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ABSTRACT. Overreliance on synthetic insecticides in global agriculture is the outcome of a “pesticide treadmill,” in which insecticide-
induced pest resistance development and the depletion of beneficial insect populations aggravate farmers’ pesticide dependencies.
Examples of the pesticide treadmill have been witnessed repeatedly over the past seven decades, prompting the question whether the
rapid uptake and usage patterns of neonicotinoid insecticides and their associated environmental impact are in accordance with this
recurrent phenomenon. We hypothesize a conceptual framework in which treadmills are enforced by enabling or disabling drivers within
four domains: pest management decisions at the farm level, characteristics of farming landscapes, science and technology, and societal
demands. These drivers then tend to create a self-enforcing pesticide “lock-in.” We then analyze several post-1950s historical case studies
with reference to this framework, e.g., those involving sprays of the highly hazardous DDT and methyl-parathion, in which the pesticide
treadmill was initiated, sustained, and broken, and compare this with current patterns in neonicotinoid use. Historical case studies
further illustrate how treadmills occur in three phases in which (i) a limited number of insecticides are routinely used, (ii) resistance
development of pests results in the increased crop injury, prompting increased frequency of applications with a wider range of products,
(iii) breaking out of the pesticide “lock-in” by policy change and adoption of alternative technologies that lowered chemical inputs
and improved agro-ecosystem functioning. The analysis shows similarities as well as differences between neonicotinoid usage patterns
and historic pesticide treadmills, and provides guidance on how to effectively avoid or dismantle pesticide treadmills in global agriculture.

Key Words: agrochemical pollution; biodiversity loss; farmer decision making; global change; insecticide dependency; lock-in;
neonicotinoids,; pest management, pesticide treadmill; technological change

INTRODUCTION

Over the past years, there has been increasing concern over the
broad environmental risks of neonicotinoid insecticides (EASAC
2015, Giorio et al. 2017, Pisa et al. 2017, Goulson 2018). Since
their introduction in the 1990s, neonicotinoids have rapidly
diffused because of their systemic mode of action (MoA), high
efficiency at low doses, and their presumed low toxicity to
vertebrates including humans (but see Cimino et al. 2017, Berheim
et al. 2019). Today, neonicotinoids are the most widely used
insecticides in the world, being employed in more than 120
countries and on 450 crops (Douglas and Tooker 2015, Simon-
Delso et al. 2015). Neonicotinoids are increasingly used in a
prophylactic fashion, e.g., seed treatments, thus intended to
prevent build-up of pest populations. However, their widespread
and unguided usage combined with a myriad of nontarget effects
has prompted environmental concerns (Hallmann et al. 2014,
Zimmermann and Stout 2016, Krupke et al. 2017, Calvo-Agudo
et al. 2019), and has sparked calls for an all-out suspension of
prophylactic insecticide usage and more sustainable pest
management strategies (Foley et al. 2011, Ge et al. 2016, Milner
and Boyd 2017).

Although efforts to promote ecologically-based pest management,
including integrated pest management (IPM), have been
successful in certain cases, such as protected cultivation, U.S.
cotton, Brazilian sugarcane, or Mexico’s mango (Naranjo and
Ellsworth 2009, van Lenteren et al. 2018), they have fallen short
of expectations in a large number of broad-acre field crops and

vegetable systems (Orr 2003, Zaluckiet al. 2009, Parsa et al. 2014).
The overall net result has been an increase in global pesticide use
(Popp et al. 2013) and a rise in their total toxicity loading in, e.g.,
U.S. agriculture (DiBartolomeis et al. 2019).

The vicious cycle by which resistance development to insecticides
and decline of natural enemies of pests due to insecticides
increases farmers’ usage of and dependence on chemical-based
pest management has been referred to as the “pesticide treadmill”
(DeBach 1951, Hansen 1988, Turnbull and Hector 2010), and is
an example of what is broadly called a “lock-in” in social sciences.
A system is “locked-in” to a certain state if self-enforcing
mechanisms in that state perpetuate the dominant behaviors,
making it hard to change to other, potentially more desirable,
states (Liebowitz and Margolis 1995, Cowan and Hultén 1996,
Kline 2001, Perkins 2003, Kallis and Norgaard 2010). In
agriculture, lock-ins have historically been examined in a
reductionist manner by focusing on parts of the system, e.g.,
ecological interactions, economics, or technology adoption
(Cowan and Gunby 1996, Vanloqueren and Baret 2009, Magrini
etal. 2016, Floret al. 2019). Here, we argue that dynamic changes
in these domains are inextricably linked, and that the lock-in in
the technology and agro-ecological domains cannot be
understood without consideration of other relevant domains.

The rapid uptake of neonicotinoid insecticides and the associated
environmental impacts prompt the question whether today’s
neonicotinoid use patterns are in accordance with the pesticide
treadmill phenomenon. To address this question, we first propose
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a theoretical framework of the pesticide treadmill, considering
four conceptual, interlocking domains within a social-ecological
system. Second, to test this framework, we examine historic case
studies of pesticide treadmills to identify potential enabling and
disabling drivers. Third, we describe to what extent dynamics in
global neonicotinoid use are consistent with the observed
characteristics of historic cases. Finally, we discuss pathways to
escape from the pesticide treadmill and implications of our
findings for current pest management.

FRAMEWORK OF THE PESTICIDE TREADMILL

The pesticide treadmill is characterized by overuse of pesticides
with frequent applications, high dosages, and the use of a limited
range of active ingredients or MoAs, ultimately decreasing
pesticide effectiveness through, for example, resistance
development (Hansen 1988, Thrupp 1990, Deguine et al. 2008,
Turnbull and Hector 2010, Ekstrom and Ekbom 2011, Jergensen
et al. 2018). However, the pesticide treadmill is also typified by
other ecological and social features with complex social-
ecological interdependencies. An adequate understanding of
these interdependencies requires insight into the interconnections
within the social-ecological system because lock-in situations in
the ecological system are enforced by drivers from the social
system (Yletyinen et al. 2019). Conversely, to devise lasting
resolutions and pursue long-term change, e.g., from a chemical-
dependent toward an ecologically-based pest management, a so-
called “total systems approach” is needed (Lewis et al. 1997) in
which the complexities of underlying farm-level decisions and
barriers for change are duly taken into account (Schut et al. 2014,
Wyckhuys et al. 2018, Yletyinen et al. 2019). We hypothesize that
there are four main domains that encompass feedback cycles that
are embedded in the complex social-ecological system of global
agriculture (Fig. 1). These domains in the agri-food system are
interrelated and can possibly enforce or disable the pesticide
treadmill.

I. Farming

The first domain, farming, is centered around on-farm pest
management decision making. Modern farming systems are often
typified by large-scale, genetically uniform monocultures with
high input dependence and superior yields. In such systems, pest
outbreaks are regularly facilitated by chemical fertilizer use,
narrow rotations, and nearby sources for pest colonization (Brust
and King 1994, Settle et al. 1996, Meehan et al. 2011). Also, the
ephemeral nature, low plant diversity, and intense disturbance
regime of many cropping systems constrain the potential of
resident natural enemies to exert top-down control and contribute
sufficiently to pest suppression (Wiedenmann and Smith 1997,
Letourneau et al. 2012, Lundgren and Fausti 2015). These
patterns are aggravated through an overuse of synthetic
pesticides, which are often harmful for natural enemies (Hansen
1988, Settle et al. 1996), trigger pest resistance development
(Simon-Delso et al. 2015), and induce secondary pest outbreaks
(Gross and Rosenheim 2011, Hill et al. 2017). In turn, weakened
biological control services further enforce farmers’ dependency
on insecticides (DeBach 1951, Hansen 1988, Turnbull and Hector
2010).

