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“Over a thousand years ago the Chinese had a syegtéch they called the "ever-normelil
granary.” ...[W]hen the crops went beyond a certea and prices below a certain point,
the government was empowered to buy grain and fputto the government-owned
warehouses. Here it stayed until a year came wherrop went below a certain point,..
[If] we had a really intelligent comprehension afrigultural statesmanship, we would
work out in this country a combination of the Clieedea of an ever normal granary with
a common sense handling of our surplus.” (Henryl&elin Wallace’'s Farmer, October
8, 1926)

“As part of the effort to win the peace, | am hapithat ... the "ever normal granal
principle" can be established for a number of cowlities on a world-wide scale. ...[T]h
fourth point ... in the Atlantic Charter mentionecde tlnjoying by all the states, great (or
small, victor or vanquished, of access on equahseo the raw materials of the world. To
give this lofty ideal a more definite substancewtidoe one of our chief objectives..|”
(Henry Wallace as vice president of the US, AtlaMbnthly, January 1942)
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Abstract

Between now and mid-century, the global demandpfojtomass for food will more than
double. At the same time, competing claims on @ttesources for urbanization and new
non-foods will strongly increase. We combine insiglfrom the natural and the social
sciences to discuss the feasibility of a sufficielrease in world food production in this
situation. A sober assessment of the technicalnfiatdor increasing production still shows
that this is still sufficient for feeding the worfztbpulation by 2050. However, its realization
requires biorefinement, yield increasing ecologicedernization, improved exploitation of
marine resources, and the combination of biodityersbnservation with food production.
Timely investment in these conditions cannot be tef spontaneous market forces but
requires active government policies that go beydratliitional government tasks like
infrastructural investment. Moreover, multilateyaltoordinated policies are needed to
overcome obstacles to production growth in develgmountries and moderate the increase
in demand for feed and new non-foods like biofuels.

! We thank Wiebe Aans, Henk van den Belt, Prem Bibdn, Rudy Rabbinge, Jan Goudriaan, Johan
Sanders, Johan Vereijken and the contributors awtcfpants of the WU Workshop ‘Long-term
global availability of food: continued abundancenew scarcity’ (Wageningen, January"28006) for
information, comments and suggestions.



Executive summary

In the 28" century, global food scarcity gave way to abundanpply in international
markets. The fact that 800 million people are siilidernourished is the result of poverty
rather than lack of supply. However, will this rémao in the 2% century? Serious studies
steer clear of eco-pessimist or cornucopian preeptions, but they are wrestling with the
complexity of the issue. In this essay, we disbiggghysical and social forces as well as non-
linear interactions that critically influence theigply side of the world food situation in the
long term.

Between now and mid-century, the global demangliytomass for food may more
than double. The world population may grow from Bilson to 9 billion people. Moreover,
rising incomes in successful developing countridlsimduce a twofold increase in the global
consumption of animal foods which involve high pmass inputs. The preference for these
foods, though influenced by culture, is rooted I thiological evolution of humans.
Traditionally, many animals were fed with wastesgoazed on lands with few alternative
uses, but the growth in global livestock is intgnsg the competition between feed and
vegetable foods.

To meet the rising demand for food, the world sifill be largely dependent on
agriculture. The output of this is constrained bg tmetabolic efficiencies of plants and the
availability of suitable lands and water. A Wagegen study in the 1990s estimated the
global potential for agricultural phytomass prodioet at 72 GT of grain equivalents. In
practice, however, yields beyond 80 percent otlikeretical limit that is set by the metabolic
efficiencies of crops are difficult to achieve. Mover, human settlement and biodiversity
conservation will claim part of the land, as wilbm-foods like biofuel and biochemicals, the
demand for which is boosted by rising energy pridesa lower bound we assume that these
functions will take up one-fifth of the potentigrigultural land, while as an upper bound
they might claim all land that is not currently dsr food production. These factors reduce
the potential production of phytomass for food 2@ 47 GT of grain equivalents. Assuming
an unavoidable consumer waste of 20 percent, thiddwsuffice to provide an affluent diet to
16 to 24 billion people, or 1.8 to 2.7 times thpexted world population by 2050. However,
producing this amount may rapidly deplete the werlegserves of mineral phosphate. As
long as a solution for this is not in sight, thelistic potential is considerably smaller.

Realizing the potential for farm-based food prctihn is bound to certain
fundamentals. Raising the output per area requireseases in human-controlled energy
flows. This involves diminishing returns, at a rétat can be moderated by more complex
forms of management. At low levels of energy ingiatple production systems have better
input-output ratios because they need less enenggnéintenance. Conversely, systems that
are efficient at higher levels of energy input tdodbe more complex. In spite of synergic
relations between many inputs, however, diminishitigrns can ultimately not be avoided.

The global potential is a technical possibilitgase. Its exploitation depends on
decisions of numerous individual and collectiveoext The production functions that inform
their decisions are cascades of energy input /@hgiss output functions up to the prevailing
levels of complexity that producers have masteidie exact point on these sets that
producers select is influenced by risks and scar@tations, which in turn depend on the
availability and distribution of assets. As a camqsence, they will normally produce less than
the maximum that is technically achievable by thékthen faced with high risks or
unfavourable price ratios, they may deliberatelyt égr technologies at lower complexity
levels because these are efficient at lower ingegls. This may entail endogenous effects (for
example, low investment in human capital or in $pppd marketing chains) that make local
production functions lag behind those in more faeduareas.



As a consequence, a larger food economy may puagainst a ceiling before the
technical possibilities at the frontier have beethausted. Adequate policies can push the
ceiling upward, but overcoming it eventually reaqsra leap to a new techno-economic
paradigm that allows the exploitation of productipaossibilities at a new complexity level.
This is the substance of an ‘agricultural revolutio

In pre-industrial times, agricultural revolutionsere facilitated because population
growth raised agricultural prices. This made foospensive for the poor, but it also
stimulated investment in larger farms. Togethehwitkage effects on non-farm activity, this
created employment and increased the supply of $odtiat the population growth could be
accommodated. Apart from external disturbances,tidsian crises only followed when the
farm economy once again approached a ceiling, whiak able to happen because technical
and cultural learning was slow in pre-industrialtegs.

In the course of the 'century, a number of circumstances and new demetofs
caused the relation between population and pridgebe global level to be broken. While the
world population continued to grow, internationarecultural markets witnessed a series of
price falls. Where wages were sticky or rising, éfffiect was that large farms declined. In this
situation, government support became essentialaforew type of agricultural revolution
which was based on smaller-scaled farms. Wherestipport materialized — first in the West,
then in parts of Asia — a ‘green revolution’ boaktthe supply of food. It reproduced
stimulated the global abundance and ended hungemtih-scarcity. Where it occurred, the
green revolution became an engine of industrialzatthat decreased hunger-through-
poverty, although some population sections lost out

In regions whose previous history did not indaapportive farm policies, the global
regime change in agricultural markets had less tamble results. In Latin America,
European colonization had led to ‘disarticulatedomomies where large growers faced poor
workers whose incomes were too low to sustain naachestic demand for bulk products.
When international agricultural prices declinedgetigrowers stuck to open trade regimes to
safeguard their exports and used their dominancghiti the burden to the rural poor. In the
end, they evicted large numbers of workers to ghgeway for an extensive modernization
that involved low yields per hectare.

In Sub-Saharan Africa, the colonial scramble caled with the onset of the
international price decline. It thwarted the emange of larger farms and reproduced
undifferentiated peasant societies. After Indepande the clientelist politics that
characterize such societies encouraged public segtowth rather than the switch to
supportive farm policies that was being seen in ynAsian countries. When population
pressure increased, high risks and unfavourableepratios precipitated a vicious spiral of
soil degradation and poverty.

Latin America and Sub-Saharan Africa accountrimre than one half of the world’s
unused potential for food production. The encompgssdynamics that cause an
underutilization of these regions’ production capi@s pose a serious threat to the global
availability of food in the future. There is no sfage of appropriate technologies that could
help poor farmers in developing countries to in@edheir production. They include simple
techniques for sustainable land management, watvdsting and light irrigation;
integrated pest management; and simple storagepandessing measures to decrease post-
harvest losses. However, as long as the above dgeaemain in place, the adoption of such
techniques remains much too slow.

Meanwhile, it may be questioned whether the damthwirend in international
agricultural prices that contributed to these dynesnwill continue. In several developed
countries and Asian developing countries, the langing fruit that could be harvested by
tapping large reserves of land and water and byhgdirst-generation scientific breeding
techniques is gradually being depleted. Furthervgio of global phytomass production will
depend on an increased application of external innts, which requires large inputs of
energy. This is especially true for nitrogen fézgél, which currently accounts for half of the
energy input in agriculture. With an unchanged glotrop response to nitrogen fertilizer, a
doubling of phytomass for food would raise theaatf fertilizer input and crop output by at



least one-third. Considerable increases in feritinse efficiency or the energy efficiency of
the fertilizer industry will be needed to compesstatr this effect. More generally, in large
parts of the world, significant improvements wil beeded to avoid further increases in the
already high energy intensity of agriculture. Itliwhake food production costs sensitive to
energy prices, which are likely to rise between raawd mid-century. Together with other
factors (rising irrigation costs, growing water gcity in major basins, etc.) this could cause

a moderation, a halting or even a reversal of thegtterm price decline that started in the

late 19" century. Whether recent price rises already refee¢rend change or a more short-

term fluctuation (like that in the 1970s) is difficto say.

While a moderate rise in international agriculaiprices might improve global food
security by encouraging socially inclusive agricuétl growth in regions whose capacities
are now underutilized, steep rises in food pricél$ mave a negative impact because they
threaten the access to food of the poor. Such pises could especially occur if a change in
the secular trend were to coincide with a temporandershooting of the normal level of
investment in agricultural production capacitiehig might happen if myopic expectations
were to induce producers and policy makers to redptw short-run abundance and low
prices by cutting down on long-term investment andvarious kinds of support given to
agriculture. Theoretical models and historical datalicate that international agricultural
markets show ‘cobweb cycles’ that involve periodi@rshooting and undershooting of
normal investment levels. The global decline in@gtural research investment over the last
decades suggests that we are currently in a phisadershooting.

The effect of this on future food prices could dugravated if the global food
economy were to approach a new ceiling. In spitéhef enhanced learning capacities of
modern society, this could occur if world systemaigics were to hamper the utilization of
production capacities in major regions while croglgis in other regions approached the
hard-to-surpass limit of 80 percent of potentiadlgli In that case, rather than the boundaries
of a specific agro-production system, those ofa@adtiire as a meta-paradigm would become
the constraining factor. The fact that the yieldeudial of major crops has hardly increased
in recent decades suggests that such a situatiaridcmdeed occur. If so, significant
production increases in the agricultural frontierems would require either a much further
reduction of yield gaps than has thus far been adhil, or a stretching of the basic
constraints that define the potential yield, ortebpag improvement in conversion efficiencies,
or the development of new techniques for the lagde production of phytomass on other
bases than farming. Technically speaking, nonde$d avenues is closed, but the problems
involved are considerable:

* A further reduction of yield gaps requires much enaffective stress control and
reduction of post-harvest losses. At present, @vé&urope, biotic stresses alone cause a
quarter of crops to be lost. The ways in which picitbn growth is pursued themselves
increase the risk of pests and diseases, as thejvim regional specialization, mono-
cropping, reduction in varieties and increased spart. A further reduction of pre-
harvest losses requires solutions for problems pikst adaptation. So far, however, even
genetically modified Bt-varieties are threatenedBbyesistant pests.

* To raise potential yields one could try to imprdle metabolic efficiencies of crops, even
though these are the results of eons of biologiealution. One could try, for example, to
introduce improved forms of Rubisco from algae @®plants or to transform C3 plants
into C4 plants in order to raise their light-usdieiency. Alternatively, one could try to
reduce the time during which sunlight remains JUméd, for example by breeding
perennial cereals. Such feats seem difficult toiea&) however, and the yield effects
remain to be seen.

« Raising conversion efficiency by further improvthg feed ratios in developed countries
will become more difficult. Past improvements weoapled to a shift from fat to lean
meat, which has now largely been completed. Moredlke human taste for meat is not
easily tricked by vegetable substitutes. Attemptadke substitutes from grains or pulses
have failed by lack of consumer acceptance. Fupgzkin might prove more promising.



More generally, conversion efficiencies could bised by biorefinement. For example,
enough protein could be extracted from cassavaltes to replace one fifth of world soy
protein.

e To increase phytomass production on a non-farmshasie could think of new marine
production systems like seaweed plantations or dhiivation of certain algae or
bacteria. However, it seems improbable that sudtesys would allow large-scale food
production before mid-century. This holds even nforefuturistic techniques like bio-
nanotechnology.

Although some of these options may be feasibfesiderable investment in research
and human capital will be needed before they cgnificantly relax the constraints on global
food supply. This may aggravate the effect thatirrzatershooting of normal investment levels
could have on future food prices.

The above considerations have important consempsefor the kind of policies that
would guarantee the global availability of foodtime long term. In a world whose inherent
dynamics cause underutilization of production cajies in major regions, where existing
production paradigms in other regions are gradudiging exhausted, and where myopic
expectations affect the exploration of new techroggions, liberalization may not suffice for
a balanced development of global production capesit In fact, abandoning price
stabilization may increase the risk of steep prices; the wholesale dismantling of state
enterprises and reduction of import protection ievdloping countries may exacerbate the
underutilization of capacities in these countriesid cuts on public research may cause a
neglect of innovations that help resource-poor famsnto increase their production. To
ensure a balanced evolution of the global food sypmp much more coordinated approach
seems to be needed.

e« To stimulate food production capacities in develgpcountries, public investment in
infrastructures and agricultural research for dempinent should be strongly increased.
Governments should play an active role to overcolmstacles for effective supply and
marketing chains. To stimulate land productivitlye trights of poor tillers should be
strengthened. Developing countries should retailicpspace to support their farmers
through import tariffs if needed. Infrastructuralrgpects and institutional meal
programmes should compensate the effects on poosuoters. Co-financing by
international donors for these purposes shouldthengly increased.

* To enhance the capabilities for food production ldwide, research should be aimed at
biorefinement and at farm techniques that reducesgions while raising yields rather
than only minimizing yield losses. Price policit®@d provide sufficient incentives for
such an ecological modernization. Supply managenshguld prevent increased
capabilities from causing oversupply and dumpinthiemshort term.

* To prevent steep rises in food prices, the demanteéd should be moderated. This can
be done by discouraging the consumption of aninoad$ that involve especially
unfavourable feed ratios (for example feedlot beef)l by developing vegetable meat
substitutes that are acceptable to consumers. Gaus needed in stimulating the use of
phytomass for new non-foods. To prevent the derfanthese from outcompeting the
poor’s demand for food poor, one could consideaxadn biofuel and biochemicals that
is levied when the prices of food staples excesattain ceiling.

1. Hunger, poverty, and the supply of food

For most of the history of mankind, food supply veaprecarious commodity. Even though
Malthusian crises alternated with periods when cadfiiral intensification accommodated
population growth, scarcity was never far off. Likee English economist David Ricardo
explained in the early ¥9century, additional mouths could only be filled t@glaiming less



fertile lands or by using more labour-demanding smnagement techniques. As Figure 1
illustrates for his own country, until the mid"i@entury population growth was always
accompanied by expensive bread.

In the late 18 century, a number of developments broke thesetreonts. Modern
transport reduced the freight rates of bulk foau$ @nabled the tapping of land reserves that
became available in temperate zones outside Europestrial fertilizer accelerated the
increase in yields; and electricity, internal corsitan and artificial fibres reduced the claim
on farm production capacity for biomaterials andeiergy. These breakthroughs, in which
the use of non-renewable energy sources playeg eole, caused the supply in international
food markets to outstrip the effective demand. Ftom late 19 century, real grain prices
declined although the growth in world populatiorcederated (Figure 1). They continued to
fall in the 20" century when high-yielding varieties and a fiveffahcrease in irrigation
brought about new production surges, first in teraecountries, and later in parts of Asia.

Figure 1. Population and ratio between wheat price and wage ratein England & Wales,
and world population, 1086-1954 (wheat price / wage ratio as 5-year moving average,
1300 = 100)
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Coleman & Salt (1992: table 1.1); 1541-1800, Wjgi¢ al. (1997); 1801-1954, HMSO (1993). World plaion:
McEvedy & Jones (1978) Wheat prices: 1264-1315,eR0d1866); 1316-1770, Beveridge (1929); 1771-1954,
average gazette prices in Mitchell (1990: 756-7%Vpges: building wage rates in Phelps Brown & Haopki
(1956).

