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Abstract

The widespread use of nitrogen (N) fertilizers during the second half of the 20™ century radically transformed
agricultural production and ecosystems on a global scale. Although the "N challenge" or the "N problem" has
had limited public attention compared to biodiversity loss and climate change, scientists consider N pollution
a leading ecological concern for the 21% century. Accordingly, a major challenge for scientists and
policymakers around the world today is how to meet food production demands while also protecting the
environment. Using Chile as a case study—one of the highest consumers of N fertilizer per hectare in the
Americas—this article examines the transnational politics of production and destruction in this process of
agricultural modernization. In the Cold War context, a transnational network of scientists, agencies, and
authorities created an institutional framework for the transference of knowledge and technology in Chile
during the 1960s. Paradoxically, as local and global reliance on N fertilizers increased, scientists were able to
generate a narrative about the negative environmental effects of intensive N use and highlight the ecological
limits of the Green Revolution. After 1973, however, this knowledge network suffered as a result of the
Chilean government's anti-communist crackdown and adoption of market-based agricultural policies.
Understanding this history of how politics shaped N consumption, science, and policy is critical to current
efforts to create new of agricultural production on a regional and global scale.

Keywords: nitrogen, fertilizers, the Green Revolution, Cold War, Chile, science, environment, policy, Global
Nitrogen Challenge, agriculture, United States

Résumé

L'utilisation généralisée des engrais azotés (N) durant la seconde moitié du XXe siecle a transformé
radicalement la production agricole et les écosystemes a I'échelle mondiale. Les scientifiques considerent la
pollution N comme une préoccupation écologique majeure pour le 21éme siécle. Mais le "défi N" ou le
"probléme N" a eu une attention limitée du public par rapport a la perte de biodiversité et au changement
climatique,. En conséquence, un défi majeur pour les scientifiques et les décideurs du monde entier
aujourd'hui est de répondre aux demandes de production alimentaire tout en protégeant I'environnement. En
utilisant le Chili comme étude de cas - I'un des plus grands consommateurs d'engrais N par hectare dans les
Ameériques - cet article examine la politique transnationale de production et de destruction dans ce processus
de modernisation agricole. Dans le contexte de la Guerre froide, un réseau transnational de scientifiques,
d'agences et de autorités a créé un cadre institutionnel pour le transfert de connaissances et de technologie au
Chili au cours des années 1960. Paradoxalement, @ mesure que la dépendance locale et mondiale sur les
engrais N augmentait, les scientifiques pouvaient générer un récit sur les effets environnementaux négatifs de
I'utilisation intensive de N et mettre en évidence les limites écologiques de la «Révolution verte». Aprés 1973,
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cependant, ce réseau de connaissances a souffert de la répression anticommuniste du gouvernement chilien et
de l'adoption de politiques agricoles basées sur le marché. La compréhension de cette histoire de la facon dont
la politique est axée sur la consommation, la science et la politique de N est essentielle - pour les efforts
actuels visant a créer une nouvelle production agricole a I'échelle régionale et mondiale.

Mots-clés: azote, engrais, révolution verte, guerre froide, chili, science, environnement, politique, Global
Nitrogen Challenge, agriculture, Etats-Unis

Resumen

El extendido uso de fertilizantes de nitrégeno (N) durante la segunda mitad del siglo XX, transformd
radicalmente de manera global la produccion de la agricultura y los ecosistemas. A pesar de que el "Reto N" o
el "Problema N" ha tenido una atencién limitada en comparacion con temas como la pérdida de la
biodiversidad y el cambio climatico, cientificos consideran que contaminacién N, es una preocupacion
primordial para el siglo XXI. Por tanto, satisfacer las demandas de produccién de alimentos a la par de la
proteccion del ambiente, es actualmente un reto para cientificos y quienes hacen politicas publicas alrededor
del mundo. A partir del caso de Chile -uno de los mayores consumidores de fertilizante N por hectarea en
América- este articulo examina las politicas transnacionales de produccion y destruccidon en el proceso de
modernizacion de la agricultura. En el contexto de la Guerra Fria, una red transnacional de cientificos,
agencias y autoridades, crearon en la década de 1960 en Chile, un marco institucional para la transferencia de
conocimiento y tecnologia. Paraddjicamente, a medida que la dependencia a los fertilizantes N aumento local
y globalmente, cientificos fueron capaces de generar una narrativa acerca del intensivo uso de N y sus efectos
negativos en el medio ambiente, y asi marcar los limites ecolégicos de la Revolucion Verde. Sin embargo,
después de 1973, esta red de conocimiento se vio afectada como resultado de las medidas anticomunistas y la
adopcidn de politicas de agricultura basadas en el mercado, por parte del gobierno Chileno. Para los actuales
esfuerzos de crear una nueva produccion agricola a escalas regional y global, resulta critico el tener un
entendimiento de la historia de cémo las politicas dieron forma al consumo, la ciencia y las politicas de
nitrégeno.

Palabras clave: nitrogeno, fertilizantes, Revolucion Verde, Guerra Fria, Chile, ciencia, medio ambiente,
politicas, reto global del nitrégeno, agricultura, Estados Unidos.

1. Introduction

Nitrogen (N) fertilizers were a critical component of the programs that transformed agricultural
practices and production around the world through the so-called Green Revolution. The dramatic increase in
the consumption and use of N fertilizers during the second half of the 20" century was crucial to feeding and
clothing the growing world population. However, change in land use and agrochemical inputs including N
fertilizers transformed not only soil management and agricultural practices, but also natural biochemical
cycles on Earth (Boyer 2002; Galloway and Cowling 2002; Jenkinson 2001; Keeney and Hatfield 2008;
Mosier et al. 2004; Smil 1999, 2004; Vitousek et al. 1997, 2002).

