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Introduction

Agroecosystem drivers and  
constraints

It is now estimated that the world needs to in-
crease food production by at least 2% every year 
across all crops to ensure an adequate food supply 
for the world’s growing population. With the bi-
otic and abiotic factors impacting food production 
now and in the future, all forms of  crop produc-
tion improvement will be relevant for food secur-
ity for the generations to come. Those working in 
nematology have an important role to play in se-
curing an adequate food supply for the world.

Drivers and constraints, both natural and 
human induced, impact agroecosystems in many 
ways. Drivers are usually natural phenomena that 
can cause major shifts in agricultural ecosystems 
and include factors such as human population dy-
namics, climate, water and minerals availability, 
energy usage and globalization. Drivers are for the 
most part, not easily influenced or managed. Con-
straints on the other hand, are often induced 
by humans and are to some extent manageable 
( fertility, soil quality, tillage, pest management 

amongst others). Both drivers and constraints 
 impact world agricultural production and exert 
more pressure than ever on the issues facing food 
security and human well-being (Sikora et al., 
2020). Insects, pathogens, weeds and nematodes 
are serious constraints, and integrated pest man-
agement (IPM) and integrated nematode manage-
ment (INM) need to play a major role in improving 
food security in the future. Plant parasitic nema-
todes are major constraints and part of  the solu-
tion to sustainable food production. INM has con-
tributed extensively to world food security by 
ensuring higher yields on a broad array of  crops. 
Nematology has made major advancements in 
improving food production and will remain im-
portant as the above constraints affect crop health 
and risks to the farmers we serve.

The big giveaway

Nematology as a science needs to have a strong 
INM response to these constraints as they be-
come more severe and human demand for food 
expands. The dilemma between uncontrollable 
and manageable drivers and constraints will 
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require a high degree of  scientific vision for the 
development of  technologies for risk improve-
ment in INM. Adaptation of  INM to confront 
these constraints will be the major challenge of  
future nematological research.

Plant parasitic nematodes are part of  what 
has been called the ‘big giveaway’ with regards 
to global food insecurity (Sikora et al., 2020). 
Farmers around the world feed, unwillingly, a 
large proportion of  the food they produce to in-
sects, nematodes and diseases without any com-
pensation (Savery et al., 2019). Plant parasitic 
nematodes have been calculated to reduce up to 
10% of  the world’s agricultural output, causing 
economic losses valued at over US$125 billion 
each year (Chitwood, 2003).

Our inability to adequately control many 
nematodes makes them a significant part of  the 
‘big giveaway’. It is to some extent incomprehen-
sible that phytonematology, which evolved as a 
science to reduce nematode losses to food crops 
through research and management in the late 
1800s, has still not reached this goal for many 
crop–nematode interactions after 20 decades of  
intense research. Reliance on chemical control 
and even fumigation is still common in many 
high-value crops. Of  course, major strides have 
been made in reducing crop losses caused by a 
number of  nematodes, but there is still much to 
do to shift from what could be called a direct con-
trol mode to a true INM mode in many crops.

Integrated pest management and 
integrated nematode management

The term integrated pest management was ex-
plicitly defined by FAO in 1968 as ‘Integrated 
pest control is a pest population management 
system that utilizes all suitable techniques in a 
compatible manner to reduce  pest populations 
and maintain them at levels below those causing 
economic injury’ (Smith  and Reynolds, 1966). 
Today there are a multitude of  definitions, but 
all have the same target – crop health.

IPM is an umbrella term that includes man-
agement of  insects, diseases, weeds, nematodes, 
crop production and social economics (Bajwa 
and Kogan, 2002). Of  course, the word integra-
tion means different things to different groups: 
economics, environment, pest populations, 

control, tactics and ecology in that order were 
most frequently found in the different defin-
itions. Kogan (1998) defined IPM as: ‘a decision 
support system for the selection and use of  pest 
control tactics, singly or harmoniously coordin-
ated into a management strategy, based on cost/
benefit analyses that take into account the inter-
ests of  and impacts on  producers, society, and 
the environment’. Duncan and Noling (1998) 
stated that IPM is an integral part of  sustainable 
agriculture, and this combination of  actors is 
more important now than ever when the drivers 
and constraints listed below are reflected upon.

