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A B S T R A C T

Attaining the twin goals of food and environmental security in the coming decades poses a significant
sustainability challenge. This paper examines the food and environmental security implications of a
range of policies affecting the global food economy and terrestrial ecosystems, first in the context of
historically segmented markets, and secondly in a hypothetical future world of fully integrated crop
commodity markets. We begin by revisiting history, considering how food production and global land use
would have evolved over the period: 1961–2006 in the presence of greater market integration. We find
that there would have been greater disparities in regional crop output growth, with regions experiencing
higher productivity growth tending to expand more rapidly under this counterfactual experiment. Going
forward, greater market integration can be expected to reshape the way we think about future food and
environmental security. In the presence of continued market segmentation, strong population growth,
accompanied by robust overall income projections, results in exceptionally high demand growth, rising
prices and increased non-farm undernutrition in Sub-Saharan Africa (SSA) by 2050. On the other hand, if
markets are fully integrated, relative rates of productivity growth become key to the regional
composition of world crop output and agricultural production and cropland grow much more slowly in
SSA. We explore the implications of four policy initiatives aimed at improving food security and
environmental outcomes, including enhanced on-farm productivity and reductions in post-harvest
losses in SSA, reductions in food waste in the wealthy economies, and a global terrestrial carbon policy.
We also evaluate the potential impacts of climate change under these two trade regimes. Our results
suggest that, in some cases, the food and terrestrial implications will be radically different in a more
integrated global economy.
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1. Introduction

Attaining both food and environmental security in the coming
decades poses a significant challenge (Davis et al., 2016; Suweis
et al., 2015). On the one hand, providing affordable food and energy
to consumers suggests a strategy of cropland expansion, as the
world seeks to feed more than 9 billion people in 2050. Indeed
some of the Integrated Assessment Models project sizable
cropland expansion over the coming decades (Schmitz et al.,
2014) – particularly under scenarios incorporating bioenergy into
climate mitigation policy (Rose et al., 2012; Wise et al., 2009). On
the other hand, preservation of biodiversity and forest carbon
stocks mitigates against such expansion. Improving agricultural
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productivity on existing croplands is therefore often advocated as
an important option for meeting food security objectives in an
environmentally sustainable way (Burney et al., 2010).

However, in the presence of smoothly functioning international
trade, isolated improvements in productivity can result in rapid
expansion of cropland, with attendant degradation of natural
resources (Angelsen and Kaimowitz, 2001; Lambin and Meyfroidt,
2011). These potential environmental risks notwithstanding,
international economic integration has been shown to offer
significant food security benefits in the context of extreme
weather events (Burgess and Donaldson, 2010; Verma et al.,
2012), provided governments avoid the imposition of export
restrictions (Puma et al., 2015). Economic integration can also
enhance food security in the context of long run changes in
agricultural productivity due to climate change (Reilly et al., 1994;
Baldos and Hertel, 2015). So is globalization good or bad for food
security and the terrestrial ecosystem? More to the point, given
that greater economic integration is viewed by many as inevitable,
how are such market developments likely to alter our view of the
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challenges facing the global food system? We explore these
questions in the context of historical events as well as prospective
policy interventions in the food and terrestrial ecosystems,
including improvements in agricultural technology, reductions
in post-harvest losses and food waste, as well as climate change
mitigation policies.

The history of agricultural markets has been one of episodes of
globalization, followed by periods of protectionism and isolation
(Johnson, 1973). During times of war there is great interest in
ensuring food self-sufficiency, thereby leading to restrictions on
imports to stimulate domestic production. Yet another important
driver of agricultural protection is the political-economic power of
agricultural interest groups. As Hayami and Ruttan (1985) and
Anderson et al. (2013) demonstrate, as countries move from
subsistence farming and low income levels, to commercial
agriculture and higher per capita incomes, government policies
directed at the farm sector shift from net taxation to net support of
agriculture. The logic is that, at low levels of economic develop-
ment, the farm sector comprises millions of relatively poor, rural
producers, with little political influence. It is hard for them to
organize, and, even if they were able to do so, their share of overall
employment and GDP is so large as to preclude the feasibility of
significant income support for such a large segment of the
population. Indeed, with underdeveloped institutions and small
manufacturing sectors, agricultural commodities are one of the
few tangible items which can be effectively taxed in the world’s
poorest countries.

Over time, as countries become wealthier, and their
manufacturing and service sectors grow, wages rise, farms
consolidate, agriculture becomes more capital intensive and the
number of farmers inevitably declines. This improves the
opportunities for political mobilization. Also, with farming
accounting for a smaller share of GDP and economy-wide
employment, richer countries, with well-developed industrial
and service sectors, and strong government institutions, can now
draw on a broad-based tax system to subsidize the shrinking farm
sector as has been the case most recently in China (Gale, 2013). So it
is hardly surprising that the rich countries of the world tend to
subsidize agriculture (Anderson, 2009).

From the point of view of world markets, a critical question is
how this support is provided to the farm sector. Up until the
Uruguay Round Agreement of the World Trade Organization
(WTO) it was very common to intervene at the border with quotas
and export subsidies, preventing smooth adjustments in trade in
response to changing supply and demand conditions (Martin and
Winters, 1997). This wreaked havoc in world markets, and
contributed to substantial differences between domestic and
world prices. Subsequently, there were important efforts to
decouple producer support from production and consumption
decisions – particularly in the European Union (Swinnen, 2010).
This has improved the functioning of global markets, although
many barriers to agricultural trade remain (Anderson, 2009) and
these have proven to be stumbling blocks on the path to a new
WTO agreement. The current Doha Development Round of WTO
talks was initiated in 2001, yet still has not been successfully
concluded.

