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Abstract
In much of the world, the percentage
of those producing our food has decreased dramatically in the last century—many rely on just a few to provide
food and fiber. Much of this productivity
comes from crop protection techniques,
including synthetic pesticides and fertilizers, but the continued reliance on past
methods alone threatens modern-day
food security.
The authors of this CAST Issue Paper
examine the current plant protection
revolution that is driven by the biological realities of pesticide resistance, various market forces, and real or perceived
side effects of pesticides. They point out
that crop protection chemicals have been
“miraculous,” but “their automatic use is
no longer efficacious or justifiable.”
Integrated pest management is the
preferred approach, and pest prevention is a key component in its success.
This paper examines the development of
methods used to control disease, insects,
and weeds—and the authors stress the
need for new technologies and an integrated cropping systems approach.
This science-based review considers
many plant protection trends, including
the following:
• Disease management and the need for
new modes of action
• Insect management and issues involving pesticides
• Weed management and the need for
new technologies to control the evolution of resistant weeds
• Biological control of plant pathogens,
insects, and weeds—and the need for
further research in these areas

In order to manage agricultural landscapes’ complex requirements, integrated
plant protection technologies must continue to be developed to provide effective, economical, and efficient pest management while preserving crop productivity and ecosystem services. (Photo from igorstevanovic/Shutterstock.)

• Seed treatment technology—and its
various methods and benefits
• Nematicide uses shifting from fumigation and banded row applications to
seed treatments
New technologies are becoming important, especially for surveillance and
application: (1) drones and other remotesensing devices lead to more systemic
monitoring and methods such as sitespecific weed management; (2) “smart
sprayers” comprise both detection and
chemical spraying systems; and (3) new
cultivators have been developed to especially help organic and vegetable crop
growers.
Genetic techniques (such as CRISPRCas9, RNAi, marker technology, plant-

incorporated protectants, and stacked
traits) may fit well into integrated
systems. Whatever approaches are adopted, however, resistance management
plans are essential. A multidisciplinary
approach is needed to spur adoption of
best management practices—and food
producers must consider how to handle
economics, regulations, land stewardship, incentives, and new technologies.
The needs are immediate and the
challenges formidable. The authors make
it clear that “scientists from all the pest
management disciplines need to improve
communication and work together to
develop integrated strategies for managing pests while preserving ecosystem
services and farm productivity.”

This material is based upon work supported by the U.S. Department of Agriculture’s (USDA) Agricultural Research Service (ARS) and Animal and Plant Health
Inspection Service (APHIS) Agreement No. 59-0202-5-002. Any opinions, findings, conclusions, or recommendations expressed in this publication are those of
the author(s) and do not necessarily reflect the views of USDA–ARS, USDA–APHIS, any other USDA agency, or the USDA.
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Introduction
For thousands of years, humans have
struggled to produce food and lessen the
damage inflicted by pests. Early attempts
to improve the quantity and quality of
crops varied considerably throughout
the centuries with limited success. As
agriculture has evolved, fewer individuals
are farming larger acreages and producing greater yields. Because of this shift in
production outputs, 98% of the population in the United States and Canada
relies on the remaining 2% to produce the
food. This model is not true throughout
the world, but the percentage of those
producing our food is far less than it was
even 100 years ago. To a great extent, this
model has been realized because of unprecedented advancements in production
technologies, including synthetic chemical pesticides and fertilizers. Unfortunately, our continued reliance on the use
of single tactics to address pest issues has
resulted in the loss of both chemical and
cultural management tools and threatens
our food security.
Since the early 1960s, the yield average productivity of wheat, rice, and maize
has increased by a factor greater than 2
(Oerke 2006). This increase in productivity has been accompanied by an increase
in sales of herbicides, fungicides, and
insecticides by 15- to 20-fold, to more
than US$30 billion worldwide (Oerke
2006). Although grain production also
has doubled over the past 40 to 50 years,
partially as a consequence of changes in
crop protection, the overall proportion of
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crop losses has actually increased. Depending on the crop, pests are estimated
to be responsible for 25 to 50% or more
of global crop losses. Losses are particularly high in poorer regions of the world,
where climates are relatively wet and
warm, crops are grown nearly all year
or without rotation, crop varieties or landraces are susceptible, and crop protection is absent or of low efficacy. Overall,
weeds produce the highest potential loss
(34%), with losses by animal pests and
pathogens at 18 and 16%, respectively
(Oerke 2006).
Despite a clear increase in pesticide
use, crop losses have not significantly
decreased during the past 40 years.
Increased crop productivity requires adequate crop protection because an increase
in potential yields is often associated with
increased vulnerability to damage inflicted by pests. Ineffective crop protection
by pesticides because of pest resistance
requires renewed agricultural innovation.
Concomitantly, enhanced integrated pest
management (IPM) adoption requires a
better understanding of not only the biology and population dynamics of pests,
but also how growers make pest management decisions.
Plant protection is undergoing a revolution not unlike the period during the
late 1950s to early 1960s when the widespread use of synthetic chemical pesticides proliferated (Aspelin 2003; Kenaga
1989; Pimentel et al. 1991). This revolution is driven by the biological realities of
pesticide resistance developing in target
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pests; market forces that are beginning to
make the development, registration, and
use of new pesticides cost prohibitive;
and real or perceived side effects of pesticides on nontarget organisms, including
humans. Nevertheless, synthetic chemical
pesticides have enabled crop production
to reach unprecedented levels and they
continue to be essential for maintaining consistent high yields in the face
of increasing weed, insect, and disease
pressure, including from alien invasive
species. Plant protection has become
simplified, and in most cases reliable,
because of these miraculous chemicals;
however, their automatic use is no longer
efficacious or justifiable.
Integrated pest management is a
preferred approach to managing the
increased insect, plant pathogen, and
weed pest problems growers are experiencing. The cornerstone of IPM is pest
prevention, involving actions that exclude
pests, create environmental conditions
that do not support their establishment, or
minimize their impact. A primary goal in
an agricultural system is to avoid disease,
insect, or weed problems before they decrease the quality or quantity of the commodity being produced. Pest exclusion
has now become a more effective IPM
tactic because of advanced diagnostics
based on rapid pest detection, identification, mitigation, and monitoring. Pests
can be kept from establishing by diversifying crop production to disrupt weed life
cycles or to create host-free periods for
insects and diseases.

Additional tools to prevent pest establishment include planting cover crops
to alter habitats, mechanically controlling insects and weeds, managing weed
seed banks, conserving and augmenting
natural enemies, and applying highly
selective pesticides. Prevention of pathogen and weed immigration into a field or
new habitat and subsequent spread is a
continual effort required by growers or
land managers. Planting weed-free crop
seed, preventing immigration of new
or herbicide-resistant (HR) weeds into
fields, and mitigating weed propagule
dispersal across fields are among the top
weed management practices advocated
by the Weed Science Society of America
(Norsworthy et al. 2012).
Crop protection includes sanitation
practices that significantly lessen the risk
of HR weeds occurring in arable land
(e.g., Beckie et al. 2008). The widespread
dispersal of soilborne plant pathogen
also can threaten agricultural production.
This is best illustrated by the movement
of soybean cyst nematode (SCN) in
soybean, which was first found in North
Carolina in 1954. It is currently distributed across the majority of the soybeangrowing regions of North America
because sanitation was not practiced (Byamukama and Tande 2013). Once established, pests must be maintained below
action thresholds by using some of the
same IPM tactics as those for preventing
establishment, discovering new pesticide
active ingredients that target the pests and
can be used in resistance management,
and developing modern genetic methods.
Crop protection will increasingly depend
on new technologies and IPM strategies,
including integrated cropping systems
that minimize environmental impacts,
protect pollinators and other beneficial
organisms, conserve natural resources,
and are routinely adopted by growers.

Plant Protection
Trends—Current and
Future
Plant Pathogen Management
with Fungicides
The development of fungicides to
combat plant pathogens dates back to
the mid-1600s, and our knowledge of

fungicides or antifungal compounds has
grown exponentially since that time.
There are many modes of action (MOAs)
that have been discovered with one to
many specific active ingredients within a
given chemical class of fungicides. The
last group of compounds with a novel
MOA was released in 1996 and is now
the second-largest group of fungicides,
the strobilurins (quinone outside inhibitors) (Morton and Staub 2008). Since that
time there have been several releases of
new commercial fungicide products, but
they are combinations of products previously known or new active compounds
from a known MOA. Unfortunately,
there is a high reliance on only a few
fungicide groups with limited MOAs in
primary commodity field crops, including strobilurins, triazoles (demethylation
inhibitors), and SDHI (succinate dehydrogenase inhibitor) fungicides. Others
are available, but these three fungicide
groups make up the vast majority of
products used today.

Insect Management with
Insecticides
Selectivity is the name of the game
when it comes to insecticides, with
minimal impacts on nontargets, including
beneficial insects (natural enemies and
pollinators), mammals and vertebrates,
and the environment. Many of the older
broad-spectrum products have been
replaced with newer and more selective
chemistry. Many of these newer (< 20
years old) insecticide products are currently hitting the popular press and news
outlets because of the Environmental
Protection Agency (EPA) requirement
that all registrations be reviewed after 15
years. Therefore, many of the products up
for reregistration—including the neonicotinoids, diacylhydrazines, acyl ureas,
and others—have been in use for nearly
two decades (Sparks 2013).
Newer materials (< 10 years old)
include the sulfoximines and diamides
(chlorantraniliprole and cyantraniliprole).
The newest chemistries (< 5 years old)
currently available include isoxazolines,
metadiamides, cycloxaprid, mesoionics,
new diamides (cylaniliprole and tetraniliprole), pyropenes, flometoquin, and
fluhexafon (Sparks and Nauen 2015).
Although novel, only a limited set of

these new materials represents new IRAC
(Insecticide Resistance Action Committee) groups of chemistry (Sparks and
Nauen 2015).

Weed Management with
Herbicides

No herbicides with a novel MOA
have been introduced into the field crop
marketplace in more than 30 years (Duke
2012). The introduction of transgenic
HR crops in the mid-1990s, however,
heralded a new level of weed control
simplification and further expansion of
conservation tillage and farm size in
corn, soybean, cotton, canola, and sugar
beet production systems (Owen 2016;
Shaw 2016). Currently, glyphosateresistant (GR) crops account for approximately 85% of transgenic crops
grown worldwide, and evolution of GR
weeds highlights the urgent need for new
technologies and approaches for controlling weeds in large-scale conventional
systems (Duke 2012; Shaner and Beckie
2014). In addition, the increase in HR
weed populations is leading conventional
growers to rely again on tillage and hand
labor to control these HR weed populations, a nonsustainable situation.
There is little debate over the urgent
need for herbicides with new MOAs
to manage the evolution of resistance
of weeds to existing herbicides. Duke
(2012) states that the economic stimulus
to the herbicide industry caused by the
evolution of HR (especially GR) weeds
may result in one or more new MOA
herbicides becoming available in the
“not too distant future.” This prognosis is
based on using multiple approaches (e.g.,
structure-, fragment-, or target-based
design; “omics” methods) to new MOA
discovery to optimize success (Duke, Bajsa, and Pan 2013; Lamberth et al. 2013)
as well as on the fact that there are known
nonutilized target sites for which there
are inhibitors that are highly effective at
killing plants. Nevertheless, the economics of herbicide discovery continue to be
dampened by the ever-increasing cost
of getting a new product to market and
uncertain potential revenue during the
lifetime of the patent due to GR crops,
generic herbicides, and of course, propensity of weeds to evolve resistance to a
product.
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New Biological Insect,
Disease, and Weed
Management Tools

treatments for synergistic relationships
concluded that there was a greater risk of
antagonism among biocontrol agents than
synergism and development should focus
on individual organisms (Xu et al. 2011).

Plant Pathogen and Nematode
Biologicals

Insect Biologicals

Biological control of plant pathogens is becoming more important with
the current sustainability emphasis for
agricultural production. The most recent
organism to be released in agricultural
production was Clariva© (Syngenta Crop
Protection), which contains the SCN
endoparasite (Pasteuria nishizawae)
organism that effectively decreased the
nematode numbers in microplot studies (Noel, Atibalentja, and Bauer 2005).
All Pasteuria spp. are obligate parasites
that affect a range of nematode species.
Pasteuria nishizawae (Pn), is the only
species of Pasteuria observed to parasitize SCN (Noel, Atibalentja, and Domier
2005; Siddiqui and Mahmood 1999).
For effective biological agents to be
developed, there is a need for both basic
and long-term applied research to be conducted. Researchers are using new tools,
such as metagenomics, to gain greater
insight into microbiomes in the current
era of big data. The root rhizosphere
(root-soil connection) is one area of interest for many researchers and is affected
by both the plant root and soil for the
rhizosphere community (Berg and Smalla
2009). There is also a need for long-term
cropping system studies to be funded. Researchers who evaluate effective controls
are often limited to single-year funded
projects that are crop specific.
A good example of the effectiveness
on long-term cropping studies is in the
management of Rhizoctonia bar patch
in wheat (Schillinger and Paulitz 2014).
By running continuous cropping system
studies over 14 years, researchers were
able to demonstrate the development of
suppressive soils that are biologically
driven. Once a soil becomes suppressive,
the specific organisms responsible can
be identified and cropping systems can
be modified to favor a more rapid shift.
Other developed projects look at largescale screening or specific organisms to
identify a specific antagonist or other activity that suppresses a target pathogen. A
more recent evaluation of 465 biological

4

Biological control of arthropod pests
using invertebrate agents and biopesticides is increasing steadily. The use of
commercial invertebrate agents will be
more common as additional products
become available. Currently, 219 species
are produced worldwide and quality
control protocols are available for the
most important ones (van Lenteren 2003,
2012). The industry has been growing
at a rate of about 15 to 20% per year
(Bolckmans 1999; van Lenteren 2012),
so it probably has exceeded $200 million
annually. An up-to-date catalog for North
America includes 70 species of beneficial
nematodes, mites, and insect predators
and parasitoids (LeBeck and Leppla
2015). A broader range of biorational
products is listed in the “2015 Directory
of Least-Toxic Pest Control Products”
(BIRC 2015). Microbial pesticides also
are gaining popularity, especially as
decreased environmental impact alternatives to conventional synthetic pesticides
(Koul 2011; Lacey et al. 2015; Marrone
2007; Olson 2015; Ravensberg 2011).
Development and regulatory approval
of a novel synthetic pesticide routinely
requires $250 million and nine years
compared with a microbial pesticide
that typically consumes $10 million and
four years for the same process (Olson
2015). If the global pesticide market is
approximately $60 billion, biopesticides
account for about 5%, with a compounded annual growth rate of 12% (Koivunen
et al. 2013). Since 2003, many kinds of
chemical pesticides (> 300) have been
officially banned in the European Union
to restrict residue levels. Investments
in research and technology, along with
these kinds of regulatory actions, are
among the changes needed for continued
growth of commercial biological control
for arthropod pests. Perhaps of greater
importance, however, will be the need to
educate growers and pest management
advisors as to the optimal ways that new
biological control products can be fully
implemented and conserved.
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Weed Biologicals
Commercial biological products for
weed control are desirable and will be adopted by users if they can provide equivalent or better control of weeds than other
available products at a similar or lower
cost and perhaps if consumers perceive
that the biological products carry less
hazards to people and the environment
(Cross and Polonenko 1996). Powell and
Jutsum (1993) concluded that successful
biocontrol products will fill commercial
niches in which chemicals do not work
(e.g., weed resistance) or are not politically acceptable (e.g., urban settings, golf
courses), as well as in organic systems.
The reality is that very few bioherbicides
have been commercialized; production
and formulation advancements continue
to be the most limiting factors to commercialization (Bailey and Mupondwa
2006). It is widely acknowledged, however, that the inherently restricted weed
control spectrum and environmentdependent efficacy also limit commercialization potential. Optimizing the
discovery and screening process, including rapid identification of natural
products (Kao-Kniffin, Carver, and
DiTommaso 2013) and genetic manipulations to enhance efficacy of biocontrol
microorganisms (Rector 2008), may aid
in the successful commercialization of
biologicals or natural products.

