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Review Article

Managing for soil health can suppress pests
by Amanda Hodson and Edwin Lewis

A “healthy” soil can be thought of as one that functions well, both agronomically and 
ecologically, and one in which soil biodiversity and crop management work in synergy 
to suppress pests and diseases. UC researchers have pioneered many ways of managing 
soil biology for pest management, including strategies such as soil solarization, steam 
treatment and anaerobic soil disinfestation, as well as improvements on traditional 
methods, such as reducing tillage, amending soil with organic materials, and cover 
cropping. As managing for soil health becomes more of an explicit focus due to 
restrictions on the use of soil fumigants, integrated soil health tests will be needed that 
are validated for use in California. Other research needs include breeding crops for 
disease resistance and pest suppressive microbial communities as well as knowledge of 
how beneficial organisms influence plant health. 

The U.S. Department of Agriculture 
(USDA) Natural Resources Conser-
vation Service (NRCS) defines soil 

health as the “continued capacity of soil to 
function as a vital living ecosystem that 
sustains plants, animals, and humans” 
(NRCS 2014), thus emphasizing that a 
healthy soil is one that yields both agro-
nomic and ecological returns. Soil health 
emphasizes the dynamic, living nature of 
soil (van Bruggen and Semenov 2000), and 
encompasses biological attributes such 
as biodiversity, food web structure and 
ecosystem functioning (Pankhurst et al. 
1997). These properties have been linked 
to important agronomic benefits such as 
disease and weed suppression, resilience 
to environmental stress and increased 
plant productivity (Berendsen et al. 2012; 

Brussaard et al. 2007; Lehman and Acosta-
Martinez 2015; Pellkofer et al. 2016; van 
der Heijden et al. 2008; Wagg et al. 2014). 

Precisely defining soil health can be a 
difficult task since it is determined by in-
teractions among microbial communities, 
management decisions, and soil physical 
and chemical factors. Use of the term soil 
health has recently become more com-
mon (Farm Foundation NFP 2014; Ferris 
and Tuomisto 2015) and is used distinctly 
from soil quality, which describes agri-
cultural productivity as well as a soil’s 
quantitative physical and chemical char-
acteristics (Doran et al. 1996; Singer and 
Ewing 2000). However, use of the term 
can be problematic, because some soil 
organisms that contribute to biodiversity 
can make it difficult for crops to grow, 

and could be considered unhealthy for 
agricultural production (McKenry et al. 
1994). 

Growers have used various tools to 
address the challenge of soil pests, which 
include fungi, bacteria and nematodes 
and which cause billions of dollars in 
economic damage each year. In the past, 
soil pest management technologies relied 
heavily on resistant plants and cultural 
modifications such as crop rotation, till-
age and hand weeding. While these were 
helpful in preventing pest outbreaks, and 
are still widely used today, increased 
use of soil fumigants since the 1950s has 
provided additional rapid, effective and 
inexpensive pest management. Methyl 
bromide was particularly useful in that a 
single treatment before planting could ef-
fectively control many types of soilborne 
pests, resulting in increased crop yields 
and quality. 

In 1999, a phaseout of methyl bromide 
began under the Montreal Protocol, an 
international treaty that limits the pro-
duction of substances that deplete strato-
spheric ozone, commonly referred to as 
the ozone layer. While this treaty has 
allowed for quarantine/preshipment and 
critical use exemptions in many crops that 
do not have effective or affordable fumi-
gant replacements, such as strawberry, 
these exemptions will soon phase out 
almost entirely. 
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As soil fumigant use becomes more restricted, 
UC researchers are studying alternative pest 
supression strategies such as soil solarization, 
shown here, and anaerobic soil disinfestation.
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As the use of soil fumigants becomes 
more restricted by state and federal regu-
lators, the question of how to sustain-
ably manage agroecosystems to increase 
soil health has become more important. 
Recently, governmental organizations 
within California have taken more inter-
est in managing for soil health, with the 
goal of simultaneously achieving high 
agronomic and ecological functioning 
without relying so heavily on fumigants 
(California Department of Pesticide 
Regulation 2014; NRCS 2014). While the 
University of California (UC) has histori-
cally been a leader in soil health research 
and fumigant alternatives, more research 
on soil health is needed to provide consis-
tent pest control that manages the multi-
ple economic and environmental tradeoffs 
involved. Here, we review research on 
managing soil health as a method of pest 
suppression, advances in soil health diag-
nostics and recommendations for future 
research priorities. 