Frustration with the lack of progress in multilateral trade
negotiations gave rise to an explosion of bilateral and regional
trade agreements. Indeed, since the year 2000, more than 200
bilateral trade agreements have been reported to the WTO (WTO
Regional Trade Agreements, 2016). One of the most important
developments over the past few decades has been the enlargement
of the EU to 28 countries, along with associated reforms to the EU’s
Common Agricultural Policy (CAP). This resulted in the elimination
of its export subsidies and the conversion of much of the producer
support into “decoupled” payments which less trade-distorting
(European Commission, 2012). The EU has also established free
trade agreements with many of its trading partners, as have the US,
Japan and many other large economies. Nonetheless, more than
half of the tariff cuts between 2001 and 2013 were the result of
unilateral trade reforms as countries have sought to become part of
the ‘global value chains’ now coming to dominate the modern food
economy (Bureau et al., 2016). In order to effectively participate in
such value chains, economies must reduce the cost of goods
passing across national borders. Development of these value
chains has been further facilitated by major investments in
physical and logistical infrastructure, including increasing use of
electronic customs clearance (Arvis et al., 2012).

Globalization not only influences commodity markets, it also
affects the flow of knowledge, capital and labor between countries
and between the farm and non-farm sectors. In the wake of the
post-2007 commodity price boom, there was a sharp increase in
interest by foreign investors in farmland – particularly in Africa
(Deininger and Byerlee, 2010). This was dubbed the ‘land grab’ by
many commentators, and, although the number of investments
actually consummated was far less than preliminary commitments
indicated, this wave of interest demonstrated the great potential
for global capital flowing into the agricultural sector. While many
saw this as a threat to native communities and the environment
(Margulis et al., 2013), others saw this as a chance to bring in new
technologies and infrastructure, thereby modernizing the farm
sector and boosting productivity in some of the least developed
parts of the global food system (World Bank, 2009). Closer
integration of farmers into national and international capital
markets is expected to make producers more responsive to market
conditions – allowing for rapid expansion in the face of high
commodity prices – which, as we will see below, also has
important implications for food security and environmental
outcomes.

In this paper, we explore the frequently posited hypothesis that
globalization is bad for food and environmental security. We do so
by exploiting a historically validated, global economic modeling
framework which allows for analysis of the impacts of five pressing
issues in food and environmental security. These are first examined
under the assumption that food markets will perform in the future
as they have in the past – namely with segmentation between
national and global markets. We then turn to a counterfactual
representation in which full market integration is assumed. By
contrasting the impacts of these five scenarios under market
segmentation vs. full integration, we are able to evaluate how
globalization can alter the consequences of policy interventions
aimed at improving food and environmental security.

2. Materials and methods

2.1. A model for analysis of globalization

In order to understand the historical interplay between
globalization, on the one hand, and food and environmental
security on the other, it is necessary to utilize a global economic
model of agriculture, food and the environment. Here we draw on
the partial equilibrium model of agricultural trade nick-named
SIMPLE (A Simplified International Model of crop Prices Land use
and the Environment) (Baldos and Hertel, 2013; Hertel and Baldos,
2016). As its name suggests, this has been designed around the
principle that a model should be no more complex than is
absolutely necessary to understand the basic forces governing the
global supply and demand for crops, cropland and food prices. The
model disaggregates the world economy into fifteen regions, each
producing an aggregate crop commodity using a variable
combination of land and nonland inputs (Fig. A1 in Supplementary
material). Substitution of non-land inputs (e.g., fertilizers, farm



Fig. 1. Shares of international goods in the regional demand for (red) and supply of
(green) crops in 2006. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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labor and machinery) for land in crop production offers scope for
endogenous intensification of production, allowing for crop yield
growth even in the absence of technological change under
increasing scarcity. In addition, we allow for exogenous growth
in agricultural productivity, which we expect to be driven by
investments in agricultural research and development, changes in
policies, and by changes in climate. The supply of land to crops is
also price-sensitive. Cropland may be bid away from competing
uses, with the size of this area response varying across geographic
regions.

Crop production in SIMPLE has four potential uses: direct
consumption, livestock feed, food processing, and biofuel feed-
stocks. Food demands are price- and income-sensitive, but become
less as per capita incomes rise (Muhammad et al., 2011). Rising
incomes also cause consumers to diversify their diets, which, at
early stages of economic development, means adding relatively
more livestock and processed foods. Production of both these
commodities requires crop inputs – the demand for which can be
altered by technological progress in those sectors (e.g., more feed
efficient livestock).

In its initial implementation, SIMPLE assumed fully integrated
markets, and, while the model was able to faithfully reproduce
global consumption, production and land use change over the
period 1961–2006, it did a poor job determining where the
production and cropland conversion occurred (Baldos and Hertel,
2013). Subsequently the model was refined to incorporate market
segmentation – a feature which is widely used in global trade
models (e.g., Hertel, 1997). The specific form of market segmenta-
tion used is that proposed by Armington (1969) who postulated
that domestic and imported products were differentiated goods,
albeit potentially close substitutes. This trade specification has
since garnered considerable empirical support in agricultural trade
(e.g., Villoria and Hertel, 2011). The greater the differentiation
between domestic and international markets, the more segmented
are the crop commodity markets.

We apply the same segmented markets specification to
domestic producers. Aggregation across domestic farms producing
differentiated goods and having limited market access gives rise to
a ‘constant elasticity of transformation’ between domestic and
international goods (assumed to be equal in magnitude to the
elasticity of product substitution). When many of a country’s
farmers face high transport costs and have poor access to world
markets, the absolute value of this transformation elasticity is
small, and domestic producers are relatively unresponsive to world
price changes. On the other hand, when farmers are well-
integrated into the world market, we expect a strong supply
response to international prices. In the limit, if all producers have
access to both markets, there is no market segmentation
whatsoever, and we have complete market integration – with just
one price for crops, worldwide. While this limiting case is
unrealistic, it does approximate the situation observed in other
globalized markets (e.g., wearing apparel, electronic components)
and therefore offers an important counterpoint to the historical
environment of segmented agricultural markets.

The extent of market segmentation is captured by the
elasticities of substitution and transformation between domestic
and international goods as well as the initial shares of international
goods in the consumption and production bundles. The absolute
value of the trade elasticities are set to 3, in keeping with the broad
thrust of the empirical evidence for international substitution of
crops (Hertel et al., 2007). In the Armington specification, the
initial extent of market penetration (the share of spending on
international goods) also plays a central role in determining the
degree to which the global and regional crop markets are linked. If
no international goods are available (zero share), then domestic
and international consumer prices will not be linked at all.
Similarly, if local producers have no presence in international
markets (zero supply share to the global market), they will not
respond to changing global prices. On the other hand, if these
international market shares are large, then international prices will
be readily transmitted into the domestic market.