Seed Treatment
Technology Benefits
Treatment of seed or soil at planting
(either in-furrow or lay-by) has historically targeted soil-dwelling pests. Many
of the materials used in these treatments
are insoluble in water. The water solubility can be measured by the partition
coefficient or log P. Many of the insecticidal products used previously have log
P values greater than 1 and therefore are
not easily taken up by plants and translocated. Compounds in the neonicotinoid
class (IRAC group 4A) are soluble in water and have low log Ps (Table 1). These
properties have made it possible to treat
the seed and have the pesticide translocated from the roots into the plant shoots
and leaves. In this way, the materials
used to treat the seed become plantincorporated protectants (PIPs).

The availability of neonicotinoids has
made it possible to treat seed and target
insects feeding on roots, stems, and
leaves. The neonicotinoid insecticides
include several commercially available
active ingredients: imidacloprid, acetamiprid, thiamethoxam, clothianidin, and
dinotefuran (Table 1); although they all
have relatively low log P values, only
two compounds have been routinely used
as seed treatments—thiamethoxam and
clothianidin. Partition coefficients explain
why neonicotinoids have been used as
PIPs, but the coefficients may not explain
why seed treatments have been limited
to thiamethoxam and clothianidin. The
use of neonicotinoid seed treatments has
become essential for corn grown in
areas where significant insect pressure
occurs, such as the southeastern United
States, and for vegetable production in
California.
New formulation technologies will
also impact seed treatment technologies and the ability for materials to be
translocated throughout the plant. These
advances will allow additional chemistries to be used as PIPs where the products are applied to seed. For instance,
anthranilic diamide insecticides have log
Ps that are greater than 2, but formulation
and nanoparticle technology have been
developed to effectively decrease log P,
thereby making these compounds translocatable to above-ground plant parts when
used as a seed treatment (Wilson 2012).
Corn, cotton, and soybean contribute
significantly to the overall production
acreage treated with neonicotinoid seed

Table 2. The use of seed treatments in
cotton throughout the United
States and costs associated
with the treatments (Williams
2010, 2011, 2012, 2013, 2014,
2015)
		
Year

Hectares/Acres
Treated

Cost Range
($/acre)

2015 2,671,276/6,678,189 7.13–16.20

Table 1. Partition coefficients (commonly referred to as log P) for different IRAC
groupings
IRAC Category

Category Name

Chemical Name

Log P*

4A

Neonicotinoid

Acetamiprid

0.8

4A

Neonicotinoid

Clothianidin

0.7

4A

Neonicotinoid

Imidacloprid

0.6

4A

Neonicotinoid

Thiamethoxam

-0.1

4A

Neonicotinoid

Dinotefuran

-0.6

1B

Organophosphate

Acephate

-0.85

9C

Flonicamid

Flonicamid

0.3

28

Diamides

Chlorantraniliprole

2.86

28

Diamides

Cyantraniliprole

1.91

28

Diamides

Flubendiamide

4.98

* The log P is a ratio of the concentration of one compound in two immiscible liquids at
equilibrium; the lower the value of log P, the lower the hydrophobicity.

treatments. From 2008 to 2012, neonicotinoid seed treatments were used on
an average of 30% of the 28.75 million hectares (ha) (71 million acres) of
soybean with a trend of increasing use
during the five years of the study (Myers
et al. 2014). By 2013, approximately 75%
of soybean seeds were treated usually
with both a fungicide and an insecticide.
Neonicotinoid treatment of field corn
seed is routine in parts of the United
States where insect pressure is high, but
usage in low-to-moderate pest pressure
situations indicates that seed treatment
use and need do not necessarily correlate.
In cotton production, between 2.43 and
3.65 million ha (6 and 9 million acres)
are treated (Table 2), and thrips are the
primary target for cotton seed treatments.
For vegetable production in California, between 162,000 and 283,000 ha
(400,140 and 699,010 acres) are planted
with neonicotinoid-treated seed, primarily thiamethoxam (Table 3). The clothian-

idin treatment is restricted to sweet corn
seed, and annual acreage is limited to less
than 500 ha (1,235 acres) in California. In
soybean, the utility of the seed treatments
has been questioned (Myers et al. 2014),
although the treatments were believed
to be effective on several homopteran
and coleopteran insect pests. Field corn
in some regions of the United States
also routinely receives insecticide seed
treatments to combat chinch bugs and
soil-dwelling insects. In California, seed
treatments are routine (Table 3), and the
targets for these treatments for vegetable
production include aphids, thrips and
whiteflies, cutworms and armyworms,
flea beetles and bean leaf beetles, and leaf
hoppers and chinch bugs. In the Pacific
Northwest, nearly 100% of the sugar beet
seed is planted with a neonicotinoid seed
treatment to prevent beet leafhopper and
curly top virus problems. The seed treatment is used throughout because it is an
effective management tool to supplement

Table 3. The use of thiamethoxam (Cruiser®) seed treatments on vegetable crops
in California—results from a query of the California pesticide use reports
(California Department of Pesticide Regulation 2013)

2014 3,594,364/8,985,912 7.00–15.88

		
Year

Hectares/Acres
Treated

2013 2,525,875/6,314,687 7.00–21.25

2013

289,640/724,100

Squash, cucumbers, beans, onions, peas, melons, lettuce

2012 3,804,356/9,510,890 7.00–16.32

2012

163,710/409,275

Squash, cucumbers, beans, onions, peas, melons, lettuce

2011 3,085,485/7,713,713 3.00–16.32

2011

256,990/642,475

Squash, cucumbers, beans, onions, peas, melons, lettuce

2010 2,473,874/6,184,685 4.50–15.00

2010

201,000/502,500

Squash, cucumbers, beans, onions, peas, melons, lettuce

Crop
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host plant resistance (Strausbaugh, Wenninger, and Eujayl 2012).

Nematicide Seed
Treatments
The general use of nematicides has
shifted from applications applied as
fumigants or banded row applications to
seed treatments as a means of decreasing
exposure to applicators and the environment. Because nematodes are “worm like
animals,” most nematicides have high
toxicities to humans and this has been a
very important concern in the industry.
Seed treatments also limit exposure to
the nematode population (Faske and Starr
2007) and significantly lessen potential
environmental effects because of very
low doses being positioned where the
active ingredient is needed with minimal
effect released to the environment.
The SCN (Heterodera glycines)
decreases soybean yield more than any
other soybean disease (Koenning and
Wrather 2010). In the area of field crop
nematicide development, the SCN and
the root-knot nematode (Meloidogyne
incognita), which affects many hosts in
the southern region, are the main targets
within North America. As pesticides continue to be developed, all compounds are
screened for additional activity to other
targets. For example, a compound that
is classified as a fungicide, fluopyram—
an SDHI—has been investigated for
nematicidal potential against root-knot
and reniform nematode (Rotylenchulus
reniformis). Faske and Hurd (2015) found
that fluopyram was nematistatic and low
concentrations effectively decreased
nematode injury on tomato roots. In
greenhouse trials, seed treatments containing fluopyram significantly decreased
SCN numbers compared to those without
the fungicide (Broderick, Arneson, and
Giesler 2015).
As continuous cropping of specific
commodities continues, it becomes more
difficult to manage nematodes effectively
and a range of methods is needed to
mitigate their impact. In soybean production, the current field populations of SCN
are continuing to overcome the common
SCN resistance management practices,
so additional options such as nematicides
are needed by soybean farmers. Even
6

if tools such as RNAi (ribonucleic acid
interference) materialize, there will be
a need to protect the investment in that
technology by having additional methods
of decreasing nematode survival.

Costs of Seed
Treatments
In many instances, fungicide seed
treatments are viewed as insurance to
protect the seed from pathogens and
ensure a good crop stand. It is not a
treatment that consistently returns on the
investment by the farmer, but it may be
cost effective over several years for fields
with a history of stand problems caused
by pathogens. Resistance risks for seed
treatments are limited because the overall
fungicide exposure level for plant pathogens is relatively low; they are not as
mobile as arthropods and attracted to the
plants. Mobile pathogens, such as water
molds (Pythium and Phytophthora spp.)
and nematodes, would be exceptions and
pose the greatest risk for resistance to
seed treatments. All of the mobile organisms that have sexual recombination and
an associated complex genetic structure,
however, are less likely to develop resistance than asexual-reproducing organisms (Brent and Holloman 2007a). Many
arthropods are mobile and immigrate to
the treatment zone of plants with chemistry systematically incorporated into
the plant tissues, and therefore they are
exposed to greater selection pressure.
The cost of insecticidal seed treatment can vary widely. In soybean the cost
can vary from approximately $17 to $35
per ha ($7 to $14 per acre) (Myers et al.
2014) depending on the product used.
Hurley and Mitchell (2017) report a cost
of just over $17.50 per ha ($7 per acre)
and an average return on investment of
$42.50 per ha ($17 per acre) (a positive
cost/benefit ratio) for U.S. farmers. For
cotton, insecticidal seed treatment costs
can range from $7 to more than $20 per
acre ($17.50 to $50 per ha) (Williams
2010, 2011, 2012, 2013, 2014, 2015).
For melons, insecticide seed treatments
cost approximately $3 per 1,000 seeds,
and at a seeding rate of 20,000 seeds
per ha (8,000 seeds per acre) that treatment costs approximately $60 per ha
($24 per acre).
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The Role of Emerging
Crop Protection
Technology Solutions
in Integrated Pest
Management
New Technologies in
Surveillance and Pesticide
Application
Pest surveillance is an integral component and prerequisite for IPM practices, whether invasive, HR, or non-HR
weed populations; a fungicide-resistant
fungal disease; or an invasive or resistant
pathogen or insect species. The potential
use of small unmanned aircraft systems
(or drones) has been considered for weed
research (Rasmussen et al. 2013) and
as a general pest management technology (Stehr 2015). Drones might be
used to survey for weeds (Calha, Sousa,
and González-Andújar 2014; GarciaRuiz, Wulfsohn, and Rasmussen 2015;
Tamouridou et al. 2016), insects (MacRae
et al. 2016), and diseased plants (Lucas
2011). Drones offer good potential for
site-specific pesticide application in
commercial-scale fields or monitoring
pest populations over much larger areas.
Advantages of using drone-borne sensors
vs. ground-based sensors on sprayers
are that drones can cover large areas in
a short period of time and pests can be
mapped before control is performed to
allow planning of pesticide choice and
adjustment of spray application parameters. The distinction and quantification,
however, of specific disease, insect, and
weed infestations from drone imagery
are still a challenge. Moreover, although
image acquisition is relatively easy, automated analysis and interpretation of the
data are more difficult.
Another component of monitoring is
real-time release of observations. The Integrated Pest Management–Pest Information Platform for Extension and Education (ipmPIPE) is a web-based database
of current observations for diseases that
do not overwinter locally and pose a
significant threat when they move into a
geographic region. Observations at this
site include soybean rust, southern corn
rust, and cucurbit downy mildew (https://

www.ipmpipe.org/). Having a real-time
release of observations combined with
the tools being developed with pest management data analysis and remote sensing
could develop into a very powerful tool
for IPM strategies.
The automation of pest management
data analysis will continue to improve as
more systems are developed for handling
larger data sets. Whether by growers,
land managers, or crop advisors on the
ground, or by drones or other remotesensing devices, more systematic, routine
monitoring and reporting of HR or
invasive weeds on a state/provincial and
national level would facilitate awareness
and implementation of timely management. Such alert systems are much more
common for insect pests, such as diamondback moth, and plant pathogens
in soybeans, strawberries, and a few additional crops. The major deterrent to this
goal is the lengthy time period required
for verification in the field of herbicide
resistance in weeds or detection of range
expansion of alien invasive species.
One application of map data that
can be derived from remote sensing is
site-specific management. The premise
underpinning site-specific weed management is that the distribution of weeds is
aggregated or patchy (Gerhards 2010;
Marshall 1988; Wiles et al. 1992) and
patches are generally stable (Rew and
Cussans 1995; Wilson and Brain 1991).
Factors that affect the stability of patches
include natural seed dispersal (e.g., wind,
dehiscence), tillage, combine harvesting, herbicides, pollen-mediated gene
flow, seed persistence, and seed predation. Weed population abundance may
be mapped before herbicide application
by scouting or estimated in real time using sensors mounted on sprayers. These
approaches currently are used mainly for
fallow land or row crops and primarily
provide an opportunity to decrease the
pesticide load in the environment (LopezGranados 2011).
Economically important weeds and
those that tend to have a patchy distribution are suitable candidates for sitespecific weed management. For example,
there were economic benefits of herbicide
application based on weed presence or
absence in spatial maps for wild oat
(Avena fatua L.) control in wheat fields

in the northern Great Plains (Luschei et
al. 2001). In spring cereals, site-specific
herbicide applications on areas previously mapped as containing wild oats
generated higher net returns than blanket
herbicide applications, even with the
associated mapping costs (Van Wychen
et al. 2002). Weed management based on
slope position resulted in similar overall
weed control with decreased herbicide
use compared with blanket applications
(Beckie and Shirriff 2012). Additionally,
site-specific management can be useful in
monitoring and managing HR or invasive
weed patches at early stages of development. Preventing seed production and
shed in HR weed patches can markedly
slow the rate of patch expansion, thus extending herbicide effectiveness in a field
(Beckie, Hall, and Schuba 2005).
Advanced pesticide application
equipment is required to apply multiple
pesticides independently and accomplish
the variable-rate spraying required for
site-specific pest management. “Smart”
sprayers contain both a detection system
and a chemical spraying system. The
detection system is used to collect information on target areas and make spraying
decisions. Various sensing technologies,
such as machine vision, spectral analysis,
and remote sensing, are used for detection. Three major technical challenges,
due to uncontrolled environmental conditions, are confronting sensor application
in pest management: (1) variable lighting
conditions; (2) leaf coverage, e.g., weeds
that grow near crop plants are difficult
to measure and classify; and (3) growth
status of the target plant(s). In the future,
sensing techniques will involve more
than one or two detection sensors (Hong,
Minzan, and Zhang 2012).
Cultivators such as the rotary hoe have
been developed to control weeds within
crop rows. This equipment is especially
important to organic and vegetable crop
growers. Organic and specialty crop
producers have few pesticide options
for managing weeds; therefore, these
production systems rely on crop rotation, cultural practices, and mechanical
practices for controlling weeds (Fennimore and Doohan 2008). Rotary hoes and
similar in-row equipment must be used
at the proper time of crop development
or they can cause crop stand loss. In ad-

dition, cultivation must be timed to avoid
wet fields or other conditions that can
decrease its effectiveness. Small seedling
annual weeds are most susceptible to
cultivation. Hand labor often is required
for complete weed control. Thermal
technologies, including soil solarization
and flaming to control weeds prior to
crop establishment and for between-row
cultivation, have also been developed
(Bond and Grundy 2000). Success of
flaming methods depends on weed size,
morphology, life cycle, soil moisture, and
crop tolerance.
The future adoption of site-specific
herbicide application or inter-row tillage
will depend on continuing advances in
real-time technology that can reliably
discriminate the crop from weeds. A
number of studies have described the
rapid progress in achieving this goal
(Christensen et al. 2009; Longchamps et
al. 2012; Rydberg et al. 2007; Weis and
Sokefeld 2010; Young 2012). During
the past decade, rapid advancements in
automation and real-time recognition
have occurred for robotic weed control
in vegetable cropping systems (Slaughter, Giles, and Downey 2008; Zijlstra
et al. 2011). A number of autonomous
vehicles for inter-row weeding on a small
scale have already been developed (e.g.,
Agricultural Robotics Portal n.d.) in
addition to vision-based detection and
microcontrol in cropping systems (Blasco
et al. 2002; Nieuwenhuizen, Hofstee, and
van Henten 2010). Additionally, there
is good potential for precision planting
accompanied by accurate intra-row weeding (Lati et al., in press; Perez-Ruiz et
al. 2014). Eventually, growers will have
the technology to vary crop cultivar and
planting density according to field soil
type or landscape position. For example,
some cultivars may yield best on sandy
soils versus clay soils, or in low areas
of the field versus knolls. This approach
may be tried by early adopters but, as a
future technology, how cost effective this
technology will be is not yet known.

