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Preface

Pests have always represented one of the key limiting factors in crop production. For
the first time in human history, we are technically able to produce as much food as
needed for the ever increasing world population, thus theoretically eliminating the
risk of food crisis. Since the beginning of the humanity, pesticides have revolutionized
pest control to protect its food source. The first known pesticide was elemental sulfur
dusting used in ancient Sumer about 4,500 years ago in ancient Mesopotamia. Toxic
chemicals such as arsenic, mercury and lead were being applied to crops to kill pests
by the 15th century whereas nicotine sulfate was extracted from tobacco leaves for use
as an insecticide during the 17th century. Nowadays, it is commonly accepted that the
increase in food production worldwide has led to employ large amounts of pesticides.
Although the benefits of conventional food production practices have been immense,
they utilize levels of pesticides and fertilizers that can result in a detrimental impact
factor on the environment. Pesticides are high volume, widely used environmental
chemicals and there is continuous debate concerning their probable role in both acute
and chronic human health effects. Latest report of the United States Environmental
Protection Agency -USEPA- disclaimed that the world pesticide market estimation
usage only for the 2006-2007, was nearly over 5.2 billion pounds. Their application is
still the most effective and accepted method for plant and animal protection from a
large number of pests, being the environment consequently and inevitably exposed to
these compounds. The goal in pesticide investigation and development is identifying
the specificity of action of a pesticide toward the organisms it is supposed to kill only
the target organisms should be affected by the application of the product. However,
because pesticides are designed and selected for their biological activity, toxicity on
non-target organisms, including humans, frequently remains a significant potential
risk. The benefits in using pesticides must be weighed against their deleterious effects
on human health, biological interactions with non-target organisms, pesticide
resistance and/or accumulation of these chemicals in the environment.

Integrated Pest Management -IPM- traces its first real beginnings to the late 1960s,
where a number of factors were associated to initiate a search for better methods of
pest control rather than the reliance on pesticide use. Among these factors are
included not only the very well known problems related to pesticide use, abuse, and
misuse, but also the rapid development of new technologies enabling more



XV Preface

sophisticated approaches, primarily due to the overwhelming advances in
communication and computational tools, with the allied new sciences of operations
research, systems analysis, and modeling. As defined by the USEPA, IPM is an
effective and environmentally sensitive approach to pest management that relies on a
combination of common-sense practices. IPM programs use current and
comprehensive information on the life cycles of pests and their interaction with the
environment. This information, in combination with available pest control methods, is
used to manage pest damage by the most economical means, and with the least
possible hazard to people, property, and the environment.

IPM is not a single pest control method but, rather, a series of pest management
evaluations, decisions and controls. The methodology includes four major steps,
namely: a) set action thresholds, a point at which pest populations or environmental
conditions indicate that pest control action must be taken; b) monitoring and pest
identification, so that appropriate control decisions can be made in conjunction with
action thresholds as well as to remove the possibility that pesticides will be used when
they are not really needed or that the wrong kind of pesticide will be used; c)
prevention, to manage the crop, lawn, or indoor space to prevent pests from becoming a
threat; d) control, evaluating the proper method for balancing both effectiveness and risk.

Increasing number of scientific reports within the complex IPM came out in the last
years. A simple search in a databank as Scopus, displays more than 5,600 reports
published in scientific journals from which approximately 4,400 have been reported
during the last decade. As developments in this field have been quite rapid, we believe
the writing of a new book scoping the subject is fully justified. To tackle among others,
related geopolitical, economical and population issues in our modern, cloud
computing-economy connected societies, we aim to present a more holistic approach
of the matter, in order to appreciate the full scope of the question.

Many researchers have contributed to the publication of this book. The editors hope
that this book will continue to meet the expectations and needs of all interested in pest
management to minimize the use, abuse and misuse of pesticides.

Marcelo L. Larramendy and Sonia Soloneski
Faculty of Natural Sciences and Museum
National University of La Plata

Argentina
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Theory and Concepts






Principles and Practices of
Integrated Pest Management on Cotton
in the Lower Rio Grande Valley of Texas

Shoil M. Greenberg, John J. Adamczyk and John S. Armstrong
Kika de la Garza Subtropical Agricultural Research Center, Agricultural

Research Service, United States Department of Agriculture, Weslaco
USA

1. Introduction

Sustainable agriculture is ecologically sound, economically viable, socially just, and
humane. These four goals for sustainability can be applied to all aspects of any agricultural
system, from production and marketing, to processing and consumption. Integrated Pest
Management (IPM) may be considered a key component of a sustainable agriculture system.
This publication reviews recent advances in the development of IPM programs for cotton in
the Lower Rio Grande Valley of Texas. We describe annual losses caused by arthropod pests
in general and by specific key insect pests, briefly showed sampling of insect populations
and cotton growth stages, which importance of the proper timing of scouting procedures
and treatments; and economic threshold harmfulness (ETH) for optimizing control and
minimizing risk from insects. We describe effectiveness of cotton insecticides; transgenically
modified cotton; microbial insecticides; native, most widely-distributed and augmentative
releases of beneficial insects; and cultural control techniques for cotton insects. We also
show cotton diseases and weed controls. IPM is a process that considers all control options
in the proportion shown in the model of a pyramid, and it can be used to demonstrate how
growers might productively construct their pest management programs.

2. What is IPM

Integrated Pest Management (IPM) has been defined as a sustainable approach to managing
pests by combining biological, cultural, physical, and chemical tools in a way that minimizes
economic, health, and environmental risks (ND IPM Homepage, Texas Pest Management
Association); IPM has also been defined as a knowledge-based, decision-making process that
anticipates limits and eliminates or prevents pest problems, ideally before they have become
established. IPM typically combines several strategies to achieve long-term solutions. IPM
programs include education, proper waste management, structural repair, maintenance,
biological and mechanical control techniques, and pesticide application when necessary
(www.PestControlCanada.com). IPM is a pest management strategy that focuses on long-term
prevention or suppression of pest problems through a combination of techniques such as 1)
monitoring for pest presence and establishing treatment threshold levels, 2) using non-
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chemical practices to make the habitat less conducive to pest development; improving
sanitation; and 3) employing mechanical and physical controls. Pesticides that pose the least
possible hazard and are effective in a manner that minimizes risk to people, property, and the
environment are used only after careful monitoring indicates they are needed, according to
established guidelines and treatment thresholds (California Department of Pesticide
Regulation, cdprweb@cdpr.ca.gov). IPM employs approaches, methods, and disciplines to
minimize environmental impact, minimize risks, and optimize benefits. An expansion of the
IPM concept is the process of Integrated Crop Management (ICM), which includes other
agricultural decision-making tasks such as fertilizer and soil water management. An ICM
program would include an IPM component to deal with pest management decisions plus
address remaining issues applicable to the total crop production process (Ohio Pest
Management & Survey Program, http:/ /ohioline.osu.edu/icm-fact/fc-01.html). Thus, IPM is a
system of pest management decisions based on ecological, economic, and sociological values.

2.1 Pest management practices and set of IPM principles

It may be classified according to the approach or the method used to deal with a pest
problem. In terms of approach, pest management practices may be designed to prevent,
suppress, or eradicate problems. Pest management practices are grouped under four
categories: biological, chemical, cultural and mechanical, and legal. IPM approaches and
methods are used to minimize environmental contamination, minimize risk from harmful
organisms, and optimize benefits. It is a systems approach to pest management that utilizes
decision making procedures based on either quantitative or qualitative observations of the
pest problem and the related host or habitat (Ohio Pest Management & Survey Program,
http:/ /ohioline.osu.edu/icm-fact/fc-01.html).

The U.S. Environmental Protection Agency (EPA) has developed a useful set of IPM
principles. Acceptable pest levels occur when pest population (s) are present but occur at
densities too low to cause economic damage. Controls are applied only if pest densities
increase to action thresholds for that particular crop. Preventive cultural practices involve
selecting the best varieties for local growing conditions, together with plant quarantine,
cultural techniques, and plant sanitation. Monitoring plant growth and densities of key and
secondary pest species (commonly referred to as scouting) is a cornerstone of IPM.
Mechanical controls include a variety traps, vacuuming, and tillage to disrupt survival and
reproduction by various pest species. Biological controls involve the use of predators,
parasitoids and pathogens to maintain pest populations at densities lower than would occur
in their absence (and hopefully at subeconomic levels). Chemical controls which involve use
of synthetic pesticides only as required and often only at specific times in a pest life cycle
(Bennett et al., 2005)

Therefore, setting up an IPM program and designing a monitoring plan for a given crop
should be based on the phenology of the plant and population densities of key and
secondary pests.

2.1.1 Cotton production and insect diversity

Cotton production in the U. S. occurs on 30,000 farms and covers an average of 14.4 million
acres (5.8 m ha) with a mean yield of 683.3 Ib of lint per acre (766 kg/ha) (for 2004-2006)



Principles and Practices of Integrated Pest
Management on Cotton in the Lower Rio Grande Valley of Texas 5

(Williams, 2007). Cotton generates $6.2 billion in cash for farmers, and the total business
revenue for the U.S. cotton industry is estimated at $40.2 billion per year. Texas ranks first in
cotton production in the U.SS., averaging 6.0 million acres (24 m ha) and generates $1.6
billion in cash for farmers, thus providing a total economic impact of $5.2 billion (Statistical
Highlights of United States Agriculture, 2007; Agricultural Statistics, 2008). In the Lower Rio
Grande Valley (LRGV) of Texas, an average of 220,000 acres (88,710 ha) of cotton were
planted each year during 2004-2006 and generated an estimated $63.8 million in crop
production (Lower Rio Grande Valley Cotton Blue Book, 2006)

Cotton production in the LRGV is challenged with a diversity of pests, and links the North
American cotton states with those of Mexico and other South American cotton-producing
areas. The most notable pest of Texas cotton production is the boll weevil (BW), Anthonomus
grandis grandis Boheman, which entered the U.S. near Brownsville, Cameron Co, TX, during
the 1890’s. Other noted pests of cotton that emerged during the progression of cotton
production in the LRGV were numerous lepidopterans (bollworm, Heliothis zea (Boddie);
tobacco budworm, Heliothis virescens (Fabricius); beet armyworm, Spodoptera exigua
(Hiibner); cabbage looper, Trichoplusia ni (Hiibner); black cutworm, Agrotis insilon
(Hufnagel); fall armyworm, Spodoptera frugiperda (J. E. Smith); pink bollworm, Pectinophora
gossypiella (Saunders); yellowstriped armyworm, Spodoptera ornithogalli (Guenée); and the
leaf perforator, Bucculatrix thurberiella Busck); the plant sucking cotton aphid, Aphis gossypii
Glover; stinkbugs; cotton fleahoppers, Pseudatomoscelis seriatus (Reuter); whiteflies, Bemisia
tabaci (Gennadius) biotype B and Trialeurodes abutilonea (Haldeman); spider mite,
Tetranychus spp.; thrips, Thrips spp.; cotton leafminer, Stigmella gossyppi (Forbes & Leonard);
the verde plant bug, Creontiades signatus (Distant); Texas leaf cutting ant, Atta texana; and
lubber grasshopper, Brachystola magna (Girard) (Cotton insects and mites: Characterization
and management, 1996; French et al., 2006; Armstrong et al., 2007; Castro et al., 2007; Lei et
al., 2009; Greenberg et al., 2009a and 2009b)

2.1.2 Cotton losses due to pests

A diversity of harmful organisms challenges the profitable production of agricultural crops
and if left unmanaged, can result in significant losses. Estimates of crop losses vary widely
by location and by year, but those are about one-third of potential global agricultural
production in the form of food and fiber. Total annual losses in the world are estimated at
about U.S. $300 billion (FAO, 2005). Average yield loss range from 30 to 40% and are
generally much higher in many tropical and subtropical countries.

Cotton is the most important fiber crop in the world and is grown in almost all tropical and
subtropical countries. Cotton production is especially threatened by insect attacks
(Homoptera, Lepidoptera, Thysanoptera, Coleoptera) and by weed competition during the
early stages of development. Pathogens may be harmful in some areas and years. Only
recently have viruses reached pest status in South Asia and some states of the U.S. The
estimates of the potential worldwide losses of animal pests and weeds averaged 37 and 36%,
respectively. Pathogens and viruses added about 9% to total potential loss. The proportional
contribution of crop protection in cotton production areas varied from 0.37 in West Africa to
0.65 in Australia where the intensity in cotton production is very high. Despite the actual
measures, about 29% of attainable production is lost to pests (Oerke, 2006).
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In the U.S. arthropod pests reduced overall cotton yield by $ 406.2 million (the mean for
2004-2006), in Texas - $ 99.3 million, and in the LRGV - $ 5.6 million (Williams 2005-2007)
(Table 1).

Rank by Bales lost Rank by % Bales lost Rank by Bales lost
Insect % loss loss % loss
USA Texas LRGYV of Texas
Bollworm/Budworm 1 229,186 2 78,826 1 39,063
Lygus 2 171,478 6 10,314 0 0
Thrips 3 145,040 3 65,062 6 1,563
Fleahopper 4 119,745 1 108,057 2 26,042
Aphids 5 80,418 4 61,162 3 5,208
Stinkbugs 6 68,823 5 13,186 0 0
Spider mites 7 60,720 10 2,917 9 163
Bemisia tabaci 8 14,817 8 3,926 4 3,906
Fall armyworm 9 12,071 7 5,404 7 456
Boll weevil 10 3,190 9 3,190 5 3,190
Beet armyworm 11 1,104 12 229 8 228
Cutworms 12 1,100 0 0 0 0
Saltmarsh Caterpillars 13 237 0 0 0 0
Pink bollworm 14 232 13 28 0 0
Grasshopper 15 131 0 0 0
Loopers 16 144 0 0 0
Green Mirid 17 0 11 685 0 0
Total lost: bales* 908,436 352,985 79,818

*One bale of lint = 200kg

Source: Williams, 2007.

Table 1. Cotton losses in the United States due to insects.

2.1.3 Sampling insect populations

IPM is a process of pest monitoring and sampling to determine the status of a pest, and,
when control actions are needed, all control options are considered. Field observation
(scouting) is a vital component of cotton insect control. Fields should be checked at least
once and preferably twice a week to estimate the species present, the type of damage, and
the level of damage which has occurred up to that point in time. Scouting should also
include monitoring plant growth, fruiting, weeds, diseases, beneficial insect activity, and
the effects of prior pest suppression practices. The number of samples required depends
on the field (plot) size and variability. Several different sampling methods are used in
IPM programs. Visual observations of plants (generally ranges from 25-100 plants;
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preferred method is to examine 5 consecutive plants in 10-20 representative locations
within a field); sweep net (5 sweeps per sample, and at least 20 samples per treatment);
beat bucket (3-5 plants per bucket, and at least 20 samples per treatment); drop cloth (the
standard length - three feet long [=0.9144 m], used if row spacing is 30 inches [=0.762 m]
or wider; a minimum of 4-6 drop cloth samples should be taken per field); colored sticky
traps; and pheromone traps. Some of the sampling methods are shown in Fig.1. Methods
of identification and sampling procedures for cotton insect pests and beneficial are
available in some sources (Steyskal et al., 1986; Cotton scouting manual, 1988; Bohmfalk et
al., 2002; Spark & Norman, 2003; Greenberg et al., 2005). Scouting is not a suppression
tool, but is essential in formulating management decisions. The cost of controlling insects
is one of the larger items of the crop production budget, ranging from $70 to over $100 per
acre (from $173 to over $247 per ha) (Pest management strategic plan for cotton in the
midsouth, 2003).

Modified beat bucket method Remote sensing technology

Bl Gresn Red HNIR

B - 1. Hon-B1, Americot
S 2. oD, WideSirike

L - 3. B2, WideSirikn _—
T —a— 4. B2, Armaicol |
To o— 5. Btz, 5T T ——

& BT DPL

Rafactnos (%)

400 00 00 OO 800 S0
Wavebangth (nm}

Yellow color sticky traps

Fig. 1. Examples of sampling methods used in cotton IPM programs.
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Knowledge of growth stages is important to the proper timing of scouting procedures and
treatments (Table 2).

Calendar days | Accumulated heat units, DD60’s
Developmental period

Avg. Range Avg. Range

Planting to emergence 7 5-10 43 15-71

Emergence of:

First true leaf 8 7-9 74 53-96
Six true leaf 25 23-27 239 161-320
Pinhead square 29 27-30 269 192-351
1/3 grown square 43 35-48 400 264-536
Square initiation to bloom 23 20-25 496 382-609
Bloom to: peak bloom 18 14-21 693 525-861
Full grown boll 23 20-25 751 588-912

Open boll 47 40-55 1059 1014-1105

Source: Lower Rio Grande Valley of Texas, Cotton Blue Book, 2006-2008).

Table 2. Cotton development by calendar days and heat units. Accumulated heat units,
DD60’s measures are in Fahrenheit (F°). Conversion degrees Fahrenheit to Centigrade (C°):
Co=F°-(32*5/9).

2.1.4 Economical threshold of harmfulness

Control is needed when a pest population reaches an economic threshold (Table 3) or
treatment level at which further increases would result in excessive yield or quality losses.
This level is one of the most important indices in IPM for optimizing control and
minimizing risk from insects.

Suppression activities are initiated when insect pest populations reach treatment
thresholds which are designed to prevent pest population levels from reaching the
Economic Injury Level (EIL) when economic losses begin to occur (value of the crop loss
exceeds the cost of control).
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Insects Season Economical Threshold of Harmfulness (ETH)
. Early 40 overwintered boll weevils per acre, 15-20% damage
Boll weevil . .
Mid and Late squares from squaring to peak bloom
From 50%

The average number of thrips counted per plant is equal

Thrips emergence to 3- to the number of true leaves at the time of inspection
4 true leaves
1st-3rd weeks of squaring - 15-25 nymphs and adults per
Flea(l;;;{))p s All 100 terminals. After 1st bloom - treatment is rarely
justified.
Aphids All >50 aphids per leaf
Whiteflies All When 240% of the 5th node leaves are infested with 3 or
more adults
During the first
Plan't Bugs 4 to 5 weeks of 15-25 bugs per 100 sweeps
(Creontiades spp.) -
fruiting
Spider Mites All When 50% of the plants show noticeable reddened leaf
damage
>30 % of the green squares examined are worm
Before bloom damaged and small larvae are present
Bollworm After boll 10 worms < Y-inch in length per 100 plants and 10%
formation damage fruit for Non-Bt cottons; or 10 worms >1/4-inch
in length per 100 plants with 5% damaged fruit
When leaf feeding and small larvae counts exceeded 16-
24 larvae per 100 plants and at least 10% of plants
Beet Armyworm All examined are infested; when feeding on squares, blooms,

or bolls the threshold needs to be 8-12 larvae larger than
Y4 inch per 100 plants

Fall Armyworm

Before first

30% of the green squares are damaged

bloom
Bolls are 15-25% small larvae are present per 100 plant terminals
presented and 10-15% of squares or bolls are worm damaged

Inch =2.54 cm

Source: Norman & Sparks, 2003; Castro et al., 2007.

Table 3. Economic thresholds for some major cotton insects on cotton in the Lower Rio
Grande Valley of Texas.

2.2 Insect control by synthetic chemicals

Synthetic chemicals continue to be the main tool for insect control. The total cost of
pesticides applied for pest control is valued at $10 billion annually (Sharma & Ortiz 2000).
Conventionally grown cotton uses more insecticides than any other single crop and
epitomizes the worst effects of chemically dependent agriculture. Each year, cotton
producers around the world use nearly $2.6 billion worth of pesticides, more than 10% of
the world’s pesticides and nearly 25% of the world’s insecticides (http://www.panna.org/
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files/conventionalCotton.dv.html). On agricultural crops in the U.S., about 74.1 million kg
of insecticides is used. Over half of this amount is applied to cotton fields, corresponding
roughly to 7.3 kg/ha of Al per hectare (Gianessi & Reigner 2006). In Texas, the direct insect
management treatment cost is $115.6/ha; and, in the LRGV of Texas, the direct cost is $168.9
per hectare (Williams 2005-2007). Insecticides recommended for use on cotton are described
in Table 4. Statewide, 46% of insecticides are applied aerially, 46% with ground equipment,
and 8% by irrigation. Farmers perform 51% of pesticide application themselves (Lower Rio
Grande Valley Cotton Blue Book, 2006-2008). Hollow cone spray nozzles are recommended
for insecticide applications because they provide better foliar coverage than flat-fan or flood-
jet nozzles. A straight spray boom with two nozzles per row is required for adequate
coverage.

2.3 Changes in Texas cotton IPM during recent years

During recent years, there have been significant changes in Texas cotton IPM, and this
system continues to evolve rapidly. These changes are occurring because of three major
factors: boll weevil (BW) eradication; new and more target-specific insecticides used; and
the development and use of transgenic Bt-cotton. The BW is currently the most important
key pest of cotton in the LRGV of Texas where it has caused extensive damage since its
appearance in 1892. Control of BW is through multiple applications of synthetic insecticides.
In 1995, during the initial BW eradication program, farmers in the LRGV lost 13.5 million kg
of cotton lint worth $150 million. This loss of 15% of the harvest was due to extensive ULV
malathion spraying, mostly by plane, that led to massive secondary pest outbreaks of the
beet armyworm (BAW) and areawide natural enemy disruption (http://www.panna.
org/files/ conventionalCotton.dv.html; Summy et al., 1996). The BW eradication program in
the LRGV was initiated for the second time during 2005. The second attempt at BW eradication
did not trigger major secondary pest outbreaks because was initiated in the fall and reduced
the heavy malathion use before the following the spring planting of cotton; improved pesticide
application techniques (mostly ground rigs, helicopters versus airplane, treatments only edge
strip of the fields); preventive activity; availability of target-specific pesticides for
lepidopterans. Progress in the U.S. BW eradication effort where BW was successfully
eradicated has resulted in a sharp decrease in the number of insecticide applications. The
reduction in foliar sprays has also had an indirect effect in reducing outbreaks of secondary
pests, such as cotton aphids and beet armyworm.

Cotton IPM in the LRGV of Texas has also improved due to: target specific insecticides such
as Tracer and Steward for lepidopterans, (Leonard, 2006); cotton seed treatments with the
systemic insecticides Gaucho Grande and Cruiser, which protect cotton from sucking insect
damage for 30 days after planting (Greenberg et al., 2009, Zhank et al., 2011); reducing the
application rate of insecticides without reducing efficacy of the program, for example, the
malathion rate was reduced from 16-0z/ac to 12-oz/ac when oil was added as an adjuvant
(Texas Boll Weevil Eradication Foundation, 2011); combination of applications for
maintaining and preserving beneficial insects, lessening the environmental impacts, such as
early-season spraying of cotton for overwintering BW and fleahoppers; pre-harvest
application of the insecticides Karate or Guthion at half-rate with the cotton defoliant Def
[synergistic effects] (Greenberg et al., 2004; 2007); termination of insecticide treatments
based upon crop maturity; and improved pesticide application techniques (correct nozzle
placement, nozzle type, and nozzle pressure) (Leonard et al., 2006; Lopez et al., 2008).
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Class | Common name | Brand name Recommended target pests
Acephate Orthene® 90S Thrips, cutworms, Greontiadis plant bugs,
oP P P p 8
(0.5-1.0)* (generics) fleahoppers, cutworm, fall armyworm
Dicrotophos L Thrips, plant bugs, fleahoppers, stinkbugs,
OF | 0.25.05) Bidrin aphids, boll weevil
Dimethoate Dimethoate . .
OP (011-0.22) (senerics) Thrips, fleahopper, and Greontiadis plant bugs
OP 1(\321;}(1; 190;)1 Fufanon ULV9.9 Boll weevil
OP Met}(lg I;_Izdg)p hos Monitor Thrips, plant bugs, fleahoppers, whiteflies
C Oxamyl (0.25) Vydate® 2L Boll weevil, plant bugs, fleahoppers
Methomyl (0.45) | Lannate®24LV Aphids, beet armyworm, fall armyworm,
fleahoppers
Thiodicarb . Boll worm, beet armyworm, fall armyworm,
c (0.6-0.9) Larvin ®6.2 tobacco budworm, loopers
CN Imlc(lgc()l;))p rid Provado®1.6F Plant bugs, fleahoppers, aphids, whiteflies
Acetamiprid . o
CN (0.025-0.05) Intruder®70WP Aphids, whiteflies, fleahoppers
CN Th(18r(1)13e-t£1 8)6(;1 ™| Centric® 40WG | Plant bugs, aphids, whiteflies, fleahoppers
IGR Methoxyfenozid Intrepid®2F Beet armyworm, fall armyworm, loopers
(0.06-0.16)
oC ((])D;C;ioé) Kelthane® MF Spider mites
P |Bifenthrin (037) Ca}pt}lre:‘ or Bollworms, fall armyworm, aphids,
Discipline plant bugs
Cyfluthrin . Cutworm, stinkbug, bollworms, boll
P (0.01-0.06) Baythroid® 2E weevil, whiteflies
Cyhalothrin . ]
P (0.01-0.04) Karate-Z Cutworm, stinkbug, bollworms, boll weevil
Deltamelthrin . Cutworm, stinkbug, bollworms,
P Decis &
(0.04-0.2) whiteflies, thrips
S(}z)lg(;zl-%s;f;)n Oberon® 2SC Whiteflies, spider mites
Plant Growth Ethephc?n (Prep) s
. Mepiquart Modified plant growth
Regulation
Clorade
Defoliants Def,. Dropp, For early harvest
Ginstar

*In parentheses - rate Allb/ac; 1 pound (Ib) =0.4536 kg; 1 ac= 0.4047 ha; OP -organophosphate; C -
carbamate; CN -chloro-nicotinyl; IGR -insect growth regulator; OC -organochlorine; P -pyrethroid
Source: The Pesticide Manual, 2003.

Table 4. Insecticides recommended for use on cotton in U.S.
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2.3.1 Changes in the sucking bug complex — Stinkbugs, plant bugs and the cotton
fleahopper

The sucking bug pests of cotton (suborder Heteroptera) have been elevated in pest status
within the cotton growing regions of the United States over the past decade. Some of the
most notable heteropterans are: tarnished plant bug, Lygus lineolaris (Palisot de Beauvois);
western tarnished plant bug, Lygus hesperus Knight; the stinkbug complex (Pentatomidae);
and the cotton fleahopper, Pseudatomoscelis seriatus (Reuter). This transition from being
considered secondary pests and now elevated to key pest status has also coincidentally
followed the functional eradication of the boll weevil from the southeastern and southern
cotton belt regions. (Grefenstette and El-Lissy, 2008).

Other reasons often mentioned for increases in bugs infesting cotton with the progression of
BW eradication is the adoption of varieties containing the Bt endotoxins that were being
released in conjunction with eradication efforts. Over time, the number of BW was reduced,
coinciding with a reduction in number of ULV malathion applications within a season,
which may have been suppressing the bugs. Because lepidopteran pests were the key target
at the time, Bt cotton varieties significantly reduced these pests, and, at the same time, safer,
more target-specific insecticides were in development and being applied under full label.
These three factors - the progress of BW eradication and the reduction of ULV malathion,
the adoption of cotton varieties with BT, and the use of target-specific insecticides for
control of lepidopteran pests are most often cited as the reason for changes in shift from
lepidopteran management to sucking bug attacking cotton (Layton, 2000; Greene & Capps,
2003).

Some of the cotton growing regions of Texas are in the process of actively eradicating the
BW from the LRGV in south Texas and the Winter Garden area (WGA) south and west of
San Antonio, near Uvalde. However, the intensity of problems with the sucking bug
complex and economic losses they cause varies by production region. For example, the
tarnished plant bug, L. lineolaris (Palisot de Beavois) has increased in pest status in the
southern and mid-south cotton regions following BW eradication (Layton, 2000), and has
developed resistance to a wide variety of insecticides (Snodgrass, 1996; 2008). Not all bug
complexes have increased or are related to BW eradication. California and Arizona had
perennial problems with L. hesperus and L. elisus Van Duzee (Heteroptera: Miridae) in alfalfa
and cotton before and after BW was eradicated from the cotton producing regions of these 2
states (Leigh et al., 1985; Zink & Rosenheim, 2005). Cotton damage from tarnished plant
bugs results from feeding on cotton squares (flower buds), with the most significant impact
when fruit abscises or drops to the ground (Tugwell et al., 1976). Further to the west in
Arizona and California, the western tarnished plant bug causes similar feeding injury to
cotton (Leigh T. et al., 1996).

For the last few years, the verde plant bug, Creontiades signatus Distant, has been reported
infesting cotton grown in the LRGV and the Lower-Coastal Bend regions of south Texas,
causing injury to developing lint and seed inside cotton bolls (Armstrong et al., 2009 a,
2010). The verde plant bug has increased in pest status since the initiation of the second
attempt to eradicate the BW in the LRGV (2005) and from 1999 to the present in the Upper
and Lower Coastal Bend production areas (Texas Boll Weevil Eradication Foundation, 2011).
Feeding injury from the verde plant bug is similar to that caused by lygus bugs, but it has
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thus far been considered a late season pest, injuring and causing abscission in bolls <315
heat units (DD) from anthesis. Molecular and taxonomic work identified C. signatus as being
native to the Gulf Coast of the U.S. and Mexico (Coleman et al., 2008). Reasons for increases
in the densities of this new plant bug pest of south Texas can only be speculated. Some
factors that may account for these increases the significant recent increase in the acres of
soybean, Glycine max (L.) Merr., planted in the LRGV. C. signatus can reproduce on soybean
and within the seed-head of grain sorghum, Sorghum bicolor (L.) Moench. Moreover, several
weedy species also serve as reproductive hosts. Cotton may not be the most highly preferred
host of the verde plant bug, but the bug survives on the cotton plant and has a preference for
oviposition on the petioles of cotton leaves similar to other Lygus species (Armsrong &
Coleman, 2009, Armstrong et. al, 2009 b, c).

The stinkbugs attacking cotton can be varied and complex. The most frequently encountered
species are the southern green stinkbug, Nezara viridula (L.), the green stinkbug, Acrosternum
hilare (Say), and the brown stinkbug, Euschistus servus (Say) (Hemiptera: Pentatomidae).
These three species are considered the primary targets for a significant number of insecticide
applications applied to cotton (Williams, 2008), most notably in the mid-south and southern
cotton regions and have also been associated with elevated pest status following BW
eradication (Green et al., 1999; Turnipseed et al., 2004; Willrich et al., 2004). However, in
Texas, the diversity of species seems to be broader from central Texas to the Lower-Gulf
Coast region south of Corpus Christi, and includes the rice stinkbug (RSB), Oebalus pugnax
(F.); in the LRGV, Winter Garden area, and in far west Texas, there is the Conchuela
stinkbug, Chlorochroa ligata (Say) (Muegge, 2002). Stinkbugs of all species and localities are
noted for being more injurious to small to medium size cotton bolls, and, on a comparative
basis, can cause more injury by lacerating thicker boll tissue, resulting in greater injury to
the tissues, seed, and lint (Greene et al., 1999; Musser et al., 2009).

The most consistent early season true-bug pest of cotton in the state of Texas is the cotton
fleahopper, which prefers feeding on small, primordial squares developing in the upper
terminal of plants (Stewart & Sterling, 1989). When injured, the small squares abscise from
the plant. However, the cotton plant is noted for compensation, and if management
practices are instigated or populations decrease before the EIL is reached, losses due to
fleahopper feeding injury may be negligible (Sterling, 1984). The length of the growing
season is often associated with compensatory gain because of the delayed fruit set. The
historical relationship between the severities of cotton fleahopper infestations with the
progress of BW eradication, in the state of Texas is difficult to make, as severe fleahopper
outbreaks have been noted before, during, and after an area has been functionally
eradicated. The High Plains of Texas was declared functionally eradicated in 2003, but
cotton fleahopper populations are as much a threat now as they were before eradication. In
south Texas, cotton fleahoppers are still considered a significant pest, and BW eradication
has not yet been fully realized.

With the more recent changes in the pest status of heteropteran pests of cotton, there is a
greater realization of the pests’ feeding injury and association with incidence of boll rot.
Cotton fleahopper feeding injury to cotton squares and bolls is important because the
wounds allow bacterial and fungal pathogens to enter and invade the interior of the forming
fruit. Environmental conditions in the cotton field, mostly in the form of temperature,
humidity, and moisture, can prevent or promote the growth of the boll rotting pathogens.
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Economic thresholds established for most sucking pests are generally based on direct
feeding injury and do not include boll rot as a yield-limiting factor. Square and boll rot
may promote the delayed abscission of cotton fruit due to the production of ethylene by
the rotting and degradation of fruiting tissue (Duffey & Powell, 1979). Cotton bolls do not
normally sustain extensive damage from cotton fleahopper, due to the fact that their
mouthparts (stylets) are not long enough to penetrate the wall of the boll. Boll rot
pathogens have, however, been associated with direct transmission of common plant
pathogen and cottonseed-rotting bacteria, Pantoea ananatis (Bell et al., 2006; Bell et al.,
2010). The stinkbugs and plant bugs possess stylets that are long and broad enough to
cause physical damage from insertion and laceration of the tissue, injection of digestive
enzymes, and the ingestion of the enzymatic soup. This subsequently causes loss of boll,
lint, and seed tissue, and provides an entry for pathogens that collectively may cause boll
rot (Medrano et al., 2009). Even if the cotton fruit, including bolls, does not abscise, the
quality and quantity of lint will be reduced.

2.3.2 Improving management options for the integrated approach to control bug pests

The plant bugs as a group have, in the past, been targeted for the discovery of host plant
resistance traits that could be integrated into traditional cotton breeding programs. Host
plant resistance of the cotton fleahopper and plant bugs have been studied extensively
during the last four decades. The three main sources of host plant resistance identified were
relatively high gossypol levels (Lukefahr, 1975), smooth (rather than hirsute) genotypes
(Lukefahr, 1970), and production of nectar. No active cotton breeding programs have
continued with any forms of resistance since Lidell et al. (1986) screened for glabourous,
pilose, and nactariless traits. Many of these same traits were screened in cotton for the lygus
bugs (Gannaway & Rummel, 1994; Tingey & Pellemer, 1977; Jenkins & Wilson, 1996). No
information is available for host plant resistance for stinkbugs in cotton. Treatment
thresholds for insecticide applications for these bugs have been provided in several
extension-based publications that list the bug pests and insecticides used for their control.
Little research-based economic injury levels (EIL) have been provided for the green plant
bug, which has, thus far, been considered a late season pest. Late-season injury levels for the
green plant bug, based on boll damage parameters such as boll size (diameter) and age from
tagged white-blooms, has been reported by Armstrong et al. (2009c, 2010). Early season
infestations occurring during the pre-bloom period have not been observed in south Texas.
Economic thresholds could improve if the dynamics of confounding factors, such as the
relationship of boll rot and injury levels based on bug pest densities are studied. The
overwintering biology and ecology of plant bugs and stinkbugs and the means to monitor
movement into the agricultural crops would be of significant use for management of
stinkbugs.

2.4 Control Lepidopteran by using transgenically modified cotton

Transgenically modified cotton that expresses an insecticidal protein derived from B.
thuringiensis Berlinger is revolutionizing global agriculture (Head et al., 2005). In 1996, it was
introduced as transgenic cotton, Bollgard® (Monsanto Co., St. Louis, MO) encoding the Cry
1Ac insect toxin protein (Layton, 1997); in 2002, Bollgard II® (Monsanto Co., St. Louis, MO),
which produced the CrylAc and Cry2Ab endotoxins (Sherrick et al., 2003); Dow
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AgroSciences, LLC (Indianapolis, IN) introduced their pyramided-gene technology into the
market in 2004 as Widestrike™, which produced two Bt endotoxins, CrylAc and CrylFa
(Adamczyk and Gore, 2004). VipCot is new transgenic cotton. The active Bt toxin is Vip 34,
which is an exotoxin produced during vegetative stages of Bt growth (Mascarenhas et al.,
2003). In the first year of commercial availability in the United States, Bollgard cotton was
planted on 850,000 hectares or 15% of the total cotton area, and, by 2007, expanded to about
2.9 million hectares, or 65.8% of U.S. cotton area. However, adoption of Bt cotton has varied
greatly across growing regions in the U.S., and other countries, depending on the
availability of suitable varieties and, more importantly, the particular combination of pest
control problems. Bollgard cotton varieties have been rapidly accepted by farmers in areas
where tobacco budworm-bollworm complex (BBWC) is the primary pest problem, particularly
when resistance to chemical pesticides is high. There are many factors which can affect
changes in expressing the amount of stacked endotoxins. Individual lepidopteran species vary
in their susceptibility to Bt proteins (Luttrell & Mink, 1999), and efficacy can be affected by
protein expression levels in different plant structures (Adamczyk et al.,, 2008) and among
different varieties (Adamczyk and Gore, 2004). Differences in susceptibility can also occur
based on the geographic location of populations (Luttrell et al., 1999). The LRGV of Texas is
dominated by beet armyworm, bollworm, and fall armyworm, and suitable Bt varieties have
not been readily available for more rapid increase in the adoption of Bt technology.

Microbial insecticides are environmentally friendly and highly selective. Transgenic plants
reduce the need for conventional insecticides, providing benefits for human health and the
environment. For example, in U.S. cotton, the average number of insecticide applications
used against tobacco budworm [Heliothis virescens (Fabricius)]-bollworm [Helicoverpa zea
(Boddie)] complex decreased from 5.6 in 1990-1995 to 0.63 in 2005-2009 (from Proceedings of
Beltwide Cotton Conferences).

% Bt cotton of Hectares Bt Average number
Year Bt cotton, ha total planted sprayed applications
USA
2005 2,994,086 51.8 1,234,855 0.54
2006 3,439,604 57.2 1,603,722 0.59
2007 2,877,114 65.8 895,232 0.50
Texas
2005 546,898 22.6 75,061 0.78
2006 669,891 27.2 37,823 0.44
2007 929,654 47.5 22,657 0.44
LRGYV of Texas
2005 3,474 4.7 0 0
2006 2,285 5.8 0 0
2007 8,097 20.0 0 0

Source: (Williams, 2006-2008).

Table 5. Bt cotton area.
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Carpenter & Ginanessi (2001) estimated that the average annual reduction in use of
pesticides on cotton in the U.S. has been approximately 1,000 tons of Al . Traxler et al.
(2003) estimated that the benefits gained from the introduction of Bt cotton fluctuates
from year to year but averaged $215 million. The adoption of transgenic Bt-cotton is
described in Table 5.

Bt types, traits, and varieties mostly used in the LRGV of Texas for the last five years (2005-

2010) are shown in Table 6.

Bt type Bt trait Variety [ Bt endotoxins [Owner of Bt trait|Owner of variety
None Non-Bt DPL 5415RR None None Delta & Pineland
Single Bollgard NuCotn 33B CrylAc Monsanto De};if;ﬁiind
Dual Bollgard 11 BI?GPI%;LIZS{ Céz;?AC; Monsanto  |Delta & Pineland
Dual WideStrike  |Phy485 WRF Cgrlyglcz " IDow Agroscience] Agrlc?soc?;nce

Source: Greenberg & Adamczyk, 2010.
Table 6. Bt cottons used in the LRGV of Texas.

During the 2005-2007 seasons, the average percentage of leaf damage on non-Bt trait
varieties was 1.5-fold greater than on Bollgard varieties. Leaf damage was 3.6-fold less on
Bollgard II and WideStrike-trait varieties than on non-Bt cotton, and 2.4-fold less than on
Bollgard-trait varieties (F = 18.8, df = 3, 36, P = 0.001, 2005; F = 15.6, df = 3, 36, P = 0.001, 2006;
and F = 10.2, df = 3, 36, P = 0.009, 2007) (Fig. 2). The same trend was observed for the
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Fig. 2. Percent damage.
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proportion of consumed leaves. On non-Bt cotton varieties, the index was 1.6-fold greater
than on Bollgard varieties and 2.4-fold greater than on Bollgard II and WideStrike varieties.
The proportion of consumed leaves on Bollgard was 1.5-fold greater than on Bollgard II or
WideStrike cotton (F = 23.3, df = 3, 36, P = 0.001, 2005; F = 25.8, df = 3, 36, P = 0.002, 2006; F =
23.1, df = 3, 36, P = 0.001, 2007) (Fig. 3). The differences of leaf damage between varieties
containing dual Bt endotoxins (Bollgard II and WideStrike) during the cotton-growing
seasons were not significant (t = 0.440; P = 0.668) except at the end of the season (110 days of
age). The damage to WideStrike cotton (Phy 485 WRF) was 1.4-fold greater than to the
Bollgard II variety (ST 4357 BG2RF) (f = 4.332; P = 0.001).

2005 [
2006 E@
2007 [

Proportion of Consumed Leaves

Treatment

Fig. 3. Proportion of consumed leaves on different Bt trait of cotton.

The seasonal average of damage to fruit on the plant (88.5% attributed to bollworm and, to a
lesser extent, beet armyworm) on non-Bt cotton (15.2%) was about 4.6-fold greater than on
WideStrike (3.3%), 3.8-fold greater than Bollgard II (4.0%), and 1.7-fold greater than Bollgard
(9.0%) (F =8.9, df = 3, 31, P = 0.001). Damage by noctuids on abscised cotton fruit was 39.0%
for non-Bt, 28.5% for Bollgard, 12.6% for Bollgard 1I, and 8.5% for WideStrike cottons (F =
17.8; df = 3, 16; P = 0.001). In non-Bt cotton, live larvae were 6.2-fold greater than on
WideStrike, 4.5-fold greater than on Bollgard 1II, and only 1.7-fold greater than on Bollgard
(F=11.7; df = 3, 16; P = 0.001). Live larvae in fallen fruit were 92.6% bollworm and 7.4% beet
armyworm (Greenberg & Adamczyk, 2010).

Bt cotton has proven itself to be a useful tool in BW eradication zones in minimizing risk of
outbreaks of lepidopteran, secondary pest problems; and augmenting activity of beneficial
insects.

2.5 Biorational and botanical insecticides

Some registered and produced biorational and botanical insecticides are shown in Tables 7
and 8.
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Country Product name Based on Target Insects
us. Co]?lic{)c?rl, ]])alj/;ir?‘\s/;/ G Bacillus thuringiensis Noctuids
us. Mycotrol Beauveria bassiana Sucking insects
us. Naturalis Beauveria bassiana Sucking insects
uUs. BioBlast Metarhizium anisopliae Thrips, mites, Coleoptera
U.S.-Europe PFR-97TM Paecilomyces fumosoroseus Whiteflies, thrips
us. Spinosad (SpinTor) |  Saccharopolyspora spinosa Noctuids, thrips

Source: The Biopesticides Manual, 2001.

Table 7. Registered and produced biorational pesticides.

Common name Produced Azadirachtin Target insects
W.R. Grace & Co. -Conn.
g , 9 . .
Neemix Columbia, MD 0.25% Noctuids, aphids
Neemix®4.5 Certis USA, L.L.C. 45 Noctuids, aphids,
whiteflies, thrips
Ecozin EC Amvac, USA, CA 3.0 Noctuids, whiteflies
Agroneem AgroLoglstléiystems, Inc, 0.15 Noctuids

Source: Isman, 1999.

Table 8. Registered and produced botanical insecticides.

The effectiveness of some biopesticides based on B .bassiana and M. anisoplia against sucking
insects is not significantly different from synthetic insecticides (Table 9), but B. thuringiensis
showed satisfactory results against lepidopteran pests (Table 10).
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Mortality, %

Pesticides Rate

Y%i?ﬁsiu tabucc)ild Aphis gossypii Thrips spp.
B.bassiana 2gr/L 988+0.6a | 976 £14a | 964 +21a 90.4 +£1.8a
M. anisoplia 5gr/L 904 +48a | 914 £31a | 91.6 +3.6a 98.6 +0.8a
Neemix 413gr/L | 41.6 £104b | 26.0 £6.7d | 72.1 £9.7b 514 +4.2c
Azadirect 323gr/L | 68.0 £10.2b | 64.6 +2.5c | 904 *6.5a 46.7 £1.8¢c
QRD 13gr/gal | 821+55a | 803 £55a | 924 £2.7a 691 £7.7b
Insecticides:
Fulfil 0.4gr/L - - 100a -
Oberon 0.2gr/L 989 £0.8a | 959 +3.3a - -
Control (H2O) 6.2 £2.0c 1.8 +£0.8e 4.6 +2.0c 14 +£0.9d

Source: Greenberg, unpublished data.

Table 9. Effects of different biorational and botanical pesticides on sucking insects

(Greenberg, unpublished data).

Insect Larvae Pesticides Mortality, %

Spinosad (SpinTor),

Fall armyworm 12-150 g a.i. per ha 723+1.6
Spinosad, 1st spray;

Comple (Falland beetarmywortns| pyipel ang spray, 762438
100-300 g a. i. per ha

Beet armyworm DiPel 65.3£3.6

Bollworm Spinosad 71.3+£58

Bollworm DiPel 61.3+2.1

Source: Greenberg, unpublished data.

Table 10. Effectiveness of biorational pesticides against lepidopteran.
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Three commercial neem-based insecticides, Agroneem, Ecozin, and Neemix, were evaluated
for oviposition deterrence of beet armyworm. In controls, the proportion of eggs laid on
cotton leaves by beet armyworm was from 2.5 to 9.3-fold higher than neem-based
treatments. Neem-based insecticides also deterred feeding by beet armyworm larvae. In
controls, the mean percentage of cotton leaves eaten by first instars per day were 3-fold;
third instars, 5-fold; and fifth instars,9.3-fold higher than in neem-based treatments,
respectively (P<0.001). Agroneem, Ecozin, and Neemix caused 78, 77, and 72% beet
armyworm egg mortality after direct contact with neem-based insecticides, respectively,
while in non-treated controls, only 7.4 % mortality. Survival of beet armyworm larvae fed
for 7 days on cotton leaves treated with neem-based insecticides was reduced to 33, 60, and
61% for Ecozin, Agroneem, and Neemix, respectively, compared with 93% in the non-
treated controls (P=0.015) (Greenberg et al., 2005). Neem-based insecticides could control
other lepidopteran, also (Isman, 1999, Ma et al., 2000, Saxena & Rembold, 1984).

2.6 Beneficial insects

Beneficial insects in conventional cotton under BW eradication or intensive pressure of
synthetic insecticides can control about 10-15% of harmful insects. Native, most widely-
distributed beneficial insects in the LRGV of Texas are described in Table 11.

Beneficial Insects Target insects

Minute pirate bug, Orius tristicolor] Aphids, thrips, whiteflies, mites, and moth eggs and

(White) small larvae
Bigeyed bug, Geocoris uliginosus Mites, whiteflies, thrips, plant bug Creontiades,
(Say) fleahoppers, and moth eggs

Lady beetles, Hippodamia

convergens (Guerin-Meneville) Aphids, moth eggs and small larvae

Green lacewings, Chrysopa

rufilabris (Burmeister) Immature feed on aphids, spider mites, whiteflies,

Syrphid fly larva Aphids

Fleahoppers, Pseudomatoscelis seritatus (Reuter), plant

Spider, Hibana futilis (Banks) bug, Creontiades signatus (Distant)

Encarsia pergandiella Howard Parasites on whiteflies nymphs
Trichogramma spp. Egg parasite
Bracon spp. Larva parasite mostly of lepidopteran

Source: Based on Extension Entomologists of LRGV of Texas and authors observations.

Table 11. Native, most widely-distributed beneficial insects in the LRGV of Texas.
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We estimated that native parasitoids can control whiteflies in organic cotton (95-100%);
sustainable agriculture cotton (80-90 %); Bt cotton (50-60%); conventional cotton (25-30%);
and under BW eradication (0-5%).

One of potentially effective strategy for early-season suppression BW involves periodic
augmentation an ecto-parasitoid of BW larvae such as Catolaccus grantis (Burks) (Summy et
al., 1994)

Parasitism of boll weevils by Catolaccus grandis in release sites

Catolaccus
females laying

eggs

Site Date Percent
parasitism

Monte Alto  04.28.93 80.0
05.05.93 52.8
0.5.12.93 76.4
05.19.93 78.3

05.26.93 74.9 Catolaccus
larva parasite
06.02.93 85.2 BW larva

Weslaco 05.24.94 83.3
0.6.02.94 69.2
06.09.94 62.5
06.16.94 50.0 Preparation
Catolaccus

Boll weevil used : 3rd instar larva and for releases

pupa
Parasites released : Monte Alto - 1,000;
Weslaco — 500 females / ac / wk

Source: Summy et al., 1994.

Fig. 4. Parasitism of boll weevil larvae by C. grandis.

The alternative to chemical control can be propagation and augmentative releases
Trichogramma spp., an egg parasite of numerous lepidopteran species. Trichogramma
pretiosum Riley and T. minutum Riley are widely use species in the USA. Some lepidopteran
species distributed in LRGV, like as beet armyworm and fall armyworm, deposited hair-
covering egg masses and protected a portion of eggs from parasitization. But these eggs
punctured by Trichogramma and rapidly desiccated. The percentage of desiccated eggs
tended to increase the total host mortality induced by Trichogramma compared with those on
bollworm eggs (Greenberg et al., 1998) (Table 12, Fig. 5)
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Percentage
Treatment Parasitized eggs Desiccated eggs Total mortality
BAW BWTreat BAW BW BAW BW

T. pretiosum 44.8+4.3 90.3+1.7 24.9+2.1 5.5+1.2 69.7+5.6 95.9+0.5
T. minutum 51.6+3.7 88.9+1.6 29.3+2.2 6.5+1.6 80.9+3.3 95.3+1.6
Control 0 0 5.8+1.2 4.4+1.7 5.841.2 4.4+1.7

Source: Greenberg et al., 1998.

Table 12. Effectiveness of Trichogramma spp. against noctuids on cotton.

Fig. 5. Trichogramma parasitized beet armyworm (a) and bollworm (b) eggs.
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3. Cultural control in IPM system

Among the important alternatives to insecticides in cotton are cultural control techniques.
Different tillage systems are one of the most important cultural control tools. Conservation
tillage has found some acceptance among growers because it reduces soil erosion, conserves
soil moisture, and substantially lowers cost of field operations compared to conventionally
tilled systems. In the LRGV, 30% of cotton acreage is under conservation tillage. Water
availability for irrigation has become a major concern for south Texas. In this case,
conservation tillage can be a valuable tool for improving soil moisture. Our results
demonstrated that different tillage practices had indirect potentially positive or negative
effects on pest and beneficial populations in cotton. The effects are influenced by both
abiotic and biotic factors which can be created or manipulated by conventional (cv) and
conservation (cs) tillage systems. Tillage operations modify soil habitats where some insect
pests and beneficial insects reside during at least part of their life cycles. These modifications
can alter survival and development of both soil and foliage-inhabiting insects.

Conventional tillage in dryland cotton increased water stress, causing plants to shed squares
and bolls, and allocated more resources into vegetative growth. The conservation tillage
cotton responded by fruiting at a higher rate. Increased plant height and number of leaves in
conventional tillage provided significantly more light interception and shading of the soil
surface between rows. Temperatures in conservation tillage rows were higher than in
conventional tillage fields by about 15°C and resulted in increased mortality of insects in
fallen fruit (Greenberg et al., 2004, 2010).

Boll Weevil: In dryland cotton, the average number of boll weevils per plant during the
2001 cotton growing season was 2.3-fold (P=0.011) and, in 2002, - 3.5-fold (P=0.019) higher in
conventional versus conservation tillage fields (Greenberg et al., 2003).

Aphids: On seedling cotton, numbers of aphids were higher in conventional tillage plots. In
late spring and early summer, aphids primarily migrated to conservation tillage cotton
where there was higher soil moisture and RH, and plants were more succulent and
attractive to aphids than in conventional tillage.

Bollworm and Tobacco Budworm, Beet Armyworm. Fruit fallen on the ground were
infested with larvae at 15.7 % higher in conventional than in conservation plots. Numbers of
live larvae in infested fruit were 4.7-fold higher in conventional versus conservation tillage
plots (69.3% vs. 14.7%). The number of larvae per plant was 5.9-fold higher in conventional
than conservation tillage.

Cutworm. Higher infestation densities and plant damage have been observed in
conservation tillage fields on seedling cotton (18.3% damaged plants in conservation tillage
and 2.7 % in conventional tillage). Conservation tillage promotes the development of weeds
that serve as oviposition sites for adults and alternative plant hosts for larval development
(Greenberg et al., 2010).

4, Cotton diseases

A plant disease occurs when there is an interaction between a plant host, a pathogen, and
the environment. When a virulent pathogen is dispersed onto a susceptible host and the
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environmental conditions are suitable, then a plant disease develops and symptoms become
evident.

Seedling Disease Complex. Seedling disease is caused by a complex of soil fungi which
may occur separately or in combinations. These fungi are Pythium sp., Fusarium sp.,
Rhizoctonia solani, and Thielaviopsis basicola. Symptoms include decay of the seed before
germination, decay of the seedling before emergence, girdling of the emerged seedling at or
near the soil surface, and rotting of root tips. Crop rotation, quality of the seed, timely
planting, and the use of fungicides like Captain, Maxim, Nu-Flow ND, Nu-flow M, Vitavax,
and Baytan can reduce losses to seedling diseases and are registered for commercial seed
and soil treatments (Allen et al., 2010).

Root Rot. This disease, caused by the fungus, Phymatotrichum omnivorum, generally becomes
evident during the early summer. It causes rapid wilting, followed by death of the plants
within a few days. Leaves shrivel, turn brown and die, but they remain attached to the
plant. The disease kills plants in circular areas ranging from a few square yards to an acre or
more in size. Dead plants will remain standing in the field but can be easily pulled from the
soil. Control procedures include: 1) altering the growing environment in the root zone by
applying soil amendments to increase organic matter and reducing soil PH by using the
chelated element sulfur and in organic trace elements zinc and iron; 2) using winter cover
Brassicae plants as a cultural control for disease suppression; 3) fumigating infested planting
holes will usually only delay the onset of disease in non-infested plants; and 4) applying
sulfur in trenches 4 to 6 inches wide and 4 to 6 feet deep around the outside of the drip line
of infested plants to prevent the spread of root rot. Incidence and control of cotton root rot is
observed with color-infrared imagery by using remote sensing equipment (Matocha et al.,
2008, 2009).