The resulting abundance is a relative one. Eightdhed million people still suffer from
undernourishment and many more from protein or enigtrient malnutrition. However, this

is no longer due to skyrocketing food prices, as i@ case during earlier Malthusian crises.
Hunger has become a problem of poverty amidst yplefgricultural growth, if socially
inclusive, can help to reduce this. In East Adia, Green Revolution has become an engine of
industrialization, providing employment to milliow$ people. Even if the transition involves
hardship for some, the numbers of undernourished baen strongly reduced. Conversely,
South Asia is lagging behind, while much of Afrisasuffering from a rural crisis that is



dragging the rest of society with it (Table 1). TM#lennium Development Goal of a further
halving of undernourishment by 2015 will not beiagbd (FAO 2003).

Table 1: Number of undernourished peoplein the developed regions, 1990-2002 (million
people)

1990-1992 2000-2002
Northern Africa 5 6
Sub-Saharan Africa 170 204
Latin America and the Caribbean 60 53
Eastern Asia 199 152
Southern Asia 302 317
South-Eastern Asia 78 66
Western Asia 9 17
Total developing regions 824 815

Source:United Nations (2005a)

Meanwhile, the excess of global food supply ovdeative demand is limited. Low price
elasticities give small surpluses a strong downweffdct on food prices, but by the same
token small deficits may cause prices to skyrockebm the late 1960s, a spate of neo-
Malthusian publications has stirred anxieties ateutew impending scarcity (for example
Ehrlich 1968; Meadow®t al. 1972). Some authors warned that increase in deéni@am
livestock products in China could triple interna@b grain prices, wreaking havoc in food-
importing poor countries (Brown 1995). Establishestitutions contradicted these gloomy
predictions (FAO 2003; Mitchelkkt al. 1997; Penning de Vries et al. 1995). Nevertheless
some warned that a decrease in the support of feogress could cause serious problems
(Rosegranet d. 2001). Recent rises in world market prices hessgsed new concerns. Some
new projections predict a reversal in the long-telecline in cereal prices (Rosegrant et al.
2006) — a possibility that some of us anticipat@ta years ago (Koning et al. 2002).

The discussion produced model studies on thdadilitly of food in the long term.
Some, like the Wageningen Limits-of-Food-Producstudy, explored the technical limits of
global food production (Luyten 1995; Penning deggret al. 1995). Other ones, like IFPRI's
IMPACT model, tried to predict the evolution of thobal food economy (Rosegrant et al.
2001; 2006). Both experienced their own difficidti®Vhile the former had to establish what
the limits really are, the latter wrestled with Aorearities that complicated any attempt at
long-term prediction. Below we explore some of thesmplications. We try to identify
biophysical and social forces and non-linear irggoas that critically influence the global
availability of food in the long term, focussing basic issues rather than precise quantitative
prediction. In Section 2 we present basic conc#ps pertain to the biophysical side, the
social side and the dynamics of food productiorSéetions 3 to 6 we explore the forces and
interactions that influence the global demand ampply of food between now and mid-
century. In Section 7, we draw some policy condnsion how to ensure a balanced
evolution of food supply.

2. Basic concepts

Over 95 percent of the world’s food supply comesrfrbiomass produced under the farm
paradigm that Neolithic farmers initiated 10,00@ngeago. Only a small part (mainly wild
fish) comes from foraging, while a tiny part (mairdydroponic vegetables) conforms to



really industrial food production. The former caardily increase — many natural fish stocks
are already over-exploited — but the latter mighadgally expand. Yet for the coming
decades, increases in food supply will overwheltyinigpend on agricultural biomass.

Under the farm paradigm (a techno-economic panadsee definition in 2.2), usable
phytomass is produced through the cultivation eticled grazing of plants on the thin layer
of biologically and physically transformed erosimaterial that we call soil. At the most basic
level, the global output of phytomass is constriy the landmass that is suitable for
cropping or grazing, the length of growing seasdns,metabolic efficiencies of plants, and
the available freshwater, nutrients and atmosph@@g The part that is usable depends on
the possibilities for converting phytomass in canable products through abiotic methods
(for example milling, cooking) or biotic process@ermentation, livestock). Additionally,
raising production per area unit requires the cagion of soil and water; the replenishing
of soil nutrients; improved supply of nutrients amdter; better control of pests and diseases;
and varieties with more favourable input/outputosiand improved stress resistance. In the
last instance, the scope for extending the globg&trgial for phytomass production may be
constrained by the gene pool of the earth anddksilfinputs that can be extracted from the
earth’s crust.

The farm paradigm is a meta-paradigm that encos@sasnore concrete sub-
paradigms that range from slash-and-burn systemsotiern high-tech agriculture and agro-
industrial chains. Each sub-paradigm implies speddind use patterns, varieties, tools, and
forms of human cooperation, which together formagro-production (input supply, primary
farming, conversion and distribution) system. Belye consider the biophysical and social
sides and the dynamics of such systems.

2.1 The biophysical side

The potential production landscape

Figure 2a shows the general form of the input-cutiglationship in an agro-production

system. A rightward movement along the X-axis repnés an increasing input of non-land

resources on a given land area, or what we calicalgural intensification’. Some inputs are
substitutable for each other. However, the agronoounditions that they realize (field
preparation, water and nutrient supply, pest asgadie control, etc.) are characterized by
synergetic relations (de Wit 1992; van Keulen 1982)r simplicity, therefore, we see
intensification within a given production systemthe increased application of a balanced
input package. As long as it allows binding morése@nergy into phytomass this entails
constant returns (de Wit 1979), but beyond a ceit@iel the returns diminish (see Figure
2a).

When marginal returns become low or negative, go-production system needs to be
replaced with one that makes a more productive afshigher inputs. In the long run,
agricultural intensification is an evolution thrduguccessive production systems (Boserup
1965; Grigg 1980; Mazoyer & Roudart 2006; RutheghE980). The corresponding input-
output function is a cascade of the functions a@fséhsystems (see Figure 2b). Different
systems use different inputs and input packagesthese can be lumped together by using
energy as a common denominator. By way of illusirgtTable 2 lists the succession of agro-
production systems that was typically for the agtigal history of Europe. Figure 3 shows
the impact on wheat yields.

In this long-term perspective, the output of dsgihytomass in an area becomes a
function of two general variables:

* Energy inputincreases in phytomass are based on the redwidtifatiow or increases in
phytomass yields. Both require larger human-colgtokenergy flows, in the form of
(human, animal or machine) labour or external iapilke fertilizer, in addition to natural
flows like solar radiation or precipitation (Leatf76; Smil 1991).

« Complexity of human contrdReduction of fallow and increases in yields ineb loss
of natural biodiversity on agricultural land, whitae human control (i.e. production



system) that manages the agro-ecosystems becormesasimgly tight and complex
(Schutkowski 2006). The discussion on the precedanition of ‘complexity’ continues
(for example Adami 2002; Stoop et al. 2003), buisitommonly associated with the
length of the simplest model that predicts a sy%etmehaviour (‘Kolmogorov
complexity’). It is a discrete variable because tfamsition to new production systems
involves new inputs and relations between inputs.

Figure 2: Changein per area phytomass output as response to increased input of non-
land resour ces, within one production system (a), and acr oss production systems (b)
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Output Output
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Table 2. Co-evolution of population, natural resources, techniques and institutions
(Europe)

Inhabitants Mode of land
Timescale km™ management Techniques Social structures
_ _ Slash-and-burn, Small scattered villages,
2000 1-20 Long fallow digging stick, hoe little stratification, clientelist
Separation of socio-political relations,
Fertility pasture and arable | stateless societies, collective
0 20-40 concentration land, night non-tradable rights in land,
on light soils kraaling, ox-drawn individual rights in people
hook plough
rertity Mouldboard l
1000 40-60 gr?nhC::\fra;'O?FS harnesses, horse
Y traction Centralized states, strong
New rotations with stratification, class-based
1750 60-200 Zero fallow fodder crops interest articulation,
o s individual tradable rights in
2000 | 200-1000 | Nutrient import | Artificial fertilizer & |04 g other non-human
imported fodder inputs

Source:Freely after Mazoyer & Roudart (2006)

Increases in energy input and complexity are géigerderlinked. At lower input levels, less
complex control systems tend to be more efficiemtdose their maintenance requires less
energy. Conversely, sustaining higher fluxes, otiehigher quality (lower-entropy) energy,
is more complicated. Moreover, systems (plantsnatg, agro-production systems) that make
a more efficient use of such fluxes tend to be nmmplex. In their turn, such complex
systems are less ‘likely’ (in the sense of Boltznmiarthermodynamic theory) and therefore



need higher fluxes of negentropy (negative entropg,

maintenancé.

high quality energy) for

Accordingly, short or zero fallow systems tendotomore complex than long fallow
systems. They require a permanent separation tineaand arable land, careful management
of nutrient streams from the former to the lattand careful weed control for which
ploughing with animal traction becomes more effitighan hand hoeing (Mazoyer &
Roudart 2006; Pingali et al. 1987). High-extermgdtit systems are even more complex.
Modern agro-production systems are composite sirestwhere many functions have been
split off from farms to input producers, traderspqessors, researchers, and extension agents.
As a consequence, modern farms may be simpler ttzalitional farms, but the agro-
production systems of which they are part are nmoke convoluted.

Figure 3: Wheat yields (kilos per hectare) in Britain®, Europe® and the developed world?,
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SourcesBairoch (1999); Clark (1991).

The fact that intensive systems are more complicase no rule without exceptions.
Sometimes less intensive systems are quite complexder to make the most out of a
difficult natural environment. Moreover, unfavoulalsocio-economic conditions may induce
farmers to stick to an older production systemgitesof a growing population pressure (see
2.2). This system may then become ever more indolgeallow poverty sharing and coping
with an increasingly precarious situation. Sucthvdintion’ (cf. Geertz 1963) explains for
example the considerable complexity of many curAdrican systems (de Steenhuijsen Piters
1995; InterAcademy Council 2004; Seur 1992).

However, such a situation is ultimately not susthle. Sooner or later, involutionary
complexity has to give way to a new step in proghectomplexity if a society is to survive
(see 2.3). In the long term, therefore, the retati@tween energy and complexity holds.
Plotting energy input along the X axis, compleXiyels along the Y axis, and phytomass
output along the Z axis, the natural resource lodisen area can be seen as supporting a

% These insights are based on discussions betweerofothe authors (Hans Schiere) with physical
chemist Hans Lyklema. See also Schiere (1995)X¥amples from animal science.
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potential production landscap@-igure 4). The ribs of the landscape are rangtter than
single curves, because one complexity level carnagorseveral production systems whose
relations between energy input and phytomass owiyt (see Section 2.2). The long-term
growth in phytomass output can be seen as the iclgnbf a potential production hill by
increasing the energy input while shifting to newdls of complexity from time to time to
postpone diminishing returns (cf. Robinson & Solufj984; Wood 1998). The price for this
growth in production was still an increase in theergy input per unit of output, partly
because diminishing returns could not be entirelgided, and partly because animals or
machines were substituted for human labour (Le&161Smil 1991). It is true that rising oil
prices have increased the energy efficiency of modgstems since the 1970s (Cleveland
1995; Meul et al. 2007; Uhlin 1999), but these eyt are nevertheless much more energy-
demanding than traditional ones.

Figure 4: Schematic representation of the relationships between energy input, levels of
complexity (agro-production systems), and phytomass output in an area
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Conversion
Most phytomass is processed, stored, and/or tratespbefore being consumed by humans.
Moreover, part is fed to livestock, poultry or cudited fish to produce animal products. Some
conversions do not affect the supply of food. Whetpeople eat porridge or fine pastry
makes little difference for wider grain markets.h€&t conversions increase the supply of
usable phytomass. Soaking, cooking, fermentingaiing may allow the use of otherwise
inedible plants or plant parts. Livestock may allowsp residues or roughage from marginal
lands to be transformed into edible zoomass. Betiesns of storing reduces post-harvest
losses. And conservation enhances the usabilibjamhass by allowing more flexibility with
respect to the consumption. Such conversions amegits of the potential production
landscape. At higher complexity levels, more sdpddsed techniques become possible
through which more phytomass is used and upgraded.

On the other hand, there are conversions theg the demand for phytomass without
causing a corresponding increase in the supplhs iBrespecially true when livestock is being
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fed with biomass (phytomass or zoomass like fislaljriat could be consumed by humans
or that competes for natural resources with fo@gles. When this helps to provide local
populations with an adequate diet (for exampledlifege maize to raise pork consumption in
pellagra-stricken areas) the supply effect couilll s seen as positive. Beyond this, such
activities do not belong to the potential productiandscape because the supply of usable
phytomass is not increased by them. We will go thtse in more detail when we discuss the
demand.

Limits of the farm paradigm

Humans have climbed the potential production hilldontrolling ever more aspects of the
agro-production process. They have relaxed watgmarrient limitations; bred varieties that
store more phytomass in usable organs; reducedhgrvest and post-harvest losses; and
improved supply-increasing conversion techniquesweéber, none of these improvements
has increased the basic metabolic efficiencieslaritp. In this respect, modern varieties do
not differ significantly from the cultivars of Neatilic farmers (Loomis & Amthor 1999). This

is important because the light-use efficiency a@nps (and their water-use efficiency where
water is limiting at basin level) determines thelgithat can potentially be attained in an area
(Figure 4)? Ten thousand years of agro-industrial progress laétewed humans to realize an
increasing share of this potential. However, shietg the potential itself is a different matter
because the metabolic efficiencies of plants is rémilt of eons of biological evolution.
Admittedly, in a country like the Netherlands, grgields now exceed what was seen as the
potential yield in the 1960s (de Wit 1965). Howeuérs is due to an increase in the harvest
index (which has now reached a maximum), not arease in potential phytomass output.

It may be asked whether, even in a purely techsieate, the limit that is set by plant
metabolic efficiency could be fully realized in ptige. As this limit is approached, additional
gains require ever more fine-tuning in the managenoé soil, crops, water, nutrients and
pests (Bindraban 1997; Cassman, 1999). Some deioio of soil and water quality is hard
to avoid (Cassman et al. 2003). And the evolutibpest resistance against control methods
makes full pest control virtually impossible. EvienEurope a quarter of crop production is
still lost due to pests and diseases (Oerke 985). The causes are partly economic, but the
evolution of pest resistance against control mettadsb plays a role. Indeed, even genetically
modified Bt-varieties are already being threatebgdt-resistant pests. The development of
pest resistance could be countered by for examplataining refuge areas for non-resistant
pests,4 but this implies that the yield gap canndy fbe closed (Laxminarayan & Simpson
2002).

On the other hand, there might be some scope tpedorming nature by improving
the light-use and water-use efficiencies of plah& define the limit. In this way, additional
room for increasing the global output of agricudiyshytomass could be created. Beyond this,
increases in production would require a shift tonsoother meta-paradigm for biomass
production than farming. It seems improbable tha would have significant effects on the
global supply of food before mid-century .

2.2 Thesocial side

The ‘potential production landscape’ refers to apbiysical reality. However, the food
economy is asocicbiophysical system — an ecosystem managed by hum@file

ecosystems of lower animals are driven by blindsality, humans are capable of learning
and cultural transmission — which enables them t¢biewe new complexity levels

% strictly speaking, water-use efficiency is notrses a determinant of potential yield because water
supply is seen as a limiting factor that can beenads constraining by e.g. irrigation (van Ittens&
Rabbinge 1997). If water is limiting at the baséwvdl, however, water-use efficiency also becomes a
determinant of the maximum output.

4 Additionally, the strategy seems to be less thly &ffective (Chilcutt & Tabashnik 2004).
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(Schutkowski 2006). It should be noted that theepti&l production landscape is not directly
known to humans. They only have a cognitive repriadgion, ormap of it. This is always
imperfect; the fringes remain terra incognita; &nel maps of different actors — for example
scientists and farmers — can vary (see examplEaithead & Leach 1996 or Richards 1997).

When humans explore a new range of the lands¢heg,have a crude image of it.
This is gradually improved through experience aedearch. In addition to knowledge,
realizing novel options requires new forms of cempion. These may be hindered by short-
term self-interest even when all actors were toebienHardin 1968; Olson 1965).
Overcoming such ‘tragedies of the commons’ necagsitnew institutional solutions and
mindsets (Ostrom 1990). The concept of techno-aoimparadigms, on which our notion of
farming ‘paradigms’ is based, refers to patternsdgnitiveand cultural learning (Freeman
1991; Freeman & Perez 1988). Accordingly, agro-pobidn systems co-evolve with social
relations (Johnson & Earle 2000; see also Table 2).