RNA Interference (RNAi)

Ribonucleic acid interference refers to
the process of an antisense strand of RNA
silencing the complementary endogenous
messenger RNA (mRNA), and hence the
target gene. Ribonucleic acid used for

COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY

7

interference can be short sections of
single-stranded (ssRNA) or doublestranded RNA (dsRNA). The ssRNA
or dsRNA is processed by the protein
dicer into small RNAi that binds to other
proteins, including argonaute, to form the
RNA-induced silencing complex. This
complex binds to a homologous region
of mRNA produced by the target gene
and destroys it, thereby suppressing gene
expression.
First described in the nematode Caenorhabditis elegans (Fire et al. 1998),
RNAi was discovered accidentally in
plants while trying to breed darker petunias by introducing additional copies of
the pigment gene (Kupferschmidt 2013).
The RNAi mechanism may have evolved
to fight parasitic nucleotide (such as
viruses) infections in plants and animals
(Ding 2010; Katoch and Thakur 2013;
Vaucheret and Fagard 2001; Zamore
2004).
Ribonucleic acid interference technology has served as an essential tool for
determining gene function in a variety of
biological species. Until the development
of RNAi, gene function studies were
restricted to model systems in which sufficient genetic information was available.
Ribonucleic acid interference, sequencing advances, and bioinformatics have

changed this, allowing detailed knock-out
experiments to determine and validate
gene function in nonmodel systems.
More recently, this technology has been
focused on pest control.
The field of RNAi for pest control
may still be in its early stages of development (Figure 1). The number of papers
and patents filed or published before
approximately 2006 related to RNAi for
pest management was very low, but it has
been increasing at a steady state. When
this technology reaches its full potential,
the number of patents, manuscripts, and
products should increase exponentially.
The only two commercial products
presumably based on RNAi released prior
to 2006 were transgenic papaya resistant
to papaya ring spot virus and transgenic
squash resistant to zucchini yellow mosaic, watermelon mosaic, and cucumber
mosaic viruses (Fuchs and Gonsalves
2007).
The deregulation and commercial
release of transgenic virus resistance in
plants employing post-transcriptional
gene silencing occurred in 1998 with the
release of two varieties of papaya, Sunup
and Rainbow (Callis 2013; Gonsalves
1998). Post-transcriptional gene silencing and RNAi appear to be synonymous,
because the processes involve the same
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Figure 1. Annual frequency of primary scientific articles and patents about the use
of RNAi in pest management for the past decade (2006–2015).
Green bars indicate the number of patents filed for RNAi crop protection products, and
black bars indicate the number of scientific publications related to RNAi and pest
management.
In the patent search, the targets for control included fungal plant pathogens, Lepidoptera, pathogens on bees, termites, plant parasitic nematodes (Pratylenchus and Meloidogyne), Coleoptera, citrus pathogens, ants, and Hemiptera. Agricola was used to search
the literature using the terms RNA interference and insects, pathogens and weeds, and
pest management. Studies focused on determining gene function were not included.
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suite of proteins and pathways (Huvenne
and Smagghe 2010; Leibman et al. 2011;
Nomura et al. 2004). The two transgenic
papaya varieties were developed through
backcrossing to recurrent parents from a
transformed papaya line generated using
gene gun technology; the virus coat protein was the transgene involved (Gonsalves 1998). Although the development
of these resistant varieties is credited with
saving the papaya industry in Hawaii
(Callis 2013), the deregulation and commercial release created significant public
outcry against transgenics in that state.
The anti-GMO (genetically modified
organism) sentiment has led to vandalism
of transgenic papaya plantations on the
island of Hawaii (Anonymous 2011) and
state legislature efforts to ban the production of transgenic plants (Bunge 2014;
Harmon 2014a,b).
No other commercial products based
on RNAi against plant diseases are available, but development of either transgenic
or sprayable RNAi products against viral
and fungal pathogens has been pursued
in economically important solanaceous
crops, rice, and cassava (Katoch and
Thakur 2013; Koch et al. 2013; Zhang et
al. 2011). Efforts to develop a transgenic
RNAi product in soybean against SCN
are also under way (Guo et al. 2015).
In addition, sprayable RNAi technology is being investigated for controlling
GR weeds, with Monsanto Corporation
developing a sprayable RNAi product
(BioDirect™) that will target the 5enolpyruvyl-shikimate-3-phosphate
synthase protein, the same target as glyphosate (Hollomon 2012). Adjuvants will
expand the utility of sprayable RNAi by
protecting the RNA strands (Mitter et al.
2016).
Regarding insects, RNAi technology
has advanced furthest against beetles,
moths, and some true bugs (Scott et al.
2013). Within these larger taxonomic
groups, substantial variability exists in
the effectiveness of this strategy. There
are significant differences among insect
taxa in their ability to take up RNAi molecules, and this limitation may restrict
their broader utility until technological
advances overcome this barrier. In addition, Lepidoptera are not particularly susceptible to RNAi and this has resistance
development implications. Sprayable

Resistant Crop
Competitors
Natural Enemies
Resistant Varieties

Vulnerable Crop
►

Pest and disease prevention is one of
the basic principles of IPM (National
IPM Program 2013), but this does not
include constantly maintaining a pesticide barrier around a crop. A strategy
based on prophylactic pesticide use alone
is expensive and ultimately results in
increased environmental impacts and
resistance development, in addition to
potential pest resurgence and secondary
pest outbreaks (Demirozer et al. 2012;
Radcliffe, Hutchinson, and Cancelado
2009). It creates a vulnerable crop that
can be protected only temporarily by applying pesticides more effectively, more
often, or in greater amounts. Ultimately,
new pesticides will be needed with different MOAs as replacements or for rotation, and pesticides are becoming more
expensive (see Figure 2).
A sustainable approach to managing
pests is to establish a pest-resistant crop

►

Invasive Pest

►

Prophylactic- vs. Thresholdbased Pesticide Uses

Preventative Practices

IPM Program

►

RNAi technology has been developed
against Colorado potato beetle (Miguel
and Scott 2016; Zhang et al. 2015). The
Monsanto Corporation appears to be
close to releasing a corn rootworm product using the transgenic RNAi strategy
(MON 87411). The RNAi targets the corn
rootworm gene DvSnf7. The event (MON
87411) has been deregulated by the U.S.
Department of Agriculture (USDA)
(Plume and Huffstutter 2015) and cleared
the EPA “finding of no significant impact” assessment (USDA–APHIS 2015).
The proposed commercial release date
for the MON 87411 event is sometime in
2017.
Use of the RNAi technology may fit
well into IPM systems because it can be
highly selective and delivered in many
different ways. The selectivity of the
product will depend, in part, on gene
selection (Scott et al. 2013), and therefore
it is impossible to say categorically that
all RNAi projects will be selective. If a
target gene is chosen that is highly conserved across multiple taxa, the resulting
product may not be selective. Numerous
potential delivery systems exist for this
technology, including sprays, baits, and
engineered plants, expressing the products that could further enhance selectivity
(Scott et al. 2013).

Pesticide Program
•
•
•
•

New Pesticides
New Formulations
Application Methods
Resistance Management

•
•
•
•
•
•

Cultural Practices
Scouting, ID of Pests & NEs
Conservation of Comp. & NEs
Augmentation of NEs
Reduced-risk Pesticides
Resistance Management

Figure 2. Pest management programs for vulnerable and resistant crops.
When an invasive pest attacks a vulnerable crop, one that is protected only by a pesticide program, the only options are to develop new pesticides and formulations, optimize
application methods, and manage pesticide resistance. A more sustainable approach
is to create a resistant crop by planting resistant varieties, conserving natural enemies
(NEs) and species that are competitors (comp.) with the pest, employing cultural practices that minimize pest pressure (possibly releasing additional NEs), applying pesticides
that have few nontarget effects, and minimizing the development of pesticide-resistant
pests (Demirozer et al. 2012; Reitz et al. 2003).

by planting less susceptible cultivars and
using cultural practices that limit pest
survival and reproduction, such as crop
rotation and sanitation, while preserving
competitors and natural enemies.
Reduced-risk pesticides are used sparingly based on scouting and general
thresholds for pest populations. Resistance management is practiced to preserve
pesticides. Establishing and optimizing
an IPM system is a long-term investment
that requires in-depth knowledge of the
crop, the biology of pests and diseases,
and associated pest management tactics.
It is especially important to not grow
other crops or tolerate weeds that are
alternative hosts for the pests and to establish area-wide action by local growers.
It is necessary to monitor crop conditions,
such as weather, past pesticide use, pests
and diseases, beneficial organisms, and
cultural practices (e.g., irrigation and
fertilization), to determine if intervention
is needed and will result in an economic
benefit (MacKenzie and Peres 2012;
Pavan, Fraisse, and Peres 2011; Rad-

cliffe, Hutchinson, and Cancelado 2009).
Regional surveillance systems have been
developed to provide soybean, corn,
onion, and pecan growers, among others,
with near real-time information on the
distribution and severity of selected insect pests and plant diseases (Hershman,
Sikora, and Giesler 2011; Montana State
University n.d.; VanKirk et al. 2012).
Web-based decision support tools based
on climatic data are now widely available
(Oregon State University n.d.).
Based on these kinds of surveillance
systems, scouting, and experience, a
grower can decide what economic injury
level (Stern et al. 1959) will trigger interventions that are least disruptive to the
established IPM system. Crop advisors,
possibly doctors of plant medicine (University of Florida 2015), assist the growers in deciding when an action threshold
has been reached. The grower must be
vigilant and ready to act quickly before
the pests or diseases reach outbreak or
epidemic levels and are extremely expensive or impossible to control.
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Before initiating a pest management
plan, it is vital to assess pest status in
relation to the crop and nearby habitat.
This should be done by monitoring; any
subsequent suppression should rely on
IPM strategies to ensure that intervention
is needed and will result in an economic
benefit (Naranjo et al. 1998; Radcliffe,
Hutchinson, and Cancelado 2009). The
use of economic thresholds for insect
pests has been deployed along with the
concepts of economic injury levels and
integrated control since 1959 (Stern et al.
1959). Spraying insecticides on a schedule when control measures are not necessary results in increased environmental
impacts and resistance development, in
addition to potential pest resurgence and
secondary pest outbreaks. Although the
use of these IPM concepts has proven
successful for many insect pests, this
approach does not necessarily translate to
the management of plant pathogens and
weeds because of the reproductive capacity and dispersal of these types of pests.
Plant Pathogen Thresholds
In plant disease management, farmers and crop managers are in need of
thresholds; however, the complexity of
disease development has made this an
almost impossible task for researchers.
With newer technologies and forecasting
models becoming better (such as those
found on the Oregon State University
[n.d.] website), this should be a priority
for development in the coming years.
In many cases, fungicide applications
are made and may not be cost effective
(Wise and Mueller 2011). In a summary
of 33 trial reports for corn fungicide applications and yield results, only 48% of
472 treatments resulted in an economic
increase in corn yield based on prices in
2011. In this summary, there was a strong
correlation between disease severity and
its impact on yields, demonstrating the
need for applications to be driven by
disease pressure.
Plant genetics, the cropping system,
and the environment all contribute to
overall disease development, which
makes each field a unique observation
and treatable unit, just like other pest
management systems. The greatest differences are the complex interactions
and the ability of plants to yield in the
10

presence of disease development, in
some cases. In addition to scouting for
specific diseases being present, the most
practical integrated management decision
aid is a disease forecasting model. Currently, the risk of scab, a disease caused
by Fusarium graminearum infecting the
wheat crop at flowering, is managed with
the aid of disease forecasting that uses
current weather data and geography (De
Wolf, Madden, and Lipps 2003). The
same is true for apple and pear scab in
the west (Oregon State University n.d.).
These models have been continually refined since their initial development, and
there is a significant need to have similar
tools available for effective IPM practices
to be developed for other diseases such
as southern rust of corn, which has a
monitoring component on the ipmPIPE,
and Sclerotinia diseases, for which there
is a national initiative for study across the
United States.
Weed Thresholds
The use of thresholds to assist growers with weed management decisions
has been debated since the concept was
introduced for arthropod management in
the 1950s (Norris 1999). Scientists have
documented the effect of weeds and weed
complexes on crop yield, often finding
that variability in response is due to a
number of primary interacting factors,
including crop and cultivar, weed densities and species interactions, weed time
of emergence and management practices,
and environmental conditions (Aldrich
1987; Norris 1999; Swanton et al. 1999).
Coble and Mortensen (1992) reviewed
use of the economic threshold concept
based on an assessment of the weed
population using a competitive index.
This approach was limited to crops that
had registered selective post-emergence
herbicides. Norris (1999) and Buhler,
Liebman, and Obrycki (2000) pointed
out that biological and ecological differences between insects and weeds must
be considered when assessing whether
or not the threshold concept as practiced
for arthropod management is appropriate for weed management. Some of the
considerations include the fact that weeds
and insects use different resources for
food; weeds persist over time in the field
as seed (with persistence aggravated
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by characteristics such as dormancy
and seed coat structure), whereas most
insect populations do not carry over in
a field from year to year; fecundity of
weeds is 10 to 1,000 times greater than
insects; and generation time and population dynamics differ between weeds and
insects. Because uncontrolled weeds can
produce tens of thousands to hundreds
of thousands of seeds per individual and
can remain dormant in the seed bank
over time, the weed problem in subsequent years can become unmanageable;
therefore, any development of thresholds
for weed management must necessarily
take a multiyear approach. Additionally,
the concept of weed damage thresholds
that trigger herbicide application is losing
credibility in weed science because of
increased focus on weed seed control to
mitigate HR weed population abundance.
Weed scientists who work with specialty and organic crop growers have long
stressed the need to manage the soil seed
bank by decreasing seed inputs and managing the soil and crop environment to
enhance seed predation and decay and to
lessen the probability of weed establishment (Davis 2006; Gallandt 2006; Norris
1999; Schutte and Cunningham 2015).
Additional considerations for determining
which weed species must be managed at
zero tolerance include the effect of the
weed species on the soil-pest complex
(Sanogo et al. 2013; Schroeder, Thomas,
and Murray 2005). Realistically, this
approach is only applicable to row crops,
such as cotton, where mechanical or manual weeding within the crop is possible.
Research on weed biology, seed bank
dynamics, weed population dynamics,
and crop production economics is needed
to determine the feasibility of integrated
weed management (IWM) strategies that
include decision tools, such as economic
optimum thresholds established using
bioeconomic models (Bagavathiannan
and Norsworthy 2012).

