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Abstract

Global population growth underscores the increasing demands for food production, and therefore,
for higher crop yields, especially in soybean, as the cheapest source of protein for animal and human
nutrition. This scenario frequently leads to overuse of traditional chemical insecticides to maximize
yields, thereby triggering adverse side effects. However, both consumers and governments around
the world have been demanding reduction of chemical insecticides in agriculture. To address this
challenge, pest control must be guided by proper adoption of economic thresholds (ETs), which
indicate the most appropriate time to initiate insecticide applications. Despite the well-documented
science behind ETs, not only its adoption but also its reliability has been questioned by farmers in a
search for higher production, highlighting the importance of reviewing this topic. Thus, this review
discusses, based on the available literature, the role of ETs to optimize insecticide application in
soybean production, highlining the importance of their adoption to mitigate the overuse of chemicals.
In Brazil, the major soybean producer in the world, not only did growers who adopted ETs to control
pests in soybean reduce the amount of pesticides required, but also production costs associated with
pest control, while achieving greater yields than conventional producers. The use of ETs improves
soybean sustainability and farmers profit while benefitting the agroecosystem.

Keywords: IPM; sustainability; chemical control; conservation biological control

1. Introduction

Soybean (Glycine max L) is one of the most important crops for human and animal nutrition
because it offers an affordable source of protein and edible oil [1] and is critical to feed an increasing
world population predicted to reach nearly 10 billion by 2050 [2]. However, soybean production still
deeply relies on the application of traditional chemical insecticides to manage economic pests and
reach high yields [3]. Despite the importance played by chemical insecticides to agricultural
production and food security, revolutionizing insect control [4], their overuse has been raising
increasing concerns about their negative non-target effects [5]. The overuse of chemical insecticides
can reduce natural biocontrol agents [6] and pollinators [7], select populations of resistant pests [8],
trigger pest resurgence and outbreaks of secondary pests and potentially affect human health [3].
Consequently, reducing chemical insecticide use in soybean to allow more sustainable production
has been emphasized [9].

The adoption of Integrated Pest Management in soybean (Soybean-IPM) has been recognized as
the most effective approach for sustainably managing pest outbreaks [10]. Soybean-IPM is based on
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the premise that not all plant feeding insects require control, and even for key pests, there are
infestation levels that are tolerable without economic yield loss [10,11].

Based on costs of control, value of the crop, and the amount of achievable control, the pest
population that causes economic damage to a crop was defined as the Economic Injury Level (EIL)
[12]. However, for the management of potential pests prior to populations reaching the EIL and
consequent economic yield reduction, several factors are crucial. The necessary time required for the
control strategy to be effective against the pest and unfavorable weather conditions that delay the
insecticide application, among other factors, can allow pest population increase even after the
decision to control has been made [11]. Therefore, to prevent economic losses, pest populations are
managed before the EIL, at a percentage defined as the Economic Threshold (ET) (Figure 1). It is
assumed that once the ET is reached or surpassed, there is a high probability that the pest population
will reach the EIL if no management action is taken [13].

Pest control

Economic LIl on the icwest pest popudation densty or amount
iniury level = of iy that will cause economic damage. whese
jury the cost of control equals the economic losses,

Economie -

- =
threshold

PEST NUMBER or INJURY

Pests ET(s)

(a) 30% defoliation (soybean In the vegetative stage) - Brazl, lllinols,

lowa and North Dakota (USA)

(b) 36% defoliation (soybean in the vegetative stage) - USA

(c) 40% defoliation (soybean in the vegetative stage) — Michigan and

Ohio (USA)

(d) >40% defoliation (soybean In the vegetative stage) - Indiana (USA)
Defoliators or

(e) 15% defoliation (soybean in the reproductive stage R1 to R6) -

Brazil, Ohio and Michigan (USA)