The dialectic of production and destruction has been at the center of this process of agricultural
modernization. Authorities, agrochemical corporations, and large agro-industries have stressed a narrative of
success for decades (e.g. Rohter 2007). They have emphasized fertilizer access and other improvements as the
ultimate solution to combat hunger and to bring economic progress to the undeveloped world. However,
largely absent from these accounts is recognition of how political, ideological, and economic factors shaped
these processes and hindered the incorporation of specialized knowledge about the (mostly negative)
ecological effects of intensive N fertilization into public debates and policies. Despite a lack of public
awareness, scientists consider N loss into the environment a leading socio-ecological problem in the 21
century. Analyzing the history of N and agricultural change as a production/destruction dialectic highlights

2 Other scholars have stressed the role of organic and mineral fertilizers (Peruvian Guano and Chilean Nitrates) in
transforming soil management and altering the global nitrogen cycle during the 19th century (Cushman 2013; Melillo
2012). However, N content in Guano and Nitrates are between 15% and 20%, while in most used synthetic fertilizers
(Ammonium Nitrate and Urea) N content ranges between 35% and 46%, respectively. Smil (2001: 40, 46, 135).
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important links between politics, food production, and environmental change that are critical to developing
sustainable agricultural practices and policies.

For decades, scholars from different disciplines have studied the role of politics and economics in
technological change in global agricultural production (Cullather 2004, 2007, 2010; Gordillo 2014; Gupta
1998; Howard 2016; Kinkela 2013; Kloppenburg 2005; Matson 2012; Olsson 2012, 2016; Otero 2013; Pearse
1980; Perkins 1997; Shiva 1991; Worster 1990). Agricultural and environmental scientists have examined the
impacts of intensive N fertilization on crop yield and quality, and its effects in ecosystems worldwide (Aber
1995; Blumenthal et al. 2001; Brown 1999; Crews and Peoples 2004; Galloway 2001, 2002; Galloway et al.
1995, 2004; Mosier 2001; Mosier and Freney 2004). Concerned by the results for this work, they have
proposed developing new technologies and management strategies that can increase Nitrogen Use Efficiency
(NUE) and reduce N loss into the environment (Balasubramanian 2004; Cassman 2002; Galloway 2001,
2004; Holland et al. 1999; Horwarth 2002; Mosier and Freney 2004). NUE science and technologies may
seem like yet another technocratic solution. However, in this article | argue that if combined with a socio-
political and historical approach, studies on NUE and N management can help inform scientists and
policymakers' efforts to improve better fertilizer use at local and regional scales. In particular, understanding
the history of N use, policies, and knowledge networks casts light on how processes of state formation shaped
the contours of contemporary socio-ecological issues, creating challenges for environmental protection
beyond their spatial and temporal limits.

Today, Chile is one of the highest consumers of N fertilizer per hectare in the Americas, and it
illustrates the positive and negative effects of Cold War politics on agricultural growth and the environment.
Cold war politics encouraged N consumption, expanded N science, and integrated Chile's economy into
global agricultural markets and knowledge networks. However, Cold War politics also disassembled formal
communication channels between research institutions, farmers, and policy-making agencies that, had they
existed, would have integrated and strengthened scientific knowledge on the negative ecological impacts of N
loss. The first section of this article questions the triumphant narrative of the Green Revolution and fertilizer
consumption and analyzes N's positive and negative effects. The second section analyzes Cold War politics
that shaped N consumption and science after World War I1. In the Cold War context, a transnational network
of scientists, agencies, and authorities created an institutional framework to transfer knowledge and
technology to Chile during the 1960s. Paradoxically, while this network was decisive in expanding N use and
promoting the Green Revolution, it was also central in the subsequent development of a local science of N
loss and its environmental impacts. The final section examines how scientists began raising the alarm
regarding N pollution and its environmental effects. Nevertheless, as this case illustrates, the development of
scientific knowledge on N loss and NUE has not been enough to develop better fertilization practices and
environmental policies. A better understanding of the historical role of politics, institutions, and policies and
how they are connected with expert communities may shed light on why this environmental science remains
so disconnected from agricultural policies at local and regional scales.

2. Nitrogen, the Green Revolution, and the dialectic of production and destruction

In 1968, the Director of the US Agency for International Development (USAID) William S. Gaud
coined the term "Green Revolution." Since then, the term has been used globally to describe technological
improvements—in seeds, fertilizers, and pesticides, along with enhancements in irrigation and other
mechanization processes—developed to increase agricultural production (Cullather 2004, 2010; Gupta 1998;
Olsson 2012; Pearse 1980; Perkins 1997; Shiva 1991). Scholars credit this process of agricultural change with
enabling export-oriented agriculture, such as that found in Ecuador (Partridge 2017) or Brazil (Hoelle 2017),
and it has served as a model for the so-called "Blue Revolution™ in aquaculture, as practiced in Chile (Gerhart
2017).
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The increasing use of N fertilizers remains central to the Green Revolution, worldwide. Between 1961
and 1988, global fertilizer consumption increased by 366% (FAOSTAT 2016). Use of N fertilizers increased
even more dramatically; in 2002, world N fertilizer consumption was 630% greater than in 1961 (see Figure
1). A decade later, in 2013, global N fertilizer consumption had increased 759% since 1961 (FAOSTAT
2016). Chile exhibits one of the steadiest increases in N fertilizer consumption per hectare (t/ha) in the
Americas since the 1960s (and especially since 1982), becoming the largest consumer in 2002. According to
FAO, the average consumption of N fertilizer per hectare between 2002 and 2010 places Chile 16" in the
world ranking and first in Latin America.®

