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Abstract:  
The growing use of chemical herbicides for weed control has become a dominant feature of 
modern industrial agriculture and a major environmental and health concern in agricultural 
systems worldwide. The paper seeks to explain how and why glyphosate-based agricultural 
herbicides have become so entrenched in modern agriculture. It finds that a complex interplay 
among technological, market, and regulatory developments have encouraged a lock-in of 
glyphosate linked technologies in agricultural systems. These are: (1) the repurposing of 
glyphosate for use with genetically modified crops; (2) the rise of the generic glyphosate market 
which globalized the chemical’s use and encouraged new agricultural uses; (3) new 
technologies such as digital agriculture and genome editing that interface with glyphosate use; 
and (4) growing corporate market power and declining public investment in agricultural 
research programs that constrained innovation in non-herbicide technologies. 
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I. Introduction 

The growing use of chemical herbicides for weed control has become a dominant feature of 

modern industrial agriculture, and a major environmental and health concern in agricultural 

systems worldwide. The use of glyphosate, the most widely applied herbicide globally, has 

increased by a factor of 15 from 1996-2014 (Benbrook 2016). It is really only in the past 70 

years that chemical herbicides came into widespread use as key components of modern 

industrial agriculture, and glyphosate, developed by the agricultural input firm Monsanto, has 

only been on the market since the mid-1970s. Although many analysts and most governments 

consider glyphosate to be to be a relatively safe herbicide compared to other chemical 

herbicides that are more toxic, there is growing public concern about the consequences of its 

increased application in agriculture. Numerous problems associated glyphosate use have 

sparked considerable political debate in recent years, including: the spread of glyphosate-

resistant weeds, health concerns about exposure either from occupational use or from residues 

found on commonly consumed foods, and its broader environmental effects on biodiversity, 

water and soils. As these concerns mount, a growing number of governments around the world 

have taken the step of implementing restrictions on its use, even as the corporations that 

produce glyphosate-based herbicides insist that their products are safe. The process of 

regulating glyphosate has been highly contentious in most cases, and in some instances, 

restrictions have been delayed or rolled back, signaling the extent to which glyphosate is 

embedded in agricultural systems. 

Effective policy responses to growing concern about glyphosate requires a deeper 

understanding of how it came to be so entrenched, or ‘locked-in’, as a key agricultural input in 

the first place. The existing literature offers only partial answers to this question. Although 

there is a burgeoning literature on glyphosate, most of it is scientific in nature, focused on its 

human health and environmental impacts (Duke and Powles 2008; Kuhra et al. 2016). An 

emerging social science literature has focused mainly on legal and policy aspects of re-

registration as concerns about its safety have mounted (Tosun 2019; Székács and Darvas 2018) 

or social movement responses to its impacts (Bain et al. 2017; Lapegna 2016). Many studies 

note the rise of agricultural biotechnology as a key factor behind growing glyphosate use (e.g. 

Benbrook 2016; Bonny 2016). This paper makes the case that while agricultural biotechnology 

is certainly a key piece of the explanation, it is only part of the story of glyphosate’s increasingly 

central role as an agricultural input. I argue that a fuller explanation requires a consideration of 

how technological change – including but not limited to the rise of agricultural biotechnology – 

interacts in complex ways with market conditions and the regulatory environment. In other 
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words, the technological innovations that gave glyphosate such a prominent role in modern 

industrial agriculture did not occur in a political or economic vacuum. If we want to understand 

how glyphosate has taken such a prominent role in modern industrial agriculture, we need a 

deeper appreciation for the political and economic context in which those technologies were 

developed and diffused.  

The paper adopts an eclectic international political economy (IPE) approach, which is inspired 

by the work of Susan Strange who argued it is essential to examine changing dynamics between 

states, markets, and technological developments if we want to understand shifting power 

relationships in the global economy that matter for politics (Strange 1996). Strange noted that 

technological change is often an overlooked factor in the shifting balance of power between 

states and markets (1996, 7). I supplement this state-market-technology framework with 

insights from International Political Economy and Environment (IPEE) literature that examines 

the relationship between broad structural trends in the global economy, including the exercise 

of corporate power, and its implications for the environment (Levy and Newell 2005; Clapp and 

Helleiner 2012). This literature includes earlier IPEE work on the forces driving the development 

and global deployment of agricultural biotechnology, which incorporates analysis of some of 

the same firms as well as some of the technologies that are part of the glyphosate story (Newell 

2006; Williams 2009). The analysis also draws on insights from the literature on the interface of 

technological lock-in and environmental outcomes, which highlights the ways in which 

economic and social conditions can create path dependencies by reinforcing one technologies 

while constraining innovation in others, even when dominant technologies have known 

environmental disadvantages (Arthur 1989; Seto et al. 2019).   

Drawing on data from industry reports, government documents and scientific papers, the 

analysis reveals a number of distinct yet overlapping configurations of technology-market-state 

regulatory forces that have successively emerged over the past 50 years, each of which has a 

specific dynamic, or interplay, that contributed to putting glyphosate, and herbicides more 

broadly, at the center of modern agricultural practices. In each of these configurations, 

economic conditions, government regulatory frameworks, and technological change interacted 

in complex ways to create incentives for further glyphosate use. These are: first, the 

repurposing of glyphosate for use with crops that are genetically modified to be tolerant to 

herbicide applications; second, the rise of the generic glyphosate market which contributed to 

its worldwide spread and spawned new glyphosate practices; and third, the rise of new digital 

technologies, including digital farming and genome editing, that seek to bring more precision to 

glyphosate applications as a means to address concerns about its safety. Each of these 

configurations encouraged an increase in agricultural glyphosate use. Alongside these 

dynamics, a fourth configuration of these forces emerged and intensified over the past fifty 
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years which worked to constrain innovation in both chemical and non-chemical modes of weed 

control. This dynamic is characterized by growing market concentration and power in the 

agricultural input sector accompanied by a stepping back of the state’s role in agricultural 

research and development that resulted in limited investment and innovation in alternative 

weed control technologies.  