II. Agro-landscapes
Farm-level decisions on crop choice and management style play
out at the landscape scale (Schellhorn et al. 2008), with agro-
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landscape simplification and area-wide disturbance regimes
compromising life support functions for natural enemies (Meehan
et al. 2011, Karp et al. 2018). Agriculture-dominated landscapes
tend to harbor simplified, species-poor natural enemy
communities (Tscharntke et al. 2007), while more diverse settings
tend to benefit from a broader variety of natural enemies and
enhanced pest suppression (Bianchi et al. 2006, Schellhorn et al.
2014, Liu et al. 2016, but see Karp et al. 2018). Conversion of
(semi)natural habitats into intensively managed farmland
deteriorates resource provision levels for natural enemies, thus
hampering their ability to colonize crops and impact pest
populations (Meehan et al. 2011, Letourneau 2012, Bianchi et al.
2013, Mechan et al. 2013). Also, certain pest management
strategies are most effective when neighboring farmers, who
operate under similar biophysical and socioeconomic contexts,
adopt the same strategy. This could foster exchange of machinery
and knowledge, increase cost effectiveness, and reduce costs, also
referred to as “agglomeration economies” (Liebowitz and
Margolis 1995, Bowman and Zilberman 2013, Parsa et al. 2014,
Bell et al. 2016). Yet, farmers are no passive recipients of
technologies. The potential of innovation and active
experimentation by individual farmers should not be
downplayed, and compelling examples exist of farmers
developing effective context-specific integrated pest management
strategies (Van den Berg and Jiggins 2007, Wyckhuys et al. 2019).

Fig. 1. A conceptual framework of the “pesticide treadmill.”
Drivers of “pesticide lock-in” exist within the ecological or
social subsystems of the global agri-food system and can be
located in the following domains: (I) farming (yellow), (II)
agro-landscapes (green), (IIT) science and technology (blue),
and (IV) society (pink). Each domain contains internal positive
feedbacks (black cycles), but also interacts externally with other
mechanisms and drivers of the pesticide treadmill (red cycle),
enforcing the lock-in situation of pesticide use. Each domain is
embedded in either the social (grey) or ecological system
(white), except for agro-landscapes, which is linked to both.
Influential actors are depicted on the sides and interactions
with the agri-food system are indicated by black arrows. Actors
can be of influence in different domains, and can play an
enforcing or disabling role with respect to the “pesticide lock-
in.”
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II1. Science and technology

The ultimate fate of any (agricultural) innovation depends on
coordination, pay-offs, and user perceptions, as well as on the
investments made by end-users and myriad actors in both the
private and public sector (Feder et al. 1985, Schut et al. 2014,
Juma 2016). Subsequently, preference for a given pest
management technology and ensuing pest problems trigger
further investments in research and development to enable
technological improvement and sustain user uptake (Liebowitz
and Margolis 1995, Cowan and Gunby 1996, Pardey et al. 2010).
This is often an incremental process that builds upon existing
dominant technologies (Perkins 2003), and that is guided by
vested interests, e.g., of owners of incumbent “legacy”
technologies (Juma 2016). Central actorsin the pesticide treadmill
are the agrochemical industry, farmers, and the agro-advisory
sector. Although the commercialization and privatization of
knowledge can slow down innovation diffusion (Labarthe 2009,
Lamine et al. 2010, Lamprinopoulou et al. 2014), this can also
create “path dependencies,” with farmers that have invested in
particular types of equipment, knowledge, and skills becoming
less likely to adopt agro-ecological innovations (Ruttan 1996,
Wilson and Tisdell 2001, Vanloqueren and Baret 2009). These
dependencies are often exacerbated for large-scale farmers who
are prone to rely on risk-reducing technologies such as
prophylactic seed treatment. The substitution of public advisory
services by private-sector actors, e.g., commercial agro-
consultancy firms, can reinforce some of these path dependencies
(Lamine et al. 2010, Lamprinopoulou et al. 2014). Breaking the
cycleis particularly difficult because the agro-industry has its own
interest to maximize pesticide sales (Thrupp 1988, van den Bosch
1989), favoring technologies that capitalize on its in-house
expertise and knowledge base, such as genetically modified crops,
seed coatings, or agrochemistry (Popp et al. 2013). Diverging
innovations in pest management are routinely perceived as threats
by agrochemical industry actors, triggering active lobbying,
distorted public sensitization, and an active deployment of
roadblocks (van den Bosch 1989, Lamine et al. 2010, Juma 2016).

IV. Society

Government, retail, wholesalers, consumers, and civil society
organizations are important actors in the societal domain.
Governments regulate the admission of pesticides and may
influence farmers’ decision making by imposing taxes or
providing incentives, such as subsidies for greening measures or
environmental schemes (Thrupp 1988, Boyd 2018). Regulatory
bodies, such as the Environmental Protection Agency in the USA
(U.S.-EPA) and the European Food Safety Authority in Europe,
evaluate pesticide safety and advise governments on risks. Though
these organizations solicit input from scientists, industry, and
other stakeholders, their assessments are not flawless (Briihl and
Zaller 2019). On the other hand, retail sets standards for quality
and physical characteristics, e.g., cosmetic appearance of
harvested produce (Pimentel et al. 1977), and pesticides are widely
used by farmers to meet these standards (Norgaard 1976, Lamine
et al. 2010, Lamine 2011, Morrissey et al. 2014). Food retailers
can encourage farmers to change their production practices, for
example, by issuing production mandates that include judicious
use of pesticides by farmers (Macfadyen et al. 2015). Conversely,
the presence of pesticide residues in agricultural produce and the
associated, often unknown, risks for human health can generate
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demand and incentivization for pesticide-restrictive policies and
pesticide-free production schemes (Boccaletti and Nardella 2000,
Cimino et al. 2017).

LESSONS FROM THE PAST: LOCK-IN AND ESCAPE
FROM THE PESTICIDE TREADMILL

We hypothesize that the pesticide treadmill involves a complexity
of interacting enabling and disabling factors, which can be found
in all four domains described above. To test this hypothesis, we
selected historic case studies that met the following criteria: (i)
availability of data on pesticide use in a cropping system of 30
years or more, (ii) availability of information on drivers of
pesticide use, and (iii) documentation of lock-in and escape from
the pesticide treadmill. We found five case studies that met these
criteria: cotton production in Sudan, cotton production in
Nicaragua, cotton production in Texas, USA, banana production
in Costa Rica, and rice production in Indonesia.

To identify which drivers governed the lock-in and escape of the
pesticide treadmill, we further divided the pesticide treadmill into
three phases (Doutt and Smith 1971): subsistence and
exploitation, crisis and disaster, and escape & reorganization
(Table 1). The subsistence and exploitation phase is characterized
by an expanding crop production, but with still limited reliance
on pesticides. Pest control measures are generally basic and
limited in scope. The crisis and disaster phase is often triggered
by the development of resistance against pesticides, and often
results in soaring pest problems, increasing pesticide applications,
and decreased profitability of crop production. The escape and
reorganization phase is initiated by the notion that further
increases in pesticide use will not solve the crises and alternative
pest management approaches are explored (Doutt and Smith
1971, Eveleens 1983, Castle 1999). The Sudan and Nicaragua case
studies are described below, while the case studies of the USA,
Costa Rica, and Indonesia are given in Appendix 1.

