determine the relation-
ships of crop yields to initial nematode densities.
Nematode damage functions arc usually represented

IDENTIFY AND COUNT

PLANT-PARASITIC
NEMATODES

AFTER 48 HOURS ON
BAERMANN FUNNEL

Iig. 9. As part of the research design, nematodes
should be removed from the Baermann funnels after
aspecified length of time (48 h), identified to species
and counted.



by a negative logistic relationship, with a relatively
level imtial phase, then rapidly declining yield as
nernatode density increases, followed by another
levelling off, or asymptotic approach to a minimum
vield (Fig. 10). Several alternative models are avaii-
able to describe this relationship between initial
nematode counts and yield. In the simplest case,
nematode counts are transformed to a logarithmie
scale, at which point thervelationship may bemore or
less linear over most of the counts. A linear model
can then DHe fitted to the curve with a conputer pro-
gram for general linear analyses (8, 40). The {it may
be poor at extreme ends ofthe curve where damageis
not measurable, or after minimum yield has been
obtained This minimum nay be zero yield, but there
still muet be some point at which decrease in yield
levels off, or becomes asymptotic. Most of the varia-
tions in nematcde damage functions have been
attempts to fit the curves to the extremes.
Seinhorst (43) used a discontinuous raodel, with a
straight line up to the point where yield loss becomes
measvrahle, "nd then a negotive exponential model
to deseribe the rapid decrease in yield and asymp-
totic approach to a minimum. This curve is difficult
todeal with methematically since it is discontinuous
and can only be fitted to dota through iterative
methods (18) or by visual estimations of parameters.
An alternative approach to fitting the entire eurve
would be to deseribe a basic “S”-shaped negative-
logistic function and estimate the parameters with a
comvuter program fer nonlinear curve fitting (8, 40).

YIELD

NEMATODE DENSITY
Fig. 10. Diagram of typical nematode damage
function, showing variable response to increasing
densities.
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Any of these models can adequately describe the
relationship between initiai population and yield.
Given the amount of experimental and sampling
ervor in nematode field plots, there is probably very
little justification to recommend one over the other
from a statistical viewpoint. The most important
consideration is that the function perform accu-
rately in rritical economic decision areas of the
curve. If a critical economic decision threshhold lies
near an extreme end of ‘he curve, then the simple
log-linear model may noi de adequate. If that model
is accurate, however, its use wouid be indicated by
the relative simplicity of its statistical estimation
and interpretation. The data from each nematode-
host combination will have to be examined so the
most appropriate model can be determined.

Different management practices will be represent-
¢d in the systems analysis as modifications of the
damage curves for particular nematode-host com-
binations, Use of a chemical wematicide should
decrease the slope of the curve, as the basie relation-
ship of planting time densities to crop yield is
altered. Also, addition of a bioiogical control agent
would change the curve, perhaps altering the shape
as well as the slope. Entire grids treated with each
management tactic te be analyzed must be placed in
fields in a replicated design so that damage func-
tions characteristic to each method can be derived
and compared to curves from unireated grids.

The importance of appropriate placement of the
cropping systems research grids should now be
apparent. A widerange of initial nematode densities
must be present in the plots in order to provide
information on the entire nematode damage func-
tion. If only low pathogenic densities are repre-
sented, then only the left side of the curve may be
derived, and there will be no indieation of maximum
damage. Likewise, if only high pathogenic densities
are recorded there may be no indication of eritical
threshhold levels. Population levels which represent
high or low pathogenic densities will differ greatly
for exeh nematode-host combination, and it will be
up to the researcher to select levels centering on
critical threshholds for the primary nematode-host
association in the system (Fig. 6'. This selection pro-
cess, which is critical 1o tlie success of the cropping
system analysis, will have o be based on experience,
farmer input, and previous research.

