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Fungal diseases are major threats to the most important crops upon which
humanity depends. Were there to be a major epidemic that severely reduced
yields, its effects would spread throughout the globalized food system. To
explore these ramifications, we use a partial equilibrium economic model
of the global food system (IMPACT) to study a hypothetical severe but
short-lived epidemic that reduces rice yields in the countries affected by
80%. We modelled a succession of epidemic scenarios of increasing severity,
starting with the disease in a single country in southeast Asia and ending
with the pathogen present in most of eastern Asia. The epidemic and sub-
sequent crop losses led to substantially increased global rice prices.
However, as long as global commodity trade was unrestricted and able to
respond fast enough, the effects on individual calorie consumption were,
to a large part, mitigated. Some of the worse effects were projected to be
experienced by poor net-rice importing countries in sub-Saharan Africa,
which were not affected directly by the disease but suffered because of
higher rice prices. We critique the assumptions of our models and explore
political economic pressures to restrict trade at times of crisis. We finish
by arguing for the importance of ‘stress-testing” the resilience of the global
food system to crop disease and other shocks.

This article is part of the themed issue “Tackling emerging fungal threats
to animal health, food security and ecosystem resilience’.

1. Introduction

The most important sources of calories for the human population are rice,
wheat and maize. Foods derived from these crops not only form the staple
diets of the majority of the world’s population but they are also used as
animal feed (especially maize) and hence have a further indirect contribution
to diets via meat, dairy and other animal-sourced food. A fourth major crop,
soya beans, is grown primarily for animal feed. Trade in all four crops consti-
tutes a major component of the globalized food system with an estimated
7%, 19%, 12% and 30% of rice, wheat, maize and soya bean production being
traded internationally (average 1995-2010; [1]). Over the last 100 years, there
has been intense research into the genetics and agronomy of these crops and
maximum yields have increased steadily, especially during the period of inno-
vation in the 1960s—1980s termed the Green Revolution [2,3]. Despite the rapid
growth in world population, there has been a secular decline in the prices of
these commodities over the last century, though punctuated by episodes of
volatility associated with major wars, the oil price crisis of the 1970s, and
most recently, the period of volatility between 2008 and 2011 (figure 1) [4].
The combination of lower staple food prices and higher incomes has contribu-
ted to a reduction in the percentage of the world’s population that are calorie
deficient and the fact that the hunger Millennium Development Goal was
met in 2015 [5].

All four of these critical crops are subject to infection by fungal pathogens.
In a recent review, Fisher ef al. [6] highlighted the most important fungal
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Figure 1. US corn (maize) prices since 1900 (from Baldos & Hertel [4]).

pathogen of each species, and the range of yield reductions for
which they are currently responsible. Rice blast (Magnaporthe
oryzae) is a widely distributed pathogen of rice, potentially
found wherever this crop is grown (figure 2). It can cause
10-35% losses depending on crop variety and environmental
conditions [7]. Wheat is attacked by the stem rust Puccinia
graminis (and other Puccinia spp.) and in particular, the
form tritici that can cause up to 70% crop losses [8]. Resistant
varieties of wheat have been developed over the years lead-
ing to good control, though the emergence of a new
virulent strain in Uganda in 1999 (UG99 or TTKSK) has
raised concerns about the susceptibility of current varieties
[9]. For maize, the most important fungal pathogen is corn
smut, Ustilago maydis, which causes galling and other
damage. Native to central and southern America, it has
spread to most places where maize is grown and can lead
to 20% crop losses [10]. Curiously, some consider the
fungal gall (huitlacoche or Mexican truffle) a delicacy [11].
Finally, soya bean is attacked by the rust Phakopsora pachyrhizi
that may cause up to 70% losses. Originally from Asia, it
has spread to most areas where soya bean is grown. Soya
bean is a legume, and this rust attacks other plants in
the Fabaceae that can act as a reservoir for agricultural
infections [12].

Control of fungal diseases is based on the breeding of
resistant varieties plus the use of chemical fungicides [13].
Fungi can evolve to overcome plant resistance or fungicides
and successful defence against this type of pathogen is akin
to the Red Queen in Alice in Wonderland who has to run to
keep still. There is a small but non-vanishing probability that
a particularly virulent strain might arise that, at least for a
few years, might substantially reduce yields over a broad
geographic area. That this has not happened over the last
50 years provides some, but not great, comfort. In particular,
the global spread of both plants and diseases means that
once geographically restricted pathogens will encounter
novel species with the opportunity for gene flow and recom-
bination, providing new variation upon which natural
selection can act [14]. Such events seem to underlie some
of the fungal (and oomycete) diseases that have devastated
particular tree species in Europe and North America
[15,16]. Narrowing of the genetic base of crops can also
increase their exposure to pathogens, as has been seen

Figure 2. Rice blast disease symptoms. Rice blast disease is caused by the
ascomycete fungus Magnaporthe oryzae (syn. Pyricularia oryzae). The fungus
can infect leaves, stems and panicles of rice. (a) Leaf blast symptoms on 21
day old seedlings of rice. Seedlings can be killed by heavy leaf blast infection.
(b) Mature disease lesion on a mature rice plant in Hunan Province, China.
Disease lesions can reach more than 1 cm in length and produce 20 000
spores every 24 h for several weeks to spread the disease to adjacent
plants. (c) Neck blast symptoms in mature rice plants in Hunan Province,
China, when the fungus infects the neck of the panicle that holds the rice
grain. Neck blast can lead to more than 90% yield loss. (d) View of a
rice field, heavily infected by neck blast. The field suffered 80% yield
losses. Photograph taken in Hunan Province, China in 2007.

historically with grapevine [17] and is a current concern
with dessert banana [18].