Scholars, farmers, and the general public generally agree that N fertilizers have been critical in feeding
and clothing the increasing world population during the 20™ century (Bown 2005; Brown 1999; Cushman
2013; Perkins 1997; Smil 2001), and that they will remain important in the 21% century (Galloway 2001,
2004; Horwarth 2002; Mosier and Freney 2004). Specialists argue that only half of today's population could
have been supplied using pre-synthetic fertilizers, and even then only with overwhelmingly vegetarian diets.
According to Smil (2001), pre-fertilizer farming could have only provided today's average diets to about 40
percent of the population. Experts estimate that N fertilizer has been responsible for about 40 percent of the
increases in global grain yield since the 1960s (Brown 1999), and a critical factor in improving grain protein
concentration (Blumenthal et al. 2001), and protein consumption across the globe since the 1950s (Cullather
2007).

However, this massive increase in synthetic N consumption has also negatively affected humans and
the environment in ways that scientists and policymakers are only now starting to realize. The magnitude of N
loss is a relatively recent discovery; scientists estimate that more than 60 percent of the annual N input into
food production is not converted into usable product (Van der Hoeck, 1998). This surplus N, called "N loss"
in the literature, is mostly dissipated into the wider environment causing a number of ecological side effects
(Balasubramanian 2004; Galloway et al. 1995; Galloway and Cowling 2002; Mosier et al. 2004; Van Drecht
et al. 2003). N pollution in watersheds and coastal ecosystems causes eutrophication and hypoxia—the
excessive growth of algae, that results in oxygen depletion and the production of substances toxic to fish,
cattle, and humans (Horwarth et al. 1996). It also generates acidification of lakes and streams (Evans et al.
2001) and soils (Crews and Peoples 2004; Kennedy 1992). And scientists report that the intensive use of N
fertilizers has increased GHG emissions at an average rate of 3.9% per year from 1961 to 2010 (IPCC 2014;
Tubiello 2013). At this rate, N fertilizers will become a larger source of emissions than manure in less than 10
years and the second largest of all agricultural emissions.

In sum, though it is clear that low levels of N in the soil can limit plant growth, a high percentage of N
loss into the environment is triggering a sequence of negative environmental impacts through time and space,
on a scale that challenges traditional disciplinary, geographical, and political boundaries (Erisman et al. 2013,
2015). In response, some scientists are working on methods to increase the efficiency of how N fertilizers are
used (generally called "NUE" in the literature). Based on research into the global environmental effects of
intensive fertilization practices, they are generating a new narrative that highlights the ecological limits of the
Green Revolution, nodes of environmental destruction, and the socio-ecological dimensions of the so-called
"Global Nitrogen Problem™ or "Nitrogen Challenge.” (Erisman et al. 2015) Although this kind of scientific
knowledge has had an uneven effect on public debates and state policies during the last few decades—
especially in Latin America and other Third World regions— it has generated an entirely new approach to
understanding N science and agricultural production.

3 After Singapore, Qatar, Kuwait, Bahrain, New Zealand, Egypt, Trinidad and Tobago, Ireland, Luxemburg, Netherlands,
China, United Arab Emirates, Republic of Korea, United Kingdom and Croatia. Data for Trinidad and Tobago between
2002 and 2010 from FAO was not included because of its high variability. Data represents tons of nutrients (N) per 1000
Ha. FAOSTAT 2016.
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Figure 1: World fertilizer consumption, 1961-2002. Source: FAOSTAT, 2016. Data represents
tons of nutrients.

3. The transnational politics of agricultural modernization and the Cold War

Although fertilizer access has been central to feeding and clothing a growing global population, there
was nothing inevitable about soil exhaustion and fertility in this process of agricultural change. It results from
a complex web of political, social, and economic factors operating at local and global scales. Historians have
analyzed how agricultural production became broadly "institutionalized" and "politicized" since the 1920s and
particularly after World War Il (Fitzgerald 2003; Johnson 2016; Muir 2014; Olsson 2016); while some have
debated this process as part of a broader project of "Americanization” (Olsson 2016), and others have
highlighted the importance of dissimilar experiences in China, the Soviet Union, or India (Gupta 1998;
Schmalzer 2016; Smith 2014). Cold War historians have in the last decade revitalized studies of technological
and political change in farming (Cullatter 2010; Kinkela 2011; Perkins 1997; Staples 2006). Still, few of these
works focus specifically on fertilizers, despite their importance to agricultural production and ecosystem
destruction, and few analyze these dynamics in Latin America (cf. Bown 2005; Gorman 2013; Leigh 2004;
Smil 2001).

Since early human history, farmers have known about the importance of soil nutrients and have
sophisticated practices for managing nutrients, soils and crops (Bown 2005; Cushman 2013; Gorman 2013;
Melillo 2015; Muir 2014). However, at the start of the 20" century, land-use practices and a growing global
population rendered natural rates of N fixation and organic and mineral fertilizers insufficient (Erisman and
Vries 2015; Galloway and Cowling 2002; Gorman 2013; Keeney and Hatfield 2008; Perkins 1997). Rather
than emphasize soil exhaustion and the needs of a growing population, here | argue that N fertilizer became so
popular during the second half of the 20" century because of agriculture's new role in international politics,
and a Cold War politics that dominated debates over fertilizer access and consumption.
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Hunger, Communism, and Cold War politics

Throughout the 20™ century, food access—and consequently agricultural production—became a
central issue in international politics. After the Second World War, Western European states and the United
States understood that agricultural production must be fully integrated into government planning efforts, as a
factor in conflict and even war. Agricultural sciences became considered as essential to building food
production systems and thereby the military and economic strength of a nation (Perkins 1997: 85). Politicians
and institutions considered agriculture as a central instrument in nation-centered international politics (Perkins
1997: 103).