Boll Rot. This disease is prevalent in high moisture and heavy plant densities. If excessive
stalk growth has occurred, one may encounter boll rot problems. Reducing some of the leaf
tissue with the selective use of defoliants may be a practical answer. Good weed and insect
management will decrease incidence of boll rot (Allen et al., 2010).

Nematodes. The nematode Rotylenchus reniformis Linford & Oliveria is a major problem
confronting cotton production in the LRGV of Texas. Root-knot nematode, Meloidogyne
incognita (Kofoid & White), is prevalent in sandy or sandy clay loam soils. Larvae feed on
the root plants causing swellings (galls) on them. Control practices for nematodes include
crop rotation and chemical control with nematicides or soil fumigants (Robinson et al.,
2008).

5. Weed control

The main winter and spring weeds in cotton are common purslane (Portulaca oleracea L.),
pigweed (Amaranthus palmeri Wats.), wild sunflower (Helianthus annuus L.), and
Johnsongrass[Sorghum halepense (L.) Persoon]. Control is by use of a conventional tillage
system, winter cover crops, and selective herbicides. Black oat (Avena strigosa Schreb.) and
hairy vetch (Vicia villosa Roth) suppressed winter weeds to the same extent or more than did
winter tillage in no-cover plots. In the spring, soil incorporated black oats cover was slightly
more beneficial to cotton than incorporated hairy vetch, but neither cover controlled spring
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weeds. Two years of winter cover cropping did not obviate the need for cultivation, and
hand-weeding for sustainable spring weed management in cotton in the LRGV of Texas.
(Moran & Greenberg, 2008).

6. Conclusion — IPM models

The model of a pyramid can be used to demonstrate how growers might construct their
pest management programs. There are different models of pyramids, but they are
basically similar. In Fig. 6 (Model #1), the foundation of a sound pest and disease
management program in an annual cropping system that begins with cultural practices
which alter the environment to promote crop health. These include crop rotations that
limit the availability of host material used by plant pathogens, judicious use of tillage to
disrupt pest and pathogen life cycles, destruction of weeds, and preparation of seed beds.
Management of soil fertility and moisture can also limit plant diseases by minimizing
plant stress. Environmental control can regulate in terms of temperature, light, moisture,
and soil composition. However, the design of such systems cannot wholly eliminate pest
problems. The second layer of defense against pests consists of the quality of crop
germplasm. Newer technologies that directly incorporate genes into crop genomes,
commonly referred to as genetic modification or genetic engineering, are integrating new
traits into crop germplasm. The most-widely distributed are the different insecticidal
proteins derived from Bacillus thuringiensis. Upon these two layers, growers can further
reduce pest pressure by considering both biological and chemical inputs (McSpadden
Cardener & Fravel, 2002).

/ Bigpratignal Controls:
Interference, Augmentation

Germpalsm Management;
Breeding, Modification, Sanitation

Environmental Design:
Rotation, Cultivation, Fertility, Moisture

Source: Gardener & Fravel, 2002.
Fig. 6. Model # 1.



26 Integrated Pest Management and Pest Control — Current and Future Tactics

High yields of agricultural crops can only be obtained if there is sufficient control of pests.
In the mid 20th century, development of chemical pesticides seemed to provide an effective
answer, but pests became resistant and, by killing natural beneficial species, resurgence of
pest populations occurred. The LRGV played a key role in the acceptance of IPM concept by
entomologists. The devastating outbreaks of tobacco budworm (Heliothis virescens) in the
LRGYV of Texas during the late 1960’s and early 1970’s (and the similar outbreaks of Heliothis
armigera in Australia during the same period) demonstrated conclusively that unilateral
reliance on pesticides for insect control was not sustainable and could lead to economic
calamities. This led to the concept of integrated pest management utilizing a range of control
tactics in a harmonious way (Fig.7, Model #2 adapted from Naranjo, 2001). The diagram
shows the different aspects of IPM - avoidance of pest, then surveillance and finally, if
necessary, control using a bio- or chemical pesticide.

Pesticide Applicaton

IPM Pyramid

CONTROL

Chermistry
ormulation

Resistance
Management

SURVEILLANCE
Pest
Mondarng

Conseryvation
of Natural
Enemiss

AVOIDANCE

Plant
Resistarce
Inciuding
GM plants

Landscape
Managemment

Bio-Control

Source: Naranjo, 2001.
Fig. 7. Model #2.

In Texas, IPM implies integration of approaches and methods into a pest management
system, which takes into consideration that environmental impacts and economic risks have
been minimized.

IPM models (Figs. 8, 9) based on conceptions of Extension Entomologists Texas A&M
University System and authors of this article. No single pest control method is relied on in
IPM systems. Chemical control is used only when needed (in relation to economic
thresholds), and it is important to optimize their application. Nozzles need to be selected to
optimize the droplet sizes so that the pesticides can be distributed where the pests are
located with minimal spray drift. Monitoring (sampling) of the pest is constantly needed.
Mere presence of a pest is not a reason to justify action for control.
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IPM Continuum:

_~prevention
~reduced risk pesticides

# Ehrﬁﬁhﬂld‘-

~ scouling

Chemically intensive

Fig. 8.

Cultural/sanitation practices

Fig. 9.

In the future, IPM is expected to continue to be dominant in agriculture. This will include
increased use of reduced-risk pesticides and genetically-engineered crops. Recent surveys of
both conventional and organic growers indicate an interest in using biocontrol products
(Van Arsdall & Frantz, 2001). The future success of the biological control industry will
depend on innovative business management, product marketing, extension education, and
research (Mathre et al., 1999). These will contribute substantially to making the 21st century
the age of biotechnology by the development of innovative IPM strategies.
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1. Introduction

Most of the organisms that have negative impacts on agroecosystems and human health,
namely bacteria, arthropods, fungi and weeds, share distinctive traits: short generation
times, numerous offspring, and therefore large population sizes. These characteristics allow
these organisms to change so fast that control of their population growth is difficult to
achieve. However, species with these traits, viewed in an ecological context, are subjected to
different selective pressures that impede unlimited growth. For instance, as insects are
currently the most devastating group within agroecosystems, producing grave economic
losses, farmers have resorted to the use of insecticides—whether natural, synthetic, or
expressed in genetically modified organisms—as the main control method used to deal with
this problem. While the use of insecticides can aid in the short-term control of insect pests
these control methods present six fundamental problems that are environmentally
irreversible: 1) the pest evolution of insecticide resistance; 2) eradication of non-target
species; 3) elimination of ecological interactions; 4) modifications of the biogeochemical
cycles; 5) environmental pollution; and 6) impact on human health. Currently, a great deal
of knowledge about ecological and evolutionary processes and dynamics is becoming
available; this can help to explain the issues mentioned above. In this chapter, we will
analyze these processes to subsequently propose alternatives for a long-term integral pest
management system.

1.1 Understanding insect pest populations

Insects represent almost 60% of the total species diversity existent in the planet (Strong et al.,
1984; Purvis & Hector, 2000; Gibbs, 2001). It is estimated that 26% of all extant living
organisms on Earth (361,000 species) are phytophagous insects, while 31% (430,000 species)
are saprophagous or predators (Stong et al., 1984). Insect populations are mostly
characterized by presenting early reproduction, small body size, undergoing just one
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reproductive event in their lifetime (i.e., semelparity), having small progeny, and allocating
substantial resources to reproduction (Borror et al., 1992). In general, they lack paternal care
(Daly et al., 1978) and individuals produce a great amount of descendants to maintain the
stability of the population size (Huffaker et al., 1984). Populations of insects are generally
discrete, which means that generations do not overlap (Begon et al., 1996).

The size of insect populations is regulated when intrinsic or environmental forces modify
their capacity for survival, reproduction, or migration (Berryman, 1973). Predation,
competition, and resource availability (e.g., habitat, food) are factors that regulate
populations (Price, 1984). If these factors pose a limitation when a certain population density
and growth rate is attained, then they are acknowledged as density-dependent processes
(Varley et al., 1973; Price, 1984). On the other hand, external factors such as the weather or
the soil type can control the population size independently of population density (i.e.,
density-independent; Price, 1984). Thus, Huffaker et al. (1984) mention that insect
populations are basically regulated by the ecological relationships they sustain, being
predation and parasitism the most relevant interactions. Taking this into consideration,
when natural enemies of an insect species are eliminated, its populations may undergo an
accelerated increase, such that it becomes a pest. Any organism that causes economic losses
by affecting crops and/or domestic animals or human health is considered a pest (Speight et
al., 1999). As a general rule, a species needs to have numerous individuals to be regarded as
such. Moreover, pests generally emerge as a consequence of human activities (Uvarov,
1964), given the fact that in the wild these species tend to occur in low densities, although
their numbers drastically increase when favorable environmental conditions arise
(Dominguez, 1992). Other authors define a pest as a species that causes an economic loss to
humans by damaging their food, house, or dress. In nature, there are no such things as
pests; therefore, this concept does not have a strict biological meaning—it is derived from
human values related to health, economics, and aesthetics (Leyva & Ibarra, 1992).

Pests arise for three main reasons (Uvarov, 1964; Leyva & Ibarra, 1992; Speight et al., 1999):

Increased resources: Human activities provide insect species with the best resources: These are
unlimited. A good example comes from the huge extensions of mono-crops, which supply a
great amount of food.

Elimination of natural enemies by control methods: Many parasites, parasitoids, and predators
control the growth of phytophagous insect populations and limit their distribution.

Introduction of exotic species: When a species is introduced to a new region, it can multiply
rapidly due to the lack of natural enemies.

1.2 Recent trends in insect-control methods

Throughout history, human societies have battled pests, sometimes losing against them and
thus confronting dramatic losses (Losey & Vaughan, 2006). Yet, we do not have a complete
record of these events, as knowledge regarding plagues was somewhat unspecific before
better tools (e.g., microscopes) allowed us to characterize them. In addition, scientific
interest was less attentive to normal agricultural complications. From the late nineteenth to
the early twentieth century, crop protection specialists relied on knowledge of pest biology
and cultural practices to produce multitactical control strategies (Gaines, 1957). This
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approach changed in the early 1940s, when the use of organosynthetic insecticides
supplanted virtually all other tactics and became the dominant approach to insect pest
control. This period (from the late 1940s through the mid-1960s) was called “the dark age of
pest control” (Newsom, 1980), because specialists began to focus on testing chemicals to the
detriment of studying pest biology and non-insecticidal control methods. By the late 1950s,
however, warnings about the risks of the preponderance of insecticides in pest control
began to arise. Reports coming from the workers of cropping areas in North and South
America (Dout & Smith, 1971) and Europe (MacPhee & MacLellan, 1971) described early
signs of the consequences of insecticides, but did not have much impact, given that
pesticides seemed very successful at a relatively low cost, providing long-season crop
protection against pests and complementing the benefits of fertilizers and other agricultural
production practices. During the decade of the 1960s, the application of insecticides reached
its highest exploitation, and the negative consequences became evident in the agricultural
yield. Given this problem, in the 1970s, different alternatives were adopted that focused on
combining chemical methods with other strategies, for instance, considering biological and
traditional agricultural knowledge.

Integrated pest management (IPM) is a concept that arises from the difficulties presented by
the unsystematic use of insecticides. IPM has a long history and a broad scope, including the
use of chemical insecticides in combination with improved cultural and biologically based
techniques with a focus on achieving the most permanent, satisfactory, and economical
insect control possible (Kogan, 1998). Yet, although conceived as a strategy friendlier to the
environment, even the most successful contemporary IPM programs have been
implemented with little consideration for ecosystemic processes. While species and
population ecology have been the foundations of those programs because populations are
the biological units in which species exist (Geier, 1966; Kogan, 1998), little attention has been
paid to understanding the characteristics, processes, and dynamics at all ecosystemic levels
(Gliessman, 1990). This information is essential for a scientific analysis of agroecosystems
(Risser, 1986). Different definitions of IPM proposed in the last decades tried to incorporate
these concepts; some were discussed and adopted in international committees (Kogan, 1998)
with varying degrees of success. For instance, the management of rice pests in Southeast
Asia was proposed to be based mainly on the restoration of natural controls through the
removal of broad-spectrum insecticides (Kenmore, 1996). Furthermore, Kogan (1988)
proposed that the four basic hierarchical ecological scales— individual, populations,
communities and ecosystems—should serve as the template for IPM integration. This
framework will be further discussed within this contribution, as the notion is compatible
with our proposal.

Lastly, at the present time, excitement about genetic engineering dominates the literature
and global management strategies; nevertheless, nothing will have been learned from past
experiences if genetic engineering prevails over all of the other technologies that are also
blossoming (Kogan, 1998). Like in the “dark ages,” we do not have enough knowledge
about the risks that genetic engineered crops could pose for wild plant populations (e.g.
through gene flow; Ellstrand, 2003; Andersson & de Vicente, 2010; Dyer et al., 2009), non-
target organisms (Dale et al., 2002; Hilbeck & Schmith, 2006), and human health (Schubert,
2002; Finamore et al., 2008; Spiroux de Vendomois et al., 2009).
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Despite the control strategy used, the pest evolutionary arms race continues, and the
ongoing development of insect resistance to insecticides has become a serious problem.
Moreover, other factors linked to human populations have complicated the problem. For
instance, policy strategies concerning these practices should be guided firstly by strict
scientific knowledge.

1.3 Economic, ecological, and evolutionary costs of insecticide use

Historically, with the advent of agriculture, the human social structure changed and the
establishment and growth of human societies began as a result, this practice lies at the very
core of human cultures. Agriculture is an activity that clearly benefits from environmental
services, since these provide primary sources essential to farming such as soail,
biogeochemical cycles, and ecological interactions (e.g., pollinators, predators, nitrogen
fixing bacteria). By altering the environmental services that sustain agriculture, we would be
jeopardizing not only valuable biological diversity and ecological processes, but also a series
of economic, social, and cultural components in a way that the calculation of the costs would
involve many different levels. Nevertheless, an important question to ask in a broader sense,
not just in the context of agriculture is as follows: How much is an environmental service
worth? Some works have revolved around this issue and estimated that the costs of losing
even one ecological service rises up to billions of dollars (Losey & Vaughan, 2006, 2008;
Pimentel 1992, 2005).

At first glance, the use of pesticides may appear to be an advantageous and low-priced pest
control option; nevertheless, major environmental complications follow this practice, finally
resulting in economic, ecological, and evolutionary costs. As summarized in Figure 1, the
alteration of ecological dynamics has short-term (ecological) and long-term (evolutionary)
consequences that may or may not be reversible according to the magnitude of the damage.
All of the biome processes at different levels—namely the individual, population,
community, and the biome itself —are affected by the drastic conditions insecticides impose
when applied irresponsibly. This practice affects the evolutionary processes in
agroecosystems and jeopardizes the environmental sustainability necessary for future
generations to survive, sometimes altering biological processes that are irreplaceable. Within
lower ecological levels, insecticides compromise the life span, growth, reproductive
potential, and behavior of individuals, thus reducing their fitness, and with time, modifying
the evolution of life history traits. At the population level, increases in the mortality rate and
alteration of the age structure could lead to the reduction of genetic and phenotypic
diversity, decreasing the fitness of surviving individuals and increasing the potential for
species extinction. At higher ecological levels, the affections inflicted by insecticides must
not only be considered according to their ecological and evolutionary consequences, but also
evaluated in relation to the ecological services that are being affected, since they are mostly
provided by a complex of species through network interactions. Indiscriminate insecticide
use damages the services that ecosystems inherently provide through their proper
functioning, and insects, being one of the most diverse and successful animal groups, are
involved in performing important ecological tasks such as pollination, pest control,
suppression of weeds and exotic herbivorous species, decomposition, and soil improvement
(Losey & Vaughan 2006, 2008).
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Consequences of conventional control methods in insect pest species
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Fig. 1. Ecological and evolutionary consequences of insecticide control methods. Ecological
consequences are shown at different ecosystemic levels, while evolutionary consequences
occur only at the population level. Consequences can be irreversible or reversible and affect
replaceable or irreplaceable environmental services.

When altered, ecological communities could suffer from an alteration of trophic dynamics and
interactions, as well as a modification of species richness, diversity, and abundance; this could
ultimately end interspecific relationships that could have been occurring for millions of years,
affecting biodiversity irreversibly. Perhaps one of the most relevant concerns in this matter is
the adverse effect of broad-spectrum insecticides on non-target organisms, especially if these
contribute to an ecological service. For example, in all ecosystems, natural predators and
parasites regulate the growth of herbivorous populations that could develop into potential
pests. Pests can grow uncontrollably if their natural enemies are destroyed, or even if
pesticides alter their predators’ searching and attacking behaviors. This alteration of
interactions can cause increases in pests of the same species, or even promote the appearance
of new pest species (Metcalf, 1980; Van den Berg et al., 1998; Mochizuki, 2003; Devine &
Furlong, 2007). When this happens, additional and often more costly pesticide treatments are
needed to avoid losing the crop; thus, it is possible to replace this “free” natural pest-control
service, but this becomes highly expensive and environmentally hostile. Pimentel (1992)
estimated that about half of the control of pest species is due to natural enemies, and that
pesticides give an additional control of 10%; the main percentage is due to host-plant
resistance and other limiting factors present in the agroecosystem. Losey and Vaughan (2006)
estimated that if no natural predators were functioning to control native insect pests in the
United States, the damages could reach $20.92 billion dollars each year. Insect pollinator
species are also affected unintentionally but gravely by the use of insecticides. This is a serious
matter, considering that this process is vital to plant reproduction and species preservation,
and that it is a service that is not replaceable by any human technology. This problem affects
not only crops, but also their wild relatives, by modifying the composition of native as well as
non-native pollinators. Moreover, the lack of effective pollination reduces crop yields and the
quality of the agronomical products, and can also cause the loss of the entire crop.
Furthermore, it can affect the next sowing season, since seeds cannot be collected. In the
United States, native pollinators may be responsible for yielding almost $3.07 billion dollars a
year by allowing the successful production of fruits and vegetables (Losey & Vaughan, 2006).
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Insects are not the only populations affected by the use of pesticides. Other organisms, such
as birds and mammals, are directly or indirectly impacted by open exposure or the
consumption of contaminated nourishment, respectively (Pimentel, 1992).

As insecticides pollute the environment, the habitat where living organisms can dwell is
reduced. Insecticides may be toxic to soil microorganisms that are fundamental in
maintaining the structure and function of ecosystems by enabling vital processes to take
place (e.g., biogeochemical recycling, nitrogen fixation, organic matter disintegration; Atlas
& Bartha, 1987; Brock & Madigan, 1988), this is why soil community alterations cannot be
taken lightly. Moreover, since insecticides are often sprayed without sufficient care, they can
reach neighboring crop fields and wild communities, and can even find their way into
ground and surface water by soil erosion and water runoff (e.g., aldicarb, alachlor, and
atrazine; Osteen & Szmedra, 1989; Relyea, 2005), finally disturbing aquatic ecosystems and
contaminating potable water.

The consequences of insecticide usage are evidently costly. Simply, while the agricultural
products are fixed in the markets and depend on private interests, the price of the crops
freely fluctuates in the global markets. This inequity causes problems that will not be
addressed in this chapter but that reveal the economic dimensions the loss of environmental
services could have as a consequence of indiscriminate insecticide use; these could perhaps
be considered “pest evolutionary arms race collateral effects.” Studies about the
environmental services jeopardized by current pest control methods and their economic
costs are greatly needed. More reliable data documenting the involvement of insects in
environmental services must be published to allow the generation of mathematical models
and consequently the accurate estimation of the value of these services. Ideally, these efforts
should be undertaken worldwide to guide each country’s policy strategies regarding such
practices, for example, through risk assessment studjies.

2. Ecology of insect populations and life histories

More than 50 years ago, Cole (1954) published one of the first works pointing out the
relevance of organisms’ life history to the management of pest species. Later, almost forty
seven years after Cole, Nylin (2001), indicated the necessity of studying pests’ life history
traits to control them, and to prevent as much as possible the development of potentially
dangerous species. In this chapter, we assert that Cole and Nylin’s ideas are still valid;
however, in our view, trying to eliminate or at least control a species with a complex life
history is almost impossible. Under current control methods, including IPM, it is unfeasible
to control the population sizes of species with great reproductive potential, growth rate, and
dispersal ability. It is obvious that current trends regarding pest management should be
modified. To achieve this goal, the first step should be revealing life history parameters that
will potentially increase the population size and distribution range of a species. Pest
management strategies should be adjusted to species’ life histories, so that mortality and
birth rates or immigration and emigration rates can be estimated and projected.

2.1 Life history traits of insect pest species

Let us imagine the characteristics a crop-devastating insect should have. Females should be
extremely fertile, being able to leave a large number of eggs, which would constitute the
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next generation population. For example, let us picture a highly fertile female who can leave
70 to 100 eggs per laying and the number of laying events in her lifetime is, on average,
three. Moreover, let us imagine that this female belongs to a species presenting a number of
generations higher than one per year; let us say there could be up to three generations in a
year. Furthermore, let us assume that the devastation potential of this species is not limited
by space because it can migrate very long distances, e.g., hundreds of kilometers in just one
day. Additionally, let us say that these organisms are polyphagous, being able to consume
different plant types, not just the ones that humans cultivate but their wild relatives as well.
Finally, let’s imagine that these super-organisms have the capacity of inhabiting places that
present very variable conditions, where they can perfectly survive, develop, and reproduce.
If such an organism existed, it should be named Schistocerca gregaria and it would belong to
the order Orthoptera. This locust species is one of the most devastating worldwide, not only
nowadays but throughout agricultural history. Considering the information described
above, we could obtain a simple population growth projection for a few years in a scenario
lacking natural predators and providing unlimited resources. After one year, just from the
mating of one female with one male, 900 new individuals would join the population in the
next generation. If these 900 individuals presented a 1:1 sex ratio, the next year it would be
400,000 individuals, and five years after that the number of individuals would reach 3.5 x
10®3 individuals. Although these numbers appear to be unreal, they represent very well the
potential a single couple of locusts could have in an agroecosystem when no restrictions are
imposed. Even when most of the individuals can be eradicated by conventional control
methods, the infestation can reemerge in just a few generations with a higher population
density. Unfortunately, the control methods do not have an impact on the traits that
contribute to the demographic success of insect populations. Schistocerca gregaria is not the
only species with these life history characteristics. All pest species possess at least one trait
endowing them with high reproductive rates and survival success. Regarding the number of
generations per time unit, aphids are exceptionally capable of originating new individuals.
The species Aphis glycines, for instance, can produce 18 generations per year in soybean
fields. Moreover, all individuals of this species, when present in monocultures, are
parthenogenic females (thus, they do not need males to reproduce).

Some pest species display great dispersal ability. Some control measures are focused on
avoiding or at least revealing the migratory routes of these species (Riley & Reynolds, 1983;
Farrow & Daly, 1987; Riley & Reynolds, 1990; Pedgley, 1993; Chapman et al., 2010). Oedalus
senegalensis is a pest species that can migrate up to 350 km in just one night (Cheke, 1990).
This insect can infest and destroy crops in huge areas of western Africa in just a few days,
given its outstanding dispersal skill. Orthoptera species and other insect groups that present
incomplete metamorphosis can immediately devastate large crop extensions. In the case of
insects with complete metamorphosis, the damage normally occurs in the next season, since
individuals at the adult stage are the ones with dispersal ability, while those at the larval
stage—i.e., the next generation—eat the crops. It has been observed that recent African
infestations have been related to the migration routes of S. exempta. Moreover, the
diamondback moth, Plutella xylostella, can perform transoceanic migrations, thus being able
to continuously travel up to 3000 km over a course of days (Talekar & Shelton, 1993). During
its larval stage, this insect feeds nearly exclusively on cruciferous plants and due to its
dispersal potential, it is possible to find it in almost every cruciferous crop field around the
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world. Most of the migrations carried by insects are aided by wind currents (convergent
winds in Africa), which allow the insects to invest a minimum of energy in flight (Chapman
et al., 2010).

Other species of insects, although they lack flight capacity, are able to colonize new
agroecosystems. The orthopteran Sphenarium purpurascens can disperse more than 10 km
annually throughout crop fields and wild environments, mostly due to its capacity to feed
on greater than 50 different plant species (Cano-Santana & Oyama, 1994). Two decades ago,
this grasshopper had a narrow distribution in central Mexico; at present, however, it
inhabits locations hundreds of kilometers beyond its original range. S. purpurascens, like
many other insect species, displays pronounced diversity regarding its life history traits
when inhabiting crop fields as opposed to wild ecosystems. Its populations can actually
change their life history traits in just a few generations (Cerritos, 2002).

2.2 Adjustable life histories: Phenotypic plasticity or swift changes in allele
frequencies?

Let us now imagine a potentially crop-devastating species able to regulate its life history
traits depending on environmental conditions, the resources available, and its own
population density. If this species, when inhabiting locations with suitable environmental
conditions and unlimited resources, could give birth to more than one generation per year
and produce a huge amount of eggs each breeding, as well as being able to migrate long
distances, it could be an extremely serious pest. Locusta migratoria is one locust species able
to exhibit polyphenism, which is a biological mechanism characterized by the ability to
adjust life history traits according to environmental or demographic factors (Simpson et al.,
2005). This kind of phenotypic plasticity has been documented in orthopterans, specifically
from the Acrididae family. More than 15 locust species that are known to damage
agroecosystems display polyphenism in their morphological, physiological, and behavioral
traits (Song, 2005). Crop-devastating insects like S. gregaria, L. migratoria, and L. pardalina, for
instance, possess the ability to assemble huge congregations of individuals that can migrate
long distances and therefore have the potential to cause global infestations. These swarms
can generally reach more than 250 million individuals (Simpson et al., 2005).

The origin of this kind of plasticity was first explained, at least for L. migratoria, by the
existence of two genotypes within their populations: one that favored the establishment of
congregations and consequently infestations, and another that promoted solitary behaviors.
Recently, however, it has been demonstrated that regardless of the genotype, this species
has the ability to form huge groups of individuals anywhere in the world (Chapuis et al.,
2008). Locusts are not the only insects with phenotypic plasticity. Lepidopterans like
Polygonia c-album and Pararge aegeria can modify their diapause in response to latitudinal
variation and photoperiod and the heteropteran Eurygaster integriceps, a serious wheat and
barley pest in Iran, can modify its generation time and fecundity as a result of temperature
changes (Iranipour et al., 2010).

Given the previous examples, it has become evident that to achieve successful pest
management strategies, it is urgent to understand and unveil the genetic bases that underlie
life history traits, especially those exhibited by insect pests. These traits appear to be
subjected to strong selective pressures, such that in only a few generations, new genotypes
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increase their frequencies and eventually become genetically distinct from the ancestral
populations. Few studies have been performed in this context; nevertheless, a pioneering
work comparing pest and non-pest populations of the beetle Epilachna nipponica offers some
insight. The results show that pest populations exhibit a continuous ovoposition rate,
shorter immature stages, and bigger female body size. Let us now picture a species that is
not only very plastic phenotypically, but also extremely diverse genotypically (Shirai &
Morimoto, 1997). What could we do to control such a species? What can we do to control S.
gregaria or L. migratoria?

3. Evolution of insect pest populations

One or more genes determine almost all life history traits. The modification of these genes
would probably involve the modification of one of such life history characteristics. The
frequency change of the different alleles of these genes and the evolutionary forces that
shape their distribution form the subject matter of a field called Population Genetics. For
pest species, knowledge about their genetic structure is relevant to learning how certain
traits become fixed within their populations. The genetic diversity of insect populations is a
result of the huge population sizes that increase the probability of mutational events. All the
genetic variants (i.e., genotypes) stored in populations are consequential when selective
pressures, like insecticides, occur; for instance, one genotype might be resistant to a given
insecticide and will therefore increase its frequency in a few generations, thereby
performing a process called “resistance evolution.”

Unfortunately, for chronological reasons, Darwin never observed the effects caused by
insecticides on inheritable traits; however, if he could have seen them, what he may have
concluded is that strong selective pressures could modify populations in just a few
generations. Darwin thought of evolution as a gradual process, but perhaps by observing
the insect species subjected to insecticides, even he would have concluded that evolution
could be very fast, occurring in sudden “jumps.”

3.1 Effective population sizes in a pest management context

Quantification of past and present population size can provide insight into the success of an
invasive population, the amount of effort required to eradicate or suppress that population,
and the effectiveness of a control strategy. Habitat structure, geographic extent, mobility,
size of the individual, the cryptic or elusive nature of the species, and population
distribution, however, often hamper quantifying population size by direct census (Rollins ef
al., 2006). Genetic data can be used to calculate current effective population size (the number
of individuals in a population that contribute offspring to the next generation, or Ne; Wright,
1931), estimate minimum population size, and detect evidence of population expansion or
decline (Rollins et al., 2006). Due to the importance of performing conservation efforts
focused on endangered species, we currently have access to a lot of examples that apply this
concept. From them, we could ask: How difficult is it to achieve the local or global extinction
of a species? Frankly, when humans have managed to drive a species to extinction, it has not
been easy even when this species, in contrast to insects, was several orders of magnitude
smaller and thus simpler to extinguish, for instance because its population size or effective
population size was comparatively much lower. Pest control methods as applied today
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appear to be low-success practices when viewed through a population genetics,
phylogeographic, and conservation genetics perspective.

Let us think of a hypothetical pest species that is affecting a given crop field. We then decide
to locally eliminate it using direct methods, which will kill most of the individuals,
producing a genetic bottleneck. The first alleles that will disappear from the population are
the ones present at low frequencies (Hauser et al. 2002). After 4Ne generations (Ne being the
effective population size), more alleles will be lost, which means that the loss of alleles will
depend on the effective population size. However, is this the right path to effective pest
control? To answer this question, we need to know: 1) how the loss of genetic diversity
increases the susceptibility of a population toward extinction, and 2) how much genetic
diversity is needed for a species to maintain its adaptability in response to environmental
changes. These problems can both be addressed through estimation of the effective
population size and the genetic diversity of the species.

In the case of insect species, they are a good model for understanding the evolutionary
processes influenced by natural selection. On a neutral theory scenario, we can have an
elephant population with few individuals and an insect population with numerous
individuals, and both will have the same mutation rate. With the passage of time, it is
evident that some evolutionary forces will act in this comparison. In insect populations, the
generation time is smaller, the recombination rate is faster, and the selective pressures are
bigger; since the genetic drift is dependent on the effective population size in elephant
populations, genetic drift is the most important evolutionary force because of the low
number of individuals, whereas in insect populations, other evolutionary forces are
stronger. In the context of pest management, molecular techniques that estimate genetic
diversity and identify sudden population contractions (i.e., bottlenecks), due for example to
the survival of resistant individuals after the selection pressure imposed by insecticide
application, can provide feedback on the effectiveness of control programs and are
especially useful in situations where direct population size assessment is difficult (e.g.,
Hampton et al. 2004). If we are able to analyze these characteristics in a pest species, then we
will be closer to designing better long-term control strategies.

3.2 Genetic structure and gene flow in pest populations

Local elimination of pest populations is not a solution. It is like thinking that removing the
cockroaches from one apartment of an infested building would be a long-term eradication
solution. Thus, the control strategy should be directed to the whole population. Information
concerning the number of populations present in a given place (i.e., a building), along with
the degree of connectivity between them, is vital to constructing sound management and
control policies for pest populations (Rollins et al., 2006). Genetic structure can be described
as the distribution of genetic variation resulting from migration, selection, mutation, genetic
drift, and related factors. In other words, it is a measure that will reveal the level of
connectivity between populations. If this measure is significantly high, then the populations
are evolving together (and thus are highly connected); inversely, if it is low, each population
could be considered as an independent evolutionary unit (and the populations are poorly
connected). In situations where population subdivision is unclear or boundaries are cryptic,
incorrect estimation of the number of populations may bias assessment of population
dynamics (Taylor, 1997). For example, Robertson and Gemmell (2004), in a study on
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eradicating rat pests from the Guadeloupe archipelago, concluded that populations were
sufficiently isolated to be sequentially eradicated without a high risk of reintroduction;
however, in a later work using genetic data for the same species, Abdelkrim et al. (2005)
identified groups of islands that would require simultaneous eradication due to high levels
of gene flow.

What would happen if we applied any control method to a population that exhibits a
constant migration rate with neighboring populations? Since the population is not confined,
new individuals from other populations could arrive, colonizing the area once more. If this
is the case, then the overall genetic diversity of the species might be preserved in
populations that are not being directly subjected to the control method. Thus, no matter how
strenuous the effort to control a pest population in a particular locality is, new individuals
will colonize it if their migration potential allows it. Then, it is important to determine not
only the effective population size, but also the geographic area that a single population
inhabits, as well as the overall species. This knowledge will aid in making more effective
decisions when applying a control method, as well as contributing to a more fruitful
investment in pest management.

Effective control of invasive populations may largely depend on the ability to identify their
source. In many situations, the point of origin is unclear, or there may be multiple sources of
an invasive population. Simple models assume that rates of movement are independent of
landscape structure and use constant movement rates whatever the landscape mosaic in
question (Goodwin & Fahrig, 2002), assuming that dispersal is random (Conradt et al., 2001;
Hunter, 2002). Because direct measurements of dispersal are typically difficult to obtain,
indirect measures using population genetics may be employed (Pritchard et al., 2000; Piry et
al., 2004). The study of gene flow can be even more informative: such an approach can be
employed as a method of delimiting dispersal potential in species in which males are more
likely to disperse than females (Hunter, 2002). Traditionally, sex-biased dispersal has been
detected by comparing the level of population structure of bi-parentally inherited genes to
those inherited from one parent only (e.g., mitochondrial genes).

Assessment of the dispersal potential may influence decisions on how to manage invasive
populations. Species that experience restricted dispersal may be better candidates for control
than those that disperse widely (Rollins et al., 2006). A variety of methods have been
developed to assign an individual to a population of origin or to exclude it from putative
source populations (Wilson & Rannala, 2003; Piry et al., 2004; Guillot et al. 2005; Rollins e al,
2006).

3.3 Landscape genetics as an approach to understanding pest genetic diversity

The recent improvements in molecular genetic tools, combined with existing or new
statistical tools (e.g., geo-statistics, maximum likelihood, and Bayesian approaches) and
powerful computers has led to the emergence of the field of landscape genetics, which is an
amalgamation of molecular population genetics and landscape ecology (Turner et al., 2001).
This discipline aims to provide information about the interaction between landscape
features and microevolutionary processes such as gene flow, genetic drift, and selection.
Landscape genetics can resolve population substructure across different geographical scales
at fine taxonomic levels (Smouse & Peakall, 1999). Understanding gene flow is also
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fundamental for ascertaining factors that enable or prevent local adaptation, and for
describing dynamics that facilitate the spread of new, beneficial mutations (Sork et al., 1999;
Reed & Frankham, 2001). However, the aim of managers is to determine what constitutes a
natural break within or between populations, the ratio of habitat (i.e., edge to interior; Chen
et al, 1995; Radeloff et al, 2000), the isolation of habitat fragments (Collinge, 2000),
subpopulation area (Kruess & Tscharntke, 2000), subpopulation quality (Hunter et al., 1996;
Kuussaari ef al., 2000; Hanski & Singer, 2001), subpopulation diversity (Gathmann ef al.,
1994; Varchola & Dunn, 2001), and microclimate or ecological niche (Braman et al., 2000). All
of these phenomena contribute to determining the abundance and richness of insects on
particular landscapes (Hunter, 2002). Lenormand et al. (1999) found a decrease in pesticide
resistance with increasing distance from the treated zone by studying pesticide resistance in
the mosquito Culex pipiens. This cline can be interpreted as a consequence of local adaptation
when migration and selection act as antagonistic forces (Manel ef al., 2003). Landscape
genetics is uniquely suited to exploring mechanisms of speciation in a complex resistance
landscape, where parts of a population may experience sufficiently reduced gene flow such
that drift or selection along locally steep selection gradients could lead to new species
(Balkenhol et al., 2009). Finally, adaptive landscape genetics explicitly deals with spatial
genetic variation under selection, and can be used to study the adaptive and evolutionary
potential of populations (Holderegger et al., 2006, 2008; Balkenhol et al., 2009).

Recently some scholars incorporated temporal changes in landscape structure (Solbreck,
1995; Onstad et al., 2001), genetic change in insect populations (Singer & Thomas, 1996;
Ronce & Kirkpatrick, 2001), and differential responses of predators and prey (Kruess &
Tscharntke, 1994; With et al., 2002) into their understanding of the spatial ecology of insects
(Hunter, 2002). Roderick and Navajas (2003) suggested that identifying the origin of specific
genotypes in an invasive pest population might assist in the identification of natural
enemies in the native range, thus facilitating the design of effective biological control
programs (Rollins et al., 2006).

In the case of genetically modified crops that present insect protection features, to the extent
that greater host availability increases pest adaptation to a particular host plant (Kelly &
Southwood, 1999), widespread planting of transgenic insecticidal crops should favor
resistance evolution (Gassmann et al., 2009). Certainly, the selection pressure placed on pest
populations to evolve resistance is more intense in this kind of crops because the pressure
they impose is persistent instead of dependent on manual application. Resistance
management of pests in insecticidal cropping systems has relied on the high dose/refuge
strategy (Taylor & Georghiou, 1979; Gould, 1998). The refuge consists of growing non-
transgenic host plants in close proximity to insecticidal crops. The refuge plants are
expected to harbor and enable the reproduction of a large number of toxin-susceptible
individuals, which will mate with any resistant individuals that emerge from the insecticidal
crop, diminishing the resistance to the transgenic crop in the next generation (Gassmann et
al., 2009). However, the available data suggest that, in at least some cases, genetic variation
serving to evolve resistance is present in the field. Numerous insect strains have responded
to laboratory selection by evolving greater resistance to Bacillus thuringiensis Berliner (Bt)
toxins (Tabashnik, 1994; Ferré & van Rie, 2002; Gassmann et al., 2009), and this is suggestive
of the evolutionary potential of pests to evolve resistance to transgenic Bt crops (Gassmann
et al., 2009). More importantly, analysis of field populations has revealed the presence of
major resistance alleles for resistance to Bt crops in populations of pink bollworm
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Pectinophora gossypiella (Tabashnik et al., 2005), tobacco budworm Heliothis virescens (Gould et
al., 1997), the corn earworm Helicoverpa zea (Burd et al., 2003), and the old-world bollworm
Helicoverpa armigera (Downes, 2007; Wu et al., 2006; Gassmann et al., 2009).

3.4 Phylogenetic patterns

Phenotypic traits are influenced by their evolutionary history and the evolutionary forces in
their actual environment. Phylogenetic patterns can reveal the effects of history in character
evolution, which is relevant to understanding pest species and the ability to control them.
On one hand, the history of pest relatives is essential, since many aspects that we may not
know about the species in question may be shared with some of its relatives; thus, valuable
information could be obtained through their study. Another key aspect that can help us
determine how to fight a pest depends on the plant being cultivated, because the location
inhabited by its wild relatives can provide a lot of information. These sites contain the
natural enemies of the pests that attack plants, but also are home to a greater number of
organisms adapted to plant defenses, and therefore monoculture in these places could be
counterproductive, since the density and diversity of plants often support the defense
mechanism. Additionally, most cultivars are genetically uniform; thus, natural predators
can be much fiercer with these plants and the mechanisms to combat them much less
effective. In many cases, gene flow between cultivated plants and their wild relatives can
put their genetic diversity at risk and make wild plants more susceptible to herbivores,
causing irreversible environmental damage (Ellstrand, 2003; Andersson & de Vicente, 2010).

4. Understanding the ecology and evolution of insect pest species and their
crops as a basis for pest control

Which are the best methods of reducing insect pest populations in agroecosystems? For a
long time, this question has been answered in terms of economic gain, and therefore control
methods have been applied following this inclination. However, it is evident now that this
question needs answers, and consequently actions, based on ecological and evolutionary
knowledge of pest species.

Chemical and biological control methods, beyond doubt, have temporally diminished the
damages caused by insect pests. The beneficial outcomes that these kinds of methods have
accomplished in terms of agricultural production are considerable, but unfortunately,
transient and extremely unaffordable from a biological perspective. These methods do not
take into consideration the costs of locally or generally extinguishing a predatory species, of
polluting the water or soil or of changing some life history traits of a pest species. The most
suitable control methods should be those that, before being put into action, consider the pest
species’ ecological and evolutionary traits. Ecological attributes such as migration,
reproductive or mortality rates, dispersion, or population growth regulatory processes (e.g.,
by predators or parasites) are key components in the understanding of species” short-term
dynamics. Likewise, revealing the evolutionary attributes of a species such as the genetic
diversity within and among populations, the gene flow between populations, the genetic
structuration, and the effective population size could illuminate how fast the resistance to a
given control method could evolve and how broadly, in a geographic sense, this method
should be applied.
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Figure 2 presents the ecological and evolutionary trait thresholds that a pest species could
hypothetically display in contrast to a non-pest species. We propose that from them, it is
possible to formulate better strategies to reduce, control, or eradicate pest species. This
representation suggests a pest species regulation model through the application of
evolutionary and ecological knowledge. Each species may have a certain surface within a
multiple axis system. Each axis represents a trait, and by connecting the axes, an area is
generated inside a multivariate space. Hypothetically, with colored circles, risk thresholds
are represented. By quantifying each trait for a determined species, we could draw a
corresponding area inside the model in a way that we could observe its shape and compare
it to the proposed thresholds. The species with more devastating potential would occupy a
maximum area inside the vectorial system (dotted blue line), while a species that is placed
below the green circle probably will not represent a pest problem at that moment.
Depending on the size and shape of the surface formed inside the system, different long-
term control strategies could be proposed.
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Fig. 2. Hypothetical representation of the ecological and evolutionary assessment suggested
for pest control management. Each edge of the graphic represents a trait; when all of the
edge’s values are connected, a polygon is formed which will represent the potential of a
species to become a pest. Hypothetical pest species display very different life histories and
population genetics traits than non-pest species. Each of the solid line circles represents a
hypothetical threshold of the damage that a species could cause; thus, the red circle
illustrates a maximal threshold expected for a pest species, while the green circle will
conform to a non-pest species. Polygons represent the trends for three different species: a
lethal pest species (blue polygon), a moderate pest species (solid line black polygon), and an
incipient pest species (dotted line).
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4.1 Short-term pest control strategies: From insecticides to transgenic plants

Let us imagine an insect species that possesses all the ecological and evolutionary
characteristics to become a pest, not on a short-term basis but over thousands of generations.
Let us picture, then, that systematically, for decades, the same control method has been
applied that has, immediately but temporarily, minimized the problems caused by the pest.
Within a few generations, these insect populations will resurge even more devastatingly than
before, in such a way that more complex and stronger control methods will be needed. Even
though the methods used so far have proven to be inadequate, let us assume their application
is continued, maybe in different presentations like a liquid or a bacterial gene that codes for a
crystal-forming protein inserted into a crop plant, but leading to the same consequences. Over
time, the selection pressures imposed by these methods could prompt the species’ rapid
adaptation and resistance evolution, thus hindering a long-term solution by these means.

The control methods predominantly used today are chemical and biological, followed by the
growing development of genetically modified plants that, in some instances, could be
regarded as chemical control. Numerous works have revealed that after the application of
chemical agents, pest species can rapidly develop resistance and reemerge. Actually, over
the last two decades, several insect populations have evolved resistance to some insecticides
(Farnham, 1973; Robb, 1989; Liu & Scott, 1995; Jensen, 2000; Siqueira et al., 2000). Georghiou
(1990), in his classic work, reported that by 1990, around 500 species were resistant to at least
one insecticide. Diverse locust species exhibit insecticide resistance through different
biochemical mechanisms that reduce the lethal effect (He & Zhu, 2004; MacCuaig, 2008;
Yang et al., 2008). As for the utilization of genetically modified plants, some insects have
acquired resistance to them, specifically to the protein codified by the transgene CrylA
isolated from Bacillus thuringiensis (Kaiser-Alexnat et al., 2005; Moser, 2007; Wolfgang, 2007).
In Europe, at least four potentially devastating insects have acquired resistance: the pink
bollworm Pectinophora gossypiella (Tabashnik et al., 2005), the tobacco budworm Heliothis
virescens (Gould et al., 1997), the corn earworm Helicoverpa zea (Burd, 2003), and the old-
world bollworm Helicoverpa armigera (Downes, 2007). All of the chemical agents provoke an
intense selective process in the populations of insects, subsequently diminishing their
population size. Nevertheless, some of the individuals of the population can be resistant and
tolerate the above-mentioned compounds, thereby increasing the insect population size and
diminishing the plant population size (Elrich & Raven, 1964).

Chemical control methods increase the selective pressures without being able to successfully
eradicate the pest. An insect pest species with high genetic diversity and a large population
size will have the potential to swiftly change its gene frequencies, thus increasing the
number of resistant genotypes in just a few generations. Some chemical agents are
particularly prone to promoting resistance, since with a single point mutation, the insect can
block the pathway of the molecule used as insecticide.

Insecticides, Bt crops, and biological control methods, unfortunately, are not specific to the
insect they are meant to control. Consequently, several non-target species are eliminated
when these practices are applied, including natural enemies and endemic species
(Lockwood & DeBrey, 1990; IUCN, 1996; Hoekstra, 1998; Lockwood, 1998; Stewart, 1998;
Lockwood & Sergeev, 2000; Fashing et al., 2010). For instance, Stewart (1998) revealed that
when applying insecticides to control Locusta pardalina in crop fields, diverse endemic
grasshopper species from South Africa were eliminated.
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Besides their direct and immediate effects, insecticides also produce indirect and lasting
effects. Lahr (1998) commented that organophosphate residues from insecticides applied to
control Schistocerca gregaria were stored in water bodies, thus affecting numerous species.
Recently, Fashing et al. (2010) analyzed the impact of insecticides used to control S. gregaria
on African mammal species, since they feed on this locust species routinely. They analyzed
the ecological implications of this particular mammal diet, because locust assimilated and
stored the insecticide, which in turn affected the abundance of mammal species.

Let us assume that each of the non-target species could be represented in Figure 2, inside the
group of non-pest species. The ecological and evolutionary trends that these species could
display would be very different from the ones belonging to a pest species that has all the
traits to demographically counteract the pressure imposed by control methods. Several non-
target species have probably already been eliminated, locally or definitively, and regrettably
without any available record.

Several works have analyzed the effects that biological control methods could have at an
ecological level, particularly because of the lack of knowledge regarding the consequences
of the artificial interactions that they impose (Louda, 1990; Thomas & Willis, 1993; Godfray,
1994; Jhonson & Stiling, 1998; McEvoy, 1999), for instance, by jeopardizing established
natural interactions (e.g., competition or predation). In some cases, biological control
methods fail to eradicate pest species, while in others, they promote the emergence of new
pest species that parasite or prey on native species (Louda, 1990; Thomas & Willis, 1993;
Godfray, 1994; Jhonson & Stiling, 1998; McEvoy, 1999). Regarding genetically modified
crops with Cry transgenes, they are supposed to be species specific; however, there is a lack
of scientific studies that support this notion, since they have not been carried out with
species from the same genus or even with populations from the same pest species.

Finally, let us imagine for a moment that for many decades, there have been alternative
methods able to minimize pest damages without producing so many collateral effects. And
let us think these methods have been applied worldwide with favorable results. Now, what
we cannot imagine is why these methods have not been used extensively in agroecosystems.
Is it only an issue of lack of imagination?

4.2 Species-specific control methods that do not generate resistance

One method that does not cause resistance and could be species specific is mechanical
elimination. This method refers to the removal of insects manually or by means of different
kinds of tools (Faure, 1944; Van Huis, 1996; Abate et al., 2000; Cerritos & Cano-Santana, 2008;
Cerritos, 2009; Cerritos, 2011). This method has proven to be the most effective in controlling
conspicuous insects such as locust, hemipterous and larvae. However, its practice in
agricultural fields is very limited. Lockwood (1998) discusses that the main disadvantages of
this method are its cost, since it could be very expensive, and that it is time-consuming,
especially when the removal is undertaken manually. Nevertheless, it is a strategy that does
not cause collateral effects on the environment. Lockwood (1998) mentions that because it is
an extremely selective method, it does not represent a menace to non-target species.
Furthermore, from an evolutionary point of view, it would be very hard for insects to
develop resistance to manual removal.
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The mechanical capture of pest species in some places is a common practice, especially in
third world countries where insect consumption still prevails. However, although this
strategy can reduce the population sizes of insect species, it is not considered a technological
control system.

Although costly and labor intensive, mechanical removal is a potentially profitable method
from the ecological, economic, and social perspectives. If we could compare between the
chemical, biological, and mechanical methods in terms of resource investment and
outcomes, we would probably find contrasting results. For instance, S. gregaria, a widely
distributed and abundant species, caused economic losses of over 2.5 billion dollars in only
the past 5 years in Africa, while around 400 million dollars were invested in chemical and
biological control without success (FAO, 2008). The ecological and social damages of
insecticide deployment were not evaluated in this case. Now, let us evaluate the input and
profit for this example if the mechanical method could have been used. Considering that 10
million tons of edible insects could be harvested in each African country that this species
inhabits, an investment of 10 million dollars would be needed, but the economic, ecological,
and health gain would be immeasurable (Cerritos et al., in preparation). Another example
worth mentioning occurs in America, specifically in the United States, where several native
grasshopper species ingest 25% of crop foliage in 17 states each year (Hewitt & Onsager,
1983). The cost of these losses has been estimated at 1 billion dollars per year (Pfadt &
Hardy, 1987). To control these species, broad-spectrum insecticides have been the method of
choice; in only two years (1986-88), around 5 million liters of Malathion worth 75 million
dollars were used (NGMB, 1995). By implementing the mechanical method, the potential gain
of the harvest could be 1 to 5 million tons annually with an investment not higher than 5
million dollars. Although in the United States, culturally, insect consumption has not been a
common practice like in other countries, all that biomass could be used as livestock food.
These two examples confirm the need for new and more suitable control methods to eradicate
exotic pest species and maintain local or endemic pest species at low population sizes.

In Mexico, a country where insect consumption (i.e., entomophagy) is a very common
practice, several grasshopper species are consumed as food. Not only is the grasshopper
Sphenarium purpurascens one of the most significant pest species, but it is also the insect most
consumed in Mexico (Cerritos & Cano-Santana, 2008). Nowadays, in just one village,
hundreds of tons of this insect are produced yearly in alfalfa and corn crops, where it is
especially considered a pest. The economic profit of grasshopper harvesting would be, on
average, 5,000 dollars per family per year, without adding the savings related to not
purchasing insecticides or investing in biological control (Cerritos & Cano-Santana 2008).
The S. purpurascens biomass estimate that could be obtained by mechanical removal
maintaining its population sizes at a level that minimizes crop damage is in the thousands of
tons. The distribution and abundance of this grasshopper was estimated through
demographic models, rendering the potential biomass quantity calculated per year to be
almost 700,000 tons of grasshoppers in around 1 million hectares. The economic profit of this
biomass extraction would exceed 50 million dollars, while the nutrimental contribution
would yield 50 million rations, each with 20 grams of protein content (Cerritos et al., in
preparation). Beyond doubt, even when they may seem unconventional, these kinds of
strategies could be applied around the world, taking advantage of native locust and
grasshopper species and even considering them as a sort of mini-livestock.
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If we place species like S. gregaria or S. purpurascens in our model presented in Figure 2, it is
evident that both insects would be outside the higher threshold (solid line red circle), since
their ecological and evolutionary traits are consistent with the characteristics displayed by
highly devastating pest species. Let us review the case of S. purpurascens in more depth. This
grasshopper, in spite of its lack of wings, has an exceptional dispersal capacity (Castellanos,
2001). It can feed on a broad diversity of plant species, from weeds to crops (Cano-Santana,
1992). The amount of natural predators and parasitoids in the environment do not seem to
regulate its population size (Cerritos, 2002). Finally, the number of eggs per female and the
survival rate at each stage are very high (Cerritos & Cano-Santana, 2008). From an
evolutionary perspective, recent analyses have demonstrated that, at least in Central Mexico
where this grasshopper dwells, several populations exhibit genetic structuration, with
private genotypes and high genetic diversity (Cueva del Castillo, in preparation). When all
these properties are considered, it becomes evident why chemical and biological control
methods extensively applied in crop fields have been unsuccessful in controlling this pest
and have caused diverse collateral ecological and social problems. Some reports reveal an
increase in genetic diseases linked with insecticide application, mainly Malathion (Cerritos
& Cano-Santana, 2008). Additionally, there is evidence of soil and water pollution and of the
local elimination of several species (Cerritos, 2002). The strategy that could be most
adequate for the control of S. purpurascens populations would be mechanical removal
combined with other practices that do not cause collateral effects.

What happens to all pest species that are not suitable for human consumption? Up until
now, we have directly linked the mechanical method to the use of insects as food, and it
would seem that only edible insects could be subjected to this control method. We think this
is hardly the case. We are aware that nowadays, there are not a lot of human practices that
involve the exploitation of insect resources; however, since mechanical removal provides a
huge amount of biomass, surely something useful and beneficial could be done with it. For
instance, in Mexico, since pre-Hispanic times, several insect species have been used; perhaps
the most well-known example is the hemipterous larvae Dactylopius coccus, an Opuntia spp.
parasite that is the primary source of a red pigment used in the textile industry. In other
instances, if not suitable for human consumption, they could perhaps be used to feed livestock.

4.3 Crop-oriented alternatives

4.3.1 Small-scale polyculture. The milpa, chacra, nainu, and conuco, among others, are
traditional agroecological systems implemented by indigenous peoples from many different
cultures, climates, and places in the world. These systems can be regarded as “small or
medium scale polycultures” (Chavez-Servia et al., 2004). While their methods vary
depending to the agroecosystem of each place, all of them have active strategies for insect
control, and these strategies do not allow harmful organisms to reproduce immensely, but
tolerate some level of infection to avoid losing the entire crop affected (Morales & Perfecto
2000). These strategies also allow for the long-term use of soil, for example, by crop rotation
and by letting the land rest. In these circumstances, insect pests simply do not find resources
and cannot grow in that area or stay in it permanently, so no resistance is generated, nor is
there an accumulation of chemical products in the soil (Blanco & Garcfa, 2006). In addition,
in these systems, one immediate control measure can be growing different crops at the same
time in the same field to help reduce infections and enhance economic effects through the
profit of attaining food from both crops (Mufioz, 2003).
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Some strategies use agrochemicals on seeds before planting them to prevent initial infection;
others involve acting collectively in applying insecticides or known enemies of the pest in a
large area, thereby preventing the pest from passing from one field to another, unprotected,
parcel. Different strategies are used for controlling insect pests that infest seeds during
storage, for example placement of the containers near smoke, use of powdered lime
(Calcium carbonate) or application of commercial insecticides (Moreno et al., 2005).