The consequences of a major fungal disease epidemic will
depend on the capacity of the global food system to absorb
the shock, as well as on decisions made by relevant policy-
makers and other actors. The purpose of this paper is to
explore this issue by assuming a severe disease epidemic
that has a major effect on yields in a restricted geographical
area. After consulting with fungal disease experts as to
what might be a realistic worst-case scenario, we decided to
model a rice disease (perhaps a variant of rice blast,
figure 2) epidemic that causes an 80% loss of yield in a
small to a large region of south and east Asia.

The rest of the paper is organized as follows. In §2, we
discuss different ways of exploring the effects of a supply
shock to the food system and introduce the modelling
approach we take. Section 3 describes the results of the mod-
elling, and §4 criticizes our study and suggests how it might
be improved. Section 5 draws some conclusions.
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What techniques are available for exploring future food sys-
tems and how they may respond to shocks such as major
crop pathogen epidemics? Actually predicting future food sys-
tems is impossible; there are too many essentially unknowable
factors that will affect food supply, demand and governance
over the coming decades. However, we can take what we
know about current food system dynamics, and combine
them with scenarios about how the major drivers of the food
system may change, and project the dynamics into the future,
possibly subject to a policy intervention or supply shock. This
approach can provide important insights into how the food
system operates and the consequences of different policy
decisions, but it should not be seen as a prediction [19].

Food system projections involve using a model (which
may be phrased in maths or words, or a combination of the
two) to map inputs into the food system onto outputs. The
inputs (or exogenous drivers) include factors that can be esti-
mated with some certainty over the next few decades, such as
population growth, to those that require more assumptions to
be made, such as country-specific economic growth. Bio-
physical processes may be included, some of which we are
highly confident about (the Sahara will remain a low rainfall
area this century), but others much less so (exactly how cli-
mate change will affect Asian monsoon patterns) [20].
Models differ in the number of drivers that are treated as
exogenous and the usefulness of scenario projections
depends of course on the validity of the assumptions under-
lying the inputs. The outputs of the model may be restricted
to physical quantities such as weight of food produced
and calories consumed, or it may seek to describe economic
variables such as the prices of different food types.

The model underlying the food system projection may be
purely statistical and incorporate no assumptions about mech-
anism. For very short-term projections, they may use simple
statistical extrapolation of recent trends. Over a longer period,
they typically involve establishing statistical relations between
exogenous drivers and important food system variables. Thus,
Tilman et al. [21] used data from the last 40 years to parametrize
a function linking national gross domestic product (GDP,
per capita) to individual total demand for calories (both con-
sumed directly as plant food and indirectly through the
consumption of animal-sourced food from livestock that them-
selves require calories from plants). They used this function to
project total calorie requirements in 2050 which they suggested
could be approximately 100% of current demand. On the supply
side, they parametrized a function linking area in agriculture
and nitrogen fertilizer use to total calorie production. Based on
the assumption that calorie demand and supply should
match, they explored the trade-off between nitrogen use and
land in agriculture and what it might mean for greenhouse
emissions, a very important issue for agricultural policymakers.

The statistical approach works well providing the system
state stays in a region where the estimated functions remain
valid. The further the state departs from the present and recent
past the more problematic this becomes. One approach to miti-
gate this problem is to use expert judgement to assess when the
statistical model moves outside its domain of applicability and
to try to correct it. The Food and Agriculture Organization of
the United Nations [22,23] has published a series of projections
of future patterns of food supply and demand. These are based
on statistical analysis of recent trends (in particular using the

FAOSTAT, http://faostat3.fao.org /home/E) plus expert judge-
ment of region and commodity specialists. The latest report [23]
estimated that calorie demand would rise by 60% in 2050. Incor-
poration of expert judgement in projections allows for greater
nuance and the identification of special cases, but it also risks
the locking in of conventional and group thinking.

An understanding of how the food system works enables
models to be built that are able to make projections into
domains where statistical extrapolation fails. Different types
of structural mechanism or process can be built into
these models. For example, crop simulation models can be
used to estimate the effects of novel weather regimes on
crop yields. A very important class of models incorporates
market processes and food and commodity prices. These
fall into two broad subclasses: computable general equili-
brium models that include complete economies, and partial
equilibrium models that include only the food sector and
treat the rest of the economy as exogenous [24]. While the
former require fewer external inputs, in practice, they can
only treat the food sector at quite a coarse level of resolution
(though they are particularly useful in exploring changes in
trade patterns). The projections in this paper were done
using a partial equilibrium model called the international
model for policy analysis of agricultural commodities and
trade (IMPACT), which is described in more detail in §3.

The Tilman et al. [21] statistical model described above pre-
dicts that the demand for meat will increase substantially over
the next 30 years as more countries enter the high-income
classes and that this increase will have a substantial effect on
demand for food and feed. However, the demand growth
may lead to an increase in food prices that feeds back, at least
partially, to suppress demand. Models that explicitly include
markets are able to incorporate such economic feedbacks.
This is a clear advantage, though in order to do so the model
has to make multiple assumptions about the way actors in
the food system, such as consumers, producers and merchants,
make decisions based on the spectrum of food type and com-
modity prices they experience, as well as their intrinsic
preferences. The underlying functions that embody these beha-
viours are to some extent parametrized from data, but the
challenge of solving large economic models limits the complex-
ity of the functions that can be used, and validation is very
difficult. The usefulness of projections from market-based
models depends on the validity of their depiction of underlying
food system processes, which is very hard to assess.

