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Preface 

The objective of this guide is to assist nematologists in lesser-developed countries in the design andimplementation of cropping systems research programs for the limitation of crop losses due to plantparasitic nematodes. The methods described represent our best effort at this time. However, systemsresearch is a evolving area of investigation, and these methods will be updated periodically as improvedapproaehes are developed. Cropping systems research is a primary goal of the Crop Nematode Researchand Control Project (CNRCP), funded by the United States Agency for International Development througha cooperative agreement with North Carolina State University. The urgency of this research has beenbrought about by recent reductions in the number and availability of effective nematicides. Remainingnematicides are less effective and more costly, and their use may be prohibited in the near future because ofenvironmental and health hazards. Also, the development and release of nematode-resistant cultivars hasproceeded slowly. A comprehensive research program directed toward the improved deployment of croprotations, available resistant cultivars, and other existing management practices i3 the surest and mostpractical approach to long-term increases in agricultural productivity. Optimization ofexisting managementpractices 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 anticipatedthat Project staff and developing-country scientists will be involved at several levels of 'ollaboration for theimplementation of cropping systems research. As part of the planned cooperative research effort, theCNRCP cropping systems specialist will be involved in all phases of the design, implementation, andanalysis ofthis research at a few selected international sites. These sites will be selected on the basis of localinterest in cropping systems research, adequacy of locai facilities, and the capability of personnel to carryout the resea-ch over a period of several years. At additional sites collaboration with the cropping systemsspecialist 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 thedata analysis phase, perhaps as a graduate-student thesis project. Regardless of the level ofinvolvement byCNRCP staff, it is hoped that the distribution a:nd 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 countries. Although there has been an 
increasing appreciation of' the damage caused by 
these pests in recent years, during the same time 
[,eriod there has been a substantial loss in the avail-
:ility of effective, nematicides due to1environmental 
hazards associatcd with their use. Those nemati-
cides that remain on the market are less effective 
and (ontinue to increase in cost, while farn revenues 
de('rease. 

The use of (ultivars 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 cultivrs have been 
deplh)ye(d, their effectiveness has been rapidly re-
duced 1)y the emergence of' new host races of the 
target nemaito(t spt(.ies, or by the emergenceof new 
infestations of' different nematode species on the 
resistant hosts, 

Biological ('ontrol agents also offer promise for the 
control of' Josses due to plant-Darasitic nematodec, 
but their development and deployment is proceeding 
slowly because the detailed (c.ology, 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 managem(,nt schemes. Therc-
fore, at this time, the optimal deployment of remain-
ing nemnaticides and resistant cultivars is critical to 
.:u(cessful, sustained management of crops to limit 
losses due to plant-parasitic nematodes. 

Crop rotation is a management technique which is 
particularly suitable for use in developing areas of 
the world. Sequential alternation of' c ops with 
varying degrees of susceptibility to the nematod 
)est can pro(lu('e striking resuits in the reduction of 

crop losses (lFig. 1). Th, deployment of optimized 
crop rotation regimes requires no high-cost or high-
te('hnology inputs, and the concept of rotating crops 
is a part of the agic'TIltuiral history of many sub-
sisten('e-level farming opeiations. In this guide, an 
emphasis is placed (:n crop rotation as a manage-
mnent tool since in many areas with severe nematode 
problems nenmatod(-resistant cultivars are rot avail-
able, and local economic 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 cropping 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 mustincludeeconom
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 can interact, itis 
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 profitable "non
host." Although comprehensive information is 
needed, specific research designs for the amlysis 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
cated 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 
crop;)ing-systems specialist. 

A key component of this research is quantification 
of the relationships of' nematodes to their hosts. 
These relationships are affected by other pests in the 
cropping system, and eventually these effects must 
he considered as part of the nematode-management 
systen. 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 

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 
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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 relationship,. 

In 1911, Bess,.y (7) suggested the use ofcertain crop 
rotations to minimize losses to root-knot nematodes 
in susceptil)e vegetable crops. Since that time 
numerous studies have l)een lone on crop rotations 
to manage populations ofplant-parasitic nematods 
(, 9-15, 19, 20, 22-26, 28,0,32, 639, 42, 44, 45). The 26 
papers listed represent only a sampling of more than 
200 citations produced by a literature search on 
nematoche cr' )p-l')tation research. These reports have 
established that the selection of appropriate crop-
ping sequ(ences can hi, an effective too! in the man-
:igemen ie t nticuatocde populations, and specific crop 
rotation results are available in the papers cited. 
This gtaide. however, is for the development of 
me olIodology, and therefore the methods employed 
by previous researchers are of' primary interest. 