Genetic Methods of Pest
Management
Traditional breeding for improved
cultivars with resistance or tolerance to
plant pathogens and insect pests has been
the mainstay of decreasing their impact.
With the continued evolution of pests that
become resistant to management meth-

ods, there has been a continued need for
breeding efforts to “stay ahead” of the
pests. This is especially true when single
gene or monogenic resistance mechanisms are used. Marker technology used
to genotype plants and animals has advanced quickly, giving rise to widespread
availability of marker-assisted selection
used in plant breeding. The details of
the marker-assisted selection and tools
used are beyond the scope of this paper;
however, these advances have been
crucial for developing native resistance
traits (those traits normally found within
the plant genome as opposed to those
introduced from a different organism).
The marker and sequencing technology
advances have made insertion site characterization much easier, faster, and more
certain, and this allows the introduction
of resistance traits from wild (undomesticated) progenitors into elite germplasm
without bringing along many of the
undesirable traits that can affect yield
from the ancestral genomes. This cuts the
time needed for development of resistant
cultivars in breeding programs in half
(at least). Insertion site characterization
will also facilitate the registration of new
transgenic plant traits engineered to resist
insect damage.
Transgenic insects are being created
to be self-limiting. Aedes aegypti (L.)
mosquitoes are genetically modified to
produce males only in the laboratory for
release to mate with wild-type females
that will produce no viable progeny. This
sterile insect technique approach has been
tested for use on a wide variety of insect
pests, such as additional mosquito species
(Alphey et al. 2010), the pink bollworm
(Pectinophora gossypiella [Saunders]),
the diamondback moth (Plutella xylostella [L.]), the spotted winged drosophila
(Drosophila suzukii [Matsumura]), tephritid fruit flies (Ceratitis capitata [Wiedemann]), the new world screwworm fly
(Cochliomyia hominivorax [Coquerel]),
and many others (Benedict 2014).

Plant-incorporated
Protectants (PIPs)
The discovery of proteinaceous insect
control products from the bacterium Bacillus thuringiensis (Bt) and advances in
bioengineering and bioinformatics have
drastically changed the thinking about

insect control. Engineering plants to produce plant protectants themselves, albeit
constitutively, has become much easier
over the past decade because of technology advances. Crops in several plant families have been transformed to express
proteins from the Bt bacterium, and some
of these products have been instrumental
in controlling significant insect pests,
for example, Cry1AB and Cry1F in corn
to control European corn borer in the
midwestern United States (Pereira et al.
2008). There are three Bt cottons: Bollgard II, WideStrike, and WideStrike III.
Both Bollgard II and WideStrike contain
the Cry1Ac toxin. Bollgard II also contains the Cry2Ab toxin and WideStrike
contains the Cry1F toxin. WideStrike III
contains not only Cry1Ac and Cry1F, but
also Vip3A. Although Bt cottons generally provide excellent control of most
lepidopteran larvae, they are not immune
to damage caused by other arthropods,
especially plant and stink bugs. The pink
bollworm has been effectively suppressed
in Arizona using Bt cotton in an areawide program (Naranjo 2010).

Crops with Resistance to
Multiple Herbicides: Stacked
Traits
Industry response to increasing incidence and complexity of HR weeds and
to lack of new MOA herbicides has been
to develop multiple-trait (stacked) HR
crops. Combinations of HR traits include
glyphosate, glufosinate, acetolactate
synthase inhibitors, hydroxyphenylpyruvate dioxygenase inhibitors, and synthetic
auxins (2,4-D, dicamba) (Duke 2012;
Green 2014). For example, crops with
stacked traits include glyphosate- plus
glufosinate-, glyphosate- plus 2,4-D,
or glyphosate- plus dicamba-resistant
soybean, corn, and cotton. This strategy
is generally viewed as giving enhanced
flexibility to growers to cost effectively
manage weed resistance through herbicide mixtures and sequences within
a growing season, or herbicide rotations across growing seasons, provided
that sufficient herbicide MOA diversity
is maintained in rotations involving
crops with stacked traits (Carpenter and
Gianessi 2010; Green et al. 2008). Numerous weed populations, however, are

already resistant to one or more of these
herbicide MOAs (Heap 2016), suggesting
that they must be integrated with other
weed control methods to remain
effective.

How to Preserve Crop
Protection Chemistries
and Traits—Efficacy,
Durability, and Usefulness into the Future
Resistance Management
Pest resistance to any pesticide or genetic trait is one of the greatest concerns
when a plant protection product is developed, released, and deployed. Although
there are many examples of proposed
methods for decreasing the potential for
resistance development, actual field scale
experiments to validate best management
practice to decrease pest resistance are
limited. Broad adoption of novel pest
management tools combined with lack of
rotation and off-label usage of pesticides
have contributed to resistance issues in
weed, plant pathogen, and insect populations (Bethke 2002).
The Fungicide Resistance Action
Committee (FRAC) was formed in 1981
and is primarily a group composed of
agricultural company fungicide development specialists. Their goal is to provide fungicide resistance management
guidelines to prolong the effectiveness of
“at risk” fungicides. This group develops
resources to facilitate durable product
development and limit crop losses should
resistance occur.
In 1991, a review—“Fungicide Resistance: Practical Experience with Antisense Strategies and the Role of Integrated Use”—discussed crop management
concepts to manage pathogen resistance,
including cultivar susceptibility, nitrogen
(N) fertility, sanitation, and recommending fungicide use only when justified
and under low disease pressure (Staub
1991). Staub recommends judicious use
of fungicides in mixtures with residual
activity and that product selection criteria
should consider persistence and systemic
characteristics.
There is an extensive list of plant
pathogens around the world that have
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developed resistance to fungicides, and
the list continues to grow. The most recent combined report on the FRAC website is for 2013 (FRAC 2014), and the
most recent event affecting agriculture
in North America is resistance to frogeye
leaf spot of soybean (Cercospora sojina)
reported in 2010 (Zhang, Newman, and
Bradley 2012). Most companies have adopted more combination MOA products
over the last 10 years. In 2010, FRAC
published recommendations for fungicide
mixtures designed to delay resistance
evolution and suggested all new products
being developed by the larger (nongeneric formulating) companies include two
or more MOAs (FRAC 2010). Based on
current agricultural trends to maximize
productivity and increase acreage being
treated with fungicides, there is a need
for new MOAs in disease management
and for industry to continue to evaluate potential chemical targets. By using
the managing strategies that are clearly
outlined in the FRAC resources (Brent
and Hollomon 2007b), the shelf life of
chemical products will be maximized
and diligence will minimize the risk of
developing resistance.
Insect resistance management (IRM)
has been one of the most significant
concerns related to the use of constitutive
PIPs, especially engineered ones. Genetics, ecology, and modeling have played
important roles in developing the IRM
plans for crops expressing Bt proteins
(Tabashnik, Brevault, and Carriere 2013).
The IRM plan for preventing resistance
development against Bt proteins in plants
relies on the “high-dose refuge strategy”
(Tabashnik, Brevault, and Carriere 2013),
which in turn relies on large numbers of
susceptible individuals being available
to mate with the few resistant individuals produced from the transgenic Bt crop.
When the susceptible and resistant
individuals mate, the resulting progeny
should be susceptible to the Bt proteins
expressed within the plant. The strategy
relies on the recessive inheritance of resistance, low-resistance allele frequency,
and an abundant refuge producing large
numbers of susceptible individuals.
Fitness costs associated with resistance further prevent its development.
Although Bt crops have been available for nearly two decades within the
12

United States and Canada, there have
been only three cases of resistance that
are of concern, because of the speed of
development (< 10 years) and the level of
resistance (decreased efficacy reported):
Cry2Ab used to control cotton bollworm,
Cry3Bb1 used to control corn rootworm,
and Cry1F used to control fall armyworm
(Tabashnik, Brevault, and Carriere 2013).
Recent modeling efforts have demonstrated that multiple PIPs acting in
concert can slow the rate of resistance
development in those cases in which
the high dose of one individual PIP may
not be achieved. There are examples of
transgenic plant products expressing Bt
proteins in which the level of expression
does not meet the requirements of high
dose (a dose 25 times the concentration necessary to kill susceptible larvae) (USEPA 2001), and in those cases
resistance management is a concern.
Seed treatment products that can be
translocated to aboveground parts of the
plant where the target insect is feeding,
however, may decrease the likelihood
of resistance development and increase
the product life of the Bt transgenic plant
(Aupperle et al. 2015).
Evolution of weed resistance to herbicides has been an issue since the introduction of selective herbicides more than
50 years ago. The problem has gained
urgency and public attention because of
the agronomic or environmental impact
of 20 years of cultivating HR crops in
North America, dominated by glyphosate
resistance. In contrast to IRM, refuge of
susceptible individuals to delay herbicide
resistance is not feasible because of the
dominant or semi-dominant inheritance
of resistance in most cases. Moreover,
fitness costs associated with GR weeds
have not been consistently detected. The
increase in HR (especially GR) weed
populations has prompted renewed focus
on managing the seed bank to mitigate
HR weed population abundance, often
through a zero tolerance for weed seed
production (Barber et al 2015; Norris
1999).
A relatively new tool for decreasing
weed seed return to the soil seed bank
in field crops is the Harrington Seed
Destructor™ (Walsh and Powles 2014;
Walsh, Harrington, and Powles 2012).
Targeting weed seeds at harvest—primar-
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ily via chaff carts or narrow windrow
burning—is a major focus of growers in
Western Australia, and the majority of
these growers are optimistic about the
future of grain cropping despite high incidence of HR weeds. The Harrington Seed
Destructor, narrow windrow burning,
and chaff cart treatments each decreased
annual ryegrass (Lolium rigidum Gaud.)
emergence by 55% compared with
nontreated controls (Walsh and Powles
2014). Substituting windrow burning
with alternative methods of weed seed
destruction or capture would be more
environmentally friendly. The technology is promising for those weed species
with minimal seed shatter prior to crop
harvest. Research is ongoing to determine
the species of concern that shows minimal seed shatter prior to harvest (Burton
et al. 2016). The technology, however,
must be integrated with other weed
management tools to avoid selecting for
early-maturing phenotypes (Ashworth et
al. 2016). Therefore, basic weed biology
information needs to be known for key
weed species in early- and late-maturing
crops in an agroecoregion.
Cover crops, including green manure
crops such as sweetclover (Melilotus officianalis L. Lam) or red clover (Trifolium pretense L.), not only inhibit weed
emergence and growth, but also fix N.
Cover crops are widely used by organic
growers, but not by conventional growers
(Blackshaw et al. 2008). For managing
GR Palmer amaranth or other species
in southern U.S. cotton and soybean,
however, cover crops are becoming an
increasingly important component of HR
weed management (DeVore, Norsworthy,
and Brye 2012). Replacement of chemically induced fallow fields in the Great
Plains with cover crops is needed because
of high selection pressure on bare ground
for GR weeds, such as kochia (Kochia
scoparia [L.] Schrad.) (Beckie et al.
2013).
Persuading growers to include cover
crops will require continuing research on
their cost effectiveness and integration
into current production and pest management systems, particularly for managing
GR and multiple-HR weeds. An additional factor that must be considered and
researched is to ensure that cover crops
are compatible with other pest manage-

ment and soil management objectives.
Plant breeding research is being conducted to produce cover crops that selfdestruct after they have suppressed weeds
but before they begin competing with the
crop, based on high temperature, photoperiod, or moisture stress cues (Shaner
and Beckie 2014; Stanislaus and Cheng
2002; Tranel and Horvath 2009). An
additional consideration in development
or selection of cover crops for a specific
cropping system or environment, in addition to weed suppression and termination,
is whether or not they host or otherwise
impact populations of other pest species.
Regardless of cropping system, there
is a great need for cost-effective, sustainable weed control practices to help
growers diversify their weed management programs, maintain agricultural
productivity, and manage populations
of HR weeds. Growers need all options
available to manage weeds. Mechanical
or physical weed control has traditionally
been one of the pillars of IWM. Timely,
strategic, or precision tillage, as it has
been labeled, to manage weeds does not
necessarily jeopardize soil quality, built
up after years of no-tillage—provided
that crop residue cover on the soil surface
is maintained (Baan, Grevers, and Schoenau 2009). For example, management
practices that combine strategic tillage
with cover crops and herbicides are being
evaluated and recommended to growers
who are managing GR Palmer amaranth
in the southern United States (DeVore,
Norsworthy, and Brye 2013; Price et al.
2016; Wiggins et al. 2015). Hand weeding is a labor-intensive weed management practice. The cost is increasing
and availability of a labor force for hand
weeding is increasingly scarce because of
competition from nonagricultural industries and immigration issues (Fennimore
and Doohan 2008; Taylor, Charlton, and
Yunez-Naude 2012).

Yield and Quality Enhancement
Increased yields and improved crop
quality from pesticides and genetically
modified crops are well documented
since their introductions in the crop protection marketplace (Brookes and Barfoot
2013; CAST 2014). From 1996 to 2015,
Bt cotton and maize contributed to closing the gap between potential and actual

yield, although yield results vary because
of pest abundance and agricultural practices (National Academies of Sciences,
Engineering, and Medicine 2016). Average yield improvements from fungicide
use for 50 crops ranging from 16 to
100% were described by Gianessi and
Reigner (2006), resulting in an estimated
increase of approximately $13 billion in
U.S. farm income. The introduction of
herbicides, including those used on HR
crops, has contributed to yield increases
and economic benefits, resulting primarily from decreased weed competition. An
additional benefit of the introduction of
HR crops has been a 36% reduction in
tillage between 1990 and 2009 (CAST
2012). With regard to insecticides, the
authors of another CAST paper (CAST
2014) estimate a $19 to $1 return on
investment for U.S. growers. Brooks and
Barfoot (2015) estimated a $20.5 billion
benefit from genetically modified crops in
2013 and since 1996 farm incomes have
increased $133.5 billion. It is estimated
that between 1996 and 2011, GMO use
resulted in an additional 177 million
tonnes (195 million tons) of corn and 100
million tonnes (110 million tons) of soybean. As the world population continues
to increase, it will be vital to continue to
obtain the yield and quality benefits for
crop protection technologies; therefore,
it is critical to use integrated practices
to prevent or delay resistance to these
technologies.

