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We estimate the impact of the Green Revolution in the developing
world by exploiting exogenous heterogeneity in the timing and extent
of the benefits derived from high-yielding crop varieties (HYVs). We
find that HYVs increased yields by 44% between 1965 and 2010, with
further gains coming through reallocation of inputs. Higher yields
increased income and reduced population growth. A 10-year delay
of the Green Revolution would in 2010 have cost 17% of GDP (gross
domestic product) per capita and added 223 million people to the
developing-world population. The cumulative GDP loss over 45 years
would have been US$83 trillion, corresponding to approximately one
year of current global GDP.

Whoever makes two ears of corn, or two blades of grass, to grow
upon a spot of ground where only one grew before, would deserve
better of mankind, and do more essential service to his country,
than the whole race of politicians put together. (Jonathan Swift,
Gulliver’s Travels, part 11, chapter VII)
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I. Introduction

How important is agricultural productivity growth in development? Early
views of development assumed that most of the impetus for development
and economic growth would necessarily come from the industrial sector,
which was thought to offer the potential for rapid rates of productivity
growth. In contrast, the agricultural sector in most developing countries
was seen as backward and stagnant, with limited potential for growth
(e.g., Rosenstein-Rodan 1943, Lewis 1951, and Nurkse 1953, echoed more
recently in Matsuyama 1992). In recent years, agriculture’s potential sig-
nificance has been a theme in a renewed literature on structural transfor-
mation and economic growth. A new literature has offered theoretical
models in which agricultural productivity growth is important for subse-
quent industrialization and in which agricultural productivity differences
play a role in explaining cross-country disparities in income.' However, it
has proved difficult to assess empirically the overall importance of agri-
culture’s contributions to growth, and a lively policy debate remains on
whether (and when, where, and how) governments should focus their de-
velopment efforts on agriculture.

This paper contributes to the debate by studying how the Green Revo-
lution affected economies in the developing world. The Green Revolution
is arguably the most important episode of agricultural innovation in mod-
ern history and is best understood as an increase in agricultural produc-
tivity based on the application of modern crop-breeding techniques to
the agricultural challenges of the developing world (Evenson and Gollin
2003a). New crop varieties were developed initially for rice, wheat, and
maize; subsequently, scientists extended the Green Revolution technol-
ogies to a number of other crops. The increase in food production was
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the 2016 annual European Economic Association meeting in Geneva, the 2017 annual
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(SPIA) of the CGIAR (formerly the Consultative Group on International Agricultural Re-
search). Gollin’s views do not represent those of SPIA or the CGIAR. Data are provided as
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massive and nearly immediate in the irrigated rice-growing areas of Asia
and the wheat-growing heartlands of Asia and Latin America. Other parts
of the developing world received little benefit, however, from these early
efforts—for reasons that are discussed in detail below.

How much did the Green Revolution matter? Did the advances in ag-
ricultural productivity generate large and long-lasting economic benefits?
Answering this question poses obvious challenges for causal identification.
Because growth in one sector of an economy will inevitably link to growth
in other sectors, itis hard to find compelling evidence at the national level
for the causal impacts of agricultural productivity growth. Using variation
in productivity within countries, at a narrower geographic scale, several
papers have made use of quasi-natural experiments (e.g., Hornbeck and
Keskin 2014 and Bustos, Caprettini, and Ponticelli 2016) or structural es-
timation (e.g., Foster and Rosenzweig 2004, 2007) to look at the cross-
sectoral impacts of changes in agricultural productivity. However, these
local effects can be difficult to extrapolate to full general equilibrium im-
pacts on aggregate economies. In poor countries with large fractions of
their workers in agriculture, the main mechanisms of structural transfor-
mation are not played out within local labor markets. Instead, they often
involve large-scale movements of people across locations—from rural areas
to cities or from one region to another. Studies that emphasize the local
movements of people will miss these broader and more secular changes.

Informed by a theoretical model, we estimate the impact of the Green
Revolution on national economies in two steps. First, we leverage varia-
tion in the global diffusion of HYVs (high-yield varieties) in a staggered-
adoption design to estimate the impact on crop yields. For each crop, we
are able to use historical records on the breeding and release of HYVs to
identify a specific release date at which the new Green Revolution tech-
nology became available to the developing world. Given these release
dates, we compare yields of crops for which HYVs became available to
yields of crops that did not benefit (or had not yet benefited) from com-
parable varietal improvement research. In a sample of 90 developing
countries, we find that HYVs increased annual yield growth of some crops
by as much as 1.3 percentage points, and we demonstrate that this
difference-in-difference result is not driven by preexisting trends in crop
yields. Wheat and rice experienced the highest yield increases; other im-
portant crops, such as cassava and sorghum, were less affected by the
Green Revolution—both because HYVs became available at a later date
and because HYVs had only a modest impact on yields. We use this var-
iation in the second step of our analysis, in which we estimate how the
Green Revolution affected economic growth, demography, and develop-
ment more broadly. By combining our crop-specific estimates of the im-
pact of HYVs with country-specific shares of each crop in total agricultural
production before the Green Revolution, we construct a measure of the
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exogenous impact of HYVs on aggregate yields (for fixed allocations of
land and labor). The resulting variable is similar to a shift-share (or Bartik)
instrument. But contrary to most applications of shiftshare research de-
signs, which rely on observed aggregate trends to draw inference at the
disaggregated level, our design uses the exogenous yield trends that we es-
timated in the first part of our analysis. This allows causal inference not just
at the country level but also at the developing-world level, making it possible
to quantify the global effects of the Green Revolution.

Our shift-share variable indicates that HYVs increased yields of food
crops by 44% between 1965 and 2010. The total effect on yields is even
higher because of substitution toward crops for which HYVs were avail-
able and because of reallocation of land and labor. Beyond agriculture,
our baseline estimates show strong, positive, and robust impacts of the
Green Revolution on different measures of economic development. Most
striking is the impact on GDP (gross domestic product) per capita. Our es-
timates imply that delaying the Green Revolution for 10 years would have
reduced GDP per capita in 2010 by US$1,273 (adjusted for PPP [purchas-
ing power parity]), or 17%, across our full sample of countries. The dollar
amount is large, in part because some of the countries grew relatively rich
during the period we study: the comparable loss in today’s least devel-
oped countries is US$392. By 2010, the cumulative global loss of GDP of
delaying the Green Revolution 10 years would have been about US$83 tril-
lion—roughly a year of present-day global GDP. Needless to say, this sur-
passes the amount of resources that went into developing HYVs by several
orders of magnitude. The income loss would have been much greater had
the Green Revolution never happened, perhaps reducing GDP per capita
in the developing world to 50% of its current level, if our estimates are
taken at face value—although we stress that this number is subject to con-
siderable uncertainty and depends on a somewhat implausible counterfac-
tual. Despite these reservations, the results of this paper clearly place the
Green Revolution among the most important economic events in the twen-
tieth century.

We find no evidence that the gains from increased agricultural pro-
ductivity were offset by any Malthusian effects; the increased availability
of food does not appear to have been eroded by population increases.
Instead, we find a negative effect of the Green Revolution on fertility.
Our estimates suggest that the world would have contained more than
200 million additional people in 2010 if the onset of the Green Revolu-
tion had been delayed for 10 years. Lower population growth increased
the relative size of the working-age population, leading to a demographic
dividend that accounts for roughly one-fifth of our estimated effect on
GDP per capita. Our paper also sheds light on a concern, often expressed
in the literature, that agricultural productivity improvements would pull
additional land into agriculture at the expense of forests and other



2948 JOURNAL OF POLITICAL ECONOMY

environmentally valuable land uses. We find evidence to the contrary: in
keeping with the “Borlaug hypothesis,” the Green Revolution tended to
reduce the amount of land devoted to agriculture.”

A large literature considers the social, economic, and environmental
impacts of the Green Revolution; it would be too ambitious to review this
literature here. Recent surveys in the economics literature include Ren-
kow and Byerlee (2010) and Pingali (2012).° Our paper addresses some
of the same macro-scale questions that have previously been considered
using models of varying structures and with differing assumptions; see,
for example, Evenson and Rosegrant (2003) and Perez and Rosegrant
(2015). A recent survey of these models can be found in Godfray and
Robinson (2015). In contrast to these approaches, our analysis is based on
econometric evidence and is in some respects closer to papers that com-
bine spatial variation in geography with the arrival of new technologies
whose impacts depend on geography, such as the potato (Nunn and Qian
2011), GM (genetically modified) crops (Bustos, Caprettini, and Ponti-
celli 2016), and fracking (Bartik et al. 2019). Our paper is perhaps closest
to a small set of recent papers that similarly combine spatial variation with
time variation to study the Green Revolution—specifically, works by Mos-
cona (2019), Bharadwaj et al. (2020), and von der Goltz et al. (2020).

II.  Origins of the Green Revolution

Although formal programs of scientific research on crop improvement
in developing countries can be traced back into the nineteenth century,
the timing of the initial Green Revolution and its subsequent patterns of
diffusion were largely exogenous to individual countries. The argument
we make is based on three claims. The first is that the initial Green Rev-
olution technology was almost entirely developed in a set of interna-
tional institutions that revolutionized crop breeding through large-scale
crossing based on a then-modern understanding of genetics; these insti-
tutions also had access to a wide range of genetic material, having assem-
bled large collections of traditional crop varieties that had not previously

* Norman Borlaug (1914-2009) was a wheat scientist closely associated with the early
years of the Green Revolution. Borlaug won the Nobel Peace Prize in 1970 for his work
in developing and promoting the Green Revolution, most notably through his efforts in
wheat breeding. Borlaug argued forcefully that improved varieties and higher agricultural
productivity would lead to reduced pressure on land resources, as higher production
would be achieved through intensification rather than extensive expansion of agricultural
area. This argument was dubbed the “Borlaug hypothesis” by Angelsen and Kaimowitz
(2001, 3).