Eln(l-(,f-season, or ('n(-of-rotation, nnmatode counts 
have been the variables of' interest in most crop-
rotation experinents (1, 10-14, 19, :20, 25, 26, 28, 30, 
1:689, .12, -IS), with yield data (15, 22, 23, 29, 14) and 

nematicidle restlts (9, 2:1, 2.1, 32) also included in 
sore, p;ipers. End-of-season counts were dhened 
importantr s an indication of' whether or not then 

population h;d ben red uced to a level that would 
not ('auSe economic dlamlage in future crops. In 
designing the field research, the researcher usualiy 
selected a promising series of' rotations based on 
previous information, and each rotation selected 
\waIs implemented in field plots ofvarioussizes. Final 
po)ulation counts and yield then were compared 
across rotations to determine the most appropriate 
management sequences. This data-collection meth-
od was an efficient way of' studying rotations in the 
field; however, the rotations analyzed were limited to 
those ',elected Iby the researcher. The effectiveness of 
the resulting rec'mmendations were contingent on 
identification of the best cropping sequences by the 
researcher prior to beginning the research. 

These studies also were limited in the number of 
growing seisons which could be analyzed in the 
field clue to tinie limitations on the research pro-
gram s. The time and number-of-rop 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, btt effective management of' 
nematode prol)ems for ')ptimlum net production 
and."or protit may require the analysis of' five or 
more 'rops for five to ten years. Additional crops 
could not be added to these analyses at a later date 
since each crop rotation had to be included in the 
original 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 nenirtode advisory services (3).

Plant-parasitic nematodes are relatively immobile 
in their soil environment, so that crop losses are 
largely dependent on pest pressures present at the 
beginning of the growing season, modified to vary
ing degrees by certain environmental vriables. In 
1965, Seinhorst (43) proposed a descriptive model for 
the relationship ofnematode density to plantg-rowth 
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 to represent 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 basic 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 reproduction will 
influence levels of residual nematodes which, in 
turn, will impact future management decisions. The 
relationship of end-of-season nematode counts to 
preplant counts has been described by a logistic 
mathematica! 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 (tensity increases. 

The next step in the development of cropping sys
tems analysis for nematode management has been 
the merging of crop 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 rostochiensison 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 Mcloidogyne incognitaon 
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 nmanage-
ment recommendation service, with decisions based 
on expert-information systems using quantitative
host-parasite relationships and comprehensive eco-
nom ic models. 

METHODS FOR NEMATODECROPPING SYSTEMS ANALYSIS 
A methodology is described for tie systematic

quantification of nematode-host relationships in 
small experimental field plots. A structure will be 
developed for integrating this information with eco-
nom ic 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 each agricultural area to be studied, a 
research site must be selected where there is a high
infestation of"the target nenmatodes, and where a 
sufficient range of'crops is commonly grown to allow 
for the analysis of complex long-term rotations. Por-
tions of the research site must be severely infested 
with nematodes since an objective of the research is 
to quantily the nematode damage function. In order 
to quantify the entire function, the research plots
must include areas with minimum yield or highest
damage levels. Much time and effbrt can be wasted 

by attempts to derive nematode damage functions in 

areas where the nematode pressure is not high

enough to cause significant damage, likewise, there 

must he a number of crops of'varying susceptibility
to the nemnatode pests to select from when the crop-
ing sequence is optimized, or else the eventual 
recommendations will be trivial, 

Approximately 0.25 hectires should be allotted fo. 
each 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. InI 
order to analyze three crops, with three replications
ofthe snimpling rea per crop, a total of 2.25 hectares 
would be needed. A cropping 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 

farmer and is confident that good crop management
practices will be implemented. Sites also may be 
located on institutional research stations, where the 
implementation ofgood crop management praflices 
can 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, ftarmer, 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, the researcher should be sure ofaccess 
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 localfarming systems. A selection of four to five annual 
row crops, including nonhosts and cultivars resist
ant to the target nematodes would be ideal. The 
techniques described in this guide for quantifying
and optimizing cropping systems are best applied to 
annual row crops planted in sequentin! monocul
tures. Techniques have not yet been developed for 
quantifying the effects ofplant-parasitic nematodesin intercropping systems, and the concepts of opti
mized rotations are difficult to implement in long
cycle perennial crops. In the choice of specific crops,
the feasibility of harvesting small plots should be 
considered. In four-row plots, only the two center 
rows may be harvested, as is common in other areas 
ofa,ricultural research. Where a broadcast 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 
application of nematicides and biological control
 