Case study Sudan

Subsistence and exploitation

During the 1950s, the Sudan Plantation Syndicate centrally
managed a major irrigation project in the state of Gezira and
effectively developed cotton production (Eveleens 1983, Castle
1999). The cotton growing area increased from 90,000 ha in 1945
to 250,000 ha in 1975, and only a limited number of cotton
varieties were used. Cotton export was good for 71% of Sudan’s
national export in 1956 (Castle 1999). Crop management was the
responsibility of tenants, but crop protection decisions were made
by the central administration of the Gezira scheme. Cotton
whitefly (Bemisia tabaci), a secondary pest, was controlled
successfully with a combination of cultural and sanitary practices,
and the cotton jassid (Jacobiasca lybica) was managed with broad-
spectrum pesticides. Although there was a rapid expansion of the
total cotton area treated with the organochlorine DDT to 60% in
1950s, the application frequency was still limited with one early
season application per season until the 1960s (Fig. 2; Eveleens
1983, Castle 1999).

Crisis and disaster

Pest problems emerged with DDT applications becoming
ineffective in resolving J. lybica outbreaks. Concurrently, B. tabaci
reached the status of key pest because of negative effects on
natural enemies by broad-spectrum pesticides (Eveleens 1983,
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Table 1. Overview of (enabling and disabling) drivers in the three phases of the pesticide treadmill. Drivers are numbered and allocated
to the four domains (I-IV) of the theoretical framework. Common drivers are indicated in bold.

Subsistence and exploitation

Crisis and disaster

Escape and reorganization

Domains’ I 11 1 v I 1 v I 1II I v

Sudan: cotton 1,2 5,6 9,11 233,24  3,4,8 12, 13, 14, 28 9,22 31,32

(Fig. 2) 16

Nicaragua: 1,2 6 11,14,20 23a,24,26a, 3,4,8 14, 15,16, 23a, 26a, 28, 7 9,19,22 23a,25,31,

cotton 31¢ 18, 19, 21 29 33,34

(Fig. 3)

Texas, USA: C* 1,2 6 9, 10a,11 233,27, 3,4,8 13, 15, 16, 21 7

cotton (Fig. ) 33 18

Al.1) B 9,21 31
A’ 9,17, 21 31,34

Costa Rica: 1,2 6 11,14,18 23a 3,4,8 14,18,19  21,22,28 9, 10b, 31,23b

banana 17

(Fig A1.2)

Indonesia: rice 1,2 5,6 11,12,13 23a,25,26a 3,4,8 14, 20 23a, 24, 26, 9,22 31, 26b

(Fig A1.3) 28, 29, 30

Neonicotinoids 1, 2 3,4,8 5,6 14 31 31

(Fig. 4)

"1: Farming; II: Agro-landscapes; I1I: Science & technology; IV: Society

3?‘ one-year ban;
¥ A: Texas High Plains; B: rest of Texas; C: Texas Trans Pecos

1. infestations of key pests; 2. infestations of secondary pests; 3. increase in number of key pests/secondary pests becoming key pests;
4. pesticide resistance, cross-resistance; 5. intensification of management practices (fertilizers, irrigation, high yielding varieties,
change in sowing dates)/technology packages; 6. expansion of crop growing area; 7. reduced cropping area; 8. negative impacts on
natural enemies; 9. (cultural) integrated pest management (IPM); 10a lowered economic thresholds; 10b higher economic thresholds;
11. chemical pest control; 12. package deals; 13. pesticide mixtures; 14. large-scale (prophylactic) pesticide applications/aerial
spraying; 15. increasing pesticide dosages; 16. reduced application intervals; 17. targeted spraying; 18. calendar spraying; 19.
negative effects on human health; 20. extension/knowledge distribution by agro-businesses; 21. extension/knowledge distribution
by public sector/state; 22. farmer field school; 23a. centralized decision making/agrarian reform, 23b. decentralized management; 24.
economic importance (export); 25. loans; 26a: subsidies on pesticides; 26b: elimination of pesticide subsidies; 27. payments based
on yields; 28. increasing costs of insecticides (compared to net return of crop); 29. war/social and political upheaval; 30.
deregulation/privatization; 31. legislation, e.g., ban, decree; 32. insurance/compensation scheme for farmers; 33. new pesticide
policies; 34. (regional/national) coordination agency for pest management.

Castle 1999). This increasing pest pressure resulted in more
frequent and higher dose applications of organochlorine
insecticides. In the 1970s, pest problems aggravated by insecticide
resistance, pest resurgence, and the appearance of several
secondary pests, such as B. tabaci and cotton bollworm
(Helicoverpa armigera), triggered more applications with a wider
spectrum of insecticides, including DDT, endrin, and dimethoate
(Eveleens 1983, Stam et al. 1994, Castle 1999, Bashir et al. 2003).
Contractual “package deal” agreements were made between
cotton growers and agrochemical companies to ensure the control
of H. armigera, whereby the agrochemical companies were
responsible for all pest control operations and guaranteed a
minimum yield to farmers. Although cotton acreage under these
package deals quickly increased from 30,000 ha in 1973 to 80,000
ha in 1978, cotton pests continued to reach outbreak levels and

broad-spectrum pesticides, such as monocrotophos, were applied
using aerial spraying. Although this approach was initially
effective against H. armigera, whitefly populations were
unaffected and caused severe crop damage. Over time, pesticide
application frequency increased from an average of one spray per
season in 1960-1961 to eight sprays per season in 1980-1981
(Eveleens 1983).

Escape and reorganization

By the mid-1970s cotton production was no longer economically
viable because of emerging outbreaks of pesticide-resistant
whitefly populations. This led to a ministerial decree issuing a ban
on package deals and (mixtures containing) DDT (Eveleens 1983,
Castle 1999). The immediate result was a shift in insecticide classes
toward endosulfan, newly registered pyrethroids, and aldicarb
(Eveleens 1983). Concurrently, IPM programs were developed
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based on biological control of H. armigera and higher economic
damage threshold levels, permitting a reduction in pesticide
application frequency from eight to three per season without yield
reduction (Bashir et al. 2003). Although farmer training and
education were central to reach this achievement, another key
success factor was the launch of innovative insurance schemes for
early IPM adopters, thus compensating farmers for pest-induced
yield loss. This insurance reduced farmers’ uncertainty and
associated risk-aversive behavior, and enabled uptake of IPM
packages that involved improved water management, insect-
resistant varieties, and biological control (Stam et al. 1994, Bashir
et al. 2003).

Fig. 2. Time line representing enabling (upward arrows) and
disabling (downward arrows) drivers of pesticide use in cotton
production in Sudan from 1945 to 1995. The graph indicates
the number of insecticide applications per year (Eveleens 1983,
Bashir et al. 2003). Dashed lines indicate approximate times of
the transition to a new phase of the treadmill. Colors referring
to domains (I-IV) in the framework: (I) farming (yellow), (IT)
agro-landscapes (green), (I11) science and technology (blue),
and (IV) society (pink). Numbers and arrows indicate drivers of
the treadmill; (1) pest outbreaks (yellow), cropping
intensification (green), early season sprays (blue), centralized
crop protection decision making (pink); (2) cotton export 71%
of national export; (3) pesticide resistance and secondary pest
resurgence (yellow), expansion of cotton growth area (green),
pesticide mixtures and pesticides with different modes of action
(blue); (4) secondary pest outbreaks (yellow), package deals
(blue); (5) maximum cotton acreage (green), increasing crop
protection costs (pink); (6) pesticide resistance to
organophosphates; (7) start integrated pest management
program; (8) ban on DDT and package deals; (9) development
of biological control strategies, and large-scale demonstrations
that fewer pesticides could be used; (10) economic threshold
levels for four major cotton pest species were revised,
improvement of the role of biological control agents in cotton
crop protection, implementation of food crops in the cotton
rotation.