In 1941, Franklin D. Roosevelt's State of the Union Address famously listed four “essential human
freedoms": freedom of speech, freedom of religion, freedom from want, and freedom from fear. The third
freedom, "freedom from want", set a new moral role for the United States and Western Europe in improving
food access in poorer nations, thus catapulting agriculture into international politics (Donohue 2003; Muir
2014; Office of War Information 1942). Roosevelt's four freedoms were integrated into the United Nations
Universal Declaration of Rights, helped motivate the creation of the UN Food and Agriculture Organization,
and informed the agenda of institutions like the World Bank and the World Health Organization (Muir 2014).
Under this rubric, hunger and what came to be known as the "World Food Problem™ became central issues in
international politics (Cullather 2010; Ekdladh 2011; Perkins 1997; Staples 2006).

Cold War politics, however, provided food production and hunger with a different ideological
dimension. International policies supporting agricultural development in Third World regions became another
front against the perceived threat of communist regimes. Hunger was a symptom of overpopulation and
resource exhaustion, which in turn as thought to create further resource pressures and political instability
(Perkins 1997, 119; cf. Unger and McNeill 2010). In 1951, the Rockefeller Center's Mexican Agricultural
Program, produced an article entitled The world food problem, which reflected the new role of agricultural
technology and production in Cold War politics. It argued that:

...agitators from Communist countries are making the most of this situation [hunger and
resource exhaustion]. The time is now ripe, in places over-ripe, for sharing some of our
technical knowledge with these people. Appropriate action now may help them to attain by
evolution the improvements, including those in agriculture, which otherwise may have to come
by revolution. (Rockefeller Foundation 1951)

By the 1950s, in the United States and Western Europe agriculture had been integrated into
government efforts to construct national food production systems, and technical and scientific agricultural
knowledge had become a strategic instrument to defeat communism. Cold War politics understood
agricultural production, technologies, and agrarian reforms as central to the development of better social and
economic conditions in the countryside. If underdeveloped countries could experience higher living standard
conditions through the adoption of technology, the potential for achieving those reforms through
revolutionary means would be drastically reduced. Thus the "feeding the world" argument—used even today
by advocates of a triumphant narrative about the Green Revolution—is in part a product of this ideological
framework which understood food access and agricultural production as a critical dimension of international
relations during the Cold War.

The "soil fertility problem™ and a transnational framework for agricultural development

Meanwhile, in Latin America, international development professionals quickly translated the
connection between agricultural production and Cold War politics into a problem of "soil fertility." This
created a privileged arena for the development of soil and plant sciences, technology transfer, and the
subsequent expansion of fertilizer consumption. However, the institutional response to the problem of soil
fertility was not soil conservation, and it did not consider the natural limits of soil biochemistry demonstrated
by some soil scientists and other advocates (Muir 2014: 128). Instead, the response only involved increasing
use of fertilizers.
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Several international meetings on soil fertility and fertilizer access occurred during the late 1940s and
1950s in Latin America. The Joint UN Food and Agriculture Organization (FAO) - Economic Commission for
Latin America and the Caribbean (ECLAC) Working Party on Agricultural Requisites in Latin America
convened in May 1949, in Mexico City. This meeting provided the starting point for defining the "soil fertility
problem™ in the region. The Joint Working Party Report emphasized that "soil and fertilizer experts in Latin
America were generally concerned that soil fertility levels were declining and, in many soil areas, plant
nutrients were not being adequately restored” (FAO 1953: 2). In the following years, several meetings were
held in Ecuador, Uruguay, Brazil and Costa Rica (FAO 1953, 1957; FAO-ECLA 1950; FAO-UNESCO 1971).
These brought together national and international institutions, such as FAO, the Inter-American Institute of
Agricultural Sciences of the Organization of American States, and local governments, to collaborate on
expanding agricultural sciences and implementing programs to increase fertilizer consumption. For instance,
during the 1960s, within the Alliance for Progress, several agricultural development programs were
established between Latin American governments, international organizations, and the United States.* At the
same time and following the model of state agricultural planning, Latin American governments established
national agricultural research institutes in cooperation with other public institutions and universities. In the
late 1950s Argentina and Ecuador were the first to introduce this model. Throughout the 1960s the majority of
Latin American countries developed similar institutions, often with technical and financial support from
foreign agencies (Stads 2009). Similarly, private or semi-private organizations were also established during
these decades and were critical to expanding agrochemical industries in the region (Ross 2000).°

As "soil fertility" and agricultural production became central political problems, an institutional
framework to expand agricultural sciences, mechanization, and access to agrochemicals was created by these
national and international organizations. Local actors utilized this international framework to develop research
institutions, expand the dissemination of knowledge and resources, and to dramatically transform the social
and material conditions of agricultural production in the countryside. In doing so, however, they not only
contributed to the creation of a global agricultural system, they also re-formulated in unexpected ways some
of the basic assumptions and goals of the Green Revolution as a tool of the Cold War.