* This paper is also related to an even larger literature that considers the impact of ag-
ricultural science on economic and social outcomes at a more geographically limited scale.
This literature is surveyed by Maredia and Byerlee (2000); more recent contributions in-
clude Thirtle, Lin, and Piesse (2003), Pingali and Kelley (2007), Dalrymple (2008), Raitzer
and Kelley (2008), Rusike et al. (2010), and Costinot and Donaldson (2011).
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been available to breeders. Our second claim is that the timing of the
initial research was driven by a mixture of humanitarian and geopolitical
concerns. In this sense, it was not driven by an assessment of the subse-
quent growth prospects of any particular country or set of countries. (If
anything, the focus was on countries that seemed at risk of famine and
political crisis.) The third is that the HYVs produced through Green Rev-
olution research were made widely available in countries producing those
crops. Because these technologies were developed in public sector insti-
tutions and made available in the public domain, and because HYV seeds
were essentially self-replicating, the diffusion of the technology was not
significantly limited or mediated by proprietary control or even by the
capabilities of governments. Many of the Green Revolution HYVs diffused
through farmer-to-farmer sales or sharing of seeds. This also meant that
research targeted particular agronomic and phenotypic problems thought
to have widespread relevance, rather than focusing on specific countries
or on the most profitable market segments. Together, these three claims
support the proposition that the differential impact of agricultural research
on developing economies reflected factors substantially exogenous to those
countries.

A, The Institutional Basis for the Green Revolution

Although many developing countries had some indigenous and colonial
programs of crop improvement, it is a reasonable generalization to say
that few developing countries had large or systematic programs of crop
improvement before 1950. Colonial programs of agricultural research
tended to focus on nonfood crops, such as sugar, that provided raw ma-
terials for industry or were consumed in the colonial heartland. Food
crops tended to receive a low priority. To the extent that there were ac-
tive programs of research on food crops, as in India, in the first half of
the twentieth century, they tended to focus on identifying vigorous strains
of existing varieties rather than developing new lines. Early Green Revo-
lution technologies were closely linked to an institutional innovation in
agricultural research that created a new set of plant-breeding institutions.
In particular, the HYVs were closely associated with the creation of new in-
ternationally funded research centers (IARGCs) and the large-scale mobi-
lization of scientific resources. Because of this, the origins of the Green
Revolution can be dated fairly precisely.*

* It is true that plant breeding took place before the Green Revolution within many na-
tional programs. But before the Green Revolution, varietal improvement in most national
programs was heavily based on selection from existing varieties, rather than through “cross-
ing” (or hybridization). To the extent that crossing took place, it was carried out on a small
scale. For instance, the entire Indian national program in rice research appears to have been
making no more than a few dozen crosses per year around 1960; by contrast, in the early
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The earliest large-scale programs of international research took place
in rice, wheat, and maize—the world’s most important food crops. Fol-
lowing some early exploratory work in the 1940s and 1950s, the first of
the Green Revolution institutions was created in 1960, in the form of
the International Rice Research Institute (IRRI), located near Los Banos
in the Philippines. In 1967, a sister institution was born: the International
Center for Maize and Wheat Improvement (CIMMYT), with headquar-
ters near Texcoco, Mexico. These two research centers were funded by
a group of aid donors, including the Ford and Rockefeller Foundations,
as well as a number of national aid agencies. CIMMYT grew out of an on-
going program of wheat research that the Rockefeller Foundation had
been funding in Mexico since the late 1940s.° The history of the early
Green Revolution has been documented in a number of sources, for ex-
ample, Dalrymple (1974, 1985, 1986) and Barker, Herdt, and Rose (1985).
Breeding efforts at these institutions were subsequently extended to other
crops and other research centers, as discussed below.

In both rice and wheat, these early efforts reflected an emerging view
that rich countries had both obligations and opportunities to encourage
development in the newly independent countries of Africa and Asia, in
the wake of the Second World War. This view coincided with geostrategic
concerns triggered by the Cold War. The threat of agrarian revolutions
in Asia and Latin America seemed to call for efforts to promote rural de-
velopment (for a detailed discussion, see Perkins 1997). It was presum-
ably not a coincidence that the United States, being pulled steadily into
a war in Indochina and fearing a domino effect, chose to support invest-
ments in rice research or that it would support a wheat research program
that was based in Mexico.

Against this backdrop, rice breeding began at IRRI in late 1962. Within
the first weeks of breeding effort, scientists made a cross (designated IR8)
that gave rise, after several years of further selection, to what would even-
tually prove to be the first “megavariety” of rice. The other initial research
center, CIMMYT, began distributing HYVs of wheat and maize even be-
fore it was formally founded. In the wake of the successes of IRRI and
CIMMYT, two additional centers were created in 1967: the International
Institute for Tropical Agriculture (IITA) in Ibadan, Nigeria, and the In-
ternational Center for Tropical Agriculture (CIAT) in Cali, Colombia.
These institutions were assigned mandates for additional crops and

years of the International Rice Research Institute, breeders averaged over 2,500 crosses per
year.

> IRRI, too, had a modest precursor program, a small breeding effort initiated under the
auspices of the United Nations (UN) Food and Agriculture Organization (FAO) in the
1940s and 1950s. It is safe to say, however, that there was no large-scale or systematic effort
to breed new rice varieties for the developing world before 1960.
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different agroecologies; the subsequent rolling out of additional centers
provides a valuable tool for identification in our analysis.®

To a degree, adaptive breeding—the effort to tailor HYVs to specific agro-
ecological niches and to address problems of local importance—has been
carried out by national governments through agricultural research sys-
tems, university-based research programs, and otherlocal research. A con-
cern for our identification strategy is that this effort may thereby reflect
institutional capacity, raising the possibility that the diffusion curves for
different countries are related to general institutional factors that might
lead to growth through other channels. But what is clear is that even for
the most advanced developing countries, adaptive breeding has contin-
ued, even to the present day, to rely heavily on research emerging from
the CGIAR. Many or most HYV crops in the developing world continue
to use genetic material that can be traced to the CGIAR, as documented
by Evenson and Gollin (2003b) for the period through the 1990s. More-
recent studies describe the continuing importance of international re-
search for the diffusion of HYVs in sub-Saharan Africa (Walker and Al-
wang 2015) and South Asia (Pandey, Velasco, and Yamano 2015).

B.  Timing of the Green Revolution across Crops

The start of the Green Revolution can be dated quite precisely. As noted
above, the first high-yielding rice varieties were crossed in 1962 at IRRI,
and after several generations of selection, they were initially released in
1965 to national research programs in rice-growing countries around the
world. For wheat, it is similarly possible to identify a zero date for the Green
Revolution: the first successful crosses from the Rockefeller wheat pro-
gram took place in the 1950s, but they were not released to farmers in
other developing countries until 1965. Maize followed soon after. For
each crop, we can identify with reasonable precision the date at which
the research institution first released a variety based on breeding work
that took place within the institution. Table 1, compiled on the basis of
historical records of varietal releases and other analysis of breeding data,
shows the release dates of HYVs for different crops; detailed documenta-
tion is in table Al; tables A1-A13 are available online.

The public nature of the international agricultural research centers
means that the HYVs they helped produce were made freely available,
so the dates identified in table 1 reflect the year in which any developing

® There are now 15 such institutions that carry out agricultural research on subjects
ranging from aquaculture to livestock science to water management. These centers oper-
ate collectively as an entity known as CGIAR (formerly known as the Consultative Group on
International Agricultural Research), with an annual budget approaching $1 billion. Its re-
search is funded by national and multilateral development agencies, nongovernmental or-
ganizations, private philanthropies, and other donors.
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TABLE 1
RELEASE YEAR OF FIrRsT HYV BY CROP
TARC Research Initial First Year

Crop Center Center Crop Released Used in
Crop Type (Host Country)  Founding Mandate Material Analysis
Barley Cereals  ICARDA (Syria) 1977 1977 1979 1979
Maize Cereals CIMMYT (Mexico) 1963 1963 1966 1966
Millet Cereals ICRISAT (India) 1972 1972 1982 1982
Rice Cereals IRRI (Philippines) 1960 1960 1966 1966
Sorghum Cereals ICRISAT (India) 1972 1972 1983 1983
Wheat Cereals CIMMYT (Mexico) 1963 1963 1965 1965
Plantain Fruit IITA (Nigeria) 1967 1972 2002 c.
Soybean Pulses IITA (Nigeria) 1967 Unclear 1979 ce
Yam Roots and IITA (Nigeria) 1967 1970 1990 1990

tubers
Dry beans Pulses CIAT (Colombia) 1970 1973 1979 1979
Cassava Roots and CIAT (Colombia) 1970 1973 1984 1984

tubers
Potato Roots and CIP (Peru) 1971 1971 1990

tubers
Sweet Potato  Roots and CIP (Peru) 1971 1988 Mid- 1999

tubers 1980s
Groundnut Pulses ICRISAT (India) 1972 1974 1985 1985
Pigeon pea Pulses IITA (Nigeria) 1967 1972 2002 2002
Chickpea Pulses ICARDA (Syria) 1977 1977 1984 1984
Faba bean Pulses ICARDA (Syria) 1977 1977 1986 1986
Lentils Pulses ICARDA (Syria) 1977 1977 1980 1980
Cowpea Pulses IITA (Nigeria) 1967 1970 1974 1974

NoTEe.—DBy crop, the year in which the first HYV was released, along with the IARC from
which it originated. Our empirical analysis does not include potatoes, soybeans, and plan-
tain, for reasons explained in n. 15. CIP = Centro Internacional de la Papa (International
Potato Center); ICARDA = International Center for Agriculture Research in the Dry Areas;
ICRISAT = International Crops Research Institute for the Semi-Arid Tropics. For further
details, see table Al.

country could potentially have adopted HYVs of a given crop. Wheat is an
exception to this rule and precisely for this reason provides an instructive
example. Wheat breeding in Mexico initially focused on disease resis-
tance—in particular, resistance to wheat leaf rust, a pathogen that signif-
icantly reduces yields. The first rust-resistant variety was released in 1948,
and further improved varieties followed in the 1950s. Work on semidwarf-
ism began in the mid 1950s and culminated with the release of the first
truly high-yielding varieties in Mexico.” On the basis of the success of these
varieties, Norman Borlaug, the lead scientist at the Mexican research cen-
ter, brought seeds of the initial semidwarf wheats to India in 1963. In 1965,

7 Semidwarf varieties of rice and wheat were central to the Green Revolution. Because
they were shorter and had stiffer straws, they converted greater fractions of plant energy
to grain and less to producing stalks and leaves. They also provided sturdier structural sup-
port for heavy grain production, which meant, in turn, that they produced well under high
doses of fertilizer—whereas traditional (taller) varieties of rice and wheat had a tendency
to topple (or “lodge”) when fertilized intensively.
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two semidwarf varieties originating from the Mexican program were re-
leased in India; more or less concurrently, semidwarf varieties were re-
leased in Pakistan. By 1970, nearly 10 million ha of HYV wheat had been
planted in Bangladesh, India, Nepal, and Pakistan; by 1977-78, the area
planted with HYVs had doubled and accounted for approximately two-
thirds of the wheat area in those countries (Dalrymple 1985). This differ-
ential timing of the arrival of HYVs of wheat in Mexico and India is clearly
visible in figure 1, which shows that wheat yields start to increase in Mexico
in the 1950s and in India and other developing countries in the late 1960s.