Soil solarization, steam 
and ASD
Soil solarization, steam and anaerobic 
soil disinfestation (ASD) disinfest the soil 
by creating conditions inhospitable for 
microbes. For example, solarization and 
steam elevate temperatures above those 
tolerated by many microbes, while ASD 
deprives microbes of oxygen; all three 
methods volatilize organic compounds 
naturally present in soil that are toxic to 
soil microorganisms (Hewavitharana et 
al. 2014). The technique of soil solariza-
tion has been extensively studied by UC 
scientists and is most effective at control-
ling pests that live in the top 12 inches 
of soil (Hartz et al. 1993; Stapleton et al. 
2000). A modification on this technique, 
bisolarization, combines covering and 
heating the soil with the incorporation 
of plant materials, which enhances pest 
suppression (Gamliel and Stapleton 1993; 
Stapleton and Duncan 1998; Ramirez Vil-
lapudua and Munnecke 1986). ASD builds 
upon these principles by combining the 
addition of organic matter and covering of 
the soil with flooding to create anaerobic 
conditions where microbes cannot sur-
vive (Shennan et al. 2014). 

When used under the right conditions, 
all three methods can be very effective. 
For example, in small-scale strawberry 
production, solarization effectively 

controlled weeds and was more cost 
effective than methyl bromide while 
providing similar yields (Stapleton et al. 
2005). Steam and ASD treatments can 
also result in yields comparable to those 
produced in conventionally fumigated 
soils (Fennimore et al. 2013; Samtani et 
al. 2012). Steam treatments, long used in 
California nursery production to control 
nematodes and diseases (Baker 1948; 
Baker and Smith 1967), were previously 
limited for field use by their slow speed 
(Samtani et al. 2012). However, recent UC 
and USDA Agricultural Research Service 
(ARS) research on applicators that physi-
cally mix soil with steam are faster and 
have shown promising results, paving the 
way for commercially available models 
(Fennimore et al. 2014). 

While these methods kill pests di-
rectly, they can also cause biological 

changes that contribute to pest control. 
Opportunistic species of nematodes and 
microbes quickly re-colonize after treat-
ment and many of these groups are an-
tagonistic to pests (Gamliel and Stapleton 
1993; Mazzola et al. 2012; Simmons et al. 
2014; Stapleton 2000), resulting in very dif-
ferent microbial communities than those 
found in either fumigated or nonfumi-
gated soil (Drenovsky et al. 2005; Shennan 
et al. 2013). For ASD, steam and solariza-
tion, researchers continue to explore us-
ing different amendments (e.g., rice bran, 
brassica seed meal) to enhance pest con-
trol and optimize the carbon sources used 
to control specific pathogens (Fennimore 
et al. 2014; Shennan et al. 2013; Shennan et 
al. 2014; Simmons et al. 2013). 

Cover crops and crop rotation
Using cover crops and crop rotation can 
inhibit pathogens and weeds, as well as 
stimulate beneficial soil microbes. Incor-
porating cover crops can also produce bio-
active compounds that behave similarly to 
chemical soil fumigants (biofumigation), 
causing changes in microbial communi-
ties and suppressing pests (Hao et al. 2003; 
Koike and Subbarao 2000). In peaches, UC 
and USDA-ARS researchers found that 
short preplant rotations of sudangrass 
helped manage Prunus replant disease, 
improving calculated profits even when 
fruit prices were low (Browne et al. 2013). 