Integrated nematode management

INM was defined by Bird (1981) as the integra-
tion of  research, development, technology 
transfer and implementation needed to integrate 
two or more control procedures to manage one 
or more nematode species. The definition gives a 
clear outline of  the concept of  INM. INM is often 
expanded to include specific crops, control 
methods, production practices and one or more 
plant parasitic nematodes either alone or pre-
sent concomitantly within a cropping system. 
Nematode management, however, is not static 
but changes as external drivers and constraints 
impact crop growth, as nematode problems 
evolve, and as grower needs shift in importance 
with the development of  new technologies (Siko-
ra and Roberts, 2018). The concepts and com-
ponents of  INM have been reviewed in depth in 
earlier publications (Brown and Kerry, 1987; 
Luc et al., 1990; Barker et al., 1998; Whitehead, 
1998; Chen et al., 2004).

INM now and in the future

In this book we have attempted to move away from 
the approaches taken in earlier texts and tried to 
direct attention to what we believe is practical 
INM. The chapters outline INM approaches used 
by growers on a daily basis across a wide spectrum 
of  food crops that are parasitized by economically 
important nematodes around the world.

The authors of  the chapters were asked to 
present state-of-the-art approaches to INM on a 
wide range of  crops in an attempt to show 
shifts in INM problems and current solutions 



 Integrated nematode management 5

available. They were also asked to present their 
vision of  the future of  INM. The visions they pre-
sented and those of  the editors are discussed in 
the outlook chapter (Chapter 65) at the end of  
this book.

Stimulating anticipation was also part of  
the challenge given to the authors. We wanted 
to capture the visions of  the experts on antici-
pated changes in nematode–crop interactions 
and driver induced constrains to production. 
We also asked them to outline needed structural 
changes in INM through 2050 and beyond. The 
same challenges were given to the authors of  
the chapters covering advanced technologies.

INM – Pillars of strength

INM is a complex system of  both independent 
and interdependent measures of  management 
presented as pillars with specific management 
tools in Fig. 1.1. The five major pillars of  INM 
used here are: crop rotation, cultivar choice and 
establishment, soil management, targeted con-
trol, and monitoring and evaluation. Each pillar 
is constructed of  numerous control tools that 
prevent, reduce populations or enhance plant 
tolerance to nematode damage as well as provide 
tactical tools to make INM more effective. Many 
of  the pillars and tools listed here are also dis-
cussed in the reviews and books mentioned 
above. The number of  tools in each pillar and 
their applicability for use varies with nematode–
crop interactions, between production regions 
and with farm financial status around the world 
as seen in many of  the chapters in this volume 
(see Chapter 63).

Building blocks – complexity at work 

The building blocks of  INM that make up the pil-
lars have been important in the development of  
management strategies in the past and their im-
portance will increase as fumigants and some 
non-fumigant nematicides are gradually removed 
from the market due to their negative impact on 
the environment. The building blocks of  INM are 
shown in different colours connected to the re-
spective central pillars of  INM, and are discussed 
below with their advantages and limitations.

Prevention

The most effective nematode control tool is 
prevention of  introduction and spread of  plant 
parasitic nematodes. Certified seed and planting 
material is a highly effective tool used to prevent 
invasive nematode species from expanding their 
range. Quarantine policies are aimed at keeping 
new species out of  an area for as long as possible. 
However, the strict regulations that require 
every positive detection of  a nematode on a 
quarantine list in a field to be reported to the au-
thorities has had the opposite effect. Growers 
and their advisers want to avoid a formal infest-
ation for as long as possible. They will even stop 
intensive sampling if  notification of  an infest-
ation is required, which results in a more rapid 
spread of  the problem. A better approach to en-
sure maximum delay of  nematode dispersal 
would be a system whereby growers detect in-
festations early through intensive soil sampling 
so that they can take immediate action. This ap-
proach is not part of  most governmental plant 
protection organizations’ policies.