Chile's agricultural transformation and the local politics of the Green Revolution

Recent scholarship on the agricultural economics of the "Chilean miracle” that occurred during the
dictatorship of Augusto Pinochet (1973-1990) suggests that earlier international and national efforts laid the
groundwork for the subsequent and rapid expansion of Chile's agricultural industry (Jarvis 1985, 1989;
Klubock 2014; Melillo 2015; Tinsman 2014; see also Gerhart 2017). Since the early 20" century, Chile
looked to the United States as a future market for its agricultural products and as a model for its agricultural
industries (Tinsman 2014).

It was during the 1960s, however, that Chile developed an institutional structure that would prove key
for further modernizing agricultural practices and science over the coming decades. The support of foreign
aid, particularly from USAID and the Rockefeller and Ford Foundations, was also important. As part of the

4 The US Agency for International Development was established in 1961 under John F. Kennedy's administration, and
along with the Ford and Rockefeller Foundations, was key in this process. The International Maize and Wheat
Improvement Center (CIMMYT) was formally established in Mexico in 1966. The Mexican Agricultural Program (MAP)
was one the first established in the second half of the 1940s and worked as model for other similar programs in Colombia,
Chile, Central America, the Philippines, and India created by the Rockefeller Foundation, the Ford Foundation and
USAID (Olsson 2012). CIMMYT, along with the International Rice Research Institute (IRRI) established in the
Philippines in 1959 by the Ford and Rockefeller Foundations, were icons of the international effort to produce what later
became known as the Green Revolution.

® American and German investors founded the Atlantic Development Group for Latin America (ADELA) in 1964,
supporting several agricultural businesses between 1965 and 1980. Under the support of President Lyndon B. Johnson, the
Agribusiness Council (ABC) was formed in 1967 in order to facilitate American agribusiness's participation in agricultural
programs with developing countries. In 1969 European and American shareholders, among them Bank of America,
Caterpillar Tractor Company, Gerber Products and Monsanto founded the Latin American Agribusiness Development
Corporation (LAAD) (Ross 2000).
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mission to reduce support for communism, and under explicit pressure from the Kennedy administration,
Jorge Alessandri's conservative government (1958-1964) undertook the first land reform in 1962. Expanded
in 1967, these reforms began as an effort to simultaneously break up the system inherited from the colonial
period, encourage capitalism, and prevent communism. Reforms included efforts to boost food production
through mechanization, organize landholders into cooperatives, and develop greater access to agrochemicals
such as fertilizers and pesticides (Tinsman 2014: 38).

Alessandri's successor, Eduardo Frei Montalva (Christian Democrat, 1964-1970) continued this model
of agricultural development. His administration viewed state-led projects, the increase of local production,
and insertion into global markets as central to economic and social development. In 1964, INDAP, CORFO,
and three major national universities founded the National Institute for Agriculture and Livestock Research
(INIA), which remains the premier state-led agricultural research institution and one of the key actors in
enhancing agricultural sciences at a national level (Venezian 1987, 1993; Venezian and Muchnik 1995). In
1965, as part of the wider mission of the U.S Alliance for Progress to speed Latin American modernization
and to prevent communism, the University of California and the University of Chile entered into a
cooperative agreement (the Chile-California Convenio). The program, mostly funded by the Ford Foundation,
emphasized agriculture, veterinary medicine, and the natural sciences, and provided for the mutual exchange
of faculty members and graduate students. The Chile-California Convenio was part of two other cooperation
programs established between 1963 and 1967. They were the most successful bilateral international
agreements transforming agricultural sciences and research in Chile (Bauer and Catalan 2016; Jarvis 1994;
Tinsman 2014; Venezian 1993). Almost one third of the exchanges came from the departments of agricultural
sciences at the University of California, Davis (Tinsman 2014: 42). Specialists consider today the so-called
"Davis boys" key agents in the development of Chile's agricultural sciences and technologies since the 1960s
(Jarvis 1994; Melillo 2015; Tinsman 2014).°

During the 1960s and early 1970s, authorities considered the main areas for agricultural development
to be through interagency and international cooperation, financial and technical assistance to farmers, and
coordination between research institutions and universities (Bauer and Catalan 2016; Venezian 1987, 1993).
This transnational framework for the transfer of knowledge and technology dramatically increased public
funding for agricultural research, technological transfer, and fertilizer access (Venezian 1987, 1993). In 1960
and 1965, Presidents Alessandri and Frei Montalva made adjustments to the fertilizer subsidy program created
in 1952 to reduce prices and increase consumption. In 1967, Frei Montalva's government drastically
transformed fertilizer access by allowing the Chilean state-run bank (Banco del Estado) to start imports of
Urea and other ammonia-based fertilizers (Valdés 1976). As a result, N consumption doubled between 1962
and 1973; the high watermark from this period was only reached again in 1982 (FAOSTAT 2016).

The postwar role of agriculture in government planning and international politics expanded Chile's
institutional structure, government funding and coordination, and agricultural sciences and technologies
through the model of American state-led modernization that dated back to the 1920s, and its public reforms
since the 1960s. Paradoxically, as Chilean authorities, scientists, and technocrats reshaped international
projects aimed at defeating communism, these took on a life of their own, increasing demands for
technological change and for the state to play a more active role in agricultural modernization. In this context