4.3.2 Large-scale polyculture. The structure and forms of large-scale mixed farming schemes
are quite variable. Many rely on the same strategies described above and are carried out
under the same structures, but with a modified scale. The nutrient recycling between
different crops requires a little more involvement of applied sciences, and the management
of the synchronic cultivation of fruit, vegetables, woody species, and fungi requires more
knowledge (Altieri, 1995). In many cases, the issues regarding pest management are based on
geographical and chemical barriers that impede the movement of pests, often with the help of
local biological control (e.g., insects that are beneficial to crops because they defend them, like
some ants species in legume crops, where the latter defend the plant against predators while
nitrogen-fixing bacteria in the root system help to conserve the fertility of the soil).

5. Conclusions and future research

This chapter highlighted the need to develop new management strategies to permanently
control various insect pests that attack agricultural systems. It is imperative that such
proposals take into account the ecological and evolutionary properties of each insect species
that can potentially become an agricultural pest. By understanding a species’ genetic structure,
we can assess its long-term potential to adapt and become a resistant, more devastating, and
more invasive pest. On the other hand, by identifying certain life history traits, we can predict
the abundance and potential distribution area of a species. From this knowledge, better control
methods could be designed. An efficient long- and short-term method would be one that could
avoid or minimize side effects in individuals, populations, communities, and biomes,
including: 1) the evolution of pest resistance; 2) eradication of non-target species, including the
pest species’ natural predators; 3) elimination of relevant ecological interactions through the
modification of the species’ distribution and abundance; 4) modifications to the
biogeochemical cycles; 5) environmental pollution; and 6) impacts on human health.

Unfortunately, at present, most commonly used methods have a high cost and high impact,
not only from an economical perspective, but also from an ecological, evolutionary, and
even social point of view. The deployment of chemical insecticides, including their
endogenous production in genetically modified plants, as well as biological control
methods, is definitely not fully compatible with our proposal. To expect an insecticide to
work for the long-term is to go against the whole theory of evolution and some ecological
precepts. Insecticides and biological control act as selective pressures on insect populations,
causing the genotypes that can withstand these selective forces to eventually increase their
frequencies in populations.

Based on several case studies, we think that the mechanical control method can be
employed in relation to some insect pest species, especially those that may have an added
economic value like most of the Orthoptera. Grasshoppers are the most devastating insects,
not only at present but throughout history; in some countries, however, entomophagy of
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this group is customary. For these insects as well as some others (Coleoptera, Hemiptera,
Lepidoptera), our conclusion would be not to provoke ecological disequilibria by
eliminating them with insecticides or biological control; rather, it would be to mechanically
remove them and use their biomass. It is clear that in some instances, the method proposed
here cannot be fully functional. In a hypothetical species that is native, emergent, and non-
edible, inhabiting within the same range of endemic and specific predators, with life history
traits nothing like the ones that characterize a devastating species, perhaps strategies like
biological control and insecticides can work as control methods. Ultimately, the
fundamental step that should be taken before applying any control method, whether
mechanical, chemical, or biological, is to take into consideration the ecological and
evolutionary trends that a pest exhibits; only at this point can an appropriate and informed
strategy can be put in place.

Our work has underlined the consequences of pest control methods when the ecological and
evolutionary traits of the species are not subjected to prior analysis. In the worst scenarios,
they could alter environmental processes irreversibly. No pest control methods have been
applied so far that have taken into consideration the short- and long-term effects they may
pose over environmental services. These practices ultimately generate economic costs that
are neither easily affordable nor quantifiable. Understanding how much an environmental
service costs could set the path for better decisions regarding suitable and informed pest
management. It is imperative to evaluate environmental services such as those arising as a
result of ecological interactions such as predation and mutualism (e.g. pollination), the cost of
environmental pollution, and the costs for biogeochemical changes. If the cost of eradicating a
pest species using insecticides is several million dollars per year, what would be the cost for
the environmental service provided by a pest-specific predator, parasite, or parasitoid species?

At present, one of the most controversial methods is the application of chemicals using
genetically modified crops as a vehicle for the endogenous production of insecticides.
Besides the above-mentioned consequences of the use of conventional chemical control
methods, this new method presents major problems at the genetic level, for instance, the
gene flow of transgenes to conventional crop populations. This effect can be irreversible and
affect the evolution and viability of plant species, especially in regions where transgenic
crops are in contact with their wild relatives. Several studies have shown that gene flow
from transgenic to wild plants has already occurred. For example, Wegier et al. (2011)
confirmed the presence of transgenes in wild cotton plants in Mexico, which is the center of
origin of this species. In this case, the evolutionary costs of this introgression should be
evaluated, while a general question should be addressed: What would be the economic cost
of losing the populations that gave rise to different crops used in agriculture today?

Right now, our team is developing a computational platform to formalize our proposal
regarding the use of ecological and evolutionary properties to control pest species. This
formalization requires an extensive database of each of the pest species and an efficient
statistical methodology that enables us to correlate all the variables. In an upcoming study,
our team will propose some strategies for some of the most devastating Orthoptera species
in certain regions of Mexico. For the moment, we are reviewing all the knowledge available
for S. purpurascens (a species with a high potential for local crop devastation) and S. gregaria
(a species with a global distribution); with these data, we will perform a multivariate
analysis. From a graphical perspective (see Figure 2), a given area will be generated with a
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specific form within a multivectorial system. The analytic model we propose here can lead
to future long-term pest management strategies, based on ecological and evolutionary
knowledge, thus preventing or at least minimizing the negative repercussions of current
pest-management strategies.
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1. Introduction

In crop protection, chemical control rapidly revealed its limitations, as well as its
possibilities, and alternative solutions to pest management problems have been
recommended since at least the 1960s. A new strategy was developed under the rubric
‘integrated control’, envisaging the employment of a range of different control measures,
constrained by their compatibility and the requirement for minimizing noxious effects on
the wider environment. Despite these difficulties, a biological, then ecological, orientation
has underlain the development of crop protection over the last 50 years (Pimentel, 1995;
Walter, 2003). This process has been marked by multiple and diverse interpretations of the
concept of IPM (Kogan, 1998). Numerous technical innovations have been proposed,
without, however, bringing any really significant change in the management of pests in
major crops (Lewis et al., 1997), due no doubt to an unrealistic approach to the complexities
of the phenomena concerned. The debate has been re-animated recently, both by the
spectacular success of the recent advances in biotechnology and by genuinely taking into
account the need to preserve biological diversity. As much for socio-economic as for
ecological reasons, this has given rise to a reexamination of farming systems as traditionally
practiced, through an innovative agroecological approach (Dalgaard et al., 2003).

This chapter questions how agroecological concepts may contribute to sustainable pest
management. In a first part, a panorama of the principles of agroecological crop protection
is provided. Then, the concepts of agroecology are applied to the case study of the
management of fruit fly populations in Reunion Island, describing some results obtained in
research studies. Finally, an illustration of the results obtained in commercial farm
conditions in Reunion Island is given.

2. Agroecological crop protection: Basis and principles

Since the 1970s, the evolution of plant protection has been driven by an improved
understanding of the functioning of ecosystems (Bottrell, 1980). At this time, the desire to
explore these issues favored the development of computer-based simulation models for risk
assessment. The approach to these problems was considerably improved; taking into
consideration the development of the plants in the particular soil/ moisture/ nutrient
content and insolation context and considering the suite of pests present in the same crop.
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This forms the basis for the development of a concept of integrated control and then of
integrated production or integrated crop management.

The UN Conference on the Environment and Development in Rio de Janeiro in 1992 drew
attention to the need to preserve the biological diversity of ecosystems in general and agro-
ecosystems in particular. The subsequent publication of diverse works aimed at advancing
the IPM paradigm, helped in the national adoption of IPM strategies. The simultaneous
elaboration of the scientific principles underlying this field of agro-ecology, rendered these
calls more credible (Altieri, 1995; Dalgaard et al., 2003). It was then necessary to move to the
practical stage of conceiving growing systems which capitalized on the resilience of agro-
ecosystems (Clements & Shrestha, 2004). To this end, ‘agro-ecosystems management’ or
‘agro-ecological engineering’ is today recognized as one of the up and coming concepts in
crop protection (Clements & Shrestha, 2004; Gurr et al., 2004; Lewis et al., 1997; Nicholls &
Altieri, 2004). More generally, this development is presented in the form of an ‘IPM
continuum’ (Jacobsen, 1997), where it is clear that much of what is necessary will be a
continuous evolution of traditional concepts and understanding in crop protection
(Clements & Shrestha, 2004). The principles of a bio-centered agriculture, developed during
the last few decades, have led to new orientations to crop production which will require a
return to utilizing knowledge and skills progressively lost over the last few decades. IPM
has been the fundamental paradigm in plant protection since the late 1960s. A major
contribution of IPM to agriculture, is the incorporation of ecological principles into pest
management while ensuring high productivity and profitable harvests. In agreement with
this conceptual foundation, agroecological pest management largely relies on IPM.

Preserving ecosystems and biodiversity, while reducing fertilizer and pesticide use, is a
challenge that must now be addressed to ensure that agriculture will be both intensive and
environmentally friendly. Agroecology was defined as the study of the interactions between
plants, animals, humans, and the environment within an agroecosystem (Dalgaard et al.,
2003). The agroecology concept was thus introduced to advocate agroecosystem-wide stand
management. Agroecological pest management is thus based on ecological processes
occurring between the crop and its pests (Carroll et al., 1990), but also the natural enemies of
these pests (Weiner, 2003), in a quest for increased beneficial interactions that keep pest
populations in check (Altieri & Nicholls, 2000; Gliessman, 2007). This crop protection
strategy helps maintain bio-ecological balances between animal and plant communities
within agroecosystems, while also preserving and improving the "health" of soils and plant
biodiversity (Ratnadass et al., 2011). Agroecological crop protection is based on prevention
at broader spatiotemporal scales. It combines plant and animal community management
and thus contributes to conservation and biological control.

Deguine et al. (2009) give a definition of Agroecological Crop Protection as a crop protection
system based on the science of agroecology. By prioritising preventative measures, the
system seeks to establish bioecological equlibria between animal and plant communities
within an agroecosystem with the goal of foreseeing or reducing the risks of infestation or
outbreaks of pests. To this end, the system emphasises the conservation and improvement
of the “health” of soils (fertility, biological activity, structure, etc.) and the maintenance or
incorporation of plant biodiversity in the agroecosystem. Beyond the classical techniques of
integrated crop protection, emphasis is placed on cultural practices and plant management
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systems which help maintain or create habitats to attract indigenous beneficial fauna and/or
repel pest fauna. Agroecological crop protection operates at larger scales in time and space,
from a single crop cycle to several years, and from a single field to an agroecosystem or a
landscape. It brings together the management of plant communities (crops and non-
cultivated plants in areas surrounding the field and in the wider agroecosystem) with that of
the animal communities of pests, beneficials and pollinators. Agroecological crop protection
thus requires concerted action by stakeholders, notably farmers and land managers. As
with integrated crop protection, curative practices are only a last resort to be used in the case
of absolute necessity, and then only using methods compatible with the functional biological
groups which ensure the provision of ecological services. According to these criteria, the
future use of pesticides may only be short term, at least in their present form, given the
current status of many pesticides whose use is already restricted for environmental and
toxicological reasons. According to this vision, prophylaxis, habitat management, and
biological control are the principal components of crop protection.

Deguine et al. (2009) also propose a five strategy to implement the agroecological crop
protection approach:

Step 1. Respect international, national and regional regulatory measures.

Step 2. Prioritise the use of preventative measures through the management of plant
populations (whether cultivated on not): (i) Grow healthy plants and ensure good
soil health utilising prophylaxis, varietal selection, crop rotations, whole-farm crop
planning, cultural practices (such as sowing under plant cover and minimum
tillage), management of weeds, rational irrigation and fertilisation, use of organic
fertilisers; (ii) Reduce pest populations and increase populations of beneficial
organisms (at the level of the individual field, its surroundings, of the farm and of
the entire agroecosystem): crops or trap crops, planting of refuge areas, plant
associations and intercropping, the push-pull technique, establishment of field
margins, planning of ecological compensation structures (corridors, hedgerows,
grassy and flowering strips etc.), techniques designed to incorporate vegetative
diversity; (iii) Favour concerted actions in time and in space within the
agroecosystem.

Step 3. Evaluate the real socio-economic and environmental risks by using pest scouting
techniques appropriate for one field, a group of fields, a farm, or the whole
ecosystem, with the assistance of the regional agricultural extension services.

Step 4. Take only need-based decisions on curative measures: (i) With the aid of decision
tools and in collaboration with fellow producers, accounting for local and ever-
changing multiple criteria, intervention thresholds (economic, social,
environmental) and of the risk of development of resistance; (ii) In the framework
of whole-of-farm management and at a range of time scales (short to long term),
account for the agroecological characteristics of the agroecosystem as a whole (the
spatial dimension).

Step 5. Only in the case of absolute necessity, apply curative measures: (i) Give priority to
alternative control measures: cultural techniques (e.g. defoliation, plant topping),
biological control, physical and biotechnical control measures; (ii) Only as a last
resort: use the chemical pesticides with the lowest ecological impact, chosen to
avoid the emergence of resistance.
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3. Application of agroecological crop protection to the case of cucurbit fruit
flies on Reunion

Fruit flies (Diptera: Tephritidae) are among the most destructive and widespread pests of
horticultural systems in the tropical and subtropical areas of the world (White & Elson
Harris, 1992). Although they have been the subject of many studies because of their
economic impact, their control is problematic in most cases and requires large amounts of
pesticides. This situation is emphasized under insular and tropical conditions as is the case
of Reunion Island.

In Reunion Island, three species belonging to the Dacini tribe attack Cucurbit crops:
Bactrocera cucurbitae (Coquillett, 1899), Dacus ciliatus (Loew, 1901) and Dacus demmerezi
(Bezzi, 1917) (Fig. 1).

Fig. 1. The three species of fruit fly (Diptera, Tephritidae) which attack Cucurbits on Reunion
(Photos: A. Franck - Cirad). (a) Bactrocera cucurbitae; (b) Dacus ciliatus; (c) Dacus demmerezi.

After oviposition by the females (Fig. 2), the damage caused by the larvae feeding on the
fruit can reach 90% of the crop yield of zucchini, cucumber, pumpkin or chayote
(Ryckewaert et al., 2010).

Fig. 2. Females of Dacus demmerezi laying eggs on a zucchini fruit (Photo: JP. Deguine -
Cirad). (a) and their eggs before hatching (b) (Photo: A. Franck - Cirad).
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The chemical protection currently used is not effective and also has many side effects:
toxicity to natural enemies and pollinators, pollution and sanitary damage to biodiversity
and to humans. There is now a demand for sustainable and agroecological crop protection
(Augusseau et al., 2011).

The application of agroecological crop protection to a case study requires consideration to
both the pests and to the context. It also requires knowledge and research. For the last
several years, research has allowed us to obtain knowledge about the bioecology of cucurbit
fruit flies, making it possible to apply the principles of agroecological crop protection.
Complementary research has been developed to design and implement agroecological
techniques or practices adapted to the management of Cucurbit fruit flies. Furthermore, a
large-scale initiative (GAMOUR program, see Part 6.) was proposed since 2009 to assess the
efficacy of agroecological cucurbit fruit fly management in agricultural pilot areas.

4. Research on bioecology of the flies

The aim of this research was to improve knowledge on the biology and ecology of the three
cucurbit fruit fly species and particularly on the interactions between fly adults and host or
non-host plants.

4.1 Attractiveness of non-host plants to fly adults

The study aimed to compare corn and Napier grass attractiveness on fly adults in field cages
(Atiama-Nurbel et al., to be published). The two plants were established in pots and
presented to adult flies in field cages. In each cage, a cohort consisting of 100 adults (509 and
503) of B. cucurbitae and D. demmerezi of known age was released. The experiment was
replicated four times. The number of adult flies on the different plants as well as their
location on the plant was recorded. The results showed that corn was more attractive than
Napier grass to adults of the two fly species whatever their sex and their maturity.

4.2 Circadian rhythm of fly adults

The study was conducted in cucurbit crops during austral summer in a range of altitude
(750 to 1,150 m) corresponding to the main areas of cucurbit cropping. The methodology
consisted of recording living adults present in the cultivated field or roosting on corn
planted around cucurbit fields, distinguishing species, sex and kind of activity for each
adult observed. The observations were performed each hour of the day from 7:00 am to 6:00
pm. The results showed that in the fields, cucurbit fruit fly adults typically roost on corn
planted around the field. The three species of FF showed circadian rhythms, and females
typically move at specific times of the day from roosting sites to host fruit in order to lay
eggs. Fig. 3 gives an example of the circadian rhythm of male and female adults on a
zucchini crop and a corn border during the photoperiod of a day.

5. Research on agroecological techniques for fruit fly management

Taking into account the knowledge on bioecology of the Cucurbit FF, the aim of this
research was to design and implement agroecological techniques. Three techniques were
tested: (i) sanitation using the augmentorium technique, (ii) trap plants using corn and (iii)
‘Attract and Kill” using spinosad-based bait.
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Fig. 3. Number of adult females (a) and males (b) of Dacus demmerezi observed on corn (56
m?2) and on zucchini (616 m?) on the 13th February 2008 in Atiama-Nurbel (2008).

5.1 Sanitation using the augmentorium technique

Instead of the curative approach to reduce existing populations, the first step proposed for
their management was sanitation. It is known to be an effective measure (Liquido, 1993). This
method is based on an original technique originally developed by USDA in Hawaii utilizing a
tent-like structure called an “augmentorium”(Jang et al., 2007; Klungness et al., 2005) which
aims to sequester adult flies emerging from infested fruit while allowing the parasitoids to
escape, via a net placed at the top of the structure. A prototype of augmentorium with an
appropriate net mesh was developed in Reunion (Deguine et al, 2011) (Fig. 4).

(b)

Fig. 4. Sanitation using the augmentorium technique (Photos: JP. Deguine - Cirad). (a) An
augmentorium in a zucchini crop (see the net at the top of the augmentorium); (b) Flies
adults sequestered by the net inside the augmentorium.

A first study aimed to determine the potential of numbers of flies that could be sequestred
in a sanitation technique such as the augmentorium. This potential was estimated by
measuring in the laboratory the emergence of several species of flies from infested fruit
collected in the field from 2009 to 2010 in different sites of the island. Emergence of fly
adults was measured for three species of flies: (i) Bactrocera cucurbitae, Dacus ciliatus and
Dacus demmerezi attacking three species of Cucurbits (pumpkin: Cucurbita maxima;
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cucumber: Cucumis sativus and zucchini: Cucurbita pepo). Collections of infested fruits
showed the following means of emerged adults per kg of fruit: 217 for cucumber, 340 for
pumpkin and 594 for zucchini (Jacquard, personal communication).

A second study focused on the performance and the efficiency of the augmentorium
prototype recently tested in Reunion Island and particularly (i) the number of adult flies that
can potentially be sequestred in an augmentorium in the field; (ii) the efficacy of the net
mesh for fly sequestration and parasitoid escape (Deguine et al., 2011). The sequestration of
three of these fly species (B. cucurbitae, B. zonata and C. capitata) and the escape of two
species of their parasitoids (Psyttalia fletcheri and Fopius arisanus) were assessed on four
mesh types in the Cirad laboratory in Saint-Pierre in 2008. The methodology of the
experiments is described in the paper of Deguine et al. (2011). The results showed that the
efficiency of the mesh chosen for the prototype of augmentorium (hole area 1.96 mm?)
proved to be perfectly effective in the laboratory with 100% of sequestration of adult flies. In
the same way, 100% of the parasitoids were able to escape from the mesh if they choose to

do so (Fig. 5).
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Fig. 5. Total results of the effect of four mesh sizes on P. fletcheri escape (a) (3 replications) and
on F. arisanus escape (b) (2 replications): (i) number of parasitoids emerged from parasitized
pupae of B. cucurbitae and (ii) number of escaped parasitoids. The percentage indicates the
proportion between these two numbers (ii)/ (i) in Deguine & Atiama-Nurbel (2010).

A third study aimed to evaluate the faisability of producing compost with infested fruit
collected in the field. Preliminary tests on the feasibility of producing compost were then
conducted in Saint-Pierre in 2009, mixing zucchini and other components. We showed that a
ratio of 50:30:20 of zucchini, sugar cane stem and chicken litter respectively was well
adapted to produce compost.
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These results lead us to confirm the relevance and the efficiency of the augmentorium in
agroecological crop protection. As a sanitation technique against fruit flies, the
augmentorium sequesters large amounts of adult flies per kg of infested fruit. As a
biological control method, it may contribute to increase parasitoid populations which are
often low because of the previous and significant pesticide pressure. The augmentorium can
also be considered as a useful tool to produce compost in the context of sustainable
agriculture. The technique of sanitation using the augmentorium is now well accepted by
farmers in pilot areas in Reunion Island.

5.2 Trap plants using corn

Corn was selected on Reunion because preliminary research showed it was attractive for fly
adults (see Part 4.) and it was easily available and usable by farmers. The studies were
conducted in cucurbit crops during austral summer at a range of altitudes (750 to 1,150 m)
corresponding to the main areas of cucurbit cropping, in four locations during three years.
We recorded the living adults present in the cultivated field or roosting on corn planted
around cucurbit fields, distinguishing species, sex and kind of activity for each adult
observed. The observations were performed each hour of the day from 7:00 am to 6:00 pm.

The first study focused on the adult population levels on corn and zucchini. The results
showed that in the field, corn concentrated more than 95 % of fly populations. Fig. 6 gives
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Fig. 6. Proportion of fly adults on corn (in black) and on zucchini (in grey) for the three
species of Cucurbit flies at different dates (Tan Rouge, 2010). Binomial tests (5%) with HO:
proportion of flies on corn (Pc) = 0.5 and H1: (Pc) #0.5 (***= P<0.001) in Bonnet (2010).
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an illustration of such a concentration of the fly adults. Roosting corn plants could thus be
used as trap plants and became the place to manage the populations instead of the crop, as it
was showed in other parts of the world (Mc Quate et al., 2003; Mc Quate & Vargas, 2007).

The second study aimed to compare corn patches and corn strips within the field in the
situation of Tan Rouge in 2010. The fly community was dominated by B. cucurbitae, more
than 50% throughout the observation period. Corn was hosting the majority of the
population (over 99% of adults observed). The sex ratio was stable on corn and only the
females went to the crops. Corn was a refuge for the majority of the community during the
day, where the entire population was roosting. The results of the study showed that the
shape and the size of the inclusion of corn did not affect the concentration of flies. Both corn
patches and corn strips were effective to trap 99 % of the fly adults. As a conclusion,
different designs of trap corn plants can be recommended: borders around the cultivated
field, patches or strips within the field (Fig. 7).

Fig. 7. Different designs of trap corn plants (Photos: JP. Deguine - Cirad). (a) borders of corn
around the cultivated field; (b) strips of corn within the cultivated field; (c) patches of corn
within the cultivated field.

5.3 Attract and kill using spinosad-based bait

Spinosad-based baits have been largely tested against fruit flies (Prokopy et al., 2004). The
study was conducted to test the effectiveness of Synéis-appat® (Dow Agrosciences), a
spinosad-based bait (Deguine et al., to be published). Experiments were conducted in field
cages to compare efficiency of the bait on reared adult flies of the three species according
ages and sexes. A total of 4.5 ml (equivalent to 5 sprays) of the bait was applied on two
leaves in the upper stratum of the corn plant placed in the field cage. The bait was applied at
09.30 a.m. Adult flies were released 15 minutes after the bait application. At the beginning of
each test, a release cage (30cm X 30 cm X 30cm) was placed in each field cage. At 9.45 a.m.,
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the release cage was opened to let the adult flies (100 males and 100 females) out. At 10.00
a.m., the release cage was removed. Attractiveness and mortality were the two criteria used
for measuring the efficiency of Synéis-appat®. Attractiveness and mortality were recorded
from 15 minutes to 7 hours after application (a total of 29 observations for each field cage).
The 15 minutes observations only continued for the 1st hour and a half, with hourly
observations thereafter (for a total of ~ 13 observations). Mortality was defined as the ratio
between the number of dead flies and the number of flies released in the field cage. The
number of dead flies fallen on the floor of the field cage was recorded every hour from 2h to
7h after the application.

This product appeared to be effective to attract adult flies and to induce their mortality after
ingestion. B. cucurbitae was more attracted to the bait in the first 45 minutes after application
than D. demmerezi and D. ciliatus. The mortality of adult flies was significantly higher for B.
cucurbitae than for D. demmerezi, and was significantly higher for the latter than for D.
ciliatus. In conclusion, fly populations concentrated on corn trap plants could thereafter be
suppressed by this food bait.

6. Evaluation of agroecological crop protection under commercial farm
conditions

In Reunion Island, a pioneer project (called GAMOUR, a French abbreviation for
agroecological management of cucurbit flies on Reunion), was implemented during three
years from 2009 to 2011. The aim of the project was (i) to assess the efficacy of agroecological
cucurbit fruit fly management under commercial farm conditions and (ii) to evaluate the
economic outputs for the farmers. 26 “conventional” and 4 organic farms were
contractualized to apply GAMOUR methodology during cucurbit growing season. The
“conventional” farms were distributed in three pilot villages: Entre-Deux, Petite-Ile and
Salazie. These pilot areas totalized about 50 ha of vegetable crops, of which 10 ha were
devoted to chayote (perennially cultivated) and a variable part to other cucurbits (mainly
zucchini, pumpkin, and cucumber).

The study reported below concerns the socioeconomic evaluation of the GAMOUR
techniques previously tested (sanitation, traps crops, attract and kill). The economical
outputs of GAMOUR application was achieved by the technical support of producers. All of
them were weekly visited during two years, for material supply and for registration of
yields, losses and insecticide cover sprays. These data were mostly based on farmers’
declarations, even though yields were confirmed as soon as possible by cooperative’s
certificates. The fly damages were also assessed in the field by a counting of infested fruits on a
randomly chosen 20 m cultural line. In order to compare these outputs to a classical situation,
we proceeded similarly in Piton Hyacinthe with two farms experiencing similar cultural and
climatic conditions than the pilot area of Petite-Ile (non perennial crops). The multiannual
comparative yield production of chayote (perennial crop) could also be plotted in Salazie for
the pre-GAMOUR (2007 - mid 2009) and GAMOUR application periods (since mid 2009).

From September 2009 to January 2011, we supplied the farmers with a grand total of 65
augmentoria, 636 traps baited with 2492 cue-lure blocks, 69 kg of corn seeds and 136 1 of
protein baits.
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Table 1 shows that zucchini yields tend to be slightly higher in GAMOUR farms and losses
due to fly infestations appear to be lower than in control. The more striking difference is

however the mean number of insecticide sprays, which have nearly disappeared in
GAMOUR farms.

Production data Control GAMOUR
Field surface (m?) mean 1980 1180
Insecticide cover Mean number
sprays per cycle 42 0.08

mean 13.1 19.3
Yield (t/ha) min 3.2 41

max 20.9 31.4

mean 34 13
Losses (%) min 5 0

max 70 60

Table 1. Consolidated data of the technico-economical survey of GAMOUR and control
farms (sources: Vivéa, Terres Bourbon, farmers’ declarations and field observations on 24
zucchini cultural cycles from 2009 to 2011).

Fig. 8 shows that chayote production was maintained at high level after the beginning of
GAMOUR field application, comparable or higher during the previous years. For
comparison, the reference value of the Chambre d’Agriculture for chayote yield in Reunion
Island ranges from 50 to 100 t/ha/week. All along the project, no insecticide spray and a
variable losses percentage of 5-25% were recorded on these crops.
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Fig. 8. Multiannual yield comparison of chayote in the Salazie pilot area. Red: before
GAMOUR application; green: during GAMOUR application (source: Vivéa Réunion).
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We must cautiously consider the data of yield and losses. Many of them are indeed
provided by farmers’ declarations, and the cross-checking with cooperatives recordings
(when available) showed that they were often misevaluated despite the good faith of
farmers. Moreover, the yields and losses were also influenced by additive phytosanitary,
technical and climatic parameters which could not always be accurately assessed. Without
any reliable comparative statistics, yield and losses are here considered as sharing the same
ranges in control and GAMOUR farms.

Considering these results as a whole, we conclude on the other hand that stopping the
chemical cover sprays over crops and replacing them by agroecological practices had, at
worst, no negative impact on production. This answers to the main cause of concern initially
expressed by the farmers in the pilot areas. A global comparative estimation of the cost of
crop protection was already published (Augusseau et al., 2011), combining the material and
manpower costs. It assessed that GAMOUR methodology is 1.2 to 2.4 times cheaper than
classical chemical protection. The farmers’ are somewhat more optimistic, comparing their
ancient practices, and estimate GAMOUR'’s protection to be at least twice cheaper. The
difference between both estimations is mainly explainable by the fact that most farmers are
owners of their farms and therefore not included manpower charges.Despite their lack of
accuracy, all these data are another milestone for cucurbit crop protection and, further, for
the evolution of agricultural practices. Agreeing with other cost-benefits analyses of similar
programs (McGregor, 2005), they show that environmentally friendly agricultural practices
may be profitable. This is a major step for their extension, since economical viability is
fundamental for sustainable development programs: few farmers will agree to preserve
their environment if they cannot “make both ends meet”.

7. Conclusion

The scientific, technical and economical data presented above agree on a global objective:
agroecological management of cucurbit fly populations in Reunion Island developed a
sustainable methodology that farmers readily appropriate. A satisfaction survey is currently
ongoing and shows that 80% of the farmers involved in the GAMOUR program are satisfied
or very satisfied with the two years and half field results. Their involvement was besides
recently recognized by a national award within the framework of the “Trophées de
I’Agriculture Durable” (trophies for sustainable agriculture). The following step is now to
extend this methodology beyond pilot areas: this will be mainly the task of education units
for the next years. In parallel, the lessons of the last three years enable us now to shift the
agroecological protection fundamentals on other cultures in Reunion Island.

This paper confirms that agroecology is a suitable alternative to agrochemistry for crop
protection purposes.
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Quantifying the Effects of Integrated
Pest Management in Terms of Pest
Equilibrium Resilience
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1. Introduction

Bistability is increasingly recognized as a mechanism underlying patterns in a wide variety
of ecological time series (reviewed in Scheffer & Carpenter, 2003). One consequence of
bistability is that a system can be in either of two stable states for a given set of conditions,
each stable state being surrounded by a basin of attraction. Such bistability provides
one explanation for pest outbreaks because pest populations can cross a threshold from a
low-density, biologically-controlled equilibrium and enter into the basin of attraction of a
high-density outbreak equilibrium (see e.g., Ludwig et al., 1978). In such systems, integrated
pest management has the dual goal of simultaneously decreasing the magnitude of the
outbreak basin of attraction and perturbing the pest population back across the threshold to
the biologically controlled state. Decreases in the magnitude of the outbreak basin of attraction
arise when management strategies alter basic biological parameters, such as the realized rate
of population growth. For example, releasing sterile males decreases fecundity, and hence,
birth rates diminish in relation to death rates (Knipling, 1970). Similarly, introduction of
predators with larger half-saturation constants changes the landscape of equilibria in favor
of biological control (Drury & Lodge, 2008). In the presence of such factors, the required
magnitude of direct pest reductions decreases, because the state of the outbreak system
moves closer to the threshold between equilibria (e.g., moving leftwards on the top line in
Fig. 1). Relatively smaller pest reductions can therefore move the state of the system across
the threshold and into the biologically controlled basin of attraction. Here we quantify the
effects of such species manipulations in terms of equilibrium resilience to demonstrate how
targets can be computed so that pest control schedules can be devised (e.g., Drury, 2007).
Our definition of resilience is the distance between an equilibrium and a threshold, which is
one component of classical definitions describing the characteristic return time to equilibrium
following perturbations (Pimm, 1984).

2. The spruce budworm model

The Spruce budworm model has a long history in ecological pest management (Ludwig et al.,
1978) and has the advantage of being a relatively simply model that nevertheless contains
components of integrated pest management while generating bistable dynamics (Strogatz,
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Fig. 1. As the parameter r (from Eq. (2)) is increased above 0.3, two new equilibria emerge
and the potential for outbreaks is introduced. At large values of r, only the outbreak
equilibrium exists.

Parameter|Meaning | Value in this study
R population growth rate 0.25
K carrying capacity 15
B maximal predator attack rate 0.75
A? predator half-saturation constant 1

Table 1. Parameters of Eq. (1), their meanings, and representative values used in this study.

1994). Letting X represent pest population density, and using the parameters in Table 1, the
model is,

ax X BX2
@~ RX <1K) A X M

where the first term represents logistic growth and the second term represents a Holling type
III functional response, which means that predators switch to the pest at some intermediate
density, but nevertheless become sated at higher densities thus allowing the pest to escape
control.
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The dynamics of Eq. (1) are often studied at equilibrium by first nondimensionalizing (see
e.g., Murray, 2002). For example, with x = %, r= %, k= %, and T = % as nondimensional

parameter groups this yields

r(l—%):Hsz. 2)

This strategy has the advantage of specifying the left-hand side as a linear function of x that
when equal to the right-hand side, specifies equilibria. It is thus a simple matter to plot the two
sides of the equation on the same axes to see where they intersect (see the solid lines in Fig. 2).
Furthermore, the effects of changes to r and k can be seen by fixing one and varying the other
and evaluating the effects on equilibria values. This qualitative approach has obvious intuitive
appeal and provides heuristic guidance for pest management. Nevertheless, as composite
parameter groupings, r and k can be difficult to interpret in practice. Additionally, direct
pest control measures often require specific objectives, e.g., assessment of pest populations
in relation to some economic threshold (Pedgrigo & Zeiss, 1996), which can be difficult to
extract from such qualitative exercises. Thus, we revisit Eq. (1) with the goal of developing
quantitative methods for assessing the effects of integrated pest management in terms of
relative equilibria positions, which in turn allows quantitative predictions of necessary direct
pest control measures (such as spraying insecticides).

3. Model analysis

To analyze Eq. (1), we first recognize that at equilibrium it is a cubic in X,

X BX?
RX(l—K)—M—O ©)
—x3+1<X2—X(A2+KZf) +KA%2 =0 (4)

Following standard methods for solving cubic equations (Uspensky, 1948), Eq. (4) can be
solved yielding three roots, X1, X5, and X3, corresponding to the three possible equilibrium
states of the system. As management actions change parameter values, the values of these
equilibria change and at bifurcation points even emerge or vanish (see, e.g., Fig. 1-2). Our
approach allows assessment of the effects of integrated pest management on pest equilibrium
values. Here, we use a simplified version of Cardano’s method of solving cubics to evaluate
the effects of management activities that alter the intensities of R and B and the magnitudes
of A and K. We then apply this strategy to the spruce budworm model to solve for the three
equilibria. The method is quite general, however, and could be used to solve any cubic model,
which are common in pest control, because of the ubiquity of the type III functional response.

3.1 Solving for equilibrium pest values: The general case

Consider the general monic cubic equation (i.e., with leading coefficient of 1),

f(x) =23+ ax® 4 bx +c=0. (5)
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Fig. 2. The left-hand side of Eq. (2) (solid, straight line) crossing the curve described by the
right-hand side in three places, correspondig to the three equilibria in Fig. (1), x1, x2, x3. The
two dotted straight lines signify the effects of changing r on the existence and value of
equilibria. The lower dotted line, representing small values of pest intrinsic growth rate, only
crosses the curve at a relatively low pest population size; pest outbreaks are not possible. In
contrast, the upper dotted line only crosses the curve at a relatively high pest population
size; biological control is not possible.

Cardano’s technique, dating to the first half of the sixteenth century, involves simplifying
Eq, (5) so that it no longer contains the second power of x. This is achieved by introducing a
new variable y and setting,

x=y+k, (6)

where k is as yet an arbitrary constant.

To specify k, we begin by using Taylor’s formula to approximate f(y + k) by

Fly+8) = 0+ F gy + L0y 4 S0 @

The terms on the right-hand side of Eq. (7) can be related to the terms of our monic cubic,
Eq. (5) yielding,

f(k) = k> + ak® 4 bk + c, (8)
f'(k) = 3k* 4 2ak + b, )
% F(k) = 3k +a, (10)
Ly =1 1)
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Simplification is now possible because we can choose k in Eq. (10) so that,

3k+a=0, or k:fg. (12)

With k so defined (i.e., the so-called “Tschirnhaus transformation”) our solution is translated
to the origin and we can substitute it into the remaining equations to arrive at,

r(5) =05 @
(55 % a

After substituting x = y — § and equating coefficients of like powers of y and k in Egs. (7) and
(8-11) respectively, Eq. (5) is transformed into,

v tay+p=0, (15)
where ) s
a ab  2a

a—b—g, ﬁ—c—?—i—ﬁ. (16)

By a simple reverse transformation, any formula for the roots of Eq. (15) can be transformed
into a formula for the roots of Eq. (5), i.e., by substituting Eq. (16) into Eq. (15) and using
x =y — 5. Thus, in the sequel, we consider only Eq. (15).

Cubic equations of the form, Eq. (15), referred to as “depressed cubics”, can be solved by
introducing two new variables u, v such that,

y=u-+vo. 17)

Upon substituting this expression into Eq. (15) we see that # and v must satisfy the equation,
ud+ 0%+ (a4 3uv)(u+0)+p=0, (18)

which has two unknowns. Thus, the problem is indeterminant without another known
relation between u and v, Eq. (17) being one. Another relation that is consistant with Eq. (18)
is to take

a+3uv =0, (19)
or,
o
=, 20
uv 3 (20)
It then follows from Eq. (18) that,
w40’ =, (21)
Solving the cubic Eq. (15) can now be achieved by solving the system of two equations,
w40 =8, (22)
wo = — 2. (23)

3
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Because it is convenient to know the sum and product of two unknown quantities, in this case
u3 and v%, we take the cube of the latter equation yielding,
3
3,3 a
wv’ = ——.
27

The reason these quantities are convenient is that upon solving one in terms of the other and
substituting, a single quadratic equation results. To see this rearrange Eq. (22) as follows,

ud = — (0 +B), (25)

and substitute this expression for 13 into Eq. (24) giving,

(24)

3 5 _ 0
— (W + B’ = 57 (26)
We next expand the left-hand side of Eq. (26) giving,
3
R o B
v> — Bu 57 27)
or, substituting t = v® and dividing through by (—1),
3
i
24+ Bt — == =0.
+B > 0 (28)

Thus, apparently, 4% and v can be computed from the roots of Eq. (28). Equating v° to the
positive root that results from applying the quadratic formula, we have,

3_ B |8 &
U__§+ Z+7’ (29)
_ B B
v\/ 2+ 4—1-27. (30)

Now we take advantage of the relationship in Eq. (25) to solve for u yielding,

or

ud = — (0 +B), (1)

:_<_§+ :+f+5), )
2

zg— ’%%—a—;, or, (33)

u:3§— %ZJF"L;. (34)

We can now write an expression for y, which was set equal to u 4 v in Eq. (17) yielding,

y=u+vo, (35)

R 2 B3 2 43
_ §M+¢§+ EL. (36)
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The final step is to use the relation x; = y; — 4 where i € {1,2,3} to return the three
equilibrium solutions to our original model. Note that at certain values of & and  a bifurcation
occurs and two of the real solutions disappear to be replaced by imaginary solutions. In
this study, we have used parameter values that yield three real solutions. In the case of a
single real equilibrium the basin of attraction of the outbreak equilibrium either does not exist
(i.e., outbreaks are not possible) or consists of the entire space (i.e., biological control is not
possible).

3.2 Solving for equilibrium pest values: The spruce budworm model

As we have seen, the spruce budworm model, Eq. (1), can be expanded to its cubic form
yielding,

3 —Kx? + (A% + %)X—KAZ =0, (37)
(after multiplying through by —1) or, more simply,
X+ px? +qx+r=0, (38)
where,
p=-K, (39)
g= A2+, (40)
r = —KAZ. (41)

Forming the depressed cubic requires removing the quadratic term from Eq. (38). To do so, let

p
—y—L 42
x=y- 3 (42)
and to simplify the resulting equation, let,
1
=3067-1), (43)
1
B =55 (2p° —9pq+271), (44)
yielding,
VY ray+p=0. (45)

We can now simply substitute our particular model parameters, embodied in « and g, through
p,q, and r into Egs. (35-36) yielding,

=u+0o, (46)

w& m+¢ B fBLr )

Finally, back transforming the solution into terms of x we use the relation,
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4. Results

Having explicitely solved the cubic equation, we can now evaluate the effects of parameter
manipulation on equilibrium resilience. For example, Fig. 3 shows that the magnitude of
the outbreak basin of attraction changes relatively rapidly with increasing K and R. It is not
possible to evaluate the relative effects of changes to each using this graph because of the
different scales and units. Nevertheless, it is apparent that these two familiar parameters both
influence the magnitude of the outbreak basin of attraction.

K:14 -> 17

R:022 -> 04

Fig. 3. Shaded contours of the magnitude of the basin of attraction of the outbreak
equilibrium as intrinsic growth rate R and carrying capacity K are changed. Scale is
normalized from 0 to 1 such that darker colors represent smaller, and lighter colors larger,
basins of attraction. Thus, as expected, large values of R and K both yield large potential for
outbreaks.

When the square root of the predator’s half-saturation constant A is varied, its effects can
be compared to the large changes caused by changes in K because they both have units of
individuals (Fig. 4). The roughly vertical contours indicate that changes to carrying capacity
have a much greater effect than changes to A, at least over ranges of each that yield bistability.
Note that the slight concave down character of these contours indicates that changes in
resilience following changes in A are slightly more likely at high values of K. The reason
for such changes to equilibium resilience can be seen in Fig. (5). Specifically, as the predator
half-saturation constant AZ? increases, the % curve is shifted downwards, increasing the
magnitude of the biologically controlled basin of attraction at the expense of the outbreak
basin.

Finally, changes to the maximal predator attack rate have a large effect on the resilience of
the both the biologically controlled equilibrium and the outbreak equilibrium. Specifically,
increasing B, the maximal predator attack rate increases the magnitude of the biologically
controlled equilibrium. This matches our intuition, because higher attack rates presumably
favor the predator, not the pest. To analyze the effects of changing B, we used both a higher
value of B and a lower value and inspect the effects on the magnitudes of each basin of
attraction.
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A: 08 —> 12

K: 12 —> 16

Fig. 4. Shaded contours of the magnitude of the basin of attraction of the outbreak
equilibrium as carrying capacity K and the square root of half-saturation constant A are
changed. Scale is normalized from 0 to 1 such that darker colors represent smaller, and
lighter colors larger, basins of attraction.

dx/dt

50 -

=501

—-100

Fig. 5. Effect of changing A in the spruce budworm model. Increases in A generate increases
in the magnitude of the biologically controlled basin of attraction by decreasing the value of
the lower equilibrium and increasing the value of the unstable, middle equilibrium.

Figure 6 shows that increasing B lowers the entire dx/dt curve. In contrast, increasing R
raises the curve, which also has an intuitive effect, because increased growth rate is expected
to favor outbreaks. As Fig. 7 shows, increasing R increases the magnitude of the outbreak
basin of attraction at the expense of the biologically controlled basin of attraction.

The net sum effects of changes in R and B are depicted in Fig. 8, which shows that lower
attack rates and higher pest growth rates both increase the magnitude of the outbreak basin of
attraction. In contrast, high attack rates and low growth rates decrease that basin and increase
the biologically controlled basin of attraction.

5. Discussion

We have undertaken an analysis of a simple model of pest population dynamics with the
goal of understanding the role of specific, commonly encountered model parameters on the
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dx/dt
100 |
: - 09B
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~100 f

~150 F

Fig. 6. The rate of change in pest population growth rate versus pest population size
according to the spruce budworm model. As the maximal predator attack rate B increases,
the magnitude of the biologically controlled basin of attraction increases, as evidenced by the
reduced distance between the two right-most points where dn/dt = 0. In contrast, when B is
dereased, the magnitude of the outbreak equilibrium is increased.

dx/dt

100 |

50

=50~

Fig. 7. The rate of change in pest population growth rate versus pest population size
according to the spruce budworm model. As R is increased, the curve, dx/dt shifts upward
bringing the two left-most equilibrium points where dx/dt = 0 closer together. Thus, the
basin of attraction of the biologically controlled equilibrium decreases.

resilience of equilibria. Furthermore, the parameters we have studied are those typically
affected by integrated pest management. We defined equilibrium reslience as the distance
between the stable equilibria and the unstable equilibrium, which marks the threshold
betweem the basins of attraction for the biologically-controlled, and outbreak equilibria.

Our results show that the pest carrying capacity has a large effect on the resilience of the
outbreak equilibrium. Specifically, changes in K generate large changes in the magnitude of
the outbreak basin of attraction. In terms of integrated pest management, this means that pest
control strategies that decrease the pest’s carrying capacity, such as intercropping to break
up monocultures, move the outbreak equilibrium closer to the threshold of the biologically
controlled equilibrium. Thus, smaller culling events, or smaller releases of enemies, achieve
the desired shift to the biologically controlled equilibrium than otherwise.
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B: 055 —> 0.75
~—_y
RN
| N
=

R:02 -> 04

Fig. 8. Shaded contours of the magnitude of the basin of attraction of the biologically
controlled equilibrium as intrinsic growth rate R and maximal attack rate B are changed.
Scale is normalized from 0 to 1 such that darker colors represent smaller, and lighter colors
larger, basins of attraction. At large values of R and small values of B the outbreak basin
dominates, while at high values of B and low values of R, it goes to zero.

The effects of pest population growth rate are two-fold. First, increasing pest growth rate
increases the outbreak basin of attraction, an intuitive result, because higher pest population
growth rates are expected to favor outbreaks. At the same time, increasing r decreases the
magnitude of the biologically controlled basin of attraction, making escape from predator
control more feasible.

The magnitude of the outbreak basin of attraction decreases with increasing half-saturation
constant. This constant is comprised of (attack rate x handling time) ! (Gotelli, 1995). Thus,
the effects of A2 depend on the relationship between these two biological parameters. In our
analysis, for simplicity we used A = 1. Increases in the half-saturation constant mean that
the predators require higher densities of prey in order to begin being sated. Thus, they can
consume more prey before the saturating effects of the functional response take effect.

The maximum feeding rate B also has a large and intuitive effect on equilibrium resilience.
Because this feeding rate is the inverse of handling time (Gotelli, 1995) introducing natural
predators with shorter handling times generates meaningful decreases in the magnitude of
the outbreak basin of attraction. Additionally, Kidd & Amarasekare (2011) demonstrated
that predators with shorter handling times induce weak transient dynamics of short duration
relative to predators with longer handling times. Thus, according to their analysis, when
predators with short handling times are introduced (i.e., those with larger maximum feeding
rates), large oscillations in the prey population are less likely. According to our analysis, when
predators with short handling times and correspondingly higher maximal attack rates are
released, outbreaks become less likely.

Using the approach we outline here, schedules for integrated pest management can be
developed based on knowledge of specific equilibrium values. For example, solving the
model for x1,x, and x3 allows one to compute the needed change in density to change a
system from the outbreak state to the biologically controlled state. Furthermore, our approach
permits evaluation of the effects of individual components of integrated pest management on
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distance to the threshold between equilibria. Thus, the effects of strategies such as release of
sterile males and enhancement of natural predators can be understood in terms of decreased
culling requirements.

Acknowledgements: Professor Adam Hammett kindly read the manuscript and made useful
comments that improved clarity, especially in the final steps of the solution of the cubic.
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1. Introduction

Plants are not capable of running away from their enemies, i.e., the herbivores that may eat
them. However, under certain circumstances, plants can rely on the natural enemies of
insect herbivores for protection. These natural enemies include other insects that are
predators and parasitoids. To help protect plants from damage caused by insect herbivores,
practical methods have been developed and evaluated to conserve and augment natural
enemies of several agricultural pests. These strategies include improving the suitability of
the crop landscape for natural enemies by manipulating the resources available for these
insects, and the use of semiochemicals to attract predators and parasitoids. This chapter will
review recent studies exploring the potential for manipulating the behavior of natural
enemies through vegetational diversification of crop habitats and the use of semiochemicals
to enhance biological control in agroecosystems, and we will discuss how these might be
combined to improve crop protection.

2. Vegetational diversity

Increasing the diversity within crops is predicted to provide a greater number of
opportunities for natural enemies to survive in agricultural systems (Fig. 1). Thus, pest
outbreaks tend to be less common in polycultures than in monocultures (Root, 1973;
Andow, 1991). Crop diversification tends to increase natural enemy abundance and
diversity, providing a system more resilient to pest population increase. Overall farming
diversity within the agroecosystem may also affect biological control by natural enemies,
due in part to a wider range of flowering plants that provide nectar (carbohydrate) and
pollen (protein) resources to insects during more times of the growing season. Vegetational
diversity can also provide support for insect biological control at the local and landscape
levels (Thies et al., 2003; Roschewitz et al., 2005; Bianchi et al., 2006; Gardiner et al., 2009).
Farmers can make some simple changes to their crop systems to manipulate vegetational
diversity, through addition of plants that provide specific functions (Landis et al., 2000; Gurr
et al. 2003; Isaacs et al., 2009). Below, we provide an overview of those methods and describe
situations where such changes have reduced pest infestation.
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Fig. 1. Strategies for manipulating natural enemies in agroecosystems for enhanced insect
pest control. A.) Conventional method with no manipulation of habitat leads to high pest
numbers and few natural enemies entering the crop from the surrounding landscapes.
Yellow circles represent natural enemy populations and green circles represent pest
abundance. B.) The addition of inter-cropping, cover crops, or supplemental food sources to
an agroecosystem may lead to an increase in natural enemy abundance and a potential
decrease in insect pest abundance within field settings, but relies on the presence of insect
pests to attract natural enemies into the crop. C.) The addition of semiochemical-based lures,
such as herbivore-induced plant volatiles (HIPVs) may attract natural enemies into the crop
to enhance biological control, but does not provide resources to directly enhance natural
enemy abundance. HIPV lures are represented by pink circles. D.) Combining habitat
manipulation and HIPV strategies in an agroecosystem may increase natural enemy
abundance within field settings as well as directly attract natural enemies into the crop to
enhance biological control.

2.1 Inter-cropping, monocultures, polycultures

The response of beneficial insect populations to habitat manipulation depends upon their
ability to use or exploit one or more of the plant components of the agroecosystem (Altieri &
Nicholls, 2004). Crop systems that are dominated by a single plant species only provide
resources to those select organisms that can exploit that single plant species. Hence,
monocultures are an example of agroecosystems with low diversity and may be more
susceptible to pest or disease outbreaks (Theunissen, 1994; Altieri & Nicholls, 2004). Because
of this increased susceptibility, management and external inputs are essential to support low
diversity agroecosystems. On the other hand, reliance on diverse plantings, a range of
natural enemies that are supported by these plants, and associated crop management
strategies can in some cases help maintain pest populations below economic thresholds
(Altieri & Nicholls, 2004).
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Intercropping, which is the cultivation of two or more species within the same field, is a
common method to increase beneficial insect diversity within agroecosystems (Fig. 1B)
(Vandermeer, 1989; Theunissen, 1994). Intercropping crop plants with flowering species
such as clovers can also provide a favorable habitat for a variety of beneficial insects that
may not otherwise survive in a single crop environment, and hence intercropping may
provide natural pest management by increasing the abundance and diversity of insect
natural enemies in the agroecosystem (Theunissen, 1994). Diverse systems encourage
complex food webs that involve more interactions among vegetation, pests, and natural
enemies, providing resources for a diverse group of organisms and allowing for alternative
resources and food sources. Thus, polycultures and natural ecosystems with higher
diversity tend to be more stable and less subject to fluctuations in pest and disease
populations (Altieri & Nicholls, 2004). As an example of this, Beizhou et al. (2011) recently
reported that intercropping pear orchards with aromatic plants significantly reduced pest
abundance and increased the ratio of natural enemies to pests when compared to orchards
with only natural grass or clean tillage. They also found higher abundance of natural
enemies and reduced numbers of major pests in intercropped orchards. Hence,
intercropping the pear orchard with aromatic plants led to improved insect pest
management by enhancing the activity of the insect natural enemy community.

2.1.1 Push-pull strategy

The ‘push-pull” strategy uses a combination of stimuli to manipulate the behavior of insect
pests and/or natural enemies and to alter their distribution and abundance in
agroecosystems (Miller & Cowles, 1990; Khan et al., 1997). The push-pull approach works by
repelling or deterring the pest insects (push) away from the main crop by using deterring
chemical stimuli. Simultaneously, highly appealing stimuli are used to attract the pests
(pull) from the main crop to other areas such as trap crops where the pests aggregate and
are easier to control (Khan et al., 1997). While on their own each individual component (the
push and the pull) of the approach may not be effective at reducing pest numbers below
economic thresholds, combining the push and pull components increases the efficacy of
such a strategy. Also, since the push and pull components are commonly non-toxic this
strategy is compatible with supporting insect natural enemies and biological control (Khan
& Pickett, 2004). A suitable push-pull strategy will be unique for each system it is used for,
and hence the development of effective push-pull approaches requires an understanding of
the targeted pest’s biology and interactions with its hosts and natural enemies (Khan &
Pickett, 2004).

Push-pull strategies are not a new idea, but one of the most successful examples was
developed recently in Africa for controlling stem borers on cereal crops (Khan et al., 2001).
Stem borers are moth larvae that feed on and destroy cereal crops. The adult stem borer moths
are cryptic and nocturnal while the larvae feed within the crop stem making both adults and
larvae difficult to see and to control. Chemical pesticides are a common method of control for
stem borers, but this is not an economical or safe approach for many resource-poor, small-scale
farms where these pests are common. Hence, a push-pull strategy was developed using
technologies appropriate and economical for such farmers (Khan & Pickett, 2004). This
strategy involves a combined use of intercropping and trap crops, and uses plants that are also
locally-appropriate and that can be used in their agricultural system. While some push-pull
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strategies use chemical deterrents and attractants to create the push-pull effect (see Section 3),
this strategy does not use any chemical deterrents or toxins, but instead uses plant species that
repel the pest away from the main crop while also attracting insect natural enemies to the
fields. The repelled stem borers are attracted to nearby trap plants where the moths lay their
eggs, but their larvae are unable to develop, thus reducing the number of trapped pest insects
(Khan and Pickett, 2004). The farms that implemented the push-pull strategy in Africa have
experienced lower pest abundance, and also an overall enhancement of beneficial insect
abundance (Khan et al., 2001).