Crop rotation

Policy makers often live under the assumption 
that nematode problems are preventable by ex-
panding the length of  rotations with non-host 
crops. This is true only for nematode species with 
narrow host ranges such as cyst nematode spe-
cies. For polyphagous species such as those of  
the genera Meloidogyne and Pratylenchus, it is 
not the frequency of  cultivation of  a crop that is 
decisive but the makeup of  the cropping se-
quence. Farmers also tend to overlook the fact 
that some green manure crops are good hosts. 
This fact needs to be taken into account when 
constructing rotation schemes.

Cultivar selection

Crop cultivars with resistant or tolerant traits are 
available and offering a good option to build an ef-
fective INM system. However, most breeders search 
for resistance in crops in a rotation with known 
nematode problems. They usually overlook poten-
tial resistance in other crops in the rotation 
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Fig. 1.1. The five pillars and management tools available for integrated nematode management. The pillars of INM are rotation, cultivar choice, soil 
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prevention of nematode introduction (green); reduction of nematode population densities (orange); improvement of crop tolerance (grey); and 
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 sequence planted prior to the main susceptible crop. 
Unfortunately, the concepts of  resistance and toler-
ance cause much confusion among farmers. Re-
sistance means that a nematode species cannot 
reproduce, or that reproduction is significantly de-
creased when compared to a susceptible cultivar. 
Conversely, tolerance describes the damage a crop 
suffers as a result of  a nematode infection. A tolerant 
cultivar shows little damage compared to a sensitive 
cultivar. All combinations of  the two are possible: 
there are cultivars that allow reproduction but do 
not allow yield loss, as well as cultivars that show 
significant drops in yield but do not allow nematode 
reproduction. A tolerant crop can be a potential 
danger in a farming system because high nematode 
infestation levels develop undetected. It is import-
ant for growers to understand the definition of  crop 
resistance versus crop tolerance as it relates to a 
nematode–crop interaction. The use of  resistant/
tolerant cultivars should be coupled with resistance 
management to prevent the development of  viru-
lent races or pathotypes. Sometimes damage can be 
prevented by choosing a sowing and harvesting 
date to escape early root infection of  a nematode 
species or to avoid development of  late season gen-
erations, through early host removal.

Soil management

Optimal growing conditions help crops to endure 
nematode damage. Therefore, proper soil man-
agement is an important pillar of  INM. Nutrient 
and water management, proper tillage and or-
ganic matter content are all basic conditions for 
a healthy crop, a condition that is not standard 
around the world. A strong plant is more resili-
ent to pest and disease impacts.

Targeted control

In some situations it is necessary to intervene in a 
targeted way. In such a case the standard tools of  
INM as presented in the pillars are not effective 
and targeted control is necessary. In the past, 
synthetic nematicides were the starting point of  
targeted control in INM. This view is no longer 
tenable when we aim to build a sustainable agri-
cultural system. Nematicides are still an important 
measure within INM, but they are no longer the 
starting point but  rather the safety net in difficult 

situations. Nematicides should no longer be used 
preventatively, but only used in situations where 
nematode populations have exceeded damage 
threshold levels as determined through sampling 
or crop damage observations. Targeted variable 
rate application within the field where necessary is 
increasingly becoming the favoured approach. In 
addition to chemical and biological agents, there 
are also physical techniques such as solarization, 
inundation and anaerobic soil disinfestation that 
can be utilized.

Monitoring and evaluation

The monitoring and evaluation pillars are at the 
same time the first and final step in an INM sys-
tem. Knowing what species are present at what 
infestation levels make it possible to begin to de-
velop an INM plan and to check whether the 
results of  INM are satisfactory or need restruc-
turing. Historical information of  a field is a good 
starting point. Once a nematode species has 
been introduced into a field, it will typically stay 
there below or above detection levels.