(f) >15% defoliation (soybean in the reproductive stage R1 to R6) -

Indiana (USA)
(g) 20% defoliation (soybean in the reproductive stage) - Illinois, lowa
and North Dakota (USA)
“Holic ;;;,;,'a' 703 3.5 caterpillars imeter or sample cloth or 9 caterpillars/ 25 seweeps -
‘Hellothinae (a) four caterplilarsimeter or sample cloth (soybean in the vegetative
(Helicoverpa stage) - Brazl
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Chloridea (b) two caterpillars/meter or sample cloth (soybean in the reproductive
Vvirescens) st R e e

Spodoptera spp. 10 caterpiliars (21.5 cm)/meter or sample cloth
(a) two stink bugs (20.5 cm)/meter or sample cloth (soybean for grain
production) - Brazl
(b) three stink bugs (20.6 cm)/meter or sample cloth — USA

Stink bugs (c) nine stink bugs (20.6 cm)/25 sweeps - USA
or
(d) one stink bugs (20.5 cm)/meter or sample cloth {soybean for seed
production) - Brazl

Figure 1. Economic Injury Level (EIL) and Economic Threshold (ET) relation to Integrated Pest Management
decisions accordingly to the published ETs for soybean management [14-26].
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2. Economic Thresholds for Soybean-IPM

Soybean ET's are well established for the most important soybean pests around the world (Figure
1). These ETs vary slightly among different countries and even regions in same country. These
variations are associated with 1) the use of different soybean cultivars, which have different pest
tolerances, different pest complexes, and variable pest control costs; 2) local environmental
conditions; 3) availability and effectiveness of different control technologies in each region [27].

In Brazil, the major global soybean producer and exporter, the first adoption of ETs in soybean
integrated pest management (Soybean-IPM) occurred between the late 1960s and early 1970s. The
use of ETs as decision criteria for pest control resulted in a reduction of approximately 50% in
insecticide use at the national level [28]. Later the adoption of ETs for defoliators and stink bugs
within the Soybean-IPM framework was compared with the calendar-based approach used by
farmers [16]. Across five different farms, the adoption of IPM reduced insecticide use by an average
of 39.7%, ranging from 25% in Arapongas County, Parana State, to 50% in Morrinhos and Santa
Helena de Goias counties, Goias State, Brazil (Table 1). More recently, similar reductions in chemical
insecticide applications following the adoption of ETs in Soybean-IPM have been consistently
reported in Parana State, southern Brazil in several years [10].

Table 1. Soybean yield (kg/ha) obtained in five counties of two soybean-producing Brazilian states (Goias-GO
and Parana-PR) from experiments comparing areas with adoption of ETs inside IPM with areas adopting
prophylactic use of insecticides sprayed in a calendar basis mixed with herbicides or fungicides during 2008/2009
and 2009/2010 seasons [16].

Number of sprays for L = Reduction of insecticide Stink bug .
Pest . . Total sprays of . . Yield
Lepidoptera and SB = stink bug . L. sprays with the adoption of Damage
Management! insecticides (kg/ha)*
(soybean development stage)? ETs Scale (6-8)°
Castelandia, GO, Brazil — growing season 2008/09
1L+2SB
ET adoption 3 40% 6.0b 3,180.4 a
(R2 + R52—Re)
2L+3SB
PUI 5 - 7.3 ab 2,9815a
(V2-Ve+ R2—Rs51-Re)
C 0 0 - 143 a 2,555.1b
Santa Helena de Goias, GO, Brazil — growing season 2008/09
2L
ET adoption 2 50% - 2,447.0 a
(R1-Rs)
2L+2SB
PUI 4 - - 24413 a
(Ve— Vs + R2—Rs2)
C 0 0 - - 2,228.6 a
Senador Canedo, GO, Brazil — growing season 2008/09
4SB
ET adoption 4 33.3% 7.0a 2,913.6a
(R4—Rs1-Rs3-Re)
3L+3SB
PUI 6 - 55a 2,8329 a
(V7—R5—Re + R1—Rs53—Re)
C 0 0 - 53a 2,487.3 a
Morrinhos, GO, Brazil —growing season 2009/10
2L
ET adoption 2 50% 43a 4,179.3 a
(R4—Rs2)
3L+1SB
PUI 4 - 33a 3,902.5a
(Vs—Vs—Ra+ Ro)
C 0 0 - 53a 3,797.5a
Arapongas, PR, Brazil —growing season 2009/10
1L+2SB
ET adoption 3 25% 6.3b 2,992.6 a
(R3 + Rs1—-Rs3)
PUI 1L+3SB 4 - 35¢ 3,175.7 a
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(Vs + Ri—Rs1—-Rs3)
C 0 0 - 14.0 a 2,667.8 b