To optimize the potential of cover 
cropping, more information is needed 
about which planting mixtures and 
sequences best suppress pests. This in-
formation, along with data on the yield 
benefits provided by various planting 
mixtures, must be integrated into exist-
ing crop management systems for several 
reasons. Certain cover crops can be in-
compatible with the agricultural practices 
used on the main crop (Ingels 1994); oth-
ers can have allelopathic effects on crop 
plants (Summers et al. 2009); and cover 
cropping may not be desirable for some 
particularly high value crops, or in cases 
where the appropriate cover crops for 

Examples of organisms that enhance soil 
health include (A) actinomycete bacteria, which 
decompose organic matter into compost (0.0005 
mm), (B) turtle mites (Orobatidae), which 
shred plant material into pieces, facilitating 
decomposition (0.05 mm), and (C) predatory 
nematodes (Monochidae), which regulate 
populations of pest nematodes (3 mm). 
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managing soil biology are not themselves 
economically profitable. 

Organic amendments
While organic amendments possess 
widely different characteristics, and 
their effects can vary between produc-
tion batches, they generally enhance soil 
microbial activity by providing carbon in 
forms that are easy for microbes to digest 
(Cavigelli et al. 2012; Janvier et al. 2007). 
Over the years, UC research has focused 
on topics ranging from how mulches 
and composts can increase populations 
of nematode-trapping fungi (Jaffee 2004; 
Mankau 1959) to their effects on weeds 
and diseases (Jackson et al. 2003). The 
decomposition of organic amendments 
also increases soil temperatures, as in bio-
solarization, and helps create anaerobic 
conditions, as in ASD (Shennan et al. 2014; 
Stapleton and Banuelos 2009). 

Amendments likely suppress patho-
gens and weeds by both producing 
biocidal or allelopathic compounds and 
by altering microbial communities, but 
the exact mechanisms of how this oc-
curs remain unknown. Amendment with 
brassica seed meal residue, a byprod-
uct of biodiesel production, controlled 
nematode pests and diseases in a study 
of two Washington state apple orchards, 
and resulted in higher yields compared 
to fumigated soil (Mazzola et al. 2015). 
In orchard soils, brassica seed meal can 
also suppress weed growth by modify-
ing resident soil microbial communities 
(Hoagland et al. 2008). Treatments based 
on organic amendments can be optimized 
through research that examines their 
effects singly and in mixtures across dif-
ferent crops and soil types. However, care 
must be taken to eliminate risks of crop 
contamination with human pathogens. 
Useful research will also characterize 
and monitor soil microbial communities 
associated with plant disease suppres-
sion after the application of amendments 
(Mazzola 2004). 

Tillage 
Growers till soil to prepare seedbeds and 
kill weeds, but this also disturbs soil mi-
crobial communities (Cavigelli et al. 2012), 
which can have negative consequences 
for natural enemies of pests (Wardle 
1995). UC research on the effects of no-till 

agriculture in cotton and processing 
tomatoes has found that sustained man-
agement of no-till practices can achieve 
yields comparable to standard tillage 
(Mitchell, Klonsky et al. 2012; Mitchell 
et al. 2015) and can reduce seed banks 
of weeds (Shrestha et al. 2008). Benefits 
of this method include lower labor costs 
(Mitchell, Klonsky et al. 2012; Mitchell, 
Singh 2012), reduced particulate mat-
ter emissions (Baker et al. 2005) and less 
evaporative water loss (Mitchell, Singh et 
al. 2012), as well as increased soil carbon 
(Veenstra et al. 2007). While these results 
have served as a proof-of-concept, further 
studies on the commercial feasibility of 
this technique are needed to determine 
whether it can be widely adopted by Cali-
fornia processing tomato growers. 