agents, can be implemented as part of the cropping
 
systems research design. The addition of these fac
tors will increase considerably the size and number
 
of'sites needed since a factorial design will have to be
 
established with appropriate replications. Each crop

f'or which the use ofnematicides 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 documented by the 
researcher that the alternative control methods are 
comi nonly practiced in the cropping systems under 
study, or that, the introduction of methods would be 
feasihli, if their use were indicated by the c. opping
systems analysis. All possihle management LIterna
tives should eventually be investigated, however,
since economic analyses and the selection of opti



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

A systematic sampling grid will he constructed 
inmiediately after pianting at, each of the research 
sites. The sampling grid will consist of 64 to 100,
 
2.1-12 plots, laid offalonig phlnt rows, with no alleys
betw(een plots (Fig. 2). This design is meant to reflect 
is closely is possille actual grower practices and to 
ilow )laceline t of'the grids in farmers' fields with-

out disrulti ng norm >lo)erations. Elach plot should 
be apl)roximltely f II long, and tourplant-rows wVide 
(tpl)roxiltnttely-1 11). This grid can he established by
plaicing 25- to 15-cim high w<odten stakes marked 
wit h ploI umbers in the cent er oft)lnt rows (Fig. 3). 
l'Icirt rgelatively short stakes in row cen ters will 
zli It-'mal cultivation procedures wit hout thelow ftot 
stakes bei/Ig distur)ed. All that is needed for estab-
Ilishmint 4 the grid is It measuring tape and a 
stipjply of wooden stakes. The grid should be as 
nrly sttiire ;is p)ssible. A grid with 64 plots 
shotild berearnigetI eight plots wi(I, (totai of':2Iht 
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Fig. 2. l)iagram 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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I' ig. 3. (oppili n~' es samipling gridI miarked o ff with 80-cmi wooden stakes in plant row centers.P'lacemlenlt anld hevight. of skeks will allOW normal1,1 cultivation an1d m11,ma1gemlent of the crop. 
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It is important that the sampling grid be extended 
across a number of'plant rows since this will maxi-
mize the variation among riematode counts (35). 
Precise placement of the grid at the research site is 
critical and should be based on a preliminary nema-
tode assay. Plan t-parasitic ne atodhes usua ly eccur 
in clus: ,rs withbin infestei fields (Fig. .1)(21, 81, 33, 
3.1, 35), ;mid the crop)ing systenms research is 
(hvsige,(l to mnk, use of this spatial pattern. One 
side )fthe samplling grid should 1, located directly 
over a high population density cluster of nematodes. 
Usually, over a distance of 20 to :30 ill across piant 
rows, the nematode densities will vary greatly, and 
tlhother side of the grid will have areas with very 
low to zero nimitote counts (Fig. 5). With this 
design, n sitfi(iet rangt, of noematode (ensities will 
Iheinclu(d(d in the plots to allow for the (erivation of* 
nenlatod(, (lilinage tl'nctions and neinatode repro-
du1ctive curves (Fig. G). This wi(e range of initial 
(ensities is c."sential to the success of th e cropping 
systems experimlnta design. ('ropping system, 

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 a situation, another site should 
l)e chosen. Another nematode-host system may have 
to he amalyzed itthe nematode characteristically 
has a unif'orm spatial pattern in the field. If the 
nematode spatial pattern were too uniform, then 
there would not he sufficient variation in the pop
ulation densities among the in(lividual 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-proine part of this research. Samples 
must be collected ii such a way that they accurately 
rel)resent the nematode p)opulation, an(d assaying 
methods must 1;estarndarized to the extent that their 
results are predictable and can be interp oted by 
other researchers. The entire process must )e prac
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Fig. ,4.Patchy distribution of damage caused by 

Belonolaimus longicaudatus on soybeans, 

( 
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Fig. 5. Distril)ution of Meloidogyn hapla counts 

from coppling systems research plots. The sampling 
,, -id was placed so that a major cluster of nematodes 
wN located on one side of the grid, whereas there 
were very few or zero neinatodes on the other side. 
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tical and consistent with methods currently avail-
able or inplementable in nematode diagnostic labs. 
Since the eventual diagnosis and recommendation 
service will be based on assay resuKs, the nematode 
counts used in this research must coincide with 
counts that may he expected from a nematode assay
service, 