Sampling

Evaluation of  the soil and observation on the 
health of  root systems are other important 
sources of  information. During harvest of  root 
crops like potato, carrots and sugar beet, a great 
deal of  information can be gathered by looking 
for symptoms on the harvested product as well 
as on the root system. During the growing sea-
son, plant canopy development can tell the 
farmer that there is a problem developing under 
the soil surface. Examination of  the root system 
of  randomly selected plants for nematode dam-
age is therefore a valuable tool in INM. Canopy 
surveillance by satellite, drones or other tech-
niques for remote sensing is becoming increas-
ingly important in farming operations.

Decision support systems (DSS)

There are very few DSS on the market or in the 
public domain that can be used by farmer  extension 
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agents for keeping track of  the large amount of  
data accumulated for proper selection of  the tools 
needed at any specific time. Useable DSS pro-
grammes and trained extension agents for com-
plex cropping programmes will be needed (see 
Chapter 60).

Communication

Integrated nematode management and know-
ledge transfer go hand-in-hand. INM is know-
ledge intensive so effective knowledge exchange 
is crucial. It is important to share ‘success sto-
ries’ within the farm community. Communica-
tion should be interactive and traditional 
methods such as on-farm demonstrations and 
field training should be supplemented with web-
sites, blogs and webinars. Data visualization 
tools and easy to use DSS such as smartphone 
apps help to transfer validated information and 
discover knowledge gaps or misunderstandings. 
The use of  geographic information systems to 
visualize the available information on a farm 
map improves the farmer’s understanding of  the 
situation (see Chapter 60). Economic analysis of  
different measures in different cropping systems 
will help to judge if  a given measure fits in the 
economic goals of  the farm. Communicating 
with farmers without a realistic outlook on cost/
benefits is a waste of  time. By presenting the 
right data and combining it with relevant know-
ledge, a farmer can make well-founded decisions.

INM rated by degree of integration

In the real world, INM in the field is often de-
coupled from the goals set in the definition. In 
other words, there is a difference between what 
the term INM suggests and the actual on-farm 
approaches utilized by growers. In many cases a 
simple monoculture or two-crop rotation is con-
sidered an integrated system. What is recom-
mended by scientists is also not always what 
farmers incorporate into their production sys-
tem. This is the case for many crop–nematode 
combinations, especially for smallholder agri-
culture on a worldwide scale. The term one size 
does not fit all needs to be considered when re-
commending INM to large diverse farm commu-
nities (see Chapter 63). There have been major 

advances in the science behind INM. Some of  
these technologies might even justify using the 
alternative term intelligent nematode manage-
ment. However, nematode management in the 
future will require advances over the present 
state-of-the-art systems and will require the in-
corporation of  advanced technologies into 
nematode management programmes. Some of  
these new technologies have been outlined in a 
number of  chapters in this volume.

Biotic equilibrium versus  
equilibrium shifts

The physical and chemical characteristics of  a 
soil determine its quality/fertility, whereas the 
biological characteristics determine the impact 
of  soil biodiversity on root and plant health. In 
other words: soils don’t get sick – plants get sick!

Crop health from a plant pathology view-
point is complex and starts with root health. The 
biotic equilibrium and shifts in biological balance 
between nematodes and antagonists in the rhizo-
sphere are important control mechanisms regu-
lating soil and root infection levels. Soil is not just 
a stacking of  mineral parts mixed with organic 
matter but is full of  life; it is a complete ecosystem 
in itself. Nematodes that cause soil-borne dis-
eases are mostly in the minority in this ecosys-
tem, which also includes numerous species of  
fungi, bacteria, insects and protozoa. Because 
these species also interact with each other in 
ways that could lead to even more severe plant 
damage, it is important to develop a strategy that 
attempts to manipulate the biotic equilibrium to-
ward improved pest and disease suppressiveness 
as outlined in a number of  chapters.

Soil quality usually refers to nutrient equi-
librium, whereas the biotic component regulates 
pest and disease impact on root health. The lat-
ter component, that is the antagonistic potential 
in a soil, is often sufficiently active to reduce 
nematodes and diseases below damage thresh-
old levels in what is generally called suppressive-
ness. Developing and implementing an INM strat-
egy that takes natural nematode suppression 
into consideration is urgently needed. INM must 
be coupled with maintaining soil quality, sup-
pressiveness and fertility. An imbalance in these 
factors is behind problems with root health and 
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crop loss. A lack of  awareness and knowledge of  
this complex interrelationship can lead to a re-
flex or reactive ‘management per incident’ ap-
proach, which can result in the improper use of  
biological or chemical inputs.