While the work of Khan et al. in Africa is primarily in cereal-based farming systems, the
push-pull approach may be applicable to a much wider range of agricultural pest
problems in a variety of crops, if the appropriate components can be developed and
implemented.

2.2 Cover crops

A major means of conserving beneficial insects and stabilizing their populations is to meet
the ecological requirements of these insects within or near the cropping environment
(Landis et al., 2000). To be effective, many natural enemies and pollinators need access to
alternate hosts, overwintering habitats, constant food supply, and appropriate
microclimates. These requirements can be fulfilled through the inclusion of a diverse
assemblage of flowering plants within agricultural landscapes.

Cover crops are planted in crop fields, either in rotation with annual crops or within
perennial crops. These plants have been widely used to reduce soil erosion, add or retain
soil nutrients, produce organic matter, reduce soil compaction, and also aid in pest control
(Bugg, 1991; Bugg & Waddington, 1994). They are used in sustainable and organic
agricultural systems to enhance soil health and crop nutrition.

Flowering species such as buckwheat (Fagopyrum esculentum Moench) or clovers (Trifolium
spp.) have been promoted as cover crops to provide flowering resources for insects when
the crop is not in bloom. Increasingly, the use of flowering cover crops is seen as one
component of an overall ‘farmscaping’ approach that aims to make farmland suitable for a
range of beneficial organisms throughout the growing season. Ideally, cover crops will
provide shelter and resources for natural enemies, enhancing their populations and hence
biological control of insect pests (Bugg & Waddington, 1994). Plants should be screened for
their attractiveness to not only the target biological control agent, but also to other potential
competitors for floral resources (Hogg et al., 2011) (see below).

The deployment of cover crops within the row middles of perennial crops may create a
conflict with insecticide-based pest management activities that would kill the natural
enemies active within the field. This will depend on the type of insecticide used (since many
of the more recently-developed insecticides are quite selective), on the tolerance of the
natural enemies to the insecticide, and on their ability to re-colonize fields from the
perimeter. The potential for killing beneficial insects inside crop fields is one reason that
strip plantings of flowering plants within field margins or perimeter plantings are
considered. Placement of flowering resources adjacent to crop fields may minimize
exposure to insecticides while also providing the resources for natural enemies that can then
re-invade the crop fields. Indeed, flowering borders adjacent to blueberry fields have
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enabled natural enemy populations inside the crop to rebound more rapidly after insecticide
applications (Walton & Isaacs, 2011). An increase in natural enemies, particularly
parasitoids, has been observed in apple orchards adjacent to flowering borders compared to
orchards without flowering borders. This increase in parasitoid numbers also coincided
with a doubling of parasitism of spotted tentiform leafminer (Phyllonorycter blancardella
(Fabr.)) in apple trees adjacent to flowering borders, compared with orchards without
flowering borders (Blaauw & Isaacs, unpublished data).

2.3 Selection of supplemental food sources
2.3.1 Flowering plants

Flowering field margins adjacent to crop fields can provide necessary resources for natural
enemies of crop pests during periods when crop flowers are not present, thus maintaining
high populations of insect predators and parasitoids, which are supported by a provision of
nutrients throughout the season (Sotherton, 1984; Ahern & Brewer, 2002; Biichi, 2002; Sanchez
et al., 2003, Wanner et al., 2006a, 2006b). Such natural areas were once common in most
agricultural landscapes, particularly between plantings, along roadsides, or as part of woody
hedgerows, but as the production of crops has increased and intensified, these non-cropped
areas are becoming less common (Sotherton, 1998). Current crop production techniques shape
the physical structure of agricultural landscapes (Robinson & Sutherland, 2002), and with
increased reliance on mechanization and pesticides, vegetative diversity in farmlands has
decreased causing negative impacts on natural enemies (Ryszkowski et al., 1993).

Flowering plant strips adjacent to fields help support beneficial insect biodiversity in
agricultural landscapes (Baggen & Gurr, 1998; Dufour, 2000; Carreck & Williams, 2002;
Fiedler & Landis, 2007a, 2007b; Tuell et al., 2008). Much of the testing of flowering plants has
been done with non-native annual or biennial flowering species, although these often bloom
in one growing season requiring annual sowing. This makes these resource plants costly to
successfully maintain , whereas native perennial flowering plants are sown once, adapted to
the local environment, less likely to become invasive, and may increase native beneficial
insect diversity in agricultural landscapes (Stephens et al., 2006, Fiedler & Landis, 2007a,
2007b). A well-designed flowering border adjacent to a crop field will provide necessary
resources and alternative food source for natural enemies during periods when crop pest
and crop flower numbers are low, thus maintaining high populations of natural enemies
supported by the provision of nutrients throughout the season (Landis et al., 2000; Isaacs et
al., 2009; Hogg et al., 2011).

2.3.2 Nutritional requirements: Pollen and nectar resources

Sufficient flower abundance and appropriate vegetation structure are required to support
diverse populations of insects (Zurbriigg & Frank, 2006), and therefore manipulation of
structurally resource-poor habitats through the addition of flowering plants and grasses can
increase beneficial insect populations in agricultural landscapes (Long et al., 1998; Kells et
al., 2001; Rebek et al., 2005). Many beneficial insects, including natural enemies, require
access to alternate hosts, overwintering habitats, a constant food supply, and appropriate
microclimates in order to survive (Johnson & Triplehorn, 2005). The majority of predators
and parasitoids are omnivores and require non-prey food, such as pollen and nectar, as part
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of their diet. Natural enemies from a broad range of orders including Hymenoptera,
Diptera, Coleoptera, Heteroptera, Neuroptera, Araneae, and Acari have been observed to
require and/or benefit from access to flowering resources (Wéckers et al., 2005). Access to
pollen and nectar sources can significantly increase the activity, longevity, and fecundity of
these predators and parasitoids (Wéckers et al.,, 2008; Hogg et al., 2011), and thus, the
availability of flowering resources can be essential to natural enemy efficacy in biological
control of pest insects (van Rijn & Sabelis, 2005). These non-prey requirements can be
fulfilled with a diverse assemblage of flowering plants, which will provide necessary
resources that support populations of predators and parasitoids throughout the season.

Simple addition of flowering plants to farms may not be sufficient to gain the expected
increase in biological control, however, and in some cases it may be counter-productive due
to supplying resources for pest insects. In recent years there has been a much greater
understanding of the need to tailor resource plants for the specific natural enemies that can
provide pest suppression, but further investigation is needed to tailor this to specific crop
systems (Jonsson et al., 2008). In one line of investigation, the nutritional quality of plant
resources has been investigated in detail, revealing the range of suitability of different plants
as food for parasitoids and predators (reviewed by Wackers, 2005). Additionally, the need to
select plants that are beneficial to the natural enemies without providing resources to pest
insects has driven the careful evaluation of pest and natural enemy life history traits on
candidate floral resources. Baggen et al. (2003) evaluated a range of potential resource plants
and found that only lacy phacelia (Phacelia tanacetifolia Benth.) and Nasturtium (Tropaeolum
majus L.) provided resources for natural enemies without also enhancing moth pest
performance, as the other tested plants did. In field trials of this selective planting approach,
Begum et al. (2006) found higher parasitism of light brown apple moth (Epiphyas postvittana
(Walker)) eggs in vineyard plots where three types of flowering resource plants were sown
under the vines. In more recent studies, this rewarding plant strategy has been combined with
attraction of natural enemies (see Fig. 1) in an attract-and-reward approach. Initial reports
from combining these two tactics indicate that while this approach has potential for synergy,
further work is required to realize the full potential (Simpson et al., 2011a, 2011b).

2.3.3 Alternative prey

As mentioned above, most natural enemies benefit from having access to alternate
hosts/prey. Taking advantage of this knowledge, banker plant systems (or open rearing
systems) can be used to augment populations of natural enemies in greenhouse and field
settings on ornamental and food crops (Van Driesche et al., 2008). Although many natural
enemies can be purchased and released to augment biological control, they often leave or
die once the targeted pest has been controlled. By combining aspects of augmentative and
conservation biological control, banker plant systems attempt to alleviate these factors
(Frank, 2010). Banker plant systems generally consist of a non-crop plant that is deliberately
infested with a non-pest herbivore. The non-pest herbivores serve as alternative hosts/prey
for a desired parasitoid or predator of the target crop pest. A banker plant system is
typically based on the use of alternative host/prey in the form of non-pest herbivores, but it
can also be based around the use of surrogate food, such as pollen for generalist natural
enemies (Huang et al., 2011). As a form of conservation biological control, banker plant
systems provide alternative food or hosts for natural enemies so they can survive and
reproduce for long periods even when no pests are present in the crop (Frank, 2010). Banker
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plants can also conserve released natural enemies to provide sustainable, long-term
suppression of crop pests.

2.4 Shelters

Natural enemies of insect pests require shelter from environmental hazards, and a lack of
shelter during periods of heat, cold, rain, or pesticide application may be highly detrimental
to their survival. Availability of appropriate habitats may promote foraging, resting,
overwintering, or nesting of natural enemies.

Physical environmental conditions profoundly affect natural enemy activity during the
growing season. For example, excessive wind is thought to limit foraging by adult hoverflies
(Beane & Bugg, 1998). Hedgerows, windbreaks, or shelter-belts can protect croplands in
windy areas, and provide some protection to the windward as well as to the leeward side.
Shelter can reduce soil erosion, and improve photosynthetic and water-use efficiency by
crop plants, and can lead to locally elevated temperatures in the sheltered areas. Because
hedgerows and windbreaks often contain flowering plants used by many natural enemies,
the effects of shelter and of flowers may be difficult to separate (Beane & Bugg, 1998).

Overwintering and resting aggregations of various natural enemies are often observed in
crop fields. Typical sites for such aggregations vary among species, and include herbaceous
and woody plants as well as human-made structures (Beane & Bugg, 1998). Houses for
lacewings have even been built and tested to provide shelter during harsh weather
conditions (McEwen & Sengonca, 2001). These lacewing houses have been successfully used
as a tool for augmenting biological control in crop fields by increasing the number of
lacewings in the agroecosystem (McEwen & Sengonca, 2001).

At the small scale at which mite biological control operates, shelters are important for the
survival of predatory species. Some plants have naturally-occurring shelters, called domatia,
that predatory mites use as a protected location. They can then forage from these sites on
leaves to reach pest mites, and leaves with greater domatia structures tend to have higher
populations of predatory mites (Karban et al., 1995; Loughner et al.,, 2008). Leaves with
domatia also protect predatory mites from other natural enemies (intraguild predation)
(Norton et al., 2001), and lead to lower densities of leaf-feeding mites and foliar fungal
pathogens (Norton et al., 2000; English-Loeb et al., 2005). These findings help explain why
certain grape cultivars that possess domatia are less susceptible to mite and mildew
outbreaks. Such information could be used in breeding programs to develop crop cultivars
that are more likely to have lower pest mite populations, due to their harboring of predatory
mites (English-Loeb et al., 2002).

2.5 Landscape influences on natural enemies

Research into landscape-level effects on biological control of insect pests has developed
rapidly over the past 20 years, in concert with the expansion of the field of landscape
ecology (Turner et al., 2001). New techniques and tools have become available for detailed
analysis of aerial imagery or remotely sensed data of the landscapes surrounding crop
fields, and combining this with measurements of pest-natural enemy interactions in crop
fields has provided new insights, as reviewed by Bianchi et al. (2006). In general, increased
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habitat fragmentation, isolation and decreased landscape structural complexity destabilize
the biotic interactions that regulate pest populations (Robinson et al., 1992; Landis et al.,
2000; Tscharntke et al., 2007). In practical terms, this means that farms in more intensively
managed landscapes can rely less on naturally-occurring biological control than those that
are in more diverse landscapes. In more diverse landscapes that contain multiple crop types,
natural habitat, perennial wooded land, and a greater availability of flowering resources,
natural enemies are more likely to have their ecological requirements met near to the crop
field and are less likely to disperse. This then translates into a greater abundance and
diversity of natural enemy insects available during periods of pest population growth to
limit the trajectory of that growth and limit pest populations (Marino & Landis, 1996;
Bommarco, 1998; Thies et al., 2003; Schmidt & Tscharntke, 2005, Tscharntke et al., 2005).

Having high landscape diversity, including flowering plants, near crop fields can also
interact with the management approach taken on farms to affect the natural enemy
population available to control pests in crop fields. Thus, Ostman et al. (2001) found that
aphid population growth was slower in organic than conventional farms, and fields set in
landscapes with greater proportion of perennial crops and with more field margins received
more biological control. Spider populations are also sensitive to the landscape, with spider
species richness increasing with the proportion of non-crop habitat in the landscape
(Schmidt et al., 2005), irrespective of whether farms were managed using organic or
conventional tactics. Density of spiders was 62% higher in organically managed fields, and
within the conventional fields there was a positive correlation between the proportion of
non-crop habitat in the surrounding landscape and the spider density. These trends indicate
that field management as well as what landscape they are set in will influence the
availability of natural enemies to provide biological control services to crop fields.

The economic implications of how crop management and landscape composition affect the
services that natural enemies provide have only recently been addressed. Landis et al. (2008)
examined the value of biological control being provided to limit populations of soybean
aphid, Glycines max (L.), in the context of increasing corn production for ethanol. Their
analyses found a $33/ha value of biological pest control for producers who employed
integrated pest management, with this value provided largely from the surrounding
landscapes. Increased planting of corn, and the associated reduction in landscape diversity
led to a $58 million/yr cost to farmers caused by reduced biological control of this insect,
and this translated into lower yields and higher pesticide costs. In a more recent study,
Meehan et al. (2011) have analyzed broad-scale landscape, pest, and pesticide use data
across the Midwestern United States. Landscape simplification was correlated with higher
pest pressure and greater dependence on pesticides, with multi-million dollar costs to
farmers that can be attributed in part to the changes in availability of natural pest regulation
supplied by surrounding landscapes.

This section has highlighted the aspects of agricultural habitats that can be manipulated to
provide resources for natural enemies. But, as we have just seen, not all landscapes have
high abundance of natural enemies. It may therefore be important to focus populations of
natural enemies at crop plants where their pest-controlling services are needed, by
harnessing the chemical interactions among organisms. This is an active and exciting area of
research that can exploit the power of chemical signaling to manipulate natural enemies for
the benefit of agriculture.
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3. Semiochemical-based manipulation

The term “semiochemical” (semeion = sign or signal in Greek) is used to describe a chemical
or mixture of chemicals that can act as messengers in interactions among organisms
(Nordlund & Lewis, 1976; Dicke & Sabelis, 1988; Vet & Dicke, 1992). It includes chemicals
that mediate interactions among individuals within the same species, i.e., intraspecific
communication (= pheromones), and those that mediate interactions among individuals
belonging to different species, i.e., interspecific communication (= allelochemicals). Among
allelochemicals, compounds can be classified as allomones if their production benefits the
emitter, kairomones if their production benefits the receiver or synomones if their production
benefits both the emitter and receiver (Dicke & Sabelis, 1988; Vet & Dicke, 1992).

An approach to using semiochemicals for pest control is to exploit ways to chemically
augment, conserve, or enhance the efficacy of natural enemies in cropping systems. Here we
provide a review of semiochemical-natural enemy interactions and describe ways in which
these compounds, particularly those emitted by plants, can be employed to enhance natural
enemy attraction and ultimately reduce pest populations.

3.1 Herbivore-induced plant volatiles (HIPVs)

Plant volatiles play a critical role as signals in tri-trophic level interactions. These are
interactions involving three trophic levels; for example, plants (1st trophic level), herbivores
(2nd trophic level), and the natural enemies of herbivores (predators and parasitoids) (3rd
trophic level). Peter Price and collaborators (Price et al., 1980) were the first to specifically
emphasize the importance of including the third trophic level when considering plant-
herbivore interactions. Their seminal contribution was of particular importance because
interactions among organisms from more than two trophic levels are known to be common
in nature (Hunter & Price, 1992; Ohgushi, 2005).

Plants can influence the natural enemies of herbivores by emitting behavior-modifying
volatile organic compounds. Specifically, plants damaged by herbivores often produce a
blend of volatiles (Paré & Tumlinson, 1999), commonly referred to as herbivore-induced
plant volatiles (HIPVs) (Mumm & Dicke, 2010). These HIPVs consist of a mixture of the
so-called green-leaf volatiles (Cs aldehydes, alcohols, and acetates), terpenes
(monoterpenes, sesquiterpenes, homoterpenes), and aromatic compounds, among others
(Pichersky et al., 2006). The release of HIPVs may signal the presence of potential prey or
hosts and, therefore, can be exploited by natural enemies to locate the prey organism
(Sabelis et al., 1999; Verkerk, 2004). In the last 10 years there has been an increased interest
in using these compounds to manipulate natural enemy behaviors for insect pest control
in agricultural crops.

3.1.1 Brief overview of HIPVs

Vinson (1976) described five steps parasitoids and other natural enemies need to follow
during host searching and selection; these are: 1) host habitat location; 2) host location; 3)
host acceptance; 4) host suitability; and 5) host regulation. It is clear now that plant chemical
cues are particularly important in aiding parasitoids during the first step. In order to locate
the host habitat, natural enemies use long-distance cues from plants. These cues (e.g. HIPVs)
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originate mainly from plants damaged by the natural enemies’ host or prey (e.g. pest
insects). In most instances HIPVs provide natural enemies with a highly detectable and
reliable signal. HIPVs are classified as synomones because they can benefit both the
emitting plant as well as the responding natural enemy (Vet et al., 1991). Once the host
habitat is located, natural enemies utilize compounds produced by the host or prey
(kairomones), such as volatiles emitted from body scales, honeydew, or the herbivore’s
frass. Compared with HIPVs, kairomones are more reliable in providing information to
natural enemies about the location of their host or prey; however, they are not as
detectable (Vet & Dicke, 1992).

Dicke & Sabelis (1988) provided the first evidence that lima bean plants (Phaseolus lunatus L.)
damaged by the two-spotted spider mite Tetranychus urticae Koch emit a blend of volatiles
that attract the predatory mite Phytoseiulus persimilis Athias-Henriot. In these early studies,
this phenomenon was referred to as a ‘cry for help’, because of the potential fitness benefits
to the injured plants from attracting the natural enemies of herbivores (Dicke et al., 1990a;
Dicke & Sabelis, 1992). A second tri-trophic system extensively studied in the early 1990s
involved corn (Zea mays L.), the chewing herbivore Spodoptera exigua (Hiibner), and its
parasitoid Cotesia marginiventris (Cresson). Turlings et al. (1991, 1993) showed that C.
marginiventris utilizes compounds emitted from corn seedlings damaged by the
lepidopteran herbivore to locate its host. HIPVs can also mediate plants-aphids (sucking
herbivores)-natural enemy interactions. For example, Du et al. (1998) showed that the
parasitoid Aphidius ervi Haliday is attracted to beans, Vicia faba L., infested by the pea aphid
Acyrthosiphon pisum (Harris). More recent evidence shows that egg deposition by herbivores
can also induce a volatile response in plants and consequently attract egg parasitoids
(Meiners & Hilker, 1997, 2000; Hilker & Meiners, 2002; Colazza et al., 2004). For example,
Meiners & Hilker (1997) found that oviposition by the elm leaf beetle Xanthogaleruca luteola
(Mutiller) induces volatile emissions from its host plant Ulmus minor Mill., that attract the egg
parasitoid Oomyzus gallerucae (Fonscolombe).

This plant volatile response to herbivore damage often differs from artificial damage (Dicke
et al., 1990a; Turlings et al., 1990; De Moraes et al., 1998), indicating that the caterpillar or
other pest insect induces production of specific HIPVs in the plant. These can be induced
locally, i.e. at the site of damage, as well as systemically, i.e. from distal undamaged parts of
a damaged plant (Turlings & Tumlinson, 1992; Dicke et al., 1993; Rose et al., 1996).

3.1.2 Characteristics of HIPVs

The emission of HIPVs is common in plants (Dicke & Vet, 1999; Dicke & van Loon, 2000);
however, the induced volatile blends are highly variable (Dicke, 2000; Turlings & Wackers,
2004). The volatile blend often varies depending on plant cultivar (e.g. Loughrin et al., 1995;
Gouinguené et al., 2001), plant age (Takabayashi et al., 1994; Turlings et al., 2002), plant part
(Turlings et al., 1993), and abiotic factors (Gouinguené & Turlings, 2002). Emissions of
HIPVs also vary depending on the species and age of the herbivore (Takabayashi et al., 1995;
Gouinguené et al., 2003). For example, Takabayashi et al. (1995) found that corn plants emit
greater quantities of volatiles when damaged by 1st and 2nd instar larvae of Pseudaletia
separata Walker than when damaged by 5th instars. The parasitoid Cotesia kariyai (Watanabe)
attacks young P. separata and is attracted to volatiles emitted by corn damaged by early
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instar larvae (Takabayashi et al., 1995). To cope with this variability, natural enemies can
learn to associate HIPVs with the presence of their prey or host (Lewis & Tumlinson, 1988;
Vet & Dicke, 1992; Vet et al., 1995; Allison & Hare, 2009). This learning capacity is thought to
be more critical for generalist natural enemies than specialists (Steidle & van Loon, 2003),
because the latter should have an innate response to HIPVs.

Another important characteristic of HIPVs is their specificity (Turlings & Wackers, 2004).
The specificity of certain tri-trophic systems allows natural enemies to differentiate plant
volatile blends associated with their prey from those of non-prey (Dicke, 1994; Du et al,,
1996; Dicke, 1999). De Moraes et al. (1998) first demonstrated the specificity of the volatile
response to herbivory in plants and the effects on natural enemies. The authors found that
tobacco, maize, and cotton plants produce distinct volatile blends in response to damage by
larvae of two related lepidopteran herbivores: Heliothis virescens (Fabricius) and Helicoverpa
zea (Boddie). The parasitoid Cardiochiles nigriceps Viereck exploits these differences during
host location by being attracted only to HIPVs released from its host H. virescens (De Moraes
et al., 1998). This specificity has also been reported in the tri-trophic system involving pea
plants, pea aphids (A. pisum), and the parasitoid A. ervi (Du et al., 1998; Powell et al., 1998).
Other studies, however, have reported a lack of specificity. For example, McCall et al. (1993)
found that the parasitoid Microplitis croceipes (Cresson) is equally attracted to volatiles
induced by its host H. zea and its non-host S. exigua. Similarly, the tri-trophic system of
cabbage-caterpillars-Cotesia sp. lacked specificity at the herbivore level, but not at the plant
level where differences in attractiveness to parasitoids were found (Geervliet et al., 1996).

3.1.3 Belowground tri-trophic interactions

There is now an abundant literature showing that tri-trophic level interactions occur
aboveground (as described above). However, relatively little is known about the way
organisms from different trophic levels interact belowground. This is particularly true for
the roles of HIPVs in attraction of soil-inhabiting natural enemies to root volatiles. For
example, Boff et al. (2001) found that the entomopathogenic nematode Heterorhabditis
megidis Poinar, Jackson & Klein is attracted to the roots of Thuja occidentalis L. damaged by
the weevil Otiorhynchus sulcatus Germar. However, the volatile responsible for this
attraction was not identified. Recently, Rasmann et al. (2005) found that larvae of the corn
rootworm, Diabrotica virgifera virgifera LeConte, feeding on corn roots induce the emission of
(E)-p-caryophyllene, which in turn attracts entomopathogenic nematodes. Similar to
aboveground interactions, interactions belowground can be specific at both the plant and
herbivore levels (Rasmann & Turlings, 2008).

3.1.4 Plant elicitors of HIPVs

Jasmonic acid (JA) and its volatile derivative methyl jasmonate (MeJA) are phytohormones
involved in plant defenses against herbivores (Karban & Baldwin, 1997), that can also play a
key role in the production and emission of HIPVs (Hilker et al., 2002; Kessler et al., 2004).
Plants treated topically with JA or MeJA increase their volatile emissions (Hopke et al., 1994;
Gols et al., 1999; Ament et al., 2004; Hare, 2007); however, the volatiles produced often differ
from those induced by herbivore damage (Dicke et al., 1999; Rodriguez-Saona et al., 2001).
Other phytohormones involved in the emission of HIPVs include salicylic acid (SA) and
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ethylene (Schmelz et al., 2009). Salicylic acid is a phytohormone often associated with plant
resistance against pathogens but also against sucking insects such as aphids and whiteflies
(Walling, 2000). Exposure to exogenous (airborne) SA, or its volatile derivative methyl
salicylate (MeSA), can induce a volatile response in plants (Ozawa et al., 2000). For example,
activation of both the JA and SA pathways by T. urticae is required to attract predatory mites
to damaged lima bean plants (Dicke et al.,, 1999). In fact, the predatory mite P. persimilis
prefers lima beans releasing volatiles induced by T. urticae than those induced by JA (Dicke
et al., 1999). This difference may be explained by the lack of MeSA from the blend induced
by JA. In tomatoes, however, Ament et al. (2004) found that JA is necessary to induce the
enzymatic conversion of SA into MeSA, and concluded that JA is essential for the emission
of spider mite-induced volatiles. Despite the fact that MeSA can play an important role in
predator attraction to plants (e.g. De Boer & Dicke, 2004a, 2004b; Rodriguez-Saona et al.,
2011a), compared with the JA pathway, less is known on the importance of the SA pathway
in the emission of HIPVs.

In addition, these phytohormones can interact synergistically or antagonistically (Walling
2000). For instance, SA can inhibit the plant’s response to JA and vice versa (Koornneef &
Pieterse, 2008). Horiuchi et al. (2001) demonstrated that the ethylene precursor, 1-
aminocyclopropane-1-carboxylic acid, increases the induced volatile response to JA in lima
bean and, as a result, increases the attraction of the predatory mite P. persimilis.

3.2 Manipulation of HIPVs to enhance biological control

This review will focus on three methods to manipulate HIPV emissions in agricultural
fields: a) use of synthetic versions of HIPVs; b) increase of HIPV emissions through use of
phytohormonal elicitors; and, c) increase of HIPV emissions via genetic engineering. Table 1
summarizes general physical, economical, and biological characteristics of these approaches.

3.2.1 Synthetic HIPV lures

The simplest way to manipulate natural enemy behaviors chemically in agricultural fields is
to identify the natural HIPVs, produce them, and release synthetic versions of them (Fig.
1C). In this approach, natural enemies are exposed to a “supernormal” stimulus (i.e., a
highly attractive HIPV), that is expected to outcompete the “normal” stimuli provided by
the surrounding vegetation. Yet, compared with the large number of studies documenting
the attraction of natural enemies to HIPVs under laboratory conditions, fewer studies have
been conducted under field conditions (Hunter, 2002). In early studies, Flint et al. (1979)
showed attraction of the common green lacewing Chrysoperla carnea (Stephens) to [-
caryophyllene. Drukker et al. (1995) found an increased density of predatory anthocorids on
pear trees near cages containing Psylla-infested trees compared with trees near cages
containing non-infested trees. Similarly, Shimoda et al. (1997) found greater attraction of the
predatory thrips Scolothrips takahashii Priesner to traps with T. urticae-infested lima bean
plants compared with traps with uninfested plants. In a non-agricultural system, Kessler &
Baldwin (2001) later showed that predation of Manduca sexta L. eggs by the generalist
predator Geocoris pallens Stal. increases when plants of Nicotiana attenuata Torr. ex Wats are
treated with the HIPVs (Z)-3-hexenol, linalool, and cis-a-bergamotene.
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Attributes Synthetic HIPV lures

Plant Elicitors Genetic Engineering

L. Physical/Economics

Medium-long lasting. Slow-
release devices
(4 weeks or more)

Longevity

Short-lasting - often quick
activation of volatiles
(likely less than a week)

Longest lasting approach.
(throughout the plant's life)

Applicability/ Relatively easy to apply and
Adoptability adopt

Relatively easy to apply and May require long-time for
adopt development and adoption

Relatively cheap: will depend

on cost of application,

Can be expensive: will

depend on acreage applied, The developmental phase

Cost complexity of volatile blend, cost of application and can be costl
type of deployment device, producing elicitor - e.g. JA is y
number of point sources, etc costly
Two lures commercially
Commercial available to growers No product commercially ~ No product commercially

availability specifically for this purpose

(see text for details)

available for this purpose available

II. Biological

Lures need to outcompete

background volatiles May

induce volatile emissions
from exposed plants

Mode of action

A more "natural" attractant
than synthetic lures; however,
induced volatile blend often
different from the herbivore-
induced blend

The most "natural" volatile
signal of the three
approaches. Plants produce
their own set of volatiles

In the absence of host/ prey,
Natural natural enemies can increase
enemy efficacy foraging time; thus, reduce
their efficacy

If plants are "primed" for
increased induce volatile
responses, it may increase
natural enemy foraging
efficacy

In the absence of host/ prey,
natural enemies can increase
foraging time

Generalized volatile signal:
attract a wide range of

More specific blend;
however, it affects natural

enemies differently, some The most specific blend of

Specificity of natural enemies. Signal not positive, negative, and the thr ee approaches. S{gnal
signal e . . ... specific at both the herbivore
specific neither at the plant neutral. Signal likely specific and plant levels
nor herbivore levels at the plant level but not the P
herbivore level
hiI:ltuigl ecﬁi?i)i?ssclt-llcimh Natural enemy attraction =~ Natural enemy attraction to
yop oo g likely to the treated habitat. ~ the herbivore-damaged
) potential for association of . . . .
Negative HIPVs with lack of Medium-high potential for plant. Low potential for
consequences . . association of HIPVs with  association of HIPVs with
host/ prey. Medium-high 1 .
: ack of host/prey. High lack of host/prey. Low
potential for natural enemy potential for habituation potential for habituation
habituation to HIPVs
Highest potential for non-
target effects, e.g. attraction
Medium-high potential for of herbivores, negative
Community- non-target effects, e.g. effects on pollinators, cross- Reduced potential for non-
level effects attraction of herbivores, talk among defensive target effects

pollinators

pathways, e.g. JA treatment
can make plants more
susceptible to pathogens

Table 1. Comparative characteristics of different ways to manipulate natural enemies of

herbivore by HIPVs in agriculture
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The use of HIPVs to lure natural enemies to crop fields has been receiving increased
attention in the last 10 years. James (2003a) evaluated the HIPVs MeSA, (Z)-3-hexenyl
acetate, and (3E)-4,8-dimethyl-1,3,7-nonatriene to attract natural enemies in hop yards. The
predatory mirid Deraeocoris brevis (Uhler), the anthocorid Orius tristicolor (White), and the
coccinellid Stethorus punctum picipes (Casey) were attracted to sticky cards baited with (Z)-3-
hexenyl acetate; while the geocorid G. pallens, hover flies, and S. punctum picipes were
attracted to cards baited with MeSA. Synthetic MeSA also attracted green lacewing,
Chrysopa nigricornis Burmeister (James, 2003b). In grape vineyards, sticky cards in MeSA-
baited blocks captured greater number of C. nigricornis, Hemerobius sp., D. brevis, S. punctum
picipes, and O. tristicolor (James and Price 2004). James (2005) tested 15 synthetic HIPVs and
found attraction of S. punctum picipes to sticky traps baited with MeSA, cis-3-hexen-1-ol, and
benzaldehyde. Other natural enemies were attracted to various degrees to different HIPVs
(James, 2005). Similarly, Zhu & Park (2005) found attraction of the lady beetle Coccinella
septempunctata L. to traps baited with MeSA, whereas 2-phenylethanol was more attractive
to the lacewing C. carnea and syrphid flies. 2-Phenylethanol is also attractive to the
multicolored Asian lady beetle, Harmonia axyridis (Pallas) (Sedlacek et al., 2009), and is
currently being sold commercially by MSTRS Technologies (Ames, Iowa, USA) as the
natural enemy attractant Benallure®. Phenylacetaldehyde is another plant attractant for the
green lacewing C. carnea (Té6th et al., 2006, 2009).

To date, most studies have evaluated HIPVs individually; thus, the synergistic effects of
HIPV mixtures on natural enemy attraction remain largely unknown. Yu et al. (2008) tested
seven HIPVs and a mixture of nonanal and (Z)-3-hexen-1-ol in cotton fields. Interestingly,
they found attraction of the syrphid fly Paragus quadrifasciatus Meigen to dimethyl
octatriene, nonanal plus (Z)-3-hexen-1-ol, and octanal, whereas the syrphid fly Epistrophe
balteata De Geer did not respond to any of the HIPVs tested (Yu et al., 2008), indicating
differential responses of species of natural enemies to HIPVs within the same insect family.
Also, most studies have used slow-release devices instead of spraying HIPVs directly onto
crops. This latter approach was tested by Simpson et al. (2011c) who mixed different HIPVs
(e.g. MeSA, MeJA, methyl anthranilate, benzaldehyde, (Z)-3-hexenyl acetate, and (Z)-hexen-
1-ol) with the vegetable oil adjuvant Synertrol®, and sprayed them onto winegrape, broccoli,
and sweet corn plants. They found greater abundance of several parasitic Hymenoptera and
predatory insects near plants sprayed with the synthetic HIPVs (Simpson et al., 2011c).

3.2.1.1 MeSA - A natural enemy attractant

MeSA has received considerable attention lately for its potential to attract natural enemies in
agricultural fields. This compound is a common component of the volatile blend emitted
from several plant species (Pichersky & Gershenzon, 2002). MeSA is emitted from plants in
response to feeding by cell-content feeders, e.g. T. urticae (Dicke et al., 1990b; Agrawal et al.,
2002; van den Boom et al., 2004), phloem feeding, e.g. aphids (Staudt et al., 2010), and
chewing herbivores, e.g. beetles (Bolter et al., 1997). In a recent meta-analysis, Rodriguez-
Saona et al. (2011a) reviewed 14 publications that used MeSA to attract natural enemies in
agricultural fields and found that natural enemies (i.e., coccinellids, syrphids, lacewings,
predatory bugs, and parasitic Hymenoptera) are broadly attracted to MeSA. MeSA is now
commercially available as PredaLure® (AgBio, Inc.; Westminster, Colorado, USA) to attract
natural enemies of agricultural insect pests.
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Commercial availability of PredaLure has allowed researchers a more standardized way to
test natural enemy attraction to MeSA in agricultural fields, and three studies have recently
done that. Lee (2010) found that PredaLures led to higher catches of lacewings and O.
tristicolor on baited traps in strawberry fields, but the effect was found only at the point
source and not at 5 or 10 m away from the lures. Ground-dwelling predators monitored
using pitfall traps did not respond to the PredaLures (Lee, 2010). In soybean fields,
Mallinger et al. (2011) captured greater numbers of syrphid flies and lacewings on sticky
card traps adjacent to the PredaLures, but not on traps placed 1.5 m from the lures. In
cranberry fields, PredaLure-baited sticky cards caught greater numbers of syrphid flies, lady
beetles, and lacewings compared with unbaited traps (Rodriguez-Saona et al., 2011a).
Syrphid abundance was greater on traps placed near PredaLures (0 m) than at 2.5, 5, and 10
m from the lures (Rodriguez-Saona et al., 2011a), so the spatial scale of influence over
natural enemies seems to be restricted for this particular product.

3.2.1.2 Mechanism of attraction

The mechanism of natural enemy attraction to HIPVs remains unknown. Two possible
mechanisms have been suggested (e.g. Khan et al., 2008): a) Direct attraction, where the
natural enemies are attracted directly to the synthetic lure; b) Indirect attraction, where HIPV
exposure triggers a volatile response from plants. These are not mutually exclusive
mechanisms; in fact, it is likely that both mechanisms may act simultaneously. Additionally,
arrestment of natural enemies near to sources of HIPVs requires further examination as a
potential behavioral mechanism contributing to their location of the sources and higher
abundance near to dispensers.

Direct attraction. Ample evidence exists in the literature from laboratory studies that natural
enemies can respond to HIPVs (Mumm & Dicke, 2010). For example, Anaphes iole Girault, an
egg parasitoid of Lygus spp., showed a strong antennal response (based on
electroantennogram -EAG- analysis) to (Z)-3-hexenyl acetate and MeSA (Williams et al.,
2008). Gas chromatographic-electroantennographic detection (GC-EAD) analysis showed
that MeSA elicits a significant antennal response in C. septempunctata (Zhu & Park, 2005).
Natural enemy attraction to HIPVs is often confirmed using behavioral assays (e.g. Y-tube
olfactometers and wind tunnels). For example, four HIPVs: linalool, (E)-pB-ocimene, (3E)-4,8-
dimethyl-1,3,7-nonatriene, and MeSA attracted females of the predatory mite P. persimilis in
Y-tube olfactometer assays (Dicke et al., 1990b; De Boer & Dicke, 2004a). In a wind tunnel,
Williams et al. (2008) showed attraction of A. iole females to MeSA and a-farnesene. Thus, it
is safe to infer that natural enemies are also being directly attracted to the synthetic lure in
the field.

Indirect attraction. Less evidence exists to date on whether synthetic HIPVs can trigger a
volatile response from plants under field conditions, or whether activation of this response
in turn attracts the natural enemies of herbivores. In laboratory experiments, Dicke et al.
(1990c) showed that undamaged lima bean plants exposed to HIPVs from T. urticae-
damaged plants were more attractive to P. persimilis than unexposed plants. In the field,
Simpson et al. (2011c) showed attraction of natural enemies for up to 6 days after treating
plants with foliar sprays of synthetic HIPVs and, because of the extended period of activity,
they concluded that plants might have been induced by exposure to the HIPVs to produce
their own volatiles. Rodriguez-Saona et al. (2011a), in a greenhouse study, found that
cranberry vines emit high amounts of MeSA when exposed to Predalure dispensers,
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whereas unexposed vines released undetectable quantities of MeSA. In maize fields, von
Meérey et al. (2011) found that plants exposed to four synthetic green leaf volatiles ((Z)-3-
hexenal, (Z)-3-hexenol, (E)-2-hexenal, and (Z)-3-hexenyl acetate) emit increased quantities of
sesquiterpenes compared with non-exposed plants.

It is also unclear whether synthetic HIPVs can induce the release of volatiles from exposed
plants or “prime” them for an increased volatile response once they are under attack by an
herbivore (Ton et al., 2007; Frost et al., 2008). For example, Peng et al. (2011) showed that
cabbage plants previously exposed to HIPVs and subsequently damaged by Pieris brassicae
L. caterpillars attracted more Cotesia glomerata L. parasitoids than control plants. Similar
studies need to be conducted under field conditions with a range of crop plants to
determine whether HIPV lures can prime volatile emissions in exposed plants.

3.2.1.3 Impact of HIPVs on pest abundance

A key question is whether HIPV deployment can ultimately increase predation or parasitism
of agricultural pests, and thereby reduce their populations. So far, however, only a few studies
have addressed this question. An early study by Altieri et al. (1981) found that spraying a
crude extract from corn or Amaranthus onto plants increases parasitism rates of H. zea eggs by
Trichogramma wasps. However, this study did not test for specific HIPVs. Three studies have
explicitly tested the effects of HIPVs on parasitism rates in the field. Titayavan & Altieri (1990)
first showed higher levels of parasitism of the aphid Brevicoryne brassicae (L.) by its parasitoid
Diaretiella rapae (M'Intosh) with applications of a allylisothiocyanate emulsion in broccoli.
More recently, Williams et al. (2008) reported greater parasitism of Lygus lineolaris (Palisot de
Beauvois) eggs by A. iole in cotton fields when dispensers containing (Z)-3-hexenyl acetate and
a-farnesene were placed near the host eggs. In field cage studies in cotton, Yu et al. (2010)
found higher parasitism of Helicoverpa armigera (Hiibner) larvae by Microplitis mediator Haliday
in cages treated with 3-7-dimethyl-1,3,6-octatriene. This compound was also active to M.
mediator in EAG and olfactometer assays (Yu et al., 2010). Lee (2010) found no change in pest
abundance in response to deployment of MeSA in strawberry.

Two studies so far have tested the effects of HIPVs on predation rates in the field. Ferry et al.
(2009) tested dimethyl disulfide to attract predators (Aleochara bilineata Gyllenhal)) of the
cabbage root fly, Delia radicum (L.), in broccoli. Although they found increased predator
attraction, the number of D. radicum eggs predated were reduced in treated compared with
untreated plots. Finally, Mallinger et al. (2011) showed lower abundance of soybean aphids,
Aphis glycines Matsumura, in field plots baited with MeSA lures (PredaLures) compared
with untreated plots.

3.2.2 Phytohormonal elicitors

Alternatively to the use of HIPV lures, plants can be treated with an exogenous elicitor in
the field, such as jasmonates (e.g. JA, MeJA, or cis-jasmone), to induce production and
emissions of their own blend of volatiles, and as a result attract natural enemies (Rohwer &
Erwin, 2008). This is a more “natural” approach for attracting predators and parasitoids of
pests into crops as compared with using synthetic lures because these phytohomones often
induce an attractive blend of volatiles in quantities that are more comparable with those
induced by herbivore feeding. However, besides inducing volatile emissions, jasmonates
induce a wide array of responses in plants including increase of defenses that can negatively
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affect the performance of natural enemies by reducing the quality and quantity of
herbivores on plants (Thaler, 1999, 2002).

The effects of jasmonates on natural enemy attraction have been demonstrated under
laboratory and field conditions. For example, in the laboratory, the predatory mite P.
persimilis is attracted to an odor blend induced by JA from gerbera (Gols et al., 1999) and
lima bean (Dicke et al., 1999) plants. Similarly, van Poecke & Dicke (2002) showed that
treatment of Arabidopsis thaliana (L.) with JA increases attraction of Cotesia rubecula
(Marshall) compared with untreated plants, whereas treatment with SA did not. Ozawa et
al. (2004) also reported that treating maize plants with JA increases attraction for the
parasitoid Cotesia kariyai Watanabe. However, natural enemies are sometimes less attracted
to volatiles induced by JA than to those induced by herbivores (Dicke et al., 1999), indicating
that there can be differences between the volatile blends induced by herbivores and JA
treatment. In the field, Thaler (1999) showed that JA treatment of tomato plants increases
parasitism of caterpillars near the treated plants. However, JA can affect natural enemies
of herbivores differently. For instance, Thaler (2002) found that syrphid flies were
negatively affected by JA treatment of tomato plants due to a decrease in herbivore
abundance on JA-treated plants, but found no effects for a caterpillar parasitoid, an aphid
parasitoid, or lady beetles. Also, Lou et al. (2005) demonstrated that egg parasitism of the
rice brown planthopper, Nilaparvata lugens (Stal), by the parasitoid Anagrus nilaparvatae
Pang et Wang on rice plants was two-fold higher when plants were surrounded by JA-
treated plants than by control plants.

To our knowledge there is no commercial product currently available that uses plant
elicitors (e.g. phytohormones) for the sole purpose of triggering HIPVs and attracting
natural enemies in agricultural crops. This lack of commercial products may be due to the
fact that phytohormones, such as JA, can activate multiple physiological responses in plants
(including defenses against insects pests), but their effects on plant yield remains largely
unknown. As a result, the risks of activating the JA pathway might outweigh its benefits if
resistance to phytophagous insects reduces fitness of natural enemies on plants or increases
plant susceptibility to pathogens (Table 1).

Practical application of HIPVs for insect pest control remains a goal that will require
coordinated research by agricultural scientists and chemical ecologists. The involvement of
commercial suppliers is a positive step towards development of cost-effective and
efficaceous products for manipulation of natural enemies in crops.

3.2.3 Genetic engineering

Many of the risks associated with using lures or phytohormones to attract natural enemies
may be avoided through genetic engineering because plants can be selected for enhanced
HIPV emissions only when attacked by herbivores. Although plant breeding practices have
historically ignored the effects of HIPVs on the third trophic level, this is expected to change
with recent advances in molecular technologies. Two approaches can be taken: a) selective
breeding, where the natural variation in the production of HIPVs among plants can be
exploited in breeding programs to select for plants that enhance the foraging efficiency of
natural enemies, or b) transgenic plants, where specific genes are incorporated to prime
plants for an enhanced HIPV response.
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3.2.3.1 Selective breeding

Plant breeding may produce crops with enhanced volatile emissions (Nordlund et al., 1981,
1988); however, to date, selective breeding for high HIPV production in plants has not been
explored. Volatile emissions often differ within and among plant species (Elzen et al., 1985;
Takabayashi et al., 1991), and selecting for plants that are more attractive to natural enemies
may thus help biological control. For example, Elzen et al. (1985, 1986) found greater
production of volatiles attractive to the parasitoid Campoletis sonorensis (Cameron) from
glanded cotton (Gossypium hirsutum L.) than nonglanded cotton. However, use of highly
attractive plants has the same disadvantage as synthetic lures because volatiles are not
associated with the host/prey. A better approach is to select plants with greater induced
volatile responses (HIPVs). For instance, HIPV emissions varied by 8-fold among maize
cultivars (Gouinguené et al., 2001; Degen et al.,, 2004). Similarly, high variation in HIPV
production among cultivars has been reported in apple (Takabayashi et al., 1991), cotton
(Loughrin et al., 1995), and Gerbera (Krips et al., 2001). Among below-ground interactions,
(E)-p-caryophyllene is a volatile induced from maize roots by herbivory that attracts
entomopathogenic nematodes (Rasmann et al., 2005), and emissions of this attractant have
apparently been lost in American maize varieties (Kollner et al., 2008). Thus, restoring this
or other signals may enhance the effectiveness of biological control agents (e.g. Degenhardt
et al., 2009). This would be particularly relevant in domesticated crops where breeding for
high yielding crops might unintentionally reduce traits associated with insect resistance
such as HIPV emissions (Rodriguez-Saona et al., 2011b).

3.2.3.2 Transgenic plants

There are a few literature reviews on the use of transgenic plants to augment HIPVs
(Degenhardt et al., 2003; Aharoni et al., 2005, 2006; Turlings & Ton, 2006, Dudareva &
Pichersky, 2008; Kos et al., 2009). Plant defense signaling pathways have been a target of
genetic manipulation. For instance, mutant or genetically-modified plants with impaired JA
production have been developed (Baldwin et al., 2001; Thaler et al., 2002; Ament et al., 2006),
and are often less attractive to natural enemies (Thaler et al., 2002; Ament et al., 2004). Knock
out of the JA pathways can also reduce direct defenses, thus making plants more susceptible to
herbivory (Thaler et al., 2002; Kessler et al., 2004). Mutant plants also exist with impaired genes
specifically involved in defense pathways (van Poecke & Dicke, 2002; van Poecke & Dicke,
2003; Shiojiri et al., 2006). These studies have improved our understanding on the ecological
role of plant defensive pathways in tri-trophic level interactions; however, transgenic plants
with modified production of HIPVs will be more useful for manipulation of natural enemy
behaviors. Terpenoid biosynthesis has particularly been targeted for modification because of
the dominance of terpenes in the HIPV blends of plants (Aharoni et al.,, 2005, 2006). For
example, Kappers et al. (2005) modified the expression of a linalool/nerolidol synthase gene in
A. thaliana to enhance constitutive emissions of the HIPV nerolidol and attraction of the
predatory mite P. persimilis to plants. Schnee et al. (2006) transferred a sesquiterpene synthase
gene that forms (E)-B-farnesene, (E)-a-bergamotene, and other herbivory-induced
sesquiterpenes from maize into Arabidopsis, resulting in greater emissions of several
sesquiterpenes and enhanced attraction of C. marginiventris after wasps learned to associate the
presence of hosts with the emissions of these sesquiterpenes. Degenhardt et al. (2009)
transformed a non-(E)-p-caryophyllene emitting maize line with a (E)-B-caryophyllene
synthase gene from oregano, resulting in constitutive emissions of this sesquiterpene, less root
damage and 60% fewer root herbivores than non-transformed, non-emitting lines.
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An alternative to modifying plants to constitutively emit HIPVs, is to genetically “prime”
plants for an enhanced HIPV response after herbivore attack (Turlings & Ton, 2006). These
primed plants would thus invest less energy on potentially costly defenses such as HIPV
emissions in the absence of herbivores. Although the molecular mechanisms remain largely
unknown, once identified, genes involved in priming should provide a useful tool to
manipulate HIPV emissions in plants.

3.3 Other sources for natural enemy attraction

The concept of using chemicals to manipulate natural enemy behavior in agricultural fields
is not new (Dicke et al., 1990c). However, many of the tools currently used to isolate and
identify HIPVs, such as sophisticated headspace volatile collection and gas chromatography
apparatus, were not available when this research started in the 1970s-1980s. Thus, most of
the early work focused on testing chemicals produced from the host/prey (kairomones), or
those emitted from the natural enemies themselves (pheromones). Although researchers
have so far found limited applicability for these chemicals because of their low volatility and
high specificity, there is great potential for this approach and we expect significant advances
in the coming years.

3.3.1 Chemicals from host/prey

Early studies to enhance the efficacy of natural enemies tested the use of kairomones under
laboratory and field conditions. Lewis et al. (1975a, 1975b) showed increased egg parasitism
rates of H. zea by Trichogramma spp. from 13% to 22% by spraying an extract from the host
(moth) scales or synthetic kairomones onto soybean plants. The moth scales contain
tricosane, which was found to be the main source of attraction (Jones et al., 1973). These field
results were obtained, however, only at high host densities. At low to intermediate densities,
parasitism rates were enhanced if moth scales or the synthetic kairomone (impregnated
particles of diatomaceous earth) were applied around the host eggs (Lewis et al., 1979;
Gross, 1981). Under these latter conditions, parasitoids apparently spent more time
searching intensively in areas where the hosts were absent, resulting in lower parasitism.
This problem can be overcome under unnaturally-high host densities (Lewis et al., 1975a,
1975b, 1979). This work first highlighted the potential of interfering with the natural
enemies’ foraging behavior by application of semiochemicals onto crops. Later studies
revealed that volatiles from the ovipositor gland of female H. zea, which contains the moth
sex pheromone, are also involved in Trichogramma spp. host search behaviors. Applications
of the synthetic sex pheromone found in the gland increased egg parasitism in greenhouse
and field experiments (Lewis et al., 1982).

Kairomones can also be used to “prime” natural enemies for enhanced searching behaviors
before inundative releases. For example, Hare et al. (1997) demonstrated that laboratory-
reared Aphytis melinus DeBach, a parasitoid of the California red scale (Aonidiella aurantii
(Maskell)), more readily parasitized hosts when exposed to the kairomone O-
caffeoyltyrosine prior to being released in the field.

3.3.2 Chemicals from natural enemies

Similar to other insects, natural enemies produce pheromones for intraspecific
communication. Sex pheromones have been identified from various natural enemies since
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the 1970s (e.g. Robacker & Hendry, 1977; Jones, 1989; Eller et al., 1984; Swedenborg & Jones,
1992); however, so far they have been tested only to assess natural enemy activity in the
field, monitor their population densities, and to predict rates of host parasitism (Lewis et al.
1971; Morse & Kulman, 1985). Because these pheromones are often produced by the females
to attract males, and attraction of females instead of males is desirable in biological control,
use of sex pheromones from natural enemies to manipulate their behaviors in agricultural
crops has been limited. In addition, unless a stable sex ratio is known to exist in the field,
trapping males does not give a reliable prediction of female abundance (Powell, 1986).

Aggregation pheromones might be useful for mass trapping and inundative releases of natural
enemies into crops because these compounds attract both sexes. For example, males of the
generalist predator, the spined soldier bug (Podisus maculiventris (Say)), produce a long-range
attractant pheromone that attracts both adult sexes and immatures (Aldrich et al, 1984;
Sant’Ana et al., 1997). Both sexes of adult seven-spot ladybeetle C. septempunctata are attracted
to 2-isopropyl-3-methoxypyrazine, a compound produced by conspecifics (Al Abassi et al.,
1998). Pheromones can be combined with HIPVs to enhance natural enemy attraction in
agroecosystems. In fact, Jones et al. (2011) recently tested the attraction of three lacewing
species to HIPVs in apple orchards and found that the combination of MeSA and iridodial, a
male-produced aggregation pheromone, was a stronger attractant than each compound alone.

4. Conclusion

The idea of manipulating natural enemy behaviors to improve biological control of crop
pests is an appealing concept, but research on how to best achieve this in agroecosystems is
still in its infancy despite the fact that scientists have made important advances in recent
years. Several factors need to be considered before these strategies are widely adopted by
growers; here we discuss three of them.

4.1 Efficacy

There are many questions that remain unanswered as to how to best deploy these strategies
to enhance biological control of crop pests. Habitat for natural enemies needs to be tailored
to the region, crop, and management system being used to ensure the greatest potential for
benefits and to minimize undesirable effects on crop yield, insect pest populations, or weed
pressure. Currently, there is little information on the link between provision of habitat for
beneficial insects and the economic effect on crop production, but this is a key missing piece
of the puzzle and is an active area of research. Table 1 includes some risks associated with
the use of HIPVs. For example, when using HIPVs to attract natural enemies, we don’t
know where the insects are coming from. If a fixed number of natural enemies occur in the
environment, it is likely that attraction of natural enemies to one area will deprive other
areas of their services. Also, we have yet to determine the optimal density and concentration
of attractants to effectively manipulate biological control agents in agroecosystems.
Although MeSA has proven effective as a powerful natural enemy attractant, we have not
fully tested other HIPVs in single blends or mixtures. It is likely that in nature different
natural enemies use information from HIPV blends differently. Specificity to attract the most
important natural enemy in a particular system can be added if HIPVs are combined with
other semiochemicals such as volatiles produced from the natural enemies themselves
(pheromones) or the herbivores (kairomones). Natural enemy behaviors are very plastic and
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they can learn to associate synthetic HIPVs with the absence of prey/host. Inundating an
area with HIPVs can also lead to habituation of the natural enemy’s sensory system,
potentially resulting in reduced foraging success. All these concerns need to be addressed
before these strategies can be adopted by growers.