This analysis adds to the existing literature by providing a deeper understanding of the complex 

and layered forces – technological, market, and regulatory – behind the dominance of 

glyphosate in particular and the herbicide-centric agricultural model more broadly. It also adds 

to earlier work on the political economy of agricultural biotechnology that drew connections 

between market imperatives of powerful transnational firms on one hand, and policy on the 

other, as key forces behind the expansion of biotechnology (Clapp 2003; Newell 2006; Glover 

2010; Wield et al. 2010). That earlier work, however, was focused mainly on seed technologies 

rather than herbicides. This paper analyzes the various configurations of these forces as they 

played out in subsequent years with respect to herbicide use specifically. 

II. Chemical Herbicides in Agriculture and the Problem with Glyphosate 

Historically, farmers used a range of methods for weed control. Mechanical weed clearing, such 

as the use of hand implements and plow tools for dragging weeds out of the soil, was a 

dominant approach to weed control until the 1940s. In the mid-1800s, farmers began to use 

inorganic compounds – such as salts, sulfur compounds, and lime – to kill weeds. From the early 

1900s to the late 1930s, some farmers used arsenic based compounds to tackle weed 

problems, despite their highly toxic properties. In the 1930s, farmers also experimented with 

other weed control strategies, such as use of electricity and flames (Timmons 2005). Although 

tractors were increasingly adopted in the US from the early 1900s, it was not until after the 

mid-1940s that tractor technology improved enough for effective mechanical weed control 

(Swinton and Van Deynze 2017, p.563).  

It was only from the mid-1940s that organic chemical compounds began to be deployed as 

agricultural herbicides, coinciding with more widespread tractor use which enabled their 

application across larger areas. The first modern chemical herbicide was 2,4-D, which was 

discovered and synthesized as an herbicide in the early 1940s, and widely commercialized after 

1945. Other chemical herbicides, including atrazine and dicamba, were developed and 

marketed widely in the 1950s and 1960s. These chemicals were successful in killing unwanted 

plants over wide areas and were popular because they saved labor. As farm size began to grow 

with the increasing mechanization of agriculture in the middle of the 20th century, herbicide use 

expanded dramatically and became the norm for weed control (Osteen and Fernandez-Cornejo 

2016).  
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Glyphosate was first introduced as a commercial herbicide for agricultural applications in the 

mid-1970s. A Swiss pharmaceutical company first synthesized the glyphosate molecule in 1950, 

although it did not identify any useful applications for it and subsequently sold it to other firms 

(Benbrook 2016, p.1). The chemical firm Monsanto discovered that glyphosate could be utilized 

as an active ingredient in herbicides in 1970, and by 1974 the firm had begun to commercially 

market Roundup, a glyphosate-based herbicide. From early on, glyphosate was widely 

considered to be a “perfect herbicide” because it was highly effective and widely deemed to be 

less toxic than other chemical herbicides (Duke and Powles 2008, p.319). Glyphosate is non-

selective and was hence used largely to kill weeds in fields prior to planting, or after harvest to 

clear fields, to ensure that it did not damage crops (Benbrook 2016). Glyphosate was just one of 

many herbicides on the market from the mid-1970s-mid-1990s – including atrazine and 

dicamba – that could serve this function. 

Glyphosate use was marginal in agricultural applications through the late 1980s and early 1990s 

as it competed with other herbicides on the market. However, by 2015, it had become the 

world’s most widely used herbicide, with global applications increasing 15-fold from 1990-2014 

(Benbrook 2016), as shown in Figure 1. This rapid increase in use can be illustrated by looking at 

the extent to which it was used on four major crops in the US – corn, cotton, soy, and wheat. 

Glyphosate accounted for 1 percent of herbicides sprayed on those crops in 1982, climbing to 

4% in 1995, 33% in 2005, and 40% in 2012 (Osteen and Fernandez-Cornejo 2016, p.4). It is 

notable that although herbicide use overall in the US, for example, increased sharply from the 

1960s to early 1980s, it leveled off until around 2005, and in this period the increase in 

glyphosate largely replaced the use of other herbicides. After 2005, herbicide use overall rose 

sharply again, alongside rising glyphosate use (Nehring 2019).  

Figure 1: Global Glyphosate Use, 1990-2014 

 

 
Source: Benbrook 2016 
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As glyphosate use soared, particularly in North America, a number of problems associated with 

its use also grew (Davis and Frisvold 2017). One of the first problems to arise was the 

development of glyphosate resistant weeds, the product of greater use in general as well as 

back-to-back use in successive crop rotations. Currently, there are over 250 weed species 

across 70 countries that have evolved to be resistant to at least one type of herbicide (Heap 

2020). This figure includes at least 48 weed species (as of early 2020) that are resistant to 

glyphosate, as shown in Figure 2. In the face of growing weed resistance, farmers initially 

sprayed glyphosate in higher amounts on the same crops to control those weeds. As 

glyphosate-resistant weeds continue to emerge, farmers, encouraged by herbicide companies, 

are increasingly applying older and more toxic chemicals, such as dicamba and 2,4-D, to control 

weeds in their fields (Bain et al. 2017).   

Figure 2: Increase in Glyphosate-Resistant Weeds Globally, 1996-2019 

 

 
Source: Heap 2020.  

Concerns have also mounted over the toxicological effects of glyphosate, in particular the 

health effects of human exposure to the chemical. Initially, glyphosate was widely considered 

much safer than older herbicides like atrazine or dicamba (Duke and Powles 2008). However, 

with growing use of glyphosate over the past 25 years, there have been growing concerns 

about its impact on human health, in particular its connection to non-Hodgkin’s lymphoma, a 

type of cancer. A large number of studies have examined this question (Torretta et al. 2018), 

and in 2015, a study by the International Agency for Research on Cancer (IARC) of the World 

Health Organization (WHO) declared that glyphosate was ‘probably carcinogenic’ (WHO 2015). 

This finding set off a heated debate over the toxicological profile of glyphosate, with many 

industry-sponsored studies challenging the studies that identified risks with the chemical 

(Krimsky and Gillam 2018).  
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There has also been an uptick in attention to the potential health effects of glyphosate residues 

that are increasingly being detected on commonly consumed food items (Myers et al. 2016; Xu 

et al. 2019) and in drinking water supplies (Noori et al. 2019). While many of the studies on 

dietary and environmental exposure to glyphosate indeed detect glyphosate residues, and 

some studies have detected the chemical in the urine of both humans and animals, there is 

enormous controversy over whether the levels detected are cause for concern (Solomon 2019). 