At the crossroads of change

We are at a crossroads when it comes to the fu-
ture of  INM. Agricultural production is being 
confronted with new constraints that did not 
exist a few years ago. Public awareness, the 
need to improve the agricultural north–south 
production discrepancy, the loss of  biodiver-
sity, short-term impacts of  climate volatility 
and long-term impact of  climate change were 
factors seldom considered in the past when de-
veloping INM. As stated above, the pillars have 
limitations. These limitations need to be offset 
with new alternatives, developed through nema-
tological research, as presented in some of  the 
chapters in this book. The development of  new 
technologies offers great potential to improve 
INM for a wide array of  crops. Research is 
needed to adapt and integrate them into exist-
ing or new INM programmes. Intelligent or 
creative management is the direction in which 
farmers, extension workers, students and sci-
entists are directing their efforts to find new 
solutions for nematode management. Many 
examples can be found in the chapters to come.

The future holistic approaches  
and collaboration

In some cases there are major differences in 
what is recommended by nematologists and 
what farmers ultimately incorporate into their 
management programmes. The term INM, 
therefore, is often used when integration either 
does not exist or is insignificant in degree.

With this said, we believe the future priority 
of  nematology needs to be directed at placing 
greater emphasis on the development of  new in-
novative and environmentally safe management 
tools and the integration of  these tools into DSS 
as outlined in Chapters 56 to 62. The present 
and future impact of  climate variability on 
nematodes and crop production will require new 
approaches and farmer support systems (see 
Chapter 64).

Economic analysis of  INM tools used in 
different cropping systems will help to judge if  a 
given measure fits in the economic goals of  a 
farm operation. Convincing farmers to incorp-
orate risk-management concepts that target 
nematode population levels over time is needed 
to offset the impact of  abiotic stresses such as se-
vere drought stress or oppressive heat brought 
on by climate change and variability. Developing 
INM for risk management will be a major chal-
lenge to nematology in the future.

The complexity of  nematode interactions in 
the soil with soil biota and with each other 
causes severe problems. Their control requires 
persistence, motivation, and solid collaboration 
between actors in the food production chain and 
also between fundamental and applied research, 
so as to completely understand the underlying 
mechanisms of  this complexity. This interaction 
is becoming rare as scientific fields become more 
specialized. Support for applied research and an 
increase in extension personnel is needed in 
many places in the world to accomplish these 
goals. Practical knowledge on INM across a 
broad array of  crops and within different coun-
tries adds knowledge to the system as outlined in 
this book.

Finally, it is our conviction that INM needs 
to be amalgamated with other management 
programmes including weed, pathogen, insect, 
soil and farm management to finally attain the 
goal of  a sustainable food production system 
(Fig. 1.2). The need to move INM towards a 
more holistic agroecosystem DSS as discussed 
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Fig. 1.2. The different levels of integration making up integrated farm management programmes. Author’s 
own figure.
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by others is needed (Duncan and Noling, 1998; 
Sikora and Roberts, 2018). Practical examples 
of  DSS that are holistic in approach are pre-
sented in this volume. These types of  approaches 
need to be developed for other crops in the 
 future.

The chapters in this volume that cover 
nematodes, management approaches, crops and 
climatic regions, while certainly not all-inclusive, 
will give the reader an overview of  the diversity 
and complexity of  cropping systems and nema-
tode problems farmers around the world are 
confronting. It was our goal to provide stake-
holders involved in INM with practical and 

personal testimonies from some of  the world’s 
top nematology experts. Hopefully, the cross- 
fertilization resulting from this global mix and 
decades of  nematological knowledge will lead to 
new ideas and insights that will enable us to 
meet the challenges we face today and tomorrow.
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