The Mexican case is unique in the sense that the first HYVs were de-
veloped in a research program that did not yet have standing as an inter-
national institution. As a result, the diffusion of the wheat semidwarf
varieties took place within Mexico slightly before the varieties became
available in other countries. For all our other crops, HYVs developed at
the international research centers became available to all countries at ef-
fectively the same moment—either upon a formal initial release from the
international center or through the inclusion of the material in “nurser-
ies” of promising experimental material that were shared with research-
ers across the developing world. The timing and magnitude of the Green
Revolution is not the same in all countries, however, because HYVs of
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Fic. 1.—Wheatyields in Mexico, India, and the average country in the developing world
(i.e., our baseline sample). The solid vertical line indicates the release date of the first HYV
in Mexico. HYVs did not become available in other countries until the agricultural year
1965/66, when wheat HYVs were released in India and a number of other countries in Asia
(dashed vertical line).
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different crops became available at different times. The earliest releases
of HYVs were in the three most important cereal crops (rice, wheat, and
maize), whereas other cereal crops (barley, sorghum, and millet) saw lit-
tle in the way of HYV development until the 1980s. High-yielding varieties
of cowpeas (also known as black-eyed peas) were first released in the mid-
1970s, but most other beans and legumes (lentils, chickpeas, etc.) did not
see successful HYVs until the early 1980s. Successful HYVs for most root
crops did not arrive until even later.

There are a number of plausible interpretations for the variation in
timing of the Green Revolution across crops. To a large extent, the early
successes in rice, wheat, and maize reflected the fact that advanced re-
search institutions in developed countries had been working on these
crops for decades before the beginning of the Green Revolution. Breed-
ers could begin with elite lines from North America, Europe, and Japan.
Moreover, they had a good understanding of the extent of genetic diver-
sity and the sources of useful genes. The situation was different for trop-
ical root crops (e.g., cassava and sweet potato) and for minor crops in rich
countries, such as millet and sorghum. The development of HYVs of these
crops required far more prior research. These differing initial stocks of
knowledge and improved genetic materials create another source of exog-
enous variation in the timing and extent of the Green Revolution. In prac-
tice, this meant that countries that were heavily dependent on rice or
wheat agriculture received an earlier—and potentially stronger—boost
from the Green Revolution than those that relied on root crops or on
other cereal grains, such as barley, sorghum, and millet.

III. Motivating Theory

To motivate our empirical analysis, this section provides a simple theo-
retical framework that connects HYV adoption at the farm level to real-
location within the agricultural sector and subsequently to economy-wide
outcomes.® Consider a country with N regions of fixed size X,, k =
1,2,..., N. Regions are not necessarily geographically distinct, but they
may refer to different ecologies in the same area (e.g., hills and valleys).
At time ¢, a share of land within each region, s € [0, 1], is used for crop
production; the rest is left fallow. Let X}, = suX, denote cropped area in
region k. To simplify, assume that regions have distinct agroecologies
such that region k can grow only a single crop k. Land within each region
is divided into infinitesimally small plots, indexed by ¢ € [0, )_(k], that are
heterogeneous in terms of soil quality. Let a;, denote soil productivity of
plot 7 in region k at time ¢, and let plots be indexed according to their

% We report only the key equations, but the intermediate steps are provided in app. B;
apps. A-I are available online.
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productivity levels such that a;, is decreasing in 7. The productivity param-
eter ay, is time varying because it depends on the available technology, cli-
mate change, and so on. We assume that the most productive soils are
planted first, in a Ricardian sense, meaning that crops are grown in region
k on all plots ¢ < X, and that all plots i > Xj, are left fallow. Moreover, let a;
be distributed smoothly and differentiably across plots in such a way that
the average productivity of cropland within a region is given by

X,
% L a di = ays,’, 0<8<1, (1)
where @, is a region-specific (and by implication crop-specific) produc-
tivity parameter to be specified below. The term s,° captures that average
soil productivity declines with the share of land devoted to the single
crop, irrespective of region size.

Let the unit of production in agriculture be a family farm. Each family
owns one plot of land and supplies one unit of labor, which is the only
other input in production besides land. The mass of farms in region k
is consequently equal to the quantity of farm labor in region k, which we
denote L. These assumptions, along with equation (1), imply that aggre-
gate agricultural output in region k is a Cobb-Douglas function of total land
and labor:?

Yiu = an XfLI:;6~ (2)

Total land X, is fixed, and there are diminishing returns to labor in the
aggregate production function because additional farmers pull less fer-
tile land into agricultural use. The average yield in region k, equal to the
average yield of crop k, is consequently declining in the share of land in
the region devoted to agriculture, s, so that

yield,, = % = ausi. (3)
To highlight the effect of HYVs, assume that the crop-specific (and region-
specific) productivity parameter a, can be decomposed as @, = ;" @z Un,
where ¢V = 1 if no HYVs are available and « > 1 if HYVs are grown.
The magnitude of 4" depends on how much the available varieties im-
prove yields and on the uptake of HYVs. The parameter @, is a crop-
specific time-invariant productivity level, z,is a country-wide productivity
trend, and w,, is an idiosyncratic productivity shock to crop k with mean
1. We can consequently write

¢ This is an application of Houthakker (1955), who demonstrated that Leontief produc-
tion functions at the establishment level and Pareto-distributed productivity levels imply
that the aggregate production function is Cobb-Douglas. See eq. (A2) for the intermediate
steps needed to derive this equation.
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Inyield, = In a™ —6lnsy +Ina + Inz + In w,. (4)

In our empirical analysis, we estimate In ;" from a regression analogue

to this equation.

We now turn to the aggregate implications of introducing HYVs. To sim-
plify notation, we abstract from factors other than HYVs affecting yields
by setting In z, = In u, = 0. Let ¢ = 0 be the period preceding the Green
Revolution. The direct contribution of HYVs to aggregate yields, keeping
allocations of land and labor constant at their pre-Green Revolution lev-
els, is

. N v Yako
GR, = Eakt ~ (5)

where Y0/ Ya is the share of crop kin aggregate crop production before
the Green Revolution. In our empirical analysis, we use equation (5) and
our estimates of In ¢V to construct an empirical counterpart of GR,
which allows us to identify country-level effects of the Green Revolution.
A GR, value of 1.5 implies that HYVs, everything else being equal, have
increased aggregate yields by 50%. Everything is not equal, however, as
the Green Revolution also affected allocations of land and labor. Let pe-
riod 0 be the last period preceding the Green Revolution. Changes in
aggregate yields between period 0 and any period ¢ after the Green Rev-
olution can, under the assumption of free mobility of labor across re-
gions, be written as

Alnyield, = InGR, + In ®, — 6AIn X, (6)

where ®, = (S, (ai™ a@)"°X,)°/ (ZiL: &™ @,° X,). This equation shows that
the effect on aggregate yields from the introduction of HYVs can be de-
composed into a direct contribution to the yields of individual crops
(In GR,), a productivity gain from reallocation of cropland toward regions
growing HYVs (In ®,), and changes to the extent of cropland (6AlnX,),
which affect yields because of decreasing returns to scale. The first two
effects are unambiguously positive, whereas the last may contribute pos-
itively or negatively, depending on how the Green Revolution affected
land use at the extensive margin.

In relatively open economies, higher yields would unambiguously lead
to increased specialization in agriculture and consequently increased
land use. In relatively closed economies, however, the effect will depend
on demand elasticities for food. As a simple model, assume that demand
is perfectly inelastic, with individuals consuming a subsistence level of
food, denoted ¢,, necessary for survival. Beyond that subsistence level,
no more food is demanded. Assume, moreover, that the entire popula-
tion is in the labor force and that food cannot be stored between periods.
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In a closed economy, total demand for food, ¢, L,, must equal total supply,
given by yield, x X,. This equilibrium condition allows us to write yield
growth as

1 iélnGR,-ﬁ—ﬁln@,—%AlnLl, (7)
which shows why demography is important when evaluating the effect of
the Green Revolution. A shock to agricultural productivity will immedi-
ately increase yields, but whether the increase can be sustained in the
long run depends on the demographic response. If higher yields in-
crease population growth, then Aln L, would increase as increases, put-
ting downward pressure on yields until they are back at their initial level.
We do not model fertility and mortality explicitly here, but the literature
suggests that a Malthusian effect is far from certain. Higher incomes
may, for instance, make parents substitute child quantity for child qual-
ity, leading to lower fertility and better education outcomes, as in Becker,
Murphy, and Tamura (1990) and Galor and Weil (2000).