The fi-ctors of accuracy and consistency must be 
balanced against the time and ef1ort expendable by 
the researcher in cropping systems research, along 
with the auvailability of skilled technical personnel 
and laboratory equipnent. Where the cropping sys-
tens research design includes simultaneous analy-
sis of three crops, with three replications of the sam-
pling grid per crop, a total of' 57(6 soil samples (64 
small plots per grid) would have to be collected and 
processed at each sampling (late. Assessment of 
initial and final nematode populations (two sam-
)ling dates)would require 1,152samnples per growing 

season. The niumber of sanples per year can be 
reduced, however, by limiting the experimental de-
sign to analysis of the nenatode-host relationships 
of only one (38,4 samples) or two (768 samples) crops 
durinig each growing season and extending the 
research over a greater numl)er of years. 

There is no single best method for taking soil sam-
pies and extracting plant-parasitic nematodes, and 
any procedure will need to be adapted fbr 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 (Pi) and final (Pf)population
densities can be estimated. Ten to twenty 2.5-cm
diameter by 20-cm-deep soil samples are removed 
fron the center rows of each plot in a zigzag pattern, 
with the cores spaced equally along the plant rows 
(Fig. 7). "he individual cores fronr each plot are 
bulked for extraction of nematodes -ind counting. 
Soil samples to be used for nematode assay are per
ishable and should K, handled properly. Samples 
should be collected in plastic bags to prevent drying. 
Bags should not be left in direct sunlight, as result
ing high temperatures may decrease the viability of 
nematodes in the sanple. Ideally, samples should be 
processed within one week of the date of sampling, 
l)ut where this is not a feasible time period, storage of 
the samples at 10-15°C will prolong the recoverabil
ity of many nematodes species (2).

For extraction of motile life stages, such as the 
infective second-stage juveniles of root-knotand cyst 
nematodes, Baermann methods can be used (2) (ig. 
8). The Baermann funnel technique requires a supply 
of funnts (10-20 cm diameter) with rubber tubing 
attached to the stem and a clip to close off the tubing. 
The funnel is placed on a stand and filled nearly to 
the top with water. A 20-mesh plastic or stainless 
steel screen (do not use copper mesh) is placed in the 
funnel at water level. A 20- to :30-cn aliquant of soil 
is spread on a wet-strength paper tissue and placed 
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four-row plots 

I 'collect 10-12 cores 

per plot in a zig-zag 
6 meters 

pat tern, bulk cores for 

nematode extraction 

middle 
two rows 

Plots will be sampled 

at planting, and at harvest - 20 cm deep 

-1 *- 2.54 cm wide 
Fig. 7. Method of collecting soil samples from cropping systems research plots. 

on the screen. Add water just to cover the soil, :nd soil through the tissue and screen and collect at the
incubate the samples for 18 h at room temerature bottom of the funnel. When Baerinann methods are
(21-24'C is ileal). The nematodes then are r(.moved used, care should he taken to ensure that properfroim the l)ottolfl ofthe funnel by release ol'the clip oin amlounts of soil and water are added. 'Too much soiltile Ilastic tubing. lant-palrasitic species are then or water will greatly reduce the efficiency of this
identifie(l and counted (Fig. 9). extraction technique.

The soil sample must he mixed thoroughly, but For the extraction of non-motile life stages, othergently, hefore the ali(Iuant of' soil is removed %r techniques will have to he considered. Flotation-
Baermann extraction. Rough h.indlingof thesample sieving, centrifugal-flotation, and elutriation maywill (lecrease the recovera)ility of'certain nematode all he used for non-motile nenlatodes (2). In some 
species. The numher ofnematodes recovered by this (cIses, where criti(da Impilulatio (ensities may hetechnique is sersitive to temperature and the length extremely low, or whel( the nematodes are primarilyof time incuhated. Time of incubation should be in the egg stage, bioassay te('chniques may he remonitored closely, and ambient temperatures shoul( quired (2). Regard less of the extraction technique
he recorded for later reference. During the incuba- employed, theresearchershulddescrihethemethods 
tion period, motile nematodes will move out of the in detail and determine the efficiency of the tech-
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500cm 3 
.,:: ,il/p1usually 

.,;..
. *. +.+. ;
..
L." 
32n3 

ahquiints 
per nrnple 

funnels1aerMannL~ae~annfnne 
Mg. 8. )i ,gran o(f' Baermmn n funnel technique 

for extraictiig notile plant-parasitic nematodes from 
soil samlles. 

iiqo' iin)(ler local condlitions. Ificincn, may be 
<tlet-mi ned hy ildding a knon number of,uena. 
todes to a given v(Olume of' soil, and p1ocessing the 
samp11le through the extractiontehiu.lheaul 
numhr of nemnitodles recovered is c,)mpard to the 
nimher added to esti mate efficiency. 'l'liis inf'orma
tion will enable )th(,r researchers to interpret and 
utilize the data. 