Many studies of future food systems use scenarios: differ-
ent, internally consistent narratives about the future [25]. For
example, possible future food systems can be envisaged
assuming different combinations of exogenous driver states:
fast or slow global GDP growth, severe or moderate effects
of climate change, expansion or contraction of global trade.
Modern scenario studies originated in the military and were
developed in the 1970s in the private sector—in particular at
the oil company Shell [26]—and they are now used widely
to help different actors explore alternative futures. Formally
ensuring the consistency of the different components of a
scenario can help to identify how drivers interact, while think-
ing about alternative futures can help avoid assuming the
future will be very similar to the present. Critics of scenario
analysis point to the number of arbitrary choices that have
to be made and worry that the choice of scenario can con-
strain discussion and be used to frame debates about the
future in particular ways [27]. We incorporate an element of
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scenario thinking in exploring how the results of our analysis
can be extended.

3. Studying the effects of a fungal pathogen
epidemic
(a) The epidemic

We make the simplest possible assumption about the nature
of the rice disease epidemic: that it occurs in a single year
(2016) and results in an 80% loss of yield in affected countries.
We compare three scenarios: A, the epidemic occurs in
Thailand alone; B, it affects most countries in Southeast Asia
(Thailand, Myanmar, Laos, Cambodia, Vietnam, Indonesia
and Malaysia); C, the epidemic also reduces rice yields in
China. In §4, we consider the consequences of incorporating
a more complex depiction of a rice pathogen epidemic.

(b) The model

We studied the effect of the rice pathogen epidemic on food
system dynamics using IMPACT, which is developed by
the International Food Policy Research Institute (IFPRI) in
Washington, DC. A full description of the model can be
found in Robinson et al. [28].

Briefly, IMPACT is a partial equilibrium economic
model that explores the production and consumption of 62
agricultural commodities in 159 political units (which may be
composed of subregions where political units encompass sev-
eral water basins). Consumer diets are determined by income
and food prices summarized by functions (elasticities) describ-
ing how they affect demand, whereas producer behaviour is
determined analogously by commodity prices and input
costs. Population, economic and technological or exogenous
crop yield growth are treated as exogenous. IMPACT is
linked to crop and hydrological models (that can themselves
be driven by global climate models) to determine changing
yield patterns. Different countries are linked by trade, and
IMPACT works by finding global prices that clear commodity
markets. IMPACT does not directly predict diets but patterns of
calorie intake can be derived and compared with World Health
Organization (WHO) guidelines for a healthy diet (approx.
2500 keal for men and approx. 2000 kcal for women).

We ran IMPACT simulating the effect of an 80% drop in
rice production for the areas specified in the three scenarios.
If the country or region concerned were isolated from the rest
of the world, then this shock would lead to a large increase in
rice prices and a switch to other commodities, which would
also increase in price. However, because IMPACT links
countries by trade, the effects are blunted by an increase in
imports (or the country may shift from being a net exporter
to a net importer). IMPACT assumes world commodity
prices equilibriate each year and the increased demand for
rice from the affected countries will tend to increase global
rice prices. This increase in prices will affect consumption
patterns in countries beyond those immediately affected by
the pathogen epidemic. They may also influence producers
in non-affected countries to switch to growing more rice. To
explore this we ran two versions of scenario B, the first (B1)
assuming the area set to rice does not change in immediate
response to the epidemic and the second (B2) that it does.
Although in economic terms, it would be rational for produ-
cers to respond as in B2, various delays and frictions in the
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Figure 3. The effects of the different rice disease epidemic scenarios from the
IMPACT model. The main parts of the figure (a,¢d) show the effects of the
different epidemics on Thailand; the five bars are respectively the relative
(i) yields, (ii) levels of imports/exports, (iii) global prices, (iv) demand,
and (v) calorie intake. In (c), the two subscenarios assuming or not-assuming
an increase in the global area of rice are shown. The inset figure (b) shows
relative exports and calorie intake in Laos and Myanmar. See text for further
explanation.

system make a very rapid response unlikely, and so Bl and
B2 bracket the most likely outcome.

We had intended to run two versions of scenario C, the
equivalents of Bl and B2, but were only able to solve
IMPACT assuming producers in other countries respond to
higher demand by planting more rice. This solution failure
reflects the fact that IMPACT, like all market equilibrium
models, cannot accurately represent major perturbations
where it is unreasonable to assume markets equilibriate
over an annual timescale.

(0) Results
We begin by focusing on Thailand and how it is affected by a
local epidemic, and then explore epidemics affecting a greater
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Figure 5. Per capita calorie intake from the IMPACT model for selected
countries in the absence of rice disease and for the most severe epidemic
(scenario ().

area of East Asia (scenarios A—C). With a local epidemic (A),
Thailand switches from being a net exporter to a net importer
(table 1) and, in consequence, there is an 11% increase in
global rice prices (figure 31). However, demand for rice in
Thailand is virtually unchanged as is calorie intake. Trade
clearly allows Thailand to weather the storm. Among the
countries exporting to Thailand are its poorer neighbours
Laos and Myanmar. They respond to the opportunities of
higher global prices by exporting more, and both effects
mean their citizens experience a reduction in calorie intake
(figure 3b), which while not large is greater than in the
richer adjacent Thailand.

A geographically more widespread epidemic (scenario B)
has a much more severe effect on world food prices, leading
to between a 50% and 90% (figure 3c) increase depending on
the extent to which rice producers around the world switch to
growing more of this crop. Again, Thailand is able to import
rice to meet household demand, something that is easier in
scenario B2 where area adjustment in other producing
countries is allowed. Overall, there is still little effect on
average calorie consumption in Thailand.

The most extreme shock we modelled is an epidemic affect-
ing most of East Asia (scenario C) where, as discussed above,
we could obtain results only if we assumed other countries
adjust their rice production. Now, global crop prices jump by

changes in trade; scenario C
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Figure 6. Imports and exports (in metric tonnes) for the IMPACT model for
selected countries in the absence of rice disease and for the most severe epi-
demic (scenario C).

the very large factor of approximately 250% (figure 3d). Never-
theless, Thailand is still able to buy rice on global markets
and, though demand and calorie intake are suppressed, the
reductions are not very large and average calorie consumption
stays comfortably above WHO guidelines.