® Academic exchange with the University of California continued until 2008 when the program was re-named the “Chile-
California Plan: Partnership for the 21st Century." As part of this longstanding scientific and academic exchange, the
Chile-California Council (created in 2011), the General Consul of Chile in San Francisco, and the Chilean Students'
Associations at the University of California Davis, Berkeley, and Stanford University organized four annual meetings
between 2012 and 2015. The 'Chile-California Conference', or 'C3', aimed to bring together scholars and researchers from
both regions and to discuss common challenges in public education, innovation, health, sustainability, and agriculture
(http://chile-california.org/projects/chile-california-conference). In 2014, the Chilean Students' Associations at the
University of California Davis organized a conference to discuss the historical cooperation between Chile and UC Davis
in agriculture and veterinary medicine (http://www.chileatucd.com/chile-ucd-conference-2014.html). In 2015, as part of
an initiative from the Chilean Government and the University of California's program of internationalization, UC Davis
installed a Life Science Innovation Center in Chile. Today the center focuses on the transference of science and
technology in the agricultural-food sector, and aims to develop collaborative projects between UC Davis and universities
and agribusiness in Chile (http://www.ucdavischile.org/en/home).
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of social and state-led technological change, the socialist Salvador Allende won the 1970 Presidential
election. For conservatives and the United States Government, this was an undesirable victory. Despite the
turn to the political left, it was also a triumph for state-led agricultural development. The transnational
institutional framework established in the 1960s and early 1970s created the basis for the development of the
agricultural sector and sciences for the following decades. It generated institutions and relationships that
integrated Chilean scientists into global networks of knowledge production that had been critical to the
increase in fertilizer consumption and the expansion of N science during the 1960s. But it also offered a
privileged platform for the continued development of the science of N loss from the late 1980s.

4. Global nodes of rubble and the limits of the Green Revolution

As in the United States, Chilean scientists quickly understood the political role of N science for the
country's agricultural and economic development. By the late 1960s and early 1970s, they had incorporated
the language and even the concept of the Green Revolution (cf. Raggi 1969). By understanding the role of N
science in terms of "development”, "progress”, and even "patriotism”, Chilean scientists created a central
justification for the expansion of scientific knowledge on nitrogen-plant dynamics, the incorporation of
international scientific knowledge and methods, and the expansion of "efficient” and "rational" fertilization
practices at the local scale.

Unexpectedly, this boom in N science also created a privileged arena to develop better estimations of
N loss into the environment. Although environmental issues were not necessarily part of these initial
concerns, the collection of systematic scientific knowledge during the 1960s and 1970s became the basis for
the rise of environmental awareness in Chile during the late 1980s. Paradoxically, the institutional channels
for transferring knowledge, technologies, and resources created during the Cold War to expand fertilizer
consumption and agricultural sciences also generated a scientific platform to assess the ecological impacts of
N fertilization.
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Figure 2: Hotspots of N application and eutrophication sites. Source: Potter et al. (2009).
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N loss and global environmental awareness

An international community of scientists had been advancing understanding of the positive effects of N
fertilizer on agricultural production since the 1960s. But they also began to ask questions about the fate of N
fertilizer that was not absorbed by plants and, subsequently, how to build a better understanding of the
biochemical processes involved in N loss and its effects on ecosystems.” In doing so, they started building a
narrative about global nodes of rubble derived from intensive N fertilization, thereby highlighting some of the
environmental limits of the Green Revolution.

In the United States in the late 1970s, and in Chile a decade later, the scientific debate about "efficient”
and "rational" fertilizer use became more than an economic problem. It was also an environmental and social
one (cf. Gorman 2013). Although scientific knowledge on N use efficiency and N loss has had an uneven
effect on public debates and state policies regarding N fertilizers—especially in Chile—it has generated a new
approach to understanding global agricultural production. Today scientists have a more complete
understanding of the processes involved in N uptake by plants; natural and human drivers (industrial and
biological N fixation); and the biochemical processes leading to Ammonia (NHs) volatilization, Nitrate (NO3)
leaching into soils and groundwater, and the liberation of Nitrous Oxide (N,O), Nitric Oxide (NO), and
Nitrogen Gas (N,) into the atmosphere (Jenkinson 2001; Peoples et al. 2004; Van Drecht 2003; Vitousek et al.
1997, 2002). They have better estimates of the amount of N fertilizer used in global agricultural production
that is effectively absorbed by crops as well as the excess that remains in soil, groundwater, and the
atmosphere.

Figure 2, for instance, shows global sites with high rates of N fertilizer application per hectare
(reported between 1994 and 2002) that are also associated with polluted coastal ecosystems (reported
eutrophication and hypoxia). Human-driven eutrophication from excessive fertilization practices is considered
one of the main drivers of nutrient overloading in coastal and inland aquatic ecosystems, although excessive
growth of algae and the resulting oxygen depletion can also be a natural process. The map highlights intensive
N fertilization rates per hectare in several places: the Midwest in the United States, the Gulf of Mexico, India,
Western Europe, and Southern Brazil. In Chile, the map points out the so-called Central Valley, the region in
Chile with the most intensive agricultural practices, running from Coquimbo in the north to Chiloé in the
south (on other environmental issues in this region see Gerhart 2017).%

With maps like this one, scientists are synthetizing their knowledge of global nodes of N pollution
and the emergence of what have been called "dead zones" in aquatic ecosystems.® Identified from a
combination of biochemical processes in soils, watersheds, the atmosphere, and human actions, these nodes of
ecological destruction do not necessarily follow national borders, and affect communities, economies, and
social and political dynamics in ways that scholars still need to study. The "hotspots™ or "dead zones" are
regions of N "overuse"”, and illustrate the ecological effects of intensive N fertilizer use. As part of this process
of global environmental awareness, during the last decade scientists, policy-makers, and stakeholders have
contributed to the creation of "Nitrogen Assessments” in Europe and the United States. These assessments
have synthesized the scientific knowledge on fertilization practices and N pollution and make
recommendations for more efficient management practices at national and regional scales (EPA 2011; Sutton
2011; Tomich et al. 2016). Scientists also recently elaborated the concept of a "nitrogen cascade" to describe
how a single atom of reactive anthropogenic N can trigger a sequence of negative environmental impacts
through time and space on a scale that challenges traditional disciplinary, geographical, and political
boundaries (Billen et al. 2013; Erisman et al. 2015; Galloway et al. 2003). As part of this process, recent
international scientific meetings have reinforced the need for a global understanding of the N problem, and