1-larvest 
The process of harvesting will prohably cause the 

gr ',i(st disruption of norma! grower practices, since 
yields xvill have to 1e asses sed in each of the small 
plols. All crops should he harvested when fully 
mature and at an approlrialt stage of field dryness.
Close co>ordinafion with the farmer or production 
manager will be required so that ideal harvest dates 
cain he determitned. Only yields from the two center 
rows of' eah plot need he ;Issessed, although whole-
plot yields are actahirrws 
is more (onvenient.. (Isually, small plots can he 
harvested mianually, hut mechanical harvesting 
may he desinihle for some crops. CGuire should be 
taken to elisure tlmt the yields from each ofthe plots 
are kept separate if a mechanical liivester is used. 

Where quality of' the crop is of economic concern, 
th harvest from each plot wvi l h ve to he graded, 
Plant-puirasitic nemat odes may fail to cause a quan-

titative loss but may significantly damage the mai
ketability of a crop. 'Phis market-quality effect is 

found with root crops, such as carrots. 
peanuts, and potatoes. Any grading systems em-
Ployed in t)e cropping systems research will have tolhe converted into a quantitative measure for data 
analysis. 

DATA ANALYSIS 
Aiter initial population (Pi), final population (Pf), 

and yield (Y) data are collected from each of the 
experimedtal plots, information expressing nema
tode-host relationships nmu ;t be extracted, reduced,
and represented by characteristic mathematical func
tions. The basic approach will be to fit appropriate 
curves to the (tata through best-fit empirical tech
niq ties. '11e I'est function for simulating the cropping 
system will i,, that function which best decribes the 
particular set of daita, not necessarily the most 
attractive hiologicai or theoretical model. After deri
vation, the functions will be combined with eco
nomic and cultural variables into a constraint analy
sis model, which will hc optimized through linearrogramming techniques. 

Nematode l)amage Functions 
Planting-time nematode assays and yields inca

si, red in each plot ar( used to determine the relation
ships of crop yields to initial nematode densities. 
Nematode damage functions are usually represented 

. 

-

*'' 

IDENTIFY AND COUNT 
PLANT-PARASITIC 
NEMATODES 
AFTER 48 HOURS ON 
BAERMANN FUNNEL 

Vig. 9. As part of the research design, nematodes 
should be removed from the Baermann funnels after 
a specified length of time (48 h), identified to species 
and counted. 
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by a negative logistic relationship, with a relatively 
level initial phase, then rapidly declining yield as 
nematode density increases, followed by another 
levelling off, or asymptotic approach to a minimum 
yield (Fig. 10). Several alternative models are avail-
abie to describe this relationship between initiai 

nematode counts and yield. In the simplest case, 
nematode counts are transformed to a logarithmic 
scale, at which point the relationship may be more or 
less linear over most of the counts. A linear model 
can then ")e fitted la the curve with a computer pro-
gram for general linear analyses (8, 40). The fit, may 
le poorat extreme ends ofthe curve where damnage is 
not measurable, or after minimum yield has been 
obtained This minimum may be zero yield, but there 
still mu,,t 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 model, with a 
straight line up to the point where yield loss becomes 
measur:nihlc, ,nd then a negative exponential model 
to describe the rapid (ecrease in yield and asymp-
totic approach to a m;inimum. This curve is difficult 
to deal with mnwthematically since it is discontin'ous 
and can only b fitted to dh ta through iterative 
methods (18) or by visual estimations of parameters. 
An alternative approach to fitting the entire curve 
would be to descrile a basic "S"-shaped negative-
logistic function and estimate the parameters with a 
computer program fcr nonlinear curve fitting (8,40). 