Our discussion has so far dealt only with the agricultural sector. To see
what the Green Revolution means for the aggregate economy, suppose
now that in addition to agriculture, the economy has a manufacturing
sector producing output Yy, = mlLy,, where mis a constant productivity
term. Labor must be employed in either of the two sectors, meaning that
Ly, + Ly, = L,. GDP per capita can consequently be written as

Alnyield, =

y=—=—t— =0+ pm— (8)

where p,is the relative price of manufactured goods. This equation shows
that structural transformation will necessarily accompany any increase in
GDP per capita, and our assumptions mean that structural transforma-
tion ultimately is driven by yields (because Aln (Ly,/L,) = —Alnyield,).
For the purpose of our empirical application, it is convenient to focus
on growth in GDP per capita (in constant prices), which can be approx-
imated as

L
Alny, ~ Z’O_mﬁ Alnyield,. (9)

Yo
A shock to yields is moderated not only by the size of the labor force ini-
tially employed in agriculture but also by the term pom/ Y, which mea-
sures how much more productive workers are in manufacturing than
in other sectors. If the manufacturing sector is more productive than ag-
riculture, as is typical in low-income economies (Gollin, Lagakos, and
Waugh 2014), then p, m/y > 1, and reallocation of labor to manufactur-
ing would increase GDP. Equation (9) consequently shows that reallo-
cation of labor to manufacturing might amplify yield growth to such an
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extent that the effect on GDP per capita is larger than the isolated effect
in agriculture.

IV. Research Design

Our empirical analysis follows the same steps as the theoretical frame-
work. We first estimate the effects of the Green Revolution on the rela-
tive yields of individual crops and then proceed to study country-level
outcomes. Our empirical strategy in both cases relies on the release dates
of HYVs, reported in table 1; as noted above, we argue that these release
dates are exogenous to individual countries. At the crop level, we use the
different release dates and the staggered adoption (or rollout) of treat-
ment to estimate the effect of HYV releases on the yields of affected crops,
relative to unaffected crops.'® Our crop-level estimates of yield gains from
HYVs, combined with initial production shares of different crops, allow
us to construct an empirical counterpart of GR,, as given in equation (5).
The resulting variable is equivalent to a shiftshare (Bartik) instrument,
which we use for the purpose of identification at the aggregate level (al-
though in reduced form). Many shift-share strategies rely on shift vari-
ables that are endogenous at the aggregate level but are assumed to be
exogenous to local conditions. The aggregate endogeneity of the shift
variable hinders causal inference beyond the local effects. By contrast,
we use an exogenous shift variable obtained from our causal crop-level
estimates. This allows us to use our estimates to calculate the total contri-
bution of HYVs to economic growth in developing countries.

A, Crop-Level Framework

We estimate the effect of HYVs on crop yields using annual data at the
country-crop level. We start by estimating the following event-study ver-
sion of equation (4):

Inyield,, = 338, - 1, + d1In hareay, + pu + pi + &, (10)

k jeT,

where k indexes crop, ¢ indexes country, and ¢ indexes time. The two
terms p,; and p,; denote, respectively, country-by-crop fixed effects and
country-by-year fixed effects, meaning that only within-country time var-
iation in relative yields remains. The country-by-year fixed effects control

' Staggered-adoption (rollout) designs have been used to study trade (Autor 2003),
health and development (Duflo et al. 2015; Alsan and Goldin 2019), human capital (Ace-
moglu and Angrist 2000), and natural resource extraction (Bartik et al. 2019). Shift-share
instruments have likewise been applied in many settings, including immigration (Card
2001), trade (Autor 2003), health and economic growth (Acemoglu and Johnson 2007),
and banking (Greenstone, Mas, and Nguyen 2020).
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for all country-specific time variation affecting all crops, including weather
shocks and trends toward intensification and mechanization of the agri-
cultural sector.

We expect the introduction of HYVs of crop k to increase their yields
relative to other crops in a given country. To capture this effect in the re-
gression, we include as explanatory variable an indicator function 1,
that takes a value of one j years after the global release year of the first
HYV of crop k, which we denote 7,. As mentioned in section II, 7, varies
across crops, providing us with exogenous time variation. The baseline re-
gression includes pure-control crops for which no HYVs were introduced
and for which the indicator takes the value zero for the entire period. The
error term, g, captures country-specific trends in relative yields, so the co-
efficient 8,; measures by how much the relative yield of crop £ in the av-
erage country has changed jyears after the introduction of HYVs relative
to a benchmark year. A natural benchmark is the year before introduc-
tion of HYVs, so we define 7, = {—10,..,—2,0,1,..,2010 — 7,}. If HYVs
provided the only global shock to relative crop yields at the specified re-
lease dates and our identifying assumptions are otherwise correct, then
the estimated $,, would be the empirical counterpart of In a™ in the
theoretical framework outlined in section III (see also app. C). This pro-
vides us with the testable hypothesis that 8;; > 0 after the release of
the first HYV of crop % (i.e., for j > 0) and 8;; = 0 before (i.e., for j <0).
We control for harvested area, In harea,;, to map the estimating equation
into our theoretical framework. We thereby take into account that higher
yields of crop kwill lead its production to expand into less suitable areas,
meaning that the estimated (8, should be interpreted as the effect on rel-
ative yields for a fixed allocation of land."" Equation (10) also allows for
differential effects of HYVs across crops, a reasonable assumption, given
botanical differences and differences in research intensity. However, for
expositional reasons, we also estimate a version of the event study in
which we estimate the average effect of HYVs across all treated crops by
imposing 8, = (6 and a version in which we estimate separate average ef-
fects for different crop types (i.e., cereals, pulses, and roots and tubers).

In addition to our event studies, we estimate the effect of HYVs on
crop yields using a difference-in-difference strategy with staggered varia-
tion in the timing of treatment coming from the HYV release dates. Our
difference-in-difference estimating equation is

Inyield,;, = Doy - WYVt 4 8lnhareay, + i + pie + &, (11)
k

"' Harvested area is obviously an endogenous control, but excluding it from the regres-
sion has quantitatively unimportant effects on our baseline estimates.
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where 1)V is an indicator equal to one in years after the release of the
first HYV of a crop k. For pure-control crops, 1M is zero throughout the
sample period. Because the indicator is interacted with a linear year
trend, we assume a trend break rather than a mean shift in yields of a
crop after the first HYV release. This assumption is not taken for granted:
trend breaks are clearly visible in our event studies below. A priori, how-
ever, we would also expect to see such a pattern. Adoption of HYVs hap-
pens gradually, and aggregate yields follow a trend closely linked to the
adoption rate, even if adoption of HYVs at the farm level causes an im-
mediate jump in yield levels.'* Moreover, breeding did not stop with
the first HYV released for a given crop, and newer vintages of HYVs often
perform better in terms of yields, disease resistance, and drought toler-
ance. How quicklyyields increase after the first release of a HYV variety of
crop kis captured by the coefficient «;,. As with the event studies, we es-
timate versions of equation (11) where we impose common trends of
treated crops, that is, oy, = «, and common trends within crop groups,
that is, o, = o, where k = (cereals, pulses, roots and tubers).

The main identifying assumption of our difference-in-difference strat-
egy is that if HYVs of crop k had not been released, yields of crop k would
have followed the same trend as yields of crops with no HYV releases.
While this counterfactual is unobservable, it is supported by our event
studies, which show that yields of crop kfollowed the same trend as yields
of other crops before the first HYV of crop k was released.

B.  Country-Level Framework

From our crop-level estimates, &, we obtain an empirical counterpart of
equation (5),

—~ N ; Y, i
GR;, = > exp(a;1;"1) AR

s
k=1 YMO

(12)

where the observed pre-Green Revolution production shares, Y/ Yao,
are measured in constant prices and averaged over 1961-64 to reduce
noise from, for example, weather shocks. As above, the indicator 1V s
zero the entire period for crops of which HYVs have not been developed.
The log of GR” is analogous to a shiftshare instrument for log yields. Be-
cause In éﬁ,;,, by construction, is zero before the onset of the Green Rev-
olution, we can interpret In GR, in any year after that as the (approxi-
mate) predicted exogenous growth contribution of HYVs to aggregate
yields under the assumption of fixed allocations of land and labor. For
shorthand, we therefore refer to In GR, as “predicted GR yields.” To

12 A seminal paper by Griliches (1957) documents this process in the case of hybrid
maize in the United States. For evidence of the gradual adoption of HYVs, see fig. AGF.
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estimate the general equilibrium effect on aggregate yields (no longer
keeping allocations of land and labor fixed) and other agricultural out-
comes, we run regressions of the form

Iny, = NInGR,, + Xup + i + p, + &4, (13)

where y, is the outcome of interest in country ¢at year ¢, X, is a vector of
control variables, p;and p, are country and year fixed effects, respectively,
and ¢, is an error term. Under the model in section III, we should expect
the coefficient \ to be a composite of the direct effect of HYVs for fixed
allocations of land and labor, the effect of reallocation of these inputs,
and a demographic response to higher yields (see eq. [7]). We bootstrap
the standard errors in the regression to take into account that the pre-
dicted vector of GR yields is a generated regressor. Specifically, we use
a version of the wild-cluster restricted bootstrap procedure proposed
by Cameron, Gelbach, and Miller (2008), adapted to our setting."

We also estimate the effect of the Green Revolution on economy-wide
outcomes such as GDP per capita and population size. Equation (9) in
our theoretical framework shows that we should expect yields to have
larger effects on GDP per capita in countries with high initial agricultural
employment shares, and it seems reasonable to assume that the same is
true for other economy-wide variables. Our baseline estimates of the
economy-wide effects of the Green Revolution are consequently obtained
from the following regression:

N - Lyio

In y, = NMIn GR;) x To + X0 + pi +op e, (14)
where Lyy/Ly is the observed initial employment share in agriculture
and the remaining variables are as defined above. Because our main ex-
planatory variable now is an interaction, we include in the control set X,
the initial agricultural employment share fully interacted with year fixed
effects. Again, we adjust the standard errors to take the generated regres-
sor into account.

Our theoretical framework also predicts that the magnitude of the
yield effect on GDP per capita will depend on the productivity level in
nonagriculture relative to the aggregate productivity level (pym/y, in

¥ Our implementation of the bootstrap resembles the procedure for 2SLS (two-stage
least squares) regressions with clustered standard errors described by Roodman et al.
(2019). What is different in our setting is that our baseline regressions are reduced form,
rather than 2SLS, and that our reduced-form generated regressor is aggregated from first-
step estimates using eq. (12). We report bootstrapped standard errors based on 1,000 rep-
lications. Both Cameron, Gelbach, and Miller (2008) and Roodman et al. (2019) recommend
inference based on bootstrapped p-values, which in some cases has slightly better asymptotic
properties than inference based on bootstrapped standard errors, but the two methods re-
sult in indistinguishable levels of statistical significance in our application.
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the model). We do not observe this quantity in our data, but treatment
heterogeneity in this dimension will to some extent be reflected in our
estimated A. One reason is that a lower agricultural employment share
will give nonagricultural productivity a greater weight in aggregate pro-
ductivity and thereby push pom/ Y toward unity. Another reason is, as
shown by Gollin, Lagakos, and Waugh (2014), among others, that the ag-
ricultural productivity gap is declining in the level of development, which
is reasonably well approximated by the agricultural employment share.