'ET adoption inside Soybean-IPM; PUI = prophylactic use of insecticides sprayed in a calendar basis mixed with
herbicides or fungicides; C = control without pest treatment. 2Number of spray for pest category (L= Lepidoptera
and SB = stink bug) followed by soybean development stage [29] at insecticide application. *Stink bug damage
according to the tetrazolium test [18]. 4Yield of each trial. Means followed by the same letter in the column in
each city (independent field trial) do not differ statistically from each other by the Tukey test (P > 0.05).

Comparing across twelve soybean seasons, farmers who adopted economic thresholds
alongside calendar-based insecticide applications used substantially less insecticide than those who
did not rely on ETs, ranging from 43.3% less in 2019/20 to 70.6% less in 2024/25 (Figure 2A). ET
adoption not only reduced insecticide use by 54.1% on average over the 12-year period but also
lowered control costs by 53.7% (expressed as kg of soybean per hectare) (Figure 2B). These farms also
achieved slightly higher yields, averaging an increase of about 2.9% (Figure 2C).

<Adopterof ETs eNon-Adopter of ETs

Number of
cticide sprays

inse

N W W
8

100

Control costs (kg/ha)
g
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Figure 2. Number of insecticide sprays (A), Costs of pest control transformed in kg/ha (B), and Yield (kg/ha) (C)
of soybean fields with the adoption of ETs inside Soybean-IPM compared to soybean fields without the adoption
of ETs over 12 crop seasons in the State of Parana, Brazil [10,23,29,30].

These results contrast with the common perception that improved pest control requires
increased insecticide use. In fact, excessive insecticide applications can paradoxically exacerbate pest
problems through mechanisms such as pest resurgence following the removal of natural enemies
[31,32], secondary pest outbreaks (eliminating primary pests allows others to thrive) [33], and
development of insecticide resistance (pests evolve to survive chemicals) [34]. Unfortunately, this
creates a cycle where overuse leads to even worse pest infestations and the need to use stronger
chemicals more frequently [35].

A pest is a species that, only when it becomes too numerous, causes financial harm by reducing
yield or quality of a product. The aim of any management program, including Soybean-IPM should
not be to eradicate pests, but rather to maintain their populations below EILs [36]. The controlled
presence of insect populations below pest status, as defined by EILs, improve crop health because
these insects will serve as food and hosts for biocontrol agents, conserving those beneficials in the
area [32]. The conservation of natural enemies in the fields is essential for naturally regulating pest
populations [37], being therefore, crucial to food security, since insect pests reduces between 5% and
20% of the yield of major grain crops around the world [38]. For instance, in Brazil and USA, the first
and second global soybean producer, yield losses from pests have reached around 4.3 and 1.7 million
tons of soybean, respectively, each year [39,40].

3. Discussion about The Importance and Challenges of Adopting ETs in
Soybean Cultivation

Conservation Biological Control (CBC) involves changes to the crop environment to favor the
abundance and pest-suppression activity of native or introduced natural enemies, including the
mitigation of factors harming natural enemies as chemical insecticides [41]. In this matter, as
previously discussed in this review, the adoption of ETs is an effective strategy to reduce the use
insecticides in soybean up to 70% when compared to traditional farmer’s practice (Figure 2A), being
consequently, an effective CBC strategy.