subsistence & exploitation crisis & disaster

escape & reorganization

#insecticide applications/year

1980 = = = = = = - ————— =

1945
1950
1955
1960
1965
1970
1975
1985
1990

In summary, in the case of Sudan we identified drivers from all
four domains in the conceptual framework (Table 1; Fig. 1).
Drivers from the “farming” and “agro-landscapes” domains were
most prominent in the “subsistence and exploitation” phase, while
drivers of the “science and technology” and “society” domains
were dominant in the “escape and reorganization” phase (Table
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1). Although pest problems emerged with the expansion of cotton
production and intensive management practices, Castle (1999)
argues that the centralized decision making of the Gezira scheme
contributed to a range of socioeconomic problems influencing
the agricultural system, such that tenant farmers cared less about
cotton production. Ultimately, the crises were resolved by
deploying IPM measures (Eveleens 1983, Stam et al. 1994, Castle
1999, Bashir et al. 2003). Several economic, social, and political
drivers contributed to the IPM success, with a central element
being a compensation scheme for yield reduction for early IPM
adopters, reducing farmers’ uncertainty and influencing risk
perception (Table 1; Bashir et al. 2003).

Case study Nicaragua

Subsistence and exploitation

Before the 1950s, 3000 ha of cotton was grown in western
Nicaragua and the boll weevil (Anthonomus grandis) was the main
pest. Boll weevil outbreaks were combatted with large-scale
applications of DDT and methyl parathion (Fig. 3). During the
1960s, cotton acreage expanded to 150,000 ha and cotton became
an engine of growth of the Nicaraguan national economy. Not
only did the national government provide direct subsidies to
facilitate farmers’ purchasing of pesticides (Vandermeer 1991,
Murray 1994), chemical producers enjoyed free rein because there
was a lack of public-sector infrastructure and knowledge
distribution of cultural and nonchemical pest control practices
(Murray 1994). Even though human poisonings and deaths urged
the government to ban methyl parathion in 1953, cotton grower
associations and related lobby groups forced the ban to be lifted
in the same year (Swezey et al. 1986).

Crisis and disaster

By the mid-1960s the area of cotton production exceeded 150,000
ha (40% of the cultivated area in the whole of Nicaragua) and
further increased to 175,000 ha in 1973. Yet, from 1965 onward,
cotton yields dropped and pesticide-inflicted ecological
disruption became evident with an emergence of several
secondary pests, including the American cotton bollworm
(Helicoverpa zea), armyworm (Spodoptera sunia) and B. tabaci
(Swezey et al. 1986). To safeguard yields from pest attacks,
pesticide usage rates increased from five per year in the mid-1950s
to 28 by the late 1960s, primarily through calendar-based
application schemes devised by the agrochemical industry. In
addition, farmers that cultivated cotton depended heavily on bank
loans, which were directly tied to crop yields. Loan contracts
prescribed the type of chemicals to be used and the number of
applications to obtain target yields (Murray 1994). Yet, average
yields fell by 15-30%, and insecticide resistance and the emergence
of secondary pests became more prevalent (Swezey et al. 1986).

Escape

In 1966 a national cotton commission was established to mitigate
the increasing cotton pest problems and a cotton research station
was opened in 1967. These initiatives coincided with an initiative
of the Food and Agriculture Organization (FAO) to develop an
IPM program and reorient pest control practices in Nicaragua.
This IPM program included training of researchers and
technicians, establishment of demonstration fields, and the
monitoring of insect populations. Nonchemical and low-
chemical agronomic practices were promoted to prevent
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ecological disruption, which included scouting, increased
economic damage thresholds, coordinated releases of parasitic
wasps, and the promotion of microbial pesticides and other
biological control agents (Murray 1994). The IPM program was
implemented in the 1970s, and achieved a 30% reduction in
pesticide use, higher cotton yields and a substantial increase in
farmer profits (Swezey et al. 1986).

Fig. 3. Time line representing enabling (upward arrows) and
disabling (downward arrows) drivers of pesticide use in cotton
production in Nicaragua from 1945 to 1995. The graph
indicates the number of insecticide applications per year
(Swezey et al. 1986, Murray 1994). Dashed lines indicate
approximate times of the transition to a new phase of the
treadmill. Colors referring to domains (I-IV) in the framework:
(D farming (yellow), (II) agro-landscapes (green), (I1I) science
and technology (blue), and (IV) society (pink). Numbers and
arrows indicate drivers of the treadmill; (1) key pest outbreaks
(yellow), economic importance of cotton (pink), (2) increased
acreage of cotton production (10,500 ha); (3) one-year ban on
methyl parathion; (4) agrarian reform; (5) insecticide resistance
(yellow) and decrease natural enemy populations (green); (6)
key pests from 5 to 9 (yellow), cotton on 40% of all agricultural
land (green), calendar scheduled pesticide applications (blue);
(7) drift of pesticide applications; (8) integrated pest
management (IPM) program; (9) increase in cotton acreage
(175,000 ha), 5-year drought (green), pest outbreaks (yellow);
(10) few IPM specialists (blue), loans for pesticide imports,
nationalized cotton farms, war (pink); (11) pest outbreak; (12)
ban and innovative pesticide policies (pink), regional [IPM
programs (blue); (13) state decree on mandatory IPM measures;
(14) economic crisis, Contra War.
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Crisis and disaster

Yet, the promotion of IPM was hindered by insufficient capacity
of trained technicians and poorly developed national agricultural
research and extension programs (Murray 1994). Drought-
induced outbreaks of cotton leaf miners (Bucculatrix
thurburiella), whiteflies (B. tabaci), and bollworms contributed to
a relapse in the use of pyrethroids (Swezey et al. 1986, Murray
1994). Declining yields and escalating pest problems favored the
quick fix that pesticides promised, prompting a relapse to
pesticide use. In addition, banks offered incentives, e.g., bonuses,
to farmers who harvested cotton at yield levels that exceeded
normal yield levels, which spurred farmers’ short-term vision
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instead of along-term approach, such as IPM. Although pesticide
application frequencies did not increase in the late 1970s, farmers
did increase dosages (Murray 1994).

Escape and reorganization

The Sandinista-led revolution changed the political landscape of
Nicaragua. A second transition to IPM was attempted in 1982,
this time driven by a ban on organochlorine-based insecticides,
the initiation of a National Pesticide Commission to regulate
pesticide imports, and a renewed effort to implement IPM
programs. The latter was attempted through coordinated training
of IPM specialists and extension officers, and with a special focus
on the suppression of the primary pest, the boll weevil (Swezey
et al. 1986). For example, the establishment of trap crops for boll
weevil as a prophylactic treatment reduced the number of
pesticide applications needed to suppress boll weevil. The
importance of this measure was emphasized with a state decree
that made it mandatory to take measures to suppress boll weevil
between cropping seasons (Vandermeer and Andow 1986). In
addition, there was a focus on experiments with bacterial
pesticides to replace existing chemical products. This was a
popular measure for farmers because it did not imply major
changes in the cotton production process. This IPM approach
reduced the number of insecticide applications in cotton, and by
1984 became one of the largest IPM programs in Central America
(Swezey et al. 1986). However, the success of this program was
undermined by the social and economic difficulties in Nicaragua
in the late 1980s (Murray 1994), and cotton acreage decreased to
35,000 ha in 1990. Although a decline in pesticide use was
observed (Fig. 3), this may be ascribed to a decline in cotton
acreage, the economic crisis in Nicaragua resulting in soaring
pesticide prices, and declining international market prices for
cotton (Swezey et al. 1986, Thrupp 1988, Vandermeer 1991,
Murray 1994). Moreover, the Contra War hindered IPM workers
and pesticide inspectors (Thrupp 1988).