Equation (12) demonstrates that our identifying variation comes from
the mix of crops that countries were producing before the Green Revo-
lution. Another way of specifying this variation is, as Goldsmith-Pinkham,
Sorkin, and Swift (2020) argue in their discussion of shift-share instru-
ments, to use the initial production shares Y, /Yaio as separate instru-
ments. The relevance of each instrument is essentially our estimated ef-
fect of HYVs on crop yields, that is, &;, making our identification strategy
equivalent to a difference-in-difference strategy with a continuous treat-
ment intensity measured by Yy / Yaio. We can use this equivalence to test
whether our outcome variables in countries highly exposed to HYVs fol-
lowed the same trend as in other countries before the Green Revolution.
Absence of such pretrends would lend credibility to our main identifying
assumption that countries exposed to HYVs would have followed the
same trajectory as countries less exposed to HYVs if the Green Revolu-
tion had not happened. To make this idea operational in an event study,
we exploit that HYVs of maize, rice, and wheat were released almost si-
multaneously in the mid-1960s, whereas HYVs of other crops started to
emerge only around 1980. We can therefore investigate what happened
to countries initially specialized in maize, rice, and wheat around the
onset of the Green Revolution. For this analysis, we use the event-study
equation

2010 _
Iny, = E v/ ¥ I+ Xip + pi + o+ &, (15)
j=1950

where , is the sum of the initial production shares of wheat, rice, and
maize. Because (; is observed, we do not need to bootstrap standard er-
rors in the event studies. We interact Q; with a full set of year fixed effects
(1]), where the omitted year of comparison is 1964. It would support our
empirical approach if we find no evidence of trends in the outcomes re-
lated to Q; before the onset of the Green Revolution in 1965. And if HYVs
affected country-wide outcomes, we should see countries growing wheat,
rice, and maize diverge from other countries starting from 1965 and at
least up to the 1980s, when HYVs of other crops started to diffuse. From
that point onward, the relative performance of countries growing the
early HYV crops depends on the effect of HYVs on their yields compared
to late HYV crops; that is, on the parameters «;.
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V. Data

The key variable in our analysis is crop yield, defined as physical units of
crop production per harvested area. Starting from 1961, FAO reports data
on these variables on an annual basis for 158 different crops in all UN
member countries. The first HYVs of wheat, rice, and maize became avail-
able in the mid-1960s, so to test for pre-HYV trends, we collected histor-
ical data from other sources to supplement the FAO data. Our main source
for pre-1961 data on harvested area and crop production is Mitchell
(1982). We obtain additional data from Rose (1985), the Yearbook of the
League of Nations (various issues), the Statistical Yearbook of the United Na-
tions (various issues), and reports from the Economic Research Service
of the US Department of Agriculture and the national statistical agencies
in China and India. In total, we have collected about 13,500 observations
of annual crop production and harvested area in developing countries
covering the period 1920-61. Our historical data set spans fewer coun-
tries and crops than the FAO data but is quite comprehensive for wheat,
rice, and maize—the crops for which we need historical data to test for
pre-HYV trends. Other major crops, such as barley and cassava, also have
adequate coverage. To aggregate yields across crops, we switch from phys-
ical units to value units, using international farm-gate prices in 1966 as our
price weights.'*

In the crop-level analysis, we study 16 mandate crops of the interna-
tional agricultural research centers (IARCs), as listed in table 1."° We
compare the treated crops to each other and to a set of botanically sim-
ilar pure-control crops for which no breeding of HYVs has taken place

* Ideally, we would use country-level prices for all crops before the Green Revolution.
Comprehensive farm-gate price data in local currency are available from FAO, but the data
start in 1966, cover only a subset of countries, and have many missing observations. The
data do, however, contain sufficient observations to compute the average relative price
of each crop in a common currency, giving us the estimate of international farm-gate prices
in 1966 that we use in the aggregation (see app. D.1.3). The year 1966 is sufficiently early in
the Green Revolution that HYVs had not increased yields to the extent that relative world
prices were affected. In a robustness check, we show that we obtain similar conclusions if
we aggregate by nutritional value, an approach to aggregation also used by Galor and Ozak
(2016). Nutritional values by crop are reported in table A2. See fig. A5 for a comparison
with prices.

' There are 19 IARC mandate crops, but we exclude plantains, potatoes, and soybeans
from the sample for the following reasons. Plantains are botanically sterile, making breed-
ing problematic; only in recent years, using genetic engineering tools, has varietal improve-
ment become a real possibility for research. For potatoes, we cannot establish a firm cutoff
date from which the first HYVs became available, because improved varieties from North
America and Europe were in wide use in developing countries before the initiation of the
IARGs. For soybeans, the role of the IARCs is small compared to that of the private sector,
which markets GM varieties in many countries; this could lead to an upward bias in our
estimates. We note that the private sector is also active in maize breeding, but in most de-
veloping countries, the private sector works with parent material that comes from the
IARCGs. The private sector is not a particularly major presence in varietal research in devel-
oping countries for the other crops that we consider in this paper.
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(see sec. IV.A). According to the FAO classification, all the treated crops
belong to one of the following three crop types: cereals, pulses, and roots
and tubers. For this reason, we choose as pure-control crops all varieties
of cereals, pulses, and roots and tubers for which neither the IARCs, nor
public sector researchers in developed countries, nor commercial breed-
ers have exerted significant research effort into developing HYVs. Nine
crops (predictably minor ones) fulfill this condition: bambara beans,
buckwheat, canary seed, fonio, lupins, quinoa, taro, vetches, and yautia.

Because we model the effects of the Green Revolution via its impact on
food production, our country-level analysis correspondingly focuses on
yields of food crops—or more specifically, cereals, pulses, and roots and
tubers.'® These are the crops for which the FAO data are most comprehen-
sive and reliable. The 35 crops belonging to these three groups account
for about 80% of the total harvested area in our sample of countries.
We use all the crops in these categories to calculate the predicted GR
yields—not just the treated crops and the pure-control crops. Crops such
as oats, for which plant breeding took place outside the auspices of the
IARCs, are included in calculating the initial production shares; so are po-
tatoes, which benefited from breeding outside the IARCs as well as from
the International Potato Center. However, we emphasize that scientific ad-
vances in these crops do not contribute to our predicted GR yields.

The IARCs targeted developing countries, so all European countries,
all former Soviet republics, Australia, Canada, Israel, Japan, New Zealand,
and the United States are excluded from the sample. In our baseline sam-
ple, we also exclude countries with fewer than 10,000 ha of arable land
devoted to food production. We additionally exclude the 10 largest oil
producers measured by barrels per capita in 2017 (Brunei, Gabon, Equa-
torial Guinea, and seven countries in the Middle East) and Botswana,
whose diamond production makes it as dependent on natural resource
extraction as the excluded oil countries.'” We end up with a baseline sam-
ple of 90 countries for which we have GDP data and a sample of 86 coun-
tries for which we have data for agricultural employment.'®

' We exclude fruits, nuts, and vegetables from our baseline crop sample because of the
lack of comparability of yield data and because of relatively many missing observations. For
many fruit and nut crops, yield is not a particularly meaningful measure. Fruit trees, espe-
cially in developing countries, may be planted in the back yard or as isolated trees in a field.
In those settings, output per unit land area is not a useful concept. To some extent, the
same is true of continuously harvested vegetables that can be grown productively in small
spaces. Yield is a better measure for so-called field crops that are harvested fully at a mo-
ment in tme.

'7 The reason for excluding these countries is that agriculture plays a fundamentally dif-
ferent (and frequently insignificant) economic role in these economies. Agricultural pro-
ductivity growth does not seem relevant in these countries.

'® Table A4 shows the specific countries included in our baseline sample, which we con-
sider most appropriate for evaluating the Green Revolution. We show in app. A12 that our
results are robust to changing the sample restrictions.
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Our crop-level sample period is 1945-2010. The sample is unbalanced, as
the pre-1961 data cover fewer crops and countries. The unbalanced na-
ture of the sample does not affect our crop-level analysis, but it makes ag-
gregate variables based on these data fluctuate for purely statistical rea-
sons. Our baseline country-level sample period for agricultural variables
is consequently restricted to 1961-2010. When we use GDP per capita
or population size as outcomes, we are able to begin the analysis in 1950.

Further details about our crop-level data, as well as the sources for data
on GDP per capita, population size, and the other outcome variables in
our analysis, can be found in appendix D.

VI. Results
A, Crop-Level Effects of the Green Revolution

The impact of HYVs on crop yields is clearly visible in the eventstudy
graphs in figure 2. Based on equation (10), the graphs show estimated
nonparametric trends in relative yields of a crop before and after the first
HYV of the crop was released. Figure 2A displays estimates under the as-
sumption that HYVs have identical effects on yields of all 16 crops for
which HYVs were released. For event years before the first HYV release
(the period up until the vertical line), the estimated coefficients are close
to zero and statistically insignificant, implying that yields of treated crops
and untreated crops followed the same trend before the first HYV release.
The absence of differential pretrends supports the identifying assump-
tion in our difference-in-difference estimates below. After the first HYV
was released, the relative yield of the treated crop significantly increases.

Converting our estimates from logarithms to levels, we find that rela-
tive yields are on average 9% higher 10 years after a HYV release (85, =
0.09) and 75% higher after 40 years (84 = 0.56). The gradual increase
in yields happens both because adoption is gradual, along an extensive
margin, and because successive vintages of HYVs of a crop increase yields
beyond what the first HYV could achieve. Our estimated magnitudes are
consistent with the micro-level literature, surveyed in Evenson and Gollin
(2003b), which shows that HYVs typically have at least 50% higher yields
than traditional varieties for a given set of inputs. Inputs are not fixed,
however. Many HYVs respond better to fertilizer and other inputs than
traditional varieties, raising yields still further; gains of the magnitude ob-
served in figure 2 are not unexpected, in cases when HYV adoption is
widespread.