Despite the importance of biocontrol agents being recognized in agriculture for years [41], the
evaluation of the economic value of their action is still scarce and only more recently scientists have
tried to assign economic value to natural biological control [42] which provides an estimated value
of $4.5 billion annually in pest control services [43]. In soybean, the importance of adopting ETs as a
CBC strategy is still undervalued, despite the common biocontrol agents found in soybean fields
having a great capacity of naturally reducing populations of insects that can become pests. For
instance, egg parasitoids are considered the most important stink bug biocontrol agents [44,45]. Each
female Telenomus podisi Ashmead, 1893 (Hymenoptera: Scelionidae) wasp can parasitize more than
100 eggs of Euschistus heros (Fabricius, 1798) [46] or Diceraeus melacanthus (Dallas, 1851) (Hemiptera:
Pentatomidae) [47] during its lifespan, the most important pests of soybean in the Neotropics [39,48].

In addition to parasitoids, predators and entomopathogens also play an important role to keep
pest populations below EIL in soybean fields. For example, Geocoris sp. (Hemiptera: Geocoridae) and
Nabis spp. (Hemiptera: Nabidae), which are frequently recorded in soybean agroecosystems [49], are
capable of consuming between nine and 21.1 eggs of the velvet bean caterpillar, Anticarsia gemmatalis
Hiibner, 1818 (Lepidoptera: Erebidae) per day, respectively [50]. Similarly, larvae of ground beetles,
Callida sp., consume around 65 caterpillars to reach the adult stage [54]. The natural occurrence of
entomopathogens was responsible for up to 17.9% of mortality of Helicoverpa armigera in soybean
fields [10]. Therefore, conserving those biological control agents in soybean fields are economically
beneficial [10,52], yet this value is rarely recognized or incorporated into routine farm management
decisions.
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Not only the adoption of ETs in soybean fields is valuable for conserving biological control but
also reducing IPM costs (Figure 2B). ETs within soybean IPM programs has generated substantial
economic returns; for example, estimated benefits to U.S. farmers ranged from US$0.6 to 2.6 billion
in 2005 alone [53]. Comparable economic gains associated with ETs inside IPM have also been
reported in other countries, for instance, Argentina [54], India [48], and Indonesia [58]. For these
documented benefits to translate into widespread on-farm adoption, it is essential to challenge the
prevailing assumption that all pest presence is inherently detrimental to crop production. In contrast,
maintaining pest populations at low levels, below economic injury levels (EILs) or economic
thresholds (ETs), is critical for sustaining biological control agents within agroecosystems. Excessive
insecticide use not only imposes additional economic costs and environmental risks but can also
reduce overall crop productivity by disrupting trophic interactions and natural pest regulation [32].
Under conditions of high natural enemy abundance, ETs should therefore be even adjusted upward,
allowing fewer insecticide applications. This approach, referred to as dynamic thresholds, enables
producers to better exploit existing biological control interactions, resulting in improved pest
management, higher yields, and lower production costs compared to calendar-based or prophylactic
insecticide applications [57].

It is important to call the attention that the mitigation of insecticides triggered by the adoption
of ETs is not be essential to preserve biocontrol agents but also pollinators [58] as well as the whole
environment [59]. There are different problems associated with pesticides, being health risks,
environmental damage, and selection of resistant pest populations highlighted as the most important
ones [60]. Pesticides are usually spread over the environment throughout leaching and runoff [61,62]
and can remain in the soil for many years for the long half-life products [60]. The larger inputs of
contamination with pesticides is a growing source of concern in today’s world for the universal
population regarding environmental health, including the preservation of beneficial organisms and
sustainable food production [63]. Pollinators, for instance, have an important role in the functioning
of all terrestrial ecosystems [64], being essential for agriculture and food security [65]. Despite being
an autogamous plants, soybean yields are enhanced by insect pollinators [66]. The average soybean
yield increased 13% for caged plots with honey bees and 5.6% for open plots, compared to caged
plots without honey bee hives [67], highlighting the importance of conserving this ecosystem service
and, therefore, the benefits of adopting ETs for IPM decisions, which lead to an increased profit for
farmers while ensuring the successful management of pests [68]. Beyond successful pest control, the
adoption of IPM, including ETs, can increase the overall farm resilience and contribute to increasing
of natural capital and ecosystem services [69].