Summary
Present and Future Trends
Genomic/Molecular Systems and
Their Possible Future Impacts
Rapid sequencing advances now
make entire genome sequencing relatively easy and fast. Sequencing devices
are available that can fit into your palm
and the data can be downloaded to your
smartphone. In step with the sequencing advances are the bioinformatics
tools necessary for assembling these
sequences, along with the advances in
computer technology necessary to process, store, and share these large datasets
into handheld devices. These genetic
tools will permit the rapid characterization of pathogen, insect pest, and weed
genotypes in the field, possibly leading

to more rapid identification of resistant
genotypes. This could be an important
method for preventing the development
of resistance to new plant protection compounds as well as development of novel
resistance mechanisms in crop plants.
A new gene-editing technique, CRISPR-Cas9 (clustered regularly interspaced
short palindromic repeats-CRISPR associated), may change the future of crop
protection. CRISPR, a highly targeted
gene-editing approach, allows deoxyribonucleic acid to be altered rapidly and precisely. CRISPR is based on the enzyme
Cas9’s ability to lyse genetic material.
The approach allows for precise editing of genes and the introduction of new
genetic material that metastasizes quickly
within a population of organisms (gene
drive). CRISPR permits nontransgenic
genetic engineering that is an important
distinction from genetically modified approaches and, by controlling plants’ and
animals’ trait expression, may prove to be
effective in pest management.
Future of Crop Protection
Continuous improvements will be
needed in attractants, trap design and
efficiency, scouting methods, and rapid
verification of pest occurrence. Greater
emphasis will be placed on pest exclusion
through preclearance at ports of embarkation and port operations of the USDA,
Animal and Plant Health Inspection
Service, Plant Protection and Quarantine, and Customs and Border Protection
at ports of entry. New and improved
technologies for pest exclusion and early
detection will include advancements
in screening (x-ray, volatiles, sound,
cameras, passenger and cargo tracking), pest identification (keys, apps), and
reconnaissance (drones, visual, consistent
sampling).
The Cooperative Agricultural Pest
Survey program and associated database is intensifying. Moreover, pest risk
analyses involving climate and seasonal
pathway mapping aid deployment of
surveillance resources. Weather monitoring systems are being developed to
more accurately predict pest occurrence
and spread as a result of increasing
temperature, frontal patterns, and other
atmospheric conditions (e.g., lepidopteran pests moving northward from the
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subtropics each year to infest field crops
in the Midwest and southern U.S. states)
(Coop et al. 2014; Kriticos et al. 2015).
Aphid suction traps have been deployed
for decades in Europe and the United
States, and there is potential to combine
weather stations and traps to rapidly
detect the arrival of many other migratory
insect pests.
As new insect pests become established and existing ones expand their
ranges, real-time geo-referencing capabilities are increasingly used to record
their presence. This enables growers to
know if action is warranted immediately
or how soon it could become necessary.
Real-time insect pest and plant disease
diagnostic systems will be networked
with growers and first responders to
prevent the establishment of new invasive
insects and diseases. This will be accomplished by increasing the speed, accuracy,
and effectiveness of local insect pest and
plant disease scouting and identification;
increasing high-risk sample submission;
enhancing diagnostic capabilities; and
minimizing the time required to implement control measures.

Grower Adoption

Decision making in pest management
will continue to become more complicated, requiring highly trained growers
or, more likely, crop advisors (Kopp
and Mayer 2010). Selecting actions that
minimize the damage caused by pests and
maximize the reliability and profitability
of farming requires a means of defining
and evaluating the key variables, most
likely using commercially available computer software programs. These decisionmaking tools have become increasingly
popular for identifying the causes of
insect outbreaks and disease epidemics, monitoring pest population levels,
establishing action thresholds, and selecting the best pest management actions.
Among the key variables are biological characteristics of the pests, such as
their damage potential, ability to vector
plant pathogens, reproductive rate, host
range, and mobility. Currently, arthropods or diseases that are not suppressed
by natural enemies or weather events
require interventions to be implemented
quickly—e.g., access and use of pesticide
application equipment. Although there

14

will be more effective pest management
options in the future (Jindal, Dhaliwal,
and Koul 2013), they may be too expensive relative to the market value of some
crops (Atkinson et al. 2007; BMGF 2007;
Buhler, Liebman, and Obrycki 2000).
Included in these options will be new
insecticide active ingredients, biopesticides, predators and parasitoids, autocidal
techniques, attract-and-kill systems,
genetically modified pests, and combinations in true IPM systems.
The IPM community is focusing on
discerning the human element of pest
control to complement efforts on better
understanding the biological characteristics of target pests and pest complexes
and developing innovative management
tactics. There is a growing realization
that the status quo is not working, and a
multidisciplinary approach is needed to
spur adoption of best management practices. Members of two allied disciplines,
agricultural economists and sociologists,
routinely examine types of agricultural
innovation and rates of adoption, capital
investment, development, and dissemination of new technologies, knowledge,
and information. Factors such as grower
demographics, level of knowledge, values and goals, size of the farm operation,
commodities produced, local community
social structure and networks, market
influence and signals, and resource input
costs can all influence the decisionmaking or problem-solving process of a
grower.
Moreover, to actually cause the production community to proactively adopt
IPM, a better understanding is needed
of the most important decision drivers that impact management of all pests
across different crop production systems
and regions. Increased dialog among all
stakeholders—growers, land managers,
retailers, applicators, agrichemical
companies, university research and
extension, crop advisors, and state and
federal departments or agencies—should
result in a better understanding of how
best to approach IPM planning and
implementation.
Growers will not adopt recommendations perceived as being too expensive
(or as expensive as current practice), time
consuming, or complicated. Successful IPM systems in the future, however,
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will inevitably require more knowledge,
planning, time, cost, and possibly risk
by growers than in the past (Swanton et
al. 2008). The history of weed control in
the industrialized countries over the past
half century has shown that cost, simplicity, and convenience are the top three
criteria for pest management decisions by
growers. Because of the risky nature of
farming, it is difficult for many growers
to act long term when the economic viability of their farm enterprise is at stake.
Moreover, growers who rent or lease
land, comprising a substantial proportion of all growers (e.g., 40% in Canada
[Statistics Canada 2012]), may have less
incentive for land stewardship, including
adoption of IPM practices, than operators
who own the land. Growers, especially
when they are renters rather than owners,
greatly discount potential future rewards
relative to present ones. Moreover, the
common gene pool nature of pesticide
resistance, particularly those species with
efficient long-distance dispersal, may
deter individual growers from proactively
managing pests.
Success in the war on pests requires
a more area-wide, collective adoption of
resistance and integrated management
practices by neighboring farms across a
county or municipality (Llewellyn and
Allen 2006). There are examples from
the entomology community that have
shown how a community-based approach
to management of an insect pest across
a region has been highly successful
(Calkins and Faust 2003; Elliot, Onstad,
and Brewer 2008; Hendrichs et al. 2007;
Klassen 2005; Knight 2008; Knipling and
Stadelbacher 1983; Lindquist and Tan
2000).
If short-term economics drives the
decision-making process, then increased
IPM adoption by growers will require
both industry and government incentives,
as well as a strong education and awareness campaign directed at all stakeholders
(Barrett, Soteres, and Shaw 2016; Kopp
and Mayer 2010). We need to understand,
by region, where growers get their pest
management information. In a 2005 survey of nearly 1,200 growers in six U.S.
states, the top three sources of information on pest issues were farm publications (41%), dealers/retailers (17%), and
university extension (14%) (Givens et

al. 2011). In a follow-up survey in 2010
involving approximately 1,650 growers
in 22 U.S. states, these three sources were
41, 22, and 20%, respectively—similar
results to the previous survey (Prince et
al. 2012). Moreover, industry must reexamine current stewardship guidelines
for growers of stacked-gene crops to
deter GMO crop monocultures.

Regulatory Impacts and
Adoption
The “Coordinated Framework for
Regulation of Biotechnology” published
in the Federal Register in the mid-1980s
describes the federal regulatory policy
for ensuring the safety of biotechnology research and products (OSTP 1986).
The Coordinated Framework outlines
the roles and responsibilities of relevant
federal agencies (USDA, EPA, Food and
Drug Administration [FDA], and others) and the relevant laws (Plant Pest
Act; Federal Insecticide, Fungicide, and
Rodenticide Act; Federal Food, Drug, and
Cosmetic Act; National Environmental
Policy Act) that govern those agencies’
activities. The responsibility of the different agencies includes protecting the
consumer (FDA) and the environment
(USDA and EPA). It was recognized that
technological advances could require the
Coordinated Framework to evolve (USGAO 2008). Three decades have passed
and numerous advances in biotechnology have been made, and in response a
memorandum has been issued to update
the Coordinated Framework by the EPA,
FDA, and USDA to increase public confidence and ensure future innovation and
competitive opportunities (White House
2015).
Pest resistance to control tactics is
a well-established concern leading to
product stewardship initiatives in the
public and private sectors. The development of insect-resistant and HR crop
plants through the use of molecular
biology tools has led to the development
of an entire body of literature regarding how these crops should be deployed
to minimize the risk of pest resistance.
Resistance has developed despite the
stewardship efforts. So how should stewardship be changed to avoid resistance
in the future? Currently, the debate about
stewardship in the public sector revolves

around the role of regulatory agencies
and the use of incentives or punitive actions (Barrett, Soteres, and Shaw 2016).
The USDA farm and conservation
programs could play a greater role in providing incentives for encouraging crop
rotation and pest management diversity to
minimize the risk of resistance development. Government farm policies, in
conjunction with industry incentives via
pesticide product pricing, could provide
economic incentives to encourage growers to take a more proactive approach to
product stewardship. Incentive programs,
however, are normally designed to
overcome initial economic barriers and
therefore are short term. Additionally, incentives may be viewed as subsidies and
these could cause problems in bilateral
and multilateral free-trade negotiations.
The EPA has announced additional
efforts to require detection, reporting,
and control of herbicide resistance on
the part of herbicide registrants, an approach similar to current requirements for
plants transformed to express Bt proteins
(Housenger 2014; USEPA 2016a,b). Additional regulations on herbicide stewardship could be problematic because enforcement may be difficult or politically
untenable in many jurisdictions. Further
regulation may also influence the market
in unexpected ways. Regulations concerning the percentage of refuge plantings in combination with crops expressing Bt proteins have been used by the
private sector to gain market advantage.
Although integrated refuge compliance
is required, the associated refuge reduction from 30 to 5% has become a private
sector mechanism to increase sales of
high-priced seed.

Integrated Cropping
Systems to Address Future
Pest Management Issues

The expanding field of agroecology is defining how entire farms can be
designed to resist pests, preserve biodiversity, and provide certain ecosystem
services (Figure 2). The focus has been
on relatively small-scale local production
and consumption in developing countries,
but many of the principles could be extended to large operations. Unfortunately,
many pest management actions do not

address the cropping system as a whole,
and sometimes the habitat initiatives
directly conflict with other pest management recommendations. Weeds in field
margins serve as host plants for beneficial
insects (Landis et al. 2005), but also for
pest arthropods, diseases, and nematodes
(Capinera 2005; Davis 2010; Thomas,
Schroeder, and Murray 2005; Wisler and
Norris 2005). Ineffective management of
field margins can exacerbate weed problems, increasing general and HR weed
populations if those plants are allowed
to mature and set seed (Norsworthy et al.
2012). Detailed pest management plans
have recently become a requirement for
food distribution companies (e.g., Sysco)
that want to maintain high standards
of food safety, quality, and traceability.
Organic and sustainable certification will
continue to increase, and the standards
will be harmonized internationally
(e.g., GLOBALGAP [good agricultural
practices]).
In addition, concern for threats to
honey bees, other pollinators, and monarch butterflies in recent years has led to
new emphasis on habitat establishment
throughout the agricultural landscape. In
2015, the White House published the National Strategy to Promote the Health of
Honey Bees and Other Pollinators (Pollinator Health Task Force 2015), in which
strategies across the federal government
to enhance pollinator health, including activities to benefit forage resources
and habitat, are described. In 2007, the
Canada/Mexico/U.S. Trilateral Committee of Wildlife and Ecosystem Conservation and Management also endorsed the
North American Monarch Conservation
Plan, which is focused on conservation of
the monarch butterfly and its migratory
flyway (CEC 2008). Moreover, federal
agencies have developed resource materials and incentive programs to encourage
establishment and conservation of habitat
as part of these initiatives (USDA 2015).
Existing and future plant protection
tactics will become increasingly complex,
technology driven, expensive, and dependent on preventing pest occurrence or
outbreaks. Considerable research is being
conducted on cultural practices, such as
crop rotation, destruction of crop residues,
establishing cover crops, planting strip
crops to encourage natural enemies and
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pollinators, matching crops to the best
land and climates, better management of
plant nutrition and irrigation, plowing
methods to eliminate subterranean pests,
timing of planting and harvest dates, use
of hedgerows, and field size and isolation. Although not typically considered
for pest management, flooding can be
very effective for drowning subterranean
insects. Many of these preventative practices require area-wide cooperation to decrease insect, disease, and weed pressure
by eliminating local sources. Breeding of
insect- and disease-resistant plants will
remain the primary means of preventing
these pests, probably accelerated by using
molecular methods. Push-pull systems
using repellent plants in combination
with others that attract insect pests away
from crop plants are being used for a variety of crops, such as corn, sorghum, and
vegetables. In order to manage agricultural landscapes to address these complex
requirements, scientists from all the pest
management disciplines need to improve
communication and work together to
develop integrated strategies for managing pests while preserving ecosystem
services and farm productivity.

Literature Cited

Agricultural Robotics Portal. n.d. Agricultural
Robotics Portal. UniBots.com, http://www.
unibots.com/Agricultural_Robotics_Portal.
htm (2 August 2016)
Aldrich, R. J. 1987. Predicting crop yield reductions
from weeds. Weed Technol 1:199–206.
Alphey, L., M. Benedict, R. Bellini, G. G. Clark, D.
A. Dame, M. W. Service, and S. L. Dobson.
2010. Sterile-insect methods for control of
mosquito-borne diseases: An analysis. VectorBorne Zoonot 10:295–311.
Anonymous. 2011. “Papaya vandals must be
stopped.” Honolulu Star Advertiser, July 21,
2011, http://www.staradvertiser.com/editorial/
papaya-vandals-must-be-stopped/ (16 May
2016)
Ashworth, M. B., M. J. Walsh, K. C. Flower, M. M.
Vila-Aiub, and S. B. Powles. 2016. Directional selection for flowering time leads to
adaptive evolution in Raphanus raphanistrum
(wild radish). Evol Appl 9:619–629.
Aspelin, A. L. 2003. Pesticide usage in the United
States: Trends during the 20th century. CIPM
Technical Bulletin 105, https://nifa.usda.gov/
sites/default/files/resources/Pesticide%20
Trends.pdf (17 April 2016)
Atkinson, M. P., A. Su, N. Alphey, L. S. Alphey, P.
G. Coleman, and L. M. Wein. 2007. Analyzing
the control of mosquito-borne diseases by a
dominant lethal genetic system. P Natl Acad
Sci 104:9540–9545.
Aupperle, D. A., M. E. Baur, D. Carneiro Jr., P. M.
Davis, S. M. Endicott, D. L. Freerksen, D. J.