Figures 2B-2D report separate event studies for cereals, roots and tu-
bers, and pulses, respectively, thereby allowing for yield gains to differ for
botanically different crops. For all three crop types, we find no evidence of
pretrends and highly significant increases in relative yields following the
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first HYV release. The magnitudes differ across the three crop groups, with
HYVs of cereals having larger impacts."

Table 2 reports difference-in-difference estimates based on equation (11).
The results in columns 1 and 2 correspond to the event-study graphs in
figure 2, except that we now replace the nonparametric trends with lin-
ear, post-HYV trends. We find positive and significant effects from HYVs
of all three crop types, but a comparison of the estimates in Column 2
shows that the yield gain for cereals is about 44% larger than the gain
for roots and tubers and 85% larger than the gain for pulses. At the level
of individual crops (see table Ab), we find positive effects of HYVs on al-
most all crops, although the coefficients are imprecisely estimated for
minor crops with relatively few observations (e.g., faba bean). The largest
impacts of HYVs are on the yields of wheat, maize, rice, and barley, but
not all cereals have seen similarly large gains after the Green Revolution.
Yield gains for sorghum and millet have, for instance, been modest.

Columns 3-7 show the robustness of the results in column 2. In col-
umn 3, we exclude yield observations with low data quality.*” The esti-
mates are slightly higher than our baseline, suggesting that attenuation
bias is present but small. In column 4, we disregard the historical data
we have collected and use only the FAO data starting in 1961. The result
is almost identical to our baseline, so our estimates are not driven by a
change in data source. In column 5, we exclude countries hosting an
IARC from the sample to show that host countries are not driving our re-
sults. In column 6, we exclude the pure-control crops to show that our re-
sults are robust to the selection of these crops. In column 7, we control for
crop-type linear trends and thereby remove linear pretrends from the esti-
mates. Unsurprisingly, given the picture in figure 2, we find estimates highly
similar to those in column 2.

In table A6, we demonstrate that the harvested area of treated crops in-
creases relative to that of untreated crops, meaning that farmers substi-
tute toward crops with HYVs, which is consistent with both our theoretical
framework and simple economic logic. We also provide suggestive evi-
dence from a limited sample that the relative price of a crop falls after
the first HYV of the crop is released. Our theoretical framework assumes

' Figures Al and A2 report separate event studies for each of the treated crops in the
categories cereals, and roots/tubers. Crops in the pulses category are minor crops, with
too few observations to reliably estimate the rather flexible event-study specification for
them separately.

* Our high-quality data set excludes FAO estimates for countries with no official statis-
tics or with official data that are (1) unvarying from year to year, (2) have less than three
significant digits (we remove all zeroes trailing the last nonzero digit and count the num-
ber of digits left), and (3) are based on crops for which harvested area is less than 1,000 ha.
The two first restrictions eliminate data points that are crude estimates, and the last restric-
tion removes outliers from small sample sizes in the underlying surveys.
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that different crops are perfect substitutes and consequently have the
same price; butin general, we should expect HYVs to increase the supply
of a crop and thereby reduce its relative price, as indeed appears to be
the case in the data.

B.  The Spatial Distribution of the Green Revolution

Armed with our crop-specific difference-in-difference estimates, we use
equation (12) to construct GR;, that is, the estimated exogenous yield
shock coming from the Green Revolution calculated under the assump-
tion that the allocation of land and labor is fixed. According to this mea-
sure, yields had by 2010, ceteris paribus, increased by 44% in the average
country, compared to a counterfactual with no Green Revolution. This
average masks substantial spatial variation originating in the mix of
crops that countries were growing before the Green Revolution. Coun-
tries that devoted much of their crop area to rice and wheat, for which
HYVs were released early and had a large impact on yields, benefit rela-
tively more from HYVs in the aggregate. The map in figure 3A shows the
most important food crop in each country in our sample, measured as
the value of production in 1961 (in 1966 prices). Unsurprisingly, South-
east Asia shows up in this figure as rice territory, whereas there is more
within-region variation in Africa and Latin America. However, most coun-
tries grow a wide range of the 35 crops on which our measure of aggre-
gate food crop yields is based, and the most important crop often ac-
counts for a small fraction of total production. A better way to illustrate
the spatial heterogeneity we use as a source of variation in our country-
level regressions is to plot In GR; in a map, as we do in figure 3B. The map
is for 2010, but the predicted GR yields are time varying because of the
staggered releases of HYVs of different crop, so plotting it for other years
would have resulted in a different picture (see fig. A3 for an illustration
of the time variation). Darker shading in the map indicates a higher
value of the instrument and consequently a larger growth contribution to
yields from HYVs. The map shows that there is substantial variation across
Southeast Asia, despite rice being the most important crop in all but a few
countries in the region. Still, there is less variation within Southeast Asia
than within Africa, where there is more heterogeneity in the crop mix.

C. Aggregale Effects on Agriculture

We now evaluate how the Green Revolution affected agriculture in devel-
oping countries by estimating equation (13). Table 3 reports estimates for
five different agricultural outcomes. For each outcome, we report our
baseline estimate in column 1 and robustness checks in columns 2-5. The



10qe[ pue

puel Jo suonedo[[e paxy jo uonduwnsse 9} JI9PUN UONN[OAIY UL Y1 01 NP ()[0g 03 [96] WOIJ SP[IIA 01 UONNYLIUOD YIMOIS PaidIpaxd o3 saanseawr

IYM “(g) 0103 Ul SPRIK Yo paioipaad pue (y) 99g1 ut sanfea uononpoud e parnsesw

Anunod yoes 10y dord pooj yuerrodwr 1sowr oy —'¢ ‘OI]

sueaq AJp Jo Jnupunoi) .

ole} IO ‘BABSSED ‘sweA ‘ojejod Joams .
j9|jIw Jo ‘wnybios ‘Aejeg .

ozieyy [l

eaym [T

L

2370



TABLE 3
ErreEcTs ON COUNTRY-LEVEL AGRICULTURAL OUTCOMES

Caloric Controlling  Controlling for Excluding IARC
Baseline Aggregation for Climate Pre-GR Trends  Host Countries

1 (2) 3) 4) (5)
A. In Aggregate Crop Yields

In GR 1,738k ] G4k 1.70%:#:% 17234k 1,78

(0.41) (0.41) (0.33) (0.42) (0.43)
Observations 4,500 4,500 4,500 4,500 4,150
Countries 90 90 90 90 83

B. In Harvested Area (Food Crops)

In GR —1.90%#kx  —] 78%x —1.9] %% —1.88:##* —1.95%:**

(0.51) (0.51) (0.44) (0.51) (0.54)
Observations 4,500 4,500 4,500 4,500 4,150
Countries 90 90 90 90 83

C. In Harvested Area (Total)

In GR —15giE —] 47 ] B — 1.5 — 1.5

(0.43) (0.43) (0.40) (0.43) (0.46)
Observations 4,500 4,500 4,500 4,500 4,150
Countries 90 90 90 90 83

D. HYV Area Share

In GR 1.00%%% (9% (.99 1.07%:%% 0.997k**

(0.25) (0.24) (0.22) (0.24) (0.26)
Observations 3,240 3,240 3,240 3,240 2,960
Countries 81 81 81 81 74

E. In Agricultural Employment Share

In GR —1.10%#%  —1 3] Qs —1.08%:#* —1.16%:#* —1.06%:**

(0.37) (0.35) (0.33) (0.37) (0.38)
Observations 4,300 4,300 4,300 4,300 3,950
Countries 86 86 86 86 79

F. In Agricultural Labor Productivity

In GR 1.58%#:% 1.89%: 1.53 %% 1.66%3#:* 1.60%#:

(0.52) (0.51) (0.48) (0.52) (0.55)
Observations 4,150 4,150 4,150 4,150 3,800
Countries 83 83 83 83 76

Note.—Country-level estimates based on eq. (13). Food crops (in panel B) are cereals,
pulses, and roots and tubers. “Total” (in panel C) denotes all crops. HYV area share (in
panel D) is the share of agricultural land use for HYVs for 11 major food crops. The value
In Agricultural Labor Productivity (in panel F) is given by logged agricultural value added per
agricultural worker. The explanatory variable is In GR, which measures by how much HYVs
have increased yields (under the assumption of fixed allocations of inputs). The sample
period is 1961-2010, except for panel D, where the sample ends in 2000. All regressions
include country and year fixed effects. Column 1 is the baseline specification. In col. 2,
In GR is aggregated using caloric content instead of 1966 international prices (as in the
baseline). Column 3 controls for climate by including nonparametric controls for temper-
ature and precipitation. Column 4 controls for convergence in the agricultural sector by
including In yields in 1961 (i.e., before the Green Revolution) interacted with year fixed
effects. Column 5 excludes countries hosting an International Agricultural Research Cen-
ter (IARC). Standard errors (in parentheses) are based on a two-step wild-cluster restricted
bootstrap procedure, which takes into account that In GR is generated.

wEE p <01
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robustness checks show that for all five outcomes we obtain results similar
to the baseline if we aggregate yields using caloric content rather than
prices (col. 2), control for weather shocks and climate change (col. 3), con-
trol for initial yield levels interacted with year fixed effects (col. 4), or ex-
clude TARC host countries (col. 5).

In the baseline regression in panel A /(\)f table 3, we find that the elastic-
ity of aggregate yields with respect to GR; is 1.73, implying that realloca-
tion of land and labor, and possibly additional factor adjustment, ampli-
fies the ceteris paribus effect of HYVs by 73%. The estimated elasticity is
significantly larger than unity only at the 10% level, however, so we cannot
reject that the magnitude of such amplification is limited. In panels B and
C, we find evidence for the Borlaug hypothesis. Panel B shows that total
land devoted to food crops fell as a consequence of higher yields (or, per-
haps more accurately, rose by less than it otherwise would have done).
The effect on total cropland, reported in panel C, is smaller in magni-
tude, as land devoted to nonfood crops (e.g., cotton, tobacco) was not di-
rectly affected by the introduction of HYVs of food crops.