Not only can the plants be selected for enhanced HIPV emissions but the natural enemies
themselves can also be artificially selected for a superior response to HIPVs. However, this
concept has not been widely explored. In a belowground system, Hiltpold et al. (2010)
selected the entomopathogenic nematode Heterorhabditis bacteriophora Poinar for an
improved attractive response towards (E)-p-caryophyllene.

4.2 Costs

The costs of any strategy for manipulating natural enemy behaviors in agroecosystems have
not been estimated. No matter how effective these strategies are, their adoption will depend
on how comparable their costs are with currently available pest management practices. In
fact, the benefits growers obtain from recruiting “free” natural enemies services to provide
pest suppression should exceed the associated costs of deploying these strategies. For
instance, habitat manipulation to create flower strips or planting alternative food-providing
resources for natural enemies within a farm may use land that otherwise could be used in
crop production. Even if land is used that is not appropriate for crop production, the
expenses associated with preparing habitat for beneficial insects can be considerable. Cost-
share programs are available in some countires for establishing beneficial insect habitat in
agricultural landscapes. Despite the costs of habitat establishment or HIPV deployment,
with the increasing costs of pesticides and consumer concerns about pesticide residues on
fresh farm products, biological control is becoming a more attractive alternative. Although
strategies to conserve and augment natural enemies described in this chapter are
environmentally friendly, relying on the performance of natural enemies could, however, be
risky for growers particularly when used to manage a pest in crops where the market has
little to no tolerance for damage.

4.3 Combination of strategies

Individually, using strategies such as habitat diversification or the deployment of
semiochemical lures to manipulating the behavior of natural enemies may enhance
biological control in agroecosystems, but it is possible to further improve the efficacy of
natural enemies by combining more than one strategy to manipulate their behaviors in field
crops (Fig. 1D). For example, Simpson et al. (2011b) tested the concept of an “attract and
reward” strategy that combines habitat manipulation with HIPVs. In their approach, several
HIPVs (including methyl anthranilate, MeJA, and MeSA) were tested as attractants and
buckwheat was used as a reward. They showed an increase in natural enemy abundance in
fields treated with both the “attract” and “reward” strategies compared with those treated
with a single strategy (Simpson et al., 2011b). This combined approach has also recently
been tested in perennial crop systems, with increased predators and parasitoids (as well as
herbivorous thrips) observed in response to HIPV application to vineyards, and parasitoids
and thrips responding to provision of flowering plants (Simpson et al., 2011a). However, the
combined treatments did not significantly affect natural enemy captures in treated plots.
Although these first attempts to combine attract and reward are revealing additive rather
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than synergistic effects of combining strategies, we expect that further investigations of
operational parameters to optimize such systems will provide a more clear view of the
situations in which attract and reward can support pest management. This approach is
appealing because it overcomes the concern of bringing natural enemies into areas deprived
of prey/host, which may lead to association of HIPVs with lack of food, by providing them
with an alternative food source to enhance their residency time in treated areas. The
approach is expected to work as long as the presence of a supplementary food source (e.g.
nectar or pollen) does not interfere with the natural enemy’s search behavior for prey or
host, which may result in the unwanted outcome of greater herbivore abundance.

Integrated Pest Management (IPM) relies on multiple strategies to maintain pest
populations below an economic threshold. Biological control can be combined with chemical
control to develop an integrative pest management program. IPM programs based on
reduced-risk, softer chemical control tactics, i.e., those with reduced harmful effects on
natural enemies, are more desirable. Behavioral manipulation of natural enemies is
compatible with these pesticides to conserve or augment natural enemies. For example,
semiochemical-based attractants can be used as a tool to measure the impact of insecticides
on natural enemy populations. They can also be used to conserve natural enemies within
farms by minimizing their exposure to pesticides such that natural enemies are removed
from fields before pesticide treatments by placing these attractants in adjacent non-treated
fields. HIPVs and other semiochemicals can also be used in augmentative releases of natural
enemies by mass trapping natural enemies and releasing them in areas of low population
and high pest pressure.
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1. Introduction

After the potato, the most cultivated vegetable in the world is the tomato Solanum
lycopersicum L. In 2009, the global area harvested was 4,393,045 ha, with one production of
152 956 115 ton. Mexico ranked 10 th place with 99, 088 ha and a production of 2,591,400
tons (FAO, 2011).

There is consensus that the origin of the tomato is South America, where is the greatest
diversity of related species (wild relatives) (Peralta et al., 2005), but is also accepted that
domestication of tomato occurred in Mexico (Rick & Holle, 1990; Hoyt, 1992, Perez et al.,
1997). Consequently in this country, the tomato, also called "jitomate", is considered one of
the basic components of Mexican cuisine. Additionally, the name "tomate" comes from the
Nahuatl language of Mexico (Rick & Holle, 1990; Perez et al., 1997). After corn the tomato is
the crop that has had greater genetic manipulation (Perez et al., 1997), but focused on the
standpoint of productivity. It has been documented that there is an inverse correlation
between the degree of domestication (productivity) of plants and damage by pests and
diseases (Coley et al., 1985; Rosenthal & Dirzo, 1997); so that resistance to pests and diseases
in wild relatives is higher than in native varieties of crops and these in turn show greater
tolerance than hybrid modern varieties.

The tomato is one of the crops with the highest number of pests, with approximately 17
phytophagous insects. The whitefly Bemisia tabaci Gennadius, 1889 (Hemiptera-
Sternorryncha: Aleyrodidae) and the psyllid Bactericera (= Paratrioza) cockerelli (Sulc, 1909)
(Hemiptera-Sternorryncha: Psyllidae) are two of the most important pests (King &
Saunders, 1984; Liu & Trumble, 2005; Morales et al., 2005). The conventional way of dealing
with pest problems is basically through organo-synthetic pesticides, strategy that causes
serious problems to the environment and human health. An alternative method is the plant
resistance to pests and diseases (Kogan, 1990) and the main source of germplasm for crop
improvement are the wild relatives (Hoyt, 1992; Perez et al., 1997). Thus, different species of
Solanum that develop in the center of the origin of the tomato have been widely used in
crop improvement by hybridization (Simons & Gur, 2005; Casteel et al., 2006; Restrepo et al.,
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2008); however, the conventional hybridization between tomato and its wild relatives is not
always possible (Perez et al., 1997; Peralta et al., 2005); then, various desirable traits of wild
plants cannot be transferred by this technique. In this regard, the grafting technique is an
alternative well documented in crop improvement (Lee, 1994; Kubota et al., 2008).

2. Grafts and their use in the pest and diseases management

Grafting is a technique by which two or more plants are joined, forming a single plant; the
basal part is called "rootstock" and the superior "scion". This technique has been used since
ancient times to transfer desirable characteristics of one plant (rootstock) to another (scion)
(Yamakawa, 1982; Lee, 1994; Poincelot, 2004; Kubota et al., 2008). Exist several reasons for
using grafts. Many plants are difficult to propagate by other techniques; desirable varieties
with poor root development are candidates for grafted on strong rootstock (Poincelot, 2004).
Furthermore, the use of grafts may also induce tolerance to adverse environmental factors
such as salinity (Martinez-Ballesta et al.,, 2008), drought (Pire et al., 2007) and adverse
temperatures (Venema et al., 2008), among others. The grafts also tend to produce stronger
plants and yielding (Khah et al., 2006). In addition, grafted plants induce better quality of
fruits (Martinez-Ballesta et al., 2008; Godoy et al., 2009). However, one of the principal uses
of grafts is to induce resistance or tolerance to pests and diseases, such as nematodes and
soil fungi (Lee, 1994; Kubota et al., 2008).

The first documented case of resistance of grafts to insects was the control of grape
Phylloxera Dactulosphaira vitifoliae (Fitch) in the United States. The susceptible European
grapes scion grafted onto resistant American wild grapes, provided the total control of the
pest (Kogan, 1990). Since then, the resistance to pest continues (Granett et al., 1987),
demonstrating the sustainability of that pest management strategy.

2.1 Grafts in herbaceous plants

Grafting in herbaceous plants has been known since the nineteenth century. Japan and
Korea were the first countries to develop grafting vegetables. In Europe grafting is
commonly practiced (Yamakawa, 1982; Lee, 1994; Kubota et al., 2008). However, in the
Americas its use in plant breeding has only recently received attention (Red & Riveros, 2001;
Kubota et al., 2008; Godoy et al., 2009; Garcia-Rodriguez et al., 2010). Perhaps, one reason is
because the American agricultural areas are of greater extent than those of Japan, Korea and
Europe; for example, the United States is the country with one of the lowest production of
grafts (Kubota et al. 2008). The aim of grafts is to induce resistance to biotic and abiotic
factors, including pests and diseases, but also to improve the quantity and quality of fruits
(Lee, 1994; Canizares & Goto, 1998; Dorais et al. 2008; Kubota, 2008). Protected vegetable
production without crop rotation as control measure, has led the increase of pests and
diseases that are a real problem for this type of agriculture. The main alternative for
nematode and disease control was the use of fumigants such as methyl bromide, but with
the recent ban on its use in the Montreal protocol, the graft in vegetables is seen as a major
strategy in the pest and diseases management; and in general, to transfer valuable traits to
the crops (Lee, 1994; Gonzalez et al., 2008; Kubota et al., 2008; Martinez-Ballesta et al., 2008).

In recent years, the grafting has aroused as a technique of great interest in vegetable crops
such as cucumber, melon, watermelon, peppers, eggplant and tomato. The grafting has been
used to induce resistance to fungal diseases (Alconera et al., 1988; Bletsas et al., 2003; Garcia-
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Rodriguez et al., 2010) and bacterial (Nakahara et al., 2004; Coutinho et al., 2006), and to the
nematodes Meloidogyne javanica Chitwood, 1949, M. incognita Kofoid and White, 1919 and M.
arenaria Roberts and Thomason, 1989 (Heteroderidae) (Williamson, 1998; Sigiienza et al.,
2005; Verdejo-Lucas & Sorribas, 2008).

Grafts have been performed on rootstock of local varieties with low productivity but high
resistance to pests and diseases. Different species of Cucurbita have been used as a rootstock
for melon and watermelon grafts (Yamakawa, 1982; Cohen et al., 2005; Sigiienza et al., 2005;
Kubota et al., 2008) and Capsicum landraces for chili (Garcia -Rodriguez et al., 2010). In other
cases, rootstock have been obtained from resistant hybrids, such as watermelon rootstock
from hybrids of Cucumis maxima x Cucumis moschata (Lee, 1994), or hybrids of Lycopersicon
hirsutum x L. esculentum for rootstock in tomato (Yamakawa, 1982). However, the main
source of resistant rootstocks are wild plants, mainly so-called "crop relatives" (Yamakawa,
1982; Alconera et al., 1988; Gonzalez et al., 2008; Kubota et al., 2008; Venema et al., 2008).

3. Importance of crop wild relatives

During its evolution, the wild relatives of crops have developed many features that have
enabled them to survive in extreme conditions; for example, on the shores of the Galapagos
Islands there is a wild relative of tomato that has provided genes to the cultivated tomato
conferring high tolerance salinity, so the plants can be irrigated with one-third seawater
(Hoyt, 1992). Also, the main source of resistance it is found in wild plants, and close
relatives of crops have been the most exploited in plant breeding (Hoyt, 1992; Ramanatha
Rao & Hodgkin, 2002).

No wonder that the main source for grafts has been the rootstock of wild plants, which besides
other characteristics have become resistant to pests and soil diseases, such as fungi and
nematodes (Yamakawa, 1982; Alconera et al., 1988; Gonzalez et al., 2008; Kubota et al., 2008;
Venema et al,, 2008). Thus, has been common to graft watermelon on Lagenaria siceraria
(Yamakawa, 1982; Lee, 1994; Yetis & Sari, 2003); the eggplant, on their wild relatives Solanum
integrifolium and Solanum turoum (Yamakawa, 1982; Lee, 1994; Bletsas et al., 2003); cucumber,
on Cucurbita ficifolia, Sicyos angulatus (Lee, 1994) and Cucumis metuliferus (Sigtienza et al., 2005);
melons, on Cucurbita spp., C. moschata; tomato on L. pimpinellifolium and L. hirsutum (Lee, 1994);
there are reports of tomato grafts onto the weed Datura stramonium L. that were practiced for
many years in the Southeastern of The United States (Kubota et al., 2008).

When wild plants are used, besides to be resistant to pests and diseases or have some other
desirable characteristic, it is advisable to know the effect of the rootstock on the fruit quality.
For example, it has been documented that some rootstocks may influence the nutritional
characteristics of fruits (Martinez-Ballesta et al., 2008) and even get translocation of toxic
compounds into the scion, as happened with the first tomato grafts in wild solanum D.
stramonium (Kubota et al., 2008). It has recently been documented that the effect of the
rootstock towards the graft can even up the genetic level (Zhang et al., 2008).

3.1 Tomato wild relatives

As a native American plant, tomato has a wide diversity of wild relatives in that continent,
among those mentioned: S. cheesmaniae (L. Riley) Fosberg, S. pimpinellifolium L., S.
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chmielewskii (CM Rick, Kesicki, Fobes & M. Holle) D. M. Spooner, G. J. Anderson & R. K.
Jansen, S. neorickii (CM Rick, Kesicki, Fobes & M. Holle) D. M. Sponner. G. ]. Anderson & R.
K. Jansen (= L. parviflorum), S. habrochaites S. Knapp & D. M. Spooner (= L. hirsutum), S.
chilense (Dunal) Reiche, S. peruvianum L., S. penelli Correll and S. lycopersicum var. cerasiforme
L. (Esquinas & Nuez, 1995; Peralta et al., 2005).

Such is the importance of wild relatives of tomato that modern varieties would not exist
without the wild relatives; characteristics such as resistance to cold or extreme conditions
and resistance to pests and diseases have been transferred from wild relatives to cultivated
plants (Hoyt, 1992, Perez et al., 1997). Then, the knowledge and conservation of crop wild
relatives is of utmost importance in global food production (Hoyt, 1992; Eigenbrode &
Trumble, 1993; Perez et al., 1997).

Unfortunately, “modern” agricultural practices as the use of herbicides and other chemicals
have led to a gradual loss of biological diversity and populations of wild relatives of crops
(such tomatoes) have been drastically depleted (Hoyt, 1992; Vargas, 2008; Alvarez-
Hernandez, 2009a).

It is accepted that the closest ancestor of cultivated tomato is S. lycopersicum var. cerasiforme
D. M. Spooner, G. J. Anderson and R. K. Jansen, 1993 (Esquinas & Nuez, 1995; Peralta et al.,
2005), grows in a wide variety of habitat from 0 to 3 300 meters above sea level (Sanchez-
Pefia et al ., 2006; Vargas, 2008; Alvarez-Hernandez et al., 2009a;), characterized by having
round fruits with diameters ranging from 1 to 2.5 cm (Martinez, 1979; Rick et al., 1990). In
some states of the Center-Western Mexico, the wild tomato is known as "tinguaraque"
(Martinez, 1979). So in this paper frequently we use that name. Since 2005 we have
developed studies about the tolerance of tinguaraque to phytophagous insects and its
potential as rootstock in grafts with cultivated tomato. The research questions included:

- Which is the incidence of phytophagous insects on tinguaraque?

- Which is the preference of Bactericera cockerelli for tomato, tinguaraque and grafts from
both?

- How is the incidence of insects” pest on tomato, tinguaraque and grafts from both under
field conditions?

- Which characteristics present tomato fruits grafted on tinguaraque?

- Which is the response of tomato grafts on tinguaraque at different nutrimental handling
systems?

4. The tinguaraque (Solanum lycopersicum var. cerasiforme) in Mexico
4.1 Importance and distribution

In Mexico, the tinguaraque is widely distributed in ecological reserves and associated crop
fields where it eventually tends to become a weed (Perez et al., 1997; Sanchez-Pefia et al.,
2006). It features a high capacity for climate adaptation, it was found from 7-2 000 meters
above sea level, with annual rainfall of 495-1 591 mm, annual mean minimum temperature
from 7.1-21.6 °C, 22.6-38.4 °C mean annual maximum temperature, and between 15.8 and
28.1 °C mean annual temperature (Vargas, 2008). Sanchez-Pefia et al. (2006) reported
populations of wild tomato at altitudes from 12 to 1 104 masl on the Northest of Mexico.
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In warm regions (<300 masl) populations of wild tomato are reduced and are associated
with species that provide shade; in temperate regions these plants protect them from the
cold (Vargas, 2008). Because of its creeping growth habit-climbing, it is common to found
the wild tomato associated with different plants; for example, many plants were climbing
among the thorny branches of the "acacia" (Acacia spp.) scattered among grass and weeds.
The dispersion of its branches is a survival strategy to pests and herbivores (Alvarez-
Hernandez et al., 2009a).

Partial collections in the Mexican state of Michoacan, showed that its distribution includes
altitudes from 314 to 1 550 masl, maximum annual temperatures ranged from 26.9 to 35.2 at
minimum of 11.7 oC to 26.9 °C; annual precipitation of 751 mm to 1 866 mm and with
varying levels of soil fertility; similarly pH values ranged from 6.8 to 8.5 (Alvarez-
Hernandez et al., 2009a, Table 1). The pH values obtained exceeding the normal limits for
the development of cultivated plants whose optimal value is between 6.0 and 7.5 (Michel et
al., 1998); by contrast, the cultivated tomato is considered tolerant to the acidity values of
5.5- 7.5 and higher values are limiting (Valadez, 1998).

This has allowed that tinguaraque have populations with different characteristics in
response to biotic and abiotic factors of mortality according to the conditions where it
develops. However, it also indicated that urban growth and agricultural production
techniques, as use of herbicides, are the main factors influencing the loss of tinguaraque
diversity; there are even regions where it is known there were populations of tinguaraque;
however, nowadays farmers do not know about its existence (Vargas, 2008; Alvarez-
Hernandez et al., 2009a).

Physicochemical Sampling sites

variables Apatzingan Acahuato Los Reyes Jiquilpan

pH 8.3 6.8 8.5 7.6

Sand (%) 19.7 26.0 24.0 15.9

Silt (%) 40.3 35.0 29.0 34.3

Clay (%) 40.0 39.0 47.0 49.8

Organic matter(%) 3.0 4.9 2.5 77

Total nitrogen (%) 0.12 0.2 0.10 0.3

Phosphorus mg/kg 17.1 17.4 16.6 15.7

Potassium meq/100 g 3.3 3.3 04 1.1

Table 1. Physical and chemical characteristics of soils obtained from sites with wild tomato
populations in three regions of Michoacan, Mexico (Alvarez-Hernandez et al., 2009a).

In Michoacén state, populations of wild tomato were found restricted to habitat where
agricultural impacts are minor, such as roadsides, areas with thorny plants, waterways,
river banks, among others (Alvarez-Hernandez et al., 2009a).

4.2 Morphological and physiological characteristics of tinguaraque

Based on the fruit size, Alvarez-Hernandez et al. (2009a) identified two groups of
tinguaraque in Center-western Mexico: Small-fruited (1.05 to 1.22 cm of polar diameter and
1.10 to 1.25 cm of equatorial diameter) and large-fruited (2.12 to 2.23 cm of polar diameter
and 2.41 to 2.55 of equatorial diameter); the cultivated tomato fruit has an average of 10 cm
(Valadez, 1998; Muiioz, 2009) and its weight ranges from 5 to 500 g (Chamarro, 1995). The
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fruit size is closely related to the number of seeds and the number of locules (Mufioz, 2009),
variable that seems to be interesting to evaluate. One characteristic of wild tomatoes is to
present a smaller number of locules than those grown; commercial cultivars are multilocular
type (Valadez, 1998), while the wild have two locules (Rick et al., 1990; Alvarez-Hernandez
et al., 2009a).

Another important feature in wild tomato species is the highest density of trichomes
compared to cultivated varieties. Sanchez-Pefia et al. (2006) compared the density of
trichomes on S. habrochaites (C-360), S. lycopersicum var. cerasiforme Vs the commercial variety
Rio Grande. They found that the density of trichomes was higher in the first species,
followed by S. lycopersicum var. cerasiforme, and the cultivar had the lowest density of
trichomes. In this regard, it is known that trichomes are one of the main factors that induce
resistance to pests in tomato (Eigenbrode & Trumble, 1993; Wagner et al., 2004).

Wild plants as tinguaraque generally have a slower germination compared to cultivated
varieties. In this regard, Alvarez-Hernandez et al. (2009a) found a tendency for greater
speed and uniformity in germination of commercial tomato “Rio grande” compared to the
germination of wild populations of tinguaraque; the time when 50% of seeds germinated
ranged from 2.8 (2.5-3.0) to 10.6 (8.6-15.7) days in tinguaraque, whereas in the commercial
cultivar was 4.4 (4.0-4.8) days. In general, the germination rate in large-fruited tinguaraques
was similar to the cultivated tomato, suggesting a direct relationship between speeds of
germination and fruit size (Table 2).

The observed differences in germination tinguaraques suggests two things: first, that the
different climatic conditions where these populations grow and the time spent as wild
plants could be determinants of the germination speed (Alvarez-Hernandez et al., 2009a);
for example, tropical species of plants usually germinate faster than temperate species
(Meletti & Bruckner, 2001); second, similar germination recorded in tinguaraques large
fruited and the cultivar suggest that these tinguaraques perhaps have less time as wild
plants, and even yet are handled by humans (Alvarez-Hernandez et al.,, 2009a). It is
currently accepted the hypothesis that the var. cerasiforme is a wild tomato escaped from
cultivation (Esquinas & Nuez, 1995; Peralta et al., 2005).

Population GT50 * Fiducial limits Prob.
(days) (days) Chi. Sq.

Little Apatzingan 8.5 7.4-10.6 0.0001
Big Apatzingan 49 4.6-5.2 0.0001
Acahuato 6.4 5293 0.0001
Los Reyes 27 2.5-3.0 0.0001
Jiquilpan 10.6 8.6-15.6 0.0001
Tabasco (big) 49 4.7-5.2 0.0001
Cv. Ri6 Grande 4.3 4.0-4.7 0.0001

* Germination Time of 50% of seeds.

Table 2. Germination rate of six wild tomato ecotypes collected in Michoacdn and Tabasco,
Mex. and cv. Rio Grande (Alvarez-Hernandez et al., 2009a).
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A practical use of knowledge of the germination rate could be used to improve crops by
grafting. Having this base of time and germination percentage, it is possible to standardize
the development stages of compatible species, but with different rates of development, as
occurs in wild and cultivated tomato, the first slower in its development.

4.3 Phytophagous insects associated with tinguaraque

Few studies have been documented about the entomo-fauna of S. 1. var. cerasciforme, but it is
mentioned that wild tomato can tolerate high incidence of pests and diseases (Hoyt, 1992;
Eigenbrode & Trumble, 1993; Nakahara et al., 2004; Sanchez-Pefa et al., 2006).

After one year of sampling in three different climatic regions of Michoacan, Mexico
(Apatzingan, Los Reyes and Jiquilpan), five groups of insects were recorded: whitefly (Hem:
Aleyrodidae), aphids (Hem: Aphididae), leaf miners (Dip: Agromyzidae), psyllids (Hem:
Psyllidae), horn and fruit worms (Lepidoptera), and fleahopper (Col: Chrysomelidae)
(Alvarez-Hernandez et al., 2009a; Table 3). In general, those groups include some of the
main pests of cultivated tomato (King & Saunders, 1984).

The incidence of phytophagous insects observed in tinguaraque was low and consequently
damage to plants was also low; for example, only few specimens of hornworm Manduca spp
were registered. Similarly, about three larval specimens of chrysomelids (Chrysomelinae)
were recorded. In the three collection sites, the bug Cyrtopeltis notata (Distant) (Hemiptera:
Myridae) was the most abundant phytophagous insect recorded on tinguaraque; Due the
frequency and damage of this species, it could be considered a potential pest of tinguaraque
(Table 3). Moreover, not all pests were equally distributed in the regions; so, the tomato
psyllid B. (=Paratrioza) cockerelli was only registered in one regién (Jiquilpan). B. cockerelli is
considered a major pest of the cultivated tomato (Liu & Trumble, 2005). Therefore, it is
important to consider populations of tinguaraque with longer coevolution with the pest,
could be probably more resistant to it.

Order: Family Species
Hemiptera: Aleyrodidae Bemisia tabaci y Trialeurodes vaporariorum
Hemiptera: Aphididae Species complex
Hemiptera: Myridae Cyrtopeltis notata Distant
Hemiptera: Psyllidae Bactericera cockerelli Sulc.
Diptera: Agromyzidae Lyriomiza sativae Blanchard y L. trifoli Burgess

Lepidoptera: Sphingidae Manduca sp.
Lepidoptera: Noctuidae Heliothis sp.
Coleoptera: Chrysomelidae  Epitrix sp.
Coleoptera: Chrysomelidae ~ Chrysomelinae

Table 3. Major groups of phytophagous insects registered in wild populations of
tinguaraque collected in Michoacan, Mex. (Alvarez-Hernandez et al., 2009a).
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Diversity in that wild populations of S. lycopersicum develops, marks its importance as a
resource adaptable to different climatic conditions prevailing in Mexico (Vargas, 2008). The
wide variability of wild ecotypes of S. lycopersicum var. cerasiforme (Dunal), presumably with
resistance to certain pests and diseases is an aspect useful for crop improvement. Previous
reports have pointed out resistance of wild tomato to various tomato pests, including:
Liriomyza sp., armyworm Spodoptera exigua (Hiibner), bugs complex (Hemiptera)
(Eigenbrode & Trumble, 1993) and whitefly B. tabaci (Sanchez-Pefia et al., 2006); resistance to
early blight Rhyzoctonia solani, late blight Phythophthora infestans (Pérez et al., 1997) and
potato rot Ralstonia (= Pseudomonas) solanacearum (Nakaho et al., 2004) has been documented.
However, genetic improvement through hybridization is usually slow, expensive and
eventually there are barriers to conventional hybridization (Perez et al., 1997, Poincelot,
2004). Grafts on wild relatives or plants resistant to pests and diseases have proven to be an
important tool for crop improvement (Poincelot, 2004; Kubota et al., 2008). Therefore, it was
interesting to know the response of tinguaraque and its grafts with cultivated tomato to the
incidence of the insect pests.

5. Incidence of pests in grafts of tomato with tinguaraque

5.1 The tomato psyllid Bactericera cockerelli

Few are the documented studies about grafting in vegetables with native species in
Mexico (Garcia-Rodriguez et al., 2010), therefore the wealth of germplasm has been
wasted, and in some cases at risk of disappearing. Therefore, the study was aimed to
evaluate the resistance of grafting of tomato in its wild relative S. lycopersicum var.
cerasiforme of the region of Jiquilpan, with emphasis on the tomato psyllid B. (= Paratrioza)
cockerelli (Hem: Psyllidae). This insect is one of the major pest of tomato, with losses of up
to 85%. Although often ineffective, its control is based on the chemical method; however,
other control strategies have been suggested, including plant resistance (Liu & Trumble,
2005; Casteel et al., 2006).

In field conditions we evaluated the incidence of phytophagous insects on S. lycopersicum
var. cerasiforme, ecotype Jiquilpan. Results showed low incidence of insect pests on
tinguaraque and particularly B. cockerelli was one of the species with lower incidence. In
order to confirm this observation, we established an experiment including tomato,
tinguaraque, and graft of both. In laboratory conditions, plants were confronted with a
known number of adults of B. cockerelli and its preference for each plant was registered. The
incidence of pests was also considered in field conditions.

Consistently, the insect preferred tomato, graft and tinguaraque in that order. When
treatments were exposed individually, the highest incidence occurred in tomato psyllid
(16.0 £10.1) and lowest in tinguaraque (7.5 = 3.0) and graft (8.3 £ 6.8), in that order. When
the three treatments were presented simultaneously, the preference of adult psyllids was
22.8 times higher in tomato than tinguaraque, and three times higher than for grafts
(Table 4). This was confirmed in field trials where the largest number of adults, nymphs
and oviposition was recorded in the cultivated tomato, and the lower number in
tinguaraque. The graft showed intermediate number, but without differences with the
tinguaraque (Table 5).
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Incidence (%)

Treatment Individual bioassay Multiple bioassay
Mean (%) * DS! Media (%) + DS1
Tomato 16.00£10.1a 15.03+£9.26 a
Graft 8.33+£6.89Db 499+257b
Tinguaraque 750+£3.03b 0.66+0.71 c
N 6 8

1 Means * standard deviation, with the same letter into column, are not statistically different

(Tukey, 0,05).

Table 4. Incidence of Bactericera cockerelli (adults) on tomato, tinguaraque and graft of both
when they were exposed in individual and multiples bioassays (Cortez-Madrigal, 2010).

5.2 Incidence of other pests

The main groups of phytophagous insects recorded were: aphid species complex
(Hemiptera: Aphididae), Bemisia tabaci and Trialeurodes vaporariorum (Hemiptera:
Aleyrodidae); complex bugs (Hemiptera), highlighting the species C. notata (Myridae) and
the leaf miners Liriomyza spp. (Diptera: Agromyzidae). Although was observed a trend

Treatment Adults Eggs Nymphs N
Tomato 1.04+1.01a 046+0.43 a 1.13+097 a 12
Graft 0.27+0.46Db 0.12+0.09b 0.27+0.24b 12
Tinguaraque 035+£0.71b 010+£0.10b 021£0.19b 12

Mean # standard deviation after log (x+1) transformation followed by the same letter within columns
do not differ statistically (Tukey, 0.05). N= number of repetitions.

Table 5. Incidence of Bactericerca cockerelli on tomato, tinguaraque and graft of both in field
conditions from Jiquilpan, Michoacan, Mexico (Cortez-Madrigal, 2010).

towards a higher incidence of insects in cultivated tomato, statistically differences only
were registered for miners and aphids, where the highest and lowest incidence was for
tomato (3.9£3.18) and tinguaraque (0.68+0.79). The graft showed an intermediate
incidence (2.18+2.16). The highest and lowest incidence of aphids was in tomato and
tinguaraque in that order (0.758 + 0.98 y 0.237 + 0.36). The graft showed an intermediate
relation respect to tomato and tinguaraque, but there were no statistical differences
between them (Table 6).

Treatment Leaf miner Aphids N
Tomato 39+318a 0.758 £0.98 a 12
Graft 218+216b 0.316 £ 0.35 ab 12
Tinguaraque 0.68+0.79 c 0.237+0.36 b 12

Means + standard deviation after log (x+1) transformation followed by the same letter within columns
do not differ statistically (Tukey, 0.05).

Table 6. Average incidence per plant of leaf miner and aphids on tomato, tinguaraque and
graft of both under field conditions in Jiquilpan, Michoacan, Mexico. Year 2007 Cortez-
Madrigal, 2010.
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Although there were no statistical differences in the incidence of whitefly, graphically shows
the trend of lower incidence in tinguaraque; contrary, tomato, followed by graft showed the
highest incidence of the pest. Only in Hemiptera complex the incidence was similar in
tomato, tinguaraque and grafting (Fig. 1).
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Fig. 1. Incidence of whitefly (MB), leaf miner (MIN), aphids (AF) and bugs (CH) in tomato,
grafting and tinguaraque (Cortez-Madrigal, 2010).

5.3 Incidence of pests in tomato grafted with different ecotypes of tinguaraque

Given the wide variability of conditions where tinguaraque grows in Mexico, we considered
convenient to evaluate different ecotypes, from temperate regions to warm places. In
accordance with the above-mentioned, the study aimed to evaluate the incidence of
phytophagous insects in tomato grafting on various ecotypes of S. lycopersicum var.
cerasiforme native from Michoacan, Mexico. The experiment was established in the region of
Apatzingan Valley at an altitude of 300 masl. The climate is a Bs1 (h ') w (W) corresponding
to the semi-dry warm climate with summer rains (Garcia, 1988). The mean temperature,
annual minimum and maximum are 28, 20 and 37.7 °C, respectively. The average rainfall,
minimum and maximum is 834, 500 and 972.8 mm, in that order. The type of soil was a
vertisol pelico (INEGI, 1983).

Thirteen treatments were established: five wild ecotypes of S. lycopersicum var. cerasiforme
natives from Michoacan (GAp, ChAp, Ac, LR and Jiq) and one from Tabasco (Tab); six grafts
of tomato cv. Toro onto tinguaraque (I-GAP ... I-Tab), and the cv. Toro as control (Tom).
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From November 17, 2007 to February 16, 2008, weekly samplings were implemented in
Ciudad Morelos, Municipality of Paracuaro, Michoacan, Mexico.

The main species of insects registered were: whitefly B. tabaci, psyllid B. cockerelli and the
aphid Aphis gossypii. Results showed a wide variability of responses from the tinguaraque
ecotypes and its grafts, generally with lower incidence of pests compared to those registered
on tomato without grafting. Again, tolerance of tinguaraque and its grafts toward diverse
insect pests was registered (B. cockerelli and B. tabaci).

For Whitefly adults only one tendency to lower incidence on grafting was registered. The
lowest incidence was in the graft I-GAp (13.14 + 7.18), compared with 17.6 + 10.4 in the
ungrafted tomato. The graft with tinguaraque Tabasco (larger fruit) showed an incidence
similar to that of the cultivated tomato (Table 7).

The incidence of whitefly nymphs showed significant differences (p = 0.0001). Grafts
showed an intermediate response, where stood the treatments I-GAp and I-ChAp (which
were native tinguaraque), with significant differences respect to the cultivar (Table 7).
Regarding B. cockerelli, treatments with lower incidence of adults were tinguaraques small
fruit and grafts, where I-ChAp and I-GAp were the best. Conversely, the highest incidence
of the adults occurred in the tinguaraques large fruit (Tab and GAp), and the commercial
variety (Tom). Regarding the incidence of nymphs of B. cockerelli, there were no differences
between treatments.

For the aphids, the lowest incidence occurred in the graft GAp (1.52 £ 1.22) along with
tinguaraques small fruit; the highest incidence occurred in the commercial cultivar (4.82 *
5.22) without differences with tinguaraques large-fruit. Most of the grafts showed an
intermediate response (Table 7).

Insect species

Treatment B. tabaci B. cockerelli
Adults Nymphs Adults lfeaflets Aphididae
with eggs

Tom 17.6£10.4* abc  9.7+85a 2.2+1.9ab 1.6£12ab  4.8+52a
I-LR 15.6+8.4 abc 7559 abcd  1.7+1.7 bed 12413ab  2.3+£2.5bcd
I-Jiq 15.348.5 abc 7.5%5.8 abc 1.6£1.6 abcd 1.3t13ab  2.3+2.3 bed
I-ChAp 14.5+7.9 be 6.6£5.6bcd  1.3%1.1d 1.0£0.9ab  2.242.1 bed
I-Ac 15.7£8 abc 7.1£5.6 abcd 1.6tl.6abcd 1.1#1.0ab  2.242.7 bed
I-GAp 131471 ¢ 58+#4.6bcd  1.3%1.1cd 0.9+0.7 b 1.5+1.2d
I-Tab 16.0£9.3 abc 7.8+6.8 abc 1.9+£22abcd 1.3*l.6ab  2.8+3.2 bed

*Means * standard deviation after log (x+1) transformation followed by the same letter within columns
do not differ statistically (Tukey, 0.05).

Table 7. Incidence of phytophagous insects in a cultivated variety of tomato and their grafts
with different ecotypes of tinguaraque S. lycopersicum var. cerasiforme (Alvarez-Hernandez et
al., 2009b).
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According to a multivariate analysis of the incidence of pests, new groups of plants were
formed; in the case of B. cockerelli (adults and eggs) five groups were formed: one consisting
of the cultivated tomato (Tom) and tinguaraque G-Ap, very close to the group formed by
the tinguaraque Tabasco (Tab), corresponding all of large fruit. Another group was formed
by grafting and tinguaraques Jiquilpan (Jiq) and Los Reyes (LR). The tinguaraque “chico
apatzingan” (ChAp) as a single group. Finally, the graft Tabasco (I-Tab) and tinguaraque
Acahuato (Ac) formed another group (Fig. 2).

The commercial variety and tinguaraques large fruit were usually the ones that had the
highest incidence of pests. Tinguaraques Small-fruit showed lower incidence and in turn,
the grafts showed an intermediate trend. This coincides with what is stated about the
incidence of pests and the degree of domestication of plants (Coley et al. 1985; Rosenthal &
Dirzo, 1997). Modern varieties of tomatoes have been genetically manipulated more than
tinguaraques, and within these, there may be some that are already handled by humans, as
in the case of tinguaraque Tabasco, which is marketed in their origin region.

5.4 Development studies

Recent unpublished studies on the incidence of whitefly (B. tabaci and T. vaporariorim) on
grafts of tomato with tinguaraque under different nutritional levels, the results confirm
previous studies (Alvarez-Hernandez et al., 2009a, b; Cortez -Madrigal, 2010;) in the sense
that grafts are less affected than ungrafted tomato. Additionally, the production of grafted
plants was similar to that of ungrafted plants (Table 8).
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Fig. 2. Dendrogram showing the formation of groups of tomato, tinguaraques and grafts of
boths based on the incidence of B. cockerelli. Apatzingan, Michoacan, Mexico. 2007. Tom =
tomato, Tab = Tinguaraque Tabasco, Jiq = Tinguaraque Jiquilpan, LR = Tinguaraque Los
Reyes, Ac = Tinguaraque Acahuato, GAp = Big tinguaraque Apatzingan, ChAp = Small
tinguaraque Apatzingan, I = Graft.
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Treatment Means'+ STD
Ungrafted with compost (U-C) 58.84+38.5 A
Ungrafted with fertilizer (T-F) 28.39+20.6 AB
Grafted withaout fertilizer (G-WF) 16.46+10.8 BC
Fertilized graft (G-F) 7.63£5.3 C
Ungrafted or fertilized (U-WF) 6.7613.2 C

1 Mean = standard deviation after log transformation (x +1) followed by the same letter do not differ
statistically (Tukey, 0.05).

Table 8. Incidence of whitefly B. tabaci and T. vaporariorum on tomato grafted and ungrafted
under different nutritional levels. Jiquilpan, Mich. 2010.

6. Tomato fruit quality grafted on tinguaraque

An important aspect to consider is to know the quality of fruit grafting; studies such: size
and production, color, acidity, soluble solids and sugars in the fruit should be included.
Alvarez-Hernandez (2009) characterized biochemically fruit quality of grafts of tomato on
tinguaraque and concluded that fruits of the grafts were not different from the fruit without
grafting (Table 9).

Variable
Treatment SOh?ble . q. .
pH solids Humidity (%) Density
(°Brix)
ChAp 5.07*+0.05 6.0*+0.0 90.73 1.48
GAp 5.02+0.05 6.01£0.0 91.43 7.06
Ac 5.35+0.1 7.75+0.5 89.94 1.31
LR 4.77+0.05 7.75£0.5 89.05 1.02
Jiq 4.87+0.05 7.5+0.57 90.13 0.94
Tab 5.37+0.05 5.25+0.5 88.39 7.17
[-ChAp 4.67+0.05 6.25+0.5 97.37 10.67
[-GAp 455+ 0.05 6.7520.5 93.99 9.75
I-Ac 4.45+0.05 6.0£0.0 97.44 7.95
I-LR 4.45+ 0.05 6.5+0.57 96.52 9.80
I-Jiq 4.5+0.0 5.5+0.57 96.41 10.67
I-Tab 4.5+0.00 6.750.5 97.44 10.50
Tom 4.52+0.09 7.0£0.0 94.28 9.79

*Means * standar deviation.

Table 9. Physical and chemical characteristics of tomato fruits, tinguaraque and graft of
both. Paracuaro, Michoacan, Mexico (Alvarez-Hernandez, 2009). Tinguaraques: ChAp, GAp,
Ac, LR, Jiq y Tab; grafts: I-ChAp...I-Tab; commercial variety: Tom.

Previous reports indicate resistance of S. lycopersicum var. cerasiforme to various pest and
diseases of tomato (Eigenbrode & Trumble, 1993; Perez et al., 1997; Nakahara et al., 2004;
Sanchez-Pefia et al., 2006). The results of our studies agree with those mentioned by
Eigenbrode & Trumble (1993) in the sense that wild tomato has resistance to leaf miner
Liryomiza spp. more does not match the resistance indicated by these authors for the
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complex of Hemiptera. In our case, resistance of tinguaraque was clearer to Liryomiza spp.,
B. cockerelli and aphids (Aphididae), but not for the bugs complex, consisting mostly of the
species C. notata (Hem: Myridae).

The differences in the incidence of pests found between tinguaraques small fruit and large
fruit is probably related to the density of trichomes. In this regard, Sanchez-Pefa et al. (2006)
found higher densities of trichomes on wild tomatoes than in the cultivated variety, but
there were also significant differences between populations tinguaraque. It is known that
the main mechanisms of pest resistance in tomato depends on the density and type of
trichomes, which have distinguished seven types, including glandular and non-glandular
trichomes (Simmons & Gurr, 2005); the first are involved in production of allelochemicals as
acilsugars (Mutschler et al., 1996; De Resende et al., 2008), zingiberene (Freitas et al., 2002)
and decanonas (Muigai et al., 2002), substances that cause insect repellency or mortality.
Similarly, non-glandular trichomes play a role as physical barriers in the establishment and
development of some insects (Eigenbrode & Trumble, 1993; Wagner et al., 2004).

Trichomes, mainly glandular, are generally more abundant in wild than in cultivated
species (Sanchez-Pefia et al., 2006; Simmons et al., 2006), and in some cases there has been a
strong correlation between incidence of phytophagous insects and density of trichomes
(Simmons et al,, 2004; Alba et al., 2009). However, in other cases the production of
allelochemicals has not clearly correlated with the density of trichomes, suggesting that
independent mechanisms of resistance are involved (Nombela et al., 2000; Muigai et al.,
2002), where the pH of the leaf would be a major factor; has been documented, for example
that B. tabaci prefers cotton sheets with a pH of 6-7.25 (Berlinger, 1983).

The fact that the grafted material have shown lower incidence of pests than the commercial
cultivar, suggests that the graft favored tolerance to recorded tomato pests. The incidence of
insects was three times lower in grafts than in ungrafted tomato; however, mechanisms
involved in this tolerance are unknown. Might think that secondary substances anti-
herbivores are synthesized in the wild rootstock and from there translocated into the
susceptible scion; however, some grafts with the lower incidence of pests were formed by
wild rootstock obtained from tinguaraques in which the highest incidence of insects
occurred. Therefore, the tolerance of grafts to insects could be multifactorial, as has been
noted by other authors (Muigai et al., 2002).

The resistance of the tomato wild relatives has been used to obtain plants with resistance to
pests and disease, mainly through hybridization (Casteel et al., 2006; Restrepo et al., 2008),
slower than the development of grafts. Although the use of grafts in vegetables is a common
practice in much of Asia and Europe (Lee, 2003; Nakahara et al., 2004; Verdejo-Lucas and
Sorribas, 2008), in American countries has been little explored and less commonly used to
transfer resistance to pests and diseases (Gonzalez et al., 2008; Garcia-Rodriguez et al., 2010).

Usually, grafts have been directed to pathogen and soil pests resistance (Lee, 1994; Kubota et
al., 2008) where is located the rootstock resistant and little has been documented about its
effect on the aerial pests. Although some scientist written disclosure mentioned the grafts
resistance to aerial pests, do not show experimental evidence that support his claim (Kubota
& Viteri, 2007). The results obtained by us show that through grafts were formed new
groups of plants with a lower incidence of pests than on commercial variety without
grafting; even, some of the best treatments were grafts.



Grafts of Crops on Wild Relatives as
Base of an Integrated Pest Management: The Tomato Solanum lycopersicum as Example 141

Insects as Paratrioza and whiteflies are major pests of cultivated tomatoes and other
vegetables, so these results may be important utility in the production of these crops,
initially at the greenhouse and gardens level. However, other pest as the hornworm
Manduca spp., bollworm Heliothis spp. and pinworm Keiferia lycopersicella (Walsingham)
must be included in future studies.

7. Conclusions

The grafting of cultivated tomato on the wild tomato S. Iycopersicum var. cerasiforme has
potential in the management of foliar pests such as B. cockerelli, Liriomyza spp. complex of
aphids (Aphididae) and apparently to B. tabaci. The grafting technique developed by us is
simple and inexpensive, so it can be implemented by any producer. Its use is primarily
focused on low-income farmers who grow tomatoes in small areas, although it is feasible to
use in greenhouse crops with greater use of inputs.

Although by mean of graft was not reduced completely insect damage, it is important to
consider that his action was on several species, some considered key pests of tomato. We
understand the use of grafting as a tool of integrated pest management. Under this view,
other control strategies should be evaluated, where ecological methods should be
prioritized. For example, micoinsecticides, yellow traps and even low-toxicity insecticides,
among others. For countries considered origin center of crops, such as Mexico, to conserve
and use wild relatives of crops as source of resistance to pests and diseases should be a
priority. In Mexico grow many wild relatives of crops, including S. lycopersicum var.
cerasiforme. Growing adjacent to agricultural fields and modern farming techniques, such as
herbicide application, threaten its permanence. The development of grafts in wild relatives
can give them more value and contribute to the conservation of these species.

The fruits of tomato grafted on tinguaraque were not modified, at least in their basic
biochemical characteristics. Since the tinguaraque is edible, it is feasible to think is not
necessary to develop toxicological studies of grafted fruit. However, the organoleptic
quality whether it should be investigated. Some compounds of interest could be found in
greater concentration in tinguaraque and be transferred by grafting to tomato. This would
be a plus to the fruits of the grafts.
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1. Introduction

Different techniques have been developed in order to study the ecology of animals. The
application of each technique depends on the studied animal species, on the type of habitats
where they live and the objectives of the study. Most of the ecological studies focus on a
unique population, which is defined as a group of organisms of the same species that coexist
at the same time and in the same area (Krebs, 1978); or on a community, which is defined as
a group of populations that exist at the same time and in the same area (Begon et al., 1987).
One of the most important characteristics of a population is its size or abundance. This is
determined by the number of individuals born, the number of individuals that dead and the
number of individuals going into or out of the area that the population occupies per unit of
time (Begon, 1979; Krebs, 1978). On the other hand, some of the characteristics of the animal
community are the species composition, its absolute abundances and relative abundances,
the richness, dominance, diversity, equitability, trophic structure and the niche structure
(Krebs, 1978). Except for the trophic and niche structure, the other characteristics mentioned
above are inferred from the abundances of the individual species that make up the
community.

Studying the factors which control the species’ abundance is one of the main topics of
ecology. This topic has been explained by studying the natural variations in abundance
according to space and time, or due to experimental manipulation (Aplin et al., 2003). In
relation to pest species, knowing the factors which limit the populations’” growth allows to
take decisions to control them.

In the population studies the sampling method used by the researcher must be the most
appropriate to study the particular species and to allow answering the question that has
been posed. Regarding the community studies, for practical purposes, it is necessary to limit
the community studied to a group of populations that share a determined characteristic and
are adequately sampled according to the selected method. In general, this subgroup inside a
community is related phylogenetically (e.g. community of insects, birds, rodents, etc) or
they are exploiting the same resources in the same way. According to Magurran (1988) the
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diversity is more informative and easy to understand when it is applied to a limited and
well-defined taxonomic group.

The presence or absence at the same time and site is the minimum information that we can
have of the populations in a community. The complete list of all the individuals or census is
the maximum information that we can have of the size of the population and the diversity of
a community (Aplin et al., 2003; Krebs, 1978; Magurran, 1988; Southwood, 1978). A census is
rarely conducted in natural ecosystems due to limitations of time, money, personal and/or
the difficulty to reach all the individuals in the study area. On the other hand, a census can
cause interferences and destroy populations or cause damage or destruction of their
habitats; therefore, sampling is generally used instead of a census (Magurran, 1988;
Rabinovich, 1980; Southwood, 1978).

According to the study objectives, the absolute or relative sizes of the populations can be
estimated (Krebs, 1989). The absolute size estimate allows assessing the density, i.e. the
number of individuals present in a determined area or volume (Krebs, 1978). Different
methods have been developed to estimate the absolute size of populations, which can be
used when certain requirements are met (Brownie et al., 1986; Hayne, 1949; Krebs, 1966,
1989). It is possible to estimate the density with the population size and the size of the
studied area. Although it is sometimes easy to calculate the size of the studied area; it is
difficult in samplings with traps or another system which depends on the attraction of
animals. The studied area would depends on several factors, such as the influence area of
the trap, its bait (what distance is necessary for a baited trap to attract an animal) and the
animals’ mobility. At the same time, the individuals’ mobility may depend on species,
season, habitat conditions, age, sex and the reproductive condition of the individuals,
among other factors.

Sometimes it is not necessary to know the absolute size, but it is wanted to know the spatial
and/or temporal variations of abundance; thus, trend indicators or relative abundance
indices can be used. The relative abundance is defined as an abundance measurement that is
relative to the sampling effort, showing the number of individuals with regard to a
measurement different from the surface or volume (Seber, 1973). For example, the number
of individuals trapped is used with regard to the number of traps or set nets; the number of
animals observed during a period of time, etc. The use of relative abundance estimators
allows the comparison of the abundance between sites or of the same site at different times,
even if the absolute abundance values are unknown. Two of the relative abundance
estimators frequently used are the trap success (Seber, 1973) and the relative density index
(Begon, et al., 1987), both of them are calculated as the number of different animals captured
/ number of active trapping elements * the time that the elements have been active. The
trapping elements can be traps, nets, etc.

Another way to estimate relative abundances is with the record of animals signs or related
elements that can infer the presence or absence of an animal species in the studied area, and
they can also estimate the size of the population calibrating the signs quantity with the
abundance (Krebs, 1978; Rabinovich, 1980; Southwood, 1978). The main advantage that
these methods or “population indices” present (sensu Southwood, 1978) is that they require
in general less effort and expenditure than other methods. For a lot of species it is possible to
count footprints, nests, burrows or other habitat alterations, while for birds it is possible to
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use the record of their songs or calls as signs of their presence (Aplin et al., 2003; Krebs,
1978; Rabinovich, 1980; Southwood, 1978). Finally, it is possible to estimate the relative
abundance of an animal by means of surveys or questionnaires (Krebs, 1978). This
methodology uses the experience of other people to determine the presence or absence of a
species, or to estimate the relative abundance (Filion, 1987).

The most common techniques to estimate the rodents abundance are those based on the use
of capture traps or on the record of signs, due to the fact that most of them have crepuscular
habits and its direct count can only be used in special cases (Aplin et al., 2003). There is a
wide variety of designs for kill or live capture traps, been their designs creative and/or old,
some of them were described by Chani (1980) and Hawthorne (1987). Among the relative
abundance estimators for rodents, Aplin et al. (2003) pointed out three methods that involve
the use of signs that are widely employed: the use of footprint traps, the record of food
consumption and the count of burrows. Yo et al. (1987) proposed particularly for Rattus
norvegicus the count of gnawed wood pegs as a method to estimate abundance and the use
of space. Since these mammals gnaw different materials in order to limit the length of their
incisors, the record of the marks left on the pegs are good to estimate abundance,
independently from the food availability in the environment.

Maybe urban environments are the least studied in relation to the ecology of rodents,
probably due to the methodology problems they present: 1) some trap designs could be
dangerous for people. For example, snap traps can hurt a person or pet if they activate it
accidentally, 2) the difficulty of reaching some sites such as inside houses, shops or
industries and 3) there is a big risk of losing the material used to sample, especially the
traps which are valuable elements. Another difficulty to study rodents in urban
ecosystems is its environmental heterogeneity; so if it is necessary to compare the results
of the different environments, the method used to estimate the abundance should be the
same. The selected sampling technique should be able to sample for example: inside a
house, a shop, an industry, and also open areas such as gardens, parks, lawns, public
spaces, etc.

As a brief summary we will mention some of the experiences carried out in cities and the
sampling techniques employed. In the 50s. a study was conducted in Baltimore City laying
the foundations for the biology of R. norvegicus in urban environments (Davis, 1951a, 1951b,
1951c¢). In that study, trap sampling was conducted using live capture traps, which is the
technique also used in various more recent studies (Battersby et al., 2002; Castillo et al., 2003;
Cavia et al., 2009; Ceruti et al., 2002; Glass et al., 1988; Traweger & Slotta-Bachmayr, 2005).
There is a growing number of studies that estimate abundance with the record of signs. For
example, bait stations were used in drains to estimate the population abundance of R.
norvegicus in Enfield City, England (Channon et al., 2000) and the record of rat bites in
patients in the hospitals of New York were used to determine areas with different outbreak
risk (Childs et al., 1998). In another study the possible causes of rats and mice infestation in
dwellings (Langton et al., 2001) were determined by recording the signs of rodent activity
obtained during an inspection of 17100 dwellings in different regions of England. Among
the studies conducted to estimate the rodents abundance using surveys, it can be pointed
out one conducted to householders in Manchester, the United Kingdom, which determined
that 44% of dwellings were infested with Mus musculus and 49% with Rattus spp. When
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these results were compared with samplings using footprint traps in dwellings, they were
consistent for M. musculus, while the abundance for Rattus spp. was apparently
overestimated (Marshall & Murphy, 2003).

In this chapter different methods to estimate rodent abundance in urban environments are
evaluated. For this purpose samples were carried out in a coastal area, in a cars
warehouse, in an urban reserve, in a shantytown and in a residential neighborhood. The
different methods to estimate abundance that were tested are: record of activity of rodent
burrows, visual record of animals, glue traps, wood pegs, bait stations, bait stations with
hair-hunting traps, Sherman live traps and cage traps, and the use of surveys.

2. Evaluation of methods to estimate rodents abundance, preliminary survey
Study area

The samplings described in this section were conducted in a coastal area in the city of
Buenos Aires where waste materials and soil were deposited in order to gain land from the
river and subsequently covered by spontaneous vegetation, figures 1 and 2. The objective of
these preliminary surveys were to prove the methods to estimate the rodent relative
abundance by counting burrow entrances, active individuals, kill capture with glue traps,
live capture with cage traps and by recording consumption in bait stations.

2.1 Materials and methods
Count of burrow entrances

After detecting a colony of R. norvegicus, an inspection of the place was carried out in order
to find burrow entrances. The number of entrances was recorded in an area of 60 by 30 m,
table 1.

Glue traps

Glue traps consisted of pieces of cardboard of 30 by 30 cm covered with a thin layer of
commercial glue (Pega-Rat) and baited with peanut butter, figure 3. The glue was placed
according to the manufacturer’s instructions. Twelve glue traps were placed at burrow
entrances in the afternoon and checked in the morning of the following day during four
consecutive days, table 1.