Fig. 1 reports the international shares in regional consumption
(red) and supply (green) for crops across the fifteen regions in
SIMPLE. The differences across regions are striking. The largest
foreign consumption share is for Japan and Korea, where fully half
of its use of crops is satisfied by the international market. This is
followed by the EU, Central America and Central Asia. These are all
regions where developments in international markets are
expected to be felt strongly by consumers. In contrast, consumers
in Sub-Saharan Africa (SSA), South America, South Asia and China
are expected to be relatively insulated from international prices in
this framework. On the supply side, we see that Australia/New
Zealand, EU, Southeast Asia, Canada/US and South America are
heavily integrated into international markets. In North Africa, SSA,
South Asia, China and Japan/Korea, producers are quite insulated
from international market developments.

Once we factor in the interplay between supply and demand in
the domestic market, we find that the overall degree of price
transmission from global to regional markets is smallest for SSA,
South Asia and China (Appendix Table A1 in Supplementary
materials). In the case of SSA and South Asia, this has to do with
high barriers to trade – both policy-induced (Anderson, 2009) and
owing to weak trade facilitation (Arvis et al., 2012). In the case of
China, the world’s largest agricultural economy, part of the reason
for this weak link is the immense size of the Chinese food economy.
In addition, domestic agricultural policies have a strong self-
sufficiency orientation (Gale, 2013).

In order to assess the food security impacts of alternative
scenarios we will focus on changes in the malnutrition headcount
in the lower income regions of the world. To compute this, we
follow the approach outlined in Baldos and Hertel (2014). This
involves converting food consumption in each region into kilo-
calories using conversion factors from the FAO, thereupon
explicitly modeling the distribution of caloric intake across the
entire population using a log-normal distribution. The parameters
of these distributions are calibrated in order to reproduce FAO
(2012) estimates of the mean and standard deviation of per capita
daily caloric consumption, as well as the undernutrition headcount
in each of the 15 model regions (see Appendix A1 in Supplemen-
tary materials). As changing prices and incomes alter per capita
consumption in SIMPLE, we assume that the entire distribution
shifts in concert, thereby inducing changes in the undernutrition



Fig. 2. Regional changes in output from 1961 to 2006 (% change): Observed vs.
predicted.
Note: The following regional mapping is used to link the 7 region to the 15 region
version of SIMPLE: East Asia + Oceania (AUS_NZ, CHN_MNG, JPN_KR); Europe + C.
Asia (E_Euro, EU, C_Asia); L. America + Caribbean (S_Amer, CC_Amer); M. East + N.
Africa (N_Afr, M_East); N. America (CAN_US); S. + S.E. Asia (S_Asia, SE_Asia); Sub
Saharan Africa (SSA, S_Afr).
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headcount (the number of persons consuming below the FAO-
determined minimum caloric threshold). This approach to
modeling changes in malnutrition has been validated over the
decade 1991–2001, using measurements provided by the FAO
(Baldos and Hertel, 2014; Fig. 1). Overall, the model does a
reasonable job predicting observed changes in the incidence of
malnutrition, although it over-estimates reductions in the
malnutrition headcounts in South Asia and China, where rapid
growth was less beneficial to the poor due to rising income
disparities.

Our metric of environmental outcomes is based on cropland
conversion. While this is admittedly just one of many potential
metrics, it is arguably the main avenue by which agriculture
influences the natural environment. Indeed, land conversion is a
major source of greenhouse gas (GHG) emissions, worldwide,
accounting for more than half of global emissions associated with
agricultural production (Vermeulen et al., 2012). Agricultural
expansion is also one of the most important sources of biodiversity
loss (Phalan et al., 2011). In this version of SIMPLE, we focus on
terrestrial carbon losses from cropland conversion. To estimate
these, we multiply the predicted land cover change by carbon
emissions per hectare estimated from West et al. (2010). Since the
latter are estimated at the grid cell, they must first be aggregated to
the 15 regions in SIMPLE. We do so by weighting the pixel-based
measure by the actual amount of “available” land for clearing,
factoring in existing cropland as well as accessibility of non-
cropped land.

The SIMPLE model has previously been used in studies focusing
on climate change impacts (Baldos and Hertel, 2014, 2015), climate
mitigation and adaptation (Lobell et al., 2013), assessing the impact
of green revolutions on land use and food security (Hertel et al.,
2014), and for long run food security analysis (Hertel et al., 2016). In
this paper we utilize the model to explore in depth the interplay
between globalization, on the one hand, and food and environ-
mental security outcomes, on the other – all in the context of five
different scenarios currently receiving attention by policy makers.

2.2. Model validation

As noted above, SIMPLE has previously been validated by
running the model over the 1961–2006 period (Baldos and Hertel,
2013), using observed regional population, income, and total factor
productivity growth in agriculture as exogenous drivers and
comparing endogenous outcomes to their observed counterparts
(FAOSTAT, 2015; FAO Statistical Database, 2015 and World Bank
GEM Database, 2015). We begin our validation exercise by
revisiting this historical validation, only now with the segmented
markets version of SIMPLE. As with earlier versions, the current
model performs well at global scale with crop output rising a
nearly the same rate as observed (191% vs. 204% observed – see
WORLD total in Fig. 2), with modest increases in global land use
(8.0% vs. 12% observed) due to strongly rising crop yields (169% vs.
192% observed), even as global prices fell (�42% vs. �38%
observed).

Since SIMPLE under-predicts output growth at the global scale,
it logically follows that this is also the case in most of the regions
reported in Fig. 2. The divergence between observed and predicted
output change in the Latin America & Caribbean region is the most
striking. Given the simplicity of the model, it is hardly surprising
that there would be large divergences at the regional level. Indeed,
predicting regional changes in agricultural output and trade has
long plagued modelers – even those using far more complex
frameworks (McCalla and Revoredo, 2001). However, with the
exception of Latin America and the Caribbean, the rank ordering of
output growth rates is the same in the model as in the historical
record. Based on these observations, we believe that the
segmented markets version of SIMPLE offers a valid starting point
for analyses of global change and the cropping sector. In the results
presented below, we use SIMPLE as a laboratory for examining the
consequences of globalization for food and environmental security.