In Canada, for example, the Canadian Food Inspection Agency found that nearly 30% of samples 

of over 3000 foods it tested contained glyphosate residues (CFIA 2017). While most of these 

residues were below the maximum recommended limit, nearly 4 percent of grain products 

exceeded those limits (CFIA 2017).  

Scholars have studied the impact of widespread glyphosate use on the environment more 

broadly as well. One recent study, for example, shows that glyphosate-based herbicides 

threaten biodiversity because they are toxic to a variety of aquatic organisms and harmful to 

soil microflora, while herbicide-based agriculture more broadly contributes to a decline in wild 

plants (Schütte et al. 2017). Glyphosate run-off from plants and soils has also been identified as 

a culprit in contributing to high phosphorus loads in aquatic ecosystems (Hébert et al. 2019). 

As this brief review shows, the growing reliance on glyphosate-based herbicides in agriculture 

over the past 50 years has spawned numerous concerns about its impact on agricultural 

productivity, human health, and the environment. As herbicides have become central to 

modern industrial agriculture over this period, these problems have become some of the 

biggest challenges facing that model of agriculture today. The remainder of this paper examines 

driving forces behind this growing reliance on glyphosate.  

III. Forces Encouraging Increased Glyphosate Use   

To gain insight into how glyphosate became so entrenched in modern agriculture, it is helpful 

to unpack the forces that encouraged the development of new technologies designed to work 

with it as well as broader incentives that encouraged its diffusion and uptake in agricultural 

systems. Such an analysis requires an examination of the dynamic relationships between 

market trends, state policies and regulations, and technological developments associated with 

glyphosate. Examining these relationships in a global context is important, because glyphosate 

is utilized in many countries around the world, and transnational agribusiness firms are key 

actors in developing and marketing glyphosate and other agricultural technologies that are 

designed to be used with it. Analysis of these relationships over the past 50 years reveals 

multiple distinct configurations of a dynamic interplay between technological, market, and 

regulatory forces in ways that worked to reinforce glyphosate use, creating path dependencies 

that locked it in as a key mode of weed control. These distinct configurations interacting forces 
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first emerged in different timeframes, but have overlapped with and reinforced each other over 

time. This section outlines three configurations that were explicitly tied to technological 

developments and incentives for greater glyphosate use, while Section IV outlines an additional 

configuration of forces that discouraged innovation in alternatives to glyphosate. 

The Repurposing of Glyphosate with GM Crops  

The introduction of genetically modified glyphosate-tolerant crops, first by Monsanto and 

subsequently by other large agricultural input firms which licensed the traits (Howard 2015), 

effectively “repurposed” glyphosate to be used in a new way, moving it from the margins to a 

new central role as a key agricultural input. This technological strategy did not just emerge 

simply as a result of scientific advances, however. The emergence of this technological 

innovation was deeply embedded in complex interplay of market and regulatory factors.  

Agricultural input firms began research into agricultural biotechnology in the late 1970s and 

early 1980s in a bid to engineer plants to express new traits to improve agricultural 

performance, including for example traits for drought tolerance and insect resistance. From the 

mid-1980s, however, the most common trait that corporations pursued in practice was to 

engineer plants tolerant to the application of herbicides (ISAAA 2018). Monsanto developed the 

first genetically engineered herbicide-tolerant plant in 1987 – a soybean that could tolerate the 

application of glyphosate (Schneider 1990). Glyphosate was likely chosen as the chemical 

herbicide to tether to GM crops because, as noted above, it was widely viewed as being less 

toxic than other, older herbicides.  

Whereas previously it would kill all plants, now glyphosate could be sprayed on genetically 

engineered glyphosate-tolerant crops to kill only the weeds, leaving the crops intact. That 

meant that farmers could now spray glyphosate not just prior to planting or after harvest to 

manage weeds, but also throughout the entire growing season without damaging the crop, 

saving labor that was devoted to weed control. Throughout the late 1980s and early 1990s, 

agricultural input firms introduced a range of glyphosate-tolerant crops – with the most 

dominant being soy, maize, cotton, and canola – the first of which was approved for 

commercial planting in North America in 1996. This technological innovation was a key 

development that fundamentally changed not just the way glyphosate was used agriculturally, 

but also the amount of the herbicide that was utilized by farmers. 

The decision of agricultural input companies to introduce glyphosate-tolerant crops was in large 

part a response to market conditions in the agricultural input industry as well as the broader 

regulatory context. From the mid-1970s, it became more costly and cumbersome for industry 

to develop and market new active ingredients for herbicides. Growing environmental 
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awareness of the toxicity of some agrochemicals at that time led many governments to require 

more testing prior to approving them for commercial use. The cost of developing new chemical 

herbicide products, for example, increased by a factor of six between 1975 and 1995, from 

US$23 million to US$152 million (Phillips McDougall 2016, p.35).  

The amount of time it took to get new agrochemicals approved for commercial sale increased 

as a result of this new regulatory context. In the 1960s, for example, it typically took around 4 

to 5 years to develop a new chemical and bring it onto the marketplace, while by the 1980s it 

took more than 7 years (Rüegg et al. 2007). By the mid-1990s, it took just over 8 years to bring a 

new agricultural chemical to market (including research, development, and registration costs), 

which typically began after a patent was secured on an active ingredient. Thus, this increased 

time-to-market effectively reduced the ability of firms to capitalize on their patent protection, 

which typically is 20 years in total (Ollinger and Fernandez-Cornejo 1995, p.16; Phillips 

McDougall 2016, p.4). The growing time and cost to develop new chemical herbicides (outlined 

in Figure 3) thus drove down profits in the sector throughout the 1980s and into the 1990s. 

Figure 3 – Rising Costs to Develop and Bring a New Pesticide to Market, 1975-2014 

Sources: Phillips McDougall 2016; US EPA 1978, p.39653 (time to market for a new pesticide, average 1975-1976). 

By contrast, the cost of developing a new genetically modified crop and bringing it to market in 

the mid-1990s was around US$10 million – just a fraction of the cost of developing a new 

chemical herbicide (Ollinger and Pope 1995, p.56). The time it took to develop these genetically 

modified crops and bring them to market was also shorter, typically around 6 years in the mid-

1990s (which itself was an improvement over the 10 years it typically took to develop plants 

that were conventionally bred) (Ollinger and Pope 1995, p.56). This cost and time differential 

between the development of herbicides and genetically modified crops, as illustrated in Table 
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1, helps to explain why the large agricultural input companies shifted the focus of their R&D 

programs from agrochemicals to seeds over the course of the 1980s and 1990s (Clapp 2003).  