Suppose that the producers in an area have laexglpited the possibilities of an
agricultural sub-paradigm — say the zero fallowtesys of 18 century Europe. They have
introduced new rotations, carried out enclosur@ssanon and so forth, to the point that little
progress is possible without external nutrient tapin Figure 4, their production function —
their set of known techniques — is then the casaddibs up to the @ complexity level.
Which point of the set the producers will chooseeatals on risks and social scarcity
relations. The latter result from the size and ¢benposition of the population, needs and
resources, and from the distribution of entitlerse(df. Sen 1981). Scarcity relations fix
prices or shadow prices to productive assets andsiédt the demand side, these influence
the translation of physical needs into effectivendad. It makes it possible that the physical
needs of a poor underclass contribute little teaife demand so that farmers are faced with
glutted markets while their output fails to end pen

At the supply side, the relative scarcity of proiive resources influences the
techniques that producers will choose at each oexitpl level. When land is scarce
compared to labour, they may use labour-intensdohirtiques to gain large harvests from
small plots. In the opposite case, they may usesregtensive technologies that give lower
yields but more output per worker (see Hayami &t&ut1985 for the historical pathways
followed by Japan and the USA). This is why thesribf the landscape are sets of
technologies whose energy requirements for a ogptaytomass output vary.

The most important factor concerning the subjéthe present essay is the influence
of social scarcity relations on the output levéiattproducers will choose. Let Figure 5 — a
front view of Figure 4 — be thmapthat producers have of the potential productioni$éaape.
Suppose that historical experience has taught theentechnology per complexity level, so
that the ribs narrow down to curves. On these @jrwdich together form their production
function, producers will choose a point where thpeofit is maximized. For simplicity, let us
see energy as a single input and phytomass agjle sintput, between which a given price
ratio exists. The profit function can then be veritias

W =pP — pE

whereW is the profit,p, the price of phytomas®, the phytomass outpyt. the energy price
andE the energy input. This equation can be re-wrigtgn

P =W/p + (pd/pp)E

which is a line with the price ratio of phytomasslanergy as its slope. The intercept with
the vertical axis i8V/p,. It follows that profit (V) is maximized when farmers produce at the
point on their production function through whictetline with slopepJ/p, and the highest
intercept with the vertical axis can be drawnhH# tnput-output price ratio equals the slope of
line A, farmers will produce at poi{. They will not produce the technical maximuij,(
because this gives them a lower benefit.



In this case, farmers are still producing at clexipy level 4 (zero fallow systems).
Price relations may also induce them to stick &s ladvanced systems. Suppose that in an
adjacent area, farmers are faced with higher tamspsts that reduce the price of phytomass
while raising that of energy inputs, so that thefit lines are steeper th#@n Let the slope of
their profit lines be that d8. However,B has a lower intercept with the vertical axis tiiaa
parallel lineC. It means that maximum profit is now achieved @hpz, which belongs to a
technology of complexity level 2 (short fallow sgsts). Farmers will not shift to zero fallow
systems, even if these are known to them (alsBa$erup 1965; Grigg 1980; Pingali et al.
1987).

Figure5: Subjective physical production functionsderived from Figure 4
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That producers in core and peripheral areas mdkeretit choices was already explained by
the German economist von Thiinen in th& t@ntury. A more recent insight is that such
choices may retroact on production functions. Frangple, they restrict the marketed
volumes in remote areas. This may make it too rfskyndividual actors to invest in supply
and marketing chains that more advanced farmindesys require, even if the actors
collectively were to benefit (Dorward et al. 200&)so, a less advanced agriculture can make
it less rewarding for people to acquire higherIskiWhich may lead to a self-reinforcing
constraint on human capital (cf. Azariadis & DraZ990). There are several such poverty
traps in peripheral areas, and endogenous growihneers in core areas (cf. Lucas 1988;
Romer 1987). The effect is a spatial divergencerofiuction functions. In Figure 5, where
the frontier function goes up to complexity leveltde production function in less favoured
areas may be limited to the curves up to level 2.or

The upshot is that a larger food economy runs ggnat a ceiling long before the
technically attainable maximum under its (frontisup-paradigm is reached. The location of
this ceiling can be influenced by policy measutas, not endlessly — also because socio-
political obstacles to this may themselves be eadogs (see Section 6.1). While social
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scientists should understand that the adaptalufitgroduction functions does not make the
underlying biophysical landscape perfectly malleghiechnical scientists should understand
that the same holds for economic relations. Needts, a socio-technical ceiling should not
be taken for an absolute carrying capacity. Frametto time, humans succeed in lifting a
historical ceiling. In Figure 5, this means a shifaninnovation possibility sedf production
systems that can be reached by a quantum leap dlmgcomplexity axis. Because
complexity is closely connected to learning (cfalBk et al. 2001), one can also see the
innovation possibility set as the set of new praitumc possibilities that can be attained
through a certain investment in searching and éxertation (cf. Ruttan 2001). The size of
this investment varies with the capacity for (caigei and cultural) learning, which evolves
with the evolution of human societies.

2.3 Changing dynamics

Now that we have discussed the social conditioas gteer humans in their climbing of the
potential production hill, let us look at the climg itself. We begin with the dynamics of pre-
industrial food economies, and then consider thgnte switch that occurred in the 19
century.

Pre-industrial dynamics

Pre-industrial food economies were marked by chrofhictuations. Short-term price
fluctuations were connected to cobweb cycles oilirenmental variation (Bauernfeind &
Woitek 1996). Long-term fluctuations were relatedages of demographic growth and ages
of stagnation or decline (Abel 1978; Slicher vanttBa963; for prehistorical societies
Zimmermann 1996). Although environmental variatayed a role, the causes were at least
partly endogenous. Ages of expansion were conneatetie exploitation of a new sub-
paradigm. Central to this was Ricardo’s law of dapjan and prices. A dearth of fertilizer
complicated increases in yields, and high transposdts restricted food imports (Bairoch
1976; Shiel 1991). As a consequence, populatiomvings raised the prices of agricultural
products. This made food expensive for the poot,dsuMalthus already observed, also
lowered real wages and prompted investment andvatium in larger farms, and thereby
fuelled the phases of sustainable intensificatlmat historians call ‘agricultural revolutions’
(cf. Boserup 1987). During these phases, increasdsod supply acted as a moderating
feedback effect on rising food prices (see Figua®. ®1ore mouths could be fed; rural
markets for commerce and industry expanded; anskmere distress precluded co-operation
and the maintaining of soil fertility.

In this exploitation phase (cf. Holling & Gunden3 of an agricultural sub-paradigm,
the food economy was more or less robust. Hanedlsirés caused suffering but no collapse,
and increased market exchange facilitated the gidfu of innovations. However, risk
aversion and slow communication made collectivenieg a sluggish process (Boserup

® See references in Van den Belt (1995) to soci@nsists who embrace this idea. For all practical
purposes, the unknown aspects of the biophysicalsizape can be assumed to conform to basic
thermodynamic laws (cf. Martinez-Alier 1987; Gewga-Roegen 1971).

® “The food therefore which before supported seveliomsl must must now be divided among seven
and a half or eight millions. The poor consequemtlyst live much worse, and many of them be
reduced to severe distress. The number of labow@lersbeing above the proportion of the work in the
market, the price of labour must tend toward a dase, while the price of provisions would at the
same time tend to rise. The labourer therefore musk harder to earn the same as he did befare). (
the cheapness of labour, the plenty of labourers] #he necessity of an increased industry amongst
them, encourage cultivators to employ more laboporutheir land, to turn up fresh soil, and to
manure and improve more completely what is alréadillage, till ultimately the means of subsistenc
become in the same proportion to the populatioratathe period from which we set ou(Malthus
1798: 29-31).



Figure 6: Dynamics of demo-economic expansion and declinein the pre-industrial era
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1981). New breakthroughs often did not arrive metito prevent the food economy from
approaching a ceiling. When this happened, théioedepicted in Figure 6a weakened. The
supply response to price rises diminished. Furthereases in output required ever more
efforts, and the food security of large segmentthefpopulation was threatened. For some
time, a precarious stability could be maintained digborate safety nets, intricate social
hierarchies, small technical improvements and \eatiton practices that exploited every niche
of the accessible production landscape (Geertz ;1868 cf. Holling & Gunderson 2002,
Tainter et al. 2003). However, regulation and fineing likewise involved diminishing
returns (cf. Tainter 1990), and in the end, stromggeases in scarcity could not be avoided.
Then the system fell into the dynamic that is skettin Figure 6b. Food prices skyrocketed
squeezing the demand for non-farm products. Arsidast their livelihoods, swelling the
ranks of the rural poor. And small farmers overleitpd their plots in an effort to minimize
their dependence on food markets (cf. Meuvret 194@jvest failures or other shocks could
push society into a spiral of soil degradation,dfansecurity and disruption, which finally
ended in demographic crisi&.Once this occurred, the pressure between populatid food
supply was released. Wages rose and farm pricesé&eising a decline in large farms and
halting or reversing the process of intensificatidn initiated a low tide in economic
development, which lasted until a new populatioswipg prompted a new cycle.

From scarcity to abundance

In the course of the ¥9century, a number of developments broke this Maitm cycle
(Bairoch 1976; Pomeranz 2000). One was the trahspoolution. From the T5century, a
global transport system had emerged for trade xwriu products, but freight rates long
remained prohibitive for long-distance trade inkoidods. When a new European population
boom ran up against a ceiling around 1700, there we massive food imports to prevent a
Malthusian crisis. In the course of theé"1@ntury, however, freight rates decreased sharply,
which made the production for export of bulk fodaperipheral areas a profitable option. At
the same time, history had opened a window of dppdy for a strong expansion of such
production in the Americas, where Eurasian diseAselswiped out indigenous populations
(also cf. Mann 2005). Together with comparable tgments in Oceania and South Africa,
it allowed an explosion of the global area of conuia farming.

Meanwhile, the Transport Revolution allowed Eumpdarmers to import natural
fertilizers (guano and Chilean nitrate) from othegions. This was followed by the invention
of the electric arc process and then the HaberiBgsocess that made cheap synthetic
fertilizers available (Smil 2001). At the same tjrttee exploitation of fossil fuels for heat and
the coming of the chemical and petro-chemical itrikss electricity, and internal combustion
saved vast stretches of land for food productiat titherwise would have had to produce
materials and energy sources.

Together, these forces raised the ceiling on glfdwal production more rapidly than
the demand. The Ricardian constraint that tied [adio;m growth to expensive food was
finally broken (Schultz 1945). Although the increas;n world population accelerated,
international agricultural prices went through aese of price falls. As before, farm profits
were squeezed and large farms declined — espewih#ye industrial competition prevented a
downward adjustment in wages (Koning 1994). Bus tiiine there was no slow-down in
agricultural growth. Government support, co-opgesti and chain integration bolstered
knowledge infrastructures, moderated the disecoesmif small farms, and ensured that

" Soil degradation and social disruption occurredaise poverty affected the time preference of
people. This made them select exhaustive farmichnigues and non-cooperative (social capital
eroding) strategies that gave higher immediatermstiout hurt them in the longer term (also see
Section 6.1).

8 Malthusian ‘corrections’ could be aggravated byses like hierarchical mentalities that were
fostered by involution and hampered adjustmentV{bes et al. 2002), or the multi-equilibrium nature

of agro-ecosystems. This latter can be caused bgetwation investment (Antle et al. 2006), but the
effect may be strengthened when the ecosystem plagsécal multi-equilibrium nature (see 4.2).
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frugal smallholder families kept margins for invesint. Rather than leaving a sector with
low earnings, small farmers seized upon the teahrdod market opportunities to defend
their incomes — which led to them being trapped itreadmill of production growth, low
prices and new innovations (Cochrane 1959; seeatiain Figure 7). As a consequence, the
external inputs revolution that had started witkctdfiian “high farming” in the mid-19
century (Moore 1965) was able to continue on a namily farm basis. Existing crop
varieties responded only modestly to additionalriants, but cheap fertilizer boosted the
profitability of breeding varieties that transforthenore nutrients into harvestable product.
After the 1950s, yields steeply increased (seerEig) and at the global level no diminishing
returns to increases in fertilizer have since apgzkérigure 8).

Figure 7: Dynamics of agricultural development from the late 19" century (to be
compar ed with Figure 6)
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Nevertheless, there is no guarantee that the abuada international food markets will last.
In the coming decades, the demand for phytomasdofmts and non-foods will strongly
increase. At the same time, land and water wilbb&e scarcer and rising energy prices will
affect the costs of further intensification. Indeéus might lead to a new trend change in
agricultural markets. Moreover, the world farm emmy might approach a new and harder
ceiling when the limits of the agricultural metar@@igm were to come in sight. Long before
the technical maximum were to be attained, thidccoaise the demands on global capacities
for fine-tuning and organization to maintain stiypilin food markets. Besides, it would
necessitate great efforts for achieving the tinedgloration of novel paradigms for biomass
production. Whether a balanced evolution of thédalavailability of food would be ensured
in such a situation is not clear a priori. In tlastlinstance, this will depend on human
ingenuity and mindsets.

The following sections explore the forces anctriattions that influence the global
supply of food between now and mid-century. Sec8ateals with the demand for food. In
Section 4 we consider the natural resource base siygports the potential production
landscape, as well as the changes in, and compeltigs, on these resources. Section 5
surveys technical possibilities to expand food podidn within or outside this landscape.
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Section 6 discusses the social dynamics that infl@evhat use humans will make of these
possibilities.

Figure 8: Global response of N in cropsto N-fertilizer, 1960-1995
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3. Demand for food

Between now and mid-century, the global demanddod is expected to more than double.
The main drivers are further growth in world popigia and increase in the consumption of
animal foods. Besides, there are secondary infeefike an increase in pets and increased
wasting of food by affluent consumers.

3.1 Population growth

After a century of unprecedented population growtlb, world is now inhabited by some 6.5
billion people. A decelerating growth is expectediluthe mid-2£' century, after which the
world population might stabilize at around 9 b#iidlIASA 2004; United Nations 2005b).
Almost 99 percent of this population growth willcoe in developing countries (Table 3).
Although models of long-term food security mostigat population growth as an exogenous
variable, it really has an endogenous aspect. Bodrfood-insecure people value having
many children as a source of labour and as a Kimtdeage insurance (Dasgupta 1995). As a
consequence, the highest population growth occuasdas where poverty is widespread and
economic growth is sluggish. Continued poverty rmiglow down the decline in fertility in
poor countries causing increases in world populatieyond what is currently being expected
(Table 3).
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Table 3: Total fertility rate (children per woman) and evolution of population in more
developed, less developed, and least developed countries under different assumptions on
declinein fertility

Population (millions)
(percentage of world population)
Total 2000 2050 2050 if poverty
fertility (UN medium further retards
20005505 variant) decline in fertility*
More 1.56 1193 1236 1236
developed (19.6) (13.6) (11.0)
regions
Less 2.58 4219 6 104 7 213
developed (69.3) (67.3) (64.4)
regions?
Least 5.02 674 1735 2 744
developed (11.1) (19.1) (24.5)
countries
World 2.65 6 086 9076 11193
(100) (100) (100)
T Assumptions: population growth in more developedntoes like in the UN medium variant, in less deped
countries like in the UN high variant, in least diped countries like in the UN constant-fertiigriant
2Excluding least developed countries

Source United Nations (2005b)

3.2 Livestock revolution

While population growth increases the number ofppedo be fed, it is also important what
these people will eat. The rapid population groimtipoor areas may entail little more than a
proportional increase in biomass consumption favdfoln more successful developing
countries, however, rising incomes and changefeénway of living will induce a shift in
dietary patterns. In particular, people will ingseaheir consumption of livestock products
(Figure 9). While world population will increase Imalf, the consumption of animal foods
may double between 2000 and 2050 (Steinfeld e2G06)° This strongly affects the total
demand for biomass for food through the required fimputs (Delgado 2003; Delgado et al.
1999; Keyzer et al. 2005; Smil 2002). An affluerdgstern diet, in which animal foods make
up a significant share, involves a three timesdarigput of grain equivalents than the
adequate vegetarian diet that is still normal imyndeveloping countries (Penning de Vries
et. al. 1995). This has limited effects when angraie fed with wastes or grazed on lands
with few alternative uses, but as the global ligektincreases, more animals are fed with
products that compete for land and water with fooaps or are fed with fish that could be
used for human consumptidhThis is not just true for monogastric animals;réasingly,
beef cattle are also fed on grains. This involvefawourable conversion efficiencies, for
while ruminants are supreme converters of fibrolentg that are unsuited for human

° Projections of the increase in the global consimnpof animal foods are troubled by poor statistics
on meat consumption and livestock in China (seefaulier et al. 2000; Ma et al. 2004). This mayoals
affect the expectation of a strongly decreasingvgioof meat consumption in East Asia in Rosegrant
et al. (2006). Nevertheless, the projections is thiblication do not contradict the general imgmss
that the global consumption of animal products miayble.