Count of active rodents

Observations were performed during four days beginning on 19 June 2001, at three different
times: in the morning from 11:00 to 12:00hs, at midday from 13:30 to 15:00hs and in the
afternoon from 16:00 to 17:00hs, table 1. In each period three records of five minutes were
registered, separated by breaks of five minutes. Two observers stood in the middle of the
studied area (60 by 30 meters). The total surface was divided and each observer registered
the records in a quadrant of 30 by 30 meters. The quadrant limits were marked with paint
over the waste materials. At each interval of five minutes each observer recorded the
number of individuals of R. norvegicus observed in their area. The average number of
individuals observed in five minutes was calculated for the three different periods of time.
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Fig. 1. Aerial view showing the coastal area where the samplings were conducted (Source:
©2006 Google Earth, imagery date, April 21, 2000).

Fig. 2. View of a section of the coastal area where some of the samplings described in this
chapter were conducted. The de la Plata river can be seen on the right side of the image.
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Fig. 3. Photograph of a glue trap placed at a R. norvegicus burrow entrance.

Live traps

A capture-mark-recapture sampling was conducted using cage traps, figure 4. Between 14
and 24 August 2001 eight cage traps were set in six opportunities, working one hour
between 11:00 and 13:00hs, and they were checked every 15 minutes, table 1. The captured
animals were marked with synthetic paint on the back. A different color was used for
each day. This way of marking animals was used to prove if it was possible to identify
them in subsequent counts. The trap success (TS) was assessed to estimate the relative
abundance:

1S= Jre1-1/2+5T) @

where [ is the number of captured individuals, T is the number of set traps, ¢ is the number
of intervals of time in hours, nights, etc. that the traps were set active and ST is the number
of traps that were sprung without captures during an interval t. Half of the sprung traps
without captures is subtracted from T*t since it is not possible to know if the traps were
inactive from the beginning, during or at the end of the considered interval. Thus, it is
assumed that an average of these traps were inactive half of the interval.

Use of nontoxic bait stations

Twelve bait stations were placed 10m apart of each other on a transect. The bait stations
consisted of transparent two liters plastic bottles, containing two grams of a mixture of
fat, peanut butter and paraffin. The bait stations were set for three nights, after this period
of time it was recorded whether the bait had been consumed, table 1. The proportion of
bait stations with rodent activity was calculated (PropABS) to estimate the relative
abundance:

PropABS = AB%TB S— MBS) 2),
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where ABS is the number of bait stations with rodent activity, TBS is the total number of bait
stations and MBS is the number of missing bait stations. A bait station was considered with
rodent activity when bait consumption was recorded.

2.2 Results

A total of 41 active burrow entrances were recorded (figure 5) in 1800 m2. Only two animals
were captured using glue traps. The remains that were found did not allow the
identification of the sex nor the size class, because they were eaten by other animals. Up to
17 different individuals were observed at a five-minute interval by direct observations. The
number of observed individuals per period of time was (mean + standard deviation): 6.75 =
4.33 individuals in the morning, 5 + 3.30 individuals at midday and 7.91 £ 3.14 individuals
in the afternoon. Twelve R. norvegicus were captured using cage traps and none individual
was recaptured. The trap success was 0.25 individuals/trap per hour, and the highest
trapping frequency (5/12) was recorded during the first 15 minutes of the sampling. The
bait was completely consumed after three nights in 100% of the set bait stations
(PropABS=1).

Fig. 4. Photograph showing a styrofoam bait station of 250 cm? prepared with sticky tape on
the front (on the left), a cage trap (in the centre) and a Sherman trap (on the right). Observe a
one Argentinean peso coin on the bottom left corner to determine the size of the elements.
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3. Comparison between the active rodents count and the use of bait stations
to detect changes in abundance

A sampling was conducted in the same coastal area as in the previous sampling with the
objective of assessing if, when modifying experimentally the size of the population the
changes were detected by the methods for estimating the abundance by counting active
animals and the use of bait stations.

Fig. 5. Photograph showing a R. norvegicus burrow entrance.

3.1 Materials and methods

Rodent abundance was modified using rodenticides in a part of the coastal area. Two or
three blocks of five grams of a commercial rodenticide were placed into the burrow
entrances found on 1 October 2001, table 1. This area covered a coastline of approximately
150m long, which is called the treated area. The rest of the place is the control area (not
treated).

In the treated area the activity of R. norvegicus was recorded by means of the active
individuals count in the same way as it had been performed in the preliminary sampling.
Two samplings were conducted: one before the use of the rodenticide between 27/08 and
10/09/01, and another after its use between 10 and 18/10/01, table 1. The daily mean
animals observed at five-minute intervals between the samplings before and after the use of
rodenticide were compared by means of the Mann Whitney test (Daniel, 1978).

The relative abundance was also recorded, before and after the use of rodenticide, by means
of bait stations with nontoxic bait, which were placed on transects 100m apart: one in the
control area and the other one in the treated area on 28/9 and 12/10/2001, respectively
(table 1.). Each transect consisted of 12 bait stations placed every 10m. The bait stations were
set active during the same time and had the same characteristics as the pilot sampling, but in
this opportunity they had 18-20g of bait, since in the pilot sampling it had been consumed
after three days. The proportions of bait stations with rodent activity before and after the
use of rodenticide were compared statistically by means of a proportions test (Zar, 1996).
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Date Activities

> 28/05/01 Burrow entrances survey

.g > 28/05-01/06/01 Glue traps sampling

= % 19-22/06/01 Direct observations of individuals at three different times

© P 14-24/08/01 Live capture and marking of rodents

= 14 -15/09/01 Sampling with bait stations
£ 5 27/08 -10/09/01 Direct observations of rodents at three different times
= £ @ 29/09-2/10/01 Sampling with bait stations (control and treated)
g E 2 01/10/01 Use of rodenticide in burrow entrances
§ g é 10-18/10/01 Direct observations of rodents at three different times
§ é © 12-15/10/01 Sampling with bait stations (control and treated)

Table 1. Schedule of activities performed with the objective of testing different rodent
sampling techniques.

3.2 Results

In the treated area, up to 11 different individuals were detected at a five-minute interval in
the previous sampling and two in the sampling after the use of rodenticide. The mean
number of individuals seen at a five-minute interval decreased from 1.32 to 0.45 between
both samplings, these differences were marginally significant (U=3.5; p=0.1), figure 6.a.

The proportion of bait stations with rodent activity decreased significantly after the use of
rodenticide in relation to the previous moment in the treated area (p=0.039). In the control
area, changes in the proportion of bait stations with rodent activity were not observed
between the moments before and after the use of rodenticide (p=1.000), figure 6.b.

4. Comparison of use of pegs and bait stations

With the objective of comparing the use of wood pegs and nontoxic bait stations as methods
to estimate the rodent relative abundance, two samplings were performed: one in the coastal
area of the de la Plata river and the other one in a judicial cars warehouse in an urban area
in the city of Buenos Aires.

4.1 Materials and methods

In the coastal area of the de la Plata river three plots of 2000 m?2 (100 by 20 m) were selected.
In each plot they were set 32 stations with eight pine pegs, eight pine pegs scented with
vanilla essence, eight pine pegs scented with almond essence and eight bait stations
consisting of plastic containers of 20 cm depth and 10cm diameter with a mixture of cow fat,
paraffin and peanut butter. The pegs were scented putting them into water and edible
essences during 72hs. The stations were placed 10m apart, making a grid that occupied all
the plot. The different elements were placed in the stations alternately and systematically.
Both the pegs and the bait stations were set active for 3 days and checked every day,
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recording the gnawing evidence on the pegs and the consumption of bait. The bait stations
where consumption was detected were replaced for a new one each time they were checked.
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Fig. 6. a) Mean number of animals observed at five-minute intervals at different times: in the
morning (11:00-12:00hs), at midday (13:30-15:00hs) and in the afternoon (16:00-17:00hs) and
the maximum number of animals seen at five-minute intervals (maximum) before and after
the use of rodenticide in the treated area; and b) proportion of bait stations with signs of
rodent activity (PropABS) in the control area (white bars) and treated area (black bars)
before and after the use of rodenticide. The arrows in both figures indicate the moment at
which the rodenticide was set in the treated area (1/10/2001).
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Fig. 7. Median proportion of bait stations (PropABS) and pegs (PropAP) with signs of rodent
activity per grid in the coastal area. X2= 6.517; gl=3; n= 3; p= 0.089. The proportions that
share the indices a and b do not show differences for the Wilcoxon test per pairs (X2.>0.05;
p>0.2).

In the judicial cars warehouse, where complaints of rodent infestation have been made, five
grids of 1900 m2 (190 by 10 m) were placed. Each grid consisted of two parallel transects
10m apart, with 20 stations each one 10 m apart. The bait stations and the pegs were placed
alternately in each station. In this site only pegs without essence were used. The bait stations
and the pegs had the same characteristics as in the sampling performed in the coastal area
and they were also set active during three nights.

For both samplings, the proportion of bait stations with rodent activity was calculated as in
the previous section. The proportion of pegs with signs of rodent activity (PropAP) was
calculated as follows:

PropAP = A%TP ~ MP) ),

where AP is the number of pegs with signs of rodent activity, TP is the number of set pegs and
MP is the number of missing pegs. The gnawing evidence on the wood was considered as
signs of rodents on pegs. The possible differences in the proportions of pegs and bait stations
with rodent activity per plot were assessed using a Friedman test. If differences were detected,
comparisons per pairs were performed using a Wilcoxon test (Daniel, 1978). In the sampling
performed in the coastal area, the missing pegs and bait stations were assessed.

4.2 Results

The proportion of bait stations with signs of rodent activity was marginally higher than the
proportion of pegs (X2= 6.517; gl= 3; p< 0.089) in the coastal area and significantly higher in



158 Integrated Pest Management and Pest Control — Current and Future Tactics

the cars warehouse (X2= 5; gl= 1; p< 0.025), figures 7 and 8. The use of essences did not
increase the proportion of pegs with rodent activity (p>0.29). In both environments the bait
stations were more sensitive than the pegs to detect the presence of rodents; since in some
plots the presence of rodents was detected with bait stations and not with pegs. The loss of
sampling elements was one of the problems. There were more missing pegs than bait

stations, probably because it was more difficult to find them in the field due to their small
size, figure 9.
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Fig. 8. Median proportion of bait stations (PropABS) and pegs (PropAP) with rodent activity
per grid in a judicial cars warehouse X2=5; gl=1; n=5; p= 0.025.
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Fig. 9. Missing pegs and bait stations (in %) over the three days of sampling in the coastal
area.
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5. Evaluation of the use of bait stations to estimate the relative abundance in
an urban reserve

According to the previous results, where it was observed that the bait stations could be used
to detect the presence of rodents; in an urban reserve it was assessed if there was a good
relation between the proportion of bait stations with signs of rodent activity and the relative
abundance estimated using traps. For this purpose samplings were performed in an urban
reserve which presents various environments with rodents of different species and with
different abundances.

5.1 Materials and methods

A total of five samplings were conducted in the urban reserve, one in spring 2002 and four
between autumn 2004 and summer 2005.

In spring 2002, 10 transects were placed. Thirty live capture traps, 15 Sherman traps and 15
cages, and 15 bait stations with hair-hunting traps were set on the transects. The
arrangement of the traps and bait stations along the transect is shown in the figure 10.a. The
traps were active during three consecutive nights and checked every day in the morning.
The bait stations with hair-hunting traps consisted of styrofoam containers of 250cm3
containing 10g of a mixture of peanut butter, fat and vanilla essence. A strip of sticky tape
was placed on the entrance of the container, so hair of the animals that entered stick on this
tape. This allows to identify the individuals’ species that have visited the bait stations, figure
4 and 11.

In autumn, winter and spring 2004 and summer 2005, nine transects were placed: three
transects in a riparian thicket on the coast of the de la Plata river, three in an alders forest
and three in a grassland dominated by Cortaderia selloana. Forty live capture traps (20
Sherman and 20 cage traps), and 20 bait stations with hair-hunting traps were set on the
transects. The arrangement of the traps and bait stations along the transect is shown in the
figure 10.b. The traps and stations were baited and checked like in spring 2002, and were
active for the same period of time.

5m 10m 20m
Vg o EF = o O
"o so oo
2.5m 5m 10m

Fig. 10. Display of the different elements on the transects in a) spring 2002 and b) between
autumn 2004 and summer 2005. The grey figures represent the Sherman traps, the light blue
ones represent the cage traps and the white ones represent the bait stations.

Evidence of rodent activity in the bait stations was recorded third night after the setting.
Incisor marks on the bait and/or rodent hair left on the sticky tape were considered as
evidence of rodent activity in the bait stations (figure 11).
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The trap success was calculated for each transect and this was compared with the
proportion of bait stations per transect which showed signs of rodent activity by means of a
correlation analysis. For this purpose the trap success was calculated and corrected as
follows:

(I-1/6*I)
(T*N-1/2*ST)’

TS = )
Where [ is the number of captured individuals, T is the number of set traps, N is the number
of nights that the traps were active and ST is the number of traps that were sprung without
captures.

Fig. 11. Photograph where gnawing evidence is observed on the surface of the nontoxic bait
on the floor of the bait station as parallel marks, and hair left on the sticky tape.

It was necessary to correct the abundance the bait stations are exposed to, because it had
been considered that if an animal is caught in a trap, it can not visit a bait station, so a
correction factor of 1/6*] was subtracted from the number of captured rodents. It is not
possible to know when each individual has been captured, if at dusk, in the middle of the
night or at dawn. However, it can be assumed that on average all individuals have been
caught in the trap half of the night. It was considered that as each period of sampling
consisted of a three-night sampling, i.e. 6 half nights, the factor of correction should be
1/6 per capture.

The association between the proportion of bait stations with signs of rodent activity and the
trap success was assessed by means of a simple linear correlation (Sokal & Rohlf, 1995).
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5.2 Results

A total of 132 rodents (of six species) and 129 red opossums (Lutreolina crassicaudata) were
captured, so the association between the percentage of bait stations with rodent activity and
the trap success of rodents, of opossums and of both together was analyzed. The proportion
of bait stations with rodent activity was correlated with the trap success of rodents (r=
0.4837; p= 0.000) and with the trap success of rodents and opossums together (r= 0.4665; p=
0.001), but it was not correlated with the trap success of opossums (r= 0.1233; p= 0.414),
figure 12. These results confirm the observations performed in the field where it was
determined that the marks corresponded to rodent incisors and rodent hairs, and not to
marks made by opossums, figure 11.
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Fig. 12. Relation between the corrected trap success (TSc) and the proportion of bait stations
with signs (PropABS). The lines represent the trend of association. a) TSc of rodents, b) TSc
of rodents and opossums and c) TSc of opossums.
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6. Evaluation of the use of bait stations and surveys about the presence of
rodents to estimate the relative abundance in residential environments

With the objective of evaluate the use of bait stations and surveys about the presence of
rodents to estimate the relative abundance, and evaluate their association with the trap
success, samplings were conducted in different blocks of a shantytown and of a residential
neighborhood in the city of Buenos Aires.

6.1 Materials and methods

A total of four samplings were conducted in the residential neighborhood: in winter,
autumn, and spring 2004 and summer 2005; and three samplings were conducted in a
shantytown: in summer, autumn and winter 2004. In each opportunity six different blocks in
the residential neighborhood and between two and four different blocks in the shantytown
were selected.

In each block, cooperation was requested to the people of the dwellings. In a residential
neighborhood a dwelling was defined as a house, shop, house-shop or industry built in a
lot. In the shantytown a dwelling was defined as a house, shop or house-shop that had a
different number provided by the Secretary of Housing. Once “the responsible person” of
the dwellings has agreed to cooperate with this study, a survey was conducted to know
about the presence of rodents and their signs in their neighborhood and dwelling. The
questions were the followings:

1. Have you ever had rats or mice in your house/job or have you seen gnawed objects or
droppings?
2. Have you ever seen rats or mice in the neighbourhood?

For both questions if the person answered in an affirmative way, the following question was
asked: when was the last time you saw one? in order to separate the recent events from the
non-recent ones.

In each of the dwellings where people agreed to cooperate, bait stations with the same
characteristics as in the section 5 were placed, figure 4. A fixed number of bait stations were set
per dwelling. According to Aplin et al. (2003), in residential environments this way of
distributing the rodent sampling elements is more adequate than the display on transects. It
was decided that there would be two bait stations per dwelling, but exceptionally this number
varied between one and eight when the dwelling was too small or big in size. Evidence of
rodent activity was recorded in the bait stations seven days after their setting in the residential
neighborhood and three and seven days after their setting in the shantytown. Bait stations
were removed on the same day live Sherman and cage traps were set in each dwelling. In the
same way as for the bait stations, a fixed number of each type of trap was placed, setting two
Sherman and two cage traps in each dwelling. In some exceptional cases, this number varied
between one and four Sherman and between one and eight cage traps and they were
checked every day in the morning. The species of each captured animal was determined. The
animals were sacrificed and collected.

The indices of rodent relative abundance were estimated on the base of the capture data, of
the activity in bait stations and of surveys about rodents. In order to analyze the consistency
of the associations between the indices, the analysis were performed at three different
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spatial scales: 1) taking each block as a sampling unit (analysis per block), 2) joining blocks
according to their proximity defining different areas, and using these areas as a sampling
unit (analysis per areas) and 3) using as different sample units the samplings performed in
each period of the year (joining areas) and in each environment separately (shantytown and
residential neighborhood; analysis per period).

For each sampling unit (which depended on the analyzed scale) the rodent relative
abundance was estimated with the data of the surveys using the following indices: 1) the
proportion of people who reported having had rodents in their dwelling during the last year
(PropD365); 2) the proportion of people who reported having had rodents in their dwelling
during the last semester (PropD180) and 3) the proportion of people who reported having
had rodents in their dwelling during the last quarter (PropD90). The same indices were
calculated to estimate the proportion of people who reported having seen rodents in their
neighborhood at different time scales. The indices were calculated as follows:

PropD365 = PD365/ | )
PropD180 = PD180/ ©6)

PropD90 = PD 9% p @)
PropN365 = PN365/, ®)
PropN180=PN180/ ©)

PropN90 = PN 9% ,

(10)
where PD365, PD180 and PD90 is the number of people who reported having had rodents in
their dwelling during the last 365, 180 and 90 days respectively; PN365, PN180 and PN90 is
the number of people who reported having seen rodents in their neighborhood during the
last 365, 180 and 90 days respectively; and P is the total number of people surveyed in the
sampling unit.

The proportion of bait stations with signs of rodent activity (PropABS, equation 2) and the
proportion of dwellings with rodent activity (PropDABS) were estimated using the data of
rodent activity detected in the bait stations:

PropDABS = DABS/[ (11)

where DABS is the number of dwellings with at least one bait station with signs of rodent
activity and D is the number of sampled dwellings in each sampling unit.

Finally, the rodent relative abundance was estimated with the data of the captures using the
trap success (TS, equation 1), and the proportion of dwellings with captured rodents
(PropDR) as:
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PropDR = DR/ (12),

where DR is the number of dwelling with at least one captured rodent and D is the number
of sampled dwellings in each sampling unit.

Firstly, in order to analyze the association between the different indices of relative
abundance, non-parametric Spearman correlations were used due to the low number of
sampling unites considered and lack of normality in the distribution of the indices (Daniel,
1978). Then, it was analyzed if there was a functional relationship between the trap success
(since it is a relative abundance index widely accepted) and the other indices of relative
abundance estimated using simple regression models:

yi=a+ b.x;

being for the model y; the trap success, x; the other indices, 4 the intercept and b the slope of
the line. The model was adjusted and the hypothesis of the zero slope was tested with a
randomization method (Manly, 1991), 5000 randomizations were performed using the RT
program (Manly, 1996).

6.2 Results

In the shantytown and in the residential neighborhood 30.0% of the people surveyed
reported having had rodents in their dwellings and 41.0% reported having seen them in the
neighborhood during the last 90 days (total of people surveyed = 429). Evidence of rodent
activity was detected in 49 out of 805 bait stations set in 382 dwellings. A total of 25 R. rattus,
52 R. norvegicus and 28 M. musculus were captured with a total trapping effort of 1769 cage-
nights and 1837 Sherman trap-nights, set in 347 dwellings.

All the indices showed positive associations with the other indices at the three analyzed
scales. When each block was considered as a sampling unit, most of the associations were
significant with a probability lowered than 0.05 (Table 2). The weaker associations were
observed between the trap success and the proportion of people who reported having seen
rodents in the neighborhood during the last 90, 180 and 365 days. A weak association was
also observed between the proportions of people who reported having seen rodents in their
neighborhood during the last 90 days and the proportion of dwellings with captured
rodents. The proportion of people who reported having had rodents in their dwellings
during the last 90 days showed a higher coefficient of association with trap success than the
proportion of people who reported having had rodents during the last 180 or 365 days. Both
the proportion of bait stations with signs of rodent activity and the proportion of dwellings
with bait stations with signs of rodent activity proved to be associated with the rest of the
analyzed indices, being low the coefficient of Spearman association with the trap success
and with the proportion of dwellings with rodent capture.

In the analysis per area, the general patterns of associations observed at block scale were
maintained; except for the proportion of people who reported having seen rodents in their
neighborhood during the last 90 days, which was significantly related to the trap success
(p<0.05) and the associations between the trap success and the proportion of bait stations
with signs of rodent activity and of dwellings with signs of rodent activity, which were
marginally significant (p<0.10), table 4.
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At a larger spatial scale (per period) several associations lose their statistical significance;
however, the associations between the trap success and the proportion of people who
reported having had rodents in their dwellings during the last 90, 180 and 365 days continue
to be significant, table 5. The proportion of bait stations with signs of rodent activity and the
proportion of dwellings with signs of rodent activity showed the same association pattern
with the other indices of relative abundance that had been observed at the “per area” scale.
The decline of significance in the correlations could be due to the lower number of sample
units, and not necessarily due to the absence of association between the indices. This is
because at higher scale there are less sampling unites as a consequence of pooling the
sampling units of the lower scale; and, although the correlation coefficients increased, some
were not significant because the degrees of freedom decreased, tables 2, 3 and 4.

The regression analyses were performed at block scale due to the fact that: 1) there are more
sampling unites, 2) it demands less sampling effort per replica making this analysis scale the
most feasible to use in future works, and 3) the highest number of significant associations was
observed at this scale. The regression analysis was not performed for the proportion of people
who reported having seen rodents in their neighborhood during the last 180 and 365 days due
to the fact that the associations were marginally significant. The proportions of people who
reported having had rodents in their dwellings during the last 180 and 365 days were not
analyzed either, because the information provided by these indices is redundant in relation to
the proportion of people who reported having had rodents in their dwellings during the last
90 days, being this index the one which presents a higher association with the trap success.
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PropD365  0932¢ 0.904* 0588* 0509* 0550* 0561* 0540¢ 0547* 0.533¢
PropD180 0964* 0581* 0586* 0.628% 0573* 0567* 0.620¢ 0.611*
PropD90 0582 0.656* 0.695* 0579% 0580* 0590% 0.581%
PropN365 0.675* 0.688* 0284+ 0338 0391* 0419*
PropN180 0953+ 0257+ 0313* 0479 0479*
PropN90 0248+ 0204+ 0492% 0494*
TS 0972* 0326* 0.314*
PropDR 0389% 0.380%
PropABS 0,993

Table 2. Coefficient r of Spearman correlations test between the indices of relative
abundance considering each block as the sampling unit (N=34). PropD365, PropD180 and
PropD90: proportion of people who reported having had rodents in their dwellings during
the last 365, 180 and 90 days, respectively; PropN365, PropN180 and PropN90: proportion of
people who reported having seen rodents in their neighborhood during the last 365, 180 and
90 days, respectively; TS: trap success; PropDR: proportion of dwellings with rodent
capture; PropABS: proportion of bait stations with signs of rodent activity; and PropDABS:
proportion of dwellings with bait stations with signs of rodent activity. * p<0.05 y +p<0.10.
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PropD365 0.963* 0.945* 0.665* 0.583* 0.671* 0.668* 0.573* 0.688* 0.716*

PropD180 0.963* 0.664* 0.636* 0.722* 0.679* 0.595* 0.779* 0.798*
PropD90 0.631* 0.718* 0.778* 0.716* 0.672* 0.706* 0.731*
PropN365 0.700* 0.731* 0.359+ 0.335* 0.584* 0.650*
PropN180 0.964* 0.359+ 0.484* 0.729* 0.753*
PropN90 0.362+ 0.431* 0.768* 0.793*
TS 0.934* 0.368+ 0.381+
PropDR 0.370+ 0.379+
PropABS 0.993*

Table 3. Coefficient r of Spearman correlations test between the indices of relative
abundance joining blocks according to their proximity, considering these new areas as
sampling units (N=17). Symbols and abbreviations idem table 2.
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PropD365 1.000* 0.929* 0500 0.714* 0.893* 0.750* 0.679+ 0.886* 0.886*
PropD180 0.929* 0.500 0.714* 0.893* 0.750* 0.679+ 0.886* 0.886*
PropD90 0464 0.679+ 0.821* 0.929* 0.857* 0.829* 0.829*
PropN365 0571+ 0.679+ 0.357 0.607+ 0.886* 0.886*
PropN180 0.893* 0.429 0.536+ 0.829* 0.829*
PropN90 0.607+ 0.679+ 0.886* 0.886*
TS 0.893* 0.600+ 0.600+
PropDR 0.600+ 0.600+
PropABS 1.000*

Table 4. Coefficient r of Spearman correlations test between the indices of relative
abundance per period of the year, maintaining the residential neighborhood and
shantytown samplings separately (N=7). Symbols and abbreviations idem table 2.

The four models of regression presented intercept close to zero and positive slopes. For the
proportion of people who reported having had rodents in their dwelling during the last 90
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days and the proportion of dwellings with rodent capture, the slopes were significantly
different from zero, while the proportion of bait stations with signs of rodent activity and
the proportion of dwellings with bait stations with signs of rodent activity were only
marginally significant, table 5.

Regressor Model t p
PropD90 a: -0.002

b: 0.076 3.99  0.0004
PropDR a: 0.001

b: 0.145 7.65 0.0002
PropABS a: 0.016

b: 0.082 1.75 0.0828

PropDABS a: 0.017
b: 0.042 149  0.0880

Table 5. Simple linear regression models y; = a + b x;, where y; is the trap success, x; are the
other indices of relative abundance, a is the intercept and b is the slope of the line or
regression coefficient. t;=b; / SE(b;), i = 1 until n, and p = exact probability of the value ¢; for
the regression coefficient estimated with a randomization method. Symbols and
abbreviations idem table 2.

7. Discussion

The different evaluated methods detected evidence of rodent activity; however, the count of
burrow entrances and animals only allowed to detect the presence of R. norvegicus. The
differences in body size between R. norvegicus and the other smaller native species, in their
behavioral habits or simply because they were not present in the area could be the cause for
not detecting them with these techniques. The methods of kill trapping of animals are only
accepted in particular cases and the methods producing a quick death and without suffering
for the captured animals are advisable (Beaver et al, 2001). Taking into account this
recommendation, the glue traps should not be used under any circumstance, because the
animals captured could die due to stress or simply because of tiredness when trying to get
released (Kravetz, personal comments). In addition, they present other disadvantages such as
its use is limited to closed environments, with low humidity and without environmental
dust since the external environmental conditions limit the glue adherence. Another problem
of the glue as a method of kill trapping is the risk of capturing and killing unwanted species.
This type of trapping is frequently used by pest controllers because it is economical and
allow the capture of several animals per trap, while other killing traps (e.g. snap trap) are
more expensive and become inactive after the first capture. When rodenticides are used to
control rodents, the animals die at the site and many times in places that are difficult to
reach; thus the pest controllers prefer to use glue traps at sites where it is risky to use toxic
substances and it is also necessary to remove the animals from the site, such as food
warehouses, food industries, supermarkets, etc.
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The use of footprint traps was not considered as it is possible to be used in closed spaces,
but with some limitations in open areas, and they can be disturbed by other animals,
wind, etc.

In relation to the detection of differences in the abundance, the bait stations were more
sensitive than the direct observation; probably because of the low number of days the counts
were performed, and because of the large variation per interval of time and between the
different times of the day in the number of active animals. A correct estimate of the
abundance using this last method requires a lot of intervals of observation. The count of
burrow entrances can also be used to estimate the abundance, but its use would be limited
by the visibility conditions of the entrances in relation to its size and by the visibility of the
habitat. This technique may not be appropriate under high cover conditions or where the
rodent density may not be as high as the one observed in this sampling, since even 17
individuals were recorded in 1800 m? in a period of five minutes (in a time of the day where
R. norvegicus has low activity, Macdonald et al., 1999) and an average of two individuals
were captured with eight traps in an hour.

The bait stations were useful to detect the presence of rodents in the coastal area; they
detected changes in the abundance due to the use of rodenticide, and showed an association
with the trap success both in natural environments as the urban reserve, and in residential
environments as the studied neighborhoods.

The proportion of bait stations with signs of rodents seem to be an adequate variable to
estimate the abundance of small mammals (Blackwell et al., 2002; Brown et al., 1996; Gurnell
et al., 2001; Gurnell et al., 2004), while the quantity of consumed bait would be affected by
competition, microhabitats preferences and the risk of predation (Brown, 1988; Kotler, 1997).
The use of bait stations allows performing monitoring programs of pest species in big areas
due to its low cost (Battersby & Greenwood, 2004). Disposable containers could be used as
bait stations and then discarded after the sampling, which simplifies the post sampling
activities, since they do not need to be disinfected and washed like in the case of traps. In
addition, due to its low cost, they do not represent an expensive element for people, being
low the risk of loss due to theft. This allows its use in a wide variety of public spaces such as
lawns, parks and in the streets. On the other hand, the bait stations are easy to be prepared
and set, and in relation to the wood pegs they are easier to locate and are more effective to
detect rodents. However, in the same way as it happens with the methods that involve
animal trapping, there are a number of factors that will affect this index of relative
abundance; thus, the indices can only be comparable under similar conditions and during
short intervals of time.

The use of bait stations as a method of rodent sampling has the disadvantage of not
providing any information regarding the individuals; such as species, body size, sex,
reproductive condition, etc. The addition of sticky tape to the bait station where samples of
animal hair were left could allow the identification of rodent species that visited it, due to
the fact that the hair has specific characteristics (Busch, 1986; Cavia et al., 2008; Day, 1966).
Nevertheless, for this purpose it is necessary to have an identification key according to the
morphological characteristics of the hairs of the species likely to be present in the study area.

The use of surveys is a methodology widely employed in the field of sociology (Galtung,
1978; Kerlinger, 1988) and there is a significant number of works where they are used to
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assess the condition of the population of wild species with some risk of preservation or with
an economic relevance (Filion, 1978). Sometimes hunters, park rangers, naturalists, etc. are
surveyed because they are considered well-qualified. In the present study non-qualified
people were surveyed. Surveyed people remembered quite accurately the moment and the
place where they were in contact with rodents, probably because of being afraid of them.
The surveys can only be used in inhabited places (residential and/or work) where people
stay most of the time. The question asked to people about whether they had rodents in their
dwelling seems to be more adequate than the question about whether they had rodents in
their neighborhood, since the responses of the first question were associated to the other
indices of relative abundance at the three analyzed scales, while the responses to the second
question showed associations only with some indices and at some scales. Besides, the
proportion of people who reported having had rodents in their dwelling during the last 90
days presented a linear relation with the trap success, indicating that both indices vary
proportionally.

It would be useful to compare the indices used with absolute values of rodent abundance,
but for this purpose some assumptions need to be met, and they are sometimes difficult to
guarantee. In order to estimate the abundance with capture-mark-recapture samplings like
the ones performed in the reserve; it is necessary to have recapture rates higher than 20%,
which were not reached in this environment and with the sampling design made. In the case
of removal samplings such as the ones performed in the neighborhoods, in order to apply
the pattern of capture per effort unit (Hayne, 1949), there should be a decrease in the
number of animals captured in the following days and this did not occur in these samplings.
Due to the impossibility of calculating absolute abundances with the data obtained, the
indices were contrasted, and the trap success was considered as the most reliable way to
estimate the relative abundance because it is associated with the absolute abundance
(Bronner & Meester, 1987) and it is widely used to estimate the rodent abundance.
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1. Introduction

Drip, or trickle, irrigation can be defined as a method of uniformly delivering water to a
plant’s root zone through point or line sources (emitters) on or below the soil surface at a
small operating pressure (Dasberg & Or, 1999). Modern drip irrigation systems use low
pressure (~34.48-68.95 kPa [5-10 psi]) to force water through plastic or metal tubing with
emitters spaced at regular intervals down it’s length to deliver water to the plant’s root
zone, and can be either a surface system (tubing on top of the soil) or a subsurface system
(tubing buried beneath the soil). Water savings with drip irrigation can be as high as 80%
compared with other irrigation methods (Bogle & Hartz, 1986).

The basic concept of efficient irrigation using less water dates back centuries ago, but the
idea of drip irrigation using tubing was used by crop producers as early as the 1860’s in
Europe for subsurface irrigation using perforated metal irrigation pipe (Ross et al., 1978).
Modern day commercial drip irrigation was not possible until the development of plastics
during World War II which enabled drip irrigation equipment and supplies to be
economical for use by crop producers. During the late 1970’s researchers were successful
with injecting liquid fertilizers through drip irrigation systems, followed soon thereafter
with other agrichemicals including insecticides and fungicides. Today, many agricultural
chemicals are labeled for application through various irrigation systems, including
overhead, sprinkler, and drip/trickle, in vegetable and other crops.

2. History of drip chemigation

Although researchers experimented with drip irrigation systems before the 1950’s, the first
use of a modern drip irrigation system was conceived by Symcha Blass (Blass, I. & S. Blass,
1969), a retired British Water Agency worker. His ideas of micro-tubing for irrigation
included special low volume water emitters that overcame the clogging of drip holes by
particles carried in the water. He patented his plastic emitters in 1959 with Kibbutz
Harzerim in Israel under the trade name ‘Netafilm Company’, producing the first practical
surface irrigation drip emitters.
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The initial use of drip tubing in conjunction with a plastic row cover, together called
‘plasticulture” (Lamont Jr.,, 2004) was conducted in a cucurbit field at Old Westbury
Gardens, Long Island, NY in 1963 by R. Chapin of Chapin Watermatics, Inc, and N. Smith, a
Nassau County Agricultural Agent (Ayars et al.,, 2007). Over the next decade, plastic row
covers and drip tape improved, and inexpensive, consistent emitters with a constant
discharge rate were quickly developed. Commercial drip irrigation rapidly expanded to
>54,000 ha in the USA by 1975, being used on various crops for water management in 35
different states, and between 1982 and the late 1990’s drip irrigation increased in the United
States 650% (Anonymous, 2000).

As drip/trickle chemigation quickly became adopted by growers, research investigations on
the injection of agricultural chemicals though the same system rapidly increased. Fertilizers
were first injected into a drip irrigation system in 1979 to tomatoes and eggplant in New
Jersey (Paterson, 1980), and to cucurbits and other vegetables in California (Hall, 1982).
Insecticides were first injected into a drip irrigation system in bell peppers in New Jersey for
the control of European corn borer (Ostrinia nubilalis Hubner) in 1980 (Ghidiu & Smith,
1980), and the following year in lima beans for control of the Mexican bean beetle (Epilachna
varivestis Mulsant) (Ghidiu, 1981). However, the insecticides were not effective against these
pests when applied systemically and neither trial resulted in insect pest reduction. The first
successful drip application of an insecticide for insect pest reduction was conducted in 1985
(Wildman & Cone, 1986), where asparagus aphid (Brachycorynella asparagi [Mordvilko]
numbers in asparagus were significantly reduced using disulfoton (Di-Syston 6E, Miles Inc.,
Elkhart, IN) as compared with the untreated. Ghidiu (1992) used a small Y4 hp electric pump
to inject carbofuran (Furadan 4F, FMC Corporation, Philadelphia, PA) and methomyl
(Lannate 1.8L, E. I. DuPont de Nemours & Co., Wilmington, DE) through a drip irrigation
system under black plastic mulch for European corn borer control in bell peppers, but
reported no reduction in borer damage and significant phytotoxicity to the pepper plants,
demonstrating that injected materials must not only be efficacious but must also be safe to
the plants. Successful insectigation trials were reported with entomopathogenic nematodes
for the control of spotted cucumber beetles (Diabrotica undecimpunctata howardi [Barber]) in
1986 (Reed et al., 1986), followed by the effective control of aphid (Aphididae spp.)
populations by chemigating imidacloprid in vegetables in Arizona in the mid-1990’s (Kerns
& Palumbo, 1995; Palumbo, 1997), and effective control of spotted cucumber beetles in
melons in Virginia with drip-applied imadcloprid and thiamethoxam (Kuhar & Speese,
2002). In a 3-yr field trial starting in 2004, chlorantraniliprole was shown to be highly
effective against the European corn borer in bell pepper when applied through a drip
irrigation system (Ghidiu et al., 2009). Further, chlorantraniliprole applied through a drip
irrigation system significantly reduced armyworms (Spodoptera spp.) and fruitworms
(Helicoverpa zea [Boddie]) in tomatoes in field tests in both Virginia (Kuhar et al., 2009) and
Florida (Schuster et al.,, 2009). And Ghidiu (2009) reported that chlorantraniliprole and
thiamethoxam injected via a drip irrigation system significantly reduced damage to
eggplant foliage caused by flea beetles (Epitrix spp.) and leafminers (Liriomyza spp.).

3. Effectiveness of insectigation

During the mid-1990’s, researchers reported effective control of beetles, aphids, whiteflies,
and several other insect pests using foliar applications of a newly-developed class of
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insecticides, the neonicotinoids. These new-chemistry insecticides are especially suited for
application through a drip irrigation system because they are highly soluble, they are root
systemic and essentially non-phytotoxic to most plants, they are highly effective against
specific pests, and they are considered by the USEPA to be reduced-risk pesticides. Felsot et
al. (1998) examined the distribution of imidacloprid in soil when applied through a drip
irrigation system and concluded that it is a good candidate for insect control via drip
irrigation systems.

More recently, another new class of insecticides, the anthranilic diamides, has been shown
to be highly toxic to numerous caterpillar pests (Lahm et al., 2005). One of these insecticides,
chlorantraniliprole, is xylem-mobile through root uptake and controls caterpillars and other
leaf-feeding pests (Lahm et al, 2007). Like the neonicotinoid-class insecticides,
chlorantraniliprole is also highly soluble, root systemic, and effective against specific insect
pests, especially caterpillars, leafminers, and beetles. Because both of these materials are
selective against certain insect pests, they are ideal materials for a pest management
program.

Currently, the USEPA has approved and labeled numerous insecticides of different classes
for application through a drip irrigation system in fruits and vegetables for the control of a
wide variety of insect pests:

Common name US Brand name  Insecticide class
azadirachtin Aza-direct limonoid insect growth regulator (neem)
chlorantraniliprole Coragen anthranilic diamide
clothianidin Belay neonicotinoid
dimethoate Dimate organic phosphate
diazinon Diazinon organic phosphate
dinotefuron Venom neonicotinoid
imidacloprid Admire PRO neonicotinoid
malathion Malathion 8 organic phosphate
Aquamul
methomyl Lannate carbamate
oxamyl Vydate carbamate
1(‘)(13lssemary+peppermint Ecotec botanical
thiamethoxam Platinum neonicoinoid

thiamethoxam +

1 Durivo neonicotinoid
chlorantraniliprole
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4. Advantages and disadvantages of insectigation

There are both advantages and disadvantages to injecting agricultural chemicals, including
insecticides, into a drip/trickle irrigation system. Additionally, some states in the U.S.
require that the irrigation operator register with a specific State Department (such as
Department of Water, Natural Resources, Agriculture, or Environmental Control, etc.)
before using any chemigation with overhead or drip/trickle systems. The irrigation operator
may also be required to keep records of each chemigation application including the date,
type and brand name of chemical, the field area covered by the injection, and the amount of
material used.

4.1 Advantages of insectigation

1. The total insecticide input for control of targeted insect pests in most crops is
significantly reduced when compared with that of traditional foliar applications, while
at the same time essentially 100% protection of the plant is obtained because these
materials are root systemic and translocate throughout the plant, resulting in a more
even distribution of the pesticide within the plant. For some vegetable crops, 1-2
drip/trickle irrigation applications of an insecticide during the season result in
equivalent control, or better control, of insect pests than that of multiple foliar sprays.
Kuhar et. al. (2009) reported that a single injection of the high labeled rate of
chlorantraniliprole (Coragen; E.I. DuPont de Nemours Inc., Wilmington, DE) into a drip
system was as effective as 4 foliar applications of the pyrethroid lambda-cyhalothrin
(Warrior II; Syngenta Crop Protection, Inc., Wilmington, DE) for control of caterpillar
damage in fresh market tomatoes, and Ghidiu et at. (2009) reported that 2 injections of
chlorantraniliprole into a drip system was as effective as 7 applications of a standard
grower foliar spray program consisting of 2 applications of acephate (Orthene 97;
United Phosphorus, Inc., King of Prussia, PA) followed by 5 applications of indoxacarb
(Avaunt 30WDG; E.I. DuPont de Nemours, Inc.,, Wilmington, DE) for control of
European corn borer in bell peppers.

2. Less energy is required to transport water and insecticide solutions at the lower
pressures and velocities in drip/trickle systems as compared with other irrigation
systems. Also, because fewer applications are needed, less energy input is required than
by tractor or other application methods, and no soil compaction occurs that results from
heavy tractors or spray equipment being operated over the field. The fewer times a
tractor goes over the field, the less potential for plant damage caused by the tractor
operation.

3. Pathogen movement through the field via water flowing over the soil surface can be
reduced through the use of a drip/trickle irrigation system if plastic mulch is used in
combination with drip tubing. This is especially true for plant diseases such as
Phytophthora capsici, a soil-borne fungus, which produces spores that are spread via
water splashing up onto the foliage by rainfall, operation of field equipment and
sprayers, etc.

4. Weather is not a factor during application, as injection of an insecticide into a
drip/trickle irrigation system can be made in wind or rain, or when fields are too
muddy or soft to operate ground equipment without getting stuck.
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5. Applicator exposure, both in terms of physical contact and time of exposure, to
insecticides during application is significantly reduced.

6. For many growers in areas that are experiencing urban encroachment, insectigation can
be completed without spray drift, eliminating “application visibility” that concerns these
growers.

7. Plant growth may be enhanced through the use of drip irrigation systems because with
frequent drip waterings, it is possible to maintain a more optimum balance between soil
water, plant needs and aeration. Healthy plants are less susceptible to insect pest
problems than unhealthy plants or plants under water stress.

8. And because many of these new-chemistry insecticides are selective to specific insect

pests, they are generally less toxic or disruptive to non-target species and beneficial
organisms, including insect predators, parasites and pollinators. The injection of
insecticides through a drip/trickle irrigation system thus fits well into an integrated
pest management program.

4.2 Disadvantages of insectigation

1.

The initial capital expenditures for a complete drip system and additional injection
equipment can oftentimes be greater than that for sprinkler, overhead or other
irrigation systems. However, the more the system is used, the smaller the costs per hour
of operation. And most drip systems have many re-useable components (pumps, filters,
tubing, hoses, injectors, etc).

Drip/trickle systems generally require consistent maintenance and monitoring of all
equipment for constant pressure, leaks in any part of the system, plugged emitters, etc.
Specific safety equipment is required, and additional safety precautions must be
followed.

Water carries particulates that can clog the emitters if the filters malfunction or are not
maintained properly (backwashing, cleansing, etc). If plastic mulch is used in
combination with the drip/trickle system, clogged emitters are sometimes difficult to
locate, resulting in uneven distribution of the insecticide when pumped into the drip
system. Also, if plastic drip lines and tubing are not properly rinsed after each use, it is
possible that emitters may become clogged with residue.

Drip line repairs can sometimes be time consuming and costly. Bright, direct sunlight
may affect some plastic tubing used for drip irrigation, shortening their useable life
span. Also, small rodents (mice, rabbits, chipmunks, etc) and certain soil insects
(crickets, wireworms, ground beetles, others) may chew on drip hose, especially in
droughts, causing small leaks that subsequently result in loss of pressure and uneven
distribution of the insecticide. Oftentimes, such small leaks are difficult to detect under
row covers such as black plastic until the row becomes saturated and wet spots appear.
After the final harvest, clean-up costs of drip/trickle systems may be higher than with
other irrigation systems. Costs may include removal of plastic row covers, all drip lines
and tubing, and injection and safety equipment. The disposal cost of used plastics
(plastic mulches, drip lines) continually increases.

Top-dressed fertilizers and some herbicides may need additional sprinkler application
for activation, especially if a plastic mulch is not used over the row.
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7. Salts can accumulate as a result of inadequate flushing of the drip/trickle irrigation
system (Dasberg & Or, 1999), particularly at the perimeter of the wetted area.

5. Drip chemigation system requirements and operation

Drip chemigation systems that will have insecticides injected into them must be properly
engineered, installed, and maintained over the season to ensure a uniform distribution of
outflow (Ross, 2004). Chemigation requires that two separate hardware systems be joined
together, operating as a single system. The components of the first system, a typical
drip/irrigation system, include:

- main water source (well, irrigation pond, etc). Public water supplies cannot be used.

- main water pump

- water filter system (with sand screens, screen filters, flush valve or drain)

- backflow prevention valve/backwash controller

- pressure gauge

- low pressure shutoff valve

- low pressure sensor/shutoff switch

- pressure relief valve

- various diameter hoses and polytubing to carry water to the plant roots (main lines,
lateral and drip lines, etc). Drip lines are available with a wide range of emitter
spacings, and can be found with spacings of 4”, 8”7, 12", 18”, or even 24", with flow rates
of 12 to 64 gallons or more per 100’/ hour.

Most growers that currently use some form of drip/trickle irrigation as a water-
management tool can easily, and inexpensively, add the necessary equipment to properly
inject agrichemicals. The components of the second system, in addition to the typical drip
irrigation system equipment listed above, include the following pieces of equipment that are
needed before injecting any agricultural chemical into the system:

- chemical mix tank, such as a 19 L [5 gallon] plastic jug, preferably with an agitator and
an outlet filter to prevent clogging of emitters by the chemical solution

- containment tray or pan to catch any chemical solution leakage or spillage

- positive displacement pump or other reliable solution metering device which provides
a consistent flow rate at low pressures

- backflow prevention valve to prevent backflow of solution into the mixing container

- low pressure shutoff valve to shut the injection system off should a loss of pressure
occur

A basic drip/trickle irrigation system with an additional insectigation system using a
positive displacement metering pump for injection of an insecticide is shown in Figure 1.

6. Injection pumps

The injection pump is a critical component of a chemigation system, and must be properly
installed and maintained to ensure an even flow of the chemical solution to every emitter in
the irrigation system. Injection should be on the downflow side of the main pump filters to
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avoid potential site contamination as a result of the filter back-flush operation. Two basic
types of chemical injection pumps are available for the application of agrichemicals
(insecticides, fertilizers, etc) through low-pressure drip/trickle irrigation systems: the
volumetric water flow pump and the positive metering pump. Regardless of type used, it
should be a pump that provides consistent flow rates at low pressures. For agricultural use,
both should be made of materials that are resistant to corrosion by fertilizers, acids, chlorine,
etc., and both should have adjustable injection rates at various pressures. Both types of
pumps have models that may deliver a flow rate as little as 11.4 liter/h (3 gal/h) at
operating pressures of 20 kPa (3 psi) or more.

Low
, pressure Low pressure
Pressure shutoff switch

regulator valve

Main ) M [ e > To
e t I field
Sand + Low pressure
filter E}::::lﬂw shutoff valve
valve +— Backflow check
valve
Water displacement
Source puump
Insecticide
mix tank
. yvith filter
Conltainment
+

Basic injection system

Fig. 1. A basic drip/trickle irrigation system with chemigation capabilities using a positive
displacement injection metering pump.

6.1 Volumetric pumps

There are two types of volumetric water flow pumps available. Both operate on the flow of
water through the pump to suction out the chemical solution in the mixing tank.

6.1.1 Venturi pumps

Venturi pumps (Fig.2) are powered by water that flows through a constriction (Fig. 3) in the
pump tubing, creating a change in water flow velocity, which creates a pressure differential
that forms a vacuum. The vacuum pulls the chemical solution out of the chemical solution
tank through a small diameter hose and injects a precise amount of chemical solution into
the irrigation system in proportion to a certain volume of water. However, the injection rate
varies with the pressure differential, and an accurate regulating valve and flow meter are



180 Integrated Pest Management and Pest Control — Current and Future Tactics

needed for calibrating the system if a precise metering of the chemical solution is necessary.
The advantages of Venturi pumps are that these pumps are relatively inexpensive and very
simplistic in that they essentially have no moving parts (except for the solution moving
through it). All the suctioning activity is completed by the vacuum created within the pump.
A valve in the main line between the inlet and outlet of the Venturi pump assists in the
control of the volume of water flow. As with all other injection pumps, a backflow check
valve is required. Filters just before the pump to remove particulates in the water are not as
critical in the Venturi pump as it is with other pumps, but they are still recommended to be
installed to prevent any potential clogging of the system.

Water flow control
valve

Courtesy of E. Simmone, UF-IFAS.

Fig. 2. Venturi pump with a flow control valve between the water in port and the water out
port.

From solution
tank

Fig. 3. Cross-sectional view of a Venturi pump. Note constriction in the center of the pump
to create a suction to pull solution from chemical tank.
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6.1.2 Proportional liquid injectors

A more complex water-driven pump than the Venturi pump is the proportional liquid
injector (Figs. 4, 5). This pump injects a precise amount of chemical solution proportional to
a volume of water, and operates with system flows of as low as 3.8 liter/hour (1 gal/hr).
Water pressure is the power source (electric is not needed), as the water flow operates a
piston inside the pump which takes up the required percentage of concentrate from the
chemical solution tank, and in-line water pressure forces the solution downstream through
the irrigation system (Fig. 6). The dose (concentration) of the chemical solution picked up is
directly proportional to the volume of water entering the pump, regardless of variations in
flow or pressure which may occur in the main water line. A bypass valve allows clean water
to be supplied without operation of the pump, and also allows the pump to be easily
dismantled while the irrigation system is operating. Proportional liquid injectors have
moving parts within the pump, and these units cost significantly more than the Venturi
pumps. In-line filters (300 mesh- 60 microns, depending on water quality) to remove
particulates in the water supply are critical to the trouble-free operation of the pump. As
with other chemigation injection units, a backflow check valve is required for proportional
liquid injectors.

Fig. 4. A ChemilizerR volumetric injection pump.
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Fig. 5. A DosatronR® injection pump injecting a injecting a pesticide in bell pepper,
Bridgeton, NJ.
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Fig. 6. Diagrammatic sketch of a proportional liquid injector pump connected to a
drip/trickle irrigation system with a chemical solution mix tank.
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6.2 Positive displacement metering pumps

Several types of positive displacement metering pumps are available, including both electric
(Fig. 7) and gasoline-operated metering pumps (Fig. 8) and hydraulic metering pumps. The
positive displacement pump has an expanding cavity on the suction side of the pump where
a liquid solution is sucked in from the insecticide mix container, and a decreasing cavity on
the outlet side of the pump where the solution is forced out into the irrigation system as the
cavity collapses. The volume of liquid discharged is always constant for each cycle of
operation by the pump, hence the term ‘positive displacement’. These pumps can be easily
and quickly transported between fields.

-
-

concentrated insecticide solution and a containment tray beneath to catch all drips, spillage,
etc. In the center of the picture is a flush valve to quickly and completely rinse all solution
from within the pump.

Hydraulic drive metering pumps are positive displacement pumps that use the water
pressure in the irrigation main lines from the irrigation well to power the pump instead of
electric or gasoline power. Pumping cylinders can be mounted in parallel for large volume
applications, or for injection of two non -compatible materials. Some models of hydraulic
metering pumps have an adjustable piston stroke length to quickly change the precise flow
of chemical solution to be injected, while other models change the injection rate by using a
variable frequency drive on the pump which can vary the speed of the pump with the water
flow rate.
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Fig.

8. A John BlueR E-Z meter injection pump. This pump is operated by a gasoline-

operated engine.

7. Insectigation and water management

Underwatering during injection will prevent the insecticide from uniformly reaching
the root zone of all plants, reducing the systemic uptake and thus its effectiveness
against the targeted insect pests.

Overwatering (excessive watering during or after injection) increases the potential of
the injected agrichemical to leach or move away from the root zone. Agrichemicals
applied via a drip/trickle irrigation system are highly soluble, and too much water
may reduce their effectiveness. Some insecticides, such as methomyl (Lannate L; E.L
DuPont de Nemours & Co., Wilmington, DE) and oxamyl (Vydate L; E.I. DuPont de
Nemours & Co., Wilmington, DE), specify that best results are obtained when the
product is applied at the end of the irrigation cycle, minimizing flush time to prevent
the loss of efficacy. Other insecticides, such as rynaxypyrR (CoragenR), specify that
best results are obtained when the product is injected at the beginning of the
irrigation cycle (without over-irrigating). Thus it is important to carefully follow
directions on the pesticide label.

Uniform applications of the insecticide solution are necessary for consistent, effective
control. Uniformity of application is controlled primarily by the duration of the
injection period. Too short of an injection period will result in non-uniform distribution
of the agrichemical, and not all plants will receive insecticide treatment alike. For very
large fields, it may be best to establish irrigation blocks to reduce the size of the
irrigated field which may result in a more uniform distribution of the injected material.
After insectigation is complete, thoroughly rinse the irrigation system with clean water
for the minimum injection time to ensure clog-free operation. It may take a considerable
amount of time to completely remove all of the injected chemical from the drip/trickle
irrigation system. For a thorough rinsing of the chemigation system, clean water should
be pumped through the entire system for approximately twice the amount of time it
takes water to leave the pump and reach the most distant emitter (the minimum
injection time - see below).
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7.1 Timing of insectigation applications

Injecting an insecticide via a drip/trickle irrigation system offers great flexibility in application
timing. Depending on the presence of insect pests, the time required between root uptake and
translocation throughout the plant needs to be considered. As a general rule, pest control is
usually obtained within 24 hours after injection, depending on factors such as emitter spacing,
length of time of injection, selection of insecticide, and plant growth stage.