 

Table 1 – Comparison of costs to develop a new crop protection chemical and cost to develop 

a new genetically modified crop tolerant to existing herbicides, 1995 

 R&D Costs Time  

New crop protection active ingredient  $152m 8.3 years 

New genetically modified crop $10m 6 years 

Sources: Phillips MacDougall 2016; Ollinger and Pope 1995.  

A further impetus for Monsanto to develop glyphosate-tolerant crops was that the patent for 

its glyphosate-based herbicide, Roundup, was due to expire in the US in 2000. By shifting to 

focus its technological innovation on developing genetically modified crops that could 

withstand being sprayed with glyphosate, the firm could ensure continued agrochemical sales 

alongside the sales of new genetically modified seeds even after the expiry of the glyphosate 

patent (Wield et al. 2010; Glover 2010). In fact, in the early years of marketing its new 

glyphosate-tolerant crops, Monsanto required purchasers of its seeds to also purchase 

Roundup brand herbicide, in a bundle (Dupraz 2012, p.223).  

The corporate strategy of focusing on the development of genetically modified crops could not 

have been accomplished without a regulatory environment that allowed for the patenting of 

life forms, including plant genetic material. It was not until the mid-1980s, following important 

court decisions in the US, that intellectual property rights were granted for genetically 

engineered seeds (Sell 2009). The 1994 Trade Related Intellectual Property Rights (TRIPS) 

agreement of the WTO harmonized intellectual property protection across countries, requiring 

countries to adopt some form of IPR for plants and other life forms. Extensive lobbying by 

agricultural input companies for governments to adopt the TRIPS agreement demonstrated the 

interplay of market and regulatory forces (Newell and Mackenzie 2004).  

The firms in the sector also needed to acquire the capital and expertise to carry out this 

technological strategy. Throughout the 1980s and 1990s, large agrochemical companies began 

to merge not just with each other, but also with seed companies (Fernandez-Cornejo and Just 

2007). The agricultural input companies also began to acquire biotechnology firms. As discussed 

more fully in Section IV, this concentration not only enabled these firms to develop genetically 

modified crops that were resistant to herbicides, but also discouraged innovation in other 

modes of weed control.   
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The Rise of Generics Spawns Global Spread and New Applications  

In the early 2000s, a new configuration of technological change, market conditions, and the 

regulatory context began to emerge in ways that further encouraged glyphosate use. The 

approval of GM crops for cultivation in a growing number of developing countries, combined 

with the growing manufacture and sale of generic glyphosate formulations following the expiry 

of Monsanto’s patent on glyphosate, led to a massive boom in glyphosate use that spawned 

new technological practices reliant on the chemical.  

An increasing number of countries gave regulatory approval to commercially plant genetically 

modified seeds in the early 2000s, notably including Argentina and Brazil, both large agricultural 

producers. Although Argentina was among the early adopters of GM crops in the mid-1990s, its 

approvals of GM crop varieties increased sharply after 2000. Brazil did not approve GM crops 

for cultivation until 1998, and while its rate of adoption was slow at first, it took off after 

around 2003, surpassing even Argentina in 2009. Brazil’s production of GM crops grew so fast 

that it soon became the second largest producer of these crops globally, trailing only the United 

States (ISAAA 2017, p.8). The vast proportion (approximately 80% or higher) of the GM crops 

(primarily soy and maize) under cultivation in Brazil and Argentina are glyphosate-tolerant 

varieties (ISAAA 2017). The total developing country area cultivated in GM crops surpassed the 

total industrialized country area by 2011 (ISAAA 2018). As shown in Figure 4, the proportion of 

GM crops grown globally that are engineered to be resistant to glyphosate (herbicide tolerant 

as a single trait, or herbicide tolerance combined with other traits) has consistently been more 

than 80% of the total since they were first introduced on the market.  

Figure 4: Global Area of Biotech Crops 1996-2018 – total, herbicide tolerant traits, and 

herbicide tolerance + other traits. 

 
Source: ISAAA data, https://isaaa.org/  
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At the same time that developing country acreage planted with GM crops grew, a growing 

quantity of inexpensive generic glyphosate came onto the market following the expiry of 

Monsanto’s patent for the chemical in 2000. Monsanto continued to produce the majority of 

the world’s glyphosate under its brand name Roundup, which it marketed as a premium version 

of the chemical at a higher price. The market for glyphosate became increasingly bifurcated 

over the course of the 2000s, with a growing number of generic firms entering the market and 

offering the chemical for sale at a lower price. Monsanto was able to maintain a significant 

market share by requiring farmers to use only Roundup brand of herbicide with their Roundup 

Ready glyphosate-tolerant crops in the early 2000s. Monsanto also actively pursued incentive 

programs with dealers, particularly in the US, that encouraged them to carry Roundup brand 

and not generic glyphosate products (Gillam 2017). If the dealers did not follow the practices 

mandated by Monsanto, they risked being dropped as suppliers (Khan 2013). The US 

Department of Justice pursued a complaint about these practices in 2007 as a potential 

violation of US anti-trust laws. Soon after, Monsanto backed off from these practices and the 

case was eventually dropped (Khan 2013).  

Chinese glyphosate manufacturers upped their presence in the market in this period, especially 

when demand for glyphosate jumped in the aftermath of the 2008 food crisis, which led to a 

huge leap in investment in agricultural production to serve rising global demand for food, feed 

and biofuel stocks. The price of glyphosate rose in response to this demand, sparking major 

increase in generic production, primarily by Chinese firms. In 2008, the number of Chinese 

manufacturers producing the main ingredient for glyphosate tripled to 130 (Duan 2014), and by 

2009 over 400 firms in China were producing glyphosate-based herbicide formulations (CNCIC 

2009). Soon, the global market was flooded with glyphosate, leading to a sharp drop in price by 

2010. Chinese manufacturers had significant cost advantages in production over the name-

brand production from Monsanto. They faced lower labor costs, had readily available raw 

materials, and typically did not engage in their own innovative R&D. China produced at that 

time around 40% of the world’s glyphosate supply, most of which was exported (Hilton 2012). 