3. Results and discussion

3.1. Decomposition of drivers of change

The first set of bars in Fig. 3 reports the decomposition (colored
bars) of the predicted historical crop output changes (open circles
give totals) for the regional and global aggregates under segmented
markets. Looking at the global results (Fig. 3, far right, WORLD), we
see that the largest contributor to crop output growth historically
was population growth, followed by agricultural productivity
growth, with income growth coming in third place.

Turning to the regional results, we rank each region from
smallest to largest (moving from left to right) based on the
predicted historical changes in crop production. We see that
Eastern Europe and Central Asia both showed slow growth in crop
production during this period, while China experienced a dramatic
rise in output relative to other regions. The colored segments of
each bar show that in the historical world of market segmentation
the underlying drivers of output change varied greatly across
regions. In most regions, strong agricultural productivity growth
(large green segment) coincides with greater supply expansion.
But for Sub-Saharan Africa (SSA) which faced slow per capita
income growth and experienced very little agricultural productiv-
ity growth, we see that nearly all of the increased output for this
region is driven by population (red segment). In contrast,
population growth accounts for just one-third of the historical
crop output growth in China. China’s per capita income, which rose
at a record-setting pace over this period, explains another third of
that region’s historical output growth (orange segment). And
agricultural total factor productivity (TFP) – which was also very
rapid in China due to economic reforms and massive investments
in agricultural technology – accounts for the remaining third. In
summary, in a world of segmented markets, the drivers of change
in the global crops sector vary greatly across regions.
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3.2. Rewriting history with integrated markets

With these tools in hand, we can now ‘rewrite history’, in order
to explore the counterfactual implications of globalization. More
specifically, we rerun the model over this historical period
allowing for fully integrated commodity markets such that there
is a single crop commodity price, worldwide. In addition, we
double the nonland factor supply elasticities to agriculture to
reflect the impact which globalization is expected to have on
agriculture’s access to national and international labor and capital
markets. This has the effect of increasing agriculture’s supply
response to producer price changes � the expected outcome of
globalization of labor and capital markets. This section presents an
analysis of these results.

Return to Fig. 3 and contrast the historically segmented market
outcomes with those obtained when we rerun history under
integrated commodity and factor markets (right-hand bars in Fig. 2).
Market integration results in greater expansion in regional crop
production in the OECD regions (Australia/New Zealand, EU,
Canada + US, Japan + Korea) and in South America. Of course, not all
regional crop sectors benefit from market integration and some
even face steep declines in crop production – a point which we will
revisit shortly. With integrated markets, it no longer matters where
in the world economy the increased demand emerges. With just
one price for the crop commodity, supply and demand are equated
at global scale. This means that production in all regions is
stimulated by the rising population and/or income in any region of
the world, thereby resulting in changes in the contribution of
income and population to regional output growth. How crop
output growth varies across regions hinges critically on the relative
rates of productivity, population and income growth compared to
the world average.

Appendix Fig. A2 in Supplementary materials reports each
region’s overall crop production as well as crop TFP, population and
per capita income growth rates over this historical period, relative
to their global averages. From this, we see that SSA has the slowest
relative productivity and highest population growth over this
period, and therefore, if historical markets had been integrated,
crop output expansion in this region would have been much slower
under integrated markets (compare the height of the open circles
in Fig. 3). SSA consumers would have purchased more food on the
world market, reducing domestic output growth from 225% to just
193% if there were no barriers to trade. In contrast, North America
would have produced more far output in the fully integrated
economy, leveraging their above-average TFP growth rates into a
Fig. 3. Decomposition of historical drivers of regional output growth under segmented a
lowest (left) to highest (right) based on% change in total crop output (open circles) under s
income growth, green = productivity growth.(For interpretation of the references to col
larger global market share, with output growth jumping from135%
in the presence of market segmentation to 214% in the fully
integrated case.

Europe, Central Asia, East Asia and Oceania offer exceptions to
this pattern of crop supply expansion. For both Europe and Central
Asia, TFP growth was below the world average, but crop output
growth would still have been higher under integrated markets
than under the historically segmented case. This reflects the fact
that overall demand growth in these regions was weak, as
evidenced by the slow rate of population and income growth,
relative to the rest of the world (Fig. A2 in Supplementary
materials, panels c and d). With weak local demands, it is not
surprising that output growth was slow under segmented markets.
Integrated markets allow Europe to tap into the more rapidly
growing global demands, and this serves to boost output, relative
to the segmented markets case. In contrast, despite stellar crop TFP
growth compared to the rest of the world, regional production in
East Asia and Oceania does not keep pace with rising local food
demand due to very high rates of per capita income growth. This
gives rise to increased net imports of crop commodities under
integrated markets.

3.3. Projections for global agriculture: 2006–2050

Given the importance of the market integration assumption for
the historical evolution of crop output, it is hardly a surprise that
this is also critical for future projections. Of course, the problem
with making such projections is that the underlying drivers of
change are uncertain. This is particularly true for productivity
growth, which is, notoriously difficult to measure, let alone
forecast several decades into the future. In the projections
presented below (see Appendix for more details), we will simply
assume that the historical patterns of productivity growth persist
into the future (Ludena et al., 2007; Fugli, 2012). Fig. 3 reports the
projections of future crop output growth under the two alternative
assumptions about markets. As before, we rank the regional
outcomes from smallest to largest change based on the segmented
markets result (left to right) and also report the global changes (far
right results).

The first thing to note about the results in Fig. 4 is the more
modest overall growth rates in crop output, as compared to the
1961–2006 period shown in Fig. 3. Globally, we project a 90%
increase in crop production for the period 2006–2050 – far below
the 200% observed rise during the historical period of the same
length. Baldos et al. (2016) show that this slowdown is largely due
nd integrated markets (paired colored bars, respectively). Regions are ordered from
egmented markets. Exogenous drivers include: red = population, orange = per capita
or in this figure legend, the reader is referred to the web version of this article.)