10 At present, over half of the fish captured is affgfed to livestock (Steinfeld et al. 2006).
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consumption, they are poor converters of starctdy@otein crops. On the world level, the
claim on cultivable land per kilo of beef alreadiceeds that per kilo of pigmeat or chicken
(Wirsenius 2003; also Bouwman et al. 2005).

Figure 9: Past and projected per capita consumption of livestock-based foods, 1962-2050
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Meat consumption is influenced by food culturese Tonsumption of livestock products in
Brazil is twice that in Thailand, although theseimies have comparable income levels and
urbanization rates (Steinfeld et al. 2006). Newagsbs, the growth in consumption of animal
foods is not easily checked by cultural norm8uddhist countries like Taiwan and South
Korea saw considerable increases in per capita cogsumption when their incomes rose in
recent decades.

Apparently, the high income elasticity of the deohdor animal foods is rooted in a
more deep-seated predisposition. The origins «f thay well lie in biological evolution.
Some initial condition that selected for an inceeas the brain size of early hominids must
have pushed humans into a self-reinforcing cycleegendence on animal foods to sustain
this large brain and further increases in braie sivacquire and handle these foods (Aiello &
Wheeler 1995; Foley 2001; Vasey & Walker 2001). sTleedback cycle has generated
selective pressures that led to a genetically béesstd for meat (Logue 1998; Rozin 2003;
Ulijaszek 2002). Indeed, the diets of pre-agriadtuhuman populations contained high
proportions of animal foods. Agricultural populattoshifted to more vegetarian diets only
out of necessity. When incomes rise, humans veek ttaa higher consumption of animal
foods and even tend to raise this consumption lkydrat is wholesome, given their reduced
physical activity (Popkinset al 2001; Smil 2002). The increase in per capita meat

11 Restrictive norms that renounce all meat-eatirgmséo become less forceful when incomes rise.
Moreover, most food taboos restrict the consumpoioa few animals only. These taboos originated in
practical limitations. For instance, many pastgoabples who despised the lifestyle of sedentary
farmers developed a taboo for eating pigs, whidhlccmot be herded over long distances and were
therefore sedentary farmers’ animals (Harris 1985 Hartog 2003). Because such taboos do not
forbid the eating of other animals, they have anlymited effect on total meat consumption.
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consumption in western industrialized countriestas levelled off, but at levels that are too
high from a public health perspective.

Many affluent consumers express concerns on nmehtreeat products even though
they eat plenty of animal foods (Fiddes 1991; Hé&lnvighl 2000; Richardson et al. 1993;
Willets 1997). Explicit reasons given for such cems relate to health concerns, modern
production methods, and the killing of animals. Emgtath this may be a more general
undercurrent, for consumers who do not present lereat criticism of modern meat
production exhibit similar negative attitudes (Ho&nMghl 2000). Indeed, the deep-rooted
human craving for meat seems to be coupled to amllgqdeep-rooted moral uneasiness
about meat-eatintf. Nevertheless, up to now these concerns have nderated the growth
in per capita meat consumption strongly (ibid.; lBeaorth & Bryman 1999; Eastwood
1993). One might think that food scandals, epidsridivestock diseases and zoonoses, and
closed ‘agro-production parks’ to control thesdsisnay change this situation in the future,
but until now slumps in demand caused by, for exampSE have still been followed by
recovery.

What is changing in modern lifestyles, howevethis kind of meat that is consumed
and the way it is prepared. There is a shift frad to white meat, meat is becoming one
ingredient rather than the centrepiece of the nael, there is a shift towards minced meat — a
convenience product in which the animal originédled (de Boer et al. 2006; Holm & Mghl
2000). In the longer term, these changes might nvile room for vegetable substitutes and
livestock species with better feed conversion gfidhe conversion efficiency of beef cattle is
about one-tenth of that of pigs or poultry (Wiraen2003). A shift to pork and chicken would
moderate the pressure of demand if it were to redioe number of beef cattle fed from land
that is suited for arable farming (ibid; Smil 200€ultured herbivorous fish like carp would
be a better option still. The same holds for odgratic animals and mini-fauna (Meerman &
Van Huis, 2002; Nakagaki & DeFoliart, 1991), buhsomers tend to move away from such
foods as their incomes rise.

Vegetable meat substitutes could strongly modéhetelemand for biomass for food,
but the humans’ natural taste for meat is not yakeived. Up to now, attempts to make
successful meat substitutes from grains or pulses Hailed (Aiking et al. 2006). The
substitutes that have been produced are not fibaodsjuicy enough to be appreciated by
consumers. Fungal protein might prove more promgjdiowever (de Boer et al. 2006).

3.3 Other factors

In addition to raising the consumption of animadds, rising incomes have other effects that
increase the demand for biomass for food. Affluemisumers tend to keep more pets. A
country like the Netherlands would need 10 pera#nits agricultural area if it were to
produce the feed for its pets from its own landn(der Zijpp 2001). The Netherlands is a
densely populated country (though one with highdgle but other industrialized countries
may also need a few percent of their agricultuaadifor pet foods.

Furthermore, affluent consumers tend to wastrget share of their food (Rathje &
Murphy 1992; Smil 2000). In the Netherlands, 1QLsopercent of the food that consumers
purchase is wasted without being prepared, and ewere after preparation (LNV
Consumentenplatform 2006). Younger consumers tendasste more than older ones, and
waste increases with the consumption of conveniémmgs. Communication campaigns have

2 n traditional religions, evil forces are oftereseas having an insatiable lust for meat (e.g. Biese
1995), and the ascetic vegetarianism of e.g. ogkhdluddhists or orthodox-Christian monks betrays a
similar disposition. To explain it, Standford (199urmises that meat was a political commodity in
societies of hominid hunters, where males usedringtworking and getting access to females. One
might add that the emotional chargedness of megthrage been reinforced in agrarian societies where
eating meat became a prerogative of the rich amceal.
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little effect on this behaviour. Apparently, soméent of food wasting is an aspect of affluent
life styles that is hard to avoid.

4. Natural resour ce base for food production and competing claims

4.1 Total resourcesand current use

The increased food demand must almost entirely &ewith the natural resource base that
mankind has for farm production. Particularly imjaoit are the solar radiation, nutrient
resources, suitable lands, freshwater, and the gewé that are available for biomass
production. The incoming solar energy on the landage that is suitable for agriculture is
several thousand times more than the energetiecbiof the current food production — an
ample supply, even though plants can transformaoet I3 percent of this into food.

Atmospheric nitrogen for producing nitrogen fiezér is likewise abundantly
available, although much energy is required for amia synthesis. Phosphorus is much more
limiting. Total reserves are around 2.5 billionnes, and potential reserves around 7 billion
tonnes of P (Smil 1999; Steen 1998). In the lomgntenineral phosphate may become scarce
and its supply increasingly dependent on one cguMorocco (IFA/UNEP 1998). We will
look at this issue in more detail in Section 5.1.

Land and freshwater are also limiting. Globallg Gha are suitable for agriculture,
of which 3.5 Gha for cropping and 4.1 Gha for gngzf About 1.6 Gha and 2.8 Gha is
already used for these purposes, respectiVelhese figures suggest the existence of a
significant land balance, but most of the sparel lsnless fertile and easily degradable and
much is under forest. The vast reserves of fdaitel of the early ZDcentury no longer exist.
Only a few countries in South America (ArgentinaaBl, Bolivia and Colombia) and in
Africa (Angola, Democratic Republic of Congo andi8n) retain significant reserves of good
land (Fischer et al. 2001).

About 48,000 krhof freshwater yearly can be renewed by naturatalewy through
the atmosphere and the earth. Only 6 percent sfishturrently withdrawn for the irrigation
of about 0.25 Gha of croplaﬁﬁMore relevant, however, is the situation per habinthe
Nile basin, the Indus basin and the river basindarth-East China, withdrawal for irrigation
significantly exceeds 50 percent of the renewab&tew In the Ganges basin it is only
modestly below it. In these areas, where the fagiply to hundreds of millions of people
depends on irrigated systems, the room for furthenreases in water withdrawal is small or
absent. At present, some 1600 million people afadiin river basins where there is barely
enough to keep rivers flowing and lakes filled battare rapidly approaching this state
(Molden 2007). Parts of the US — another imporggahary of the world — are likewise faced
with increasing water scarcity (Rosegrant et ad2@lso Seckler et al. 1999).

In addition to the current amounts of natural veses, ecological changes that affect
the productive potential of these resources andfood claims on these resources are
important. The following subsections deal with thessues.

3 Penning de Vries et al. (1995) assumes that 78 iSlsuitable for farming, of which 3,8 Gha for
cropland and 4 Gha for grazing. However, Young @3fgues that mapping problems have caused a
10 to 15 percent overestimation of cultivable landhe developing world. The developing world
contains 84 percent of all suitable lands, ancagsume that half of the land that should be deducte
from the cultivable area can also not be usedriazigg.

4 The standard estimate of cropland is 1.5 GhaYbuhg (1999) thinks that the developing world has
10 to 20 percent more cropland than assumed iregtisiate.

15 part of this water is returned to the source amdsed downstream, so that the final water
consumption for irrigation is about 1400 km



4.2 Ecological changes

The most salient ecological change in today’s disions is climate change. During thé"20
century, the average surface temperature of thih ées increased by 0.6 to 0.8 percent.
Predictions that it may rise by another 3 to 6 eetaluring the 21 century are based on
models that assume greenhouse gas emissions lte beatn driver of global warming (IPCC
2007). This assumption is a credible one, but réitve explanations (referring for example
to solar activity) have not been ruled out (Crok&rsma 2007; de Jager 2005; McKitrick et
al. 2007; Soon 2007. If the latter are true, global warming might betemporary
phenomenon.

Continuing anthropogenic global warming would damixed impacts on food
production. On the positive side, it would enhaphetosynthesis, increase precipitation and
water use efficiency, and shift agricultural frem§ towards the North and South poles. On
the negative side, it would increase the occurre@fextreme weather events, accelerate the
spread of pests and diseases, make some areasttmr Btaple crops, and raise sea levels
causing flooding and salinisation. Various studiaggest that the aggregate effect of global
warming and increased G®@n global food production might be small, but tepgraphic
distribution of these effects would be uneven @ample Rosenzweig & Hillel 1998; Stern
2006). While the positive effects may dominate liee temperate zones, in tropical and
subtropical zones the negative effects may be igreficant.

Production methods that reduce biodiversity antegie variability can make crops
more vulnerable to pests and diseases. The incteasbility of people, products and seeds
accelerates the spreading of pathogens (Andersaln 2004). The concentration of livestock
systems increases the risks of livestock diseasgz@onoses. We will return to this topic in
Section 6.3 where we discuss the influence of emnndevelopments on the vulnerability of
the global food economy.

Another problem is soil degradation. Really irmsilgle loss of productive soils is
limited, probably to 0.1 to 0.2 percent of all abie land per year (Scherr & Yadav 2001), but
productivity losses through less serious forms efirddation are much more widespread.
According to the indicative GLASOD study (Oldemadrak 1990), 38 percent of the world’s
1500 million hectares of cropland had undergonednsinduced degradation between 1945
and 1990. Various sources suggest that soil dewadeaused 10 to 15 percent of global
crop production to be lost in this period (Cros4884; Scherr & Yadav 2001).

Until now, the impact of soil degradation on glbfizod production has been amply
compensated by innovations that increased landuptivity. However, soil degradation may
increase fertilizer costs and jeopardize furthedpctivity increases in the future. Again, the
geographic distribution of the effects is unevespétially Africa, Central America and some
parts of Asia have many poor soils that are eastyraded. In the temperate zones, most soils
are less vulnerable to degradatton.

Other forms of natural resource degradation age imhportant. Natural fish stocks in
many seas and inland waters have been over-expldenetic erosion threatens the gene
pools on which the breeding of new crop varietselsased. Groundwater- and soil pollution is
a serious problem in areas with intensified agtize, and ozone pollution is reducing crop
yields in large areas (Giles 2005; Kempenaar «t%9). Aquifer depletion is threatening the
productivity of several irrigated systems. In pasfsNorth China, groundwater levels are
falling by one meter per year, and in some placetndia, two to three meters per year
(Rosegrant et al. 2002). In the United States, fiftte of the irrigated area is supplied by
groundwater pumped in excess of recharge (Pos8)19

At larger geographic scales, changes in natesdurces are mostly gradual, but not
always. Many natural resources are non-linear dymagstems with multiple attractors that
may appear, disappear, split or merge through gigolerameter changes. This may lead to

6 See also Svensmark et al. (2006) for evidence mstipg the possibility that global warming is
largely due to solar forcing.
7 A major exception is Australia, where salinisatism major problem.
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sudden changes when certain threshold values aee@ad (Cohen & Stewart 1994; Scheffer
& Carpenter 2003). For example, if soil degradatseeeds certain thresholds, effects like
leaching of nutrients and poor rooting of plants caduce the nutrient recovery rates of
crops, hampering the regeneration of fertility asrganic matter (Breman 1997; Van de
Koppel et al. 1997). Such biophysical charactexsthdd to economic factors by which
agricultural ecosystems can be locked into low petiglity equilibrium (cf. Section 2.3).

From a geological point of view, the global wanmithat has occurred in the"20
century is a gradual change. Nevertheless, oneotdrnsure that it will remain so. World
climate is a complex dynamic system that is sudoepto relatively abrupt changes. For
example, some scientists speculate that non-lihehaviour in the Northern thermohaline
seawater flow might cause sudden cooling in NortHeurope if the melting of continental
ice sheets were to exceed a certain threshold (NCDC

Ecosystem-climate interactions could also leadudden changes. For example, by
reducing the resilience of the eastern half of Kmazon forest, global warming and
deforestation could cause a massive forest dighaffwould change the regional climate and
turn the area into savannah. In its turn, suchastdr change in one of the world’s major
biome-climate systems might have climatic effestsra large part of the globg.

4.3 Non-food claims

Non-farm claims to land and water

Claims to land and water for non-food purposes algb increase. It is often assumed that
human settlement (buildings, roads, parks, etqyires 30 ha per 1000 people (for example
FAO 2003), but according to Young (1999) 50-65 lihlvecome a more realistic figure. We
therefore suppose that something like 50 ha ped p@dple may be required for this by 2050.
If half of this land were to be potentially suitaldbr agriculture (cf. D66s 1994), this means
that 0.23 Gha of potential farm land would be ugedhis purpose. Human settlement would
then claim 3 percent of all potential farm ldfid.

The claim for water for non-agricultural purposél likewise increase. Rosegrant et
al. (2002) expect that the non-farm consumptionfrehwater will grow by 60 percent
between 1995 and 2025, and that its share in tta& homan water consumption will rise
from 18 to 25 percent. In many areas, the supplyeokwable water is large enough to
accommodate this increase while still allowing asiderable increase in water consumption
for irrigation. However, many densely populatederivbasins where water stress is already
high are also faced with a rapid rise in domestid adustrial water consumption (also cf.
Molden 2007; Rijsberman 2006; Vorosmarty et al. ®0This is a serious impediment for
increasing the production of food in these areapeEially the demand for clean drinking
water for the cities often gains priority over tthemand for water for agricultural purposes.
The efficiency of urban water use could be strongbtreased, but this requires considerable
investment in pipes, the reducing of leakages aldifpon, and the recycling of wastewater
(Sherk et al. 2002).

The effect of environmental claims is ambivaledh the one hand, there is some
room for synergy between environmental policy aoddf production. One could think for
example about agricultural practices that raisep gpooduction while at the same time
increasing groundwater recharge and enabling a stal#e river base flow (Kauffman et al.
2005). In this way, non-agricultural claims on wateould also more easily be
accommodated. Similarly, increasing the amountrgaoic matter in land under food crops
could both raise crop yields and reduce,E@ncentration in the atmosphéfedowever, this

18 pavel Kabat and Carlos Nobre, presentations WageniNovember 3-4, 2005

9 potential production is determined by the avaligbof water as well as land, so that 3 percent of
potential production corresponds to more than3ustrcent of the land.