-Jthreshhold 
- . ,..high 

YIELD 

NEMATODE DENSITY 
Fig. 10. I)iagram of typical nematode damage 

function, showing variable response to increasing 
densities, 

Any of these models can adequately describe the 
relationship between initial population and yield. 
Given the amount of experimental and sampling 
error 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 critical economic decision areas of the 
curve. If a critical economic decision threshhold lie
near an extreme end of 9he curve, then the simple 
log-linear model may noL ae adequate. If that model 
is accurate, however, its use would 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
ed in the systems analysis as modifications of the 
damage curves for particular nematode-host com
binations, Use of' a chemical nematicide should 
decrease the slope of the curve, as the basic reltion
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 to heanalyzed 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 untreated grids. 

The importance of appropriate placement of the 
cropping systems research grids should now be 
apparent. A wide range ofinitial 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 
deived, and there will be no indication of maximum 
damage. Likewise, if only high pathogenic densities 
are recorded ti ere may be no indication of critical 

levels. Population levels which represent 
or low pathogenic densities will differ greatly 

for each nemtode-host combination, and itwill 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 to the success of the cropping 
system analysis, will have to 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 re!ationships. Any of 
these factors can be incorporated into nematode 
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damage functions through the use of mutivariate 
analyses. Instead of simple linear regression, multi-
variate regression can be used to quantify the 
impact of many nematode species simultaneously 
along with soil texture, moisture, and any other 
quantitative variable measured in each of the field

Before incoiporating these factors int. 'lieplots.plots. reiincforting heser facthorsvetthe e-
damage mode for this research, however, the re-
searcher must determine the likelihood of this re-

fatebeomiginormtio a artof he emaodeIate nforationd y datofs. natsodybecomn th
dirgnosti c-adlvisary recommendlationls. An adlvisory 

recommendaion based on soil texture, soil mosture 
andl other ed-phic parameter;, - 1 not be useful 
unless edaphic data is available wish each nematode 
sam-iple. However, informatio)n on other species of' 
plant-parasitic nematodes is usually avail,ble with 
an advisory sample, so it is essential that inter-specific reltio)nships be analyzed in the cropping 

sys, ms research, 


Thel eetfarge-l ieral 

nhefects large-ucion ca b varitioun foin
nematode damnage func'tions can be account,,d fo~r in
 

the cr'opping systems research design. The research
will be imp mente<! overc der gresea-Tf 

dover a numer of growing s

Soils, includling unusuallysons incding usa wvet ind unusually (fry, orlyietvaratond unsually ercold1< and hot se(,-s ,s. The variation inparameter 

estimates for the yield-loss models will provide an 

estimate of the confidence intervals that may be 

jlaced around dlamage functions. These confidence 

i.nterws %%,Ill
Indicate how much variation to expect
intrvasndiatehowll muh vriaionto xl~ct 

in the accuracy of the system based on year-to-year
 
changes in the weather. For irrigated production 

systems this effect should be minimal, but f)r rain-

fed systems it may be quite large.

More detaihd studies iay be done inthe green-
sdicrolots
hose or in to estimate the effects of cer-

tan edlaphi(' Jaraet ers onldamage functions. Once 

the basic function has been derived in field plots, it
may he(modified according to relationships derived 

fmy femodfiedactrring 
 th velaingsleive ofrom facto~rial expei-iment, with varying levels of 
moisture, soil texture.-, 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 
location of the curve, a change in the slope of the 
curve, or a chlanJeC in 1)-,l;+parameters. By examina-
tion of extrenm levels t .t are likely to occur in the 
field, the amount ofvariation in the models attributa-
ble to each characteristic can be determined and 
factored into the predicted confidence intervals. 
Specific levels of' each characteristic studied can be 
adjusted to rel)resent geographical differerces, such 
as predominantly sandy soils versus clay soils, or 
wet verus dry areas. The derivation of nematode 
damage functions f'or 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 poutingr ves
 

canoe pxpueasdon rln oeaon eason can be expressed by relating end-of-season nema
tode counts to initial counts with an appropriate 
mathematical function. Usually, a suitable function
wl eoewihicroae est-eedn
will be one which incorporates density-dependent
rates of reproduction. The rate of population in

hg tlwnmtd este u 
crease is very 
levels off as the ecosystem becomes overpopulateduni ther isn ute t rae(ig.11). The inuntil there is no further increase (11 
dividual cropping systems research plots are sam
pled at the beginning and end of the seasoi so thatthe reproduction of the target nematode,, onl each 
trp the of are ematd. o achcrop in the sequence can he estimated. A, was the 
case for nematode damage functions, t.-re are sev

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 both Pf and Pi, followed by estimation af the parameters of a linear 
model. A logistic model may also be fitted to h'ansf'ormed o>ractual data (27). 