Changes in global and East Asian rice production over the
different scenarios are summarized in figure 4. The effect of
progressively larger epidemics on East Asian rice production
is clear and in scenario C, where China is affected, 76% is lost.
Fifty-seven per cent global rice production comes from this
region but shortfalls here can be partially made up by
increased production elsewhere (compare scenarios Bl and
B2 in figure 4). In the most extreme case (scenario C), a
76% reduction in East Asian rice production is reflected in a
21% drop in global production, a figure that would have
been 44% without adjustment.

Rice is a staple crop throughout most of East Asia, and
there is a clear concern that a production shock may lead to
hunger and malnutrition. The estimated average calorie
intake for countries in the affected region with normal rice pro-
duction and for the most extensive epidemic (scenario C) is
shown in figure 5 with the WHO guidelines for male and
female daily intakes. The figures for Madagascar (the Mala-
gasy Republic) are also included as an example of a poor
country outside the region where rice imports are very impor-
tant. Within the region, there is an effect of the severe epidemic
on calorie consumption in relatively rich countries (China,
Thailand and Malaysia) though they remain comfortably
above WHO guidelines). For poorer countries (Indonesia,
Philippines, Laos, Myanmar and Vietnam), where calorie con-
sumption hovers around or is already below WHO guidelines,
the epidemic is likely to lead to an increase in hunger, though
this will depend on the demographic details of the people
affected that IMPACT does not include. The case of Madagas-
car is particularly stark. Without a production shock predicted
calorie intake is low and below WHO guidelines. Were global
rice prices to rise as high as the model predicts, poor Malaga-
sies would find it very hard to purchase the rice they require
and average calorie intake would drop substantially below
WHO levels.

Trade in the IMPACT model is critical in allowing
countries to counteract the effects of a rice pathogen epi-
demic. The extent of this sensitivity is shown in figure 6
which compares imports and exports without an epidemic
and for the most extreme example (scenario C). Those
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Box 1. Model of a model.

A very simple stylized model of global rice supply and demand provides some insights into how IMPACT works. Let the
global price of rice be p and the production of rice in country k be Si(p) which will depend on rice prices. A similar expression
is defined for that country’s demand for rice, Di(p), again a function of price. The global price of rice is that at which supply
and demand for rice are equal

> Sp) = > Di(p) =0. 3.1)
k k

Now, assume that the k countries of the world are partitioned into two sets, i and j, and that the latter but not the former
suffer a reduction in yield of (1 — v) owing to a pathogen. Global prices are now defined implicitly by

D Sip)+ > (1=0)Si(p) = > _ Di(p) = 0. (32)
i j k

We can implicitly differentiate equation (3.2) to see how global prices vary with the increasing severity of the epidemic

dp _ =22 Si(p)
do >, (dSi(p)/dp) + 3= (1 — v)(dS;(p)/dp) — >k (dDx(p)/dp)

(3.3)

The price elasticity of demand for rice describes the change in the demand for rice given a change in price (e.g. a value of
—0.5 indicates that a 10% increase in prices would lead to a 5% fall in demand). The price elasticity of supply is defined simi-
larly. Let 7 and v, be the demand and supply elasticities that may vary across countries; elasticities are defined as

dD(p) P dSk(p) _p
= —— an = _— 3.4
"4 D) M YT T 50 G
Substituting for the differentials in equation (3.3) and rearranging, we obtain
1 i 5j
dp 22 Si(p) (35)

pdv o —mDip) + 3 %Silp) + 35, (1 - 0)%Si(p)

In words, the proportionate increase in global prices (the left-hand side) will be greater the larger the supply at threat (numer-
ator of the right-hand side). The increase will be smaller as the denominator of the right-hand side increases either, because
the price elasticity of demand becomes more negative (more ‘elastic’, so that price increases make consumers switch to other
foods) or price elasticity of supply increases (farmers respond by planting more rice). The elasticities are weighted by total
supply or demand in each country. Elasticities of supply in regions affected by the epidemic (j) are likely to be low (or
‘inelastic’) and start from a low base.

We can compare the predictions of equation (3.5) with those from IMPACT. Assume that there is no supply response
(elasticities of supply, v, are zero) and that the elasticity of demand is constant in all countries (n*). Further, define {2 as
the fraction of global supply in countries affected by the epidemic. Then, from equations (3.1) and (3.5), the proportionate
increase in global food prices is —v{2/7*. For an epidemic that reduces yields by 0.8 (v) in a country (Thailand) responsible
for a proportion 0.05 of global production ({2) and affects a commodity where consumers respond relatively inelastically
(assume n* = —0.4) to shortages then the proportionate increase in prices is 0.1, a good match to IMPACT (0.11). For an epi-
demic (scenario B1) that affects countries producing approximately 0.25 of global production the predicted increase in prices
is 0.5 which is considerably less than predicted by IMPACT (0.95) assuming no response of producers. The reason for this is
that for the bigger perturbation IMPACT captures many more of the knock-on effects on the global food system that the car-
icature of rice dynamics in equation (3.1) misses. Note also that even when IMPACT assumes no areal expansion of rice
production, yields are endogenously a function of output prices as the model assumes farmers will invest more in inputs
(such as fertilizers and labour) when prices are high.

countries that were net exporters beforehand (Myanmar,
Thailand and Vietnam) become net importers, and trade
inflows to existing importers increase dramatically. Note, in
particular, the dramatic rise in imports required to meet the
demand for rice in China and Indonesia.