Inoculation
The previous practices could be consid-
ered methods of conservation biological 
control, which modifies agricultural prac-
tices and the environment to promote the 
establishment and survival of native or-
ganisms antagonistic to pests (Eilenberg 
et al. 2001). Another approach to biological 
control is inoculation, where natural en-
emies are released directly via soil, seeds 
or planting materials with the expectation 
that they will continue to provide control 
as they reproduce in the environment (Ei-
lenberg et al. 2001). Past work in this area 
by UC scientists found that inoculation 
with certain species of root-colonizing 
bacteria (termed fluorescent pseudomo-
nads or plant growth–promoting rhi-
zobacteria) increased plant growth and 
suppressed diseases such as vascular wilt 
and take-all (Kloepper el al. 1980a; Kloep-
per et al. 1980b; Suslow et al. 1979). Recent 
work has identified new strain-specific 
genes in florescent pseudomonads that 
produce antibiotics, expanding potential 
avenues of disease suppression (Loper et 
al. 2012). 

The strategy of inoculating soil with 
beneficial microorganisms requires fur-
ther research in multiple areas. While 
inoculation with microbes can confer 
traits such as resistance to nematode 
pests (Flor-Peregrin et al. 2014) and en-
vironmental stress (Coleman-Derr et al. 
2014), they often do not survive when 
introduced into a new environment and 
so are unable to control pathogens ef-
fectively (Mazzola 2004). For example, 

UC researchers found that the microbial 
communities of soil where commercial 
inoculants were applied were similar to 
uninoculated soils, and that inoculants 
had no effect on tree vigor (Drenovsky et 
al. 2005). Advancing knowledge of how 
plants and microbes communicate and 
how key beneficial organisms function 
to influence plant health and/or repel 
pathogens may mitigate these constraints 
and improve the effectiveness of inocu-
lated products. Inoculating crops with an 
assemblage of complementary microor-
ganisms may also control diseases more 
effectively than inoculations with a single 
group. Such compatible microbial com-
munities, or consortia, could also help 
restore diversity, leaving fewer available 
resources for pathogens to become estab-
lished (Bakker et al. 2012). 

Breeding 
One long used strategy to control be-
lowground pests has been the breeding 
of cultivars and rootstocks resistant to 
specific pests and diseases. UC research 
has been instrumental in identifying and 
evaluating genetic material resistant to 
a variety of soil pests and diseases, such 
as root knot nematodes (Kaloshian et 
al. 1996; Yaghoobi et al. 2005), Fusarium 
wilt (Scott et al. 2012) and Armillaria 
(Baumgartner et al. 2013). Recent field 
research evaluating experimental root-
stocks for almond and stone fruit has 
found that some hybrids are markedly 
less sensitive to Prunus replant disease 
than others, which may result in less need 
for chemical controls (Browne et al. 2013). 
Molecular advances are also enabling the 
genes for resistance to be mapped and 
marked for easy identification, facilitating 
the development of improved germplasm 
in crops such as walnuts (Kluepfel et al. 
2014). 

Instead of breeding directly for disease 
resistance, another approach is to breed 
crops for root exudate characteristics that 
suppress pests, either by producing bioac-
tive compounds or by recruiting disease-
suppressive microbes. The question of 
how plants and microbes communicate 
chemically and what plant exudates are 
important in shaping the microbial com-
munity has been examined for some 
plant species in the laboratory (Badri et 
al. 2009), but research remains sparse for 
agricultural crops. 
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While we know that existing crop cul-
tivars differ in their associated microbial 
communities (Smith and Handelsman 
1999), breeding programs have rarely, 
if ever, taken an active approach to ma-
nipulate them (Mendes et al. 2013). On the 
contrary, modern crop breeding may have 
inadvertently selected against traits that 
fed beneficial microbes and encouraged 
their establishment. The theory of plant–
microbiome co-adaptation holds that crop 
plants grown close to areas where they 
were originally domesticated had the op-
portunity to form close associations with 
microorganisms over long time periods. 
As these crop plants were brought into 
new locations, though, they encountered 
microbial communities to which they 
were not adapted. Signals that may have 
triggered a beneficial response in the na-
tive community would then go “unheard” 
by microbes in the new cropping system 
(Bakker et al. 2012). Such a mismatch 
between the root microbial community 
and the plant could create an opportunity 
for pathogen infection. Since pathogens 
compete with other microbes for food and 
physical space on the root, a tight associa-
tion with beneficial microbes may leave 
little room for pathogens to establish. 