Biological and environmental factors also affect
the relationship of crop yield to nematode densities.
Other nematodes may contribute to total yield loss
and may interact with damage resulting from the
target species, either by inhibiting or enhancing the
expression of damage. Likewise, edaphic factors
may greatly alter damage relationships. Any of
these factors can be incorporated into nematode



damage functions through the use of mutivariate
analyses. Instead of simple linear regression, multi-
variate regression can be used to quantfy the
impact of many nematode species simultaneously,
along with soil texture, moisture, and any other
quantitative variable measured in each of the field
plots. Before incotporating these factors int. ‘“he
damage modei for this research, however, the re-
searcher must determine the likelihood of this re-
lated information becoming a part of the nematode
dirgnostic-advisory reccommendations. An advisory
recommendaion based on soil texture, soil moisture,
and other edephic parameters will not be useful
unless edaphic datais available with each nematode
samiple. However, information on other species of
plant-parasitic nematodes is usually available with
an advisory sample, <o it is essential that inter-
specifie relationships be analyzed in the eropping
systems rescarch.

The effects of large-scale climatic variation on
nematode damage funetions can be accounted forin
the cropping systems rescarch design. The research
will be implemented over a number of growing sea-
sons, including unusually wet and unusually dry, or
cold and hot seasons. The variation in parameter
estimates for the yield-loss models will provide an
estimate of the confidence intervals that may be
vlaced around damage functions. These confidence
intervals will indicate how much variation to expect
in the accuracy of the system based on year-to-year
changes in the weather. For irrigated production
systems this effect should he minimal, but for rain-
fed systems it may be quite large,

More detailed studies may be done in the green-
house or in microplots to estimate the effects of cer-
tain edaphic parameters on damage functions, Once
the basie function has been derived in field plots, it
may be modified according to relationships derived
from factorial experiments with varying levels of
moisture, soil textures, or nutrients interacting with
various nematode densities, Interactions of different
plant-parasitic nematodes may be studied in the
same manner. Each of these effects should be
represented by either a change in the horizontal
lecation of the curve, a change in the slope of the
curve, or a change in b~ h parameters. By examina-
tion of extreme levels i+ are likely to occur in the
field, the amount of variation in the models attributa-
ble to each characteristic can be determined and
factored into the predicted confidence intervals.
Specifie levels of cach characteristic studied can be
adjusted to represent geographical differenzes, such
as predominantly sandy soils versus clay soils, or
wet verus dry areas. The derivation of nematode
damage functions for use in the cropping systems
analysis will be viewed as an on-going process, with

the accuracy and precision of the functions continu-
ally improved as more information is made avail-
able.

Nematode Reproductive Curves

Nematode population growth over a growing sea-
son can be expressed by relating end-of-season nema-
tode counts to initial counts with an appropriate
mathematical function. Usually, a suitable function
will be one which incorporates density-dependent
rates of reproduction. The rate of population in-
crease is very high at low nematode densities but
levels off as the ecosystem becomes overpopulated
until there is no further increase (Fig. 11). The in-
dividual cropping systems research plots are sam-
pled at the beginning and end of the seasor so that
the reproduction of the target nematode.' on each
crop in the sequence can he estimated. A ., was the
ase for nematode damage functions, th-re are sev-
eral methods by which the relationship of end-of-
season nematode densities to initial densities can be
quantified. The simplest relation is defined by a
logarithmic transformation of beth Py and P;, fol-
lowed by estimation of the parameters of a lincar
model. A logistic model may also be fitted to trans-
formed or actual data (27).

The estimation of parameters in nonlinear formu-
lations is more involved and more difficult to inter-
pret, but the logistic function will probably describe
the extreme ends of the curve mora accurately.
Depending on the sequence of crops in the cropping
system and overall population density, accuracy at
those portions of the curve may not be critical. The
data should be examined for each nematode-host
combination, and the simplest function which pro-
vides sufficient accuracy should be used to describe
the nematode reproductive curve. Estimation of
parameters for the linear and nonlinear models will
be done with statistical computer programs (8, 40).