(d) Underlying processes

IMPACT is a complex model but some insights into how it
works can be obtained from exploring a ‘model of a
model’. Box 1 develops a simple model of global rice
dynamics subject to a production shock of the type con-
sidered here. It suggests that with a number of simplifying

assumptions the immediate proportional effect on global
rice prices of the epidemic will be

[Yield reduction][Proportion global supply affected]
[Consumer response to higher price]

The numerator describes the severity of the shock and the
denominator describes the proportionate reduction in rice
consumption as prices rise (technically the elasticity multi-
plied by —1; a value of zero equals no response while a
value of —1 means an x% increase in prices leads to an x%
drop in rice consumption). Box 1 also shows that if farmers
respond globally to higher prices by planting more rice,
this response reduces the increase in price. The
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approximation works well for scenario A but less well for
larger shocks where the different complex feedbacks included
in IMPACT need to be understood

(e) Summary

There are many limitations to the application of partial equi-
librium multi-market models such as IMPACT to exploring
production shocks that we shall explore in §4. Nevertheless,
they do provide very interesting insights into how the food
system might react to such events. Our analysis suggests
that increasingly severe rice pathogen epidemics would
have a major effect on global rice prices. Quite how large
these will be depends on the extent to which the rest of the
world responds to the East Asian crisis by producing more
rice. IMPACT predicts that the effect of the production
shock on diets and hunger in the affected region will be lim-
ited, though this is highly dependent on a fully functioning
and rapidly responding global commodity trade system.
Some of the most severe effects of the epidemic may be
experienced in poor countries in other parts of the world
that are reliant on rice imports to feed their population.

4. (ritique

There are at least three ways that the projections in §3e may
be misleading. First, they may accurately represent some,
but not all of the consequences of the production shock for
people’s welfare. Second, to run the IMPACT model, a
number of simplifications and assumptions about how the
food system operates had to be made, and these might influ-
ence the projection. Finally, important features and processes
of the food system that will affect outcomes may have been
omitted entirely.

(a) Further consequences

An example of the first type of issue is the consequences to
people and the economy of the rise in food prices. IMPACT
predicts that, with varying success depending on average
national income and the severity of the epidemic, the average
person is able to maintain their calorie intake and avoid
hunger. However, especially for the more severe scenarios,
the cost of doing so will be great. There are likely to be signifi-
cant knock-on effects on the spending power and welfare of
individuals, and possibly on national economic activity, the
precise effects depending on whether all the costs are borne
by individuals or if governments intervene to subsidise rice
[29]. Note that the effects of higher global rice prices are
experienced in all countries, irrespective of whether they
are directly affected by the pathogen.

Rice farmers will undoubtedly suffer a severe loss of
income in countries afflicted by the epidemic, because
higher rice prices will not compensate for the crop losses.
The consequences to individuals will depend on the existence
of welfare safety nets, unlikely to be present in the poorest
countries where widespread destitution in rural communities
is likely, possibly requiring foreign aid programmes for their
alleviation. In rice-growing areas not affected by the epi-
demic, the rise in price for this staple is a clear economic
opportunity. In these countries, different groups may suffer
or benefit from increased rice prices depending on whether
they are net producers or consumers.
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Figure 7. International rice prices 1970—2010 (US dollars per metric tonne)
and a measure of average government intervention on prices (the nominal
assistance rate, NRA; from Anderson & Nelgen [33]). Governments attempt
to smooth fluctuations in international prices.

(b) Simplifications and assumptions

IMPACT assumes that markets clear (global prices equilibri-
ate markets) each year. This assumption implicitly implies
that global trade is able to respond to variations in supply
and demand in different regions. This is perhaps a reasonable
assumption for mild production shocks but more question-
able for scenario C where China and Indonesia require very
large increases in imports (figure 6)—is it feasible that the
shipping and other transport infrastructure could be mobi-
lized that fast, and the investment required to finance these
trade movements raised in time? Delays in either would
mean that regional prices would diverge and almost certainly
be higher in affected regions. It would also lead to fewer
incentives to increase rice production outside the epidemic
countries, which would tend to exacerbate the problem (com-
pare scenarios B1 and B2). Likely delays in the global trade
response is one of the most important factors suggesting
that IMPACT may underestimate the adverse effects of a
major epidemic.

We assume a very simple epidemic that appears and
causes a major yield reduction in a single year. A more realis-
tic epidemic would take time to spread geographically and to
increase in severity. This slower development of the epidemic
would provide more time for the global trade system to antici-
pate and prepare for the supply shock and might possibly
allow time for mitigating actions such as the discovery and
planting of resistant strains, should they exist. On the negative
side, the cumulative effect of the epidemic may be worse,
especially if the most severe phase lasts more than a year.

We believe it would be useful to develop spatially explicit
models of severe epidemics in a form that could be linked to
IMPACT or other partial equilibrium market models to
understand better their economic impacts.

(c) Omissions

Many countries maintain reserves of rice and other commod-
ities that they can release onto the market at times of
shortage. IMPACT does not include such reserves, because
data on their size are difficult to obtain (many countries
treat the data as market sensitive and China views the size
of their reserves as state secrets) and decisions about their
draw down or build up are in large part political rather
than economic. It is generally thought that reserves (stock
to use ratios) were particular low at the time of the 2008—
2011 food price spike, and that this contributed to the price
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Box 2. Effects of trade barriers.