- The overall objective of insectigation is to have an equal amount of insecticide released
through every emitter in the system in order to have a uniform applicaiton to the root
zone of all plants.

- The minimum injection time is the time needed for water to leave the injection pump
and reach the most distant emitter in the field. To determine the minimum injection
time, inject approximately 4 liters (about 1 gallon) mixture of water with a few drops of
a household detergent soap, or with a few drops of a soluble food dye, through the
system. Record the time beginning when the injection starts until the soap bubbles or
dye reaches the furtherst (very last) emitter - this is the minimum amount of time it
takes for an injection to fill the system. Any injection time less than this will result in
unequal application of the insecticide to the plants.

- Extending the length of time to complete the insecticide injection will improve
uniformity of application delivery, especially in larger fields. Too short of an injection
time will result in unequal application of the insecticide. As a general rule, the
maximum injection time should last for no longer than 2 hours per irrigation block or
zone (if the system is zoned).

- Itis recommended that the injection of the insecticide be targeted to the middle third of
an irrigation cycle. For example, if the irrigation cycle is 180 minutes, injection of the
chemical should commence after the first 60 minutes.

- Run the drip/trickle irrigation system at the correct operating pressure for at least 30-
60 minutes before injecting any insecticide. This will prime the system, wet the root
zone of the plants, and ensure rapid, even uptake of the injected material.

7.2 Calculation of rates of insecticides (amount to inject)

To calculate the rate or amount of an insecticide to inject in a drip/trickle irrigation system, it
is necessary to first determine the effective wetting zone. The wetting zone can be modified by
changing the placement of the drip tape, the drip tape emitter spacing, the drip tape flow rate,
or the frequency of water applications (the time the irrigation system is operating).

Example 1 (crop grown on bare ground). Crop is on beds 1.5 m (5 ft) wide planted to bare
ground (drip irrigation but no plastic mulch). After applying enough water to wet the root
zone of the plants, determine the width of the wet zone. The width of the wet zone X the
total length of the rows under irrigation will yield the area (squared) of the wet zone. The
rate should be based on this area. For example, if the total length of the rows is 8,712 row ft
and the wet zone covers 2.5 ft wide, the total area to be treated is 8,712 ft X 2.5 ft = 21780 sq
ft, or 0.5 acre (since there are 43,560 sq ft per acre). Refer to the insecticide label for the
application rate/acre (amount of product per acre) and inject %2 of that amount to the crop,
since the area to be treated is only %2 acre. In this example, if the label states 3.0 fl oz per acre
(88.7 ml of product per hectare) per application, then inject 1.5 fl oz (44.4 ml) of product
through the irrigation system.
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Example 2 (crop grown on geds covered with plastic mulch). Crop is a single row on beds
1.5 m (5 ft) wide on black plastic mulch row cover with drip irrigation under the plastic. The
mulched row (after plastic is laid) is now 0.91 m wide (3 ft) under the plastic, and this
represents the wetting zone. As in Example 1 above, the width of the wet zone X the total
length of the rows under irrigation will yield the total area (squared) of the wet zone. The
rate should be based on this area. If the total length of the rows is 8,712 row ft and the plastic
mulch covers 3.0 ft wide, the total wetting area would be 8,712 ft X 3.0 ft = 26,136 sq ft, or 0.6
acre (since there are 43,560 sq ft per acre). Refer to the insecticide label for the application
rate/acre (amount of product per acre), and inject 0.6 of that amount to the crop. In this
example, if the label states 3.0 fl oz per acre (88.7 ml of product per hectare) per application,
then inject 1.8 fl oz (53.2 ml) of product through the injection system.

The amount of product injected for both examples remains the same whether the crop is
single row per bed, double rows per bed, or more. The amount of product injected is always
based on the area of the irrigation wetting zone, and not on the crop width or number of
rows per bed. Many of the newer insecticide labels now have tables that list the amount of
product per row foot to be injected based on different wetting zones.

Dilute the appropriate amount of insecticide as calculated for injection with water in a
dedicated mix tank or poly jug. It is recommended to use a dilution rate of at least 5 parts
water to one part of the insecticide. As a general rule, the greater the dilution rate, the better
potential for increased uniformity of applicaton. Mix the solution thoroughly before
injection (an agitator in the mix tank may be necessary for some insecticides). The insecticide
solution should be injected into the irrigation system at a point before the final filters, or
have a filter on the chemical solution tank, to prevent any particulate matter from reaching
and clogging the emitters.

7.3 Additional safety equipment for chemigation

The U.S. Environmental Protection Agency requires that the water source be protected from
contamination by chemical solutions in case of unscheduled system shut down. It is
important that the agrichemical injection pump be completely interlocked with the
irrigation system so that the chemical injection pump will quickly shut down if the main
irrigation pump were to stop, or if there was a loss of pressure in the irrigation system. This
will prevent a free flow of chemical solution if there is a pressure drop or loss (resulting
from a power loss, a break or hole in the drip lines, etc), and it will also prevent the
irrigation and drip lines from filling up with the chemical solution if the main water pump
stops for any reason.

A flow sensor installed downflow from both the injection pump and the main pump should
be interlocked with the shutoff valves of both the main pump and the injection pump to
shut down both the irrigation system and the insecticide injection system if water pressure
at any point in the irrigation system drops or ceases. A two-way interlock between these
pumps will also shut down both systems if one of the pumps stops or malfunctions (pump
breakdown, power outage, etc.).

It is important to tightly seal leaks throughout the system, especially at the end of the drip
tape where leaks often form puddles. Sealing these leaks will reduce or eliminate exposure
of the injected insecticides to pollinators and other beneficial organisms and will result in a
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more uniform distribution of the insecticide to the plant roots. It is also important to seal all
hose joints and connections to prevent leaks which may contaminate the environment. And
a containment tray or pan under the injection pump will catch any insecticide solution
leakage that may occur during injection. This material can be re-injected at the end of the
injection period.

Pay particular attention to the directions and restrictions on the pesticide label, as many
products are permitted for use only in overhead or sprinkler irrigation systems but cannot
be applied via a drip/trickle irrigation system. Only products specifically labeled for
application through a drip/trickle irrigation system can be applied in this manner.

8. Conclusion

Insectigation offers growers a sound option in place of traditional foliar sprays of
insecticides for control of specific insect pests of vegetables produced using a drip/trickle
irrigation system. Use of the drip/trickle irrigation system for application of insecticides
allows for precise placement of systemic insecticides into the root zone of vegetable crops,
eliminating the need for multiple foliar sprays of insecticides. Many growers currently use
drip irrigation systems for water management, and the addition of an agrichemical injection
system is a cost-effective method of pesticide application. It enables growers to apply an
insecticide under virtually any weather condition for control of a wide range of insect pests,
including aphids, whiteflies, leafhoppers, leafminers, beetles, caterpillars, and others while
at the same time reducing the total insecticide inputs as compared with foliar sprays. The
overall benefits of using chemigation include less application labor, less energy inputs, less
time needed for application, less pesticide inputs, less worker and applicator exposure to the
pesticide, less potential of soil-borne disease problems, a more even distribution of the
pesticide, and less soil compaction. It suits a pest management program well because many
of the new-chemistry insecticides labeled for drip/trickle irrigation system application are
selective to specific insect pests and, because they are applied to the plant root zone, are
generally less toxic to beneficial and non-target organisms. And in an urban state such as
New Jersey, where urban populations border rural populations, insectigation can be
conducted with no spray drift or misapplications, eliminating the ever important
‘application visibility” that concerns both growers and the public.

Many University fact sheets are available on the internet that include information and
instructions on how to inject agricultural chemicals into irrigation systems, including:

University of Florida IFAS Extension publication #BUL250, Injection of Chemicals Into
Irrigation Systems: Rates, Volumes, and Injection Periods (http:/ /edis.ufl.edu/ael16)

University of Florida Publication #5980, How to Conduct an On-Farm Dye Test and Use the
Results ~ to  Improve  Drip  Irrigation ~ Management in  Vegetable  Production
(http:/ /edis.ifas.ufl.edu/HS222)

South Dakota State University Fact Sheet 862, Chemigation  Management
(http:/ /agbiopubs.sdstate.edu/ articles /FS862.pdf)

Washington State University Fact Sheet FSO035E, Calculating Chemigation Injection Rates
(http:/ / cru.cahe.wsu/ CEPublications/FS035E / FSO35E.pdf)
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Oregon State Unversity Bulletin Pacific Northwest Insect Management Handbook: Guidelines -
Chemigation. http:/ /insects.ippc.orst.edu/pnw/insects?31 ADJV(09.dat)

In addition, there are several commercially-produced technical brochures currently
available that thoroughly describe drip/trickle chemigation system requirements,
equipment set-up, injection pumps, calibration, safety equipment, application timing, water
use and maintenance, etc., including Drip Chemigation: Best Management Practices (2008
Technical Update K-14954 from DuPont Crop Protection, E.I. DuPont de Nemours and
Company, Wilmington, DE) and Best Use Guidelines for Drip Application of Crop Protection
Products (2009 Technical Bulletin, Syngenta Crop Protection, Greensboro, NC 27419).
Although these brochures are oriented towards the injection of insecticides into a
drip/trickle irrigation system, the information is applicable to other agrichemicals applied
through a drip/trickle system.

Also, it is important to refer to the current manufacturer labels of specific pesticides that can
be used for chemigation. These labels list pests controlled, pesticide rates, restrictions, use
directions, suggested application timing, required safety equipment, and other information
necessary for successful chemigation. The pesticide label is a legal and binding document,
and the pesticide user/applicator must carefully read, fully understand and adhere to all
directions, instructions and restrictions on the label.

9. Glossary

Backflow check valve - a safety device that prevents the flow of water backwards from the
irrigation delivery system to the water source (main pump or the injection pump).
Operation is automatic and quick closing to prevent contamination.

Chemigation - the application of agrichemicals (fertilizers, insecticides, herbicides,
fungicides, etc.) to crops through an irrigation system (overhead, drip, etc.

Chemical tank agitator - a device within the chemical tank that maintains constant mixture
throughout the chemical injection process.

Containment device - a pan, tray, or dike that will contain any chemical leaks or drips from
the chemical injection pump.

Drip irrigation - also called trickle irrigation, the application of water to the soil using low
pressure and low volumes through emitters in tubing or piping. Drip irrigation generally
uses flow rates of >3 gallons per hour at >10 psi.

Emitter - delivers water from a pipe or tube to the plant root zone. Also called a “dripper”,
flow rates are generally between 0.6 - 16 L/h (0.16 - 4.0 gal/h). A pressure compensating
emitter discharges water at a constant rate over a wide range of drip line pressures.

Insectigation - the application of soluble insecticides through a drip irrigation system. A
type of chemigation.

Interlocking controls - device that interlocks the chemigation pump with the well pump so
if one pump fails the other is automatically shut off.

Laterals - pipes or tubing that go from the control valves to the drip emitter tubes.
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Low pressure shutoff valve - a device that shuts off the pump when pressure in the delivery
system suddenly drops. Can be installed in the irrigation pipeline or at the pump.

Low pressure sensor - a device that detects sudden drop in pressure in the delivery system
and relays the signal to the shutoff valve.

Main lines - pipes or tubing from the water source to the control valves of an irrigation
system.

Plasticulture - the application of plastics in agriculture for plant production, including row
covers, drip irrigation, plastic tunnels, etc.

Positive displacement pump - a water pump that assures proper rate of injection of a liquid.

Pressure regulator - a device that maintains constant pressure downflow. It cannot increase
pressure.

Subsurface irrigation (SDI) - drip systems that are buried beneath the soil surface, not
recovered between cropping cycles. Some SDI systems are semi-permanent.

Vacuum relief valve - a device that prevents back siphoning, usually installed upflow of the
mainline backflow check valve.

10. References

Anonymous. 2000. Annual irrigation survey 1999. In: Irrigation Journal 50(1): 8-15.

Ayars, J.E,, D.A. Bucks, FR. Lamm & F.S. Nakayama. 2007. Micro-irrigation for crop
production. F.R. Lamm, J.E. Ayars, F.S. Nakayama {ed.}, Elsevier Publ. Co.,
Amsterdam, the Netherlands. 13: 4.

Blass, I. & S. Blass. 1969. Irrigation dripper unit and pipe system. U.S. Patent Office, Patent
No. 3,420,064 issued January 7, Washington, D.C., United States of America.

Bogle, O. & T.K. Hartz. 1986. Comparison of drip and furrow irrigation for melon
production. Hort. Science 21: 242-244.

Dasberg, S. & D. Or. 1999. Drip irrigation. Springer-Verlag Berlin and Heidelberg GmbH &
Co.K. 171 pp.

Felsot, AS., W. Cone, J. Yu & J.R. Ruppert. 1998. Distribution of imidacloprid in soil
following subsurface drip irrigation. Bulletin Environmental Contamination and
Toxicology 60: 363-370.

Ghidiu, G.M. 1981. Vydate injected through a trickle irrigation system to control Mexican
bean beetle. In: Rutgers University Vegetable Entomology Research Results - 1981. New
Jersey Agricultural Experiment Station Report No. 2: 4.

Ghidiu, G.M. 1992. Chemigation with carbofuran for insect control in bell peppers. In:
Rutgers University Vegetable Entomology Research Results - 1992. New Jersey
Agricultural Experiment Station, NJ Cooperative Extension Bulletin 104A: 12-13.

Ghidiu, G.M. 2009. Control of insect pests of eggplant with insecticides applied through a
drip irrigation system under black plastic. In: Rufgers University Vegetable
Entomology Research Results - 2009. New Jersey Agricultural Experiment Station. NJ
Cooperative Extension Bulletin 104R: 8-11.

Ghidiu, G.M. & N.L. Smith. 1980. Trickle irrigation system injected insecticides to control the
European corn borer in bell pepper. In: Rutgers University Vegetable Entomology



190 Integrated Pest Management and Pest Control — Current and Future Tactics

Research Results - 1980, New Jersey Agricultural Experiment Station, NJ
Cooperative Extension Report No. 1: 5-6.

Ghidiu, G.M., D.L. Ward & G.S. Rogers. 2009. Control of European corn borer in bell
peppers with chlorantraniliprole applied through a drip irrigation system. ].
Vegetable Science 15: 193-201.

Hall, B.J. 1982. Row crop fertigation. American Vegetable Grower, April 1982. 30(4): 72-73.

Kerns, D.L. & J.C. Palumbo. 1995. Using Admire on desert vegetable crops. IPM Series No. 5,
University of Arizona Cooperative Extension Publication No. 195017.

Kuhar, T.P., H.B. Doughty, M. Cassell, A. Wallingford & H. Andrews. 2009. Control of
Lepidopteran larvae in fall tomatoes through drip irrigation systems. In: Arthropod
Pest Management Research on Vegetables in Virginia for 2009. VP1&SU Eastern Shore
AREC Report #308: 27-28.

Kuhar, T.P. & ]. Speese. 2002. Evaluation of drip line injected and foliar insecticides for
controlling cucumber in melons, 2001. Entomological Society of America.
Arthropod Management Tests 27: E46.

Lahm, G.P., T.M. Stevenson, T.P. Selby, J.H. Freudenberger, D. Cordova, L. Flexner, C.A.
Belilin, C.M. Dubas, B.K. Smith, K.A. Hughes, J.G. Hollingshaus, C.E. Clark & E.A.
Benner. 2007. Rynaxypyr: a new insecticidal anthranilic diamide that acts as a
potent and selective ryanodine receptor activator. Bioorganic and Medicinal
Chemistry Letters 17: 6274-6279.

Lahm, G.P., T.P. Selby, ].H. Freudenberger, T.M. Stevenson, B.]. Myers, G. Seburyamo, B.K.
Smith, L. Flexner, C.E. Clark & D. Cordova. 2005. Insecticidal anthranilic diamides:
a new class of potent ryanodine receptor activators. Bioorganic and Medicinal
Chemistry Letters 15: 4898-4906.

Lamont, W.J. Jr. 2004. Plasticulture - An Overview. In: Production of Vegetables, Strawberties and
Cut Flowers Using Pplasticulture. [ed.] W.J. Lamont, Jr. pp. 1-8. Natural Resource,
Agriculture and Engineering Service Cooperative Extension Publication NRAES-133.

Palumbo, J.C. 1997. Evaluation of aphid control in lettuce with Admire applied through drip
irrigation. Entomological Society of America. Arthropod Management Tests 22: E61.

Paterson, J.W. 1980. Fertilizing vegetables via drip/trickle irrigation. Special Research
Report, Rutgers - the State University of New Jersey. 6 pp.

Reed, D.K., G.L. Reed & C.S. Creighton. 1986. Introduction of entomogenous nematodes into
trickle irrigation systems to control striped cucumber beetle (Coleoptera:
Chrysomelidae). J. Economic Entomolgy 79: 1330-1333.

Ross, D.S. 2004. Drip irrigation and water management. In: Production of Vegetables,
Strawberries, and Cut Flowers Using Plasticulture. [ed.] W.J. Lamont, Jr. pp. 14-35.
Natural Resource, Agriculture and Engineering Service Cooperative Extension
Publication NRAES-133.

Ross, D.S., R.C. Funt, CW. Reynolds, D.R. Coston, H.H. Fries & J.N. Smith. 1978, Trickle
irrigation - an introduction. Northeast Regional Agricultural Engineering Service
(NRAES) Bulletin No. 4. 24 pp.

Schuster, D.J., A. Shurtleff & S. Kalb. 2009. Management of armyworms and leafminers on
fresh market tomatoes, Fall 2007. Arthropod Management Tests 34: E79.

Wildman, T.E. & W.W. Cone. 1986. Drip chemigation of asparagus with disulfoton:
Brachycorynella  asparagi  (Homoptera: Aphididae) control and disulfoton
degradation. J. Economic Entomology 76: 1617-1620.



9

Generalist Predators, Food
Web Complexities and Biological
Pest Control in Greenhouse Crops

Gerben J. Messelink?!, Maurice W. Sabelis2 and Arne Janssen?
TWageningen UR Greenhouse Horticulture

2IBED, Section Population Biology, University of Amsterdam

The Netherlands

1. Introduction

Biological control of pest species has traditionally mainly focused on specific natural
enemies for each pest (Huffaker & Messenger, 1976, Hokkanen & Pimentel, 1984; Van
Lenteren & Woets, 1988; Hoy, 1994). However, pest-enemy interactions are often embedded
in rich communities of multiple interacting pests and natural enemies and the interactions
among these species affect the efficacy of biological pest control (Sih et al, 1985; Janssen et al,
1998; Prasad & Snyder, 2006; Evans, 2008). The effect of interactions among various species
of predators and parasitoids on biological control of a shared pest species has received
ample attention (see Letourneau et al., 2009), showing that it can range from larger to
smaller than the effect of each enemy species separately (Rosenheim et al., 1995; Rosenheim
et al.,, 1998; Losey and Denno, 1998; Colfer & Rosenheim, 2001; Venzon et al., 2001; Cardinale
et al., 2003; Snyder & Ives, 2001, 2003; Finke & Denno, 2004; Cakmak et al., 2009). However,
it is not only predator diversity, but also the diversity of herbivorous prey that may affect
the suppression of a particular pest species through competition or indirect interactions
mediated by host plant or shared predators (Holt,1977; Karban & Carey, 1984). Hence,
designing effective biological control programs for more than one pest species requires an
understanding of all interactions occurring among species within biocontrol communities,
not just those among pests and their natural enemies or among different species of natural
enemies.

Greenhouse crops are often considered as simple ecosystems with low biodiversity
(Enkegaard & Bredsgaard, 2006). Especially modern greenhouses appear sterile compared
to outdoor crops, as plants are grown on hydroponic systems in greenhouses that are closed
from the environment because of modern energy saving techniques (Bakker, 2008).
However, the general experience is that infestations by several small pest species cannot be
avoided, and the release of natural enemies against these pests adds to the diversity (van
Lenteren et al., 2000; Cock et al., 2010). Thus, apparently “clean” greenhouse crops often
accommodate complex artificial communities of multiple pests and natural enemies.
Furthermore, there seems to be a tendency that these communities increase in food web
complexity during the last decades (Enkegaard & Brodsgaard, 2006). One reason for this
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increased diversity is the invasion of exotic pest species (global trade, global warming)
(Roques et al., 2009). Second, more species than before develop into pests as a result of the
reduced use of pesticides and the use of more selective pesticides (van der Blom et al., 2009).
A third reason is that biological control programs increasingly include generalist predators
(Gerson & Weintraub, 2007; Sabelis et al., 2008), and such generalists potentially interfere
more with other natural enemies than specialists. Thus, recent developments further
increase food web complexity in biological control programs and emphasize that such
complexities need to be considered when designing biological control programs.

Here, we review the ecological theory relevant to interactions in food webs occurring within
arthropod communities and we discuss the possible implications for biological control in
greenhouses. This review is restricted to the most important greenhouse pests, namely
aphids (Ramakers, 1989; Bliimel, 2004), thrips (Lewis, 1997; Shipp and Ramakers, 2004),
spider mites (Helle & Sabelis, 1995; Gillespie & Raworth, 2004 ) and whiteflies (Byrne &
Bellows, 1991; Avilla et al., 2004), and their natural enemies.

2. Food web theory and effects in greenhouse crops

Consumption (i.e. herbivory, predation and parasitism) and competition are considered the
two most important interactions determining the structure of communities (Chase et al.,
2002). Within communities of natural enemies and pests, species may interact through
exploitative competition, induced plant defences, apparent competition or apparent
mutualism via shared natural enemies, or through predation and parasitism, which includes
omnivory, intraguild predation and hyperpredation or hyperparasitism (Fig. 1). Besides
these density-mediated interactions, species interactions can be modified through trait
changes of the interacting individuals (which includes changes in behaviour and induced
plant responses). In the following, we summarize the current theory on these interactions
and their relevance for biological control.

2.1 Exploitative competition and induced plant responses

Herbivores can interact through exploitative competition for the plant (Fig. 1), but this is
undesirable for biological control, because it occurs at high pest densities, which may exceed
the economic damage threshold. We will therefore refrain from discussing resource
competition among herbivores here. Herbivores can also interact via the plant when the
presence of one species induces a defence response in the plant that also affects a second
species (Karban & Carey, 1984). These plant responses can both result in increased resistance
or increased susceptibility (e.g. Karban & Baldwin, 1997; Sarmento et al., 2011). Induced
plant resistance against insects consists of direct defences, such as the production of toxins
and feeding deterrents that reduce survival, fecundity or reduce developmental rate
(Kessler & Baldwin, 2002), and indirect defences such as the production of plant volatiles

that attract carnivorous enemies of the herbivores (Dicke and Sabelis, 1988; Schaller, 2008).
Several biochemical pathways are involved in these processes (Walling, 2000). Recent
studies have shown that plant-mediated interactions between herbivores are very common
and could be important in structuring herbivore communities (Kessler et al., 2007). Models
of interactions that are mediated by inducible changes in plant quality predict a range of
outcomes including coexistence, multiple equilibria, dependence on initial conditions and
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competitive exclusion of some herbivore species (Anderson et al.,, 2009). However, these
models assume that herbivore populations are well mixed and possible variation in
induction caused by variation in population densities is ignored.

exploitative apparent intraguild omnivory hyperparasitism
competition and competition or predation or
induced plant apparent hyperpredation
responses mutualism

predators and
parasitoids

O
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Fig. 1. Schematic diagrams of the direct and indirect interactions among plants, pests and
natural enemies that will be treated in this chapter. Arrows indicate consumption. From left
to right: exploitative competition: two pest species compete for the same plant, but also affect
each other’s densities through induced plant defences; apparent competition or apparent
mutualism: indirect interactions between two prey species mediated by a shared natural
enemy (with pests on the same plants this automatically includes exploitative competition
and induced plant defences); intraguild predation: predators consume another natural enemy
with whom they also compete for the same pest species; omnivory: consumption of species
from more than one trophic level, “true” omnivores are predators that feed on both pests
and plants; hyperparasitism or hyperpredation: the consumption of natural enemies by other
natural enemies with whom they do not compete for shared prey, but they differ by the fact
that hyperpredators can develop on alternative prey, whereas true hyperparasitoids are
obligate. Except for induced plant responses, these interactions are density mediated.

.

plant

Several studies documented indirect interactions between herbivores through induced
changes in plant quality (Karban & Baldwin 1997), but studies on greenhouse crops are
limited. In tomato, it has been demonstrated that infestations by caterpillars of a noctuid
moth increased resistance to spider mites, aphids and another lepidopteran pest (Stout et al.,
1998). Likewise, infestations by whiteflies induced resistance against leafminers (Inbar et al.,
1999). Similar results were found on cucumber (Zhang et al., 2005). Induced susceptibility
may also occur, for example, infestations of tomato plants by whiteflies increased
susceptibility to aphids (Nombela et al., 2008). On lima bean, similar results were found for
whiteflies and spider mites (Zhang et al., 2009). The spider mite Tetranychus evansi Baker &
Pritchard was found to down-regulate plant defences (Sarmento et al., 2011), and the closely
related species Tetranychus urticae Koch can profit from this induced susceptibility
(Sarmento et al. in press). Induced resistance may also affect the behaviour of omnivores
that facultatively feed on plants. The omnivorous western flower thrips switched from
feeding on the host plant to feeding on spider mite eggs when defences of the plants were
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induced (Agrawal et al., 1999). Moreover, they performed worse on eggs of spider mites
from induced plants than on eggs from spider mites on non-induced plants (Agrawal &
Klein, 2000). In conclusion, plant-mediated interactions among pest species are probably a
common phenomenon in greenhouse crops, where they may influence the biological control
of multiple pests.

2.2 Apparent competition and apparent mutualism

Generalist predators can mediate indirect interactions among prey species that might
otherwise not interact (Holt & Lawton 1994; Janssen et al., 1998; Harmon & Andow 2004;
van Veen et al., 2006) (Figure 1). If, for example, the density of one prey species increases,
the density of the shared predator subsequently increases and ultimately, the second prey
species decreases in abundance. Holt (1977) suggested the term “apparent competition” for
this interaction between prey, because the dynamics of the two species resemble that of
species competing for resources, whereas in fact it is mediated by the shared predator.
Apparent competition is usually defined as a reciprocal negative interaction between prey,
but most empirical studies show non-reciprocal indirect interactions (Chaneton & Bonsall,
2000). Hence, only one of the two prey species is negatively affected by the predator-
mediated prey interaction. Originally, the theory of apparent competition considered
equilibrium densities. However, generalist predators can also cause “short-term” apparent
competition between prey species when predators aggregate in habitat patches containing
both prey, or when their feeding rate on one prey is enhanced by the presence of another
prey (Holt & Kotler 1987, Miiller and Godfray 1997).

The opposite effect may also occur between two prey that share a natural enemy, ie. a
positive indirect effect of one prey population on densities of the other (apparent
mutualism). This occurs when increases in the density of one prey species result in satiation
of the shared predator or in predator switching (when a predator eats disproportionately
more of the most common type of prey), consequently reducing the consumption of the
second prey species (Murdoch 1969; Abrams & Matsuda 1996). This effect is apparent in the
short-term, when the densities have not yet reached an equilibrium (transient dynamics),
because eventually, the predator populations will increase because of the higher densities of
prey (Abrams & Matsuda 1996) and result in apparent competition. Apparent mutualism
may also occur in the long term when population densities do not reach equilibria, but show
cycles, resulting in repeated satiation of the shared predators and repeated reduced
predation on the other prey (Abrams et al., 1998). Hence, depending on the time scale and
on the type of dynamics, theory predicts that a shared natural enemy can generate positive
or negative indirect effects between prey species.

Apparent competition and apparent mutualism are inherently related to diet choice and
switching of the predators from feeding on one prey to feeding on the other or both prey,
but effects of mixed diets on predator performance are also relevant. Mixed diets are known
to have positive effects on reproduction in some predator species (Wallin et al., 1992; Toft
1999; Evans et al., 1999).

When generalist predators are released in greenhouse crops, pest species such as thrips,
whiteflies, spider mites and aphids can be involved in apparent competition or apparent
mutualism. Examples of such generalist predators are anthocorid and mirid bugs and
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several species of predatory mites. For example, the predatory mite Amblyseius swirskii
Athias-Henriot is able to control both whiteflies and thrips effectively (Nomikou et al., 2002;
Messelink et al., 2006). On greenhouse cucumber, it has indeed been shown this predator
mediates apparent competition between the two pests: whitefly control was substantially
better in the presence of thrips (Messelink et al., 2008). Moreover, better pest control was
also achieved by positive effects of a mixed diet of thrips and whiteflies on juvenile survival
and developmental rate (Messelink et al., 2008). So far, this aspect of mixed diets has been
ignored in theoretical models about apparent competition. Not only whiteflies, but also
spider mites were controlled better by the presence of thrips through apparent competition
(Messelink et al., 2010). Although A. swirskii is not an effective predator of spider mites
because it is strongly hindered by the webbing, it can prevent the formation of new colonies
of spider mites when there are other prey, such as thrips, available. Thus, generalist
predators can even have significant effects on prey species which they cannot suppress
successfully on their own.

Although the theory of predator-mediated interactions has long been neglected in biological
control, there has been a long-standing interest in the use of alternative hosts for enhancing
biological control (Stacy, 1977). The method by which these alternative hosts are facilitated
is based on the introduction of a non-crop plant harbouring the alternative hosts. It is often
referred to as the “banker plant method” (Frank, 2010; Huang et al., 2011). A widely applied
system in greenhouse crops is the use of monocotyledonous plants with grain aphids that
serve as alternative hosts for parasitoids of aphids that attack the crop (Huang et al., 2011).
The elegance of this system is that the grain aphids are host-specific and pose no threat to
the crop. Another method is based on banker plants that provide pollen to generalist
predators (Ramakers & Voet, 1995). For example, pollen can serve as food for generalist
predatory mites and enhance the biological control of thrips and whiteflies (van Rijn et al.,
2002; Nomikou et al., 2010). In fact, all kinds of “open rearing” systems of natural enemies in
greenhouse crops (e.g. rearing sachets containing small cultures of predatory mites, bran
and an astigmatic mites) are based on the principles of apparent competition, but there is
little awareness that apparent mutualism may also occur.

2.3 Intraguild predation

Natural enemies can compete for the same prey species, but this is frequently combined
with predation by one species of natural enemy on another (Rosenheim et al., 1995), which
is called intraguild predation (IGP, Figure 1). The predator that kills and eats the other
natural enemy is called the intraguild predator and the other natural enemy is the intraguild
prey (Polis et al., 1989; Holt and Polis 1997). General theory predicts that IGP can only result
in stable coexistence of the species when the intraguild prey is the superior competitor for
the shared prey, and only in systems with intermediate levels of productivity (Holt and
Polis 1997). These conditions are very restrictive and thus predict that IGP is not common in
nature. However, it has become clear that IGP generally occurs in many ecosystems,
including in biological control systems (Polis et al., 1989; Rosenheim et al., 1995, Janssen et
al. 2006, 2007). There may be several reasons for this discrepancy between theory, predicting
that systems with strong IGP will be rare, and reality, where IGP is common. Factors that
can contribute to the coexistence of intraguild predators and intraguild prey are now
increasingly included in theoretical models. Examples of such factors are structured
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populations with intraguild prey stages that are invulnerable or intraguild predator stages
that do not prey on the other predator (Mylius et al, 2001), anti-predator behaviour
(Heithaus, 2001), switching intraguild predators (Krivan, 2000) or alternative prey
(Daugherty et al., 2007; Holt & Huxel, 2007). Based on theory, intraguild predation is
expected not to benefit biological control (Rosenheim et al., 1995), but in practice, results are
mixed (Janssen et al., 2006; 2007; Vance-Chalcraft et al., 2007).

Intraguild predation has been described for many natural enemies that are used for
biological control in greenhouse crops (Rosenheim et al. 1995; Janssen et al., 2006). Here, we
summarize the results for natural enemies of thrips, whiteflies, aphids and spider mites. The
omnivorous predator Macrolophus pygmaeus (Rambur) (formely identified as Macrolophus
caliginosus Wagner) is an intraguild predator of natural enemies of aphids; it consumes the
eggs of the syrphid Episyrphus balteatus de Geer (Frechette et al., 2007) and parasitized
aphids (Martinou, 2005). This predator did not prey on nymphal stages of Orius majusculus
(Reuter), but in turn, the nymphal stages of M. pygmaeus were vulnerable for predation by
O. majusculus (Jakobsen et al., 2004). Predatory bugs of the genus Orius act as intraguild
predators of phytoseiid mites (Gillespie & Quiring, 1992; Venzon et al., 2001; Bredsgaard &
Enkegaard, 2005; Chow et al., 2008), the aphidophagous predatory midge Aphidoletes
aphidimyza (Rondani) (Hosseini et al., 2010) and aphid parasitoids (Snyder & Ives, 2003).
Many generalist predatory mites are intraguild predators of other predatory mites
(Schausberger & Walzer, 2001; Buitenhuis et al., 2010; Montserrat et al., 2008; Van der
Hammen et al., 2010) or juvenile stages of predatory bugs (Madali et al., 2008). Finally, a
number of studies show intraguild predation among specialist natural enemies of aphids.
The syrphid E. balteatus feeds on freshly parasitized as well as unparasitized aphids
(Brodeur & Rosenheim, 2000). Syrphid larvae may also consume the aphidophageous gall
midge A. aphidimyza, but predation rates are low in the presence of aphids (Hindayana et al.,
2001). In turn, this midge does not prey on E. balteatus (Hindayana et al., 2001), but may
consume parasitized aphids (Brodeur & Rosenheim, 2000).

None of these studies demonstrates a negative effect of intraguild predation on biological
control in greenhouse crops. Although the potential risk of intraguild predation disrupting
biological control appears to be low in many cases (Janssen et al., 2006), there are also
examples of negative effects of intraguild predation on biological control.

2.4 Omnivory

Omnivory in its broadest sense can be defined as the consumption of species of more than
one trophic level. Under this definition, intraguild predators are also omnivores. Predators
that feed on both animals and plants are a particular case of trophic omnivory, also referred
to as “true omnivory” (Coll & Guershon, 2002). The first theoretical models on its dynamical
consequences showed that omnivory destabilizes food webs (Pimm & Lawton, 1978), which
is remarkable, considering the fact that omnivory is a common feature of food webs (Coll &
Guershon, 2002, Polis & Strong, 1996). More specific theory for plant-feeding omnivores
shows that ommnivores can stabilize the dynamics and persistence of populations by
switching between consuming plants and prey, especially when the searching efficiency of
the predator for prey is low relative to that for plant tissue (Lalonde et al., 1999). Hence, this
theory suggests that biological control with plant-feeding omnivores may stabilize pest
population dynamics. The question is, whether these equilibrium densities are acceptable
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for pest control (Lalonde et al., 1999). Other aspects of plant-feeding omnivory, such as the
persistence of predators in the absence of prey, or the nutritional benefits for predators of
feeding on plants may also result in positive contributions to biological control.

Many predators that are used for biological control are true omnivores, feeding on pests and
plant-provided food such as pollen, nectar and plant saps. For example, many generalist
predatory mites and bugs can complete their life cycle feeding on pollen. However, not all
greenhouse crops produce pollen (e.g. male-sterile cucumber) or edible pollen, but some
omnivores, such as the mirid bug M. pygmaeus, can also live and reproduce on plant saps.
Although considered as a pest species, western flower thrips, Frankliniella occidentalis
(Pergande) are in fact omnivorous predators that feed on spider mites, predatory mites,
whiteflies and plants (Trichilo & Leigh, 1986; Faraji et al., 2001; Janssen et al., 2003, van
Maanen et al., in prep.). The consumption of prey in addition to plant material by mirid
bugs and thrips can increase reproduction rates (Janssen et al., 2003; Perdikis & Lykouressis,
2004). The quality of the host plant can affect the predation rates of omnivores on pests
(Agrawal et al., 1999; Agrawal & Klein, 2000; Magalhaes et al., 2005; Hatherly et al., 2009) or
the extent to which intraguild predation occurs (Janssen et al., 2003, Shakiya et al., 2009).
Thus for biological control with predators that can also feed on the plant, it is important to
known that the dynamics will be affected by plant quality.

2.5 Hyperpredation and hyperparasitism

In contrast to intraguild predation, natural enemies can also be consumed by other
predators or parasitoids without sharing a prey with these enemies. Thus there is no
competition for prey between the natural enemies. This consumption is well known for
parasitoids, so-called hyperparasitism. Hyperparasitism is well-studied for its dynamical
consequences, both theoretically (Beddington & Hammond, 1977; May & Hassell, 1981) and
empirically (Sullivan & V6lkl, 1999). These studies indicate that obligate hyperparasitoids
(secondary parasitoids that can develop only in or on a primary parasitoid) always lead to
an increase of the pest equilibria, which might be detrimental to biological control. In case
the hyperpredator is a true predator, there is no agreement in the literature on the name of
this type of interaction. Some prefer to use the term “secondary predation” (Rosenheim et
al., 1995), or “higher-order predation” (Rosenheim, 1998; Symondson, 2002) for predators
consuming other predators, which includes both hyperpredation and intraguild predation.
Even more confusing is that some interactions are described as hyperpredation, whereas it
would be more consistent to typify them as apparent competition (e.g. Courchamp et al.,
2000; Roemer et al., 2001) or intraguild predation (e.g. Roemer et al., 2002). We suggest to
use the term hyperpredation in cases where predators eat other predators without sharing a
prey, because of its similarity to hyperparasitism. However, an important difference is that
hyperpredators can develop on alternative prey or food, whereas most hyperparasitoids
specifically reproduce on or in other parasitoids. In the presence of alternative prey,
hyperpredation can be classified as apparent competition between the alternative prey and
the specialist natural enemy. To our knowledge, no specific theory has been formulated on
the effects of hyperpredation on prey populations in the presence of alternative prey.
Theory on apparent competition predicts that the presence of one prey lowers the
equilibrium densities of the second prey. For hyperpredation, this would mean that
increases in the densities of the alternative prey will results in lower equilibrium densities of
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the specialist natural enemy, which would consequently release the prey of the specialist
from control. In the short-term, satiation effects of the hyperpredator might result in
apparent mutualism between the alternative prey and the specialist natural enemy, hence, a
reduced negative effect on pest control by the specialist natural enemy.

In greenhouse crops, predatory mites that are used for control of thrips and whiteflies have
been observed to be hyperpredators. They feed on eggs of predatory midge A. aphidimyza,
but not on aphids, the pest that is controlled by predatory larvae of midges (Messelink et al.,
2011). In sweet pepper, the biological control of aphids by A. aphidimyza was seriously
disrupted through this hyperpredation by the predatory mite A. swirskii (Messelink et al.,
2011). Hyperparasitism is common in the biological control of aphids in greenhouses and
can also disrupt biological control (Messelink, personal observations).

2.6 Effect of flexible behaviour

The interactions in food webs described above all concern density-mediated interactions
among species. However, it is generally recognized that traits of individuals, such as
behaviour or defence levels, can change in response to the presence of individuals of other
species (so-called trait-mediated interactions, Werner & Peacor, 2003). For example, anti-
predator behaviour, can strengthen or weaken density-mediated effects (Prasad & Snyder,
2006; Janssen et al., 2007). Many of these behavioural changes are mediated by chemical
cues, which are released or left behind by both natural enemies and prey (Dicke & Grostal,
2001). Theoretical models of community dynamics now increasingly try to study the
consequences of these behavioural-mediated interactions (e.g. Holt & Kotler, 1987; Abrams,
2008). These models show that the effects of such interactions may change the dynamics
substantially.

Many interactions among natural enemies and pests in greenhouses can be affected by
changes in the behaviour of pest and natural enemy. First of all, it is known that pest species
can avoid their enemies. For example, whiteflies can learn to avoid plants with generalist
predatory mites (Nomikou et al.,, 2003) and spider mites avoid plants with the predator
Phytoseiulus persimilis Athias-Henriot (Pallini et al., 1999) or with thrips, which is a
competitor and intraguild predator (Pallini et al.,, 1997). Aphids are well-known for their
antipredator responses, for example, they kick at natural enemies, or they walk away or
drop off the plants when perceiving a natural enemy (Villagra et al., 2006). Aphids as well as
thrips release alarm pheromones that alert conspecifics (Bowers et al., 1972; Teerling et al.,
1993; de Bruijn et al. 2006). Thrips can avoid predation by predatory bugs and predatory
mites by using spider mite webbing as a refuge (Pallini et al. 1998; Venzon et al. 2000). They
can defend themselves against predators by swinging with their abdomen and producing
defensive droplets (Bakker & Sabelis, 1989), or even by counter-attacking the vulnerable egg
stages of their phytoseiid predators (Faraji et al., 2001, Janssen et al. 2002). Natural enemies
also respond to threats of other (intraguild) predators or counter-attacking prey. Predatory
mites avoid ovipositing near counter-attacking thrips (Faraji et al., 2001) or intraguild
predators (Choh et al., 2010, van der Hammen et al., 2010), or retain eggs in the presence of
intraguild predators (Montserrat et al., 2007). Aphid parasitoids are known to avoid
intraguild predation once they detect the chemical cues of their predators (Nakashima et al.,
2006). The effects of intraguild predation can also be changed by the prey preference of the
intraguild predator. For example, the syrphid E. balteatus is an intraguild predator of aphid
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parasitoids because it consumes parasitized aphids, but when given a choice, it prefers to
oviposit in aphid colonies without parasitized aphids (Pineda et al., 2007), thus weakening
the effects of intraguild predation.

Interactions among species may change over time through learning or experience
(Nomikou et al., 2003). For example, the predatory bug O. majusculus was more successful
at preying on aphids after learning how to avoid the prey’s kicking response (Henaut et
al., 2000). Furthermore, predation rates on a specific pest might change through the
presence of alternative food: the predatory bug O. laevigatus increased the predation rates
on thrips in the presence of pollen (Hulshof & Linnamdiki, 2002). Thus somehow, the
pollen seemed to stimulate the feeding behaviour of these predators. In contrast, the
presence of unsuitable prey may reduce the efficacy of a natural enemy for the target pest.
For example, studies with parasitoids demonstrated that spending foraging time or eggs
on less-suitable hosts will decrease parasitoid foraging success and ultimately decrease
parasitoid population size (Meisner et al., 2007). Such “distraction” effects may also occur
in greenhouses when mixtures of aphid species are present in a crop. The reason why
parasitoids attack unsuitable or marginal hosts in the study by Meisner et al. (2007) is not
clear, perhaps the parasitoids and marginal hosts have not coevolved and there has been
no selection on the parasitoid to discriminate between the marginal host and other host
species. It is also possible that the parasitoids cannot assess host suitability as this may
vary through the presence of symbiotic bacteria that induce resistance to parasitoids
(Oliver et al., 2003). The examples presented above show that multiple prey effects can
change the behaviour of shared natural enemies and may determine the outcomes of
biological control.

Summarizing, changes in interactions or interaction strengths through flexible behaviour are
common among the pests and natural enemies in greenhouse crops. Thus, when designing
and interpreting results of multi-species experiments, it should be realized that both
density-mediated interactions and behavioural mediated interactions affect biological
control. The potential diversity and complexity of an artificial food web in a greenhouse
vegetable crop is presented in the next section.

3. A case study: Food web complexity in sweet pepper

The complexities of arthropod communities associated with biocontrol systems vary among
crops, because crops differ in susceptibility to pests species and suitability for natural
enemies. Sweet pepper is one of the crops where the release of natural enemies for biological
control has resulted a complex system of multiple pests and natural enemies, including
several different species of generalist predators. The most important pests in sweet pepper
in greenhouses in temperate regions are western flower thrips, F. occidentalis, two-spotted
spider mites, T. urticae and aphids, mostly the green peach aphid, Myzus persicae (Sulzer)
and the foxglove aphid Aulacorthum solani (Kaltenbach) (Ramakers, 2004), whereas in
Mediterranean countries, one of the major pest species is the tobacco whitefly, Bemisia tabaci
Gennadius (Calvo et al., 2009). Many other pest species can attack sweet pepper, such as
caterpillars of noctuid moths, broad mites, leaf miners and mirid bugs, but they are less
important (Ramakers, 2004).
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Anthocorid bugs are commonly used as generalist predators in sweet pepper. Orius
laevigatus (Fieber) is most used in Europe, O. insidiosus (Reuter) in Northern America
(Bredsgaard, 2004; Shipp and Ramakers, 2004). Although anthocorid bugs are mainly
released for thrips control, they can also contribute to the control of whiteflies (Arné et al.,
2008), aphids (Alvarado et al., 1997), and spider mites (Venzon et al., 2002). The omnivorous
predator M. pygmaeus is also released often, and is know to suppress whiteflies (Gerling et
al., 2001), aphids (Alvarado et al., 1997), thrips (Riudavets & Castafié, 1998) and spider mites
(Hansen et al., 1999). Finally, generalist predatory mites are commonly released in sweet
pepper. The first releases started with the phytoseiid Neoseiulus barkeri (Hughes) (=
Amblyseius mckenziei) for the control of thrips (Ramakers, 1980). Since then, several other
phytoseiids, such as Neoseiulus cucumeris (Oudemans) or Iphiseius degenerans (Berlese), are
released in sweet pepper (Ramakers, 2004). Nowadays, A. swirskii is a very popular species,
because this predatory mite not only controls thrips (Messelink et al., 2006), but also
whiteflies (Nomikou et al., 2002; Calvo et al., 2009), broad mites (van Maanen et al. 2010)
and it can contribute to the control of spider mites (Messelink et al., 2010). Populations of
both generalist predatory bugs and predatory mites can establish in sweet pepper crops
even when prey is scarce, because of the continuous presence of flowers that produce pollen
(Ramakers, 1980; Van den Meiracker & Ramakers, 1991).

Specialist predators released in sweet pepper crops are the predatory mite P. persimilis
against spider-mites (Gillespie & Raworth, 2004), and the aphidophagous predators A.
aphidimyza and E. balteatus (Ramakers, 1989; Bliimel, 2004) against aphids. Furthermore,
several specialist parasitoids are released: for aphids mainly Aphidius colemani Viereck,
Aphidius ervi Haliday or Aphelinus abdominalis Dalman and for whiteflies mainly Eretmocerus
mundus Mercet and Er. eremicus Rose & Zolnerowich (Cock et al., 2010).

The simultaneous occurrence and need to control several pest species in sweet pepper
results in a complex food web of interacting species (Fig. 2). The presence of western flower
thrips in this food web contributes strongly to the complexity. Although F. occidentalis is
primarily considered a phytophagous species that feeds on plant tissue, plant nectar or
pollen, it is actually an omnivore, feeding facultatively on spider mite eggs (Trichilo &
Leigh, 1986), predatory mite eggs (Faraji et al., 2001; Janssen et al., 2003), or on whitefly
crawlers (van Maanen et al., in prep.).

The food web presented in Figure 2 shows that the interactions between a certain pest and
its natural enemy are often embedded in a complex web of interactions. For example,
intraguild predation is often accompanied by apparent competition between the intraguild
prey and several other alternative prey species. Furthermore, the intraguild predators or
hyperpredators can also feed on plant-provided food, with the result that plant quality may
affect intraguild predation or hyperpredation (Agrawal & Klein, 2000; Janssen et al., 2003).
This emphasizes the complexity of biological control, where effects of some interactions may
override the effects other interactions (Polis & Holt, 1989). Thus, the study of particular
species interactions, such as those between a pest and its natural enemy, should be
embedded in empirical studies and models that capture the essence of realistic food webs.
Although it may be difficult to disentangle all possible interactions and their importance for
biological control, the understanding of such interactions will help in designing effective
communities of natural enemies for the suppression of multiple pests.
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Fig. 2. A food web of pest species and their most commonly used natural enemies in sweet
pepper crops. The generalist predators are bugs from the genus Orius (O. sp.), the mirid bug
Macrolophus pygmaeus (M. p.) and generalist phytoseiid predatory mites (g). Specialist enemies
of aphids are parasitoids from the genus Aphidius (A. sp.), the predatory midge Aphidoletes
aphidimyza (A.a.) and the syrphid Episyrphus balteatus (E.b.). Parasitoids are commonly attacked
by several species of hyperparasitoids (h). The specialist predator of spider mites is
Phytoseiulus persimilis (P.p.). The main whitefly species in sweet pepper is Bemisia tabaci, which
can be controlled by specialist whitefly parasitoids from the genus Eretmocerus (E. sp.).

4. Conclusions

Food web theory can provide insight into how various interactions between species might
affect species dynamics and their possible effects on biological control. However, since
models are necessarily based on simplifying assumptions, theoretical predictions are bound
to differ from empirical studies (e.g. Janssen et al., 2006; Rosenheim & Harmon, 2006). For
example, theory often predicts equilibrium dynamics, whereas biological control systems
often concern short-term (transient) dynamics, which might differ from long-term dynamics
(Bolker et al., 2003; Briggs & Borer, 2005). A second reason is that real food webs are much
more complex than theoretical models assume (Rosenheim et al, 1995; May, 1999, Coll &
Guershon, 2002; Bolker et al.,, 2003; Cardinale et al., 2003; Janssen et al., 2006, 2007;
Letourneau et al., 2009). The presence of multiple pests and natural enemies will result in
joint effects of several types of interactions, and there is limited theory that takes such
complexity into account. Although theory is increasingly extended with aspects such as
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anti-predator behaviour (Heithaus, 2001), predator switching (Krivian (2000) or alternative
prey (Holt & Huxel, 2007), there is still a large gap between theory and practice. Theory
might be further extended by connecting different types of interactions, such as omnivory
and apparent competition between prey. We further recommend to implement effects of
mixed diets in the theory of apparent competition. Furthermore, no specific theory exists on
hyperpredation in the presence of alternative prey. Greenhouse crops are ideally suited to
test theoretical predictions, because artificially created communities in biocontrol systems
can easily be manipulated. Similarly, such greenhouse experiments could give insight into
short-term dynamics of interactions for which more theory is needed since current theory
focuses on what happens in or near equilibrium states (Briggs & Borer, 2005).

This review shows that both density-mediated interactions and behaviour-mediated
interactions are common in greenhouse crops and affect the results of biological control.
Especially the use of generalist predators may give rise to several types of interactions and
food web complexity. Generalist predators were long considered as less effective than
specialist natural enemies (Huffaker & Messenger, 1976; Hokkanen & Pimentel, 1984; Van
Lenteren & Woets, 1988; Hoy, 1994). Moreover, recent criteria for risk assessments of natural
enemies consider generalist predators as less desirable than specialist natural enemies (van
Lenteren et al., 2006). However, several studies show that generalists can be effective control
agents, especially because populations of generalists can be established easily (Messelink et
al., 2010). The role of generalist predators was recognized earlier by Murdoch et al. (1985),
who argued that the biggest advantage of generalist predators is their persistence in systems
(see also Chang & Kareiva, 1999; Symondson et al., 2002). In contrast, augmentative releases
of specialist natural enemies often involve problems with timing, costs and quality
(Bloemhard & Ramakers, 2008). Generalist predators can establish into crops prior to pest
infestations, which makes the system resilient to pest invasions. Moreover, growers need to
respond less to infestations with pest species. In the near future, we expect that biological
control systems in greenhouses will increasingly shift from augmentative releases of
specialist natural enemies to inoculative releases of generalist predators. For example,
whitefly control was mainly based on releases of specialist parasitoids for decades (van
Lenteren & Woets, 1988; Avilla et al., 2004). This has changed since the introduction of
generalist predatory bugs and predatory mites that also feed on whiteflies. This has been so
successful in some crops that most, if not all, biological control is done by means of
generalist predators (Messelink, personal observations). Thrips control has a long tradition
of using generalist predators, and in crops such as sweet pepper, these predators are very
effective (Ramakers, 2004). So far, biological control of aphids is mainly based on frequent
releases of specialist natural enemies such as parasitoids and predatory midges (Ramakers,
1989; Blumel, 2004), which is expensive and often not successful (Bloemhard & Ramakers,
2008). Recent experiments showed that inoculative releases of the generalist predator M.
pygmaeus can also effectively control aphids in sweet pepper (Messelink, 2011). Hence, we
expect that future control of aphids and other pests will increasingly be based on generalist
predators. In general, we suggest that generalist predators deserve more attention in
biological control programs for greenhouse crops.

An interesting aspect of using generalist predators is that pest control strongly depends on
the diversity of pests in the crop (see paragraph 2.2). The fact that a mixture of two pests can
increase the survival and developmental rate of a generalist predator offers new
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opportunities to enhance pest control by optimizing the diet for predators. Because many
crops do not or hardly provide food for generalist predators, it may be possible to add food
that is supplemental to the diet of a certain natural enemy species. Research should
furthermore focus on ways to enhance establishment of generalist predators by offering
alternative prey in open rearing systems or banker plant systems (Huang et al., 2011), by
food sprays (Wade et al., 2008), or by selecting plants that provide food or shelter in the crop
(Wackers et al., 2005). Finally, it is desirable that future research focuses on selecting
predators that are adapted to important crops and perform well on the pests and food
sources present in these crops, rather than selecting natural enemies for any particular pest
species.

Finally, we conclude that it is important to consider all possible interactions among species
in arthropod food webs in order to detect interactions that are potentially detrimental or
beneficial for biological control. Detrimental effects can mainly be expected from
hyperpredators or hyperparasitoids, and, in theory, IGP can also disrupt biological control.
Furthermore, apparent mutualism may be negative for pest control. Hence, it is clear that
the results of biological control of a particular pest species may be negatively affected by the
presence of other pests or natural enemies. However, this review also showed many
examples of plant-mediated and predator-mediated interactions that are beneficial for pest
control. Future research should focus on more complementarity and synergy among natural
enemies. The literature provides interesting examples of such interactions based on predator
facilitation (Losey & Denno, 1998), pest stage complementarity (Calvo et al., 2009) or
microhabitat complementarity (Onzo et al., 2004).