%0 The generation of biochar (charcoal from biomasscombination with biofuel from organic
materials like organic waste, residues or energpsrould be a promising technique to sequester CO
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requires farming systems that in many places atecost-effective and will therefore need
special economic incentives. The price for carbausstration that follows from the current
Kyoto agreement is a far cry from what will be negdo realize this option.

On the other hand, biodiversity conservation wwithstly compete with agricultural
production. Of the 4.0 Gha that is under foresth@ world, one-tenth has currently been
designated for conservation purposes (FAO 2006x ditea may significantly increase in the
coming decades. How much will be potential farmdlda hard to say. Besides, some
agriculturally suitable non-forest land may alsaréserved for nature conservatfon.

Like the livestock revolution, claims for naturenservation involve an aspect of
competition between rich and poor. The demand dfteva citizens for wildlife parks or
forestry projects in developing countries may cotapdth livelihoods for the local poor. The
effect on global food supply will be limited as tpras the land that is concerned has low
suitability for agriculture. However, this wouldartige if more fertile land were to be used for
nature and landscape conservation in developinghitdes or in developed countries
themselves. For the moment, we assume that at léagtercent of the global potential
agricultural land may be claimed for these purpdseg050. Depending on the evolution of
conservation policies, however, it may also be @rably more.

Non-food claims to farm capacity

In addition to non-farm claims to land and watem+food claims to farm production capacity
may also increase. The production of cheap pumpaibleas peaked and oil prices will
probably remain above 40 USD per barrel (Campl@di71 Hallock et al. 2004; Shell 2001;
US Department of Energy 2008)lt may induce a reversion of the substitutionasfsil fuels
for farm-based materials and energy sources theestin the 19 century.

The last few years have seen surges in the prioduzt biofuel. Brazil now uses half
of its sugarcane and the United States one-fodiitls maize for fuel ethanol (Buntrock 2007;
Cassman & Liska 2007; World Bank 2007). Indonesid Balaysia want to use half of their
current production of palm oil (of which they ahetworld’s largest producers) for bio-diesel.
The current biofuel boom is driven by a spike ihgices and political decisions. With the
feedstock prices of the early 2000s, Brazil couthpetitively produce fuel ethanol at crude
oil prices above 29 USD per barrel. However, the sl the EU could only do so at oll
prices above 45 USD (OECD 2006), and the receme&se in cereal prices has pushed this
threshold upward. Both blocs are supporting bicfubrough subsidies, tax reductions or
minimum consumption requirements. These policiesbased on the greenhouse hypothesis
and the wish to reduce energy dependence on Rarsgithe Middle East. Such objectives are
sensitive to changes in scientific insights andlevpolitics. Additionally, a fall in oil prices
might end the biofuel boom like it did in the 1990s

In spite of the current biofuel boom, the subsittu of biomass for fossil fuel will
probably be a gradual process. Considerable siafckeal and unconventional oil, progress
in extraction techniques, renewable energy souikesvind energy (and a possible come-
back of nuclear power), and efficiency increasesriergy use will moderate the rise in fossil
fuel prices (Odell 2004; Smil 2003). New techniqimduding nanotechnology might even
allow a further substitution of synthetic produfis farm-produced materials like cotton or
natural rubber (ETC group 2004).

Nevertheless, in the longer term, the substitubibbiomass for fossil hydrocarbons is
almost sure to continue. In addition to the rigomiges of the latter, new techniques will make
this substitution more profitable. Techniques foaking ethanol out of (ligno-)cellulosic
materials (AgriHolland 2006; Demirp2005) will allow using whole plants rather thaeds

from the atmosphere. Once applied to agricultanadl] biochar sustainably increases soil carborgmwat
and nutrient retention capacities (Marris, 2006).

2L 1t is believed that total protected areas curgemélke up 0.2 Gha of potential arable land in
developing countries (Young 1999).

22 The expectation in IMF (2005) that crude oil psicgill stabilize around 34 USD per barrel after
2007 seems too optimistic.
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or tubers and thereby make fuel ethanol competitivéower oil prices (OECD 2008J.
Moreover, there are more promising non-food apptica of biomass than fuel, heat or
electricity. Especially functionalized chemicalswhich contain elements like nitrogen or
oxygen — can be made with less energy from bioroasgponents that already contain these
elements rather than from fossil fuel in which tlaeg lacking. Rising oil prices will stimulate
the research for suitable biorefinery techniquesl ance these exist, the production of bio-
chemicals may become quite profitable. It has lestimated that dedicated crops could give
a turnover of €1940 per ton if a 20 percent fractould be used for functionalized chemicals
and the rest for bioenergy (Sanders et al. 2007).

The potential impact of bio-chemicals and -eneogyfood markets should not be
underestimated (see also Cassman & Liska 200@aslbeen suggested that biomass for non-
foods will price itself out of the market beforeviry large effects on food markets
(Schmidhuber 2006), but by reducing conversions;astw techniques will push the price at
which this occurs upward. Bio-energy requires largauts of land and water. With current
conversion techniques, the US would need 30 peraedtthe EU-15 72 percent of their
cropland to replace a mere 10 percent of theirilféissl consumption (OECD 2006). New
techniques will improve these ratios but also rdiee demand. An assessment of the claim
that bio-based non-foods will make to farm resosiroequires an economic model that
endogenizes the demand for these products. Unfatelyn no such study seems to have been
made up to now (see also Meeusen & van Tongeres; ZUBCD 2006).

Some authors have suggested that bio-energy teufdoduced from residues, dung
and waste only (for example Fischer & SchratterdtoR001), or from feedstock that is
grown without irrigation on land that is not venyitable for food crops (for example Woods
2006). Several studies have explored the globainréar bio-energy while assuming crop
yields up to some agronomic potential as well a3 some socially desirable allocation of
natural resources over food and energy crops Kamele Hoogwijk et al. 2005; Smeets et al.
2005; Wolf et al. 2003}’ On this basis, optimistic assessments are givarrémge from 162
EJ to 1440 EJ — 0.2 to 1.75 times the global enamysumption expected in 2050.
However, these studies ignore economic constraints agronomic limitations on energy
balances that will lead to much lower yields. Tlaso forget that in a market economy, non-
food crops cannot simply be stopped from competifih food crops for good land and
irrigation water’® as cotton also illustrates. Furthermore, firmsl witen prefer dedicated
crops over residues and wastes because of thebsgh of collecting and separation involved
in the latter. These materials also contain maegnehts that could be used for food or feed.
It is only if these are extracted that their userfon-foods will really stop to compete with
food production (Rabbinge 2005).

The truth is that, until novel techniques for ghemnergy production like nuclear
fusion or photosynthetic fuel cells are operatiofiRdndit et al. 2006; Smil 2003), which is

23 Additionally, feedstocks like wood or switchgramee traditionally grown on marginal land and
promote soil regeneration and fixing carbon ins¢McLaughlin 2002; Watson et al. 2000), and the
net energy balance and g@duction effects of second generation biofuelshe better than those of
existing biofuels, which are at most slightly pogt(Farrell et al. 2006; Berndes et al. 2001; Geee
2004; Shapouri et al. 2002; US Department of Ene&2@93). These characteristics will encourage
policy measures to stimulate the use of advancefddis if the greenhouse hypothesis holds.

4 The assessment by the European Environment Ag@006) of the room for bionenergy production
in the EU is more cautious. This study starts fanmreconomic model projection of the area that would
be used for food production in the absence of coitipe from bioenergy crops, and requires that the
EU food self-sufficiency ratio does not decrease tat environmental standards are respected.

%5 Bio-energy production under the low scenario of Wétb al. (2003) is 162 EJ, under the highest
scenario of Smeets et al. (2005) 1440 EJ (includigzenergy from residues and surplus forest
growth). The medium projection of global primaryeegy consumption in 2050 of the World Energy
Council is 836 EJ (World Energy Council 2005).

%6 See Azar & Larson (2000) for a concrete examphidi#tonally, much of the land that is unsuitable
for food production is also unable to produce bissnBor non-foods in an ecologically or economically
viable way (Hoogwijk et al. 2005).
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not expected before mid-century, the claim on famoduction capacity for new non-foods
may grow considerably (cf. also Berndes 2002; Mt@aral. 2001; De Wit 2004). For a
rough guesstimate, one could use the middle-ofrdael scenario of the World Energy
Council (2005) in which bio-energy would provideoand 84 EJ by 2050. With 15 GJ per
ton, 5600 Mt of biomass would be needed to prodhise This should be supplemented with
the needs for functionalized chemicals. With 3 petgrowth per year, the global output of
these would increase from the current 250 Mt to010I® by 2050. Some 1000 Mt of biomass
would be needed for this, which would bring the tplhhyass demand for energy and chemicals
to 6600 Mt. If we assume that 14 tons of dry map@r hectare would be an attainable global
average, 0.48 Gha would be required for thisdding 0.05 Gha for other non-food crops
would bring the total claim for non-foods to 0.58a; or 7 percent of the global potential
agricultural land. Together with the assumptionstba claims for human settlement (3
percent) and biodiversity conservation (at leastpg&écent) that we have made above, this
would bring the total claim for non-farm and nomdopurposes to minimally 20 percent of
the global area that is potentially suitable fonfeg.

The bottom line is this: the demand for phytonfas$ood will more than double, but
land, water and phosphorus are becoming scarcde wbmpeting claims will reduce the
global potential for producing this phytomass byeast one-fifth — and possibly significantly
more. These are robust tendencies, which can benelled and mitigated, but hardly be
stopped. They involve a competition between theatehof the poor for bulk foods and that
of the affluent for animal foods, bio-based nondeand green services. Only a sufficient
increase in food production can prevent these dewatnts from causing strong rises in food
prices. The next section discusses the technidadrepthat are available for this.

5. Technical possibilities for raising food production

At present, the global output of agricultural phgess amounts to 7 MT of grain equivalents
(see scenario 1 in Table 4). The Limits-of-FoodeRiaion study (Luyten 1995; Penning de
Vries et al 1995) that was carried out in Wageningen in tB80% assessed the room for
expanding this output within the potential prodactiandscape of farming. To that end it
estimated the maximum yield that could be attaiwéd existing crop varieties, under given
soil and climatic conditions and with the availatlater supply at basin level, provided that
all land (including grazings) were to be optimdhytilized and losses in the food production
chain were to be limited to 10 percent. It was taded that world agriculture could produce
72 MT grain equivalents of fodd.This would suffice to provide an affluent diet 42 kg
grain equivalents per day to 47 billion people -5a& times the medium UN population
estimate for 2050 (see scenario 2 in Tabl& 4).
Before discussing the implications, some qualiftea of this outcome seems to be

justified:
* As has been indicated in Section 3.3 above, affloensumers have a habit that is hard to

eliminate of wasting food because it is inhererdffluent lifestyles. We therefore assume

2" Greene (2004) thinks that extracting protein fréeedstock, using grain stover, and producing
additional biofuels at a higher cost would allowluetions in the area needs for biomass in developed
countries. However, this may be cancelled out yelofeedstock production efficiencies in developing
countries

%8 The Limits-of-Food Production study assumes thatable land globally amounts to 7.8 Gha. In
Section 4.1 we corrected this to 7.6 Gha. Thecefia the global potential is negligible, also hesm
this reduction involves no corresponding reductiothe availability of water for irrigation.

29 This ratio masks strong differences between region South America the room for increasing
production is still ample, while in South and E&sia it is quite small. Under a low external input
scenario, without biocides or chemical nitrogetilieer, only 20 billion people could be providedtiv

an affluent diet, and significant shortages wouydgesar in some regions.
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an unavoidable consumer waste of 20 percent, whagtes the requirement for an
affluent diet to 5.25 kg grain equivalents per parper day.

Table 4: Maximum food production and population that could receive an affluent diet
under different scenarios

1. 2. 3. 4. 5. 6. 7.
As 2, with
25% yield
gap in core
regions but
larger yield
gaps in
As 2, with other
As 2, with 40% yield regions,!
Original Adjusted current gap and As 2, with and
high- high- yield gap increase in increase in increase in
external- external- and no irrigation irrigation irrigation
Current inputs inputs increase in limited to limited to limited to
situation scenario scenario irrigation 50% 50% 50%
Rainfed cropland 1.2 1.4 0.2t0 0.6 1.2t0 2.5 1.2t02.5 1.2t02.5 1.2t02.5
(Gha)
Irrigated 0.2 25 13t02.2 0.2t00.2 03t00.3 0.3t00.3 0.3t00.3
cropland (Gha)
Grassland (Gha) 2.8 4.0 2.8t0 3.3 2.8t0 3.3 2.8t03.3 2.8t0 3.3 2.8t0 3.3

Food production
(GT grain 7 72 32 to 47 7 to 16 20 to 28 27 to 37 14 to 19

equivalents)

Assumed input
for affluent diet
(kg grain ? 4.20 5.25 5.25 5.25 5.25 5.25
equivalents
person day™)

Population that
can receive an

A ? 47 16 to 24 4to8 10 to 14 14 to 19 810 10
(10°)

Idem as

proportion of

medium UN ? 5.2 1.8t02.7 0.4t0 0.9 12t01.6 1.5t02.1 0.8to 1.1

estimate for
world population
in 2050

125% yield gap in North America, West & Central Europe, Oceania, and East, Southeast & South Asia; 40% yield gap in former USSR;
60% vyield gap in Latin America; 80% yield gap in Sub-Saharan Africa.

Source:Luijten (1995) and own calculations based on dathis publication

¢ The production potential of 72 GT of grain equivdtepresupposes that all suitable land
(including forests if the land is suitable for agidture) is used for food production. In
reality, one has to reckon with claims for non-fgmdposes. Based on the considerations
in Section 4 above, we assume that by mid-centtrygast 20 percent of the potential
agricultural land will be claimed by human settlense biodiversity conservation and
non-food crops’ We take 43 percent as a maximum bound for thegmslavhich would
mean that the global agricultural area would beicted to its current size.

e The production potential is derived from the lightdd water-use efficiencies of plants.
As has been indicated in Section 2.1, however, ragnic complications make yields
beyond 80 percent of the potential yield diffidatachieve. Indeed, a further reduction of
the yield gap might prove more difficult than sttehg the potential itself. External
causes like air pollution (especially ozone podinji also reduces crop yields in large
areas (Section 4.2). Additionally, environmentalngiderations set limits to farm
production growth, because this entails nitrate gimosphate emissions that may degrade
aquatic ecosystems and thereby impair the use t@rvier drinking and other purposes

% Ecological changes can also affect the potentiafdod production, but we assume their aggregate
effect to be neutral. Soil degradation might wellise losses in the order of 10 percent of the pfaten
yield, but this can largely be compensated by im®ee nutrient application.
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(for example Carpenter et al. 1998). Even thougineimsed nutrient applications do not

necessarily involve higher nutrient loss rafesmissions cannot be avoid&dzor these

reasons, we see a 20 percent yield gap as unal@idab

The upshot of these corrections is shown in soefdain Table 4. The minimum and

maximum numbers in this scenario are related tdawer and upper bounds that we assume
for the non-farm claims to natural resources. Thubal potential for biomass for food is
reduced to 32 to 47 GT of grain equivalents. Thauld suffice to provide 16 to 24 billion
people with an affluent diet, or 1.8 to 2.7 timee tedium UN population estimate for 2050.
The technical implications of realizing this poiahare discussed below.

5.1 Realizing the potential

Growing along production functions and shiftingoodduction functions

A first increase in the production of phytomass flawd above the current output might be
achieved by expanding agriculture to all suitatdedl that is available while maintaining

average yield at its current level. This could leers as a growth along the production
functions that currently exist in different are¥st it would be more than a simple horizontal
growth with unaltered input-output relations. It wid require an increase in the input of
fertilizer per hectare, because much of the sparal lis less fertiie and more easily
degradable. Assuming that this scenario involvegxmansion of the current irrigated area,
global production would rise to between 7 GT andz16 depending on the claims to natural
resources for non-food purposes. This would onligwaln affluent diet for a population of

0.4 to 0.9 times that expected in 2050 (scenaiio®able 4).