In summary, most of the identified drivers in Nicaragua fit in one
of the four domains of the conceptual framework (Table 1; Fig.
3). Enabling drivers from the “farming” and “agro-landscapes”
domains were mainly found in the “subsistence and exploitation™
phase but were virtually absent in the “escape and reorganization”
phase (Table 1). Ultimately, the escape from the insecticide use
lock-in was fostered by drivers of the “science and technology”
and “social” domains, resulting in the implementation of the IPM
approach.

THE CASE OF NEONICOTINOID INSECTICIDES

Subsistence and exploitation

Imidacloprid was the first neonicotinoid introduced on the
market in the early 1990s, quickly followed by acetamiprid (1995),
nitenpyram (1995), thiamethoxam (1998), thiacloprid (2000),
clothianidin (2001), and dinotefuran in 2002 (Jeschke et al. 2011).
A pre-emptive approach (using pretreated or neonicotinoid-
coated seeds) is routinely applied to large areas of grain and
oilseed crops in developed countries, irrespective of pest presence,
infestation pressure, or cropping history (Douglas and Tooker
2015, EASAC 2015, Simon-Delso et al. 2015). For example, 42
million hectares of cropland in the U.S. were planted with
neonicotinoid-coated seeds, equalling 57% of total area planted
with maize, soybean, and cotton in 2011 (Douglas and Tooker
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2015). Currently, neonicotinoids are used in over 120 countries
as seed treatment in more than 140 crops, including cotton, corn,
cereals, sugar beet, oilseed rape, and others (Jeschke et al. 2011).
With a 24% market share, neonicotinoids are currently the most
used class of insecticides (Jeschke et al. 2011, Alburakiet al. 2015,
Simon-Delso et al. 2015, Sparks and Lorsbach 2017). Because the
patents on all neonicotinoids have expired, the supply of generic
products is likely to increase and open up the market, possibly
leading to a price reduction of neonicotinoids (Jeschke et al.
2011). Given this expansion of neonicotinoids into major markets
worldwide, the number of resistance cases is expected to rise
(Whalon et al. 2008).

Crisis and disaster

The widespread use and environmental persistence of
neonicotinoids hasraised concerns about exposure and associated
impacts on nontarget organisms (Chagnon et al. 2015, Douglas
and Tooker 2016, Woodcock etal. 2016, Calvo-Agudoetal. 2019).
Exposure to neonicotinoids can occur via different pathways,
including pollen, nectar, guttation fluids, soil, air, and noncrop
vegetation (Roubos et al. 2014, Chagnon et al. 2015, Mogren and
Lundgren 2016, Calvo-Agudo et al. 2019), and sublethal and
lethal effects have been reported for pollinators (Blacquiére et al.
2012, Whitehorn et al. 2012, Rundlof et al. 2015) and natural
enemies, potentially undermining vital pollination and biological
control services (Pisa et al. 2015, 2017, Calvo-Agudo et al. 2019).
High levels of exposure were reported for different species of
farmland birds (Humann-Guilleminot et al. 2019), and sublethal
impacts have been reported for large vertebrates, such as deer
(Gibbons et al. 2015, Berheim et al. 2019). Residues of
neonicotinoids have been found in honey all over the world, at
potentially harmful concentrations for nectar-feeding insects in
48% of the samples (Mitchell et al. 2017).

Since the introduction of neonicotinoids more than a 1000 cases
of resistance have been reported (Mota-Sanchez and Wise 2020).
More than half of these resistance cases have been reported for
economically important pests of different crops across the world,
especially in America, Europe, and Asia (Nauen and Denholm
2005, Jeschke et al. 2011). For instance, 250 and 105 resistance
cases are reported for B. tabaciand A. gossypii, respectively, which
are important polyphagous pests in cotton and vegetables (Mota-
Sanchez and Wise 2020). The green peach aphid, Myzus persicae
(Sulzer), is the most economically important aphid pest
worldwide and 120 cases of neonicotinoid resistance have been
reported in flower, crops, fruit, trees, grains, tobacco, or vegetables
(Bass et al. 2015, Mota-Sanchez and Wise 2020). The brown
planthopper N. lugens is the most economically significant pest
of rice (Mota-Sanchez and Wise 2020) and populations of N.
lugens (Stal) show widespread resistance across Asia (Bass et al.
2015). Insecticide resistance has led in some cases to increased
application rates of neonicotinoids, or replacement of
neonicotinoids by older and more harmful insecticides (Jeschke
etal. 2011, Chagnonetal. 2015, Simon-Delso et al. 2015, Douglas
and Tooker 2016).

The prophylactic use of neonicotinoids has deepened farmer
dependency on insecticides, and created a system in which farmers
experience “deskilling” and lack sufficient resources or experience
to transition toward more ecologically-based pest management
approaches (e.g., LaCanne and Lundgren 2018, Wyckhuys et al.

Ecology and 8001ety 25(3): 26
ds /

2019). Core components of the IPM approach, such as pest
monitoring and threshold-based decision making, have become
redundant with prophylactic use of neonicotinoids (EASAC
2015). Moreover, the current use of neonicotinoids is facilitated
by relatively low costs, convenient application modes, existence
of tailored supply chains, and the necessary technology and
machinery for on-farm application. Even if farmers prefer to use
nontreated seed, accessing it can be challenging (Simon-Delso et
al. 2015, Busch et al. 2020).

Escape and reorganization?

Currently, there are several cases of legislation to regulate
neonicotinoid use. In 2018, the European Union (EU) prohibited
the use of seeds treated with the neonicotinoids clothianidin,
thiamethoxam, and imidacloprid for open-field cultivation
(Regulation (EU) 2018/784; EU 2018). The U.S.-EPA has
announced a registration review update on imidacloprid,
clothianidin, thiamethoxam, and dinotefuran for 2020 (U.S.-EPA
2020), and the state of Maryland in the USA has issued a ban on
the sales of neonicotinoids effective in 2018 (State of Maryland
2016). Though some restrictions are aimed at flowering field crops
to prevent their impacts on pollinators and other flower visitors,
nonflowering crops can pose equally high risks to these organisms
(Calvo-Agudo et al. 2019). In response to an earlier EU
moratorium on neonicotinoids, multiple EU member states have
applied for emergency authorizations to continue the use of
neonicotinoids (EFSA 2018). Some farmers and associated lobby
groups are trying to obtain derogations because neonicotinoids
are considered indispensable in modern agriculture. Clearly, the
outcome of this debate will have important implications for
farmers, agrochemical industry, and society as a whole.

DISCUSSION

By contrasting the rapid global use of neonicotinoid insecticides
with five historic cases of the pesticide treadmill (Table 1, Figs. 2,
3, and 4, Appendix 1), we generated three key insights: (i) the
uptake and reduction of insecticides are influenced by drivers
from different social-ecological domains, including “farming,”
“agro-landscapes,” “science and technology,” and “society,” (ii) a
pesticide treadmill is enforced by drivers from all four domains,
while drivers from “science and technology” and “society” are
most important for the escape from the pesticide treadmill, and
(iii) the neonicotinoid case shows many similarities with historic
case studies, but also deviates in some respects. Important
differences are that the uptake of neonicotinoids occurred at a
fast pace and a global scale for several crops, while documented
historic examples of the pesticide treadmill are rather restricted
to particular geographies and cash crops. Furthermore, while the
pesticide treadmill in the historic case studies was only
counteracted after major crop losses, current legislation to
regulate the use of neonicotinoids is strongly motivated by
concerns about impacts on nontarget organisms and the
environment, and less by mitigating resistance development and
the associated crop losses.