Nowadays, there are unique possibilities to manipulate communities of natural enemies by
choosing from several species that are commercially available (van Lenteren, 2000;
Enkegaard & Bredsgaard, 2006). Thus, biodiversity can be created and manipulated to
maximise sustainable pest control. At the same time, such systems can be used to study the
manipulation of biodiversity on the dynamics of communities of plant-inhabiting
arthropods under relatively controlled conditions and at larger spatial scales than can
usually be realized with communities under field conditions. Based on the abundance,
diversity and potential risk of pest species, it is possible to adapt the strategies of natural
enemy releases. In conclusion, greenhouse experiments that evaluate multiple pest control
with diverse assemblages of natural enemies are not only needed to further develop
biological control strategies, but also offer excellent opportunities to test and extend theories
on multispecies interactions.
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1. Introduction

Feral pigeons are birds now largely present with naturalized populations all around the
world (Lever, 1987). The Rock Dove (Columba livia), which is their ultimate ancestor, was
originally present in coastal and inland cliffs of central and western Palearctic and in the
northern Ethiopian regions, as well as in those of the Indian subcontinent (Goodwin, 1983).
These wild populations gave rise to domestic breeds as a result of artificial selection, having
been the pigeons one of the first birds subjected to domestication (Sossinka, 1982).
Domestics readily go feral, they have done so widely and in different times and locations',
both in their natural range and in all continents where they were transported as captive
birds, and subsequently introduced (Johnston & Janiga, 1995; Lever, 1987). Pigeons are
granivorous birds tightly linked to arid and rocky habitats, so that feral populations remain
linked to human settlements both as a consequence of their domestic origin and by these
biological characteristics, that act in synergy (Baldaccini, 1996a). According to Goodwin
(1978) the synanthropism of ferals is mainly a consequence of the food resources becoming
available with the development of agriculture or otherwise mainly depends on the presence
of buildings that constitute a vicariant habitat with respect to the natural one, as suggested
by Hoffmann (1982). Food resources and human buildings are the key ecological factors that
bring ferals into most cities and towns worldwide (Haag-Wackernagel, 1995), extensively in
agricultural habitats and wherever man has constructed suitable recoveries to dwell in,
forming stable or increasing populations of millions of individuals as stated by BirdLife
International (2004) for Europe or Sauer et al. (2008) for the USA. The way by which feral
pigeons established in urban habitats has been illustrated from a historical point of view by
Ghigi (1950) and van der Linden (1950) and recently reviewed by Johnston & Janiga (1995),
Haag-Wackernagel (1998) and Baldaccini & Giunchi (2006). Even in the Old World,
synanthropic wild Rock Doves have a very marginal contribution to the constitution of feral
populations (Ballarini et al., 1989; Johnston & Janiga, 1995).

2. Problem overview

The presence of feral pigeons in urban habitat and their degree of interactions with
human life and activities can be perceived in many ways, ranging from harmless and
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tame birds to harmful pests, depending on the personal cultural background (Jerolmack,
2008; Johnston & Janiga, 1995). Nevertheless, feral pigeons have a formidable capacity to
become pest by any standard. Factors that have been identified as important in becoming
a pest include the main characteristics of pigeons, such as being a granivore, having an
alimentary storage crop, high reproductive rate, colonial habits and group foraging
(Johnston & Janiga, 1995).

2.1 Public health risks

Feral pigeons are of considerable epidemiological importance, being reservoirs and potential
vectors of a large number of microorganisms and source of antigens of zoonotic concern,
causing both infections and allergic diseases, that can be lethal (Haag-Wackernagel, 2006;
Haag-Wackernagel & Bircher, 2009; Haag-Wackernagel & Moch, 2004; Magnino et al., 2009;
Rosicky, 1978). Pathogens can be transmitted to humans mainly via excreta, secretions, or
dust from feathers spread into the environment, thus a direct contact with pigeons can be
unimportant (Curtis et al., 2002; Geigenfeind & Haag-Wackernagel, 2010). Pigeons breeding
and roosting sites host an endless number of arthropods that may infest humans as bugs,
fleas, mites and ticks. The latter are of particular human concern, as the soft tick Argas
reflexus (Haag-Wackernagel & Bircher, 2009; Mumcuoglu et al., 2005). Lists of the different
pathogenic organisms and of the most common parasitic arthropods identified in feral
pigeons are reported by Johnston & Janiga (1995), Haag-Wackernagel & Moch (2004) and
Haag-Wackernagel (2006). Chlamydophila psittaci is one of the most common pathogenic
bacteria affecting at least European population of ferals (Magnino et al., 2009 and references
therein); infection by different serotypes of Salmonella is on the contrary low (e.g. Pedersen
et al., 2006). Regarding disease-producing fungi, Gallo et al. (1989) reported a percentage of
pigeons infected by yeasts ranging from 7% (rural habitat) up to 22% (urban centre).
According to these data, the most common pathogens transmitted to humans are
Chlamydophila psittaci and the yeast Cryptococcus neoformans, while infections caused by
Salmonella are very rare (Haag-Wackernagel & Moch, 2004), thus confirming a relationship
between host population density and pathogenic transmission rate (Grenfell & Bolker, 1998).
According to Haag-Wackernagel & Moch (2004), the risk of transmission of pathogens from
pigeons to healthy humans is low, even for people in close contact with pigeons or their
nests. On the contrary, immuno-depressed patients have a greater risk of infection in
comparison to healthy people (Haag-Wackernagel & Moch, 2004). Feral pigeons, both in
urban areas and in countryside, came in contact with different, often closely related, animal
species thus enlarging their potential role as vectors of pathogens and parasites (Bevan 1990;
Pedersen et al., 2006; Rosicky, 1978). Pigeons have apparently introduced many avian
pathogens into wild populations wherever they have been naturalized, infecting taxa as
seabirds, penguins, raptors, other columbids and passerines (Phillips et al., 2003 and
references therein).

Feral pigeons can also be the source of accidents of various nature, from the trivial slipping
on surfaces littered by pigeon droppings, to the most serious problem of hazards to aircraft
(bird-strike). As open habitats, in many cases not far from cities, airports attract selectively
flocks of pigeons that are listed as one of the species more commonly involved in bird-strike
events (Cleary et al., 2006; Dolbeer et al., 2000).
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2.2 Infrastructural damages

Urban architectural problems constitute another factor of the negative relationship of
humans and pigeons. Litter that accumulates under and on the surfaces used to roost or to
nest are not only problematic from hygienic and urban deface reasons, they also cause
structural and aesthetic damages to man-made structures accelerating their deterioration
and increasing the costs of maintenance (Haag-Wackernagel, 1995; Pimentel et al., 2000).
Damages are of particular relevance in the case of historic cities and towns, where buildings
constitute ideal sites for nesting and roosting, contributing in a direct way to the growth of
feral pigeon populations (Ballarini et al., 1989). Medieval buildings, for instance, whose
external walls are plentiful of holes due to the building methods, constitute an ideal place
for nesting (Ragni et al., 1996). Fowling of churches, architectural treasures and sculptures
constitutes a serious problem for their conservation (Ballarini et al., 1989; Mendez-Tovar et
al., 1995). Marbles and other calcareous stones are particularly damaged by the acidity of
pigeon droppings that soil their surface. Indeed Bassi & Chiatante (1976) demonstrated that
droppings from pigeons constitute a highly favourable substrate for fungal growth, that
contributes to damaging the marble’s surface both mechanically and by the excretion of
acidic metabolities.

Pigeons do not only soil buildings but also foul foodstuffs; problems are relevant in
particular places as grain elevators or food industries, all sites where scaring pigeons is of
paramount importance for hygienic purposes related to food preparation (Gingrich &
Osterberg, 2003).

2.3 Pigeons and agriculture

Agricultural landscape represents for pigeons an important and well exploited source of
food that can influence in a direct way the population size of a given city. According to
Hetmanski et al. (2010), the number of pigeons is significantly higher in towns located in
agricultural landscape than in those surrounded by forests, at least in Poland. Countryside
can host colonies in a variety of locations such as bridges, ruins or otherwise it can be visited
by pigeons for feeding purposes with fast commuting foraging flights. This is a character
that ferals largely share with Mediterranean Rock Doves (Baldaccini et al., 2000), whose
occurrence may differ from town to town depending on a number of variables influencing
pigeons’ habits and needs; in fact in some cases foraging flights can be extremely rare (e.g.
Sol & Senar, 1995). The distribution of food resources and the annual trend of reproductive
attempts appear to exert a leading role in shaping the characteristics of these flights, as
previously suggested both for feral pigeons (Soldatini et al., 2006) and for wild rock doves
(Baldaccini et al., 2000 and references therein). The distances covered in such commuting
flights vary between 3 and 20 km (see Rose et al., 2006 for a review), mainly depending on
the landscape and distribution of food resources (Hetmanski et al., 2010; Soldatini et al.,
2006). These foraging flights can be a significant source of damage for agriculture which
adds to the damages done by colonies resident in the countryside. Pigeons can take seeds at
the moment of sowing, destroy the just sprouted cotyledon leaves or feed widely on mature
crops (Johnston & Janiga 1995).

The size of damage can vary according to main cultivations present in the area. For instance,
in countries were wheat and maize are intensely cultivated, most of the damage occurs
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during crops storage (Saini & Toor, 1991) because pigeons cannot feed actively on spikes. In

other cases, such as sunflower fields, the damage can be greater, occurring both at sowing
time and before harvesting, as pigeons are able to eat seeds directly from the flowers (van
Niekerk & van Ginkel, 2004). Very little is known about the details of habitat selection by
feral pigeons during their feeding flights towards croplands. Data collected during the
springs 2010-2011 in the Pisa Province (central Italy), showed a preference for harvested
fields of Brassica sp. and sowed fields of legumes (soybean Glicine max and chickpea Cicer
arietinum) and sunflowers (Heliantus annuus) while other kinds of crops showed a strong
negative selection (Fig. 1).

Hbsp = Harvested Brassica sp
jr L = Legumes (height < 5 cm)
: & = Sunflower (height < 5 cm)
o - | Pf = Ploughed fields
\ Aa = Alfa-alfa
\ 0 = Others (g.q. vegetable gardens, vineyands)
1 W = Weath (full grawn)
= \ Ut = Uncultivated fields
o .
PR - | 1
i \
b \
g \
& \
g v \
8 \
o 4
E =
o = \\
'\.\
. ,
,
e — - — ™
I I ! I I !
Hbsp L 5 Bf Aa 0 W Ui
Fig. 1. Selection ratios (+ 95% CI) according to design I (Manly et al., 2002) calculated on
feeding feral pigeons (n = 12846 observations) in the agricultural landscape study area of
Pisa Province (central Italy). The horizontal line indicates the threshold = 1 for positive
selection.
2.4 Costs

While problems posed by pigeons have been largely assessed, only a few studies have
quantified the direct costs and economic losses related to the species both in urban or
countryside habitats (Bevan, 1990; Haag-Wackernagel, 1995; Phillips et al., 2003; Pimentel et
al., 2000; Zucconi et al., 2003). From an economic point of view, all the different negative
interactions causing damages or risks and all the actions to counteract or to evaluate the
presence of ferals represent a cost. An example of the various sources of costs is presented in
a given site, while others are not.

Fig. 2; as it can be noticed, some costs are independent on the number of pigeons present in
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Fig. 2. Chart of the source of costs due to feral pigeons' presence (from Zucconi et al. 2003,
modified).

Published papers sometimes report total estimates for large areas: for instance Pimentel et
al. (2000) estimated in 1.1 billion dollars per year the cost of pigeons in the USA, only for
direct damages. In other cases, data are only incidental, giving examples of the costs relative
to single cases or cities. The only available paper specifically focused on an analysis of the
costs directly linked to pigeon presence is that by Zucconi et al. (2003), where the economic
estimates were based on damage costs by private individuals and Municipalities in some
sample cities from Italy. According to this paper, if we consider the costs of cleaning streets
and squares, the percentage attributable to the presence of pigeons is in the range of 2.5-
3.5% of the total cleaning costs in a single city. The cost was therefore estimated at 7-9
euros/pigeon/year. But if we consider the cleaning costs of historical buildings and
artworks then the percentage increases to 10-15% of the total cleaning costs, with an
individual cost ranging between 16 and 23 euros/pigeon/year, even though it should be
noted that the costs related to damage to artworks are very difficult to estimate. According
to Zucconi et al. (2003) it is impossible to make a reliable estimate of the sanitary and
birdstrike costs in Italy. Costs of 2669 million dollars have been estimated in damages to
civil aviation aircrafts in a period of seven years for the USA (Dolbeer et al., 2000).

In farmlands, the loss due to pigeon presence in Italy was estimated between 20-43 million
euros/year, considering an estimated of crop loss of about 0.5-1% of the total yield (Zucconi
et al., 2003). A more recent assessment suggested that the loss of sunflower seeds for South
Africa caused by four species of Columbiformes amounts to 8.4% (van Niekerk, 2009). In a
pilot study we conducted in farmlands surrounding the city of Pisa (ca. 200 ha), the daily
average feral pigeons' density found in various types of crops was 5.7 ind/ha for sunflower
and 19.1 ind/ha for legumes fields (soybean). Assuming each pigeon feeds only on
farmland and has a food daily requirement of around 70 g of seeds (Johnston & Janiga,
1995), these values will be equivalent to a maximum damage of 400 and 1337 g of seeds/day
respectively for sunflowers and soybean fields. If we consider that the number of
individuals/ha reached peak values of 38 pigeons/ha, it is easy to understand how
damages may be high; in these cases farmers are often forced to seed the fields again.
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Given the amount of damage and the costs linked to pigeon presence it is often necessary to
carry out several actions to reduce the number of pigeons present in the cities and, as a
consequence, also the number of pigeons foraging in farmland. Actually, according to Haag-
Wackernagel (1995), the damages caused by feral pigeons are reduced proportionally to the
reduction of their number. An important component of the active costs related to pigeon
control is the use of deterring systems on buildings, that can be easily estimated based on
known prices of the components of the system. The costs of proofing with deterring systems
was estimated by Zucconi et al. (2003) in 30,000-40,000 euros for 1 km?2 in an Italian city
centre. In many European cities pharmacological sterilization methods are used to control
pigeon population. For this method, costs range from 18-19 euros/pigeon/year for 800 ppm
(Ovistop™, Acme Drugs, Italy) or 5000 ppm nicarbazin (OvoContol P™, Innolytics LLC,
USA) up to 30 euros/pigeon/ year for progesterone based products.

3. Population dynamics

Any properly designed control protocol involving lowering the number of an avian pest
needs a thorough understanding of the population processes of the considered species
(Feare, 1991). Estimates of the demographic parameters and of their variability are indeed
crucial when selecting the control strategy as they provide sensible hints regarding the
feasibility of attaining the objective of the control itself. Moreover, the same data collected
during the control period could give useful information for adjusting the programme to the
new characteristics of the population, especially when the likelihood of compensatory
mechanisms (e.g. density-dependent variations in mortality or immigration rate) is not
negligible, as for feral pigeons. The aim of this section is not to provide a thorough review of
the available data on the demography of feral pigeons; instead, we discuss some data which
are important in light of population control. The first thing to consider is that pigeons
belonging to the same city constitute a single management unit. This is true for foraging
behaviour, as suggested by the data collected from downtown area of Montreal which
indicate that pigeons behave as a single population of consumers (Morand-Ferron et al.,
2009), but it is particularly evident on the demographic point of view. Indeed, while
breeding dispersal is almost absent (Hetmanski, 2007; Johnston & Janiga, 1995), juvenile
dispersal within a given city is significant and, as estimated by data collected in Poland,
approximately 30% of fledglings disperse each year on average (Hetmanski, 2007). As
expected, the degree of dispersal is higher for high-density colonies (Fig. 3a) and most
juveniles tend to move toward colonies with low density of breeding pairs. This implies that
any local population reduction within a city would likely be compensated by the natural
pattern of dispersal of young birds. On the other hand, the available data suggest that the
rate of exchange among cities is almost absent (Hetmanski, 2007; Johnston and Janiga 1995).

As most bird pests, feral pigeons are r-selected organisms (Newton, 1998). Indeed, pigeon
life-span is relatively short and rarely exceeds three years (Haag, 1990; Johnston & Janiga,
1995). This value is rather low considering the bird’s size, as, according to the allometric
equation reported in Atanasov (2008), the maximum life span of pigeon should be about 15
year. Mortality rates are thus high and this implies a high turnover rate. On the other hand,
feral pigeons have a high breeding potential. They become sexually mature when six
months old (Johnston & Janiga, 1995), although one-year-old birds usually represent a small
fraction of the breeding segment of the population (Hetmanski, 2004; Johnston & Janiga,
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1995). Moreover, while clutch size is small (only two eggs), the breeding season is long and
could be regarded as lasting almost all year, with a spring-summer peak (Giunchi et al,,
2007a; Hetmanski, 2004; Johnston & Janiga, 1995). Interestingly, the contribution of winter
breeding attempts to the yearly number of fledglings is rarely negligible (Hetmanski, 2004;
Johnston & Janiga, 1995) and in some cases absolutely relevant (e.g. 41% in Lucca, Italy;
Giunchi et al., 2007a). This means that any action aimed at reducing the population size of
feral pigeons, not only should be targeted to the whole or at least a significant part of the
city, but also, especially if aimed at controlling the breeding output, should be continuous
throughout the year. Other important things to consider are that replacement clutches are
common and also the time needed for completing a single clutch is relatively short. Both
parents share incubation and chick development is quite fast, given the use of the energy-
rich cropmilk (Shetty et al., 1992). Moreover, pigeons can overlap clutches (Hetmanski &
Wolk, 2005; Johnston & Janiga, 1995), which enables the clutch interval to be shortened,
thereby increasing the number of clutches within a season. All these features indicate that
feral pigeons are characterized by a high intrinsic demographic rate of increase (Neal, 2004).
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Fig. 3. Examples of density-dependence of three demographic parameters in feral pigeons
(smoothing calculated by means of LOWESS; span=0,70). a) Percentage dispersion of
juveniles (from Hetmanski 2007a, modified). b-c) Percentage of nestling mortality and
fledging survival as a function of population density (from Haag 1988, modified).
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A third important common feature of pigeon populations is the density-dependence of
demographic parameters. Indeed, reproductive success, inter-clutch interval, adult
mortality, immigration and recruitment rate show various degrees of density-dependence
(references in Hetmanski, 2007; Hetmanski & Barkowska, 2007; Hetmanski & Wolk, 2005;
Johnston & Janiga, 1995), being high at low density and low at higher density of birds (see
Fig. 3). This means that populations of feral pigeons have a high compensatory potential,
which is particularly evident when considering the rapid recovery of populations subjected
to considerable harvesting during pest control activities (Johnston & Janiga, 1995; Kautz &
Malecki, 1991; Senar et al., 2009; Sol & Senar, 1992).

All the above mentioned characteristics, associated to the mild climate and the high levels of
food availability and productivity typical of most temperate and boreal urban ecosystems
(Miiller & Werner, 2010), leads to hypothesize that most populations of feral pigeons have
reached the limit of the carrying capacity of the urban environment, after the substantial
increase occurred during the second half of the last century (1940-1970), following changes in
agricultural practices and the human demographic explosion after World War II (Johnston &
Janiga, 1995). This implies that, excluding recent colonized cities or newly built outskirts of
cities (e.g. Haag, 1988; Senar et al., 2009), most of the historical (and largest) populations of
feral pigeons should be almost stable, provided that the environmental conditions which affect
population abundance (e.g. human population density, prevalent structural characteristics of
buildings, habitat features of the surrounding landscape; Buijs & Van Wijnen, 2001; Hetmanski
et al,, 2010; Johnston & Janiga, 1995; Jokimiki & Suhonen, 1998; Sacchi et al., 2002) did not
change significantly. This pattern is clearly confirmed for Hamburg, where four censuses
conducted during the second half of the last century indicates that feral pigeon population
increased markedly from 1953 to 1966 and remained at a high level thereafter (Rutz, 2008; Fig.
4a). Moreover, periodic censuses performed during the last decades of the 20th century in a
small number of cities (e.g. Barcelona, Bratislava) revealed a noticeable intra-annual, but a very
low inter-annual variability of counts of resident pigeons (Johnston & Janiga, 1995). This low
inter-annual variability is confirmed for two Italian cities, characterized by very different
environmental conditions: Venice and Pisa. Venice (urban area: ca. 7 km?, inhabitants: ca.
70,000) is located in Northern Italy and it is an island in a large wetland, while Pisa (urban
area: ca. 10.3 km?, inhabitants: ca. 90,000) is located in central Italy and it is surrounded by
large agricultural areas where pigeons could find plenty of food. Given these conditions, the
number of pigeons in Venice foraging in the mainland is rather small (e.g. < 900 pigeons/day
recorded in October 2004; Baldaccini et al., unpubl. data) and birds rely on food resources
within the city, favoured by the extremely high tourist presence during spring-summer
months (Soldatini et al.,, 2006). On the other hand, the number of commuting pigeons we
observed in Pisa is quite high (e.g. > 6500 pigeons/day recorded from two observation points
in October 1995; Baldaccini et al. unpubl. data) and pigeons make extensive use of farmland
for feeding. In spite of these differences, data indicate that in absence of significant control
measures, both populations did not show any positive trend in recent years (Fig. 4b, c).
Obviously, these two case studies do not represent the whole variability of abundance of
pigeons, but clearly show that at least in those cities which have a sufficiently long history of
presence of feral pigeons, the local populations do no show any significant inter-annual trend,
at least over short-mid periods.
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Fig. 4. a) Number of pigeons counted in the city of Hamburg in the period 1953-2000 (from
Rutz 2008, modified). b) Venice: density of feral pigeons estimated by means of late-autumn
uncorrected quadrat counts in the period 2000-2004 (from Giunchi et al. 2007b, modified). c)
Pisa: density of feral pigeons estimated in February by means of distance sampling in the
period 2004-2011 (Vanni et al., unpublished data).

4. Monitoring and control methods
4.1 Monitoring

The definition of pest should incorporate the requirement that the species actually cause
economic damage (Hone, 1994) and it is the damage that justifies any control programme.
However, most control programmes regarding feral pigeons lack of appropriate damage
estimations, simply relying on pigeon numbers as a surrogate of the impact of the species.
This approach clearly shows how monitoring and control are intimately related. More
generally, estimates of pest abundance are essential not only for the assessment of pest
population size to justify control, but also for the choice of appropriate control methods,
with a plausible estimate of their costs and effectiveness. Unfortunately, while the
development of pest control techniques for feral pigeons have involved a significant amount
of research (see below), in comparison, research aimed to develop unbiased methods for
estimating pigeon population size has aroused far less interest. Pigeons counts are
intrinsically difficult both because of the characteristics of urban environments (complex
structure and poor visibility) and of the pigeons themselves (clustered distribution and high
density; Buijs & Van Wijnen, 2001; Giunchi et al., 2007b; Johnston & Janiga, 1995; Jokimaki &
Suhonen, 1998). Probably for these difficulties, several authors adopted ad hoc and
uncalibrated indexes of population abundance, such as: (1) counts of naturally occurring
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flocks (e.g., Buijs & Van Wijnen, 2001; Haag-Wackernagel, 1995); (2) counts of birds attracted
with food (Dobeic et al., 2011; Sacchi et al., 2002); (3) counts carried out by walking along a
random sample of square, non-overlapping sampling units (‘quadrat counts'; Senar, 1996;
Sol & Senar, 1992). While still widely used in wildlife management due to their relatively
low costs, population indexes are however highly criticized because their critical
assumption (proportionality between index and true population density) is usually violated
in real situation (see Sutherland, 1996, Williams et al., 2002 and references therein). In the
case of feral pigeons, this often led to the impossibility of an objective evaluation and
quantification of the actual effects of most pest control programmes (see Giunchi et al.,
2007b for further details). More reliable population estimates have been obtained by
combining the quadrat counts with the use of 'correction factors', which take into account
the imperfect bird detectability and are estimated by using a mark-resight procedure on a
subsample of the study area (Sacchi et al., 2002; Senar, 1996). In fact, this method can
produce accurate results, but it is costly as it requires catching a significant number of birds,
and entails that the correction factor is estimated for each condition, as the number of birds
that will pass undetected in different surveys is variable, depending on the characteristics of
the study area and on the density and behaviour of pigeons themselves (Giunchi et al., 2007b).
Recently, Giunchi et al. (2007b) proposed the use of distance sampling as a valuable alternative
for estimating pigeons abundances. The method consists in counting pigeons on line-transects
randomly distributed over the urban area and then adapted to the urban road network.
During censuses the position of detected birds is accurately determined and then used for
estimating detection probability according to the procedures of distance sampling (Buckland
et al., 2001). The main problem of the method is that, contrary to the recommendations of
Buckland et al. (2001), as transects followed the urban road network, (1) they do not represent
a random sample of various habitats of the city, and (2) they are located on roadways where
pigeon density is low, since birds are usually disturbed by road traffic. These conditions,
intrinsically related to the structure of urban habitats, could lead to a significant
underestimate of population density which can be reduced by left-truncating the data in
order to exclude the low-density area near each transect. In spite of the possible biases due
to the not rigorously random distribution of transects and to the spiked nature of collected
distances, distance sampling in urban environment turned out to be highly repeatable, as
suggested by the estimates collected in two consecutive year (2010 and 2011) in Pisa, with
the same methodologies (see Fig. 4c), even though the high variability of the estimates has to
be acknowledged. Provided that censuses were performed when pigeons are not at their
annual population peak (i.e. late summer-autumn), the methods turned out to be consistent
in different cities, with different architectural characteristics, as exemplified by Pisa, Bolzano
and especially Venice, where the urban road network is not used by motor vehicle and thus
roads and squares constitute available habitat for pigeons, which, on the contrary, could
find a lot of food there (e.g. wastes, or food provided by the citizen or tourists) (Fig. 5).
Moreover, it should be noted that the above-mentioned theoretical problems mostly affect
the accuracy of distance sampling, but not its repeatability, given their dependence on the
structural characteristics of the urban environment, which should be roughly the same in
different years. This means that even a systematically biased distance sampling should be an
unbiased tool for detecting population trends. On the contrary, the repeatability of other ad
hoc methods (e.g. quadrat counts) probably depend also on the density of pigeons, as
commonly observed for several indexes of abundance (Sutherland, 1996). This means that
any control programme aimed at significantly reducing pigeon population size has to
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calibrate the adopted index of abundance, in order to estimate correctly the population
trend and thus to evaluate the effect of the control. Given the above consideration, distance
sampling should be regarded as a rather promising approach for monitoring feral pigeons,
also considering its relatively low operative costs (Giunchi et al., 2007b). Actually, it should
be noted that in recent years distance sampling has been increasingly used for estimating
bird population size in urban habitat (Fuller et al., 2009) and that the method has been
included in the guidelines for managing feral pigeons by some Italian local administrations
(e.g. Piedmont Regional Authority, www.regione.piemonte.it/sanita/sanpub/animale
/dwd/colombi.pdf). We believe that techniques aimed at giving reasonable estimates of
pigeon populations size, such as distance sampling, have to be considered as a critical
component of any effective management programme, because they help to assess both the
costs for control and its effectiveness, by objectively quantifying their effects on pigeons
abundance.
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Fig. 5. Comparison of late-winter counting results between distance sampling and indexes of
abundance in three Italian cities. Pisa. Index of abundance = quadrat counts carried out on
6.25-ha sample units (1 = 40) proportionally allocated to two strata ; distance sampling
carried out on 40 line transect proportionally allocated to the same two strata (more details
in Giunchi et al., 2007b). Bolzano. Index of abundance = counts of feeding flocks at 11
traditional feeding sites used by public authorities to control pigeon food, to facilitate
captures for epidemiological investigation and for distributing chemosterilants (Baldaccini
& Mongini, 1991; Carsaniga, 1996); distance sampling carried out on 40 transects
proportionally allocated to three strata. Venice. Index of abundance = quadrat counts
carried out on 6-ha sample units (1 = 36); distance sampling = data collected on 36 line
transects put in the very centre of each quadrat and crossing almost all the length of the unit
itself. All distance sampling analyses closely followed the approach detailed in Giunchi et al.
(2007b), except for Venice, where data were not left-truncated. It is important to note that,
given its peculiar urban structure, with a high densities of narrow streets, detection
probability is particularly reduced in Venice.
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4.2 Control

Given the above-mentioned peculiar interactions between humans and feral pigeons, it is
important that control actions should be calibrated on the approach that the inhabitants of a
given city have towards the pigeons, so that the control actions are accepted and will have
an increased chance of success (Conover, 2002). Methods used to control pigeon populations
could be essentially clustered in three main categories: 1) culling; 2) decrease of
reproductive success; 3) reduction of habitat carrying capacity.

4.2.1 Culling

Several models indicate that for monogamous species with high mortality rates and high
productivity, such as feral pigeons, culling is likely less effective than the reduction of
reproductive potential for controlling population (Barlow et al.,, 1997; Dolbeer, 1998).
Actually, even though culling has been widely applied to feral pigeon populations in several
cities in the past (see e.g. Feare, 1991; Johnston & Janiga, 1995; Murton et al., 1972; Sol &
Senar, 1992) and it is still used in several contexts (see e.g. Senar et al., 2009), no scientific
study has demonstrated the efficacy of this approach in significantly affecting population
size. As indicated above, the high intrinsic demographic rates of pigeons and the strong
density dependence of several demographic parameters determine that pest control
mortality is often compensatory (Feare, 1991; Johnston & Janiga, 1995) up to a relatively high
threshold level estimated to be over 30% of the population/year by Kautz & Malecki (1991).
Given the size of most pigeon populations, especially those producing significant damages,
these figures could be high (thousands of individuals), which poses several technical
problems. Moreover massive killing of pigeons is difficult to accept by many citizens, which
determines further problems of ethical nature.

4.2.2 Decrease of reproductive success

Egg removal, egg puncturing or dummy eggs have been used in several cities, especially
from public urban dovecotes set up with the aim to limit reproductive success (Baldaccini &
Giunchi, 2006; Jacquin et al., 2010; Johnston & Janiga, 1995). This kind of method is almost
inapplicable in 'natural' colonies, which are often difficult to reach, and it is costly in urban
dovecotes, requiring cleaning and maintenance. Moreover this practice could affect egg
laying cycles of birds, suggesting that feral pigeons respond to egg-removal by multiplying
reproduction attempts (Jacquin et al., 2010). Furthermore egg quality is negatively affected
by egg removal, suggesting that such management procedures can lead to an increase of
reproductive physiological costs and to a decrease of female condition, raising issues about
its potential consequences on parasite resistance and health status of urban populations
(Jacquin et al., 2010). In any case, we are not aware of any quantitative estimation of the
efficacy of this kind of approach for pest control.

The use of chemosterilants (e.g. cytostatic agents, synthetic progestinic and estrogenic drugs
or drugs that interfere with the birds” metabolic activities) has received much more attention
(see Ballarini et al., 1989; Giunchi et al., 2007a and references therein). Some results in terms
of reduction of the population size and improvement in the health status of the birds have
been reported (e.g. Baldaccini, 1996b; Dobeic et al., 2011), even though there are no
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evidences of significant long-term effects. The recent development of new reproductive
inhibitors based on nicarbazin (e.g. Ovistop™, OvoContol P™) provided new interest for
this kind of approach (Avery et al., 2008; Giunchi et al., 2007a; Yoder et al., 2006). While
some authors report significant but sometimes puzzling effects of drug distribution on
usually small populations (e.g. Bursi et al., 2001), no well controlled data on the long-term
effects of these chemosterilants are available. More generally, as the effects are only partial
(@ maximum of 59% reduction of productivity under controlled conditions; Avery et al.,
2008) and temporary (Yoder et al., 2005), drugs such as nicarbazin are likely to produce only
short lasting reductions of pigeon abundance in the field, with a rapid recovery as soon as
the treatment is stopped (Giunchi et al., 2007a).

4.2.3 Reduction of carrying capacity

Carrying capacity reduction through habitat modification is at present the most reliable way
to obtain long-lasting effects on pigeon populations (Haag, 1993); moreover this method is
usually well accepted (and sometimes requested) by citizens. Carrying capacity reduction
should act on two main factors: nest/roost sites and food.

The limitation of nest and roost sites may be achieved by applying exclusions or scare
techniques (Johnston & Janiga, 1995). Different kinds of tactile or mechanical repellents had
been used to deter pigeons (Haag-Wackernagel, 2000; Seamans et al.,, 2007; Williams &
Corrigan, 1994). Chemical, acoustic, and visual repellents are known to be effective only for
short time periods as pigeons habituate to them within a few days (Johnston & Janiga, 1995),
while no deterring effect was observed when using an ultrasonic or repellent odour system
(Haag-Wackernagel, 2000). On the other hand, mechanical devices, such as porcupine wires,
can be surmounted if bird motivation to access a given site is high enough (Haag-
Wackernagel, 2000). Buildings and structures can be also designed to reduce the
attractiveness to pigeons (Haag-Wackernagel & Geigenfeind, 2008; Williams & Corrigan,
1994). While applied in midtown areas, train stations, airports and historical buildings,
exclusion methods are rarely integrated into a systematic pest control program, as wrongly
thought to be ineffective (Magnino et al., 2009). However, they proved to be highly effective
in Perugia (Italy) resulting in a reduction of 23% of the population of feral pigeons in one
year (Ragni et al., 1996).

As suggested by Haag (1991, 1993), control of food supply is the basis for a successful
control programme, also determining a general improvement of the population quality and
resistance to parasites and pathogens. Food resources management may be particularly
effective when feral pigeon populations mostly depend on food resources located within the
urban environment (see Murton et al., 1972; Rose et al., 2006; Sol & Senar, 1995). In this case
it can be possible to manage food availability, although both theoretical considerations and
field data indicates that this may be difficult (see Giunchi et al. 2007a and references
therein). Besides published data (see e.g. Haag 1993), as a successful example we may report
the case of Venice, where, until a few years ago it was allowed the distribution of corn for
feeding the pigeons as a touristic attraction. It was estimated that pigeons were fed 350 tons
of corn per year and the number of pigeons present in St Mark’s Square was critically high,
reaching concentrations of >10,000 individuals in 1.3 ha. In May 2008, the local Authorities
decided to ban the distribution of corn and since then the number of pigeons has decreased
dramatically, down to a maximum of 1000 individuals at one time in St Mark’ Square.
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Quadrat count estimations of birds density, obtained in late autumn (November, n = 9
years) and in late winter (February-March, n = 7 years) from 1996 confirmed the decreasing
trend in both census periods (Pearson correlations, late autumn: » = -0.81, P = 0.008; late
winter: ¥ = -0.86; P = 0.013). But more in detail, considering densities recorded in the city
before and after 2008 we can assess that differences are significant both in late autumn
(ANOVA: Fis = 6.82, P= 0.035) and in late winter (F;6 = 8.89, P = 0.031). Substantial
differences were recorded also in foraging flights. Indeed the number of commuting birds
recorded before (2004) and after (2009) the ban occurred had dramatically decreased all over
the year (t-test: departing flock sizes t;; = 7.44, P << 0.001; returning flock sizes t;; = 5.36, P
<< (.001; number of departing flocks in 2004 N=818 vs. N=213 in 2009 and of retuning flocks
in 2004 N= 590 vs. N= 170 in 2009). Thus, the reduction of food resources within the city had
not been compensated for by any increase in foraging flights towards the countryside. This
is probably due to the fact that Venice is an island in a wetland that pigeons must fly over to
reach mainland foraging sites and experimental data by Wagner (1972) reported the
avoidance by pigeons in crossing a body of water. On the contrary, the management of food
resources should be less effective in cities where most birds fly for food to adjacent
agricultural areas (see e.g. Soldatini et al., 2006). In this last case, bird scaring devices and
reflecting strips as well as gas cannons are extensively used by farmers, but with a very low
long term effectiveness. The use of culling of limited numbers of individuals as scaring
method linked together with scarecrows and gas cannons is applied in some Italian
provinces but the results of these methodologies are still under considerations (Baldaccini et
al., unpublished data).

4.3 A population model

All the above considered control methods have their own drawbacks, depending on the
characteristics of feral pigeon populations (e.g. size), on the features of the urban habitat
(e.g. age of buildings), and on the characteristics of the surrounding landscape (e.g.
distribution of food resources). This means that the different techniques could be more
effective/easy to apply in different context and suggest the usefulness of a combination of
methods in order to reach better results in shorter time. To evaluate the possible effects of
the use of some combination of control methods on feral pigeon populations, we simulated
a number of scenarios by means of the software VORTEX 9.50 (Miller & Lacy, 2005). The
aim of these simulations was not to provide a precise demographic forecast of a given
population subjected to pest control, instead to give some hints regarding the choice of a
proper pest control programme.

4.3.1 Methods

The values used as initial input for simulations are reported in Table 1. On the whole, the
approach we followed was roughly the same adopted in Giunchi et al. (2007a) and we do
not report all the details here. The main differences, with respect to the above-mentioned
paper were:

1. In order to extend the considered scenarios, we modelled two populations, which we
called 'Murton' and 'Haag', as demographic parameters were partly derived from
papers published by Murton et al. (1972, 1974) and by Haag (1988, 1990). The 'Murton'
population was characterized by a comparable mortality rate between adults and
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juveniles (values derived from Murton et al., 1972), while the 'Haag' population had a
rather high juvenile mortality and low adult mortality (values obtained as the average
of those reported in Haag, 1988).

2. Density dependence was modelled not by varying the percentage of breeding females
in the population, instead the number of fledglings (NF) per female. This latter
parameter is indeed more frequently reported than the former one, which is only a
matter of speculation in a few papers (Johnston & Janiga, 1995). The equation we used
was of the same type of that adopted for the percentage of breeding females in Giunchi
et al. (2007a):

NF(N) = NF(0) | (NF(0) - NF(K))(NK)" (1)

where NF(N), NF(K) and NF(0) are the number of fledglings per females that breed
when the population size is N, at carrying capacity (K), and at extremely low density
(near 0), respectively, while the exponent B is a constant which determines the form of
the curve. To simplify calculations, we considered only the case of B = 2. This appears a
reasonable assumption, given that, as suggested by Fowler (1981), density dependence
in reproductive success can often be modelled with a quadratic function (see also Fig.
3). NF(K) was chosen by trial and error as the values which determined a fundamental
stability of the population defined by the other demographic parameters listed in Table
1 in the absence of density-dependent reproduction and with a carrying capacity much
higher than the initial population size (10,000 birds). Interestingly, at least for the 'Haag'
population, this value was quite comparable to that reported for a numerically stable
colony in the city centre of Basel (Haag, 1988). Given this comparability, NF(0) for the
Haag population was set to the value reported in Haag (1988) for a recently settled
colony in the periphery of Basel, where density of pigeons was rather low. We then
assumed that the 'Murton' population behaves in the same way, and thus we
hypothesized the same proportional increase.

3. We considered two types of scenarios. In one scenario both populations were near
carrying capacity (K = 5,000), while in the other K was set to 10,000. In this way we
modelled two different situations: old populations, with relatively stable numbers, and
relatively recent populations with increasing size.

4. To simplify calculations, we did not consider any environmental variability, also
because no data in this regard could be found in the literature.

A series of simple simulations was performed to investigate the effects of different degrees
of reduction of fertility with a reduction of K. We considered three scenarios for the
reduction of fertility (-15%, -30% and -60% of the fertility of the whole population) with a
maximum set to the maximum effect obtained with the recently proposed chemosterilants
based on nicarbazin (see Avery et al., 2008) and four scenarios for the reduction of K (no
reduction, -1%/year, -2% /year, -4% year). We did not simulate an abrupt reduction of
carrying capacity, because this is often difficult to obtain in the field.

All pest control programme lasted 10 years. We did not consider culling in our simulation
because of the lack of evidence regarding its efficacy and its above-mentioned technical
problems. In order to simplify calculations and in absence of detailed information useful for
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modelling, mortality rate was considered density-independent, although some data
regarding American populations indicated an increased survival of pigeons following an
experimentally induced decrease of population density (Kautz & Malecki, 1991). In this
regard, it is important to notice that Haag (1988, 1990) did not report any remarkable
difference in mortality and in age distribution of pigeons in colonies characterized by
significantly different densities. Obviously, it is important to emphasize that this choice had
the consequence of increasing the theoretical effect of the simulated pest control, because it
cut down the recovery potential of the modelled population when density was low (see also

Newton 1998).

Variable 'Murton' 'Haag'
Number of simulations 100 100
Period 10 years 10 years
Initial population size (N) 5,000 5,000
Start at stable age distribution Yes Yes
Carrying capacity (K) 5,000, 10,000 5,000, 10,000
Demographic closure Yes Yes
Inbreeding 0 lethals 0 lethals
Catastrophes 0 0
Mortality at age 0 43 82
Mortality at age 1 34 10
Breeding system Long term monogamy  Long term monogamy
Age of first breeding 1 1
Maximum Age of Reproduction 7 7

Sex ratio at birth 0.5 0.5

% females breeding 100 100
Density dependence Yes Yes
Number of fledglings when N=K 1.3 2.2
Number of fledglings when N=0 24 4.0

B 2 2

% males in the breeding pool 100 100

Table 1. Summary of the input parameters used in the simulations.

4.3.2 Results

When population size was very near to K, we observed a rather similar outcome for both
'Murton' and 'Haag' populations regarding the fertility control (Fig. 6). In both cases, when
the fertility control was high (-60%) the impact of the reduction of K was not significant.
Less strong reduction of fertility had rather less impact on the populations and a rather poor
additive effect with respect to the decrease of K. When the population was increasing, the
impact of the reduction of K was obviously lower than in the former cases, and it was only
evident after a few years, when the populations began to level off (Fig. 7). For both
populations, the final outcome of the simulations depended on the reduction of K only
when the fertility control rates were low; otherwise the differences were slight or absent. It
should be noted that only the strongest controls (last scenarios) inverted the positive trend
of population size.
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% intial population size

Fig. 6. Feral pigeons population size near the carrying capacity (K) of the urban habitat.
Trends (continuous lines) of the 'Murton' and 'Haag' populations predicted after 10 years of
various degrees of fertility control (-15, -30, -60%) combined with different degrees of
reduction of carrying capacity. Broken lines refer to the cumulative population reduction
which could be obtained by only reducing K [e.g. red line: -0.1% /year * 10 years = -10%)].
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Fig. 7. Feral pigeons population size at 50% of the carrying capacity (K) of the urban habitat.
Trends (continuous lines) of the 'Murton' and 'Haag' populations predicted after 10 years of
various degrees of fertility control (-15, -30, -60%) combined with different degrees of
reduction of carrying capacity. See Fig. 6 for other details.
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5. Concluding remarks

The potential for compensation is one of the most important features which has to be taken
into account when starting a pest control programme on feral pigeons. For this reason, an
effective management policy should focus on the reduction of carrying capacity of the urban
habitat, possibly integrating other approaches according to the characteristics of both the
city and pigeon population. Carrying capacity reduction through habitat modification is
indeed the most effective way for obtaining long-lasting effects on pigeon abundance. This
could be obtained by focusing on all the ecological resources, and not only on foods, as, in
some situations it is not easy to control all birds” feeding sites. Among the other above-
considered control methods, culling is probably the less reliable, as in most cases it revealed
to be not effective and often problematic both under the practical and ethical point of view,
especially for large populations. Our simulations also indicate that, under certain
circumstances, fertility control could be profitably combined with the reduction of carrying
capacity. When it is difficult to distribute chemosterilants to the population (e.g. because the
population is very large or food resources are abundant and widespread), the additive
effects are only marginal. On the other hand, when the fertility control could be strong (e.g.
small populations), the need for a reduction of carrying capacity is less stringent. It is
however important to underline that: (1) as mentioned above, our simulations
overestimated the effects of the fertility control; (2) the reduction of the carrying capacity is
the only way for capitalizing the results obtained by any other method, whose effects are
often fleeting and reversible. For this reason, this last method should be considered even in
those cases where it is not the best for obtaining strong and rapid results (e.g. when it is not
possible to have a strong impact on carrying capacity at least on the short term or when the
population is far from the carrying capacity), also because several actions aimed at reducing
the ecological resources for pigeons (e.g. exclusion from the most profitable nest/roost sites)
could sum up over several years. In this context, budget availability is an important factor to
consider in choosing the management policy, as fertility control may result expensive
compared to e.g. food reduction especially if applied for long periods. Therefore, it is
extremely important for the city council to carefully evaluate its capacity to afford the
application of different control methods for several years.

In general terms an effective management policy needs a strong local background
knowledge in order to be calibrated to the characteristics of the considered population. This
implies a carefully balanced integration of control methods, proper monitoring and reliable
modelling, in order to forecast the effects of control actions (Chee & Wintle, 2010). It is
therefore important to understand the behavioural and ecological characteristics of the
pigeon population before starting a control programme, and to analyse the capability of
covering the costs and the participation and awareness of the municipal Authorities and city
dwellers.
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1. Introduction

Biological control is the deliberate use of natural enemies to reduce the number of pest
organisms. It comprises methods that have gained acceptance for controlling nuisance
arthropods partly due to the emergence of insecticide resistance and also because people
have become more aware about the need to limit environmental pollution. In the case of
arthropod-borne disease vectors, biological control is a potentially effective strategy for
regulating and preventing transmission of diseases such as dengue, malaria and lymphatic
filariasis, amongst others. Dengue is an arbovirus transmitted by species of Aedes
mosquitoes. Aedes aegypti and Aedes albopictus are the primary and secondary worldwide
vectors; they breed in peridomestic man-made water containers, and their control is the
most effective way to reduce the viral transmission.

In this chapter we present an outline of the conceptual development of biological control
since it was proposed by Harry S. Smith in 1919, to the current understanding of applied
biological control involving basically autecology of insects that has led to Integrated Pest
Management (IPM) principles. The potential of a natural enemy to regulate vector
abundance will provide quantitative insight into Paul DeBach’s principles, ie. an optimal
biological agent according to its search capacity, host specificity, and tolerance to
environmental factors. We will also explain Pavlovsky’s theory to understand the origin of
dengue as a human disease evolving from enzootic cycles. Likewise, we will introduce the
reader to population regulation and transmission control describing the concepts of
“functional response” and “numeric response” according to the classical Holling modelling.

We then explain the evolution of vector synanthropism and outline why dengue
transmission can only be reduced by controlling the Aedes mosquito vector. In this regard
we introduce the reader to the parasites, predators and pathogen complexes of the dengue
vectors so that the he understands the present situation in terms of the biological control of
the Aedes mosquito. We will use classic and recent papers and reviews to describe novel
lines of research, and pros and cons of the use of natural enemies for dengue vector control.
We hope that the chapter will work as a source of key literature references for students and
researchers. Finally, the need for an integrated vector management (IVM) strategy aimed at
controlling dengue will be put forward, and the potential for the deployment of biological
control tools in future programmes will be made.
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2. Biological control: Basic concepts

Biological control is part of a larger phenomenon called natural control, because the
environment is always exerting selection pressure on populations. The selection is expressed
in terms of mortality rates inflicted by all environmental factors and living beings as natural
control. In this context, Harry S. Smith in 1919 proposed the term 'natural control". In
reality, this idea is closely linked to the Darwinian concept of "struggle for the existence or
survival of the fittest" because a given species interacts within its ecosystem, and coexists
surviving the attack of microorganisms, animals and plants that depend directly or
indirectly on it. All these consumers who share resources (competitors) in the context of
Smith, make up the complex known as "biotic" factors, which are constantly adapting and
optimizing the manner of obtaining energy from the species in question. Conversely, all
those factors from the environment such as temperature, humidity, pH, chemicals,
substrates, etc., which also cause mortality on populations, constitute the complex of
"abiotic" factors, the other component of natural control.

Four decades later in 1964, Paul DeBach, a student of Dr. Harry S. Smith, emphasized the
term "regulation" as synonymous of "control" to specify the total mortality exerted by the
biotic and abiotic factors on populations. He explained that since the mortality is dynamic,
the population size will also be fluctuating in time and space. In theory, if a graph is
depicted using the population changes against a reasonable period of time, such as a year,
we might determine the average density (equilibrium) around which decreases and
increases may occurred in the population. DeBach used this criterion to define the concept
of biological control: If we may remove all biotic factors acting on a particular species,
obviously its average density would be higher than normal. He pointed out that the
difference between both average densities (with and without biotic factors) is the "effect" of
biological control. In addition to the large number of studies published by DeBach on
biocontrol, he also has the merit of having edited and published in 1964, together with Evert
L. Schlinger, the book entitled "Biological Control of Insect Pests and Weeds", which is the
classic in this discipline.

Now then, biotic factors include the "natural enemies", a term used by DeBach and by
Huffaker and Messenger (1976) (another classic book as well). Natural enemies are the
predators, parasites, parasitoids, and pathogens of each species. Predators kill rapidly, and
require several preys, usually smaller in size, to complete their life cycle. Parasites are
generally much smaller than the host, live on or inside it, and may or may not kill it.
Pathogens are smaller still; they are the microorganisms that consume nutrients from a host
which may be killed or not (Price, 1970). A parasitoid is an insect similar in size to its host,
which is parasitized in immature stage and always dies. Whilst all the other types can be
used against Aedes mosquitoes, parasitoids cannot. Biological control is divided into two
types: natural and applied. The former is geared to the regulation of the populations by
natural enemies without any human intervention, while the latter is obviously artificial.
Applied biological control in turn can be divided into three types: 1) Classic biological
control includes cases where there is an introduction of a foreign or exotic natural enemy to
a region or country where it does not exist, 2) The increase of local natural enemies which
can be performed by inoculative (if the natural enemy establishes itself in the habitat and in
the target organism using a single release) and inundative releases (where the natural
enemy regulates the target population temporarily, or only while he remains alive and
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therefore many releases may be required), and 3) Applied biological control by conservation
of natural enemies, which include all those agricultural practices (plowing, planting dates
management, irrigation, etc...) or other activities (manipulation of weeds, with alternate
preys and hosts or maintaining the nectar source for the natural enemies as adults) aimed at
increasing the level of regulation of the pest population.

3. Quantitative expression of the regulation capacity of a natural enemy

Populations change in time and space. Changes can occur in the density of a species
whether host or prey, affecting the biology of its parasites, parasitoids and predators.
Scientists have been modelling functional responses since the 1920s although the term
“functional response” was introduced in 1949 by Solomon. Holling (1959) explained the
concept of functional response as the population rate of a host or prey consumed by a
carnivore per time unit, and the concept of numerical response as those changes induced by
the host or prey on survival rate, emigration, and mostly fecundity of the carnivore, which
in turn depends on the food amount eaten. Therefore, functional response determines the
numerical response. The former was considered as a response of the carnivores at individual
level while the later as response at population level.

Since the beginning both concepts called the attention of ecologists. Functional response is
crucial because taking the number of prey eaten per individual at the end of a period of
time, the product of this estimator by the density of the predator will allow prediction of the
host or prey population consumed after that time interval (Royama, 1971). In other words, if
the predation rate increases, also the reproduction of the carnivores will increase and this
will be reflected in an increment of its population; its density will follow the one of the host
or prey resulting in a plot where oscillations of both will be very close. This is a top-down
regulation system with negative feedbacks because when the host or prey is scarce it
diminishes the carnivore population and this permits the host or prey to recover its original
density (Holling, 1961). However these models rely on theoretical assumptions that must be
accomplished, for instance, host searching has to be a random process, its populations
should have a stable age structure, spatial distribution without clusters, no emigration, etc.,
and these requirements do not exist in nature. Despite these drawbacks the concept is
applied to have an idea of how much a predator could diminish the prey population.

Holling (1966) proposed three basic types of functional response: Type I is a linear
relationship where the predator consumes the same rate along the prey density until it
reaches a “satiation state” which is a plateau in the graph. Type II describes a situation in
which the number of prey consumed per predator initially rises quickly as the density of
prey increases but then levels off with further increase in prey density. Finally, Type III
resembles Type II in having an upper limit to prey consumption, but differs in that the
response of predators to prey is depressed at low prey density (Figure 1). Explanation of the
three models is not in the objectives of this chapter, but we will describe only the
characteristics of the Holling Type II model also known as the “disc equation” because it has
been the most widely used and accepted by researchers to describe numerous prey-
carnivore systems (Tully, et al. 2005). We recommend to the reader the review of Jeschke et
al. (2002) in which the authors carry out a detailed analysis of 47 models of functional
response, 32 of them were for parasites and predators.
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Fig. 1. Three types of functional response relating prey density (N) and the number of prey
eaten by one predator (Pe).

Type II response incorporates predator handling time, which refers to the act of subduing,
killing, and eating a prey, including cleaning and resting before moving on to search for
more prey (Juliano and Williams, 1985). The number of prey attacked increases at a constant
initial rate under this model, but then increases at an ever decreasing rate as satiation is
approached. The result is the hyperbolic curve of the “disc equation” which is
mathematically equivalent to the Michaelis-Menten model of enzyme kinetics and the
Monod formula for bacterial growth (Abrams, 2000). This name derives from the way
Holling conducted his experiment; he distributed randomly paper discs on a table (available
preys), and a blindfolded person (the predator) with his fingertips “searched” around on the
table the discs. Each disc was removed but replaced immediately after each encounter, and
using the number of “consumed” preys from the exposed ones per time unit, he found his
deterministic disc equation:

aTNo
(1+aThNo)

Where Na is the number of prey killed, No is the initial density of prey, T is the time
available for searching during the experiment, a is the instantaneous rate of discovery or
also known as attack rate varying with No, and Th is the total amount of time (constant) the
predator handles each prey killed. So, the first step is to plot the numbers of eaten prey per
density per unit time. Once detected the tendency of the hyperbolic curve, the computation
of a and Th proceeds in the second step, which is the simplification of the equation by
reciprocal linear transformation (Livdahl and Stiven, 1983) which is as follows:

1 1 Th

Na_ aTNo T

This equation is the linear regression model Y = a+ BX, where the intersection value « is the
reciprocal of the attack rate 1/ 4 and the slope fis the factor Th/T, however T is constant
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and the factor stays just as Th and is equal to b ; then both values are used in the disc
a
equation as follows:
a*No

e

Therefore, after conducting an experiment, coefficients ¢ and £ are computed regressing
Na/No as the response variable on No. The maximum predation rate is 1/Th and is the
maximum value that Na/No can have. Attack rate, 2 determines how steeply the curve
rises with increasing prey density (No). Once the expected values are plotted together with
the observed ones, the degree by which the model explains the functional response is
computed by the determination coefficient R2 and a y2 goodness of fit test.

Another similar option to analyzing data of the same experiment is to calculate the
reciprocals 1/Na and 1/N and conducting a regression of the former as the response
variable on the later (Williams and Juliano, 1985); this method also produces the next linear
equation:

.1 +Th

Na aN
Here, the attack rate g is 1/ 4, and Th is the intercept ¢, both coefficients are used in the disc
e