A further increase in production can be achievedesyending already known
techniques to areas where they are still undeeedil In many places, straightforward
fertility and water-saving measures would allow siderable increases in yields. Simple
techniques for water harvesting and light irrigatiovould enable significant production
growth in rainfed agriculture (Molden 2007). In ryainrigated systems that are faced with
water shortages, water-use efficiency could eadiéy doubled (Tuong et al. 2005).
Furthermore, integrated pest management would esgue-harvest losses; simple storage
and processing measures would decrease post-hfosess; and improved livestock systems
could moderate the large gaps between feed ratiageveloping and developed countries
(Wirsenius 2003§° Such improvements can be seen as a shift of lsodlgtion functions in
the direction of the frontier function that exigtsmore favoured areas. Unlike a growth along
existing functions, they require major improvemeanteducation and research systems in less
favoured areas.

How much global food production could increasehis way is difficult to assess.
However, we assume that in addition to an expansidood production to all available land,
it would involve a 50 percent expansion of the entrirrigated area and a generalisation of
the yield gap of 40 percent that now prevails i developed world. Global production could
then attain 20 GT to 28 GT of grain equivalentsis™ould still only allow an affluent diet
for a population of 1.2 to 1.6 times the medium &Btimate for 2050 (scenario 5 in Table 4).

%1 De Wit (1992). See also Figure 8 which shows thatglobal relationship between N-fertilizer and N
in crops did not decrease in recent decades ie gpin huge increase in fertilizer use. (Under less
favourable conditions, increases in yields bey@idtively low levels may involve decreasing reseurc
use efficiency. See e.g. Nijland & Schouls 1997tfar effect of uncontrolled heterogeneity in tinmel a
space.)

% The Dutch Institute for Public Health and the Eomment showed that end-of-pipe technologies
may be more effective than solutions through adiical measures in some cases (RIVM 2004).

% 1t should be noted that present low feed ratioslémeloping countries are not always inefficient.
They are partly related to the consumption of famtyat, which is rational where the supply of food
energy is minimal. Additionally, they are often pted to the use of lower quality feed which may be
efficient in prevailing conditions in these couati
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A further rise to a range of 27 GT to 37 GT ofigraquivalents would require more
stress-resistant varieties and other solutionseiducing biotic and abiotic stresses and post-
harvest losses (scenario 6). The final step towpubd between 32 GT and 46 GT of grain
equivalents would in addition require an eightfoidrease in the irrigated area to 2.0 Gha.
The innovations needed for these steps would meshifain the frontier function to an
innovation possibility set that corresponds to tluger limit of what is possible given the
existing metabolic efficiencies of crops (cf. Figerd-5). This can only be achieved through
massive agro-industrial R&D, skills improvement artdoperation, not just in less favoured
areas but at the global level.

How much energy would it cost?

The energy requirements of agricultural growth banmoderated by raising the water and
nutrient use efficiencies of farming (Smil 2000)echniques like drip irrigation and
monitoring the moisture status of soils can makigation much more precise. Additionally,
significant savings are possible by adapting cropice to regional water availabilities and
using trade to bridge differences in supply and a®in Nutrient use efficiency can be
improved by proper tillage, better recycling of idees, and fine-tuning of fertilizer
application in both time and place. GPS-led precidarming (Gandah et al. 2000; Robert
2002) is just one possibility for this. Furthermotbe biofixation of nitrogen could be
increased through leguminosae or techniques likeulation with nitrogen-fixing growth-
promogtjng rhizobacteria (Bashan et al. 2004; Dodbdral et al. 2003; Giller & Merckx
2003):

Nevertheless, raising global production to 47 @TQrain equivalents would involve
large increases in energy inputs. Much of it wdoddneeded for nitrogen fertilizer. Even if
fertilizer recovery rates could be raised to 8Qcpet, a yearly application of about 1 GT of N
would be needed — about 12 times the currenfU$ke most efficient ammonia factories
currently use 34.5 GJ per ton of N. The stoichigiodimit of the Haber-Bosch process is
25.4 GJ per ton of N, and no other processes fodyming N-fertilizer are in sight (Smil
2001). Assuming that the energy requirement coaldelduced to 30 GJ per ton of N (also cf.
Jenssen & Kongshaug 2003), and that all nitrogerddoe applied in the form of ammonia, a
total energy input of 30 EJ would be needed — abotiines the current amount. This is a
sharp increase, but not an impossible one in aigdlysense. Assuming that world energy
were to evolve in line with the middle-of-the-roadenario of the World Energy Council
(2005), it would mean an increase in the energyNdertilizer from 1 to 4 percent of the
global energy consumption.

The energy requirements for irrigation would ats® considerable. The eightfold
increase in irrigated area that would be needesupgoses a drastic change in the allocation
of water. Rather than dryer land, where irrigatiovestment is most profitable, more humid
land where irrigation gives the highest additiosedbp per drop should be irrigated first
(Penning de Vries et al. 1995). This requires ungdarge storage capacities and transporting
water over large heights and long distances tovelemall volumes of water per hectare that
give moderate increases in yields (also cf. Roseggeh al. 2002; Seckler et al. 1999).
Nevertheless, there is no reason why this woulghyesically impossible. The global energy
input for irrigation is about 0.3 EJ (Smil 1991 e if an eightfold expansion in irrigated
area were to involve a twentyfold increase in epelgmand to 6 EJ, this would still be less
than one percent of the expected global energyuropson at mid-century.

The greatest challenge would be the eliminatioplafsphate limitations. To begin
with, about 6.5 GT of P would be needed to buildhg phosphate status of phosphate-poor

34 Other solutions like the breeding of N-fixing cai®or raising the nutrient efficiency of plantg ar

more remote possibilities. For instance, increashey nutrient efficiency in rice would require the
simultaneous introduction of three new enzymesiiit® plants (Britto & Kronzucker 2004).

% 1t is assumed that crops contain 2 percent obgén and that 0.15 GT of N comes from other
sources.

31



soils®*® This would practically deplete the world’s potahtphosphate reserves (see Section
4.1; also cf. Penning de Vries et al. 1995 and r5tE#98). After this, a yearly application
would still be required to make up for the phospisathat is removed by the harvested crop.
Assuming that the phosphorus recovery rates ofscoopld be raised to 100 percent, around
0.23 GT of P — about 13 times the current globaisaonption — would be needed for tffis.
Some three-quarters of this might be met by reogcthrough livestock or recovery from
waste streams (cf. Steen 1998), where possibleombmation with energy generation
(Lundin et al. 2004). The rest could only be coddg exploiting unconventional reserves or
by using chemical or biological methods to win gttazrus from seawater. This will involve
huge energy costs, but we are not aware of anypttat a quantitative assessment.

5.2 Can the potential be stretched?

The potential of 32 GT to 47 GT of grain equivatei#t circumscribed by the availability of
freshwater and suitable land, the existing poolgefmplasm, and the existing light- and
water-use efficiencies of plants. These are radftinard constraints, but unlike what is
sometimes suggested (for example Jordan 2002pe$ shot mean that they could not be
stretched (cf. Section 2.1).

Land availability has been discussed in Sectiomd we think Table 4 presents
extremes as to the availability of this resouraginkcrease irrigation water, one could think of
the purification of sea or wastewater through cajp&cdeionisation or nanotechnology
(Wetsus; Royal Society & Royal Academy of Enginegr2004). This option seems feasible
only in exceptional circumstances, and its inflleenen the global potential for food
production seems negligible for the foreseeableréut

A much more effective strategy would be to inceetise potential yield of crops.
However, this is a difficult task. The effects dfientific breeding for enhanced plant
metabolism are declining (Duvick & Cassman 1999jhdugh the actual yield increases in
major crops show no tendency to diminish (Haffn@03), the yield potential of rice and
maize has barely improved during the past few dexdBuvick & Cassman 1999; Peng &
Khush 2003; Tilman et al. 2002).

From a genetic point of view, improving harvediges no longer seems a promising
route to substantially increase yield potentialsyivlds et al. 2005; Shearman et al. 2005).
Several authors argue that yield potentials ofatsreuch as rice are now source-driven rather
than sink-driven. In others words, yields cannot fbgher increased by changing plant
architecture to re-allocate biomass within the sroplevertheless, in crops with an
indeterminate architecture or where less breede lbeen done, the scope for raising the
harvest index may still be considerable (see fangle Berry & Spink 2006 for rapeseed).

Within the current gene pool, light- and water-e$éciencies can still be improved
through integrated crop and livestock managememtekample, light-use efficiency could be
increased by reducing the time during which sunligtmains unutilized. Adapted crop
rotations and intercropping could be ways to achitns (Horwith 1985). In theory, perennial
cereals could have a similar effect (Cox et al.8)0CHowever, it remains to be proven
whether these approaches would entail significHats on yield potentials .

In the major cereals, boosting yield potentialsuregs enhanced photosynthesis to
increase light-use efficiencies. The most prominmeuate proposed for rice, for example, is to
change rice from a C3 crop into a C4 cfdomparing the productivities of maize and rice
crops with similar growing seasons and grown ursiteilar conditions, Sheehy et al. (2007)
expect that C4 rice would allow increases in riegdg of up to 50 percent (see also Long et

% Penning de Vries et al. (1995) estimate that lofdd per hectare would be needed for this purpose.
Multiplying this by 6.5 Gha of available land give$ GT of P.

371t is assumed that grains contain 0.5 percent P.

% Other routes include e.g. the introduction of ioyaed forms of Rubisco from algae into C3 plants
(Long et al. 2006).
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al. 2006). Additionally, C4 rice would enable stgamprovement in water- and nitrogen-use
efficiencies. However, whether it will be possilidebreed C4 rice is still highly speculative.
Moreover, turning C3 crops into C4 crops will béeefive only in relatively warm climates.
For temperate regions, breeding for C4 is not blgieoute.

Yin and Struik (2007) assess some of the pathwalysfroducing C4 biochemistry
and physiology into C3 plants. Some perspectivesisgromising at a certain experimental
level (short time span and particular leaf are@idbut when processes are scaled up to a
full growing season or full crops, negative feedtzamay largely cancel out any positive
effects that arise at the micro level. More gengréihese authors suggest that crop systems
biology is needed to take advantage of modern iomak genomics (and traditional sciences
like crop physiology and biochemistry) for undenstaag and manipulating crop phenotypes
that are relevant for farm production.

Another option for stretching the limits of farmaded food production would be to
increase the efficiency of the conversion of phyasminto food. Because an increasing share
of the phytomass produced is transformed into anpnaducts, the global room for food
production is sensitive to changes in feed rafit®re is still room for improving feed ratios
in developed countries (for example Nevens et@062, but less than a few decades ago (see
for example projections in Bouwman et al. 2005)stRaprovements were coupled to a shift
from fat to lean meat, which has now largely beempleted®

Better prospects for converting biomass into nfooel are offered by biorefinement.
Enough protein could be extracted from a crop tesglich as cassava to replace one fifth of
the world’s soy protein. Protein could also be &otied from N-rich fodder like alfalfa or
grass from fertilized meadows. The residue coult s used as roughad® Additionally,
protein could be gained as a by-product from thedpction of biofuel from cellulosic
feedstock (Greene 2004; Ragauskas et al., 2006).

5.3 Beyond thefarm paradigm

Although one can anticipate some possibilities éapanding our map of the potential
production landscape, what lies behind the linsténi factterra incognita Moreover, even
our knowledge of the landscape within the limitsynchange as new options for increasing
input-use efficiency are discovered that were hiddg the specific pathway that human
knowledge had taken rather than by the physical pbexity involved by these options
themselves. Our map of the potential productiod$aape can change, slowly and sometimes
suddenly, as a consequence of new breakthroughgnman knowledge. In this sense, every
notion of a potential or carrying capacity has stdrical-social dimension (Benton 1992; Van
den Belt 1995; WRR 1995). This is even true for cancept of the physical potential
production landscape itself, which is bound to daaparadigm of cultivating or controlled
grazing of plants on soil. Indeed, one could alsser increasing food production on bases
other than farming. This could be done by learnfrmm converging developments in
agricultural and industrial processes.

A logical first step would be the application &riing principles to the marine
environment (mariculture). The global wild fish cftois on the verge of being over-
exploited;" but one could argue that this is comparable to dker-exploitation that
threatened Mesolithic hunter-gatherers 10,000 yagos Wild capture is mere fish foraging.
Likewise, current seaweed harvesting is predomipgiiant gathering. A marine variety of
the Neolithic Revolution (not to be confused witiuaculture based on farm biomass) would
allow strong increases in the production of seawemdmarine animals. It would require a
solution for the problem of how to control nutriéluws in open water systems. Here we may

%9 A notable exception is marbled beef in the US.

“%'In some parts of Europe, protein from N-rich gressid already compete with imported soy protein.
1 Over 90 million tonnes of fish are being captusgmhually, while the estimated quantities that are
sustainably available for human consumption vatywben 74 million tonnes and 114 million tonnes.
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learn from precision farming techniques that dedhwhe parallel problem of controlling
water and nutrient flows in the field. For examgiellow cords for fixing seaweeds and on-
the-spot drip fertilization could be used to cudte seaweed plants that could be combined
with offshore windmill parks and with fish and slfish culture. Based on a first rough
assessment, Reith et al. (2005) think that sugystem could profitably be used to produce
chemicals for the food industry and other industrie

In the saline fringes between sea and land, maureli and agricultural approaches
could be combined to make the best use of natasalurces. Such mixed systems might also
be used for remedying P shortages after minerabpgitaie reserves have been depleted.
Phosphorus that is lost on the land ends up irsélae largely in estuaries where mixed sea-
land production systems can be developed.

An exciting possibility that may be elaboratedmiaricultural systems is to create a
bypass for the limit on biomass production thatset by photoreception efficiency.
Agricultural crops are restricted to photosynthéka is only triggered by the red spectrum
of solar light. However, seaweeds and marine migesa also have other photoreceptor
systems that use the green light spectrum. By aoimdpiorganisms with different systems,
both the red and the green spectrum might be gsethat the same sunlight is utilized twice.
A first experiment in Wageningen suggests that ¢bisld increase the potential for biomass
production significantly.

The same principle might also be applied in indaisbiological production systems
that exploit the nutritious value and the high iapse efficiency of certain algae,
photobacteria or chemo-autotrophic organisms ($pelat al. 2006). The biomass produced
by such systems could for example be used as fetn @roduce zooplankton that is fed to
fish. This could reduce the need for fishmeal falticated fish, which currently claims one-
third of the global fish capture (Hentzepeter 2008)ch industrial-biological production
systems would require solutions for the problenhafvesting and controlling the dynamics
of microbial growth in watery environments. New agfticient harvesting principles should
be explored, such as the milking of microalgae cwlis already succesfully being applied for
harvesting carotenoids in continuous microalgaéuoes (Hejazi & Wijffels 2004). It may be
noted that various kinds of micro-organisms areaaly being cultured in the food industry.
For example, yeasts are used in various processgésadapted to production aims and
cultivation conditions by breeding. Experienceshwétich techniques may yield valuable
insights for designing new processes based orx@ample, microalgae.

Some microalgae can switch between heterotropfueity and autotrophic growth
(mixotrophy). This opens the possibility of cultilam systems where biomass is first
generated heterotrophically after which secondaeyabolites are produced autotrophically.
Similar switching mechanisms are known for chentio organisms. The exploration of
such mechanisms may indicate new opportunities developing industrial-biological
production systems.

It should be noted, though, that all biologicabdoproduction systems, including
industrial-biological systems, are subject to tleeosid law of thermodynamics. Living
systems can only exist by avoiding thermodynamigildgium which would mean death;
rather they search for a steady-state situation avitonstant influx of energy and mass and an
output of mass and entropy. This is realized byalmglic processes that continuously use
energy and produce entropy that is dissipatedecettvironment. There is now evidence that
the metabolic efficiency of living systems is limkéo the way in which entropy is produced
(e.g., Lems et al. 2003). More insight in this tielaship would allow us better to assess the
room for increasing food production through indiagtbiological systems.

Some scientists are speculating on bypassing @e@borganisms altogether, using
bionanotechnology for assembling foods directlyrfranorganic inputs (Moraret al. 2003
and other references in ETC Group 2004). Such tqube could be based on the photo-
chemical pathways used by algae and plants, asasetin the chemical pathways that are
used by chemo-autotrophs. Nevertheless, otherk that for a long time to come synthetic
techniques for food production will remain scienfietion (Royal Society and Royal
Academy of Engineering 2004).
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6. Economic forces

The above can be summarised as follows. In sevdeakloped countries and Asian
developing countries, the low-hanging fruit thatilcbbe harvested by tapping large reserves
of land and water and by using cheap fertilizer &ingt-generation scientific breeding is
gradually being depleted. Nevertheless, the roomrdgsing food production is far from
exhausted. Provided the phosphate problem canledsat may be sufficient to provide an
affluent diet to well over twice the world poputatiexpected by mid-century. Improvements
in conversion efficiency may raise this ratio, asymmew non-farm systems for food
production.