Historical case studies revealed that the identified drivers can be
categorized in the four domains of the conceptual framework
(Table 1), with similar patterns in Sudan, Nicaragua, USA, Costa
Rica, and Indonesia (Table 1, Appendix 1). The case studies show
that there are two important elements initiating the pesticide
treadmill that can be found in the “farming” and “agro-
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landscapes” domains; (i) frequent pesticide use triggers resistance
development and pest outbreaks, and (ii) impacts of pesticides
on natural enemies release pests from top-down control (Settle et
al. 1996), thus locking farmers into pesticide-based management
(Swezey et al. 1986). However, farm-level decisions may also be
influenced by driversin the social and technological domains (Fig.
1), many of which are beyond control of individual farmers and
the “farming” domain. Hence, itisimportant to consider on which
level transitions could be initiated (Kinzig et al. 2006).

Although the pesticide treadmill may be enforced by drivers from
all four domains, agroecological problems lie often at the base of
the pesticide treadmill (Table 1). The large-scale monocropping
of a limited number of crops offers an abundant and high-quality
food resource for herbivores and often initiates the build-up of
pest populations. Resistance of key pests to pesticides, pest
resurgence, and secondary pest species usually result in increases
in the quantity, frequency, and diversity in MoA of the pesticides
used to manage pests. In addition, centralized management and
decision making, e.g., through bank loans tied to crop yields,
subsidies on pesticides, and package deals with agro-industry,
accelerated the pesticide treadmill in historic case studies. Yet,
“science and technology” and “society” regularly helped unlock
and accelerate the “escape and reorganization” phase. That is,
scientific progress and farmer-led innovation, e.g., in agro-ecology
and biological control, became the central element of farmer field
schools (FFS) in, e.g., Sudan, Nicaragua, and Indonesia (Swezey
et al. 1986, Settle et al. 1996, Bashir et al. 2003). On-farm
validation of IPM and biological control directly contributed to
the escape of the treadmill by millions of farmers (Matteson 2000,
Sigsgaard 2000). For example, the FFS movement in Indonesia
consisted of three pillars in which (i) pesticide use was widely
recognized as a key driver of pest outbreaks, (ii) millions of
farmers were trained on nonchemical pest management, and (iii)
pesticide use was cut substantially and biological control
experienced a bonanza (Settle et al. 1996, Matteson 2000,
Thorburn 2015).

Our analysis suggests that current neonicotinoid use is in the
“crisis and disaster” phase of the pesticide treadmill (Fig. 4). The
widespread use, persistent nature, and toxicity of neonicotinoids
to a broad range of beneficial organisms are strong indications
that many ecological and societal problems that accompanied the
developments of pesticide use as described in our case studies still
persist (Figs. 2 and 3 vs. 4; Chagnon et al. 2015). Cases of
resistance against neonicotinoids are continuously increasing
both in terms of number of pest species and countries (Mota-
Sanchez and Wise 2020). For instance, neonicotinoids are
identified as the driver of renewed pest problems and increased
pesticide use in Asian rice systems (Bottrell and Schoenly 2012),
suggesting that the lessons learned from IPM training have been
abandoned. Although resistance has commonly been solved by
replacing one active ingredient with another, e.g., organochlorines
were replaced by carbamates and pyrethroids (Sparks and
Lorsbach 2017), the case studies indicate that this is not a
sustainable strategy for future agricultural production. From a
socio-technological perspective, especially prophylactic use of
neonicotinoids as a standard practice has created a system in
which many farmers lack resources, skills, and experience to
implement a different pest management strategy (EASAC 2015).
Although a diverse range of alternatives can replace
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neonicotinoids, e.g., scouting, decision-support tools, low-impact
pesticides, or Dbiological control, accurate and unbiased
information on the efficacy and cost-effectiveness of
(prophylactic) neonicotinoid usage is needed. Because extension
services are commonly provided by chemical companies
(Giannakas and Fulton 2005, Savary et al. 2012), information on
neonicotinoid use is often one-sided as it reaches the farmer
through programs sponsored by pesticide manufacturers (Tooker
et al. 2017). Farmers are regularly led to believe that a phase-out
of neonicotinoids will entail yield reductions and loss of profit,
and they are therefore reluctant to reduce their use of insecticides
(Goulson 2013, Furlan et al. 2018), with such claims possibly
being part of a deliberate misinformation strategy (Oreskes and
Conway 2011, Juma 2016, Furlan et al. 2018). Yet, yield gains of
neonicotinoid seed coatings were negligible in U.S. soybean
(Myers and Hill 2014, Mourtzinis et al. 2019), questionable in U.
S. maize (Seagraves and Lundgren 2012, Krupke et al. 2017), and
farm-level profits can increase substantially for growers that
abandon these technologies (LaCanne and Lundgren 2018).

Escape and reorganization of neonicotinoid use

Cowan and Hultén (1996) formulated six conditions for a lasting
escape from technology lock-in. These are a crisis in the existing
technology, changing regulations, technological or cost
breakthrough, changes in “taste” by society, active niche markets
and early adopters of emerging technologies, and scientific results
questioning the technology in use. Given the above, we consider
that a slow but steady escape from the neonicotinoid use lock-in
isunderway. First, the continuous resistance development, stricter
residue requirements, and changing regulatory landscape are
posing major challenges to the agrochemical industry and farmers
(Sparks and Lorsbach 2017, Jergensen et al. 2018, Pretty 2018).
Although we recognize the multiple challenges associated with a
ban of a popular insecticide, a properly aligned design and
implementation of effective, economically viable, and practicable
alternatives and broader agricultural systems redesign can enable
a large-scale, lasting transformation of pest management systems
(Pretty 2018, Sponsler et al. 2019). In society, change in “taste”
is reflected in the swelling support of consumers, NGOs,
governments, and farmers for “green” and environmentally
friendly agriculture (Byerlee et al. 2009, van Lenteren et al. 2018).
In the meantime, scientific reports emphasize the environmental
and nontarget impacts of neonicotinoids and question their
efficacy (Seagraves and Lundgren 2012, EASAC 2015, Cimino et
al. 2017, Mourtzinis et al. 2019). Finally, the development of
agroecological niches, innovations across agri-food value chains,
and the uptake of no or low-pesticide practices by early adopters
allow adaptive learning and permit broader diffusion of
nonchemical alternatives (Cowan and Hultén 1996, Vanloqueren
and Baret 2009). The case studies illuminate various elements that
are central to effectively mitigate pesticide use in agri-food
systems, and thus create room for more equitable and sustainable
forms of agricultural production. For example, the Sudan IPM
initiative proved successful because of compensation schemes for
yield reduction tailored to early IPM adopters, thus reducing
farmers’ uncertainty and influencing risk perception (Bashir et
al. 2003). In Nicaragua, key components were the coordinated
training of IPM specialists and extension officers, and the
promotion of microbial pesticides that could be -easily
incorporated in farming operations (Swezey et al. 1986). The case
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Fig. 4. Time line of neonicotinoid use and developments from 1990 to the present. The graphs indicate the amount of neonicotinoid
use per year, including seed treatments for three countries; USA (orange; million kg applied/year from 1992 to 2014), UK (green; kg
applied/ year from 1994 to 2016), and the Netherlands (yellow; kg applied/year from 1995 to 2016). Data are obtained from U.S.
Geological Survey (EPest-Low estimate) for the USA (USGS 2019), from Pesticide Usage Surveys for the UK (Fera 2020), and from
CBS StatLine for the Netherlands (Statline 2019). Dashed lines indicate the possible timing of the transition to a new phase of the
treadmill. Colors referring to domains (I-IV) in the framework: (I) farming (yellow), (II) agro-landscapes (green), (I1) science and
technology (blue), and (IV) society (pink). Numbers and arrows indicate drivers of the treadmill; (1) introduction of imidacloprid;
(2) introduction of acetamiprid and nitenpryam; (3) neonicotinoid resistance in B. tabaci; (4) introduction of thiamethoxam; (5)
introduction of thiacloprid (blue), neonicotinoid resistance in Leptinotarsa decemlineata (Colorado potato beetle; yellow); (6)
introduction of clothianidin; (7) introduction of dinotefuran (blue), honeybee mortality linked to neonicotinoids (green),
neonicotinoid resistance in A. gossypii (yellow); (8) patent expiry on imidacloprid; (9) neonicotinoid resistance in N. lugens and M.
persicae (yellow), 80% seed treatments with neonicotinoids (green); (10) patent expiry other neonicotinoids; (11) two year
moratorium on three neonicotinoids in EU; (12) ban on three neonicotinoids in EU. For USA specifically: (A) imidacloprid
resistance in L. decemlineata; (B) imidacloprid and thiamethoxam resistance in M. persicae and B. tabaci; (C) more than 50% of
area planted with maize, soybean, and cotton treated with neonicotinoids; (D) thiamethoxam resistance in A. gossypii; (E)