Low prices influenced uptake of glyphosate among farmers, particularly in the developing 

world. With Brazil and Argentina as the second and third largest producers of GM crops 

globally, South America became one of the biggest markets for agrochemicals, including 

glyphosate (Phillips McDougall 2018). Generic competition in some of the largest markets 

began to erode Monsanto’s profit margins, as generic brands sold for one third less than the 

price of Roundup. In 2010, Monsanto cut the price of its brand name Roundup by half to 

compete (Hilton 2012). The result of these dynamics was that the price of glyphosate declined 

further in both segments of the market – brand name and generic – and its affordability thus 
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increased for farmers just as they were expanding production to capitalize on higher world food 

prices.  

These dynamics in the market encouraged other technology changes in the sector, including an 

increase in farmer uptake of no-till agriculture. No-till agriculture relies on herbicides to kill 

weeds in a field prior to planting, thus obviating the need to till the soil. Although no-till 

agriculture has been around for nearly a century, this practice increased dramatically in the 

early 2000s. In 1998, around 42 million ha of cropland were managed under no-till agriculture 

systems and by 2015 this figure rose to nearly 160 million ha (Kassam et al. 2019). Glyphosate is 

widely used in no-till practices on both genetically modified crops – such as soy, maize, and 

canola – and non-GM crops. Wheat and oats, for example, which are not genetically modified, 

are also increasingly being grown in no-till systems that rely on glyphosate spraying (Osteen 

and Fernandez-Cornejo 2016, p.3).   

The use of glyphosate as a pre-harvest desiccant also began to expand from the mid-2000s as 

cheaper glyphosate herbicides came onto the market. In this application, farmers spray the 

chemical on crops in the field just prior to harvest to effectively kill the plant so that it can dry 

out fully to improve the efficiency of mechanical harvesting. The practice of crop is practiced 

mainly in northern Europe, Canada and in the northern United States, where weather 

conditions are wetter and the growing season shorter, making it more challenging for farmers 

to ensure that their crops have sufficient time to dry before harvest. Although there are other 

chemicals that can serve this function, glyphosate has increasingly been as a desiccant on both 

GM and non-GM crops, including wheat, barley, and oats, soy and other beans. Because the 

pre-harvest spraying occurs close to the time of harvest, this practice has led to higher 

glyphosate residues on crops when the reach the market, and thus residues on food products 

(Myers et al. 2016). Benbrook (2016, p.9) notes that Monsanto and other firms that are 

registered producers of glyphosate asked the US Environmental Protection Agency for, and 

were granted, increases in tolerance levels of glyphosate residues in key crops in this period. 

This example clearly illustrates the interplay between technological, regulatory and market 

actors with respect to this technological usage of glyphosate. 

New Precision Technologies Reinforce Herbicide Centric Agriculture 

A further configuration of technology-market-regulatory dynamics surrounding glyphosate 

emerged after 2015. These still unfolding dynamics have been shaped by growing contestation 

over glyphosate, with divergent policy directions in different parts of the world amidst growing 

economic liability of firms over its safety and pressure on both supply and prices of generic 

glyphosate. This context has encouraged new technological developments that both reduce 

glyphosate use in specific applications while reinforcing its overall role in agricultural systems. 
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In 2015, the International Agency for Research on Cancer (IARC), an agency of the World Health 

Organization (WHO), released a report based on a review of the available academic studies on 

the safety of glyphosate (WHO 2015). The IARC report concluded that glyphosate was 

“probably carcinogenic” based on findings of the studies showing higher rates of non-Hodgkin’s 

lymphoma among people with exposure to glyphosate compared to those who were not 

exposed. The IARC report was issued just as the European Union launched a review of 

glyphosate as part of its regulatory processes for renewing registration of the chemical for 

commercial use. Canada was due to re-evaluate glyphosate’s registration in 2017 and the US in 

2019. Such reviews for re-registration typically occur every 10-15 years. 

Given their strong commercial interest in the reregistration process for the chemical, it is not 

surprising that the large agricultural input companies responded aggressively to the IARC’s 

report on the toxicity of glyphosate. Monsanto allocated US$17 million for a public relations 

campaign to defend the use of the chemical (Gillam 2019). The firm insisted that glyphosate 

was safe (Monsanto 2017) and complained that the IARC reviewed only a certain subset of 

studies on its toxicity, mainly those that were not based on industry-sponsored research. The 

firm pointed out that the IARC study reached a different conclusion from those of many 

government regulatory bodies at that point and demanded that the IARC retract its report. The 

IARC has defended its study (IARC 2018), although the agricultural input firms continue to 

criticize it.  

Monsanto actively sought to influence the regulatory decisions in the US, EU, and other 

countries regarding the chemical’s re-registration. For example, the firm arranged for its own 

scientists to ghost-write a number of academic studies without the published authors declaring 

their connections to the firm, and referencing these studies, pressured government regulatory 

agencies to approve the continued use of the chemical (see Krimsky and Gillam 2018). After its 

purchase of Monsanto was complete in 2018, Bayer continued to try to influence the regulatory 

environment when it published a 15 page document that simply listed quotes from ‘leaders’ 

that emphasize “glyphosate’s vital role in modern agriculture” (Bayer 2018).  

The regulatory decisions on glyphosate in the EU, Canada, and the US, all eventually supported 

the position of the agricultural input companies that the chemical was safe, and it was 

approved for use in all three jurisdictions, although in the EU the approval was limited to a 

period of five years (until Dec. 2022) while further evaluation took place (Tosun et al. 2019). In 

each of these regulatory decisions, the evaluation included a review of the available studies on 

the safety of glyphosate, but unlike the IARC review, they did consider the industry-sponsored 

studies in their assessment (Benbrook 2019). It was later revealed that the EU decision was 

based on an assessment report that had plagiarized sections on health risks from industry 

reports (Nelson 2019). 
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But even as the EU, US and Canada approved glyphosate for re-registration for agricultural use, 

a number of other countries and jurisdictions began to put restrictions in place on the use of 

glyphosate, largely in response to the IARC report’s findings.1 In 2016, six countries of the Gulf 

Cooperation council – Saudi Arabia, Kuwait, the United Arab Emirates, Qatar, Bahrain, 

and Oman – were among the first countries to put national bans in place on the use of 

glyphosate for any purpose. St. Vincent and the Grenadines banned the import of glyphosate in 

2018, and Vietnam banned glyphosate use in early 2019. Luxembourg announced plans to ban 

glyphosate by the end of 2020, and Germany announced it would ban the chemical by 2023. 