Fig. 4. Decomposition of future drivers of regional output growth under segmented and integrated markets (paired colored bars, respectively). Regions are ordered from
lowest (left) to highest (right) based on% change in total crop output (open circles) under segmented markets. The following color scheme is used in the decomposition:
red = population, orange = per capita income growth, green = productivity growth.(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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to the slowing population growth rate under the “middle of road”
scenario taken from the Shared Socioeconomic Pathways projec-
tions (SSP2) (Kriegler et al., 2012; O’Neill et al., 2014). The
slowdown is particularly pronounced in the richer economies
where added consumers historically generated strong demand for
additional consumption. Slowing population growth, coupled with
robust income projections for the world’s developing countries,
explain the dramatic shift in the relative importance of income and
population as drivers of future world crop output growth in Fig. 4
(rightmost bars, orange vs red segments), with income growth
assuming a larger role in the future, as opposed to the past (recall
Fig. 3), through its impact on diets (Alexander et al., 2015).

Under the segmented market regime, developed regions exhibit
sluggish expansion in crop output, relative to developing regions,
which is expected given the slow rise in domestic food demand in
the rich countries – as income and population growth slowdown in
the future and diets reach satiation levels. Among developing
regions, crop production in South America, SSA and Central Asia
are expected to increase significantly. From the decomposition of
regional output drivers, it is clear that strong population and
income growth in SSA creates considerable growth in the local
demand for food, which is largely satisfied by domestic output
growth in the case of market segmentation – rising by 170% over
this period. This stands in sharp contrast to the case of integrated
markets (right hand bars in Fig. 3), wherein the low rate of
productivity growth in SSA leads to a significant diversion of
production to other regions resulting in sluggish crop production
growth (14%) and massive net imports of food crops. The same
sharp reduction in domestic production is also evident in South
Asia wherein slow productivity growth is expected. We observe a
notable rise in crop production in the Japan/Korea, Eastern Europe
and China regions which are expected to expand production more
when we move from segmented to integrated markets given their
relatively strong agricultural productivity growth which contrasts
with a very small rise in domestic food demand.

3.4. Implications of market integration for food security and terrestrial
ecosystems

Given the very different pattern of crop output growth from
2006 to 2050 under segmented and integrated markets, we expect
that there will also be rather different consequences for food and
environmental security due to interventions in the global food and
terrestrial ecosystems. In this section we consider four types of
policy interventions, in addition to one global environmental
change scenario (climate change). The first two policies are
primarily motivated by food security concerns: improvements in
agricultural technology and reductions in post-harvest crop losses,
while the second two policy scenarios are environmentally
motivated and include: reductions in food waste in rich countries,
as well as a REDD+ forest carbon sequestration initiative. Given its
food and terrestrial vulnerabilities, we focus our regional analysis
on Sub-Saharan Africa, but we also report global impacts. A
complete set of regional impacts is reported in the Appendix.

3.4.1. Implications of a prospective African green revolution
In light of the slow productivity growth in Sub-Saharan Africa

(SSA) over recent decades, we begin by analyzing the potential
impacts of a much-hoped for African Green Revolution (GR) in
which investments in new technologies, as well as adaptation of
existing technologies boosts the rate of crops productivity growth.
Here, we follow Hertel et al. (2014) in postulating an increase in the
annual rate of growth in SSA crop productivity, beginning in 2025
and comparable in magnitude to that achieved in Asia during the
historical green revolution (Stevenson et al., 2013). To simplify the
experimental design, and to facilitate interpretation, we imple-
ment the African Green Revolution experiment as a supplement to
the baseline simulation – implemented subsequently on the
updated, 2050 data base. This means that the percentage changes
reported in Table 1 refer to changes, relative to the 2050 baseline.
This is done for each of the two trade regimes (each of which
produces a different 2050 baseline) – first in the presence of
historically segmented markets, and then under the assumption of
integrated commodity and factor markets.

Globally, we observe (Table 1) a somewhat larger reduction in
crop price with market segmentation, as is also the case for non-
farm undernutrition under the GR scenario. (We abstract here from
on-farm nutrition which is more complex and depends on whether
individual farms are net sellers or buyers of crops.) Of special note
is the dramatic difference in the impact on local prices in the SSA
region. With historical market segmentation, local prices do not
move in strict lock-step with international prices, so an increase in
local crop supplies has a depressing effect (relative to baseline) on
domestic prices in the SSA region. This, in turn, has a favorable
impact on nonfarm undernutrition, which falls by 46.1%, relative to
baseline 2050 levels under segmented markets. This outcome
contrasts sharply with the integrated markets scenario in which
SSA prices fall in lockstep with international prices – which drop by
just 5.5%. As a consequence, the benefits to SSA food consumers are
much more modest (10.8% drop in non-farm undernutrition).



Table 1
Food and Environmental Security Impacts of Policies under Segmented vs. Integrated Markets (% change relative to 2050 baselines for segmented and integrated markets,
respectively).

Policy Scenarios Global Impacts (in%)

Crop Price Nonfarm Undernutrition Cropland Terrestrial Carbon Emissions

Segmented Integrated Segmented Integrated Segmented Integrated Segmented Integrated

African Green Revolution �7.9 �5.5 �23.0 �5.9 �1.6 0.8 �1.8 3.1
SSA Postharvest Loss Reduction �1.8 �0.9 �5.7 �1.0 �0.3 0.3 �0.3 0.9
Food Waste cuts in Rich Countries �2.1 �1.4 �1.6 �1.5 �0.7 �0.6 �0.7 �0.7
REDD+ global climate mitigation 1.9 2.2 2.4 2.4 �11.4 �10.5 �15.1 �14.2
Climate Change impacts 27.6 24.4 45.2 27.2 4.4 3.0 5.2 5.1

Policy Scenarios Regional Impacts: Sub Saharan Africa (in%)

Crop Price Nonfarm Undernutrition Cropland Terrestrial Carbon

Segmented Integrated Segmented Integrated Segmented Integrated Segmented Integrated

African Green Revolution �34.8 �5.5 �46.1 �10.8 �1.8 25.5 �1.8 25.5
SSA Postharvest Loss Reduction �9.0 �0.9 �11.5 �1.8 0.1 5.9 0.1 5.9
Food Waste cuts in Rich Countries �0.9 �1.4 �2.4 �2.8 �0.6 �0.9 �0.6 �0.9
REDD+ global climate mitigation 1.7 2.2 3.3 4.5 �21.8 �21.6 �21.8 �21.6
Climate Change impacts 22.9 24.4 47.0 53.2 6.1 6.9 6.1 6.9

See Appendix Table A2 in Supplementary materials for the complete set of results for all regions. The percentage changes reported in for climate change impacts differ from
those reported in Baldos and Hertel (2015), since the latter study computed these changes relative to the 2006 benchmark.
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Therefore, in the context of an African GR, globalization limits the
food security benefits from an African GR.