Suppose that governments seek to buffer changes in global rice prices by trade tariffs so that domestic producers and con-
sumers experience lower prices. Specifically, let local prices p; = a,(p), be a function a of global prices, p. Equation (3.2)
becomes

> Sitaip) + > (1= 0)S(ai(p)) — > Dilax(p)) = 0. (4.1)
i j k

We can proceed exactly as before to obtain an expression equivalent to equation (3.5) for the effect of a production shock on
global prices. If we further assume that there is no production response (y; = 0) and that the elasticity of the transmission of
global to local prices is

6 = dai(p) p 4.2)

dp ai(p)’

then, substituting and rearranging, we obtain

1dp 25

pdv S —n0Di(p)’ (4.3)

Simplifying further, assume that all elasticities are constant (denoted by *) and that (2 is the fraction of global production in
affected regions. Now the effect of an epidemic on global prices is proportional to —{2/(n"6"). Buffering of global prices
implies " <1 and hence will always tend to increase global prices (remember n* < 0). In fact, when price interventions
are uniform across the world, global prices adjust so that they have no net effect on local prices. For example, if the elasticity
of price transmission to local economies is 0.5—a typical figure for rice [35]—then the expression above says that global prices
double nullifying any benefits to local consumers. More realistically, price transmission will vary across countries and its
effects on world prices will be determined by the mean of country-specific intervention elasticities weighted by the country’s

contribution to global demand.

volatility at that time [30]. Since then, stocks have increased
(see  http://usda.mannlib.cornell.edu/MannUsda/viewDo-
cumentInfo.do?documentID=1079), and were they to remain
so at the time of a crop epidemic it might help buffer the
markets against the shock.

A second major but inevitable omission concerns the
political economy of rice prices and interventions by govern-
ments that result in local prices differing from the global
market price [31]. Most often in the region considered here,
imports are penalized to maintain local prices above global
levels to protect rice growers who often form powerful politi-
cal blocks. However, at times of high international rice prices,
interventions may be directed to lower local prices to protect
consumers [32]. Anderson & Nelgen [33] have collated infor-
mation on such market distortions in rice (and other
commodities), and find them to be pervasive (figure 7).

A price intervention by a single country can be effective in
changing local prices if it acts alone (though if the intention is
to protect poor producers or consumers then targeted protec-
tion is likely to be more efficient). However, in most cases,
many countries act simultaneously, which can nullify the
effects and increase volatility [34]. We can use the simple
model developed in box 2 to look at the effects of trade bar-
riers after a rice epidemic. Interventions that restrict the
transmission of global to local prices tend to raise world
prices and so undermine the intervention. In the limiting
case where all countries impose the same measures, the
increase in world prices exactly counteracts the interventions,
so that local prices remain the same [35].

How countries would react to the threat of a rice epidemic
is very difficult to predict but would be critical to the human
outcomes. In 2008, many countries of the Association of
Southeast Asian Nations (ASEAN) restricted exports as rice

prices soared, which increased the prices paid by importing
countries [34]. There was a general agreement that both
exporting and importing nations did not gain from these
greater restrictions, and limits to tariffs and quotas intro-
duced by ASEAN countries dampened the volatility in rice
prices in 2010/2011. However, the fluctuations in prices
seen in 2008 and 2010 were considerably less than IMPACT
suggests could occur with the more severe epide-
mic scenarios, and the political pressures governments
will experience to intervene to protect their consumers and
producers will be enormous.

The International Rice Research Institute maintains a par-
tial equilibrium model, the International Global Rice Model,
that is designed specifically to explore questions of trade in
rice. It covers about 30 major rice-producing countries and
incorporates many more of the specific details of national
rice policies than is possible in IMPACT (though lacks the
advantage of dynamic connection to the broader food
system). It would be interesting to explore the consequences
of a rice fungal pathogen, and the possible different political
reactions to it, using this bespoke rice model.

The food system today is to a considerable extent globalized,
which causes great concerns to some people, especially those
whose world view includes a limited role for medium and
large corporations. However, against these concerns must
be set the importance of efficient global trade in providing
food to major population concentrations such as the ‘megaci-
ties” of the global south that (at least at the moment) cannot
be fed by local agriculture, as well as providing the means
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of buffering the world against major production shocks,
including the risk of major fungal crop epidemics that we
have explored here.

Prompted by the 2008 financial crisis, there have been
renewed efforts to ‘stress-test’ the global banking system. We
see it as equally important to stress test the global food
system. Recently, the insurers Lloyds of London sponsored a
project to look at future scenarios involving a series of physical,
biological and political shocks to the global food system, lead-
ing to severe price rises and major socio-political disruption
[36]. The scenarios included crop epidemics, which though
less serious than the one we explored here, affected different
major crops simultaneously or in quick succession. Interest-
ingly, the pathogens chosen were the major fungal diseases
of wheat, rice and soya beans discussed in the Introduction.
We see further modelling and scenario studies important to
identify potential weak links in the food system and to
advise where research, regulation and political attention are
most needed. In the same way that responsible bankers now

look back to 2000—-2005 and curse their lack of foresight and n

appreciation of risk, food system policymakers should seek
to avoid being in a similar position 10 years hence.

The authors together designed the project with the
modelling using IMPACT carried out by D.M.d’C. and S.R. and
the models in the Boxes by H.C.J.G. (checked by S.R.). H.CJ.G.
wrote the first draft of the paper which was revised by all the authors.

The authors declare no competing interests.

H.CJ.G. acknowledges support from the Oxford Martin
School, Oxford University. D.M.d’C. and S.R. undertook this work
as a part of the Global Futures and Strategic Foresight programme
(GFSF), a CGIAR initiative led by the IFPRI and supported by the
Bill and Melinda Gates Foundation, the CGIAR Research Programme
on Policies, Institutions, and Markets (PIM), and the CGIAR Research
Programme on Climate Change, Agriculture, and Food Security
(CCAFS).
We thank Sarah Gurr for advice on a possible
though worse case fungal disease outbreak, and Nick Talbot who
provided figure 2 including writing the legend.