Several other countries have put in place partial or sub-national bans or restrictions on the use 

of glyphosate, although in many cases these restrictions apply to private use and there are 

exceptions for agriculture. The growing list of jurisdictions around the world that are putting 

restrictions in place, whether national or sub-national, shows the extent to which the ground is 

shifting with respect to the regulatory context. 

As these regulatory decisions unfolded, the global supply of glyphosate also became more 

constrained, after China began to pursue more aggressive inspections at chemical 

manufacturing facilities following the adoption of a new environmental protection law earlier 

that year. A number of chemical firms that produced glyphosate for export were shut down by 

the Chinese government for pollution infractions, and the result was a weaker global supply of 

glyphosate, and upward price pressure on the chemical (Pratt 2019). It is not clear whether 

higher prices for the chemical affected the decisions of other governments to restrict its use.  

As these regulatory and market dynamics unfolded, the agricultural input firms increased their 

investment in technological innovations that would at least partially address the growing 

concerns about the chemical even while continuing to rely on it. Glyphosate resistant weeds 

had by this time become a major problem in the sector that the firms could not deny or ignore 

(Bonny 2016). The agricultural input firms began to introduce genetically engineered crops that 

are resistant to the application of multiple types of herbicides, including both glyphosate and 

the older, more toxic herbicide dicamba, as a way to provide farmers with more options for 

weed management, although increased spraying of dicamba has introduced further concerns 

about exposure to toxic chemicals. They also began to invest in ‘digital’ agricultural 

technologies that rely on big data and artificial intelligence analytics to enable farmers to 

manage chemical use more precisely on their farms (Rotz et al. 2019). Precision spraying 

equipment, for example, can enable farmers to reduce chemical spraying to only the minimum 

amount required.  

 
1 For a complete and updated list of jurisdictions with restrictions on glyphosate, see: 
https://www.baumhedlundlaw.com/toxic-tort-law/monsanto-roundup-lawsuit/where-is-glyphosate-banned/  

https://www.baumhedlundlaw.com/toxic-tort-law/monsanto-roundup-lawsuit/where-is-glyphosate-banned/
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The input firms also embraced genome editing technology, in order to develop new seeds using 

new gene editing techniques that were much cheaper, and much faster, than more ‘traditional’ 

agricultural biotechnology (Lassoued et al. 2019) to make precise edits to turn on or off certain 

traits (Bartowski et al. 2018). Despite claims from the firms that gene editing opens the 

potential to bring a wide range of useful traits to crops, in practice those same firms sought to 

develop seeds similar to those they developed with agricultural biotechnology, specifically to 

make crops tolerant to herbicides, including glyphosate (Dickson et al. 2019).  

This strategy of keeping glyphosate in a central role in agricultural systems sits in stark contrast 

to growing concerns about its use and the expanding economic liability that the large 

agricultural input firms face from its continued use. A growing number of court cases were filed 

against Monsanto (and subsequently against Bayer, which bought Monsanto in 2018, discussed 

more fully in Section IV), claiming that the firm was negligent in warning users about its 

potential harms. While the firm was confident it would be vindicated in the legal proceedings, 

given that the regulatory bodies in the US, EU, and Canada had deemed the chemical safe, it 

lost the first three of these court cases and was ordered to pay out millions in compensation, 

and the firm is appealing the rulings. By 2020, Bayer, facing over 100,000 lawsuits, settled with 

the plaintiffs for over US$10 billion (Miller 2020).  

IV. Constraints on Weed Control Innovation: The Role of Corporate Market Power 

While the three configurations of technology-market-regulatory forces outlined above worked 

to expand and increase glyphosate’s use in a more direct sense, a fourth configuration of forces 

worked more broadly to constrain innovation in alternative modes of weed control and as such 

reinforced lock-in of glyphosate-based technologies. Specifically, growing corporate 

concentration and market power in the agricultural input industry combined with a retreat of 

the state from its prior role in supporting agricultural research and innovation led to growing 

corporate influence over the direction of agricultural R&D. This shift in the locus of agricultural 

research from the public to the private sector is important, as it shapes innovation choices and 

can favor certain technologies over others (Vanloqueren and Baret 2009). These dynamics, 

which have intensified in recent decades, have resulted in a narrowing of the agricultural 

innovation agenda, dampening research into new, safer chemical herbicides as well as non-

chemical modes of weed control.  

The agrochemical industry has seen nearly continual consolidation, with firms merging and 

acquiring one another on a regular basis over the past 50 years. According to Bryant et al. 

(2016, p.7) there were over 70 pesticide manufacturers in the US in the 1960s. Consolidation 

began in the late 1960s, as declining profits linked to more stringent safety and environmental 

regulations at that time prompted match-ups among agrochemical firms (Fernandez-Cornejo 
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and Just 2007). As firms in the sector began to merge, agrochemical R&D became concentrated 

in fewer firms. For example, between 1972 and 1989, the number of pesticide firms with US 

R&D operations dropped from 33 to 19 (Ollinger and Fernandez-Cornejo 1998, p.141).  

In this period, private sector R&D in crop seeds, a domain previously dominated by the public 

sector, began to increase rapidly with the bulk of that new research in seed trait agricultural 

biotechnology, as outlined in Section III, rather than into developing new pesticides and 

herbicides (Fuglie et al. 2018).  As Fuglie and Toole (2014, p.864) note, “…by the late 1990s, 

private crop seed/biotechnology research had surpassed research in all other agricultural input 

sectors.” As private sector R&D shifted from agrochemicals to agricultural biotechnology from 

the 1980s onward, public sector agricultural R&D more broadly began to level off (Fuglie et al. 

2018).  