registration review update in the USA.
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of Texas cotton shows how a coordinated effort by farmers was
needed to switch practices (Cowan and Gunby 1996). In Costa
Rica, an increased awareness of pest issues, the development of
economic damage threshold levels, and an ultimate ban on all
insecticide treatments brought about change (Thrupp 1990).
Although a country-wide ban on 57 pesticides constituted a first
step toward change in Indonesia, the official (government)
endorsement of IPM and hands-on training of millions of
farmers on nonchemical pest management ultimately permitted
an up to 60% decrease of insecticide use (Oka 1991, Settle et al.
1996, Thorburn 2015). The IPM FFS movement fostered the
escape of the treadmill for millions of farmers through farmer
innovations, tailored extension programs, and on-farm validation
of IPM and biological control. Endorsement of these

developments by national governments and international
organizations, like FAO, permitted a fast transition toward
ecologically-based management techniques (Swezey et al. 1986,
Bashir et al. 2003).

At present, a suite of alternative pest control methods are
available, including economic damage threshold levels, microbial
control agents, semiochemical methods, and biological control
(Barzman et al. 2015, Furlan and Kreutzweiser 2015, Furlan et
al. 2018, Jactel et al. 2019), even though not all alternatives rank
well in terms of efficacy, applicability, durability, and
practicability (Jactel et al. 2019). The recent emergence of
“disruptive innovations” (Juma 2016), such as robotic weeders,
farm-level sensing, weed-suppressing intercrops, or drone-based
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delivery of natural enemies carries ample promise (Lamichhane
et al. 2016, Iost Filho et al. 2020). Political initiatives are needed
to overcome eventual economic constraints, ease farmer
transitions, and influence the trade-off between costs and benefits
of insecticide use (Clark and Tilman 2017, Milner and Boyd 2017,
van Lenteren et al. 2018). Once alternative technologies are
permitted to mature and reach scalability, without involvement
of the agrochemical industry, they can break the multidecade
model of chemically dependent agriculture. Yet, transitions also
need to occur in social domains, with effective (two-way) scientist-
farmer communication, coordination, and cooperation being
determinants of success. Tailored education of farmers, e.g., to
fill existing agro-ecological knowledge gaps (Wyckhuys et al.
2019), possibly can spark on-farm experimentation and adoption
of nonchemical management alternatives (Pretty 2018).

To conclude, transitions in pest management cannot be seen in
isolation from other components of the social-ecological system
(Lewis et al. 1997, Lamine et al. 2010, Lamine 2011, Letourneau
2012, Barzman et al. 2015). The case studies show that regulations
(e.g., bans or state decrees), [IPM programs, and introduction of
biological control tactics help to develop systems that are less
pesticide dependent (Table 1). Thereby, fostering the adoption of
sustainable management practices requires training, education,
and acceptance of new approaches by farmers, parallelled by
facilitation through policy makers and regulators (EASAC 2015,
Furlan and Kreutzweiser 2015, Dudley et al. 2017, Milner and
Boyd 2017, Sponsler et al. 2019). To facilitate “escape and
reorganization” of current neonicotinoid-based pest management,
top-down regulations need to be paired with bottom-up farmer-
first approaches of pest management (Matteson 2000, MacMillan
and Benton 2014, Wyckhuys et al. 2019), and the active pursuit
of management practices that do not involve synthetic pesticides,
such as agro-ecology. Neonicotinoid use has triggered a new,
globe-spanning cycle of the pesticide treadmill, yet promising and
resolute steps are being taken to escape this lock-in. When paired
with adequate technological innovation, supporting policies,
sound public education, and institutional change, the current
product bans can enable a large-scale, lasting adoption of
ecologically underpinned farming schemes that will concurrently
benefit farmers, consumers, and the environment.

Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses.

php/11814
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Appendix 1

Case study USA

Subsistence & exploitation

During the 1940s, the USA government policies incentivized the uptake of high yielding crop
varieties to enhance agricultural productivity. Cotton growers in southern Texas readily
switched to these high yielding cotton varieties that were susceptible to insect attack (e.g. boll
weevil, A. grandis), which made growers extremely reliant on the use of pesticides (Fig.
A1.1). Growers lowered their pest damage thresholds in cotton, reinforcing the adoption of
chemical pesticides (Cowan and Gunby 1996). By the mid-1950s key pests of cotton (4.
grandis, cotton fleahopper (Pseudatomoscelis seriatus) and pink bollworm (Pectinophora
gossypiella)) had developed resistance to frequently applied insecticides (e.g. DDT, dieldrin).
As a response, new mixtures of insecticides were introduced, and dosages and application
frequencies increased.

Crisis & disaster

The response to pest outbreaks resulted in initial effective control of key pests, but stimulated
a resurgence of secondary pests, which became key pests. By 1968 almost 200,000 ha of
cotton was grown in Texas (Adkisson et al. 1982). Secondary pests developed resistance
against all insecticides used and inflicted severe damage to cotton, causing complete crop
failure, and resulting in a shrinking of the cotton production area in Texas to 64,000 ha in
1975 (Adkisson et al. 1982, Cowan and Gunby 1996).

In the ‘rest of Texas’ (Fig. A1.1B) and the area of Trans-Pecos (Fig. A1.1C) new insecticides
(organophosphates) were introduced as a response to resistance development to
organochlorines, and dosages and application frequencies increased. This response resulted in
effective suppression of key pests, but stimulated a resurgence of secondary pests (H. zea,
tobacco budworm (Heliothis virescens) and cabbage looper (Trichoplusia ni)), which in turn
became key pests (Adkisson et al. 1982, Cowan and Gunby 1996). In the ‘rest of Texas’ (Fig.
A1.1B), at the end of the 1960s, cotton pests, such as A. grandis, P. seriatus and P.
gossypiella, were not controlled by organophosphates due to resistance. In the Trans-Pecos
area (Fig. A1.1C) cotton growers continued using pesticides, because they thought the
alternative was too complex and pesticides were simple to use based on calendar applications
or signs of crop damage. Uncertainty about the efficacy of IPM contained growers locked-in
in a pesticide dependent state (Cowan and Gunby 1996).