In panel D, we look at the adoption of HYVs, measured by the share of
cropland devoted to them. The data, taken from Evenson and Gollin
(2003a), end in 2000 and cover only 11 of the HYV crops in our sample
(all the major crops are included). Nevertheless, we see a highly signifi-
cant relationship with our predicted GR yields. The adoption of HYVs
is obviously what drives our estimated crop-level yield gain, so this result
serves as a consistency check of our identification strategy. Panel E pro-
vides evidence that the Green Revolution led to a process of structural
transformation. Higher yields freed up labor from agriculture, resulting
in a significantly lower agricultural employment share. To the extent that
labor productivity is lower in agriculture than in other sectors, this find-
ing amplifies the direct effects of yield gains on total income in the econ-
omy. Finally, in panel F, the outcome is a proxy for labor productivity in
agriculture, which we calculate by dividing the FAO estimate of the net
value of agricultural production (including animal husbandry) by the
number of agricultural workers, calculated under the assumption that ev-
eryone between 15 and 64 is in employment.* We find positive and signif-
icant estimates that, in line with the results in panel A, confirm that the
Green Revolution has been instrumental for agricultural productivity
growth in the developing world.*

*' The FAO data on net production are not compatible with the national accounts data,
so we cannot use this measure to construct a meaningful measure of the share of agricul-
ture in GDP.

* Event-study graphs for the outcomes in table 3 are reported in fig. A6.
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D.  Effects on Economic Development

We have so far established that HYVs have increased crop yields and fun-
damentally transformed the agricultural sector since the onset of the
Green Revolution. We now turn to the wider implications for economic
growth, demography, and development more broadly. We start the anal-
ysis by using equation (15) to estimate event studies around the first phase
of the Green Revolution, when the first HYVs of wheat, rice, and maize
were released almost simultaneously. HYVs of other crops only began to
emerge more than a decade later, and with a few exceptions, the yield
gains for these latecomers were generally smaller than those for wheat,
rice, and maize. Treatment intensity in the event studies is consequently
defined as the initial share of wheat, rice, and maize in total food crop
production. By estimating such event studies, we are able to detect, and
subsequently correct for, possible pretrends that might invalidate our re-
search design.

The event study for GDP per capita in figure 4A shows that 10 years after
the onset of the Green Revolution in 1965, countries specialized in wheat,
rice, and maize begin to have faster income growth than other countries.
Before 1965, the growth paths of treated and untreated countries are sta-
tistically indistinguishable. One might still worry about the slight positive
pretrend in the point estimates, but as shown in figure 4B, controlling for
pre—Green Revolution GDP growth interacted with year fixed effects elim-
inates the pretrend while leaving the post-Green Revolution estimates in-
tact. The event-study graph for population growth, in figure 4C, shows that
countries with higher treatment intensities had faster population growth
in the beginning of the sample, but the pattern reverses during the 1980s.
While this result may reflect an income effect on fertility choices, it also
violates the assumption of parallel trends underlying our difference-in-
difference estimates below. Therefore, as with GDP per capita, figure 4D
reports a version of the event study in which we control for pre-Green
Revolution population growth interacted with time fixed effects. This
specification is more flexible than adding linear controls for pretrends, as
we also allow for mean reversion in the population growth rates, and we
are thereby able to control for the possibility that treated and untreated
countries were at different stages of the demographic transition before
the Green Revolution. As a result, the pretrend is eliminated, and the ef-
fect of HYVs on population size becomes slightly stronger.*

* Figure A7 displays event-study graphs in which we control for pre-Green Revolution
linear trends, using the approach in Bhuller et al. (2013) recommended by Goodman-
Bacon (2018). We obtain the same conclusion as in fig. 4. Figures A8 and A9 report event-
study graphs for wheat, rice, and maize separately. The positive effect on income is visible
for all three crops, but the negative effect on population is most pronounced for rice-growing
countries. There are no visible pretrends for any of the three crops.
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Table 4 presents our difference-in-difference estimates of the effect of
the Green Revolution based on equation (13). Column 1 corresponds to
the event studies in the sense that our predicted GR yield is the main in-
dependent variable. The effect of yield growth on the aggregate econ-
omy obviously depends on the size of the agricultural sector, which is why,
in our baseline regressions, reported in column 2, we interact InGR;
with the initial agricultural employment share (L /Luy). Additionally,
we include the initial agricultural employment share interacted with year
fixed effects as controls, such that the effect of having a high initial ag-
ricultural employment share does not affect our Green Revolution esti-
mates. Implicitly, we also control for the initial stage of development, as
GDP per capita and the agricultural employment share are highly corre-
lated.** Our baseline estimate for GDP per capita is 2.75 (see table 4,
panel A, col. 2). If there were no general equilibrium effects outside ag-
riculture, and if there were no productivity gap between agriculture and
nonagriculture, we should expect this estimate to be identical to that for
yields, which we found, in table 3, to be 1.73. The larger point estimate is
consistent with our results in table 3, showing that higher yields lead to
migration of labor out of agriculture toward the more productive nonag-
ricultural sector. A demographic dividend is also part of the story. In panel B
of table 4, as well as in the event studies in figure 4, we find a significant neg-
ative effect of the Green Revolution on population size. Slower population
growth changed the age structure of the population and reduced the depen-
dency ratio, which is why we find, in panel C, a smaller effect of the Green
Revolution on GDP per working-age person (defined as people aged 15—
64 years) than on GDP per capita. A comparison of the point estimates in pan-
els A and C shows that this demographic divided from the Green Revolution
may have accounted for about one-fifth of the total effect on GDP per capita.

Columns 3-6 report selected robustness checks to our baseline results
in column 2. In column 3, we follow our approach from the event studies
above and control for pre-Green Revolution growth in GDP per capita and
population, both interacted with time fixed effects, to eliminate the possi-
ble heterogeneity coming from differential pretrends. The other robust-
ness checks mimic those in table 3. The results show that our baseline re-
sults are robust to these alternative specifications, including controlling
for climate change, which has been found to have a negative impact on
economies of the developing world (e.g., Dell, Jones, and Olken 2012 and
Burke, Hsiang, and Miguel 2015) and obviously also affects agriculture.

* Event-study graphs corresponding to this specification are reported in fig. A10. In ad-
dition, marginal plots show that the effects of the Green Revolution on income and pop-
ulation are most pronounced in countries more dependent on agriculture, whereas no
such cross-country heterogeneity is present for agricultural outcomes (fig. A11). This find-
ing, which is consistent with the model in sec. III, shows that it is unnecessary to interact
with the size of the agricultural sector when studying agricultural outcomes.



TABLE 4
EFreECcTs ON INCOME AND POPULATION

Controlling

for Pre-GR
Interaction Income and Excluding
Simple  Model Population Caloric  Controlling IARC Host
Model (Baseline) Growth  Aggregation for Climate Countries

1) (2) (3) (4) (%) (6)

A. Income
In GR 2.10%
. (.56)
In GR x
initial AES 2.75%#% 2.697%#* 2.607%#* 2,71 2.78%##%
(.87) (.88) (.85) (.83) (.90)
B. In Population Size
In GR — B
e (.210)
In GR x
initial AES —.600%* — .84k —.b3¥* —.60%* —.63%%
(.26) (.23) (.25) (.23) (.27)
C. In GDP per Working-Age Population
In GR 1,61
- (.50)
In GR x
initial AES 2.25%#k 2.7 2,09k 2. 2]k 2.29%%
(.79) (.81) (.78) (.76) (.83)
Specifications
Controls (X year FE):
Initial AES No Yes Yes Yes Yes Yes
Pre-GR
income
growth No No Yes No No No
Pre-GR
population
growth No No Yes No No No
Observations 4,473 4,273 4,050 4,273 4,273 3,923
Countries 90 86 81 86 86 79
Note.—Country-level estimates based on eqq. (13) and (14). Working-age population

(in panel C) is defined by all people in the age group 16-64. The sample period is 1961—
2010. All regressions include country and year fixed effects (FE). Column 1 is the simple
model. Column 2 is the baseline model, which interacts In GR with the agricultural employ-
mentshare in 1961 (initial AES), while controlling for initial AES interacted with year fixed
cffects. The remaining columns are robustness checks: col. 3 controls for pre-Green Revo-
lution (pre-GR) growth in GDP per capita and population growth (1950-63), both interacted
with year fixed effects. In col. 4, In GR is aggregated using caloric content instead of 1966 in-
ternational prices (as in the baseline). Column 5 controls for climate by including nonpara-
metric controls for temperature and precipitation. Column 6 excludes countries hosting an
International Agricultural Research Center (IARC). Standard errors (in parentheses) are
based on a two-step wild-cluster restricted bootstrap procedure, which takes into account that
InGR is generated.
** p<.05.
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TABLE 5
EFreECcTS ON DEMOGRAPHY AND SCHOOLING

DEPENDENT VARIABLE

In Adult In Infant  In Total  Rate of Net Years of
Mortality ~ Mortality ~ Fertility =~ Natural Migration  Schooling,
Rate Rate Rate Increase Rate Age 15-20
(1) (2) (3) (4) (5) (6)
In GR X initial
AES —1.03* —2. 12Kk —9 9wk — ()36%FE  — (003 4.07*
(.56) (.59) (.46) (.011) (.008) (2.32)
Controls (x
year FE):
Initial AES Yes Yes Yes Yes Yes Yes
Observations 4,300 4,072 4,300 4,300 4,270 3,750
Countries 86 86 86 86 86 75

Note.—Country-level estimates based on eq. (14). The rate of natural increase (col. 4)
is calculated as the crude birth rate minus the crude death rate. The net migration rate
(col. b) is calculated as the population growth rate minus the rate of natural increase.
All regressions include country and year fixed effects (FE). The model is our baseline model,
which interacts In GR with the agricultural employment share in 1961 (initial AES) and con-
trol for initial AES interacted with year. Standard errors (in parentheses) are based on a two-
step wild-cluster restricted bootstrap procedure, which takes into account that In GR is
generated.

¥ p<.l.

#Ep < 01,

We do, however, find slightly larger effects on population size when pre-
trends are controlled for. Further robustness checks are reported in ap-
pendix H.