The 1990s and early 2000s saw additional mergers in the agricultural input sector that further 

intensified these trends, in particular the merger of chemical and seed companies, to carry out 

the agricultural biotechnology strategy. Dupont, a chemical company, acquired the largest seed 

company at the time, Pioneer Hi-Bred, in 1999. Pioneer had itself acquired a number of smaller 

seed companies throughout the 1970s and 1980s, in previous merger clusters. In 2000, 

AstraZeneca and Novartis, both specializing in pharmaceuticals and chemicals, merged and 

spun off their own agricultural chemical arm to form Syngenta. Monsanto, originally a chemical 

company, also purchased a number of seed and biotech companies in the 1990s and merged 

with pharmaceutical firm Pharmacia & Upjohn in 2000, from which its agricultural input 

business was spun off as Monsanto in 2002. Dow Chemical purchased Mycogen, a seed and 

biotech firm, in the mid-1990s, and also purchased various seed, chemical and biotech firms 

after 2000 to form Dow AgroSciences. In 2002, Bayer acquired Aventis, which itself was the 

product of a merger of chemical firms AgrEvo and Rhone Poulenc in 1999 (Howard 2009).  

Extensive mergers of the 1990s and first decade of the 2000s resulted in the reduction of a 

significant segment of the agrochemical market by to just six massive firms – commonly 

referred to as “the Big Six” – that controlled around 75% of the market by 2013 (ETC Group, 

2015, p.5). At this same time, five of the top seven firms producing herbicides were also major 

agricultural biotechnology seed companies (i.e. Syngenta, Monsanto, Dupont, Dow, Aventis). By 

2006, just five agrochemical companies conducted 74% of R&D into crop protection (pesticides 

and herbicides) (Fuglie et al. 2011, p.16).  

The consolidation in the sector continued (Clapp 2018). In late 2015, agrochemical giants Dow 

and DuPont announced that they would merge, which set off a series of other deals that 

eventually saw the Chinese agrochemical firm, ChemChina, purchase Syngenta, and the German 

agrochemical firm, Bayer, purchase Monsanto. BASF, also a major agrochemical firm, purchased 
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the parts of these firms that regulators required them to sell to get the mergers approved. The 

result was that just four firms came to dominate the agricultural input industry (Bonny 2017). 

The impetus for the most recent mergers was a series of factors. One was weak profits in the 

sector as commodity prices fell after 2014, which prompted countries in South America, the 

largest market for agrochemicals, to reduce their purchases of inputs. Another was a desire to 

move into digital farming and genome editing technologies, outlined above (OECD 2018; Clapp 

and Ruder 2020).  

Figure 5. Market Share of the Top 4 Firms in Global Seeds and Agrochemicals, 2000-2018  

 
Sources: Compiled from data in Fuglie et al. 2011; ETC Group data: www.etcgroup.org 

As this consolidation took place in the agrochemical and seed industry, the market share of the 

top four firms steadily climbed, as Figure 5 illustrates. Growing market share of a large few 

firms at the top signals the growing market power of these firms. Market power is typically 

considered to be significant in a sector when the top four firms have over 40% or more of the 

market share. In the agricultural input industry, this threshold was easily reached in the early to 

mid-2000s. High levels of market power are problematic for several reasons. Economists warn 

that it can lead to higher prices for products because there is naturally less competition with 

fewer players in the market (Díez et al. 2018). Although intellectual property rights such as 

patents can enable firms to charge higher prices during the period of patent protection, there 

are still concerns that market concentration could drive prices higher than warranted even in 

cases where IPRs are present (Fuglie et al. 2018). 

Elevated levels of market power can also dampen innovation, which in turn can affect 

consumer choice and overall scientific advancement. A recent IMF study suggests that the 
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market power of corporate giants, especially those firms that operate in highly concentrated 

markets, can lead to weaker levels of investment and innovation (Díez et al. 2018, p.12-14). The 

authors of that study found that while the higher profits that accrue to these firms can initially 

be invested by firms to spur further technological innovation, the relationship turns more 

strongly negative in industries that have very high levels of concentration (Díez et al. 2018, 12-

14). In the agricultural biotechnology sector, Schimmelfennig et al. (2004) found that after 

initial innovations that occurred after firms began to merge in the 1980s and 1990s, the 

intensity of R&D declined. Other economists who have examined this question in the 

agricultural biotechnology sector have found mixed results in terms of spending (Fuglie et al. 

2018). However, as Fuglie and colleagues note, concentration in the sector and high fixed R&D 

costs can stifle innovation in other ways, because high R&D costs present significant barriers to 

entry for smaller and more innovative firms. The result is a reduction in the number and types 

of innovations, thus leaving farmers with less choice (Fuglie et al. 2018).  

Looking specifically at weed control innovation, the data show that R&D has not delivered 

much new in the era of heightened corporate consolidation. In the 1960s and 1970s, new active 

ingredients for herbicides were typically introduced every one or two years, in a bid to create 

new markets as patents expired on previous chemicals (Dayan 2019). However, after corporate 

consolidation trends intensified after the late 1980s and early 1990s, R&D into new active 

ingredients for herbicides dwindled. Research and development spending in the crop 

protection sector fell in real terms from 1994 to 2010 (Fuglie et al. 2011, p.49). The number of 

registered patents for herbicides declined from around 180 in 1995 to just 50 in 2002 (Rüegg et 

al. 2006, p.272). As Duke points out, only around 20 modes of action for weed control are 

currently used in agriculture today, all of which were discovered many years ago when many 

more firms were in the business (Duke 2011). Monsanto, for example, ceased to conduct R&D 

into crop protection chemicals altogether after the expiry of its glyphosate patent in 2000 

(Fuglie et al. 2011).   

Herbicide scientists have expressed concern that no new modes of action for crop protection 

chemicals have been introduced in over 30 years (Appleby 2005; Duke 2012; Dayan 2019). Duke 

(2012) notes, for example, that corporate consolidation has reduced the number of scientists 

working on these problems, which has led to lower diversity in research groups and weakened 

innovation. Indeed, following the announcements of the most recent mega-mergers, the firms 

involved clearly stated that they were planning to make cutbacks to R&D budgets, rather than 

increasing them. Just prior to their merger, Dow and DuPont, for example, referred to these 

cuts, which resulted in the loss of thousands of jobs, as “global optimization of R&D” in their 

agriculture divisions (e.g. Dow and Dupont 2016, p.22).  
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The result of this weakening of R&D spending is that firms are much more likely to focus 

narrowly on technologies that have already been developed or explore only those innovations 

that deliver the highest commercial payoffs, such as genetically modified seeds that work with 

existing, already approved chemicals such as glyphosate. As the problem of glyphosate resistant 

weeds has grown, for example, firms such as Monsanto (now merged with Bayer) are 

engineering plants that are tolerant to additional herbicides beyond glyphosate, to give farmers 

more choice in the chemicals they spray to better manage herbicide-resistant weeds. One of 

these additional herbicides is dicamba. Because dicamba is highly toxic and prone to drift when 

sprayed, it can pose threats to crops that are not tolerant to it. Some analysts are also 

concerned that weeds will also develop resistance to dicamba, repeating the same cycle as 

occurred with glyphosate (Vieira et al. 2020).  