What about the environmental consequences of the African
GR? Here, we focus on changes in cropland and terrestrial carbon
fluxes (Table 1). Begin with the bottom panel which reports results
for SSA. Here, we see that, in the case of historically segmented
markets, the African GR reduces cropland area in the SSA region,
while under integrated markets cropland area expands strongly.
These results are explored in depth by Hertel et al. (2014), who note
that, under integrated markets there is scope for local producers to
expand strongly without depressing local prices very much. In
effect African farmers displace production elsewhere in the world.
And since SSA has a relatively low carbon efficiency in crop
production (low yields relative to terrestrial carbon stocks), this
causes both local and global terrestrial carbon emissions to rise
(Table 1, final column). Thus, in the presence of globally integrated
markets, it will be critical to protect environmentally sensitive
areas in the SSA region – particularly if the programs aimed at
boosting African agricultural productivity are successful.

3.4.2. Reducing postharvest losses in Africa
A global food policy issue which has received considerable

attention recently relates to the food system losses that occur
between the harvest and the wholesale/retail distribution system.
UN-FAO estimate these losses to be as high as 28% of total
production in Africa (FAO, 2011), although such macro-scale
estimates are very crude and farm survey results suggest that they
may significantly overstate the magnitude the problem (Kaminski
and Christiaensen, 2014). Efforts are currently underway to reduce
post-harvest losses through a variety of measures. One of the most
successful has been the Gates Foundation initiative to introduce
improved crop storage technologies (Murdock and Baoua, 2014).
However, despite the introduction of low cost storage bags,
adoption of that technology has been hindered by the develop-
ment of a supply chain for these bags, as well as credit for their
purchase. As with on-farm production technologies, it is not
enough to develop the new technology, it must be disseminated
and widely adopted in order to have an impact on food security.
Current efforts are aimed at addressing these issues (https://www.
picsnetwork.org/).

Here, we explore the impacts of reduced post-harvest losses on
food prices, undernutrition and terrestrial carbon fluxes from
cropland conversion. To simplify the experimental design, and to
facilitate interpretation, we implement the post-harvest loss
reduction experiment as a supplement to the baseline simulation
– implemented subsequently on the updated, 2050 data base. This
means that the percentage changes reported in Table 1 refer to
changes, relative to the 2050 baseline. This is done for each of the
two trade regimes (each of which produces a different 2050
baseline) – first in the presence of historically segmented markets,
and then under the assumption of integrated commodity and
factor markets.

Within the SIMPLE framework, the impact of improved storage
technology in SSA is treated as a technological improvement which
allows the same farm inputs to yield greater marketable output.
Thus we abstract from the costs of achieving these reduced storage
losses. This leads us to overstate the ensuing price decline, as well
as the net social benefits from the technology. However, assuming
these costs are the same under both trade regimes (both
segmented and integrated markets), they cancel out when we
focus on the differential impacts under market segmentation
versus those under market integration. Furthermore, in this
experiment, we assume that post-harvest losses in Africa
(currently estimated to be 28%) are reduced to the level of Latin
America (18%) (FAO, 2011). This implies that, in the absence of
price-induced adjustments in supply and demand, 10% more
domestically produced crops will become available for consump-
tion in Africa.

The simulations reported in Table 1 show that, with segmented
markets, the benefits in terms of lower food prices and improved
nutritional outcomes are clearly concentrated in SSA, where crop
prices are 9% lower and undernutrition is 12% lower in 2050 as a
result of this improvement (Table 1, lower panel). Globally crop
prices are little affected. Cropland area increases in SSA but at a
negligible rate (+0.1%), with small declines in other regions.
Globally, cropland and terrestrial carbon emissions from cropland
conversion in 2050 are 0.3% lower as a consequence of the
improvement in post-harvest storage technology in Sub Saharan
Africa under segmented markets.

These results contrast sharply with those obtained under the
assumption of full market integration (second entry in each pairing
in Table 1). Now the benefits of increased crop availability in Africa
are spread globally, so that prices in SSA (as well as international
prices) fall by just �0.9%. Therefore, the nutritional gains in the SSA

http://https://www.picsnetwork.org/
http://https://www.picsnetwork.org/
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region are much more muted (just 1.8% as opposed to 11.5%
reduction in non-farm undernutrition under segmented markets).
In addition, cropland area and carbon emissions in SSA now rise as
a result of the improved technology (5.9%). This may seem counter-
intuitive. However, the improved post-harvest handling of crops
increases crop availability in the region and reduces prices. This
causes SSA to reduce imports and increase exports. With
integrated world markets, the entire world benefits from improved
crop storage in Africa. Furthermore, as with the African Green
Revolution experiment, since SSA cropland has a relatively low
carbon emissions efficiency (low yields, relative to stock of
terrestrial carbon released upon cropland conversion), strong
expansion in this region at the expense of production in higher
emissions efficiency regions results in a rise in global GHG
emissions. In short, improved technology in Africa is more
beneficial to food security and the environment in SSA under
historically segmented markets.