The demographic response to the Green Revolution is clearly of first-
order importance for explaining the income effects, so, in table 5, we in-
vestigate the effects on the demographic variables underlying the overall
population response.*” Column 1 reveals a negative and statistically signif-
icant effect on adult mortality, with a point estimate of —1.03. The esti-
mate implies that a 1% increase in yields in a country with half the pop-
ulation employed in agriculture would cause adult mortality to decline by
half a percentage point (recall that treatment is In GR,[ X Lain/Li). The
effect on infant mortality is larger, with a point estimate of —2.12 (see
col. 2). Lower mortality would, by itself, increase the population size, so
the impact on fertility (or migration) must be negative and large to ratio-
nalize our negative population effect. Column 3 shows a negative impact
on the total fertility rate. That the magnitude of this effect is larger than
the effect on mortality is shown in column 4, where we find a statistically
significant negative effect on the rate of natural increase (i.e., natural
population growth). The coefficient is —0.036. Column 5 shows that
net migration rates were unaffected by the Green Revolution, so the effect

* Figures Al13 and Al4 display the event-study graphs for all the outcomes in table 5.
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on population is entirely driven by changes in mortality and fertility. The last
column shows positive effects on human capital, consistent with a quantity-
quality trade-off. In table Al3, we extend the analysis to a range of additional
indicators of development.

VII. Lessons and Perspectives

Our analysis shows that HYVs, originating in international research cen-
ters, increased the yields of food crops and per capita income in developing
countries. By combining these results, we can estimate the total economic
impact of the Green Revolution—an economic return to the crop-breeding
efforts that took place in the international agricultural research centers. We
provide three such estimates, based on different counterfactual scenarios.
The firstis based on the impact of the Green Revolution in 2010, compared
to a counterfactual in which it never happened. The counterfactual sce-
nario is an out-of-sample prediction of our empirical model, as all coun-
tries in our sample by 2010 were affected by the Green Revolution. Addi-
tionally, we implicitly assume that no alternative sources of growth would
have emerged if the Green Revolution had not happened. While useful as
a benchmark, this scenario almost certainly overestimates the return to
agricultural research at the IARCs. The research breakthroughs of the
IARCs might eventually have been achieved by commercial breeders or
national research institutions, with diffusion to the developing world still
taking place—but later and more slowly. We cannot know how much lon-
ger it would have taken, but it is probably not unreasonable to think that
the Green Revolution would have been delayed by at least a decade and
possibly substantially longer. We therefore construct two alternative sce-
narios based on the assumption that the Green Revolution was delayed
by 10 and 25 years. In all three scenarios, we transform our estimates from
logs to levels and aggregate such that the effect sizes we report apply to the
developing world as a whole. The results are summarized in table 6.%°
Our baseline estimates imply that aggregate food crop yields for our
sample of countries would have been 49% lower in 2010 had the Green
Revolution never happened. They would still have been higher than those
in 1964, but the Green Revolution has accounted for as much as three-
quarters of yield growth since then. We find similarly large effects for
GDP per capita, which would have been 51% lower in the counterfactual
scenario. Taken at face value, this estimate means that the Green Revolu-
tion has been responsible for about half of total growth in GDP per capita
in our sample period. The average annual population growth rate would

* A detailed description of these calculations can be found in app. 1.
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TABLE 6
COUNTERFACTUAL SCENARIOS

Loss/GAIN COMPARED
LEVELS TO AcTUAL (%)

Delayed Delayed Delayed Delayed No
Actual 10 Years 25 Years No GR 10 Years 25 Years GR
(1) (2) (3) (4) (5) (6) (7)

Yield in 2010

(2010 USD/ha) 812 687 541 416 —15 —-33 —49
Yield growth/year
19652010 (%) 2.0 1.6 1.1 5 —-19 —46 =75
GDP/ capita in 2010
(2011 USD) 7,580 6,306 4,885 3,693 -17 -36  —51
In LDCs as of today 2,061 1,659 1,223 922 —19 —40 55
In low-GR effect tercile 6,618 5,926 5,075 4,539 —-10 —-23 =31
In high—-GR effect
tercile 5,295 4,293 3,162 2,221 —19 —-40 58
In low-initial income
tercile 6,076 4,992 3,826 2,841 —-18 —-37 —53
In high—initial income
tercile 13,881 11,873 9,475 7,364 —14 -32  —47
GDP/capita growth/year
19652010 (%) 3.0 2.6 2.0 1.4 —14 —33 —bH4
Population in 2010
(millions) 5296 5519 5850 6,231 4 10 18
Population growth/year
19652010 (%) 1.9 2.0 2.2 2.3 5 11 19
Population growth 1965—
2010 (millions) 3,106 3,329 3,659 4,040 7 18 30
GDP in 2010
(trillion 2011 USD)  40.1 34.8 28.6  23.0 —-13 —-29 43

Cumulative GDP 1965—
2010 (trillion 2011
USD) 724 641 557 515 —12 —23 —29

Note.—Effect of the Green Revolution (GR) for the developing world as a whole im-
plied by our estimates. We define the developing world as the 83 countries in our sample
for which we have data on all required variables. We compare actual values in 2010 to three
counterfactuals: (1) a 10-year delay in arrival of the Green Revolution, (2) a 25-year delay
in the arrival of the Green Revolution, and (3) a scenario with no Green Revolution. LDCs
are the least developed countries, as defined by the United Nations. The low (high)-GR
effect tercile subsample is the third of the countries in the full sample with the lowest
(highest) impact of the Green Revolution measured by predicted GR yields multiplied
by the agricultural employment share. The low (high)—initial income tercile is the tercile
with the lowest (highest) GDP per capita in 1964. Dollar values are PPP adjusted, except for
yields, which are aggregated using 1966 world prices and converted into 2010 dollars.

have been 2.3% in the period 1964-2010 without the Green Revolution,
0.4 percentage points higher than it actually was.

Turning to the more plausible second counterfactual scenario, we find
that a 10-year delay in the onset of the Green Revolution would have cost
the entire developing world, as one would have defined it in 1960, a per
capita loss of US$1,273 (PPP adjusted) in 2010, corresponding to 17% of
GDP per capita. The dollar amount is large, in part because our sample
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includes countries such as Chile and South Korea, which grew relatively
rich during the period we study. The comparable amount for today’s least
developed countries is US$392. The population of the developing world
would have been about 4% higher, corresponding to 223 million people,
had the Green Revolution been delayed by 10 years. By combining this
estimate with our estimate for GDP per capita, we find that HYVs devel-
oped at the IARCs added roughly US$5 trillion to total GDP in the devel-
oping world in 2010 alone, and a cumulative US$83 trillion to GDP since
the IARGCs were founded. To benchmark this amount, it represents ap-
proximately one year of global GDP in 2021. The cumulative GDP gain
is, unsurprisingly, substantially larger if we assume that the Green Revolu-
tion would have been delayed 25 years rather than just 10 years in the ab-
sence of the IARCs. We do not have an exact estimate of how much money
the IARCs have spent on developing new HYVs, but by any plausible esti-
mate, the return on investments in the JARCs has been remarkable.

The effect sizes reported here are surrounded by statistical uncertainty,
and our back-of-the-envelope calculations omit global general equilibrium
effects operating through international prices or trade. Our calculations
also omit other benefits of the Green Revolution, such as improvements
in health associated with greater food availability; we also omit potential
costs, such as environmental damage. Still, the numbers strongly suggest
that the development and diffusion of HYVs has been an important source
of economic growth in developing countries.

To put our estimated effect sizes into perspective, the effect of delaying
the Green Revolution by 10 years is of a magnitude comparable (with op-
posite sign) to the income effect of democratizing, which Acemoglu et al.
(2019) estimate to be about 20% after 25 years, and to the effect of rail-
road access in nineteenth-century India, which Donaldson (2018) puts at
16%. The population effect we find is substantially smaller than the effect
of medical innovations, which, according to Acemoglu, Fergusson, and
Johnson (2020), has increased the population by 45% between 1940 and
1980 in their sample of countries and by even more in low- and middle-
income countries.

Considerable heterogeneity is hidden beneath the aggregate effects of
the Green Revolution discussed above, as country-level impacts depended
on agroecology and the initial size of the agricultural sector. The hetero-
geneity is visible in figure 3, but in table 6 we quantify it for selected
subsamples, using our baseline country-level estimates. We should em-
phasize that the calculations disregard possible treatment heterogeneity
across subgroups, meaning that the heterogeneity we uncover in this ex-
ercise reflects heterogeneity in the exposure to the Green Revolution
alone. The results show that the third of countries in our sample with the
highest exposure to the Green Revolution would have been 58% poorer
in the counterfactual without the Green Revolution, whereas the least



IMPACT OF THE GREEN REVOLUTION 2381

affected third would be “only” 31% poorer. We do not find large differ-
ences across income groups, as measured by GDP per capita in 1964.

The Green Revolution is often associated with the 1960s and 1970s, but
rather than slowing down, the rate of adoption and the number of new
HYVs increased in the 1980s, 1990s, and 2000s. Scattered evidence from
sub-Saharan Africa suggests that the HYV adoption rate has increased by
as much in the 2000s as in the four preceding decades.”” One reason is
that, compared to that in other parts of the world, especially Southeast
Asia, African agriculture is specialized in cassava, sorghum, millet, and
other crops for which HYVs became available relatively late. Our results
consequently shed light on the divergence between Southeast Asia and
Africa during the second half of the twentieth century.

The growth effect of increasing agricultural productivity naturally de-
clines with the size of the agricultural sector relative to GDP. The contri-
bution to aggregate income growth from further investments in agricul-
tural research will therefore be smaller in the future, as agriculture shrinks
as a share of the global economy. Yet agriculture still accounts for about
40% of employment in the average developing country, and the techno-
logical frontier continues to shift outward—not only for yield increases but
also for environmental benefits and resilience to climate change. Our re-
sults suggest that investments in the development and diffusion of agricul-
tural technology have substantially improved living standards in the poor-
est places on our planet over the past half-century. Further investments in
agricultural science targeting the developing world may have the potential
to sustain these gains in the decades ahead.
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