The estimationuof aa in nrr 
The estimation of parameters in nonlinear formu

lations ismore involved and more difficult to inter
pret, but the logistic function will probably describethe extreme ends of the curve more 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-hostcombination, 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 (lone 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 simulation of crop sequences. The analysis 
can best be viewed as an iterative process, proceed
ingin discrete steps from growing season to growing 
season, 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 fnctions for the 
first crop in the sequence to project a final density 
and a crop yield, which is then translated to a crop 
value based on local currency. The projected final 
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Nematode -
density IX If 
at harvest I P P If 

Rate of r"4< >< 
reproduct i on r 2 r3 

Nematode 
density 
at planting 

Final
 
density
 

I ' maintenance 

Slevel 

I-I 

Initial density 
Fig. 11. Diagram of typical nematode reproduction curve, demonstrating variable rates at differing densi

ties, and decreasing fecundity per female as density increases and Ithe crop damage is greater. 

nematodu density for the first growing season, mod- large number of 'rop/management sequences in a
ified by appropriate between-crop survival fmoe- relatively short time. However, the system can be 
tions, is then used as an initial density for the next improved )y the us( of quantitative decision-man
crop in the sequence. The control structure of the agemelrt tools o select only those sequences that are 
computer program (Fig. 1:2)steps through the en tire optimal for at given set. of constraints. The need for
croppingsequence in this fashion, finally outputting optimization techniques is evident when one con
the profitability ,f the selected sequence, siders a system with five different crop and manage-

The iterative coml)uter simulation can analyze a ment-alternative combinations to be simulated over 
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a period of 10years. If all possible comlbinations and cultural farming-system constraints. The resulting
permutations are included, there are 9,765,625 pos- multiple-constraint crop prodaction system can be
sible cropping sequences to consider. In addition to analyzed comprehensively with a linear program
nroblems associated with the overwhelming num- ming model for decision making.

involved in this system is the additional com- linear programming is a mathematical technique
p':ca._on of proper quantification and application of for improving decision-making information availa
crop production constraints, as well as social and ble to managers (6). The technique consists of 

Year 4, etc 

Yield Final
 
$- density 

3 
Year 3 'P

'2 _ 2___Eggplant Nematode density Initial density 

2FinalYield 
density 

$2 1 P7 PI 

Year 2 _ _ 

Tomato Nematode density Initial density 

Yield Final 
$density 

$' P
 

P P
 

Yearl 0 
Pepper Nematode density Initial density 

Fig. 12. Linking of characteristic nematode-host relationships in simulation of a cropping sequence. A
beginning initial nematode density (Po) is used to predict end-of-season density (P 1 ) 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-ofiseason population (P2) and crop yield for the second year. This process
continues iteratively as many seasons (crops) as desir-i. 
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formulating a mathematical representation of all 
the constraints, demands and desired objectives in a 
production system and deriving ,he optimal sol l-
tion, or most profitale c,)urs, of action. All possible 
sequences can be considered simultaneously by the 
(,OflJ)wtr. 

The accuracy witi which a linea," pr,,)gramming 
system represents its intended real-world system 
depends entirely on how well the mathematical re-
lationshi ps representing constraints and objectives 
are formulated. Information on fixed and variable 
costs of crop production must be accurate, as well as 
estimtes of the additional costs incurred by the use 
of 	an optional management practice. Estimated 
future )riices for each crop must be relatively ac-
curate,and cultural variables, such as the desirabil-
ity of each crop for local consumption i,must he appro . 
priately quantified. L'uit ahleestimation of these 
variables will be contingent on the experience, know-
ledge, and resources of the local researcher. After 
these estimates are provided, the linear optimizatiofn 
scheme will be formulated wvith assistance from the 
CNR(T,l cr-opping systems specialist, or with the 
c(oo)eration of lo'al personnel with experience in 
this area of, mathematics. 