3.4.3. Reducing food waste in rich countries
There are currently many government interventions being

considered to reduce food waste in the EU and other wealthy
regions (Parfitt et al., 2010). An important motivation for these
initiatives is to lessen the global environmental burden of feeding
the world’s population. What effect, if any, will this have on the
food and environmental security metrics considered in this paper?
This will depend on the mechanism chosen for achieving the goal
of less food waste – a point which is generally unclear in most
proposals which simply ‘mandate’ a reduction or even the full
elimination of waste (Delman, 2015). Some have advocated for
regulatory interventions bearing on institutional food providers,
mandating a reduction in food waste, but leaving the approach up
to individual institutions (http://www.mass.gov/eea/agencies/
massdep/recycle/reduce/food-waste-ban.html). And there are
proposals to revise ‘sell by’ dates in grocery stores, and make
safe, but dated produce available to food pantries (Duggan, 2016).
Clearly all of these measures involve significant costs. As with the
post-harvest loss reduction, we will ignore these costs, assuming
they are the same under both international trade scenarios, and we
will focus our attention on the difference between the two
scenarios. We simulate the impact of reduced food waste by
reducing the effective demand (a leftward shift in the demand
schedule) for food in the richer countries, based on the assumption
that food waste in each region (FAO, 2011) is cut in half.

The third row in Table 1 reports the impacts of reducing food
waste on prices, undernutrition and terrestrial GHGs under the two
market scenarios. All results are reported as percentage changes,
relative to the 2050 baseline. In the case of segmented markets, the
primary impact of reducing food waste in the developed
economies is felt within those economies, resulting in reduced
cropland conversion and conservation of terrestrial carbon. The
impact on cropland use elsewhere, and non-farm undernutrition in
the developing countries, is modest (�0.7% and �1.6%, respective-
ly). This result is altered somewhat in the presence of globalization.
Now the reduction of food waste in the developed economies
reduces prices around the world and therefore contributes to a
small global reduction in undernutrition (�1.5% relative to 2050
baseline). Cropland conversion in the rest of the world is also
reduced, contributing to lower terrestrial CO2 emissions (�0.7%),
worldwide. In short, the food and terrestrial impacts of reducing
food waste in rich countries are not significantly altered by
globalization.

3.4.4. Impacts of REDD+ on food security and land-based emissions
The fourth set of experiments which we undertake explores

how globalization impinges on policies aimed at mitigating climate
change. For this application, we draw on the work of Golub et al.
(2012) who model the impact of a global carbon policy in which
developed countries implement a comprehensive climate mitiga-
tion program – targeting fossil fuel emissions, as well as non-CO2
GHG emissions from industry and agriculture, in addition to
carbon sequestration incentives for forestry. However, in their
scenario, developing countries only pursue the REDD+ policy with
payments for this program being covered by the rich countries. The
price of carbon across all mitigation alternatives is $27/ton CO2e.
Results are reported at the level of individual agro-ecological zones
in each of their model regions (Appendix A5 in Supplementary
materials). For purposes of this analysis, we aggregate their
cropland cover shifts to the level of the 15 regions of SIMPLE and
focus on the equilibrium change in global cropland area, as this is
the main channel through which the terrestrial carbon policy
affects the crops sector. Specifically, we consider the cropland
cover shifts generated under scenario B in Golub et al. (2012). We
then report the figures relative to the 2050 baseline without these
policies. (Additional details on the Golub et al. (2012) study, and its
use here, are available in the Appendix, Section A.6.)

The results at the global level show that the REDD policy results
in modest upward pressure on crop prices and non-farm
undernutrition in both segmented and integrated markets (Table 1,
top panel). As intended, the policy is effective in mitigating
environmental damages from agriculture. From the final columns
in Table 1, we observe a large reduction in global cropland area and
terrestrial carbon emissions (�11.4% and �15.1%, respectively,
under segmented markets). Since REDD+ is implemented at global
scale, the presence of integrated markets does little to change the
food and environmental security metrics reported in Table 1.

Looking at the changes in SSA (bottom panel of Table 1), we see
a somewhat higher percentage increase in non-farm undernutri-
tion (3.3%), while cropland area and GHG emissions are reduced by
a much greater percentage in SSA than at the global level. The SSA
region has an ample supply of cropland and which could respond
readily to changing market conditions in the presence of a global
REDD+ initiative. Also, as previously noted, the SSA region has a
relatively high ratio of terrestrial carbon to crop yields (West et al.,
2010), so there are strong incentives to respond to REDD+
payments by setting aside forest lands. This results in less
deforestation, relative to baseline, at the expense of reduced crop
land area and production in 2050. Consequently, prices and non-
farm undernutrition rise in the SSA region under both segmented
and integrated markets. Indeed, market integration has little
impact on the expected results from this REDD+ scenario.

3.4.5. Impacts of climate change on food security and global land use
The final scenario considered here is one in which the driving

force is not policy-driven, but rather one which is dictated by
environmental change. Much has been written about the potential
impacts of climate change on agriculture (IPCC, 2014) and the IPCC
recently convened a global summit to draw attention specifically to
the food security aspects of climate change (Mastrandrea et al.,
2015). Here, we draw on the archive of 36,000+ global, gridded
climate impact runs provided by AgMIP (Rosenzweig et al., 2014)
and accessed via GEOSHARE (Villoria et al., 2014, 2016) to identify
one of the more comprehensive studies yielding a worst case
scenario for agricultural impacts in 2050. Specifically, we use
predictions from the LPJmL crop model (Bondeau et al., 2007)
building on climate predictions from the HADGEM model (Bellouin
et al., 2011), assuming no beneficial effects from elevated
atmospheric CO2 levels. (The latter remain a source of considerable
controversy among crop scientists.) We pick this scenario, not
because we believe it is the most likely one, but simply because it
generates the most stress on the global food system with crop
yields falling by 11% in SSA and 37% in South Asia. (The complete
set of climate impacts on crop yields are available in

http://www.mass.gov/eea/agencies/massdep/recycle/reduce/food-waste-ban.html
http://www.mass.gov/eea/agencies/massdep/recycle/reduce/food-waste-ban.html
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Appendix Table A3 in Supplementary materials. See also Baldos
and Hertel (2015))

The impacts of this climate change scenario, relative to the
baseline without climate change, are reported in Table 1. Global
crop prices rise sharply as a result of the productivity set-backs in
agriculture. Under segmented markets, non-farm malnutrition
rises by 45.2% globally. The largest impacts are in South Asia, where
the malnutrition headcount nearly doubles (see Appendix Table A2
in Supplementary materials). The striking feature of integrated
markets is that it sharply curtails these adverse food security
impacts in the hard-hit South Asia region, such that the global rise
in malnutrition less than 30%. The reason for this beneficial effect
of market integration is that the most severely affected region
(South Asia in this case) is able to import food from the regions
where climate change impacts are moderate – or even favorable for
agriculture (see Appendix Table A2 in Supplementary materials).
Since climate impacts in the SSA region are less severe under this
scenario, it benefits relatively less from market integration, with
food prices rising slightly more under integrated markets. The
overall implications for terrestrial carbon are similar under the two
trade regimes. In summary, market integration can significantly
moderate the adverse food security impacts of climate change in
the hardest hit regions of the world.