Escape & reorganization

In response to insecticide resistance alternative paths were explored by cotton growers in
Texas. Cotton growers on the High Plains of Texas (Fig. A1.1A) were quickly returning to
IPM practices. In a coordinated effort to control pests, cotton growers in this area applied
uniform delayed planting of cotton, limiting the need to use insecticides. Cotton growers in
‘the rest of Texas’ (Fig. A1.1B) also switched back to IPM as a pest management method, but
switching costs were alleviated by government extension programs and state legislation was
implemented to coordinate the adherence of farmers to a short growing season (Cowan and
Gunby 1996). This addresses the importance of coordination efforts to overcome ‘excess
inertia’ — the willingness to adopt a new technology knowing other will adopt the technology
as well. Despite these efforts only a small group of farmers in Trans-Pecos switched to IPM



(Fig. A1.1C), which was attributed to a lack of coordination mechanisms in overcoming the
lock-in (Adkisson et al. 1982, Cowan and Gunby 1996).
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Figure Al.1: Timeline representing enabling and disabling drivers (text balloons) of
pesticide use in cotton production in Texas, USA from 1920-1980. Colours referring to
domains in the framework: farming (yellow), agro-landscapes (green), science & technology
(blue), and society (pink). The colours in the background (orange-red-green) indicate the
transition to a new phase of the treadmill.

Case study Costa Rica

Subsistence & exploitation

The pest management dynamics in banana production in the Golfito zone in Costa Rica (Fig.
A1.2) provides another case study of interactions within the framework driving the pesticide
treadmill. Thrupp (1990) portrays how a combination of ecological and socio-political drivers
resulted in overuse of broad-spectrum pesticides, leading to insecticide resistance and
secondary pests. A pesticide treadmill was initiated with calendar-scheduled applications of
dieldrin against red rust thrips (Chaetanophothrips orchidii) and the banana corn weevil
(Cosmopolites sordidus), which caused a resurgence of a secondary pest banana stalk borer
(Castniomera humbolti) and the platynota moth (Platynota rostrana) (Stephens 1984, Thrupp
1990).



Crisis & disaster

Despite heavy spraying with organochlorine insecticides (dieldrin, DDT, endrin and
heptachlor) and malathion and diazinon, these pests were not controlled, and by the late 1960s
high economic losses undermined profits (Thrupp 1990). The pressure to fulfil production
goals, maximizing yields and comply with aesthetic quality standards led to high risk attitude
among managers of banana plantations and resulted in a high-input response to control pests
(Thrupp 1990). To control resistant insects by 1960, dieldrin was replaced by carbaryl to
control insect defoliators and the banana moth (Antichloris viridis), and toxaphene was used
for control of West Indian Bagworm (Oiketicus kirbyi). By 1962 banana moths and corn
weevils had developed resistance against dieldrin, but heavy spraying continued. There was
an information gap regarding pesticide resistance, resurgence and secondary outbreaks, and
the agrochemical industry was the most dominant source of information and publicity on pest
control from 1950-1980. When resistance problems arose, industry advised banana plantation
managers to switch to new insecticides. Although additional sources of information (e.g.
government agencies or scientific journals) were consulted, they were given little attention.
Risk perception of the managers was mainly shaped by production goals, information from
the agrochemical industry and their fear of pests, which refrained managers from adopting
alternative methods or approaches (Thrupp 1990). For example, even though it was already
demonstrated in 1965 that banana plants could tolerate some defoliation, it took another
thirteen years before a damage threshold level was adopted that took this into account
(Stephens 1984). While field staff was well positioned to make informed location-specific
decisions on pest management, the top-down centralized decision making on pest
management did not allow this (Thrupp 1990).

Escape & reorganization

The overuse of insecticides in banana production in Costa Rica (Fig. A1.2) began to
undermine profits in the early 1970s. Combined with an increased awareness of the pest
problem this led to an increase in economic damage threshold levels. After raising this
threshold, insecticide use began to decrease gradually. However, a successful change in insect
control was initiated in 1973 with a total ban on all insecticides. This allowed for the re-
establishment of natural enemies and within two years insect pests nearly disappeared
(Stephens 1984, Thrupp 1990).
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Figure A1.2: Timeline representing enabling and disabling drivers (text balloons) of
pesticide use in banana production in the Golfito zone, Costa Rica from 1950-1990. Colours
referring to domains in the framework: farming (yellow), agro-landscapes (green), science &
technology (blue), and society (pink). The colours in the background (orange-red-green)
indicate the transition to a new phase of the treadmill.

Case study Indonesia

Subsistence & exploitation

A fifth case is on rice production in Indonesia (Fig. A1.3). Rice production in Indonesia
intensified in the 1960s as a result of rice intensification programs. Farmers were provided
with a technology package consisting of short-duration, high-yielding rice varieties, nitrogen
and phosphate fertilizers, insecticides and fungicides by the government. Farmers were
obliged to use the whole package and applied pesticides on calendar-based regime, while
problems due to yellow stem borers (Scirpophaga incertulas) maintained (Oka 1991, Settle et
al. 1996, Thorburn 2015).

Crisis & disaster

Government undertook contracts with insecticide firms for pest management activities, which
included aerial applications of phosphamidon and diazinon to control stemborers. When a
secondary pest, the brown planthopper (Nilaparvata lugens), emerged, the government
provided loans and subsidies for agrochemicals to farmers. Another method to manage the
brown planthopper was the development of resistant rice varieties (IR36) in the early 1980s,
and the brown planthopper stopped being a problem until 1986. In 1984 Indonesia became
self-sufficient in rice production. However, rice farmers were still dependent on chemical-
based pest management to control pest outbreaks from green leaf hoppers (Nephotettix
malayanus and Nephotettix virescens) and white stemborer (Scirpophaga innotata) (Oka
1991, Settle et al. 1996, Thorburn 2015).

Escape & reorganization
A large outbreak of the brown plant hopper in 1986 urged the president to ban 57 pesticides,
along with the elimination of subsidies for insecticides. At the same time, IPM was introduced



as the official state-endorsed approach to pest management and a large-scale program for
farmer training in IPM was initiated. The program emphasized on-farm training that increased
farmers’ independence to implement IPM with as little external assistance as needed. Specific
training was on pest surveillance, host-plant resistance, natural enemies of pests, judicious use
of pesticides and field demonstrations that gave farmers first-hand experience with I[PM
practices and ecological concepts (Oka 2003, Bottrell and Schoenly 2012). Around 1.5
million farmers in Indonesia received training, and together with national IPM policies,
insecticide use was reduced by as much as 75% (Oka 1991, 2003, Settle et al. 1996, Bottrell
and Schoenly 2012).

Crisis & disaster

The Asian Financial crisis in 1997-1998 hit Indonesia hard, and in combination with the
political and economic turmoil in Indonesia during that period, many political and
institutional changes have caused the National IPM Program to be degraded. In 2009, new
outbreaks of the brown planthopper were reported with significant crop losses (Bottrell and
Schoenly 2012). Concurrently, farmers started spraying again. This relapse to pesticide use is,
amongst others, caused by insecticide resistance, deregulation and liberalization of trade and
investment, decentralization of decision-making, and loss of communication pathways
between agricultural research and extension services (Thorburn 2015).
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Figure A1.3: Timeline representing enabling and disabling drivers (text balloons) of
pesticide use in rice production in Indonesia from 1960-2015. Colours referring to domains
in the framework: farming (yellow), agro-landscapes (green), science & technology (blue),
and society (pink). The colours in the background (orange-red-green) indicate the transition
to a new phase of the treadmill.
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