This margin might seem reassuring, but it stfiére to a qualifiedechnicalpotential.
To which extent it will be realized depends on exmuit forces, to which we now turn our
attention. We first consider obstacles that aralihgl back food production in developing
countries. Then we discuss whether the world foozhemy is approaching a new ceiling,
and whether we might see a new trend change in fjoiegs. Finally, we examine possible
causes of disturbances in international food market

6.1 Obstaclesto food production growth in developing countries

Of the global potential for phytomass productioveiaed by the Limits-of-Food-Production
study, less than one-fifth is found in North Ameti©ceania and West and Central Europe.
More than half is in Latin America and Sub-Sahafdrica, which also have the largest
margin for raising production. It suggests that élxpansion of food production should for a
large part be realized in the developing world. ldaer, the agricultural growth performance
of different developing regions shows differs widdin East Asia, grain yields have much
increased since the 1960s, but in South Asia anh lleamerica they have increased more
slowly, while in Sub-Saharan Africa they have sttgd (Figure 10).

What explains this divergence? In Section 2.3,highlighted the population-price
nexus as a mechanism in pre-industrial agricultueablutions. Population growth raised
agricultural prices, which acted as a catalystifimestment and innovation in larger farms.
However, the global regime change in agriculturarkets has broken this traditional
relation. Population in the developing world souirdthe 28" century, but the abundant
global supply caused agricultural prices to flueualownwards. Where governments
emulated the West through supportive and redidtvbypolicies, a green revolution based on
smallholder farms was still possible (Dawe 2001yvzard et al. 2004; Francks et al 1999;
Kajisa & Akiyama 2005; Timmer 2002). Such policiesre introduced by ‘developmental
states’ (cf. Oni 1991; Wade 2003; Wong 2004) that were stimulatgc bvell-developed
rural middle class, a relatively autonomous pditidass, and class-based interest articulation
— conditions that stemmed from a long history ofi@adtural intensification and state
formation. Parts of Asia had such a history, buteotregions had not. They responded
differently to the decline in international prices.

In Latin America, European markets for tropicadgs induced the rise of plantations
that used coercive labour systems to prevent wsrkesm setting themselves up as
independent peasants. It created a social divitledaa planter elites and rightless workers,
whose low living standards hampered the developroér@onsumer goods industries and
reinforced the export dependence of the plantatigvisen international agricultural prices
declined, this ‘disarticulated’ structure (de Jani®81) made the agrarian elites stick to open
trade policies to secure their exports and use thagio-political dominance to shift the
burden to the rural poor. In the end, they eviatethy workers to pave the way for cost-



cutting mechanization. It allowed a developmentaokind, but the ensuing growth was
limited by low land productivity, social tensionsising transaction costs, and poverty-
restricting domestic markets (cf. Johnston & Kilb975, World Bank 2005Y. After the
1970s, liberal-economic policies paved the wayrfew export-led growth based on large
farms. In some cases, it generated new forms @ngie production (see for example
Anriquez & Lopez 2007 for horticulture in Chileltkelsewhere, land productivity and labour
demand remained loff.

Figure 10: Cereal yieldsin variousregions, 1961-2004
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In Sub-Saharan Africa, the colonial scramble caiediwith the onset of the downward trend
in international agricultural prices. It limitedetevolution of larger indigenous or European-
owned farms and reinforced the smallholder nat@itbeveconomy, but colonial governments
hardly supported smallholder farmers (Bundy 197Rijaéndveld 1997; Munro 1976). For
some time, land abundance provided a safety vawedpulation growth, but as this was
gradually closed farmers were pushed into a spirpbverty and soil degradation (Koning &
Smaling 2005). Unlike colonial Asia, where simitlevelopments were seen (Myrdal 1968),
independence brought no change to supportive fatioigs. African societies had personalist
socio-political relations, and people tended toaaige in factions rather than class-based
movements (Bayart 1989; Goody 1976). This was nbrioma undifferentiated peasant
societies with a recent history of long-fallow s (cf. Table 2), but not conducive to
Asian-type developmental states. Politicians wedykged to remunerate many clients with

“2 Similar conditions existed in South Africa, padfsSouth Asia, and for some time in the southern

us.
43 Additionally, the wild capitalism of the latifunot and the desperation of marginalized rural warker
are driving a scramble for fragile natural resosr@ausing large-scale deforestation and soil tieple
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public sector jobs, and farmers were too weakhanized to prevent them having to foot the
bill. In this situation, a new deterioration of thgricultural terms of trade strengthened the
vicious socio-environmental spiral after the 19fi0sning & Smaling 2005; see also Cleaver
& Schreiber 1994; Savadogo 2007). People copedigiroedistributive social networks and
risk-reducing diversification, making some expeftepe that facilitating ‘sustainable
livelihoods’ would allow an escape (for example @ues 1998). As poverty continued,
however, social capital eroded and social netwddgenerated into rent-seeking cliques (see
Ikelegbe 2001, Patterson 1998, or André & Platte2®8 for examples).

In this situation, neither local nor nationaltingions could handle the increase in
complexity that agricultural modernization involveBixperts debated on which approach
could get agriculture moving — high or low exterirgbuts, farmer field schools or training
and visit — but the truth is that they all had gainting results (for example de Jager et al.
2001). Several explanations have been proposedpiaie these problems. Some point to
poor soils, adverse climates or diversified foottgras that complicate a green revolution
based on a few staples. Indeed, an agriculturalwgen should be more diverse than in
Asian circumstances (InterAcademy Council 2004)veéiheless, these conditions hardly
explain why areas with fertile volcanic soils anggradominance of maize are still stuck in
stagnation. Other experts point to socio-politichbsyncrasies (for example Bates 1981;
Djurfeldt et al. 2005), but do not explain why badbverned countries in Europe in thé"18
century (like France under Louis XVf)still saw farm progress while African countries do
not.

Figure 11: Unsustainability spiral in poor areas
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The real explanation is the way in which effectyvplst-lron Age societies were plunged
into global markets marked by chronic oversupplgufe 11 illustrates the effects of this
conjunction. As in pre-industrial situations (cfigére 6a), population growth entailed a
fragmentation of small farms and low wages. Howgewgth agricultural prices declining, it
failed to stimulate larger farms and on-farm inwemtt. As a consequence, an agricultural
revolution was nipped in the bud. It precipitatesirailar crisis to that which occurred in pre-
industrial societies once an agricultural revolatitad been exhausted. Rural poverty drove
many people off the land but squeezed the demanulofo-farm products so that this exodus

“4 Rather than being halted by bad governance, dgrialigrowth in France in the later I&entury
helped paving the way for the changes of the Fr&mlolution (Wertheim 1974).
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only fuelled political markets based on the dolmg of public sector jobs. Impoverishment
made surviving today more urgent for people thaingdor tomorrow, so that they opted for
non-cooperative strategies that gave a high imnegiay-off but eroded the social capital. It
started a vicious cycle of conflict and rising dist, causing existing socio-political relations
to degenerate. In this way, the governance probteaiamany see as a primary cause arose at
least partly as an endogenous effect of the widereldpments that led to stagnation.
Unfortunately, the predicament was merely reinfdreghen international donors equated
good governance with cutting down agricultural fiarand wholesale dismantling of state
services.

Disarticulation and the unsustainability spidatetaten both the availability and the
access to food. While the former is undermined bseahe technical potential for food is
under-utilized, the latter is affected by a viciaygle of poverty and high population growth
(cf. Cleaver & Schreiber 1994). If poverty suppessgshe demand enough, the loss of
production growth might not affect the price of dom the market, but the result is still
undernourishment. A special risk arises when treusitainability spiral raises the number of
poor consumers in low-income countries where thgrsition of food production causes an
increasing dependence on food imports. Today, 28mpeople are surviving on less than
one dollar a day in the world’s least developedntoes. If the incidence of extreme poverty
in these countries were to remain unchanged, thaiber could rise to 770 million in 20%0.
These countries are increasingly dependent onifopdrts and can hardly defend their poor
if the import prices of food were to strongly inase in the future.

6.2 New ceiling? New trend change?

Even without disarticulation or unsustainability ces, production functions in more
peripheral areas will lag behind the frontier. A€ansequence, the global food economy
might approach a new relative ceiling before tremécal room for expanding production is
exhausted (cf. Section 2.3). In spite of the gyeatihanced learning capacities of modern
society, this could happen when the increase ibajldemand caused crop yields in more
favoured agricultural areas to approach the haglstpass limit of 80 percent of potential
yield. In that case, it would not be just the boanmek of a specific agro-production system
(sub-paradigm) that would become constraining tibeitharder boundaries of the agricultural
meta-paradigm itself (see Section 2.1). In Seclome discussed possibilities for stretching
the agronomic potential or for increasing food prcttbn on a non-farm basis. However, we
have also seen that these are not the easiestavggs

To illustrate the possibility of a new ceilingt us resume our thought experiments on
the basis of the Limits-of-Food-Production studypfose that in those regions where the
agricultural frontier areas are concentrated (Noktmerica, West and Central Europe,
Oceania, and East, Southeast and South Asia)jaltegap were to be reduced to 25 percent,
but that in the former USSR, Latin America, andiédr it could only be reduced to 40
percent, 60 percent, and 80 percent, respectiViglg. effect would be that the more than
doubling of the demand for food that is expectedniigi-century will hardly be able to be
met. If all suitable land that is not claimed fdather purposes were to be used, and the
irrigated area were to expand by 50 percent, wimddl production could then only increase
from the current 7 GT to an output between 14 Gd &8 GT of grain equivalents (see
scenario 7 in Figure 4.) This does not mean thatdMood is running up against absolute
limits (a relative ceiling is not an absolute camgycapacity), but it suggests that a business-
as-usual development might not suffice to prevemi scarcity in global food markets.

5 Calculation based on poverty indicators in Unitations (2005a) and population projections in
United Nations (2005b). The share of extreme pgviertall LDCs is assumed to equal that in those
LDCs (22 out of 49) for which poverty indicators the years between 1990 and 2005 were available.
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Figure 12: Hypothetical representation of the amount of N-fertilizer required for a
doubling of phytomass output for food
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Apart from the question concerning whether the gldbod economy would approach a new
ceiling, the question remains as to how much a boyof the supply of agricultural
phytomass for food will cost, and how this will @t food prices. This will in the first place
be influenced by energy costs. Modern agricultgralwth is especially energy-consuming.
While the energy input-output ratio in industry héeclined since the f9century, that in
agriculture has continued expanding (Smil 2003hlUS, energy costs are now 25 percent
of crop production costs. In a country like Argeati they are as much as 43 percent (OECD
2006). Although rising oil prices have induced im@ments of energy efficiency since the
1970s (Cleveland 1995; Uhlin 1999), it is unlikéhat the energy needs for farm production
will strongly decrease in the future. This is ithaged in Figure 12, which is related to the
historical data on crop response to N fertilizerFigure 8. First suppose that the linear
regression lineA through these historical data would still adeqyatkescribe the fertilizer
response at significantly higher levels of globalduction. In that case, a doubling of global
phytomass output for food would raise the N-ferétirequired from the current 90 Tg to 238
Tg. The fertilizer-output ratio would increase hyeethird, from 1.14 to 1.52 (N in fertilizer /
N in crops). If global agriculture should also per an amount of phytomass equal to 25
percent of that for food to meet the demand for mam-foods, the fertilizer-output ratio
would increase to 1.59. This would bring the Nifiedtr required for food at 250 Tg — 5
percent more than when no additional phytomasadarfoods were to be produced.
However, all this presupposes that a 2.5 foldease in global phytomass production
were to involve constant returns — a very optimistssumption that does not necessarily
follow from Figure 8 which merely gives a statislicelation between historical data at the
global level. Suppose that the global crop respaods-fertilizer were really to follow the
curveB in the figure, which means that increases in dlpbaduction above twice the current
level would involve diminishing returns. The compieh from non-foods would then raise
the fertilizer input needed for food to 300 Tg —@&cent more than the 238 Tg that would be
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needed without new non-foods and with constantmeturhe fertilizer-use efficiency should

be raised considerably to compensate this effettkaep the increase in the fertilizer-output
ratio to one-third. Even then, a 25 percent impnaoeet in the energy efficiency of producing
fertilizer (or an additional improvement in fertiéir-use efficiency) would be needed to
prevent this increase from raising the share ofggnfor nitrogen fertilizer in the production

costs of phytomass for food.

The fertilizer-output ratio would further increas diminishing returns would set in
earlier and/or the claim on phytomass for non-foadsild be larger. Suppose that the
fertilizer response were to follow the cu@eand that the amount of phytomass for new non-
foods were to be one-third rather than one-quafténat for food. The fertilizer input needed
for food would then rise to 400 Tg, or 68 percemtrenthan would be needed with constant
returns and without new non-foods. In such a casese in the share of nitrogen fertilizer in
the production costs of phytomass for food wouldibially unavoidable.

Nitrogen fertilizer accounts for almost half detenergy that is used in agriculture
(Smil 1991). Other factors, like the expansionrdfjated agriculture, the need to exploit less
conventional phosphate reserves, and the furthbstifution of machines for human or
animal power, will also result in keeping the shafeenergy in farm production costs at a
high level. The overall effect will be to make foprdces sensitive to energy prices, which are
likely to increase. A recent model study suggdstsé trude oil prices of 60 USD per barrel
rather than 35 USD would raise world crop pricesbeyween 10 and 17 percent (OECD
2006). The above considerations suggest that smsitwity is likely to persist in the future.

Irrigation costs might also affect the evolutionimtfernational agricultural prices. In
several countries in South and East Asia, the cesis of new irrigation have doubled or
tripled since 1980. In this situation, the eighdfahcrease in irrigated area that is assumed in
the Limits-of-Food-Production study has little chario be realized in practice. Most authors
expect an increase of no more than 20 percentirteming decades (Rosegrant et al. 2002;
Serageldin 2001). A recent model study suggests ithaspite of improvements in water
management efficiency, the shortfall between demamd supply of irrigation water will
increase globally, and that absolute water linotadi will appear in a growing number of
basins (Rosegrant et al. 2002). The authors betleatethis will contribute to a halting of the
long-term decline of cereal prices and possiblygguee food prices upward.

A third factor that could influence the evolutiasf food prices would be a
deterioration in the cost-benefit ratio of farm aach. The high returns on agricultural
research investment in the"26entury were largely based on the room for brepgilants
that could transform more fertilizer into harvestabroduct. This room is now gradually
being depleted. We have already indicated thaingigotential yields or filling yield gaps
beyond 80 percent is complex, and that yield pakndf major crops have hardly increased
in recent decades (Section 5). This might raisectst-benefit ratio of agricultural research,
even though ICT and biotechnology are reducingcthets. Until now, no evidence for such
an increase has been found (Alston et al. 2000)jeitleeless, if agricultural research were to
become less rewarding, this would discourage reBemvestment, thereby curbing the
growth of productivity in farming.

The combined effect of the above developmentditilige a new global trend change
in agricultural markets. The long-term decline grieultural prices that started in the laté"19
century might be moderated, halted, or even redei@aring the last few years, international
agricultural prices have been rising, but whethés already reflects such a trend change is
hard to say (also cf. World Bank 2007). Earliercerrises, for example in the 1970s, also
induced expectations that agricultural prices waechain at a higher level, but they were
refuted by new price declines in the 1980s and $980be history of agricultural prices shows
medium-term fluctuations around the secular priemd, and it is well possible that the
current price rise will once more be followed bydecline. In fact, these medium-term
fluctuations lead to a risk of underinvestment ttaild make the world ill-prepared for a new
trend change. This is one possible cause of dstads in world food markets, to which we
now turn our attention.
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6.3 Disturbances of international food markets

If the world food economy were to undergo a newdrehange and/or approach a new
ceiling, it could become more vulnerable to infloes that might then disturb food markets.
Below we discuss two such influences: pests arehdis, and myopic expectations.