Soil health diagnostics
The soil health tests available at this time 
mostly focus on chemical and physical 
indicators (for example, water infiltration 
rate and plant-available nutrients) since 
these are generally straightforward to 
measure and interpret. As soil microor-
ganisms and fauna intimately relate to 
soil physical properties and immediately 
affect ecosystem processing, their pres-
ence, abundance and diversity have often 
been proposed as bioindicators of soil 
health (Nielsen and Winding 2002; Visser 
and Parkinson 1992), but these indicators 
also require taxonomic expertise. 

Currently in California, several tests 
related to soil health are available. The UC 

Davis Analytical Laboratory measures 
soil physical and chemical factors like 
organic matter, carbon and bulk density, 
while the California Department of Food 
and Agriculture (CDFA) provides diag-
nostic services for plant pests, weeds and 
diseases. These resources are largely lim-
ited to those affiliated with university or 
government agencies, but private compa-
nies also identify many nematode species 
and other plant pathogens and perform 
soil analyses. Despite these assets, no 
specific soil health test is available in 
California that integrates multiple factors.

Other publically available soil health 
tests in the United States provide indices 
that combine different suites of indica-
tors. The Haney Soil Health Test, avail-
able through the USDA-ARS, gives a soil 
health score in addition to measuring 
plant-available nutrients. The score is 
calculated based on overall microbial 
activity, the food resources available to 
microbes (in the form of water extract-
able carbon and nitrogen) and the ratio of 
carbon and nitrogen in the sample. The 
Comprehensive Assessment of Soil Health 
(offered through the Cornell University 
Nutrient Analysis Laboratory) provides 
indicators of many soil processes, includ-
ing disease presence, microbial activity 
and nutrient storage and release. For both 
of these tests, adjusting the soil health 
scores and management recommenda-
tions to local crops, soils and management 
practices, as well as on-farm validation, 
will improve their relevance and accuracy 
for use in California. 

Future directions
Particularly relevant research for the fu-
ture will examine integrative systems that 
combine multiple strategies, for example, 
experiments that combine techniques 
such as bioactive soil amendments with 
solarization. Such new management strat-
egies and combinations must be feasible 
and relevant to existing systems if they 

are to be implemented. Confirming the 
commercial viability of new innovations, 
such as the use of no-till techniques in 
commercial processing tomatoes, will 
also contribute to their success. Valuable 
UC research is in progress focusing on 
breeding for direct resistance to soilborne 
pests using advances such as molecular 
marker–assisted identification of resis-
tance genes. Less well studied though, is 
the idea of breeding for indirect resistance 
by recruiting beneficial microbes or repel-
ling pests via root exudates. 

Lastly, in working to manage soil 
health for pest suppression, more work is 
needed on diagnostics to determine what 
constitutes a “healthy” soil. As a step to-
wards future testing for beneficial organ-
isms, databases of microbial communities 
could be expanded, relating them to 
management practices and disease pres-
ence. Soil health tests developed outside 
California will require validation in local 
cropping systems, and the relationship 
between soil health scores and desired 
outcomes such as increased yields and nu-
trient retention will need to be confirmed. 
With future advances in UC research, 
managing for soil health could become an 
integral component of pest management, 
resulting in more resilient and productive 
cropping systems that provide multiple 
agronomic and environmental benefits. c
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