Cropping System Analysis

After characteristic curves for crop damage and
nematode reproduction have been derived, the resul-
ting series of mathematical functions, along with
appropriate control structures, will be programmed
into a simulotion of crop sequences. The analysis
*an best he viewed as an iterative process, proceed-
ingin discrete steps from growing season to growing
scason, with the crop to be grown during each sea-
son represented by its characteristic curves (Fig. 12).
A sequence of crops/management practices and
initial nematode densities are input to the iterative
portion of the program. The initial density is then
used in crop loss and reproductive fanctions for the
first crop in the sequence to project a final density
and a crop vield, which is then translated to a zrop
value based on local currency. The projected final

11
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Fig. 11. Diagram of typical nematode reproduction curve, demonstrating variable rates at differing densi-
ties, and decreasing fecundity per temale as density increases and the crop damage is greater.,

rnematode density for the first growing season, mod-
ified by appropriate between-crop survival func-
tions, is then used as an initial density for the next
crop in the sequence. The control structure of the
computer program (Fg, 1) sieps through the entire
cropping sequence in this fashion, finally outputting
the profitability of the sclected sequence.

The iterative computer simulation can analyze

12

targe number of erop/management sequences in a
relatively short time. However, the system can be
improved by the use of quantitative decision-man-
agement toolsw select only those sequences that are
optimal for a given set of constraints. The need for
optimization techniques is evident when one con-
siders a system with five different erop and manage-
ment-alternative combinations to be simulated over



a period of 10years. If all possible combinations and
permutations are included, there are 9,765,625 pos-
sible cropping sequences to consider. In addition to
nroblems associated with the overwhelming num-

"involved in this system is the additional com-
p':ca.lon of proper quantification and application of
crop production constraints, as well as social and

cultural farming-system constraints. The resulting
multiple-constraint crop production system can be
analyzed comprehensively with a linear program-
ming model for decision making.

Linear programming is » mathematical technique
for improving decision-making information availa-
ble to managers (6). The technique consists of
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Fig. 12, Linking of characteristic nematode-host relationships in simulation of a cropping sequence. A
beginning initial nematode density (Py) isused to predict end-of-season density (P1) and yield of the crop for the
first year. End-of-season density is then used as beginning density (after adjustment for between-crop survival)
for the next crop, to »redict end-of-season ropulation (Pg) and crop yield for the second year. This process

continues iteratively ,

as many scasons (crops) as desir-.
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formulating a mathematical representation of all
the constraints, demands and destred objectivesin a
production system and deriving the optimal solu-
tion, or most profitable course of action. All possible
sequences can be constdered simultaneously by the
computer.

The accuracy with which a hnear programming
system represents its intended real-world system
depends entirely on how well the mathematical re-
lationships representing constraints and objectives
are formulated. Information on fixed and variable
costs of erop production must be aecurate, as well as
estimates of the additional costs incurred by the use
of an optional management practice. Estimated
future prices for each crop must be relatively ac-
curate, and cultural variables, such as the desirabil-
ity of each erop forlocal consumption, must he appro-
priately quantified. Suitable estimation of these
variables will be contingent on the experience, know-
ledge, and resources of the local resecarcher. After
these estimates are provided, the linear optimization
scheme will be formulated with assistance from the
CNRCP ecroppmmg systems specialist, or with the
cooperation of local personnel with experience in
this area of mathematies.

Validation s essential in any modelling process.
The crop sequencing models will be validated by the
monitoring of selected rotations in the experimental
plots over several growing sceasons. By comparison
of projected to actual crop losses and nematode pop-
ulation dynamices in the plots, a measure of stochas-
tic variation in the model will be derived. The model
will be adjusted and improved with each year's data,
but there will likely be considerable stochastic error
in the projections. This error will be reported and
mcluded in the eropping system recommendations
as a measure of the rehability of the system. Re-
linbility may below in the early stages of the process
until other pests and edaphic parameters are brought
into the models, but the results will still represent the
best recomuniendation possible based on existing
information,

DLTERMINE YLD LOSS
AND Pt. AS FUNCTION
[¥]] }'1

INPUT P,
CALCULATE YLD LOSS CROP SthEPCE
Ah. Pg FROM INDIVIDUAL

CROP EQUATIONS

BETWLEN
CROP
SURVIVAL

OUTPUT P

Fig. 13. Flow-chart of computer algorithm to sim-
ulate by step-wise calculations a selected crop
sequence.

B!