Pests and diseases

Filling the remaining room below a ceiling mightvolve overconnectedness and rigidities
that increase the vulnerability of the world foocbeomy (cf. Section 2.3). For example,
continued application of existing paradigms, furtimereases in production and productivity,
and increased transport could raise the risk afdedy pests and diseases (Fraser et al. 2005).
In the short run, these developments have cleaaradges. Scientific research provides
higher-yielding varieties and crop protection. Ricitbn growth allows more mouths to be
fed. Increased productivity brings welfare benefsd trade can save inputs by shifting
productions to suitable areas, fill local deficasd cushion local harvest failure. The way in
which grain imports helped the Soviet Union to copth a massive grain deficit in 1972 or
Bangladesh with the ‘flood of the century’ in 19®8rosh 2001) speaks volumes.

However, these developments have a downside. Aex@ansion of rice production
may aggravate water scarcity and reduce the preteeffect of water culture on this crop
(Mew et al. 2004; Savary et al. 2005). The conediuin of livestock production — especially
open and semi-open systems around growing megs-diti Asia — increases the risk of
livestock diseases and pandemic zoonoses (Jeggatd R003)° More generally, increased
transport and geographic concentration of prodactimy facilitate the spread of pests and
diseases (Anderson et al. 2004).

Reduced genetic variety and increased monocroppiake crops more vulnerable
(Anderson et al. 2004; Edwards 1996; Thrupp 2000% spread of the first Green Revolution
rice varieties in South East Asia opened the doothé Brown Plant Hopper plague that
destroyed 55 percent of the Philippine crop in 1N@w varieties put an end to the disaster,
but not the narrowing of the genetic base. In ©@0%, 95 percent of Philippine rice consisted
of two varieties only (Anderson et al. 2004; FAMITIY® Rice is a poor man’s crop, where
research is left to public institutions (Singh 1989In maize, wheat and soy, where seed
markets are dominated by a few patent-protectedpeaies, the genetic base has narrowed
even more (Falcon & Fowler 2002; Pingali & Trax2002). In 1970, southern corn leaf
blight and yellow corn leaf blight destroyed 17 qeart of the US maize crop (Anderson et al.
2004). Eighty-five percent of the crop was of orariety that was susceptible to these
diseases (FAO 1997). Resistant varieties and donteasures have made large-scale crop
failures less common since, but do not preclude agtreaks in the future.

Pesticides protect crops, but also stimulate pelstptation. Over the past three
decades, the introduction of ever new pesticidasshiaadly reduced the global harvest losses
that were caused by pests and diseases (Oerke &kBe2004). In the longer term, the rat
race between agricultural research and pest adaptatight prove unsustainable (Palumbi,
2001; Tilman, 1998). Expectations that the geneltgion would provide an escape route
(for example Mew et al, 2004) have not yet beefilled. Integrated crop management may
be a potentially superior technology, but its depetent is hampered because the head start
that chemical control methods have had has entaéddork and learning advantages that
lock agriculture into this approach (Cowan & Guri996).

“ This risk could be reduced by rearing livestocKsob)arctic areas or hermetically closed systems,
but this will not readily occur.

" The corporations’ lack of interest in rice (Mongahas already ended its rice research) is not amly
advantage. Because yield gaps are smaller thathar grains, and yield potential has not increased
since 1966 (Cassman et al. 2003), production iseaequire much research for stress control and
increases in yield potential, and the lack of geviavestment does not help this.
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If widespread crop failures were to occur, intéioral prices would be sent
skyrocketing. This would acutely endanger the feedurity of poor people. In particular, it
would wreak havoc in food-importing low-income ctnigs. Unlike more localized disasters,
this could not be remedied by temporary import esrgvithout sufficient stocks being
maintained for this purpose.

Myopic expectations

If world food were to undergo a new trend changedpctive investments should increase in

time to prevent the transition from involving unassary scarcity. However, an adjustment in

investment is complicated by imperfect foresighheTproblem is aggravated if the food
economy were also to approach a new ceiling, fen tihe adjustment would include timely
research into new production paradigms. This ineeleonsiderable investment risk, certainly
if the agronomic potential has to be stretchedewr non-farm techniques for food production
have to be developed (Sections 5.2-3). Technolagipty suggests that investors may not

assume such risks until they feel an acute nedd 8o (Dosi 1982).

The interaction of myopic expectations and a tr@wd change may cause the global
food economy to evolve less linearly than is asshig most model studié8.In fact,
different scenarios are conceivable:

* A continued abundancecenario could materialize if the demand of afftueonsumers
for healthy and ethical foods were to stimulateestment in the opening of new reaches
in the potential-production landscape (for exampeel protein foods or ‘sea farming’)
that allow significant increases in global food glyp In this way, a short-term
development (rising incomes that increase the ddnfancertain types of luxury foods)
would prompt a timely shift to a technological &efory that allows continued
abundance.

* A soft landingscenario could materialize if the rising demand ffiod and new non-
foods were to cause a gradual price increase aisd wbuld stimulate sufficient
investment in new possibilities for food productitmavoid more extreme price rises.
This would resemble the dynamics of agriculturafotetions in pre-industrial times, in
which moderate price increases also played a rbie effect would be especially
beneficial if a moderate increase in prices werbdip reverse the unsustainability spiral
in poor countries.

¢ An unnecessary scarcitgcenario could materialize if a change in the lsedvend were
to coincide with a periodic undershooting of theestment level that conforms to the
outgoing trend. This might happen if low currenices were to discourage investment
and give citizens and decision-makers the imprastiat the global availability of food
is no longer a problem.

Because cautiousness requires special attemtibe paid to worst-case scenarios, we
explore the last scenario in more detail. Accordioghe cobweb theorem (Ezekiel 1938;
Nerlove 1958), myopic expectations can induce cyalier- and undershooting of long-term
investment levels and thereby price fluctuationsuad the trend. Such fluctuations are a
well-known phenomenon in, for example, markets gags (‘pig cycle’). The question is
whether this mechanism could also cause fluctugtiomgricultural world markets generally.
Gérard et al. (2003) present a general equilibnoodel of the world economy where prices
are a lagged result of production decisions byracteho act on anticipated prices, which
leads to fluctuations in agricultural prices witbrijpds of 16 to 20 years. Similar fluctuations
are found in the empirical world. Spectral analyisistorical wheat prices in England and
the United States exhibits fluctuations of a coraplr length to those in Gérard et al. (Diaz
Jer6nimo 2006). Comparison with key events (searBig3) suggests that some initial price

8 The outcomes of models like IMPACT are heavilyliehced by supposedly price-independent
trends in cultivated area and food supply. In tgainyopic expectations may have a significant iotpa
on the investment decisions on which these tremesbased. See Gérard et al. (2002) for a global
agricultural trade model where imperfect informatiteads to endogenous price fluctuations that
influence investment decisions.
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rises had exogenous causes (wars), but that thégileeh endogenous, cobweb-type
reverberations. For example, high prices duringAheerican Civil War (exogenous cause)
induced a wave of reclamation. This caused a slimthe late 19 century, which slowed
down the global reclamation activity, raising pscabove trend in the pre-WW!I years
(endogenous continuation). A similar sequence was 1 the inter-war period.

Figure 13: Fluctuationsin real wheat pricesin the USand England & Wales, 1800-1970
(5-year moving average, 1901-05 = 100)
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Source Calculations based on data in Mitchell (1975:591-36; 1990: 737-41, 756-7; 1993:129-30; 696-&) an
US Bureau of the Census (1976: 207-9)

In the 1950s, an investment boom caused by higlepriluring WWII and the Korean War
caused a new fall in international prices. Thisetirprotective policies prevented a drop in
investment in developed countrif&sHowever, the cobweb cycle reappeared in political
markets. By the 1980s, the architects of post-WiAllin policies had been succeeded by a
new generation of policy-makers who had not beaméal by the 1930s depression, and
these embarked on a project of farm policy ‘libiezation’ >° Price supports were reduced and
supply management measures relaxed or abandonedpiices discouraged the funding of
research for sustainable increases in yields (Bu&dCassman 1999; Rosegrant & Pingali
1999). Between 1976-81 and 1991-2000, the annoaatbrrate of global public agricultural
research expenditures fell from 4.5 to 1.6 per¢€able 5). In developed countries, it became
slightly negative, while an increasing share wasgotled to environmental, food safety and
quality issues. The slowdown in public funding veasompanied by a shift to private R&D.
However, this was almost entirely restricted tohkigcome countries (Pardey et al. 2006),
and in the 1990s, the growth of private R&D expaméis also declined (Table 5).
Meanwhile, official development assistance for faprogress in developing countries
declined from USD 6.2 billion to USD 2.3 billion taeeen 1980 and 2002 (DFID 2004).
Reinforcement of intellectual property rights coioated the development of a public pool of
germplasm like that which facilitated the Green ®&etion in the 1960s-70s (Falcon &

® The effect of dumping on investment in developiogntries was partly redressed by donor support
to the green revolution.

%0 Or pseudo-liberalization: the US and the EU intimetl direct payments to farmers, which did not
fully compensate the reduction in price supportt biill distorted world markets by continuing
dumping in disguised forms.



Fowler 2002; Pingali 2007; Safrin 2004). Privatepowations prioritized things like herbicide
resistance, which strengthen their position in famputs markets, rather than objectives like
drought resistance that were vital for raising picithn in poor areas.

Table5: Annual growth rates of investment in agricultural resear ch (per centages)

1976-1981 1981-1986 1986-1991 1991-2000
Public research, world 45 29 3.0 16
total
Public _research, developed 25 1.9 22 0.4
countries
Private research, . . 3.9! 2
developed countries
11987-1991

Source: Pardey et al. (2006); Pardey & Beintem@120additional data provided by Nienke Beintema.

These data indeed suggest an undershooting ofntlestiment level that conforms to the
secular trend. This may in itself cause a price insa subsequent period. However, what will
be the effect if this undershooting were to coircidth a change in the trend itself? This is
illustrated in Figure 14. A cobweb cycle around ithidal trend would cause prices to fall to
point d, the same distance below the initial trend aspiteeeding boom was above @d(=

ab). However, in relation to the new trend, this iaer price fall ¢€d > cd), and the effect
on investment causes a comparably large rise @@pabove trend in the subsequent phefse (
=c'd). The result is a steep price rise that may laistéveral years before prices are brought
down again as a result of the new investment indlbgethis price risé*

Figure 14: Schematic representation of the effect of trend change on cobweb fluctuation

price

T yearly prices

secular trend

—> time

®1 Because of path dependency in the long-term gramtlood production, prices may still remain
higher than they would otherwise have been (cf. dfiak 2000).
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7. Policy conclusions

In this section we draw some tentative policy casidns from the above observations and
discussions. Rather than to provide detailed pakocpmmendations, our aim is to emphasize
that timely action is needed to ensure a sufficggabal availability of food in the long term.
Merely relying on spontaneous market forces forvijgiag the incentives for this is
insufficient.

Our analysis indicates that the technical potéftiafood production is sufficient to
feed the world population that is expected by 208Qhis sense, ecopessimist predictions of
impending, unavoidable scarcity are wrong. Butbiesinot mean that cornucopians are right,
for there is no guarantee that the potential wallrbalized, or can be realized at reasonable
cost. Several conditions are complicating the iaseein food production in particular in
developing countries. One of them is low world nedrgrices that discourage farmers from
investing in sustainable intensification. This citied might change if a new trend change
were to end the secular decline of prices in irggomal agricultural markets. However, such
a change would entail the opposite danger that moyexpectations would send food prices
sky-high in the transitional period. This danger afershooting the price trend arises
especially if an adequate increase in food sup@evio require researching new production
paradigms with significant investment rigk.

How to ensure a balanced development of global &agply? If we would live in a
world of perfect information and with ample roonr fiaising production under existing
paradigms, we might assume the global food econtmmye resilient. In such a world, an
approach like the Millennium Ecosystem Assessmefdlsbal orchestration scenario’
(Millennium Ecosystem Assessment 2005), where trhloeralization, privatization and
corporate intellectual property rights are combimath public investment in infrastructures
and human capital, might allow the optimal exphiita of the global potential. Indeed, when
assessed through a general equilibrium model ssci-RRI's IMPACT model — which
assumes a linear behaviour of the economy — tkeissso performs quite well (Ringler 2006;
Rosegrant 2006). In the real world, however, whieed production is characterized by
important non-linearities (threshold effects, natianal formation of expectations etc.), such
a scenario may prove less beneficial. Trade litbn may strengthen import competition
and reinforce endogenous price instability (Bowss2006; Gérard et al. 2002) and thereby
discourage investment in infrastructure and inniovagsee discussion in Koning & Pinstrup-
Andersen 2007). In addition, privatization of sypm@nd marketing chains may raise
thresholds for poor farmers in developing countriean effect that may be enhanced rather
than mitigated by certification and tracking-andeing to solve problems of food quality and
food safety (Clay et al. 2005). Moreover, a shifinfi public to privately funded research is
not cc%?ducive to innovations that help poor farm@rsncrease their production (Pingali
2007):

Rather than a neo-liberal approach, more activeips are needed to secure the
global availability of food in the decades to corfe.first priority is to increase food
production capacities in developing countries. Tds tend, international support for
agricultural research for development should bppstd up, targeting needs of poor farmers.
National investment in hard and soft infrastrucsufer agriculture should be strongly
increased and co-financed by international donG®ernment initiative should overcome

%2 |n this case, the filling of the residual room food production under older paradigms might also
render the world food economy more vulnerable &tpand diseases.

% |In addition to the failure of private companies itovest in breeding for drought resistance,
Monsanto’s decision to stop its research on rica fslling example. Many rice systems operate at a
high level of energy input. Yield gaps are smatlein in other grains, the yield potential has not
increased since 1966, and water scarcity will nyadogluction increases even more strongly dependent
on stress control. Therefore, hindrances for, ok laf investment in, research for this food stamte
which half the world’s population depends shouldseen as a serious problem.



infant industry problems in supply and marketingiok, and countries should be allowed the
policy space to protect their farmers through inpariffs when this is needed to get their
agriculture moving. Infrastructural projects andstitutional meal programmes should

compensate the effects on poor consumers. Landnmedmd other measures to empower
actual tillers should ensure that supportive farwlicees stimulate increases in land

productivity rather than a mere enlargement in faire. Developed countries, which

dominate world trade in agricultural products, dboaccept these policies and weigh the
interests of developing countries against their oshort-term commercial interests.

Moreover, they should abstain from policies thastdeilize world market by, for instance,

the dumping of surpluses (whether through expdssislies or through direct payments).

A second priority is to enhance the capabiliteasfbod production worldwide. As the
global biosphere has to provide more phytomassfdod and non-foods, the degrees of
freedom that the world has in producing this phydeswill decrease. There will be less room
for using traditional organic farming methods or feeparating large areas from farm
production. Where possible, biodiversity conseoratiwill have to be combined with
agricultural exploitation. Farm research will haiee be aimed at techniques that reduce
emissions while increasing yields rather than joshimizing yield losses. And new
techniques for exploiting marine resources anddising conversion efficiencies will have to
be developed. Government policies should ensure fdraners and other private actors
receive sufficient economic incentives to stimulitem to adopt the necessary innovations.
This also requires adequate price policies. Asirtiestments needed for this are dependent
on adequate returns as well as sensitive to psks, both the level and the stability of prices
matter. As we have argued above, prices can betbotlow and too high. In the former case,
they hamper the built-up of sustainable productiapacities, while in the latter case, they
reduce the access to food of the poor. As longhesnational markets are still marked by
abundant supply, price support to ‘get prices tighobuld be coupled to supply management
in order to ensure a restrained use of new prooluaapabilities’ In addition, buffer stock
policies should be used to ‘get prices stable’.hB&inds of policies require sufficient
international coordination.

A third priority is to mitigate the competition tweeen animal foods for the affluent
and staple foods for the poor. The consumption roial foods that involve especially
unfavourable feed ratios (for example feedlot besfpuld be discouraged. Production
systems for phytoplankton could be developed to eretd the demand for farm-produced
feed and fishmeal. Determined efforts should be ent produce more attractive meat
substitutes (possibly based on fungi) that aremedeby consumers.

Finally, caution is needed with respect to biofuahd other bio-based non-foods.
Although a moderate increase in the demand for memwvfoods might stimulate agricultural
development in poor countries, large increases dcas#nd international food prices
skyrocketing. The use of biomass for non-foods khde limited to efficient applications
like functionalized chemicals (Sanders et al. 206gther than policies that stimulate the
production of biofuel, policies are needed thatvpré such production from creating food
scarcity. For example, one could think of a taxraw bio-based non-foods that is to be
levied if world cereal prices were to exceed aiogil
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