1. Dowlah CAF. 2015 International trade, competitive 1. Valverde ME, Paredeslopez 0, Pataky JK, Guevaralara security. Oxford Rev. Econ. Policy 31, 26—44.
advantage and developing economies. London, UK: F. 1995 Huitlacoche (Ustilago maydis) as a food (doi:10.1093/0xrep/grv006)

Routledge. source—biology, composition, and production. (rit. ~ 20. Immerzeel WW, van Beek LPH, Bierkens MFP. 2010

2. Borlaug N. 1970 Nobel lecture: the green revolution, Rev. Food Sci. Nutr. 35, 191-229. (doi:10.1080/ (limate change will affect the Asian water towers.
peace & humanity. http://www.nobelprize.org/ 10408399509527699) Science 328, 1382—1385. (doi:10.1126/science.
nobel_prizes/peace/laureates/1970/borlaug-lecture. 12. Hartman GL, West ED, Herman TK. 2011 Crops that 1183188)
html (accessed 15 September 2016). feed the world 2. Soybean—worldwide production, ~ 21. Tilman D, Balzer C, Hill J, Befort BL. 2011 Global food

3. Evenson RE, Gollin D. 2003 Assessing the impact of the use, and constraints caused by pathogens and demand and the sustainable intensification of
Green Revolution, 1960 to 2000. Science 300, 758— pests. Food Sec. 3, 5—17. (doi:10.1007/512571-010- agriculture. Proc. Natl Acad. Sci. USA 108, 20 260
762. (doi:10.1126/science.1078710) 0108-x) 20 264. (doi:10.1073/pnas.1116437108)

4. Baldos ULC, Hertel TW. 2014 Bursting the bubble: @ 13. Russell PE. 2005 A century of fungicide evolution. ~ 22. Bruinsma J. 2003 World agriculture: towards 2015/
long run perspective on crop commodity prices. GTAP J. Agric. Sci. 143, 11-25. (doi:10.1017/ 2030 — an FAO perspective. Rome, ltaly: FAO.
Working Paper 80. https:/jgea.org/resources/ 50021859605004971) 23.  Alexandratos N, Bruinsma J. 2012 World agriculture
download/7207.pdf. 14. Boyd IL, Freer-Smith PH, Gilligan CA, Godfray HCJ. towards 2030/2050. The 2012 revision. ESA Working

5. United Nations. 2015 The millennium development 2013 The consequence of tree pests and diseases for paper No. 12-03. Rome, Italy: FAO.
goals report. New York, NY: United Nations. ecosystem services. Science 342, 823. (doi:10.1126/  24. Robinson S et al. 2013 Comparing supply-side

6.  Fisher MC, Henk DA, Briggs CJ, Brownstein JS, science.1235773) specifications in models of global agriculture and
Madoff LC, McCraw SL, Gurr SJ. 2012 Emerging 15. Jacobs DF. 2007 Toward development of silvical the food system. Agric. Econ. 45, 21-35. (doi:10.
fungal threats to animal, plant and ecosystem strategies for forest restoration of American chestnut 1111/agec.12087)
health. Nature 484, 186—194. (doi:10.1038/ (Castanea dentata) using blight-resistant hybrids. 25. Wilkinson A, Kupers R. 2014 The essence of
nature10947) Biol. Conserv. 137, 497 —506. (doi:10.1016/j.biocon. scenarios. Amsterdam, The Netherlands: Amsterdam

7. Talbot NJ. 2003 On the trail of a cereal killer: 2007.03.013) University Press.
exploring the biology of Magnaporthe grisea. Annu. 16. Potter C, Harwood T, Knight J, Tomlinson I. 2011 26. Cornelius P, van de Putte A, Romani M. 2005 Three
Rev. Microbiol. 57, 177 —202. (doi:10.1146/annurev. Learning from history, predicting the future: the UK decades of scenario planning in Shell. Calif.
micro.57.030502.090957) Dutch elm disease outbreak in relation to Manage. Rev. 48, 92—109. (doi:10.2307/41166329)

8. Leonard KJ, Szabo LJ. 2005 Stem rust of small contemporary tree disease threats. Phil. Trans. R. Soc. ~ 27.  Schoemaker PJH. 1998 Twenty common pitfalls in
grains and grasses caused by Puccinia graminis. Mol. B 366, 1966—1974. (doi:10.1098/rsth.2010.0395) scenario planning. In Learning from the future (eds L
Plant Pathol. 6, 99—111. (doi:10.1111/j.1364-3703.  17. Benheim D, Rochfort S, Robertson E, Potter ID, Fahey, RM Randall), pp. 422—431. London, UK: Wiley.
2005.00273.x) Powell KS. 2012 Grape phylloxera (Daktulosphaira 28. Robinson S, Mason d'Croz D, Islam S, Sulser TB,

9. Singh RP et al. 2011 The emergence of Ug99 vitifoliae)—a review of potential detection and Robertson RD, Zhu T, Gueneau A, Pitois G,
races of the stem rust fungus is a threat to world alternative management options. Ann. Appl. Biol. Rosegrant MW. 2015 The international model for
wheat production. Annu. Rev. Phytopathol. 49, 161, 91-115. (doi:10.1111/.1744-7348.2012. policy analysis of agricultural commodities and trade
465-481. (doi:10.1146/annurev-phyto-072910- 00561.x) (IMPACT): model description for version 3 (http:/
095423) 18.  Ploetz RC. 2006 Fusarium wilt of banana is caused ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/

10. Brefort T, Doehlemann G, Mendoza-Mendoza A, by several pathogens referred to as Fusarium 129825). Washington, DC: IFPRI.