TOTAL YID LOSS

TECHNOLOGY TRANSFER

Final delivery of the results of this research to
farmers will bein the form of extension-type publica-
tions, pamphlets listing recommended cropping se-
quences for particular nematode hazards, and an
assay-based nematode advisory recommendation
form (Fig. 14). Where feasible, the assay-based re-
commendation form would be the desired method of
transfer sinee it offers specifie recommendations for
individual farmer preblems. On this form, the farmer
will be given a listing of important plant-parasitic
species found in his field, along with an indieation of
crop hazards associated with detected population
densities. The assay form will also contain a list of
recommended management sequences, including
the use sf nematicides orresistant cultivars if aporo-
priate, with projeeted net profits for each sequence.
The results of the worst possible cropping sequence
wiil also be displayed to indicate the possible losses
from poor management practices. The computer pro-
grams necessary to produce the recommendation
forms will be provided to cooperating scientists with
adequate computer or microcoraputer facilities. The
use of this system is dependent on availability of
nematode assay services for farmers. Where assays
are not available, extension publications and pam-
phlets will be used to provide general cropping sys-
tems recommendations for liniiting lesses due to
important nematode pests.

CONCLUDING REMARKS

The cropping systems experimental design is rela-
tively simple to implement. Field plots are located
in nematodeanfested areas, and three variables are
measured in each plot. These three variables, initial
nematode density, end-of-season density, and yield,
then are used 1n a complex data analysis scheme to
produce an ontimizing model of the cropping system.
As part of this analysis, quantitative crop-nematode
relationships are derived which will be of value in
other areas ol research and in crop-loss assessment,
progranas. The data-collection phase of the research
isleagthy and labor intensive, but the data analysis
will be relatively fast and less arduous with assist-
ance from the CNRCP eropping systems specialist.
[From a well-structwred analysis of only three vari-
ables collected from nematode-infested field plots,
several important benefits are antieipated:

1. Development of the best possible cropping sys-
tem for farmers to control losses due to plant-
parasitic nematodes,

2. Quantification of important crop-nematode re-
lationships which are necessary for imple-
mentation of nematode management-advisory
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Number of 3 Crop loss
Nematode species nematodes hazard level
Meloidogyne spp 10547 high
Paratrichodorus 459 low
Heteroders 2078 low
Scutellonema 994 medium

Cropping system recomendations
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C

number of nematodes per 500 cm3 SOl
net profit projected in local currency.
use nematicide with recommended crop
Ouse resistant cultivar

Crop Expected ner

one two three four five profit b
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barley tomato pepper |tomato 9 | eggplent 1427
tomato 9 pepper | eggplant| barley | tomato 1298
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tomato tometo tomato tomsato tomato 447
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Fig. 14. Example of a nematode assay/crop management recommendation form, resulting from simulation
and optimization techniques used in cropping systems research. Form includes nematode counts, crop hazard
levels, and specific management recommendations for the farmer to consider.
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services and for accurate assessment of crop
losses due to these pests,

3. Increased profits and economic stability for
farmers following recommended long-term crop-
ping sequences, and

4. Increase in available food and fiber for within-
country consumption or export.

All of these benefits can be derived from an
improved deployment of existing erop management
techniques. The improvement will result from op-
timized decision-making based on a systematic
analysis of field research data. Ideally, the cropping
system should be optimized with respect to other
pests, but the information is not yet available to
construct appropriate models. Nematode cropping
systems research is only one component of a compre-
hensive farming systems analysis (Fig. 15). How-
ever, after analysis of the nematode component of
the pest complex with a well-structured, standard-
1zed rescarch design, other pests can be added to the
system as data becomes available from similar
rescarch programs. In this way, a comprehensive
decision tool can be developed over a number of
years by different researchers. The ultimate goal of
providing farmers with detailed recommendations
as Lo the best possible management tacties, consid-
ering all production constraints simultaneously, will
then be realizible.

FARMING SYSTEM
i =
¢ =T

PEST
MANAGEMENT

—————
QEMATODESD  (WEEDS) CINSECTSD CDISEASES D

Fig. 15. Schematic diagram of interrelated com-
ponents of a comprehensive farming system. Meth-
ods presented in this guide are for analysis of the
nematode-pesi component separately, but the analy-
sis will be done in such a way that other components
can be included in the design as additional informa-
tion is obtained.
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