7 See Table 1 in Galloway et al. (2013) and Gorman (2013).

8 For a map of main Chile's agricultural regions see Venezian (1987: 2).

® A similar world map of eutrophication and hypoxia including locations reported from 1950 to 2010 can be found here:
http://www.wri.org/media/maps/eutrophication/fullscreen.html.
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the importance of incorporating a multi-scale and multi-disciplinary approach to manage what many consider
is the "carbon" of the 21% century.*®

Agricultural sciences and policies in Chile after 1973

A military junta supported by the United States and conservative sectors of society took power in
Chile on September 11, 1973, and moved quickly to restructure the country politically and economically.
Major economic policy changes were implemented to reduce government intervention, increase the role of
markets in the allocation of resources, and encourage private initiative and investment. By strengthening
market-based policies for agricultural development and diminishing the role of the state in coordinating the
transfer of technologies and resources, the post-1973 Chilean state dismantled an institutional framework that
could have been critical in linking the science of N loss into agricultural practices and policies.

The military regime systematically denied resources—technical assistance, credit, machinery, and
irrigation infrastructure—to the small farm subsector, which had been a major beneficiary of agrarian reforms
under Presidents Frei Montalva and Allende. This reflected the military regime's political convictions and free
market orientation, as well as their view that large farms were inherently more efficient, and that small
farmers would be incapable of learning the technicalities of business and modern agricultural production
(Jarvis 1985: 5, 29). According to Robert Gwynne and Cristobal Kay, the legacy of the military government's
agricultural policies was inequality. In a system where government avoided giving direct assistance through
credit or extension services, large-scale commercial farmers who had access to private investment were most
successful at achieving technological change (Gwynne 1998; Gwynne and Kay 1997; Jarvis 1994; Kay 2002).

The emphasis on market-based policies and the weakening of the state's role as coordinator created a
system where research institutions had limited formal mechanisms to connect their science with agencies
planning agricultural policies. The military government rapidly replaced INIA's Board of Directors, which
originally included the Deans of the four major colleges of agriculture, for a president appointed as an
"intervenor" (Venezian and Muchnik 1995). The Pinochet administration intervened in universities by
"designating" military officers as presidents (rectores), who made significant changes in personnel,
curriculum, and other areas. As part of these reforms, the government drastically reduced public expenditure
on agriculture, higher education, and research (Venezian and Muchnik 1995). In this new political context, the
Ford Foundation ended its support of the Chile-California Convenio soon after the military coup (Bauer and
Catalan 2016). As result of these reforms, universities, research institutions like INIA, and policymaking
agencies had no formal communication channels for the transference of knowledge or technology (Venezian
1993). This process of institutional dis-assemblage also affected work on other environmental issues
(Barandiaran 2015; Carruthers 2001; Tecklin et al. 2011).

The reduction in public expenditure shifted the funding base for agricultural research from regular
budgetary allocations to competitive grants. These grants required the private sector to be involved through
counterpart funding or collaborative research and were open to all research institutions. Thus, most of the
agricultural research community had to compete for funds with all other science and technology groups in the
country (Venezian and Muchnik 1995). In 1981, Pinochet's government created the National Fund for
Scientific and Technological Development (FONDECYT). Administrated by the National Commission for
Research, Science, and Technology created under Eduardo Frei Montalva's government in 1967,
FONDECYT has since been the main funding source for scientific research on N science and agriculture.
That same year, Pinochet's Ministry of Agriculture created the Foundation for Agricultural Innovation (FIA).
These institutions have sponsored over 90% of the state funded projects studying N fertilization, N loss, and
sustainable agriculture in Chile since 1981 (see Figure 3).

1 see Ling et al. (2016) and reports from the 7th International Nitrogen Initiative Conference (INI) in 2016
(http://www.ini2016.com).
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STATE-FUNDED PROJECTS IN N SCIENCE, N FERTILIZATION MANAGEMENT, AND
SUSTAINABLE AGRICULTURE BY FUNDING SOURCE 1985 - 2014

Projects: FIA; FONDEF; FONDECYT-Regular; FONDECYT-Iniciacion; FONDECYT-Cooperacion Intemnacional; FONDECYT-Postdoctorado
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Figure 3: State-funded projects in N science, fertilization management, and sustainable
agriculture in Chile 1985-2014.

FONDECYT, FIA and FONDEF (Fund for the Promotion of Scientific and Technological
Development, created in 1992 under democratic President Patricio Aylwin) have concentrated all government
spending in projects about N related sciences and N fertilization in Chile over the last three and half decades.
The creation of FIA and FONDECYT, however, did not significantly transform state-funded research during
the 1980s. Instead, budgets for projects in these areas remained extremely limited until the second half of
Patricio Aylwin's term (Figure 4).

Undoubtedly, the study of N loss into the environment and its effects remains limited in Chile
compared to the United States and Europe. However, Chilean scientists gradually started studying different
mechanisms of N loss in the late 1980s through undergraduate, masters, and doctorate theses and
dissertations. After 1973, institutions like INIA remained central to scientific work on N loss and state-funded
projects expanded this research in universities during the 1990s and 2000s (see Figure 5).