4. Discussion and limitations

There are many limitations to the analysis presented here. First
and foremost is the relative simplicity of the model. Indeed, its very
name – SIMPLE – indicates that it does not attempt to capture all of
the complexity present in the global agricultural economy. We
focus on one aggregate, composite crop, thereby abstracting from
changes in crop composition over time and across policies.
Nonland inputs are treated as a single factor of production which
can be substituted for land to permit endogenous intensification,
yet in reality these are made up of heterogeneous inputs, ranging
from labor to capital and fertilizers.

The trade specification in this model is also a simplified one in
which the initial shares in the Armington structure serve as a proxy
for current levels of trade barriers. In many of the countries in
Africa and South Asia, poor infrastructure and cumbersome
customs procedures greatly inhibit trade. Rather than modeling
these barriers explicitly, we simply allow them to be reflected in
the very low observed trade share, leading to a low elasticity of
price transmission from the international to domestic market.
(This value is just 0.189 in the case of SSA, meaning that just 18.9%
of an international price rise will reach local producers (Table A1 in
Supplementary materials)). However, our historical simulations
indicate that these relatively simple representations of production
and consumption relationships allow us to reproduce key
developments in global agriculture over the past half-century –

particularly at global scale. (Regional predictions of crop output
and land use are more challenging, as noted above.)

When we model globalization, we do so by changing the
structure of the model to simply eliminate all trade barriers. It is
highly unlikely that the world will get to this point by 2050. Trade
and transport costs, as well as differential product standards, will
likely continue to prevent the emergence of a single commodity
price worldwide. However, by taking this specification to an
extreme, we are able to more clearly see the implications of the
ongoing trends toward globalization. Here, we appeal to Box (1976)
who notes: “all models are wrong . . . .. The only question of
interest is ‘is the model illuminating and useful’?” We believe that
this simplified approach to examining the interplay between
globalization on the one hand and food and environmental security
on the other, is indeed illuminating.
5. Conclusions and policy implications

This paper has examined the food and environmental security
implications of a range of policies affecting the global food system,
first in the context of historically segmented markets, and secondly
in a hypothetical future world of fully integrated crop commodity
markets. While the latter scenario is unlikely in the near future, it is
not impossible to imagine the emergence of a more smoothly
functioning world agricultural marketplace by the middle of the
21st century.

Historically, restrictive agricultural trade policies in the wealthy
economies, coupled with agricultural trade barriers and weak
trade facilitation in many developing countries, have limited the
volume of international trade in farm products, creating a situation
whereby domestic and international prices are not constrained to
move in tandem. This has meant that domestic sources of demand
growth have been disproportionately important for local pro-
ducers, and this market segmentation has served to protect
agricultural producers with below-average productivity growth
rates, such as those in much of Africa. This stands in sharp contrast
with that of perfectly integrated world markets. In the latter case,
all regions share the same global demand drivers and it is the
relative rates of agricultural productivity, population and income
growth that determine which regions expand farm production to
meet these growing demands.

Before looking forward, we first engage in a retrospective
analysis, asking the counterfactual question: how would food and
environmental security have evolved over the period: 1961–2006
in the presence of greater market integration? We find that there
would have been greater disparities in regional crop output
growth, with those regions experiencing higher productivity
growth over this period expanding more rapidly. Indeed, we
estimate that crop output in North America would have grown
much more rapidly under integrated markets, whereas output in
Sub-Saharan Africa would have grown more slowly due to
productivity growth rates well below the global average. While
the greater exposure to global markets would have hurt farm
households in Africa, the lower food prices would have signifi-
cantly benefited urban consumers. In addition, by promoting more
land conversion in regions with relatively high terrestrial
emissions efficiencies, market integration would have lowered
terrestrial carbon emissions over this period.

Going forward, greater market integration can be expected to
reshape the way we think about future food security and terrestrial
ecosystems. In the presence of lingering market segmentation,
strong population growth in our baseline projections, accompa-
nied by robust overall income growth projections in Sub-Saharan
Africa, result in exceptionally high demand growth in the region.
When accompanied by slow growth in SSA agricultural productiv-
ity, this translates into higher food prices for consumers, and
higher levels of non-farm undernutrition in 2050. This underscores
the potential importance of improved market integration for food
security outcomes – particularly in the absence of improved
productivity in African agriculture.

It is hard to predict how future productivity growth will evolve in
the coming decades. Climate change is likely to serve as a drag on
futureproductivitygrowth (IPCC,2014). Inthiscontext,weshow that
greater economic integration serves as a sort of food security
insurance against the most dire climate impact predictions. The
climate change scenario considered in this paper was selected due to
the severity of its impacts on crop yields in 2050–particularly in
South Asia, where yields falls by 37%. This leads to a sharp increase in
undernutrition in 2050 (97% in South Asia and 45% globally).
However, in the presence of integrated markets, these increases are
greatly moderated (34% and 27%, respectively). Given the
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uncertainty associated with global climate impact estimates, this is a
strong argument for greater integration of global agricultural
markets.

However, market integration brings with it some unexpected
consequences. Of particular note are the impacts of ongoing efforts
to enhance agricultural and post-harvest technology in Africa. In
the current trade environment, with limited price transmission
between global and local markets in SSA, these productivity-
boosting investments can be expected to have a strong impact on
local prices, reducing non-farm food insecurity and potentially
reducing rates of cropland conversion. However, in a future,
counterfactual world of crop market integration, these initiatives
have a much more modest impact on local prices and non-farm
undernutrition. And they may result in significant increases in
cropland conversion and associated carbon emissions. In this
globally integrated economy, protection of environmentally
sensitive lands becomes a top priority.
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