The leading agrochemical firm, Bayer, has recognized that there are few alternative herbicide 

options. In mid-2019, as the law suits were stacking up against it, the firm announced that it 

planned to dedicate US$5.5 billion to research alternative weed control technologies, even as it 

stressed in the same announcement that “Glyphosate will continue to play an important role in 

our portfolio” (Bayer 2018). In early 2020 Bayer indicated that it had discovered a new 

molecule that could be the basis for a new chemical herbicide. Other agrochemical firms, 

including FMC Corp and BASF are also working toward developing new chemical herbicides 

(Bunge 2020). It remains to be seen whether these new herbicides, once developed, are less 

toxic than older chemicals. It is also clear that the aim of this research is to substitute one 

chemical herbicide for another, rather than to redesign agricultural systems away from the use 

of chemical herbicides. 

Indeed, there has been a severe shortage of funding and support for approaches to weed 

control that carry less risk for the environment and for human health. Research funding in 

support of innovations in organic and agroecological farming methods that rely on non-

chemical techniques, such as crop rotations, mulching, and mechanical and thermal methods of 

weed control, has been far outpaced by research supporting chemical dependent agriculture 

(Vanloqueren and Baret 2009). Recent studies analyzing the allocation of publicly funded 

agricultural research in the US, for example, have found that although a significant amount of 

projects do income at least some component of sustainability, those projects tend to focus on 

improving efficiency of input use or substituting inputs, rather than system redesign based on 

agroecological principles (DeLonge et al. 2016; Miles et al. 2017). Similar patterns exist 

elsewhere, including international assistance for agroecology projects (Pimbert and Moeller 

2018). 

In addition to shaping the innovation agenda, concentrated levels of market power also 

enhance the political power of firms – as they are able to lobby in a more coordinated way to 
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influence policy and regulation in ways that strengthen their own bottom line (Khan and 

Vaheesan 2017, 266). With respect to the agricultural input industry, Fernandez-Cornejo and 

Just (2007, p.1269) call this concentrated lobby power in the sector a kind of “political economy 

of scale in influencing government regulations.” Indeed, as already outlined, these firms 

actively worked to influence the regulatory context for agricultural biotechnology and 

herbicides that shaped their ability to amass even more market power (Newell 2006; Glover 

2010; Khan 2013). In this way, the configurations that led to greater glyphosate use – both 

explicitly and through constraints on innovation into alternatives – are closely intertwined with 

the tendency toward corporate consolidation. 

Conclusion  

The analysis in this paper outlines how distinct yet overlapping configurations of technology, 

market, and regulatory forces have effectively locked-in glyphosate as a central input in modern 

industrial agriculture.  The nature of the interplay of these forces was somewhat different in 

each of these configurations. The repurposing of glyphosate in the 1980s and 1990s emerged 

from rising costs for herbicide development due to increased regulations compared with seed 

development to work with existing herbicides that were made possible by other regulatory 

decisions that allowed IPR protection on genetically altered seeds. The rise of the generic 

market emerged in response to the expired patent on glyphosate combined with rising demand 

for the product from key developing countries that had given approval to GM crops, while 

widely available inexpensive glyphosate encouraged wider technological practices that relied 

on the chemical such as crop desiccation and no-till agriculture. The central role of glyphosate 

in new digital and genome editing technologies emerged as its use became increasingly 

contested due to health and environmental concerns and as a growing number of states are 

considering regulatory control. At the same time, a broader configuration of increased market 

concentration and power of the large agricultural input firms in the context of gradual 

government reduction of its role in agricultural R&D worked to constrain innovation into 

alternative solutions to weed control. Both aspects of technological lock-in – encouragement of 

its use, and discouragement of innovation in alternatives – are important in understanding the 

nature and extent of the centrality of glyphosate, and increasingly other toxic herbicides such 

as dicamba, in agricultural systems.   

This analysis adds nuance to the existing literature in several ways. While it affirms that the rise 

of agricultural biotechnology is indeed an important element of the expansion of glyphosate as 

a key agricultural input, it also shows that a fuller account requires a broader consideration of 

how technological change and its adoption is entwined in a complex interplay with changing 

market conditions and developments in the regulatory and policy environment. This insight 

contributes to a broader understanding of the dynamics surrounding technological lock-ins, by 
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showing that multiple configurations of dynamics between markets, technology, and state 

regulation can exist at the same time, reinforcing one another in ways that are important to 

understand if the aim is to unwind locked-in technologies in a bid to move toward more 

sustainable practices. This study also provides lessons for broader conceptual frameworks for 

IPE and IPEE. While Strange (1996) focused primarily on the ways in which technological change 

could influence the balance of power in state-market relationships, this research shows that 

technology, markets and state policies interact in complex, multidirectional and layered ways 

that can shape not just the distribution of power in the global economy, but also environmental 

consequences associated with it. The findings regarding glyphosate’s entrenchment also 

supplement earlier work on the political economy of biotechnology that revealed how 

technological development contributed to the growing power of the agribusiness corporations. 

The glyphosate case adds nuance to these findings by showing how regulation, technology, and 

market dynamics not only contribute to a concentration of power among agribusiness firms, 

but also how corporate power further shapes technological innovation in the sector, which has 

important implications for both the environment and public health. 

It is as yet unclear whether the cycle of technology-market-state configurations reinforcing 

greater glyphosate use will be broken any time soon. Growing contestation over the 

environmental and health implications of the herbicide is clearly affecting government 

regulatory decisions, which will play a prominent role in determining whether the pursuit of 

technological innovations that revolve around glyphosate will remain profitable for the 

agricultural input firms. At the same time, if states wish to move beyond the herbicide centric 

model of agriculture, it is vital that, in addition to passing legislation regarding registrations of 

specific herbicides, that they implement measures that address the overlapping configurations 

encouraging its use, as well as the forces discouraging research and innovation into alternative. 

This includes, for example, investing in public sector research into agroecology and other 

agricultural models that do not rely on herbicides.  
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