16

Kirk, G. L. Lamka, I. Lersch Jr., A. Marcon,
D. Onstad, A. A. Ramos, F. M. A. Silva, and
D. A. Tassara. 2015. Seed coating methods
and compositions with a ryanodine receptor binding agent. U.S. Patent Application
#20150208654.
Baan, C. D., C. J. Grevers, and J. J. Schoenau.
2009. Effects of a single cycle of tillage on
long-term no-till prairie soils. Can J Soil Sci
89:521–530.
Bagavathiannan, M. V. and J. K. Norsworthy. 2012.
Late-season seed production in arable weed
communities: Management implications. Weed
Sci 60:325–334.
Bailey, K. L. and E. K. Mupondwa. 2006. Developing microbial weed control products:
Commercial, biological, and technological
considerations. Pp. 431–473. In H. P. Singh,
D. R. Batish, and R. K. Kohli (eds.). Handbook of Sustainable Weed Management. Food
Products Press, New York.
Barber, L. T., K. L. Smith, R. C. Scott, J. K.
Norsworthy, and A. M. Vangilder. 2015. Zero
Tolerance: A Community-based Program
for Glyphosate-resistant Palmer amaranth
Management. FSA 2177. Division of Agriculture, Research and Extension, University of
Arkansas.
Barrett, M., J. Soteres, and D. Shaw. 2016. Carrots
and sticks: Incentives and regulations for herbicide resistance management and changing
behavior. Weed Sci 64 (sp1): 627–640, http://
www.bioone.org/doi/pdf/10.1614/WS-D-1500171.1 (4 August 2016)
Beckie, H. J. and S. Shirriff. 2012. Site-specific
wild oat (Avena fatua L.) management. Can J
Plant Sci 92:923–931.
Beckie, H. J., L. M. Hall, and B. Schuba. 2005.
Patch management of herbicide-resistant wild
oat (Avena fatua). Weed Technol 19:697–705.
Beckie, H. J., R. E. Blackshaw, R. Low, L. M.
Hall, C. A. Sauder, S. Martin, R. N. Brandt,
and S. W. Shirriff. 2013. Glyphosate- and
acetolactate synthase inhibitor-resistant kochia
(Kochia scoparia) in western Canada. Weed
Sci 61:310–318.
Beckie, H. J., J. Y. Leeson, A. G. Thomas, L. M.
Hall, and C. A. Brenzil. 2008. Risk assessment
of weed resistance in the Canadian prairies.
Weed Technol 22:741–746.
Benedict, M. Q. 2014. Transgenic Insects: Techniques and Applications. CABI, Wallingford,
UK.
Berg, G. and K. Smalla. 2009. Plant species and
soil type cooperatively shape the structure
and function of microbial communities in the
rhizosphere. FEMS Microbial Ecol 68:1–13.
Bethke, J. 2002. A new mode of resistance management. Greenhouse Prod News (March).
Bill and Melinda Gates Foundation (BMGF).
2007. Market Assessment for Public Health
Pesticide Products. Bill and Melinda Gates
Foundation and Boston Consulting Group,
Seattle, Washington.
Bio-Integral Resource Center (BIRC). 2015. Directory of least-toxic pest control products. IPM
Prac 34 (11/12): 1–48, http://www.birc.org/
Final2015Directory.pdf (4 February 2016)
Blackshaw, R. E., K. N. Harker, J. T. O’Donovan,
H. J. Beckie, and E. G. Smith. 2008. Ongoing
development of integrated weed management
systems on the Canadian prairies. Weed Sci
56:146–150.
Blasco, J., N. Aleixos, J. M. Roger, G. Rabatel, and

COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY

E. Molto. 2002. Robotic weed control using
machine vision. Biosyst Eng 83:149–157.
Bolckmans, K. J. F. 1999. Commercial aspects
of biological pest control in greenhouses.
Pp. 310–318. In R. Albajes, M. L. Gullino, J.
C. van Lenteren, and Y. Elad (eds.). Integrated
Pest, Disease Management in Greenhouse
Crops. Kluwer Publishers, Dordrecht, The
Netherlands.
Bond, W. and A. C. Grundy. 2000. Non-chemical
weed management in organic farming systems. Weed Res 41:383–405.
Brent, K. J. and D. W. Hollomon. 2007a. Fungicide Resistance in Crop Pathogens: How
Can It Be Managed? FRAC Monograph No.
1. Fungicide Resistance Action Committee,
http://www.frac.info/publications/downloads
(3 February 2017)
Brent, K. J. and D. W. Hollomon. 2007b. Fungicide
Resistance: The Assessment of Risk. 2nd (revised) ed. FRAC Monograph No. 2. Fungicide
Resistance Action Committee, http://www.
frac.info/docs/default-source/publications/
monographs/monograph-2.pdf (8 February
2017)
Broderick, K. C., N. J. Arneson, and L. J. Giesler.
2015. Effects of fluopyram on Heterodera glycines under greenhouse conditions (Abstract).
Phytopathology 106:S1.2.
Brookes, G. and P. Barfoot. 2015. GM Crops:
Global Socio-economic and Environmental
Impacts 1996–2013. PG Economics Ltd.,
United Kingdom.
Buhler, D. D., M. Liebman, and J. J. Obrycki. 2000.
Theoretical and practical challenges to an
IPM approach to weed management. Weed Sci
48:274–280.
Bunge, J. 2014. “U.S. judge overturns GMO crop
curbs in Hawaii.” Wall Street Journal, August
25.
Burton, N. R., H. J. Beckie, C. J. Willenborg, S. J.
Shirtliffe, J. J. Schoenau, and E. N. Johnson.
2016. Evaluating seed shatter of economically
important weed species. Weed Sci 64 (4): 673–
682.
Byamukama, E. and C. Tande. 2013. Soybean cyst
nematode: The unseen yield robber. iGrow,
http://igrow.org/up/resources/03-2016-2013.
pdf (17 May 2016)
Calha, I. M., E. Sousa, and J. L. González-Andújar.
2014. Infestation maps and spatial stability of
main weed species in maize culture. Planta
Daninha 32:275–282.
California Department of Pesticide Regulation.
2013. CalPIP Home, http://calpip.cdpr.ca.gov/
main.cfm (7 February 2017)
Calkins, C. O. and R. J. Faust. 2003. Overview of
areawide programs and the program for suppression of codling moth in the western USA
directed by the United States Department of
Agriculture–Agricultural Research Service.
Pest Manag Sci 59:601–604, doi:10.1002/
ps.712.
Callis, T. 2013. “Papaya: A GMO success story.”
Hawaii Tribune Herald, http://hawaiitribuneherald.com/sections/news/local-news/papayagmo-success-story.html (27 April 2016)
Capinera, J. L. 2005. Relationships between insect
pests and weeds: An evolutionary perspective.
Weed Sci 53:892–901.
Carpenter, J. E. and L. P. Gianessi. 2010. Economic impact of glyphosate-resistant weeds.
Pp. 297–312. In V. K. Nandula (ed.). Glyphosate Resistance in Crops and Weeds. John

Wiley & Sons, New York.
Christensen, S., H. T. Sogaard, P. Kudsk, M. Norremark, I. Lund, E. S. Nadimi, and R. Jorgensen.
2009. Site-specific weed control technologies.
Weed Res 49:233–241.
Coble, H. D. and D. A. Mortensen. 1992. The
threshold concept and its application to weed
science. Weed Technol 6:191–195.
Commission for Environmental Cooperation (CEC).
2008. North American Monarch Conservation
Plan. CEC Secretariat, Montreal, Canada, (4
August 2016)
Coop, L. M., G. E. Hoogenboom, D. E. Johnson, A.
M. Dreves, and A. L. Fox. 2014. Medium- and
Extended-range Weather and Climate Forecasts Scaled and Tested for Improved IPM Decision Support in US States. Research, Education, and Economics Information System, U.S.
Department of Agriculture, https://portal.nifa.
usda.gov/web/crisprojectpages/1004996-medium-and-extended-range-weather-and-climateforecasts-scaled-and-tested-for-improved-ipmdecision-support-in-us-states.html (29 August
2016)
Council for Agricultural Science and Technology
(CAST). 2012. Herbicide-resistant Weeds
Threaten Soil Conservation Gains: Finding
a Balance for Soil and Farm Sustainability.
Issue Paper 49. CAST, Ames, Iowa.
Council for Agricultural Science and Technology (CAST). 2014. The Contributions of
Pesticides to Pest Management in Meeting the
Global Need for Food Production by 2050.
Issue Paper 55. CAST, Ames, Iowa.
Cross, J. V. and D. R. Polonenko. 1996. An industry
perspective on registration and commercialization of biocontrol agents in Canada. Can J
Plant Pathol 18:446–454.
Davis, A. S. 2006. When does it make sense
to target the weed seed bank? Weed Sci
54:558–565.
Davis, G. 2010. Seasonal phenology of the beet
leafhopper in relation to its weed hosts and
beet curly top virus infection. M.S. thesis,
New Mexico State University, Las Cruces.
De Wolf, E. D., L. V. Madden, and P. E. Lipps.
2003. Risk assessment models for wheat
Fusarium head blight epidemics based on
within-season weather data. Phytopathology
93:428–435.
Demirozer, O., K. Tyler-Julian, J. Funderburk, N.
Leppla, and S. Reitz. 2012. Frankliniella
occidentalis (Pergande) integrated pest management programs for fruiting vegetables in
Florida. Pest Manag Sci 68:1537–1545.
DeVore, J. D., J. K. Norsworthy, and R. Brye. 2012.
Influence of deep tillage and a rye cover crop
on glyphosate-resistant Palmer amaranth
(Amaranthus palmeri) emergence in cotton.
Weed Technol 26 (4): 832–838.
DeVore, J. D., J. K. Norsworthy, and K. R. Brye.
2013. Influence of deep tillage, a rye cover
crop, and various soybean production systems
on Palmer amaranth emergence in soybean.
Weed Technol 27:263–270.
Ding, S.-W. 2010. RNA-based antiviral immunity.
Nat Rev Immunol 10:632–641.
Duke, S. O. 2012. Why have no new herbicide
modes of action appeared in recent years? Pest
Manag Sci 68:505–512.
Duke, S. O., J. Bajsa, and Z. Pan. 2013. Omics
methods for probing the mode of action of
natural and synthetic phytotoxins. J Chem
Ecol 39:333–347.

Elliot, N. C., D. W. Onstad, and M. J. Brewer. 2008.
History and ecological basis for areawide pest
management. In O. Koul, G. W. Cuperus, and
N. Elliot (eds.). Areawide Pest Management:
Theory and Implementation. CAB International, Oxfordshire, UK.
Faske, T. R. and K. Hurd. 2015. Sensitivity of
Meloidogyne incognita and Rotylenchulus reniformis to fluopyram. J Nematol
47 (4): 316–321.
Faske, T. R. and J. L. Starr. 2007. Cotton root
protection from plant-parasitic nematodes by
abamectin-treated seed. J. Nematol 39 (1): 27–
30.
Fennimore, S. A. and D. J. Doohan. 2008. The challenges of specialty crop weed control, future
directions. Weed Technol 22:364–372.
Fire, A., S. Xu, M. K. Montgomery, S. A. Kostas, S.
E. Driver, and C. C. Mello. 1998. Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature
391:806–811, doi:10.1038/35888.
Fuchs, M. and D. Gonsalves. 2007. Safety of virusresistant transgenic plants two decades after
their introduction: Lessons from realistic field
risk assessment studies. Annu Rev Phytopathol 45:173–202, doi:10.1146/annurev.
phyto.45.062806.094434.
Fungicide Resistance Action Committee (FRAC).
2010. FRAC Recommendations for Fungicide
Mixtures Designed to Delay Resistance Evolution, http://www.frac.info/docs/default-source/
publications/frac-recommendations-for-fungicide-mixtures/frac-recommendations-for-fungicide-mixtures---january-2010.pdf?sfvrsn=4
(1 August 2016)
Fungicide Resistance Action Committee (FRAC).
2014. Home, http://www.frac.info/ (17 August
2016)
Gallandt, E. R. 2006. How can we target the weed
seedbank? Weed Sci 54:588–596.
Garcia-Ruiz, F. J., D. Wulfsohn, and J. Rasmussen.
2015. Sugar beet (Beta vulgaris L.) and thistle
(Cirsium arvensis L.) discrimination based on
field spectral data. Biosyst Eng 139:1–15.
Gerhards, R. 2010. Spatial and temporal dynamics of weed populations. Pp. 17–25. In E.-C.
Oerke, R. Gerhards, G. Menz, and R. A.
Sikora (eds.). Precision Crop Protection—The
Challenge and Use of Heterogeneity. Springer
Science + Business Media B.V., Dordrecht,
The Netherlands.
Gianessi, L. and N. Reigner. 2006. The importance
of fungicides in U.S. crop production. Outlooks Pest Manag 17:209–213.
Givens, W. A., D. R. Shaw, M. E. Newman, S. C.
Weller, B. G. Young, R. G. Wilson, M. D.
K. Owen, and D. L. Jordan. 2011. Benchmark study on glyphosate-resistant cropping
systems in the United States. Part 3: Grower
awareness, information sources, experiences and management practices regarding
glyphosate-resistant weeds. Pest Manag Sci
67:758–770.
Gonsalves, D. 1998. Control of papaya ringspot
virus in papaya: A case study. Annu Rev Phytophathol 36:416–437.
Green, J. M. 2014. Current state of herbicides in
herbicide-resistant crops. Pest Manag Sci
70:1351–1357.
Green, J. M., C. B. Hazel, D. R. Forney, and L. M.
Pugh. 2008. New multiple-herbicide crop
resistance and formulation technology to augment the utility of glyphosate. Pest Manag Sci

64:332–339.
Guo, X., D. Chronis, C. M. De La Torre, J. Smeda,
X. Wang, and M. G. Mitchum. 2015. Enhanced resistance to soybean cyst nematode
Heterodera glycines in transgenic soybean
by silencing putative CLE receptors. Plant
Biotechnol J 13:801–810.
Harmon, A. 2014a. “A lonely quest for facts
on genetically modified crops.” New York
Times, January 4, http://www.nytimes.
com/2014/01/05/us/on-hawaii-a-lonely-questfor-facts-about-gmos.html?_r=1 (27 April
2016)
Harmon, A. 2014b. “Effort to demystify GMOs was
tough.” Honolulu Star Advertiser, January 12,
http://www.staradvertiser.com/nyt/effort-todemystify-gmos-was-tough/ (27 April 2016)
Heap, I. M. 2016. International Survey of Herbicide
Resistant Weeds, http://www.weedscience.org
(10 February 2016)
Hendrichs, J., P. Kenmore, A. S. Robinson, and M.
J. B. Vreysen. 2007. Area-wide integrated pest
management (AW-IPM): Principles, practice
and prospects. Pp. 3–33. In M. J. B. Vreysen,
A. S. Robinson, and J. Hendrichs (eds.).
Area-wide Control of Insect Pests. Springer,
Dordrecht, The Netherlands.
Hershman, D. E., E. J. Sikora, and L. J. Giesler.
2011. Soybean rust PIPE: Past, present, and
future. J Integr Pest Manag 2 (2): D1–D7.
Hollomon, D. W. 2012. Do we have the tools to
manage resistance in the future? Pest Manag
Sci 68:149–154.
Hong, S., L. Minzan, and Q. Zhang. 2012. Detection system of smart sprayers: Status, challenges, and perspectives. Int J Agric Biol Eng
5:10–23.
Housenger, J. 2014. EPA’s perspective on resistance.
Pp. 195–209. In Herbicide Resistance Summit
II—2nd National Summit on Strategies to
Manage Herbicide-Resistant Weeds, 10 September, http://wssa.net/wp-content/uploads/
Composite%20Summit%20II%20Presentations%20Final.pdf (17 May 2016)
Hurley, T. and P. Mitchell. 2017. Value of neonicotinoid seed treatments to US soybean farmers.
Pest Manag Sci 73:102–112.
Huvenne, H. and G. Smagghe. 2010. Mechanisms
of dsRNA uptake in insects and potential
of RNAi for pest control: A review. J Insect
Physiol 56 (3): 227–235.
Jindal, V., G. S. Dhaliwal, and O. Koul. 2013. Pest
management in 21st century: Roadmap for
future. Biopest Int 9 (1): 1–22.
Kao-Kniffin, J., S. M. Carver, and A. DiTommaso.
2013. Advancing weed management strategies
using metagenomic techniques. Weed Sci
61:171–184.
Katoch, R. and N. Thakur. 2013. Advances in RNA
interference technology and its impact on
nutritional improvement, disease and insect
control in plants. Appl Biochem Biotechnol
169:1579–1605.
Kenaga, E. E. 1989. History of insecticide introduction, use, and regulation: ESA participation.
Bulletin ESA 35:185–190.
Klassen, W. 2005. Area-wide integrated pest
management and the sterile insect technique.
Pp. 39–68. In V. A. Dyck, J. Hendrichs, and
A. S. Robinson (eds.). Sterile Insect Technique: Principles and Practice in Area-Wide
Integrated Pest Management. Springer, The
Netherlands.
Knight, A. 2008. Codling moth areawide integrated

COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY

17

pest management. Pp. 159–190. In O. Koul,
G. Cuperus, and N. Elliott (eds.). Areawide
Pest Management: Theory and Implementation. CAB International, Oxfordshire, UK.
Knipling, E. F. and E. A. Stadelbacher. 1983. The
rationale for areawide management of Heliothis (Lepidoptera: Noctuidae) populations.
Bull Entomol Soc Am 29 (4): 29–37.
Koch, A., N. Kumar, L. Weber, H. Keller, J. Imani,
and K. H. Kogel. 2013. Host-induced gene
silencing of cytochrome P450 lanosterol
C14α-demethylase-encoding genes confers
strong resistance to Fusarium species. P Natl
Acad Sci USA (48) 101: 19324–19329.
Koenning, S. R. and J. A. Wrather. 2010. Suppression of soybean yield potential in the
continental United States by plant diseases
from 2006 to 2009. Plant Health Progress,
doi:10.1094/PHP-2010-1122-01-RS, http://
www.plantmanagementnetwork.org/pub/php/
research/2010/yield/ (21 April 2016)
Koivunen, M., S. O. Duke, J. C. Coats, and J. J.
Beck. 2013. Pest management with natural
products. Pp. 1–4. In J. J. Beck, J. R. Coats,
S. O. Duke, and M. E. Koivunen (eds.). Pest
Management with Natural Products. ACS
Symposium Series, Vol. 1141. American
Chemical Society, Washington, D.C.
Kopp, D. D. and H. J. Mayer. 2010. IPM: Where to
next? Pp. 116–121. In Amer Entomol, Sixth
International IPM Symposium, Portland,
Oregon, March 2009.
Koul, O. 2011. Microbial biopesticides: Opportunities and challenges. CAB Rev 6:1–26, doi:
10.1079/PAVSNNR20116056.
Kriticos, D. J., G. F. Maywald, T. Yonow, E. J.
Zurcher, N. I. Herrmann, and R. W. Sutherst.
2015. CLIMEX Version 4: Exploring the
Effects of Climate on Plants, Animals and Diseases. CSIRO, Canberra, Australia. 184 pp.
Kupferschmidt, K. 2013. A lethal dose of RNA.
Science 341:732–733.
Lacey, L. A., D. Grzywacz, D. I. Shapiro-Ilan, R.
Frutos, M. Brownbridge, and M. S. Goettel.
2015. Insect pathogens as biological control
agents: Back to the future. J Invertebr Pathol
132:1–41.
Lamberth, C., S. Jeanmart, T. Luksch, and A.
Plant. 2013. Current challenges and trends
in the discovery of agrochemicals. Science
341:742–746.
Landis, D. A., F. D. Menalled, A. C. Costamagna,
and T. K. Wilkinson. 2005. Manipulating plant
resources to enhance beneficial arthropods in
agricultural landscapes. Weed Sci 53:902–908.
Lati, R. N., M. C. Siemens, J. S. Rachuy, and S.
A. Fennimore. In press. Intra-row weed
removal in broccoli and transplanted lettuce
with an intelligent cultivator. Weed Technol,
doi:10.1614/WT-D-15-00179.1.
LeBeck, L. M. and N. C. Leppla. 2015. Guidelines
for purchasing and using commercial natural
enemies and biopesticides in North America.
UF/IFAS Electronic Data Information Source
(EDIS), IPM-146, UN-849, http://edis.ifas.ufl.
edu/in849 (17 May 2016)
Leibman, D., D. Wolf, V. Saharan, A. Zelcer, T.
Arazi, S. Yoel, V. Gaba, and A. Gal-On. 2011.
A high level of transgenic viral small RNA
is associated with broad potyvirus resistance
in cucurbits. Mol Plant Microbe In 24:1220–
1238, doi:0.1094/MPMI-05-11-0128.
Lindquist, D. A. and K. H. Tan. 2000. Pest management strategies: Area-wide and conventional.

18

Pp. 13–19. In Area-wide Control of Fruit Flies
and Other Insect Pests. Joint Proceedings of
the International Conference on Area-wide
Control of Insect Pests and Fifth International
Symposium on Fruit Flies of Economic Importance, Penerbit Universiti Sains Malaysia,
Penang, Malaysia, 28 May–2 June 1998, 1–5
June 1998.
Llewellyn, R. S. and D. M. Allen. 2006. Expected
mobility of herbicide resistance via weed
seeds and pollen in a Western Australian cropping region. Crop Prot 25 (6): 520–526.
Longchamps, L., B. Panneton, M. Simard, and G.
D. Leroux. 2012. Could weed sensing in corn
interrows result in efficient weed control?
Weed Technol 26:649–656.
Lopez-Granados, F. 2011. Weed detection for sitespecific weed management: Mapping and real
time approaches. Weed Res 51:1–11.
Lucas, J. A. 2011. Advances in plant disease and
pest management. J Agr Sci 149 (S1): 91–114.
Luschei, E. C., L. R. Van Wychen, B. D. Maxwell,
A. J. Bussan, D. Buschena, and D. Goodman.
2001. Implementing and conducting on-farm
weed research with the use of GPS. Weed Sci
49:536–542.
MacKenzie, S. J. and N. A. Peres. 2012. Use of leaf
wetness and temperature to time fungicide
applications to control anthracnose fruit rot of
strawberry in Florida. Plant Dis 96 (4): 522–
528.
MacRae, I., R. Koch, T. Alves, Z. Marsten, T. Baker, D. Gebre-Egziabher, B. Taylor, C. Olson,
C. Regan, and T. Hurley. 2016. The view from
above unmanned aerial systems and remote
scouting for insects. Crops Soils 49:16–19.
Marrone, P. G. 2007. Barriers to adoption of
biological control agents and biological
pesticides. CAB Rev: Perspec Agr Vet Sci
Nutri Nat Res 2007 2 (051), https://www.
researchgate.net/profile/Pamela_Marrone/publication/248908796_Barriers_to_adoption_of_
biological_control_agents_and_biological_
pesticides/links/02e7e5272fe09137b9000000.
pdf (17 May 2016)
Marshall, E. J. P. 1988. Field scale estimates of
grass weed populations in arable land. Weed
Res 28:191–198.
Miguel, K. S. and J. G. Scott. 2016. The next
generation of insecticides: dsRNA is stable as
a foliar-applied insecticide. Pest Manag Sci
72:801–809, doi:10.1002/ps.4056.
Mitter, N., E. A. Worrall, K. E. Robinson, L. Peng,
J. G. Ritesh, C. Toachy, S. J. Fletcher, B.
J. Carroll, G. Q. Lu, and Z. P. Xu. 2016.
Clay nanosheets for topical delivery of
RNAi for sustained protection against plant
viruses. Nat Plants 3:16207, doi:10.1038/
nplants.2016.207.
Montana State University. n.d. Pestweb mission
statement. Montana Pestweb. College of
Agriculture, Montana State University, http://
pestweb.montana.edu (25 August 2016)
Morton, V. and T. Staub. 2008. A short history of
fungicides. APSnet Features, doi:10.1094/
APSnetFeature-2008-0308.
Myers, C., E. Hill, A. Jones, and T. Kiely. 2014.
Benefits of neonicotinoid seed treatments to
soybean production. Pollinator Protection,
U.S. Environmental Protection Agency, http://
www.epa.gov/pollinator-protection/benefitsneonicotinoid-seed-treatments-soybean-production (22 April 2016)
Naranjo, S. E. 2010. Impacts of Bt transgenic cotton

COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY

on integrated pest management. J Agr Food
Chem 59:5842–5851.
Naranjo, S. E., P. C. Ellsworth, C. C. Chu, T. J.
Henneberry, D. G. Riley, T. F. Watson, and
R. L. Nichols. 1998. Action thresholds for
the management of Bemisia tabaci (Homoptera: Aleyrodidae) in cotton. J Econ Entomol
91:1415–1426.
National Academies of Sciences, Engineering,
and Medicine. 2016. Genetically Engineered
Crops: Experiences and Prospects. The
National Academies Press, Washington, D.C.,
doi:10.17226/23395.
National IPM Program. 2013. National Road Map
for Integrated Pest Management, http://ipmcenters.org/Docs/IPMRoadMap.pdf (3 August
2016)
Nieuwenhuizen, A. T., J. W. Hofstee, and E. J. van
Henten. 2010. Performance evaluation of an
automated detection and control system for
volunteer potatoes in sugar beet fields. Biosyst
Eng 107:46–53.
Noel, G. R., N. Atibalentja, and S. Bauer. 2005.
Suppression of soybean cyst nematode populations by Pasteuria nishizawae (abstract).
Nematropica 35 (2): 91.
Noel, G. R., N. Atibalentja, and L. L. Domier. 2005.
Emended description of Pasteuria nishizawae.
Int J Syst Evol Micr 55 (4): 1681–1685.
Nomura, K., K. Ohshima, T. Anai, H. Uekusa,
and N. Kita. 2004. RNA silencing of the
introduced coat protein gene of turnip mosaic
virus confers broad-spectrum resistance in
transgenic Arabidopsis. Phytopathology
94:730–736.
Norris, R. F. 1999. Ecological implications of using
thresholds for weed management. J Crop Prod
2:31–58.
Norsworthy, J. K., S. M. Ward, D. R. Shaw, R. S.
Llewellyn, R. L. Nichols, T. M. Webster, K.
W. Bradley, G. Frisvold, S. B. Powles, N. R.
Burgos, W. W. Witt, and M. Barrett. 2012. Reducing the risks of herbicide resistance: Best
management practices and recommendations.
Weed Sci 60 (Special Issue): 31–62.
Oerke, E. 2006. Crop losses to pests. J Agr Sci
144:31–43.
Office of Science and Technology Policy (OSTP).
1986. “Coordinated framework for regulation of biotechnology.” Fed Regist 51:23302,
https://www.aphis.usda.gov/brs/fedregister/
coordinated_framework.pdf (4 August 2016)
Olson, S. 2015. An analysis of the biopesticide market now and where it is going. Outlooks Pest
Manag 26:203–206, doi:10.1564/v26_oct_04.
Oregon State University. n.d. USPEST.ORG. Integrated Plant Protection Center, Oregon State
University, http://uspest.org (25 August 2016)
Owen, M. D. K. 2016. Diverse approaches to
herbicide-resistant weed management. Weed
Sci 64 (Special Issue): 570–584.
Pavan, W., C. W. Fraisse, and N. A. Peres. 2011.
Development of a web-based disease forecasting system for strawberries. Comput Electron
Agr 75:169–175.
Pereira, E. J., B. A. Lang, N. P. Storer, and B.
D. Siegfried. 2008. Selection for Cry1F
resistance in the European corn borer and
cross-resistance to other Cry toxins. Entomol
Exp Applic 126:115–121.
Perez-Ruiz, M., D. C. Slaughter, F. A. Fathallah, C.
J. Giliever, and B. J. Miller. 2014. Co-robotic
intra-row weed control system. Biosyst Eng
126:45–55.

Pimentel, D., L. McLaughlin, A. Zepp, B. Lakitan,
T. Kraus, P. Kleinman, F. Vancini, W. J.
Roach, E. Graap, W. S. Keeton, and G.
Selig. 1991. Environmental and economic
effects of reducing pesticide use. Bioscience
41:402–409.
Plume, K. and P. J. Huffstutter. 2015. “Monsanto
clears USDA regulatory hurdle for new GMO
corn.” Reuters, October 23, http://www.
reuters.com/article/us-usa-monsanto-gmoidUSKCN0SH2HR20151023 (3 August 2016)
Pollinator Health Task Force. 2015. National
Strategy to Promote the Health of Honey Bees
and Other Pollinators. The White House,
Washington, D.C., https://www.whitehouse.
gov/sites/default/files/microsites/ostp/Pollinator%20Health%20Strategy%202015.pdf (4
August 2016)
Powell, K. A. and A. R. Jutsum. 1993. Technical
and commercial aspects of biocontrol products. Pestic Sci 37:315–321.
Price, A. J., C. D. Monks, A. S. Culpepper, L. M.
Duzy, J. A. Kelton, M. W. Marshall, L. E.
Steckel, L. M. Sosnoskie, and R. L. Nichols.
2016. High residue cover crops alone or with
strategic tillage to manage glyphosate-resistant
Palmer amaranth (Amaranthus palmeri) in
southeastern cotton (Gossypium hirsutum). J
Soil Water Conserv 71:1–11.
Prince, J. M., D. R. Shaw, W. A. Givens, M. E.
Newman, M. D. K. Owen, S. C. Weller, B.
G. Young, R. G. Wilson, and D. L. Jordan.
2012. Benchmark study: II. A 2010 survey
to assess grower awareness of and attitudes
toward glyphosate resistance. Weed Technol
26:531–535.
Radcliffe, E. B., W. D. Hutchinson, and R. E.
Cancelado (eds.). 2009. Integrated Pest Management—Concepts, Tactics, Strategies and
Case Studies. Cambridge University Press,
Cambridge, United Kingdom.
Rasmussen, J., J. Nielsen, F. Garcia-Ruiz, S. Christensen, and J. C. Streibig. 2013. Potential uses
of small unmanned aircraft systems (UAS) in
weed research. Weed Res 53:242–248.
Ravensberg, W. J. 2011. A Roadmap to the Successful Development and Commercialization of
Microbial Pest Control Products for Control
of Arthropods. Springer, New York.
Rector, B. G. 2008. Molecular biology approaches
to control of intractable weeds: New strategies and complements to existing biological
practices. Plant Sci 175:437–448.
Reitz, S. R., E. L. Yearby, J. E. Funderburk, J.
Stavisky, M. T. Momol, and S. M. Olson.
2003. Integrated management tactics for
Frankliniella thrips (Thysanoptera: Thripidae) in field-grown pepper. J Econ Entomol
96:1201–1214.
Rew, L. J. and G. W. Cussans. 1995. Patch ecology
and dynamics—How much do we know?
Pp. 1059–1068. In Brighton Crop Protection
Conference—Weeds. British Crop Protection
Council, Farnham, Surrey, United Kingdom.
Rydberg, A., M. Soderstrom, O. Hagner, and T.
Borjesson. 2007. Field specific overview of
crops using UAV (Unmanned Aerial Vehicle).
Pp. 357–364. In J. V. Stafford (ed.). Precision
Agriculture ’07. 6th European Conference on
Precision Agriculture, Skiathos, Greece.
Sanogo, S., J. Schroeder, S. Thomas, L. Murray, N.
Schmidt, J. Beacham, C. Fiore, and L. Liess.
2013. Weed species not impaired by Verticillium dahliae and Meloidogyne incognita