Reissmann S, Djamei A, Kahmann R. 2009 Ustilago oxysporum f. sp cubense. Phytopathology 96, 29. Ivanic M, Martin W. 2008 Implications of higher
maydis as a pathogen. Annu. Rev. Phytopathol. 47, 653 —656. (doi:10.1094/PHYT0-96-0653) global food prices for poverty in low-income
423445, (doi:10.1146/annurev-phyto-080508- 19. Godfray HCJ, Robinson S. 2015 Contrasting countries. Agric. Econ. 39, 405—416. (doi:10.1111/j.

081923)

approaches to projecting long-run global food

1574-0862.2008.00347.x)


http://www.nobelprize.org/nobel_prizes/peace/laureates/1970/borlaug-lecture.html
http://www.nobelprize.org/nobel_prizes/peace/laureates/1970/borlaug-lecture.html
http://www.nobelprize.org/nobel_prizes/peace/laureates/1970/borlaug-lecture.html
http://dx.doi.org/10.1126/science.1078710
https://jgea.org/resources/download/7207.pdf
https://jgea.org/resources/download/7207.pdf
http://dx.doi.org/10.1038/nature10947
http://dx.doi.org/10.1038/nature10947
http://dx.doi.org/10.1146/annurev.micro.57.030502.090957
http://dx.doi.org/10.1146/annurev.micro.57.030502.090957
http://dx.doi.org/10.1111/j.1364-3703.2005.00273.x
http://dx.doi.org/10.1111/j.1364-3703.2005.00273.x
http://dx.doi.org/10.1146/annurev-phyto-072910-095423
http://dx.doi.org/10.1146/annurev-phyto-072910-095423
http://dx.doi.org/10.1146/annurev-phyto-080508-081923
http://dx.doi.org/10.1146/annurev-phyto-080508-081923
http://dx.doi.org/10.1080/10408399509527699
http://dx.doi.org/10.1080/10408399509527699
http://dx.doi.org/10.1007/s12571-010-0108-x
http://dx.doi.org/10.1007/s12571-010-0108-x
http://dx.doi.org/10.1017/S0021859605004971
http://dx.doi.org/10.1017/S0021859605004971
http://dx.doi.org/10.1126/science.1235773
http://dx.doi.org/10.1126/science.1235773
http://dx.doi.org/10.1016/j.biocon.2007.03.013
http://dx.doi.org/10.1016/j.biocon.2007.03.013
http://dx.doi.org/10.1098/rstb.2010.0395
http://dx.doi.org/10.1111/j.1744-7348.2012.00561.x
http://dx.doi.org/10.1111/j.1744-7348.2012.00561.x
http://dx.doi.org/10.1094/PHYTO-96-0653
http://dx.doi.org/10.1093/oxrep/grv006
http://dx.doi.org/10.1126/science.1183188
http://dx.doi.org/10.1126/science.1183188
http://dx.doi.org/10.1073/pnas.1116437108
http://dx.doi.org/10.1111/agec.12087
http://dx.doi.org/10.1111/agec.12087
http://dx.doi.org/10.2307/41166329
http://ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/129825
http://ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/129825
http://ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/129825
http://ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/129825
http://dx.doi.org/10.1111/j.1574-0862.2008.00347.x
http://dx.doi.org/10.1111/j.1574-0862.2008.00347.x
http://rstb.royalsocietypublishing.org/

Downloaded from http://rstb.royalsocietypublishing.org/ on November 11, 2017

30. Piesse J, Thirtle C. 2009 Three bubbles and a panicc ~ 32. Dawe D. 2008 Can Indonesia trust the world rice Rev. Econ. Policy 28, 235-260. (doi:10.1093/oxrep/ m
an explanatory review of recent food commodity market? Bull. Indonesian Econ. Stud. 44, 115-132. grs001)
price events. food Policy 34, 119-129. (doi:10. (doi:10.1080/00074910802008053) 35. Martin W, Anderson K. 2012 Export restrictions and price
1016/j.foodpol.2009.01.001) 33, Anderson K, Nelgen S. 2012 Trade barrier volatility and insulation during commodity price booms. Am. J. Agric.

31. Timmer CP, Dawe D. 2007 Managing food price agricultural price stabilization. World Dev. 40, 36—48. Econ. 94, 422—-427. (doi:10.1093/ajae/aar105)
instability in Asia: a macro food security perspective. (doi:10.1016/j.worlddev.2011.05.018) 36. Lloyds. 2015 Food system shock: the insurance
Asian Econ. J. 21, 1-18. (doi:10.1111/j.1467-8381.  34. Anderson K, Nelgen S. 2012 Agricultural trade impacts of acute disruption to global food supply.
2007.00244.x) distortions during the global financial crisis. Oxford London, UK: Lloyds.

L9Y0SL0T :LLE g 208 Y "suvi] ‘fiyd  BiobuiysijgndAraposieforgisi


http://dx.doi.org/10.1016/j.foodpol.2009.01.001
http://dx.doi.org/10.1016/j.foodpol.2009.01.001
http://dx.doi.org/10.1111/j.1467-8381.2007.00244.x
http://dx.doi.org/10.1111/j.1467-8381.2007.00244.x
http://dx.doi.org/10.1080/00074910802008053
http://dx.doi.org/10.1016/j.worlddev.2011.05.018
http://dx.doi.org/10.1093/oxrep/grs001
http://dx.doi.org/10.1093/oxrep/grs001
http://dx.doi.org/10.1093/ajae/aar105
http://rstb.royalsocietypublishing.org/

	Food system consequences of a fungal disease epidemic in a major crop
	Introduction
	Food system projections
	Studying the effects of a fungal pathogen epidemic
	The epidemic
	The model
	Results
	Underlying processes
	Summary

	Critique
	Further consequences
	Simplifications and assumptions
	Omissions

	Conclusion
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