Despite these well-documented benefits of ETs for IPM decisions, IPM did not have the success
expected and its application is still partial and jeopardized [70]. Farmers still perceive IPM as too
complex and time consuming, besides difficult to be implemented, providing lower and
unpredictable economic advantages compared to the traditional insecticide-based agriculture [71].
Consequently, ETs and IPM have not been widely adopted by soybean farmers [10]. A primary
barrier to ET adoption is the need for regular monitoring of pest populations [72] Pest detection and
monitoring has been a big challenge in agriculture [73], requiring farmers and crop consultants to
invest additional labor and develop specialized expertise, thereby increasing monitoring costs [72].
Complexity of decision-making is another important limiting factor preventing a wider
implementation of ETs and IPM worldwide [74]. Multiple pest species outbreaks are, for instance,
one common challenge faced by farmers in open field crops [10] that can constrain the adoption of
ETs in soybean management [75].

The literature on multiple-species ETs is sparse. An ET model for a two-pest/two-pesticide
situation on spring barleys was initially developed [76]. Later, an injury equivalency system
converting larval size to leaf consumption to develop a multispecies economic injury equivalency for
determinate soybean was proposed [77]. Despite the proposal of multispecies economic injury levels
(EILs), their use is still limited [78]. The central requirements for adopting a multiple-species EIL are:
a) injuries by the different species of interest produce a homogeneous physiological response in the
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plant; b) the relationship of yield loss to injury must be determined; and c) the determination of injury
per individual (or stage) for each species in the guild must be known [77]. Consequently, developing
a single EIL for pests that causes different injury types is probably unlikely because they will impact
crop physiology and growth differently [78].

Another common limitation of EILs and ETs in IPM is valorizing the natural environment inside
IPM decisions [79]. Defining values to protecting and sustainably managing agroecosystems faces
significant, interconnected difficulties. The procedures for calculating environmental costs (ECs) and
determine Environmental EIL (EEIL) was detailed in the literature adding the EC of each insecticide
into EIL formula. Despite the development of ECs for formulated products being an important
modification to improve decision-taking into IPM, it makes the use of EILs and ETs even more
complex [80]. Farmers already regard ETs as too complex, making the chances of accepting the use
of EEILs and their ETs even more scarce.

In contrast, the convenience and simplicity of prophylactic pest management strategies,
particularly the use of Bacillus thuringiensis Berliner, 1911 (Bacillales: Bacillaceae) transgenic crops or
routine insecticide application together with herbicide and fungicide applications, have driven to
widespread adoption of Bt crops or insecticide-based agriculture over recent decades, often hindering
the implementation of more sustainable insect pest management approaches [36].

However, this scenario has undergone important changes recently. Resistance to both chemical
insecticides [81] and transgenic crops [82] has been increasing under field conditions. At the same
time, the frequency of extreme climatic events has risen [83], affecting both rural and urban
populations. These have intensified governmental efforts toward environmental sustainability
worldwide [84]. Within this emerging context, integrated pest management (IPM) strategies and,
consequently, the adoption of ETs, have gained renewed relevance as viable and resilient approaches
to crop protection in food production.

4. Conclusions

Conventional ETs for IPM decisions are well established for the most important soybean pests
despite the success of their application being dependent of the adoption of a careful pest monitoring,
what can be laborious and time consuming. In addition, limitations of ETs exist and can limit their
adoption. Therefore, improvements in ETs should include the development of not only dynamic
thresholds, which take the presence of biocontrol agents into consideration, but also multispecies and
environmental ETs, that takes the simultaneous presence of multiple species and the environmental
costs of insecticide use into consideration, respectively. Certainly, the adoption of ETs in Soybean-
IPM reduces not only insecticides’ costs but also environmental risks, turning soybean production
more sustainable and even more profitable to farmers. It is a win-win combination not only farmers
but also for the whole world. Therefore, ETs adoption inside IPM context should be somehow
encouraged by governments and public policies in order to meet the global demand of insecticide
reduction and a more sustainable food production. Farmers and crop consultants’ trainings in IPM
to develop the required expertise could also be supported not only by governmental actions and but
also by the private food industry as well. It would help to meet global goals of decarbonization and
overall sustainability, which would greatly value the whole food production chain.
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