However, despite the increasing scientific knowledge about N loss and its impacts in Chile, scientists
have failed to unify this knowledge into a cohesive or national format that could inform policy and scientific
practice. Although the scientific production on N loss and its environmental effects is growing, materials
synthesizing this knowledge on a regional or national level that could educate authorities and producers are
almost nonexistent. Likewise, despite the significant role of the state in allocating resources, the Chilean state
has not been able to create efficient institutional means to translate science into policies. Nor has it been able
to rebuild effective communication between government-supported institutions conducting research in these
areas (for example, INIA) and policymaking agencies (like The Government's Office of Agricultural Policy,
ODEPA). After the return of democracy, governments during the 1990s and 2000s maintained and even
broadened Chile's exposure and participation in international markets, and avoided regulations that might
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limit national economic development. On social and economic issues, the first democratic governments
inherited a weak state and therefore decided to increase the state's role in these areas gradually (Gwynne
1998; Gwynne and Kay 1997; Kay 2002; Silva 1996).

BUDGET (IN SU.S.) OF STATE-FUNDED PROJECTS IN N SCIENCE, N FERTILIZATION MANAGEMENT,
AND SUSTAINABLE AGRICULTURE BY RESEARCH AREA 1985 - 2014

Projects: FIA; FONDEF; FONDECYT-Regular; FONDECYT-Iniciacion; FONDECYT-Ceoperacion Internacional; FONDECYT-Postdoct
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Figure 4: Budget of state-funded projects in N Science, fertilization management, and sustainable
agriculture by research area in Chile 1985-2014.

4. Conclusion: towards an integrated approach to the global Nitrogen problem

Although the science of N loss and its environmental effects has grown in Chile since the late 1980s, a
synthesis assessing major nodes of destruction and their reach is still needed. Local and international
scientists have identified coastal eutrophication and hypoxia in Chile's central valley, but better estimations
are needed to study underground water and coastal pollution and GHG emissions.** A critical approach to N
science and policy requires a better scientific understanding of the dialectic of production and destruction
within the national agricultural industries, particularly their economic and political drivers and socio-
ecological consequences. However, to increase the efficient use of N fertilizers and generate new models of

1 1n 2010, Chile voluntarily agreed at the UN Framework Convention on Climate Change to reduce GHG emissions from
agriculture by 20% for 2020. As part of this agreement, Chile launched a national program for climate change mitigation
in agriculture and a national inventory of GHG emissions (Programa Nacional para la Mitigacion del Cambio Climatico
en Agricultura y Mejoramientos del Inventario Nacional de Gases de Efecto Invernadero). Scientists from INIA and other
institutions are currently conducting research to quantify and reduce GHG from agricultural practices and elaborate a first
national plan for mitigation (NAMA) for the agricultural sector. (http://www.inia.cl/proyecto/502450/;
http://www.inia.cl/blog/2015/09/28/estrategias-de-manejo-agronomico-contribuiran-a-mitigar-las-emisiones-de-gases-
efecto-invernadero/)
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agricultural production while protecting the environment, Chile also needs to rebuild an institutional
framework which will be critical in connecting scientific production with policymaking agencies.

From a global perspective, enhancing the technical and economic efficiency of N fertilizers is essential
for both agricultural production and protection of the environment. With little new land suitable for crop
production, the output per unit area must increase to meet the expected world population of 8.9 billion people
by 2050 (FAO 2004). If NUE is not improved, marginal lands will be brought into production resulting in
increasing land degradation that will affect both production and the environment (Cassman et al. 2002;
Mosier 2004). In fact, even greater rates of N loss from global food production are likely in the future, as the
human population and the demand for animal protein increases (Galloway et al. 2002). The anthropogenic N-
fixation rate is expected to increase by roughly 60% by the year 2020, primarily due to increased fertilizer use
and fossil-fuel combustion (Galloway et al. 1995).*

EXECUTING INSTITUTIONS OF STATE-FUNDED PROJECTS IN N SCIENCE, N FERTILIZATION
MANAGEMENT, AND SUSTAINABLE AGRICULTURE BY RESEARCH AREA 1985 - 2014
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Figure 5: Executing institutions for state-funded projects in N science, fertilization
management, and sustainable agriculture by research area in Chile 1985-2014.

Considering that current N loss into the environment and the potential to improve NUE depend on
natural, technological, economic, and political processes, scholars have called for an integrated approach
(Galloway et al. 2002). In particular, further technological and economic tools to better develop integrated N
and irrigation management strategies are central to face the N challenge and to reduce N losses into the
environment. | contend, however that the current scientific and political concern regarding N pollution and
efficiency requires a better understanding of the socio-economic and political factors that have determined our
existing agricultural practices and policies at a local and regional scale. This includes the historical role of
national and transnational institutions and government agencies, scientific knowledge, and communication
channels between expert communities and policymaking agencies, discussed in this article. As we begin a

2 Indeed, scientists believe that current levels of NUE remain well below what could be achieved with improved
technologies (Cassman et al. 2002).
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new stage in the history of inter-American relations and potentially, a lesser role for the United States in
international environmental protection from 2017, | argue that the expansion of national and transnational
frameworks for the transference of knowledge will be fundamental for enhancing environmental science and
policy on a local and global scale.

History and social sciences are critical in this process, as a crucial means to assess the human actions
behind the current and future standards of N fertilization.™® Environmental protection and agriculture policies
on NUE require an integrated approach to science, politics, and policy as well as a better understanding of the
past and present dynamics shaping our current models of agricultural production. The humanities and social
sciences have played a critical role in building a narrative about the politics and economics of human-induced
environmental change, but much remains to be done to connect these conclusions and approaches with the
general public and policymakers at local and global scales.
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