V 	Ilidation is ess(ntial in any modelling process. 
11T Cro0) sequencing moolels will be validated by the 

monitoring of'selected rototions in the experimental 
plots over severl growing seasons. By com parison 
of' projected to actual crop losses and nematode pop
ulation dynairics in the plots, a measure of' stochas
tic variation in the miodl will be derived. The model 
will be adjusted and impiroved with each year's data, 
but there will likely be considerable stochastic error 
in the projec(tions. This errorwill 1ie reported and 
included in the ('ropping systcm recommendations 
as a measuire of' the reliability of the system. Re-
liability may Ihe low in the early :ttges of the process 
until other pests and edaphic parameters are brought 
into t be models, but the results will still represent the 
best rcn m,endatiol possible based on existing 
in form1ition. 

LILTLRNINL l LJ:,iS R'OhI :ROI'2 R P3 'R'U -Rol' 

AN "), 

ITP 
CALCUIJTE Y.) CS'RoLOSS 	 SE 

CROPEQUATIONS ' 

Ai,)l NND .- oFrr 

CROP AfoNr 	 AL Y4 LSS 
SURVIV AL A 

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

TECHNOLOGY TRANSFER 
Final delivery of the results of this research to 

farmers will he in the form of'extension-type publica
tions, pamphlets listing recommended cropping se
quences for particular nematode hazards, and an 
assay-based ncmatode advisory recommendation 
form (Fig. 14). Where feasible, the assay-based re
commendation form would be the desired method of 
transfer since it offers specific recommendations for 
individual farmer problems. On this form, the farmer 
will be given a listing of important plant-parasitic 
species found in his field, along with an indication of 
crop hazards associated with detected population 
densities. The assay form will also contain a list of 
recommended management sequences, including 
the useof nematicides orresistant cultivars ifapuro
priate, with projected net profits for each sequence. 
'j'heresults of the worst possible cropping sequence 

wiii also be displayed to indicate the possible losses 
from poormanagement practices. The computer pro
gams ne(essary to produce the recommendation 
forms willIbe provided to cooperating scientists with 
adequate computer or microcomputer 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
tens recommendations for limiting losses due to 
importlnt nematode pests. 

CONCLUDING REMARKS 
The cropping systems experimental design is rela

tively simple to implement. Field plots are located 
in nematode-in fested areas, and three variables are 
measured in each plot. These three variables, initial 
nematode density, end-of-season density, and yield, 
then are used in a complex data analysis scheme to 
produce an optimizing model of'the cropping system. 
As part of this analysis, quantitative crop-nematode 
relationships are derived which will he of value in 

other areas of' research and in crop-loss assessment 
prograi as. 'l'he dlata-collection phase of the research 

.ANai-gthyand labor intensive, hut the data analysis 

will be relatively fast and less arduous with assist
ance from the CNRCP cropping systems specialist. 
From a well-strucO'ired analysis of only three vari
ables collected flrom nematode-infested field plot3, 
severa! im)ortant benefits are anticipated: 

1. 	 1)evelopm en t of th e best possi le croppin g 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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Grower
 

Nematode assay resul,s 

Number of a 
Nematode species nematodes 

Meloidogyne spp 10547 

Paratrichodorus 459 
Heterodera 207B 

Scutelloner_a 994 


Cropping system recomendations 

Crop 
one two three four five 

eggplant eggplant tomato pepper tomatoC 

barley tomato pepper tomato d eggplant 

tomato d pepper eggplant barley tomato 

Worst projected cropping sequence 

toMato tomato tomato tomato tomato 

Notes
 

anumber of nematodes per 500 cm3 sol.
 
bnet profit projected in local currency.
 
Cuse nematicide with recommended crop.
 
d use resistant cultivar
 

Crop loss 
hazard level 

high
 

low
 
low
 

medium
 

Expected net 
profit b 

1543 

1427
 

1298
 

147
 

Fig. 14. Example ofa nematode assay/crop n,anagement 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 clue to these pests, 

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

andping sequences, 
4. 	Increase in available food and fiber for within-

country consumlption or exlort. 

All of these benefits can be derived from an 
improved deployment of existing crop 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
ized rcsearch design, other pests can be added to the 
system as data becomes available from similar 
research 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 to the best possible management tactics, consid-
ering all production constraints simultaneously, will 
then be realizable. 

FARMING SYSTEM 

I I 
NMQ ( 

AGRONOMY SOIL SCIENCE MANAGEMENT 

CNEMAODESD EEH DISEASES 

Fig. 15. Schematic diar,'am of interrelated com
ponents of a comprehensive forming system. Meth
o(ls presented in this guide are for analysis of the 
nematlode-pesi component separately, but theanaly
sis will be done in such a way that other components 
can be included in tbe design as additional informa
tion is obtained. 
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