relationships that damage chile pepper. Plant
Health Prog, doi:10.1094/PHP-2013-0920-01RS, http://www.plantmanagementnetwork.org/
pub/php/research/2013/chile/ (11 May 2016)
Schillinger, W. F. and T. C. Paulitz. 2014. Natural
suppression of Rhizoctonia bare patch in a
long-term no-till cropping systems experiment. Plant Dis 98:389–394.
Schroeder, J., S. H. Thomas, and L. W. Murray.
2005. Impacts of crop pests, and their management, on weeds. Weed Sci 53:918–922.
Schutte, B. J. and A. Cunningham. 2015. Tall
morningglory (Ipomoea purpurea) seedbank
density effects on pendimethalin control outcomes. Weed Technol 29:844–853.
Scott, J. G., K. Michel, L. C. Bartholomay, B. D.
Siegfried, W. B. Hunter, G. Smagghe, K. Y.
Zhu, and A. E. Douglas. 2013. Towards the
elements of successful insect RNAi. J Insect
Physiol 59:1212–1221.
Shaner, D. L. and H. J. Beckie. 2014. The future for
weed control and technology. Pest Manag Sci
70 (9): 1329–1339.
Shaw, D. R. 2016. The “wicked” nature of the
herbicide resistance problem. Weed Sci
64 (Special Issue): 552–558.
Siddiqui, Z. and I. Mahmood. 1999. Role of
bacteria in the management of plant parasitic
nematodes: A review. Bioresource Technol
69 (2): 167–179.
Slaughter, D. C., G. K. Giles, and D. Downey. 2008.
Autonomous robotic weed control systems: A
review. Comput Electron Agr 61:63–78.
Sparks, T. C. 2013. Insecticide discovery: An
evaluation and analysis. Pestic Biochem Phys
107:8–17, http://www.sciencedirect.com/
science/article/pii/S0048357513000965 (28
July 2016)
Sparks, T. C. and R. Nauen. 2015. IRAC: Mode of
action classification and insecticide resistance
management. Pestic Biochem Phys 121:122–
128, http://www.sciencedirect.com/science/
article/pii/S0048357514002272 (29 July 2016)
Stanislaus, M. A. and C.-L. Cheng. 2002. Genetically engineered self-destruction: An alternative
to herbicides for cover crop systems. Weed Sci
50:794–801.
Statistics Canada. 2012. 2011 Census of Agriculture,
http://www.statcan.gc.ca/eng/ca2011/index (11
May 2016)
Staub, T. 1991. Fungicide resistance: Practical experience with antiresistance strategies and the
role of integrated use. Annu Rev Phytopathol
29:421–442.
Stehr, N. J. 2015. Drones: The newest technology for precision agriculture. Nat Sci Educ
44:89–91.
Stern, V. M., R. F. Smith, R. Van Den Bosch, and
K. S. Hagen. 1959. The integrated control
concept. Hilgardia 29:81–101.
Strausbaugh, C. A., E. J. Wenninger, and I. A.
Eujayl. 2012. Management of severe curly
top in sugar beet with insecticides. Plant Dis
96:1159–1164.
Swanton, C. J., K. J. Mahoney, K. Chandler, and R.
H. Gulden. 2008. Integrated weed management: Knowledge-based weed management
systems. Weed Sci 56:168–172.
Swanton, C. J., S. Weaver, P. Cowan, R. Van Acker,
W. Deen, and A. Shreshta. 1999. Weed thresholds: Theory and applicability. J Crop Produc
2:9–29.
Tabashnik, B. E., T. Brevault, and Y. Carriere. 2013.
Insect resistance to Bt crops: Lessons from the

first billion acres. Nat Biotechnol 31:510–521,
doi:10.1038/nbt.2597.
Tamouridou, A. A., T. K. Alexandridis, X. E.
Pantazi, A. L. Lagopodi, J. Kashefi, and D.
Moshou. 2016. Evaluation of UAV imagery
for mapping Silybum marianum weed patches.
Int J Remote Sens (November): 1–14, doi:10.1
080/01431161.2016.1252475.
Taylor, J. E., D. Charlton, and A. Yunez-Naude.
2012. The end of farm labor abundance. Appl
Econ Perspect Pol 34 (4): 587–598.
Thomas, S. H., J. Schroeder, and L. W. Murray.
2005. The role of weeds in nematode management. Weed Sci 53:923–928.
Tranel, P. J. and D. P. Horvath. 2009. Molecular
biology and genomics: New tools for weed
science. BioScience 59 (3): 207–215.
U.S. Department of Agriculture (USDA). 2015. Using 2014 Farm Bill Programs for Pollinator
Conservation. Biology Technical Note No. 78,
2nd ed., http://plants.usda.gov/pollinators/Using_2014_Farm_Bill_Programs_for_Pollinator_Conservation.pdf (4 August 2016)
U.S. Department of Agriculture–Animal and Plant
Health Inspection Service (USDA–APHIS).
2015. National Environmental Policy Act
Decision and Finding of No Significant
Impact: Monsanto Company Corn RootwormProtected and Glyphosate-Tolerant MON
87411 Maize, https://www.aphis.usda.gov/brs/
aphisdocs/13_29001p_fonsi.pdf (3 August
2016)
U.S. Environmental Protection Agency (USEPA).
2001. Biopesticides Registration Action Document: Bt Plant-incorporated Protectants. D.
Insect Resistance Management, https://www3.
epa.gov/pesticides/chem_search/reg_actions/
pip/bt_brad2/4-irm.pdf (3 August 2016)
U.S. Environmental Protection Agency (USEPA).
2016a. PRN 2016-X, Draft Guidance for
Pesticide Registrants on Pesticide Resistance
Management Labeling, https://www.epa.gov/
pesticide-registration/prn-2016-x-draft-guidance-pesticide-registrants-pesticide-resistance
(9 February 2017)
U.S. Environmental Protection Agency (USEPA).
2016b. PRN 2016-XX, Draft Guidance for
Herbicide Resistance Management Labeling,
Education, Training, and Stewardship, https://
www.epa.gov/pesticide-registration/prn2016-xx-draft-guidance-herbicide-resistancemanagement-labeling-education (9 February
2017)
U.S. Government Accountability Office (USGAO).
2008. Genetically Engineered Crops—Agencies Are Proposing Changes to Improve
Oversight, but Could Take Additional Steps
to Enhance Coordination and Monitoring.
GAO-09-60.
University of Florida. 2015. Doctor of Plant Medicine: Transformative Plant Health Education
since 1999. Institute of Food and Agricultural
Sciences, http://dpm.ifas.ufl.edu (3 August
2016)
van Lenteren, J. C. 2003. Commercial availability
of biological control agents. Pp. 167–179.
In J. C. van Lenteren (ed.). Quality Control
and Production of Biological Control Agents,
Theory and Testing Procedures. CABI Publishing, Cambridge, Massachusetts.
van Lenteren, J. C. 2012. The state of commercial
augmentative biological control: Plenty of
natural enemies, but a frustrating lack of
uptake. BioControl 57:1–20.

COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY

19

Van Wychen, L. R., E. C. Luschei, A. J. Bussan, and
B. D. Maxwell. 2002. Accuracy and cost effectiveness of GPS-assisted wild oat mapping
in spring cereal crops. Weed Sci 50:120–129.
VanKirk, J. R., S. A. Isard, K. F. Cardwell, and M.
A. Draper. 2012. The ipmPIPE: Overview,
lessons, opportunities, and challenges. J Integr
Pest Manag 3 (2): C1–C7.
Vaucheret, H. and M. Fagard. 2001. Transcriptional
gene silencing in plants: Targets, inducers and
regulators. Trends Genet 17:29–35.
Walsh, M. J. and S. B. Powles. 2014. Management
of herbicide resistance in wheat cropping
systems: Learning from the Australian experience. Pest Manag Sci 70:1324–1328.
Walsh, M. J., R. B. Harrington, and S. B. Powles.
2012. Harrington Seed Destructor: A new nonchemical weed control tool for global grain
crops. Crop Sci 52:1343–1347.
Weis, M. and M. Sokefeld. 2010. Detection and
identification of weeds. Pp. 119–134. In E.C. Oerke, R. Gerhards, G. Menz, and R. A.
Sikora (eds.). Precision Crop Protection—The
Challenge and Use of Heterogeneity. Springer
Science & Business Media B.V., Dordrecht,
The Netherlands.
White House. 2015. Modernizing the Regulatory
System for Biotechnology Products: Final
Version of the 2017 Update to the Coordinated
Framework for the Regulation of Biotechnology, https://obamawhitehouse.archives.gov/
sites/default/files/microsites/ostp/2017_coordinated_framework_update.pdf (9 February
2017)
Wiggins, M. S., M. A. McClure, R. M. Hayes, and
L. E. Steckel. 2015. Integrating cover crops
and POST herbicides for glyphosate-resistant
Palmer amaranth (Amaranthus palmeri) control in corn. Weed Technol 29:412–418.

Wiles, L. J., G. W. Olive, A. C. York, H. J. Gold,
and G. G. Wilkerson. 1992. Spatial distribution of broadleaf weeds in North Carolina
soybean (Glycine max) fields. Weed Sci
40:554–557.
Williams, M. R. 2010. Cotton Insect Losses—2010.
Table 2, http://www.entomology.msstate.edu/
resources/croplosses/2010loss.asp (2 February
2017)
Williams, M. R. 2011. Cotton Insect Losses—2011.
Table 2, http://www.entomology.msstate.edu/
resources/croplosses/pdf/2011/table2.pdf (2
February 2017)
Williams, M. R. 2012. Cotton Insect Losses—2012.
Table 2, http://www.entomology.msstate.edu/
resources/croplosses/pdf/2012/table2.pdf (2
February 2017)
Williams, M. R. 2013. Cotton Insect Losses—2013.
Table 2, http://www.entomology.msstate.edu/
resources/croplosses/pdf/2013/table2.pdf (2
February 2017)
Williams, M. R. 2014. Cotton Insect Losses—2014.
Table 2, http://www.entomology.msstate.edu/
resources/croplosses/2014loss.asp (2 February
2017)
Williams, M. R. 2015. Cotton Insect Losses—2015.
Table 2, http://www.entomology.msstate.edu/
resources/croplosses/pdf/2015/table2.pdf (2
February 2017)
Wilson, B. J. and P. Brain. 1991. Long-term stability of Alopecurus myosuroides Huds. within
cereal fields. Weed Res 31:367–373.
Wilson, T. 2012. Anthranilic diamide and cyclodextrin compositions for propagule coating. U.S.
Patent Application #20120149564.
Wise, K. and D. Mueller. 2011. Are fungicides no
longer just for fungi? An analysis of foliar
fungicide use in corn. APSnet Features,
doi:10.1094/APSnetFeature-2011-0531.

Wisler, G. C. and R. F. Norris. 2005. Interactions
between weeds and cultivated plants as related
to management of plant pathogens. Weed Sci
53:914–917.
Xu, X. M., P. Jeffries, M. Pautasso, and M. J. Jeger.
2011. Combined use of biocontrol agents to
manage plant diseases in theory and practice.
Phytopathology 101:1024–1031.
Young, S. L. 2012. True integrated weed management. Weed Res 52:107–111.
Zamore, P. D. 2004. Plant RNAi: How a viral
silencing suppressor inactivates siRNA. Curr
Biol 14:R198–R200.
Zhang, G. R., M. A. Newman, and C. A. Bradley.
2012. First report of the soybean frogeye leaf
spot fungus (Cercospora sojina) resistant to
quinone outside inhibitor fungicides in North
America. Plant Dis 95:767, http://dx.doi.
org/10.1094/PDIS-10-11-0915-PDN (1 August
2016)
Zhang, J., S. A. Khan, C. Hasse, S. Ruf, D. G.
Heckel, and R. Bock. 2015. Full crop protection from an insect pest by expression of long
double-stranded RNAs in plastids. Science
347:991–994.
Zhang, X., S. Sato, X. Ye, A. E. Dorrance, T. J.
Morris, T. E. Clemente, and F. Qu. 2011. Robust RNAi-based resistance to mixed infection
of three viruses in soybean plants expressing
separate short hairpins from a single transgene. Phytopathology 101:1264–1269.
Zijlstra, C., I. Lund, A. F. Justesen, M. Nicolaisen,
P. K. Jensen, V. Bianciotto, K. Posta, R.
Balestrini, A. Przetakiewicz, E. Czemborf, and
J. Zandea. 2011. Combining novel monitoring
tools and precision application technologies
for integrated high-tech crop protection in the
future. Pest Manag Sci 67:616–625.

CAST Member Societies, Companies, and Nonprofit Organizations
AMERICAN ASSOCIATION OF AVIAN PATHOLOGISTS ■ AMERICAN ASSOCIATION OF BOVINE PRACTITIONERS ■ AMERICAN BAR ASSOCIATION, SECTION OF ENVIRONMENT, ENERGY, &
RESOURCES–AGRICULTURAL MANAGEMENT ■ AMERICAN DAIRY SCIENCE ASSOCIATION ■ AMERICAN FARM BUREAU FEDERATION ■ AMERICAN MEAT SCIENCE ASSOCIATION ■ AMERICAN
METEOROLOGICAL SOCIETY, COMMITTEE ON AGRICULTURAL AND FOREST METEOROLOGY ■ AMERICAN SOCIETY FOR NUTRITION NUTRITIONAL SCIENCES COUNCIL ■ AMERICAN
SOCIETY OF AGRICULTURAL AND BIOLOGICAL ENGINEERS ■ AMERICAN SOCIETY OF AGRONOMY ■ AMERICAN SOCIETY OF ANIMAL SCIENCE ■ AMERICAN SOCIETY OF PLANT
BIOLOGISTS ■ AMERICAN VETERINARY MEDICAL ASSOCIATION ■ AQUATIC PLANT MANAGEMENT SOCIETY ■ CROP SCIENCE SOCIETY OF AMERICA ■ CROPLIFE AMERICA ■
DUPONT ■ ELANCO ANIMAL HEALTH ■ ENTOMOLOGICAL SOCIETY OF AMERICA ■ INNOVATION CENTER FOR U.S. DAIRY ■ MONSANTO ■ NATIONAL CORN GROWERS ASSOCIATION/IOWA
CORN PROMOTION BOARD ■ NATIONAL PORK BOARD ■ NORTH CAROLINA BIOTECHNOLOGY CENTER ■ NORTH CENTRAL WEED SCIENCE SOCIETY ■ NORTHEASTERN WEED SCIENCE
SOCIETY ■ POULTRY SCIENCE ASSOCIATION ■ SOCIETY FOR IN VITRO BIOLOGY ■ SOIL SCIENCE SOCIETY OF AMERICA ■ SYNGENTA CROP PROTECTION ■ THE FERTILIZER INSTITUTE
■ TYSON FOODS ■ UNITED SOYBEAN BOARD ■ WEED SCIENCE SOCIETY OF AMERICA ■ WESTERN SOCIETY OF WEED SCIENCE ■ WINFIELD SOLUTIONS, A LAND O’LAKES COMPANY

The mission of the Council for Agricultural Science and Technology (CAST), is that through its network of experts, CAST assembles, interprets, and communicates credible, balanced, science-based information to policymakers, the media, the private sector, and the public. The vision of CAST is a world where decision making related to agriculture and natural resources is based on credible information developed through reason, science, and consensus building.
CAST is a nonprofit organization composed of scientific societies and many individual, student, company, nonprofit, and associate society members. CAST's
Board is composed of representatives of the scientific societies, commercial companies, nonprofit or trade organizations, and a Board of Directors. CAST
was established in 1972 as a result of a meeting sponsored in 1970 by the National Academy of Sciences, National Research Council.
ISSN 1070-0021
Additional copies of this Issue Paper are available from CAST, Carol Gostele, Managing Scientific Editor, http://www.cast-science.org.
Citation: Council for Agricultural Science and Technology (CAST). 2017. Crop Protection Contributions toward Agricultural Productivity—A paper in the
series on The Need for Agricultural Innovation to Sustainably Feed the World by 2050. Issue Paper 58. CAST, Ames, Iowa.

4420 West Lincoln Way
Ames, Iowa 50014-3447, USA
(515) 292-2125, Fax: (515) 292-4512
E-mail: cast@cast-science.org
Web: www.cast-science.org

20

COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY

