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Growing global population figures and per-capita incomes imply an increase in food demand and pres-
sure to expand agricultural land. Agricultural expansion into natural ecosystems affects biodiversity
and leads to substantial carbon dioxide emissions.

Considerable attention has been paid to prospects for increasing food availability, and limiting agricul-

tural expansion, through higher yields on cropland. In contrast, prospects for efficiency improvements in
the entire food-chain and dietary changes toward less land-demanding food have not been explored as
extensively. In this study, we present model-based scenarios of global agricultural land use in 2030, as
Acri | a basis for investigating the potential for land-minimized growth of world food supply through: (i) faster
gricultural land use A i X X X . BN
Livestock productivity growth in feed-to-food efficiency in animal food production; (ii) decreased food wastage; and (iii) dietary
Diets changes in favor of vegetable food and less land-demanding meat. The scenarios are based in part on pro-
Food waste jections of global food agriculture for 2030 by the Food and Agriculture Organization of the United
Nations, FAO. The scenario calculations were carried out by means of a physical model of the global food
and agriculture system that calculates the land area and crops/pasture production necessary to provide
for a given level of food consumption.

In the reference scenario - developed to represent the FAO projections - global agricultural area
expands from the current 5.1 billion ha to 5.4 billion ha in 2030. In the faster-yet-feasible livestock pro-
ductivity growth scenario, global agricultural land use decreases to 4.8 billion ha. In a third scenario,
combining the higher productivity growth with a substitution of pork and/or poultry for 20% of ruminant
meat, land use drops further, to 4.4 billion ha. In a fourth scenario, applied mainly to high-income
regions, that assumes a minor transition towards vegetarian food (25% decrease in meat consumption)
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and a somewhat lower food wastage rate, land use in these regions decreases further, by about 15%.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

According to the Millennium Ecosystem Assessment (MEA,
2005), the most important direct driver of terrestrial ecosystem
change during the past 50 years has been land cover change, in
particular the conversion of ecosystems to agricultural land.
Together with the adoption of new technologies and increased
agricultural inputs, the expansion of agricultural land has enabled
an extraordinary progress in nutrition levels and food security.
Despite this, however, undernourishment still affects about
920 million people in low and medium-income regions (FAO,
2008).

Still-growing global population figures and per-capita incomes
and the need to decrease undernourishment imply increased pres-
sure on the global food supply system. This amplifies the risk of
further expansion of agricultural land into forests and other land
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with high biodiversity values. In addition, if stringent policies
aimed at curbing climatic change are implemented - by substan-
tially increasing the cost of emitting carbon dioxide (CO,) through
taxes or emissions cap and trade schemes - demand for biomass
for energy purposes is likely to increase dramatically (Gielen
et al.,, 2003; van Vuuren et al., 2004).

Clearly, curbing food and bioenergy-driven agricultural expan-
sion is critical to conserving natural ecosystems and global biodi-
versity. Limiting expansion, particularly conversion of forests into
cropland and pastures, is also essential for mitigating global CO,
emissions (Gitz and Ciais, 2004; Fargione et al., 2008; Burneya
et al., 2010). Limiting the land area used for livestock production
- which currently accounts for about 80% of total agricultural land
use - is consequently considered a key approach in reducing live-
stock’s environmental impact (Steinfeld et al., 2006).

There is considerable agreement that increasing yields on exist-
ing agricultural land, especially cropland, is a key component for
minimizing further expansion (Waggoner, 1994; Goklany, 1998;
Ausubel, 2000; Tilman et al., 2002; Cassman et al., 2003; Evans,
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2003; Balmford et al., 2005; Green et al., 2005; Lee et al., 2006; The
Royal Society, 2009). There are, however, limitations and negative
aspects of further intensification of the use of cropland. The
potential for further sustained growth in crop yields is gradually
diminishing in several main producer countries, mainly because
the exploitable gap between average farm yields and the genetic
yield potential is closing. Raising the genetic yield potential of ma-
jor crops further appears difficult, and even maintaining current
yield potentials may prove to be a challenge, as there are signs of
intensification-induced declines of the yield potentials over time,
related to subtle and complex forms of soil degradation (Cassman,
1999; Pingali and Heisey, 1999). Also, high crop yields depend on
large inputs of nutrients, fresh water, and pesticides, and contrib-
ute to negative ecosystem effects, such as eutrophication (Tilman
et al., 2002).

Besides intensification of cropland use, there are other major -
but hitherto less investigated - options, including: (i) increasing
the efficiency of the entire food-chain from “field to fork”, (ii)
changing diets toward food commodities requiring less land, and
iii) incrasing the yields and nutritive quality of permanent
pastures, which globally amount to 3.5 billion ha - more than
twice the area of the global croplands.

Very few studies have been undertaken that consistently
address several of these topics. Studies addressing food wastage
at the household and retail level are few, examples include Bender
(1994), Kantor et al. (1997), Engstrom and Carlsson-Kanyama
(2004) and WRAP (2008). Recent global studies of long-term devel-
opment of animal food production and feed use include CAST
(1999), Delgado et al. (1999), Bouwman et al. (2005), Keyzer
et al. (2005), Steinfeld et al. (2006). Numerous studies have
stressed the environmentally beneficial effects of changes in food
consumption patterns, primarily in substituting vegetable for ani-
mal food - recent examples include Gerbens-Leenes and Nonhebel
(2002), Smil (2002), Carlsson-Kanyama et al. (2003), de Boer et al.
(2006), Elferink and Nonhebel (2007) and Stehfest et al. (2009).

The scenarios in the current study were developed to comple-
ment the projections to 2030 in the FAO’s “World Agriculture:
towards 2015/2030” (Bruinsma, 2003). The FAO study included
comprehensive analyses of the prospects for increasing yields
and production of cereals and other edible-type crops (sugar crops,
oil crops, etc.). However, the FAO study did not include any projec-
tions of yield increases and production of permanent pasture and
animal forage crops (grasses, etc.), nor of the total use and supply
of livestock feed - only feed use of cereals and other edible-type
crops was included.

The purpose of this study is to:

I. Complement the FAO projections for the year 2030 by
estimating total feed and land requirements implicit in the
projections, including estimates of feed supply from
by-products/residues, forage crops, and permanent pastures,
as well as area and yield of permanent pastures.

II. Estimate the potential until the year 2030 for minimizing
agricultural expansion through means other than further
intensification in cultivation:

(a) accelerated growth in feed-to-food efficiency in animal
food production

(b) dietary changes toward less land-demanding animal and
vegetable food

(c) decreased wastage of food at retail and household levels.

In the following section, the model used for creating the scenar-
ios is briefly described. In Section 3, we describe the foundations of
the scenarios and the data and methodology used in creating them.
Principal results from the scenarios are presented and considered
in Section 4, and in Sections 5-6 we discuss the accuracy and

relevance of the results, and what conclusions may be drawn from
them.

2. Model description

The methodological basis for constructing the scenarios was a
physical model of the global food and agriculture system, the
ALBIO (Agricultural Land use and BIOmass) model. From a
prescribed food consumption level, the ALBIO model calculates
the land area and crops/pasture production necessary to provide
for that level of food consumption. Major exogenous variables
are food consumption, productivity in livestock and crop produc-
tion, efficiency in food industry, trade, and use of by-products
and residues for purposes of animal feeding, bedding, etc. Major
endogenous variables are land use and crops and pasture produc-
tion, as well as production of by-products and residues (e.g. straw,
oil cakes, etc.) generated within the food and agriculture system.
For each geographical region described, the model contains about
1700 parameters and about 170 physical flows.

There are in total eight regions in the model: West Europe, East
Europe (including Russia), North America and Oceania, South and
Central Asia, East Asia, Sub-Saharan Africa, Latin America and the
Caribbean, and North Africa and West Asia. Trade of food and feed-
stuffs between these regions is represented in the model. Global
trade flows are balanced, i.e. a net import to one region is met by
an equally large net export from the other regions combined.

The representation of the plant biomass production comprises
all major categories of terrestrial biomass used in the food system.
In total about 30 crops and pasture systems are included, with sep-
arate descriptions of rainfed and irrigated production. Exogenous
parameters in crop systems include yield and cropping intensity,
and in pasture systems, yield and pasture utilization.

Production of animal food is represented by nine animal sys-
tems (cattle and buffalo milk and meat, sheep meat, goat meat,
pork, eggs, and chicken meat). Feed energy requirements are calcu-
lated endogenously using standardized bio-energetic equations
with basic biological parameters, such as live weight, live-weight
gain, reproduction rate, mortality rate and milk/egg production
rate, as exogenous parameters. The estimated feed energy require-
ments are fully met by feed matter intake. The model calculates the
feed dry matter intake with feed ration specification (the share of
each feedstuff in the ration) and energy content of each feedstuff
used as exogenous parameters. The number of individual feed-
stuffs included in the specification varies from about 20 (chickens)
to roughly 45 (pigs and ruminants).

Production of processed vegetable food is represented by 12 sep-
arate systems, including major cereal products (flours, rice, etc.),
sugars, vegetable oils, and alcoholic beverages. Food use is repre-
sented by about 40 separate food commodities, and includes all
principal food commodities consumed in each of the world regions.

For further details on the ALBIO model, see Wirsenius (2003a,b,
2008). A comprehensive description can be found in Wirsenius
(2000, pp. 13-54). Please note that the model described in those
publications refers to a previous and less comprehensive version,
named the Food Phytomass Demand model. The major difference
between the model versions is that, in contrast to the previous
ones, the version used in this study includes explicit representation
of land use.

3. Scenario rationale, data and methodological approach
3.1. Overview of scenarios and methodological approach

This section describes the scenarios and their rationale,
with details on parameter values, data sources, and modeling
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methodology. For more comprehensive details on input and output s 2
data see Wirsenius (2008). See Table 1 for a brief description of the ?; g 2
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The scenario “Increased Livestock Productivity” (ILP) is based on 3 E S -
REF, but the productivity and feed use of the livestock sector is 5= g %%
different. In this scenario, we assumed faster growth of livestock E é 2 > E _i
productivity and feed-to-food efficiency (defined here as amount g o -g 2|5 Ry B B
of animal food produced per amount of feed eaten). The principal ¥ |E2|28% = =
rationale of this scenario was that the FAO assumptions on = g |58 252 2 2
increases in livestock productivity may be considered relatively ks °
low. Furthermore, emerging factors might promote faster growth g I:; § E
in productivity, especially increased competition for land from :5 g gﬁg =
the growing bioenergy sector, and stricter climate and environ- 5 3 g 2= g =
mental policies related to land use and the livestock sector (see =g = @ i—g g2 &
. agap 2 g 2 o E e
further Section 5.4). S < & S85®S
The scenario “Ruminant Meat Substitution” (RMS) is based on = & 2 k] & E E g
ILP, but with some modifications of the per-capita consumption E % ‘if S ﬁ s § N N
of different meat types. In this scenario, 20% of the per-capita s E g |8 ~gg=2 =
consumption of ruminant meat (beef and mutton) in REF and ILP “2 % é E § 538 ‘q‘é E E
is replaced by an equal amount (in terms of kg capita ! year ') gg |~ To<aas <
of pork and poultry, with the same proportions of pork and poultry § 5
as in REF and ILP. The rationale for this scenario is that ruminant = E o
meat is by far the most feed and land-demanding meat product, _; § _ k] § =R
and even relatively small reductions in consumption levels have == LS|85 & £ g
significant effects on total land use. Several upcoming factors T |88|BEs8E= =
may moderate ruminant meat consumption, such as increases in é § g K 5 § 5 5 8 8 B
land and feed prices, as well as climate and environment policy- = g Sl | S e =
induced price increases on meat (see further Section 5.2). § 2 - 23 o
The scenario “Minor Vegetarian Transition and Less Food g & E S 2% § g
Wastage” (MVT) is based on RMS, with the addition of (i) a partial bgng E g é E 5 %5 E
substitution of (mainly) vegetable food for meat, and/or (ii) a =35 = |3 55 2w g
decrease in food wastage at retail and household levels. This éé S EE gg EE ‘5
scenario was only applied to regions with high per-capita meat é‘g 23 g £ 283 ;Tg Ef’
consumption and/or high degree of food wastage. One rationale £ ; 5‘;’0; Z E SEg R E B =
R . . . ° T — 5w 52 pPpUg T A g
for assuming a partial shift from meat to vegetable food is the £ 2 °gls d S2E2823848 ¢ g
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in relation to food consumption. Substitution of vegetable food 22 |Ga|l< <2 SE5EESER 5
for meat may also be realized by greater incorporation of vegetable g § . §
food in minced and processed meat products (see further Section E ; - 3 B T, g
5.2). Food wastage is generally higher in regions with higher per- E Eg“ 8 9 E g iE’ g j
capita incomes. However, levels vary greatly between countries s éo = o~ - 2 E z g §
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food wastage in medium and high-income regions (Bender, 1994). % & 2 et £y ZE =R <
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For REF and ILP, food end-use was calibrated against corre-
sponding values of food consumption in Bruinsma (2003), whereas
numbers on food end-use efficiency were based on previous esti-
mates by Wirsenius (2000, 2003a,b). For RMS, values were based
on REF/ILP, and for MVT, values were based on RMS - in both cases
with the modifications described in Section 3.1.

The modified values in the MVT scenario were applied
only to those regions where total meat end-use exceeds

Table 2
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70 kg capita~! year™!, and/or food end-use efficiency is below

70% in the REF scenario. In these regions (East Europe, North
America and Oceania, Latin America, and West Europe), food
end-use was changed relative to the RMS scenario, assuming: (i)
a partial substitution of pulses, vegetables, fruits, and dairy prod-
ucts/eggs for meat, and (ii) an increase in food end-use efficiency.
The assumed magnitude of these changes was constrained by these
rules:

Population and selected values on food end-use and food end-use efficiency in the scenarios for 2030. Data for 1992/1994 from Wirsenius (2000, 2003a,b), and those for 1997/

1999 from Bruinsma (2003).

Parameter Year/scenario ~ World East East Latin America North NorthAmerica  South and Sub-Saharan ~ West
Asia Europe and the Africa and and Oceania Central Asia Africa Europe
Caribbean West Asia
Population (million) 1997/1999 5867 1966 340 497 382 330 1350 614 388
2030 8226 2424 290 715 633 425 2093 1267 380

Total food end-use per-  1992/1994 114 114 13.2 11.5 12.5 14.7 9.9 9.1 14.2
capita (M] ME REF/ILP/RMS 12.8 133 14.3 13.1 13.6 15.5 12.2 10.7 14.7
capita—' day')? MVT 12.7 13.3 13.5 13.1 13.6 14.1 12.2 10.7 13.4

Food end-use efficiency =~ 1992/1994 73% 74% 70% 76% 72% 63% 81% 87% 66%
(ME basis) REF/ILP/RMS 68% 70% 65% 71% 69% 60% 73% 80% 63%

MVT 71% 70% 70% 71% 69% 66% 73% 80% 70%

Total meat end-use 1997/1999 36.4 38.0 50.3 53.8 221 117 6.4 11.0 86.3
per-capita (kg fresh REF/ILP/RMS 45.3 58.6 67.6 76.6 36.5 122 12.9 14.6 96.2
weight capita™! MVT 42.2 58.6 63.5 70.0 36.5 91.5 12.9 14.6 72.5
year )

Ruminant meat end- 1997/1999 11.6 5.6 16.1 25.3 11.2 44.0 5.0 7.3 22.8
use per-capita (kg REF/ILP 13.0 9.5 20.5 29.0 143 36.7 6.7 8.7 214
fresh weight RMS 104 7.6 16.4 23.2 114 293 54 6.9 17.0
capita—! year™!) MVT 9.7 7.6 154 21.2 14.3 221 5.4 6.9 12.9

Fruit and vegetables 1997/1999 157 186 157 140 237 249 84.7 63.0 280
(kg fresh weight eq. REF/ILP/RMS 171 221 193 158 248 289 102 714 320
capita—! year ') MVT 179 221 183 158 248 365 102 714 385

2 1 MJ =239 kcal. ME: Metabolizable energy.

MJ ME/cap/day Kcal ME/cap/day
17 A . .
—— Historical values 1961-2002
16 1 — FAO projections 1998-2030 L 3530
(Reference scenario)
15 — —Scenario "Minor vegetarian
transition & less food wastage' =
— ~__ L 3230
e —~— T -~
14 T -
West Europe e
~ =1 2930
13
North America & Oceania
12 A - 2630
11 { Latin America & 2330
Caribbean o
—
10 - S
- L 2030
9 4
Sub-Saharan Africa
8 - 1730
7 T T T T T T T 1430
1960 1970 1980 1990 2000 2010 2020 2030

Fig. 1. Total food end-use per-capita for a selection of high-income and low-income regions. Note that for scenario ‘Minor Vegetarian Transition and Less Food Wastage’,
values are different from those of the ‘Reference’ scenario only for the regions West Europe, East Europe and North America and Oceania. ME: metabolizable energy. Historical
data from FAOSTAT; FAO projections from Bruinsma (2003).
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Kg meat/cap/year
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North America & Oceania

40

30 4

West Europe

Latin America & Caribbean

East Asia

0 T T T

——Historical values 1961-2002
—— FAQ projections 1998-2030 (Reference scenario)
— —Scenario 'Ruminant meat substitution’

----- Scenario 'Minor vegetarian transition & less food wastage'

1960 1970 1980 1990

2000 2010 2020 2030

Fig. 2. Ruminant meat (beef, mutton) end-use per-capita for a selection of high-income and low-income regions. Historical data from FAOSTAT; FAO projections from

Bruinsma (2003).

e Meat end-use is reduced by at most 25%, but should never fall

below 70 kg cap™! year~!, which, for a point of reference, is

the same level as the average consumption in the EU15 in the

early 1970s, or in the UK in 2000.

Pulses, vegetables, and fruit end-use is increased by at most 25%

(for the sum of pulses, vegetables and fruit, by weight).

Protein intake should not fall below 70 g cap ' day !, and fat

intake should not exceed 30% of total energy (ME) intake. These

numbers are based on recommendations for nutritionally ade-

quate and healthy diets (WHO, 1985; HHS/USDA, 2005).

o If the share of animal food in the diet was less than 25% (in
energy terms) in the REF/ILP/RMS scenarios, meat was replaced
only by other types of animal food (dairy products, eggs); if the
share was more than 25%, meat was replaced by both vegetable
and other animal food.

e Food end-use efficiency is increased by at most 10%, but should
never exceed 70%, which is a level found in many affluent coun-
tries, including Australia, Finland and Spain, and below the best
practice in high-income countries of about 75% (Japan, Sweden,
Switzerland).

Figs. 1 and 2 show comparisons between major food end-use
values in the scenarios and historical trends since the early
1960s. Fig. 1 shows that the assumed higher end-use efficiency
in MVT would imply a clear reversal of current trends in North
America and Oceania and West Europe. In both regions, end-use
per-capita continues to rise - mainly due to a continued increase
in food wastage - and has already reached the level projected by
the FAO for 2030.

3.3. Livestock productivity and feed energy requirements

For aggregated productivity of animal food production,
expressed as production-per-head and year in REF and ILP/RMS/
MVT, see Table 3. Table 4 shows livestock productivity in the
scenarios expressed in terms of feed use per unit of food, for the

feed rations as determined in the model calculations (see Section
3.4). The feed per product numbers in Table 4 should primarily
be used for comparisons over time, within each region and system.
Comparisons of feed-to-food efficiency between different animal
food systems and regions should be made with great caution, tak-
ing into account that type and nutritional quality of feedstuffs vary
substantially, as do the energy and water content of the product
output (e.g. water content of milk is ~90% and for carcass ~55-
60%). For a more accurate comparison between different animal
food systems from a feed energy conversion point of view, see
Fig. 3.

In REF, for each animal system and region, values for animal
base parameters (live weight, live-weight gain, reproduction rate,
milk/egg production rate, etc.) in the ALBIO model were adjusted
so that the model values at the aggregated level for offtake, carcass
weights and production-per-head agreed with Bruinsma (2003).
These base parameter values were adjusted within the ranges
assumed to be appropriate for each region, using estimates in
Wirsenius (2000, 2003a,b) for reference. Base parameter values
are available in Wirsenius (2008).

The higher productivity levels in the ILP scenario were based on
assumptions of faster growth in livestock productivity. Few studies
have analyzed potential long-term growth in livestock productivity
on a country-wide or larger scale - some of these include Winrock
International (1992), Simpson et al. (1994), SNV (1997), Delgado
et al. (1999). Therefore, the assumed productivity levels were
mainly a result of analysis in this study, based on a number of fac-
tors, including:

e Agronomic/biological potentials - in terms of e.g. milk yield,
reproduction rates, live-weight gain rates, etc. - using empirical
data from top-performing countries as points of reference.

o Expected growth in GDP per-capita to 2030 in each region (data
from Bruinsma (2003). In general, a higher GDP growth was
taken as a basis for assuming higher growth rates in livestock
productivity overall.
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Table 3
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Productivity of major livestock groups, expressed as production-per-head and year, in the scenarios for 2030 and historical trends during 1961-2005. The model values on animal
base parameters in the ILP scenario were applied also in the RMS and MVT scenarios. All weight numbers are given in fresh weight. Data for 1961-2005 from FAOSTAT.

Animal system and Historical growth/scenario ~ World East  East Latin America North North South and  Sub- West
parameter values average Asia  Europe and the Africa and America Central Saharan Europe
Caribbean West Asia and Oceania Asia Africa
Cattle and buffalo carcass Annual growth 1961-2005 0.9% 3.8% 1.6% 0.6% 2.3% 1.0% 2.2% 0.2% 0.8%
production (kg head ! REF scen. (FAO projections) 47.7 55.8 70.0 46.5 62.0 115 214 24.4 111
year™!) An. growth fr. 1997/1999 0.6% 1.3% 0.2% 0.7% 1.0% 0.2% 1.6% 1.7% 0.6%
ILP scenario 63.3 712 90.0 73.5 744 140 29.5 27.5 131
An. growth fr. 1997/1999 1.5% 21%  1.0% 2.1% 1.6% 0.8% 2.6% 2.1% 1.1%
Cattle and buffalo milk Annual growth 1961-2005 0.5% 22% 1.5% 0.7% 1.0% 1.9% 1.5% —0.4% 1.8%
production (kg dairy REF scen. (FAO projections) 2130 1970 3210 1730 1970 7040 1590 535 5980
cows ! year ') An. growth fr. 1997/1999 0.2% 0.8% 0.6% 0.5% 1.1% 0.3% 0.9% 0.8% 0.2%
ILP scenario 4060 4340 5990 3250 3450 11,000 3220 1000 10,000
An. growth fr. 1997/1999 2.2% 33% 2.6% 2.5% 2.9% 1.7% 3.2% 2.8% 1.8%
Sheep and goats carcass Annual growth 1961-2005 1.0% 46% 0.6% 0.8% 1.0% 0.7% 0.7% 0.3% 0.6%
production (kg head ! REF scen. (FAO projections) 8.7 105 10.6 4.4 9.7 10.9 8.4 6.7 10.0
year™!) An. growth fr. 1997/1999 1.1% 09% 0.7% 0.8% 1.1% 1.0% 1.4% 1.8% 0.3%
ILP scenario 10.6 125 123 6.4 11.8 13.0 10.5 7.9 12.2
An. growth fr. 1997/1999 1.7% 14% 1.2% 2.0% 1.7% 1.5% 2.1% 2.3% 1.0%
Pig crude carcass Annual growth 1961-2005 1.3% 33% 0.9% 2.2% - 1.1% 1.0% 0.1% 0.8%
production (kg head ! REF scen. (FAO projections) 117 120 104 71.9 - 158 74.9 55.8 149
year!) An. growth fr. 1997/1999 0.5% 0.7% 0.2% 1.0% - 0.4% 2.1% 1.9% 0.1%
ILP scenario 152 160 141 116 - 170 84.5 60.9 170
An. growth fr. 1997/1999 1.3% 1.6% 1.2% 2.5% - 0.7% 2.5% 2.2% 0.5%
Poultry carcass production Annual growth 1961-2005 1.7% 1.8% 2.4% 3.3% 1.1% 1.7% 3.2% 1.7% 2.9%
(kg head ! year™!) REF scen. (FAO projections) 5.8 4.2 4.6 7.2 5.6 11.5 4.7 32 8.8
An. growth fr. 1997/1999 1.1% 14%  1.1% 1.2% 1.9% 1.0% 3.7% 1.9% 0.5%
ILP scenario 7.8 6.4 6.5 9.7 7.5 13.1 52 3.9 10.4
An. growth fr. 1997/1999 2.0% 2.8% 2.2% 2.1% 2.8% 1.5% 4.1% 2.5% 1.0%

Table 4

Feed use per produced food unit for major livestock systems in the REF and ILP scenarios in 2030. All numbers are given in dry weight of feed intake per fresh weight of product
generated. Feed use here refers to the feed eaten by all animal categories in each animal food system (i.e. adult animals, animals reared for replacing adult animals, and animals
reared for meat production). Meat refers to produced amount of whole carcass from all animal categories (i.e. carcass from culled adult animals and animals reared specifically for
meat production). Note that for milk systems, feed use includes feed eaten by both milk cows and replacement heifers; product output includes whole-milk as well as carcass of
culled cows. Data for 1992/1994 from Wirsenius (2000, 2003a,b).

Animal system and parameter  Scenario World East East Latin America  North Africa North America  South and Sub-Saharan ~ West
average Asia Europe and the and West Asia  and Oceania Central Asia  Africa Europe
Caribbean
Cattle whole-milk 1992/1994 25 2.9 2.1 3.9 3.8 1.2 44 9.0 14
REF 2.4 2.2 1.7 3.1 23 1.1 3.6 7.1 1.2
ILP 1.6 1.4 1.3 1.9 1.9 0.9 2.1 43 1.0
Buffalo whole-milk 1992/1994 4.2 8.3 - - 4.5 - 39 = =
REF 3.2 5.6 - - 3.0 - 3.0 - -
ILP 2.3 3.6 - - 2.3 - 2.2 - -
Beef cattle meat 1992/1994 59 108 38 85 101 27 241 130 27
REF 50 49 36 64 48 24 146 102 26
ILP 43 38 34 44 37 23 128 98 24
Sheep meat 1992/1994 76 83 59 136 68 68 86 124 45
REF 53 50 38 99 44 41 58 79 43
ILP 45 39 39 79 39 37 43 69 39
Pork (crude carcass) 1992/1994 5.3 6.2 4.6 8.6 - 3.7 8.3 9.7 3.9
REF 43 43 4.2 6.1 - 3.5 6.0 8.1 3.6
ILP 35 34 36 4.2 - 33 5.1 7.4 33
Egg 1992/1994 29 3.0 30 2.7 33 23 39 41 23
REF 2.7 2.5 2.7 2.8 2.7 23 2.7 4.7 2.3
ILP 2.4 23 24 24 2.6 22 2.7 3.9 2.2
Poultry meat 1992/1994 35 4.1 3.9 3.6 4.4 2.9 52 5.6 2.7
REF 33 40 32 3.1 34 2.7 34 33 2.8
ILP 2.6 26 26 25 29 25 3.0 3.2 25

e Historic (since 1961) rates of productivity growth for each ani-

mal food system and region (data from FAOSTAT). These trends,
with particular emphasis on the most recent 10-20 years, were
used as an additional guideline for future productivity growth

rates.

e Current levels of production-per-head and animal base param-
eter (live weight, live-weight gain, reproduction rate, milk/egg
production rate, etc.) values. In general, low values were taken
as a basis for accepting higher growth rates, if other factors
(e.g. GDP outlook, trends) pointed in that direction.
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The assumed productivity values in ILP, and the corresponding ~ 3-4- Livestock feed rations
values in the FAO projections (i.e. REF), are illustrated in a histori- ) )
cal perspective for the two major ruminant systems and regions in Feed rations were determined under several exogenous and
Figs. 4 and 5. endogenous constraints, structured in sets of decision rules (Table

5) which were applied as consistently as possible. Since feed

Feed efficiency
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m Reference scenario 16.2% 16,3%
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Scenario 'Increased livestock productivity' 14,8%
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Cattle whole-milk Buffalo whole-milk Beef Mutton Pork Eggs Poultry meat

0%

Fig. 3. Global averages of feed-to-food efficiency for major livestock systems in 1992/1994 and in scenarios for 2030. Feed efficiency is calculated as gross energy content of
product output, divided by gross energy content of feed eaten. Data for 1992/1994 from Wirsenius (2000, 2003a,b).
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Fig. 4. Productivity of cattle milk production in major dairy regions, expressed as cattle whole-milk production per number of milk cows (‘milk yield’). Historical data from
FAOSTAT; FAO projections from Bruinsma (2003); data for Sweden from Swedish Dairy Association (2010).
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Fig. 5. Productivity of cattle meat production in some major beef producing regions, expressed as cattle carcass production per total number of cattle. Note that since this
parameter is the average for both dairy and beef cattle, differences in absolute value are not only due to differences in meat productivity, but also to differences in the relative
numbers of dairy and beef cattle. Historical data from FAOSTAT; FAO projections from Bruinsma (2003); data for Sweden from SNV (1997).

rations essentially were determined endogenously, and therefore
considered an outcome of, rather than input to, the model calcula-
tions, the feed rations as such are presented in the results section.

In REF, for categories for which explicit data on feed use were
included in Bruinsma (2003) - mainly cereals, starchy roots, oil
crops, and pulses - feed use numbers in REF were set equal to
the 2030 feed use numbers in Bruinsma (2003). For animal forage
crops and cropland pasture no numbers on feed use were included
in Bruinsma (2003). However, it did include data on harvested area
for animal forages and some other minor crops, in one single
category “other land”. Therefore, use of forage crops and cropland
pasture in REF were estimated by matching the harvested area of
these crops with that of “other land” in Bruinsma (2003).

For all other feed categories, permanent pasture, browse (non-
herbaceous plant matter, e.g. twigs), and various by-products and
residues from crop production and food industry — which in total
currently cover about 65% of the feed energy needed by livestock
globally - no data were included in Bruinsma (2003). Feed energy
requirements remaining, after the Bruinsma (2003) categories had
been accounted for, were allotted to permanent pasture and
browse and by-products and residues, where the chosen distribu-
tion between them in each region depended on i) present extent
of the use of these feedstuffs and ii) estimated availability of by-
products and residues for use as feed in 2030. For food industry
by-products of high nutritive value (e.g. oil meals) use as feed
was assumed to be limited mainly by availability, and around
80-90% of produced amounts were assumed to be used as feed.
For fibrous crop residues (e.g. straw), use as feed was in most
regions assumed to be limited by their generally low nutritional
value. In total, these assumptions meant that by-products and
residues in all regions contributed to substantial shares of the feed
energy requirements. However, due to either limited availability or
poor nutritional value of by-products and residues, grazed pasture
and browse had to cover the greater part of the remaining feed

energy requirements. Due to the large increases in ruminant num-
bers projected in Bruinsma (2003) for all regions except North
America and Oceania and Europe, this implied vast increases com-
pared to current levels in required intake of pasture and browse
except in these regions.

In ILP, RMS and MVT, feed rations were determined mainly
from the nutritive quality of feed rations that could be deemed
required for attaining the assumed livestock productivities, which
were overall higher than in REF. This means that for each animal
category, the feed ration formulation was guided by specified en-
ergy and protein densities considered necessary for achieving the
productivity targets. For assumed values of the nutrient density
requirements, see Wirsenius (2008). Besides these nutrient den-
sity requirements, other factors for determining feed rations were
the extent of permanent pasture resources in each region and the
availability of by-products and residues for use as feed. Use of
by-products and residues was, as a general rule, maximized
under the constraints of their regional availability and the
defined nutrient density requirements. Similar to in REF, use of
protein and energy-rich food industry by-products as feed was
limited only by their availability - about 80-90% of available
amounts were used as feed. For fibrous crop residues, use as feed
was to a greater extent than in REF restricted by low nutritional
value, since livestock productivities, and consequently the energy
density requirements of the feed rations, were higher in these
scenarios.

3.5. Crop and permanent pasture yields

Table 6 presents crop and pasture productivity numbers used in
the scenarios, for a selection of crops and pasture types. For crops
for which data on yields per unit area were included in Bruinsma
(2003) - essentially all major edible-type crops - yield numbers
in REF equaled those in Bruinsma (2003). In ILP, RMS and MVT,
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Table 6

S. Wirsenius et al. / Agricultural Systems 103 (2010) 621-638

Selected values on major productivity parameters for crop production and grazing in 2030 (averages for rainfed and irrigated production). All yield numbers, pasture intake, and
amount crop residues left in-field are in Mg dry matter ha~! year~'. Harvest index refers to the share of harvested product (e.g. grains) out of total above-ground production;
except for underground crops, where harvest index refers to share out of whole-plant production (on dry matter basis). Pasture utilization values refer to eaten plant mass by
livestock as share of the above-ground growth of edible plant mass (on dry matter basis, annually). Estimates for 1992/1994 from Wirsenius (2000, 2003a,b).

Crop/pasture system Parameter Scenario World East East Latin North North South and Sub-Saharan ~ West
average Asia Europe America Africaand America Central Asia  Africa Europe
West Asia  and Oceania
Wheat Grain yield All 3.0 3.8 2.2 3.0 2.3 2.6 2.8 2.2 6.9
Harvest index All 48% 50% 45% 47.5% 45% 50% 45% 37.5% 55%
Straw left in-field  All 0.9 1.1 0.9 1.0 0.9 1.0 0.3 0.7 1.7
Rice (paddy) Grain yield All 4.2 4.6 2.6 43 6.1 7.2 3.7 2.4 6.7
Harvest index All 55% 57.5% 47.5% 55% 57.5% 57.5% 52.5% 45% 57.5%
Straw left in-field  All 0.8 1.0 0.9 1.0 1.3 1.6 0.5 0.6 1.5
Maize Grain yield All 4.7 4.5 4.0 3.7 5.6 9.7 24 1.8 9.8
Harvest index All 43% 40% 40% 37.5% 45% 55% 32.5% 27.5% 55%
Straw left in-field  All 1.2 14 1.2 1.2 14 1.6 0.5 0.7 1.6
Cassava Tuber yield All 4.4 5.2 - 5.2 - - 8.3 41 -
Harvest index All 56% 57.5% - 57.5% - - 62.5% 55% -
Soybean Grain yield All 3.1 2.1 - 3.0 - 4.6 1.6 14 42
Harvest index All 53% 50% - 52.5% - 55% 47.5% 45% 52.5%
Straw left in-field  All 0.8 0.8 - 0.9 - 1.1 0.2 0.3 1.1
Sugar cane Stem yield All 25 24 - 24 32 30 28 21 -
Harvest index All 70% 70% - 70% 72.5% 70% 70% 65% -
Leaves left in-field  All 1.4 1.3 - 13 1.5 1.6 1.2 1.4 -
Veg, fruits, pulses Average yield All 1.6 1.9 1.0 1.7 2.2 3.0 14 0.9 2.2
Grass legume Total yield All 6.7 9.9 4.0 6.8 6.0 4.8 10 5.6 8.3
Cropland pasture Total yield All 4.5 6.8 34 5.5 3.6 4.0 6.4 - 7.1
Pasture utilization ~ All 65% 65% 65% 65% 65% 65% 65% - 65%
Permanent pasture Plant mass grazed 1922/1994 0.68 0.62 1.3 1.3 0.29 0.35 1.1 0.43 1.8
(intake) per ha REF 1.00 1.12 13 1.6 0.42 035 2.0 0.70 1.8
ILP 0.89 1.02 1.3 1.5 0.41 0.35 1.6 0.69 1.8
RMS 0.86 0.95 1.3 14 0.40 035 1.5 0.68 1.8
MVT 0.86 0.95 13 14 0.40 035 1.5 0.68 1.8

yield numbers of these crops were assumed to be the same as in
REF. Since cropland areas in those scenarios are smaller than REF,
it might be reasonable to assume higher yields, since smaller areas
are used and marginal productivity in general drops with acreage,
i.e., the marginal productivity of additional agricultural land in
general is lower than the average productivity. However, in order
to obtain conservative estimates of the land savings in those
scenarios we chose to assume the same cropland yields as in REF.

For animal forage crops and cropland pasture, yields were esti-
mated from a combination of various data sources and their total
area resulting from the feed ration calculations. Since Bruinsma
(2003) gives total harvested area for these crops, yield assumptions
could be checked against the harvested area obtained in the model.
By simultaneously tuning yields and shares in feed rations against
resulting land area and literature data on yields, a best possible
match was aimed at for each region.

Except for cropland in REF, all other land area numbers were an
outcome of this study, see Section 4. In REF, numbers on cropland
area and cropping intensity equaled those in Bruinsma (2003). The
same cropping intensity numbers were used in the calculations of
cropland area requirements in all other scenarios.

Harvest index numbers were of crucial importance in the
scenario calculations, since they determine the amount of crop
residues produced for a given crop production level. Numbers in
this study were largely based on previous analyses of harvest index
numbers at global and regional levels (Wirsenius, 2000, 2003a,b).
Amount of crop residues left in-field after harvest were mainly
based on assumptions on predominating harvesting practices for
different crops and regions. In regions where manual harvesting
is significant and/or where substantial use of crops residues for
feed/fuel takes place (including in-field grazing of residues), shares

of uncut (or non-grazed) straw were assumed to be low. This
applied particularly to South and Central Asia.

For permanent pasture, no data on productivity, intensity in use
(pasture intake per ha), or area were included in Bruinsma (2003).
Despite the immense importance of permanent pastures in
ruminant production, there is startlingly little data available at
region-wide levels of their productivity or intensity in use. There-
fore, numbers on pasture intake per ha were estimates of
this study, based on the estimated required pasture consumption
(see Section 3.4), estimates of current pasture intake per ha
(Wirsenius, 2000) and current permanent pasture areas (FAO-
STAT). Assumed changes as compared to present were based on
region-specific assumptions on constraints for expansion of area
and/or increase of pasture intake per ha, as well as a general
assumption that land-use intensity in ruminant production will
increase (see Section 5.4 for possible factors behind increased
land-use intensity).

For the region-specific assumptions, the low and medium-
income regions assumed to have the strongest constraints in area
expansion included East Asia, North Africa and West Asia and
South and Central Asia, since in those regions current agricultural
land area already represents a large share of potential (i.e. agro-
nomically suitable) agricultural area (Bruinsma, 2003). For the
same reason, constraints were assumed to be less severe in Latin
America and Sub-Saharan Africa, where current agricultural area
represents a relatively small share of potential area (Bruinsma,
2003). As mentioned in Section 3.4, in all low and medium-income
regions in REF, vast increases in pasture intake as compared to in
1992/1994 were necessary to meet estimated feed energy require-
ments. In the most land-constrained regions, most of these
increases were assumed to be met through higher intensity;
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pasture intake per unit area increased by up to 80% in these
regions, whereas expansions in permanent pasture area were
assumed to be about 5-10% (see Table 6 and Supplementary
material).

The feasibility of the large increases in pasture intake per ha in
REF can be questioned. Therefore, in ILP, RMS and MVT, where
increased livestock productivity implied that required total pasture
intake was much less than in REF, we assumed lower increases in
pasture intake per ha. Despite the lower yields compared to REF,
resulting total permanent pasture areas are smaller than at present
in those scenarios. It could be argued that yields in ILP, RMS and
MVT should be higher, instead of lower, than in REF, since smaller
areas are used and, assuming that, as mentioned above, marginal
productivity drops with acreage. However, one could also argue
that yield levels might be lower in the scenarios with decreasing
permanent pasture areas, since land values might be lower than
in REF, which would make high land-use intensity less profitable.
In this study, we chose to assume somewhat lower yields, in order
to obtain conservative estimates of the land savings in ILP, RMS
and MVT.

3.6. Trade

In REF, trade of crops and food commodities between regions
equals the corresponding values in Bruinsma (2003). In all other
scenarios, net-imports as share of domestic supply were essentially
the same as in REF for all flows except cereals and oil crops where
minor deviations in trade numbers were made in response to the
changed domestic use of feed in these scenarios.

For oil meals — which currently account for about two thirds of
the global supply of high-protein feedstuffs and of which intercon-
tinental trade is significant — no trade data were included in
Bruinsma (2003). Trade flows of oil meals were therefore esti-
mated from modeled data, calibrated against data on vegetable oils

Tg dry matter/year
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production in Bruinsma (2003). The ALBIO model calculates endog-
enously the produced amount of oil meals as a function of oil yield
and oil production in each region - the latter was calibrated
against data in Bruinsma (2003), giving a reasonable accurate esti-
mate of regional oil meal supply. Since the model also calculates
the feed protein requirements in each region, estimates of oil
meals trade flows could be based on the balance of supply of and
demand for feed protein in each region.

Hence, in all scenarios, trade of oil meals was mainly deter-
mined as an outcome from the balance in each region between
estimated domestic supply of feed protein in oil meals and esti-
mated domestic feed protein requirements in livestock production.
Essentially, regions with feed protein surplus (mainly Latin Amer-
ica and North America and Oceania) were allowed to export this to
regions with deficits (mainly East Asia and West Europe). Trade
numbers in all scenarios are given in Wirsenius (2008).

4. Scenario results

This section presents results from the scenarios, with focus on
feed use and land requirements. Figs. 6-10 summarize some of
the major results; Table 7 provides an overview of the changes
from 1993 to 2030 of major factors determining land require-
ments for animal food. More detailed numbers on feed and land
use, including regional data, are given in the Supplementary
material.

4.1. Feed and land use in the reference scenario

Feed use in REF is considerably larger than current levels
(Fig. 6), mainly due to the large increases in livestock numbers
assumed in Bruinsma (2003) (Table 7). Feed types not accounted
for in Bruinsma (2003) make up nearly 80% of global total
feed use (in metabolizable energy terms). The contribution of

Food industry by-
products & food
waste

u Crop residues

Non-agricultural

herbage & browse
585

575

739 m Permanent pasture
734 & browse

Minor veg. transition
& less food wastage

m Cropland pasture

Forage crops (hay &
silage)

M Soybean, starchy
roots & other
edible-type crops

H Cereal grains

Ruminant meat
substitution

Fig. 6. Global feed use (amount eaten; sum for all livestock systems) in scenarios for 2030, specified by major feed categories. Note that soybean meal (and other oil meals) is
included in the category ‘Food industry by-products’, while whole soybeans are included in the category ‘Soybean, starchy roots and other edible-type crops’. The different
components in the columns appear in the same order as in the legend. Data for 1992/1994 from Wirsenius (2000, 2003a,b).
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Fig. 7. Extent of global agricultural land in scenarios for 2030. Cropland area includes land used also for non-food crops (mainly cotton and rubber), which FAO projects to be
roughly 50 Mha in 2030. It also includes land use for cultivation of food-type crops that are used for non-food purposes (e.g. transportation fuels, chemicals), a use which
applies mainly to various oil crops, sugarcane, maize and potatoes. Specific projections on cropland area related to these non-food uses were not made by FAO, but a rough
estimate suggest that it may correspond to about 100 Mha in the FAO projections for 2030. Data for 1997/1999 from Bruinsma (2003) and FAOSTAT.
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Fig. 8. Area of permanent pasture in scenarios for 2030 for a selection of regions. The different components in the columns appear in the same order as in the legend. Data for
1997/1999 from FAOSTAT.

by-products and residues to global feed use is substantial, of the various types of non-agricultural land, which in total amounts to
same magnitude as that of cereals and other edible-type crops, about 44% of global feed use. Feed use by ruminants completely
both amounting to about 23% of total. The largest feed category overshadows that of other livestock, accounting for about 85% of
is grazed herbage and browse from permanent pastures and global feed use.
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crops (cotton, rubber, etc.) biomass are not included. The different components in the columns appear in the same order as in the legend. Data for 1992/1994 from Wirsenius
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1992/1994 from Wirsenius (2000, 2003a,b).

Agricultural land area in REF is about 280 Mha larger than
today (Fig. 7), in relative terms an expansion by 5%. This is small
in comparison to the increase in extraction (harvest and grazing)
of biomass from agricultural land, which in total for all biomass

types is about 50% globally (Fig. 9). Thus, most of the global
increase in biomass extraction comes from raised yields and
extraction per unit area, rather than expansion of the agricultural

darea.
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Table 7

Overview of principal parameters determining global land requirements of animal food production in 1992/1994 and 2030. Note that in the reference scenario, data on animal food production and livestock numbers equal those of the

FAO projections (Bruinsma, 2003), whereas data on feed intake, crop and pasture yield, and land area are estimates and results of this study. Data on animal food production and livestock numbers in 1992/1994 are from FAOSTAT; other

data for 1992/1994 are based on Wirsenius (2000, 2003a,b).

Crop and pasture yield (Mg DM Land area (billion ha)
ha'year™!)

Feed intake (Tg dry
weight)

Livestock numbers (billions)

Animal food production (Tg fresh weight)

Year and scenario

Cropland Permanent

Perm. pasture
intake per ha

0.68
1.0
47%

Pigs and Cropland biomass

Poultry Ruminants

Cattle and Sheep and  Pigs

buffaloes
1.46
1.87
28%

Pork and Egg
poultry

125
266

Milk

Ruminant
meat
65.7

pasture
3.47
3.6
4.3%

3.1

harvested! per ha

2.8

poultry
720
1230
69%

goats

(whole milk)
529

866
64%

0.54
0.61
13%

4790
6880
44%

13.1

0.88

1.74
2.34
34%

42

1992/1994

3.6
29%
3.7

1.06 24.0

21%

84

109

Reference scenario/FAO projection

Change fr. 1992/1994

83%

100%

113%

66%

0.59
9%

0.89
31%

1010
40%

5550

1

17.8
36%

0.82
—7%

0.87
-1%

0.82

1.90
9%

1.40
_4%

As in the reference scenario
1.11

Increased livestock productivity

Change fr. 1992/1994

-10%
2.7

32%
3.5

6%

0.55

0.86

1 080
49%

4 480

19.0
45%

1.51

84

288

866
64%
850

86.3
31%

7

Ruminant Meat Substitution
Change fr. 1992/1994
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—22%
2.6

25%
3.5

—13%
1.47

—24%
1.06

100%
84

130%
267

0.51

0.86

1 020

4290

18.2

9.8

Minor Vegetarian Transition

and Less Food Wastage
Change fr. 1992/1994

—26%

—6%

41% 25%

—-10%

39%

-16% —7%

—28%

100%

114%

21%

These global figures are the sum of very divergent regional
numbers. In Latin America and Sub-Saharan Africa, cropland area
expands by 44 Mha (22%) and 71 Mha (30%) respectively, whereas
it shrinks in East Europe by 36 Mha (17%) (Supplementary Table
A1). Similarly, permanent pasture area increases in low and med-
ium-income regions, especially in Latin America and Sub-Saharan
Africa, by 100 Mha (16%) and 150 Mha (18%), respectively, whereas
it decreases in industrialized regions - in the two European regions
combined by as much as 70 Mha (40%) (Fig. 8).

4.2. Feed and land use in scenarios of increased livestock productivity,
dietary changes, and less food wastage

In ILP, RMS and MVT, global feed use is considerably lower than
in REF (Fig. 6). Global agricultural land area is smaller in all scenar-
ios compared with both REF and today’s use (Fig. 7). The lower area
numbers are mainly due to substantial decreases in permanent
pasture area compared to REF - for cropland, areas are greater than
today in all scenarios.

In ILP, global animal food production is the same as in REEF, i.e.,
60-110% higher than today, depending on category (Table 7). How-
ever, since the increase in production in ILP is obtained by more
productive animal systems, the number of animals remains at
about current levels, except in the case of poultry. Despite keeping
animal numbers at roughly current levels, feed use in ILP is signif-
icantly higher than present, since these more productive animals
consume more feed per animal, mainly due to their average live
weights, growth rates, and milk/egg yields being higher.

In comparison to REF, global feed use in ILP is about 20% lower.
This corresponds to an increase in global average feed-to-food effi-
ciency from 5.1% in REF to 6.2% in ILP (both in gross energy terms).
Almost the entire drop in feed use comes from much less grazing
on permanent pasture and non-agricultural land and of crop resi-
dues (Fig. 6). Global agricultural land area related to animal food
production in ILP is about 510 Mha (13%) lower than in REF (Table
7); almost the entire difference can be attributed to a drop in per-
manent grassland area. As to the feed use of cereals, soybeans and
other edible-type crops, it should be noted that direct comparisons
between REF and ILP should be made with caution, since different
approaches were used for estimating feed rations in those scenar-
ios. As described in Section 3.4, in REF, regional feed use of cereals,
etc., was set equal to the feed use in the projections in Bruinsma
(2003), i.e., feed use of these feed types was exogenously deter-
mined. In contrast, in ILP (and RMS and MVT), feed rations were
determined from exogenous constraints, such as nutrient density
requirements, as described in Table 5, i.e., in these cases feed use
of cereals, etc., was determined endogenously.

At the regional level, there are large differences in how feed and
land use change from REF to ILP. In Latin America, which exhibits
the largest relative changes, total feed use is about 32% lower
(Supplementary Table A1), mainly due to much lower intake of
permanent pasture (down 38%), which results in a substantial
decrease in permanent grassland area (Fig. 8). In contrast, for
cropland-produced feedstuffs, use in Latin America is much higher
in ILP than in REF (up 40%), and this region is the only one showing
a larger cropland area in ILP compared to REF (up 8%, see Supple-
mentary Table A2).

The industrial regions demonstrate the opposite pattern. In the
two European regions combined, permanent pasture intake and
grassland area essentially remain the same as in REF (Fig. 8), and
use of cropland-produced feedstuffs decreases by about 11%. The
reason there is no decrease in permanent pasture despite higher
livestock productivity, has to do with the links between the dairy
and beef cattle systems. Given unchanged production of milk, an
increase in dairy cow milk yield leads to a decrease in the number
of dairy cows and therefore also the number of dairy calves that
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can be reared for meat production. Given unchanged demand for
cattle meat, the lower supply of dairy cattle calves must be com-
pensated by a higher supply of beef cattle meat, whose feed rations
typically (mainly for economic reasons) has a higher share of
permanent pasture, but also a significantly lower feed-to-food effi-
ciency (for biological reasons, see Wirsenius, 2003b) than dairy
calves meat. Therefore, to fully exploit the land savings of in-
creased milk yields, cattle meat demand must decrease to the same
extent as the decrease in dairy cattle meat supply.

In RMS, global feed use is 15% lower than in ILP and about 30%
lower than in REF (Fig. 6). Owing to the larger share of more
feed-efficient meat in RMS, global average feed-to-food efficiency
increases to 7.3% from 6.2% in ILP. Compared to ILP, there are sub-
stantial decreases in intake of grazed feed on permanent pasture
and non-agricultural land (down 20%), as well as of crop residues
(down 24%). Interestingly, the use of cropland-produced feedstuffs
is lower in RMS (down 9%), despite production of pork and poultry,
whose production relies mainly on cereals and other cropland-pro-
duced feeds, at 8% higher than in ILP. This is due to the much lower
feed-to-food efficiency of ruminant meat systems, which means
that despite a relatively low share of cropland feedstuffs in the feed
ration, they use on average globally more cropland-produced feed-
stuffs per unit of meat than do pork and poultry meat systems. For
instance, as the results of this study show, beef cattle systems use,
on average globally, roughly three times more cropland feedstuffs
per unit of meat than do pig and poultry systems (Fig. 10). (For
comparison, a similar difference, but somewhat lower - about
two times more cropland for beef than pork, per unit of meat -
was found in Stehfest et al. (2009). Global agricultural land area re-
lated to animal food production in RMS is about 480 Mha (13%)
lower than in ILP, and 990 Mha (24%) lower than in REF (Table
7). The changes in land use are more or less proportional to those
of feed use since average global crop yields and pasture intake per
ha differ little between RMS and ILP.

In MVT, global agricultural area is about 170 Mha (4%) lower
than in RMS (Fig. 7). This scenario concerned only regions with
high per-capita meat consumption and/or high degree of food
wastage, and had substantial impact on assumed food consump-
tion patterns and food wastage only in the regions of North Amer-
ica and Oceania and West Europe. In these regions, total
agricultural area is about 15% lower (105 and 18 Mha, respectively)
than in RMS. In both regions, the decrease in cropland area due to
lower meat consumption and food wastage is about 10 times
greater than the increase in cropland area related to the higher
consumption of vegetables, fruits and other vegetable food.

5. Discussion
5.1. General limitations of data and method used in scenarios

The model used in this study is purely bio-physical and does not
include any economic parameters. Thus, the balance in the scenar-
ios between different means to increase output, e.g. increased
intensity in land use or livestock production versus expansion of
area, was not based on explicit economic valuation. The same
applies to the balance between different types of feed and livestock
production systems, e.g. permanent pasture versus feed produced
on cropland. The bio-physical nature of the model also means that
feed ration formulation in this study was not as unambiguous and
economically consistent as it might have been in the case of using
an economic model with an economic optimization routine for
determining feed rations.

Although the bio-physical parameter assumptions in the
scenarios were based on implicit economical considerations, the
use of economic modeling might have yielded rather different

results. On the other hand, economic models, such as general or
partial equilibrium models, are weak in assessing long-term devel-
opments, since they lack agronomic and technological detail and
their parameter values are derived from past experience. These
limitations are particularly severe in scenarios where future policy,
economic, and agronomic conditions deviate substantially from
those of the past, as well as in cases where new, not previously
used, technology emerges.

Availability and quality of the data varied significantly between
parameter groups. Among the parameters that had a decisive influ-
ence on principal scenario results, the most uncertain were the
empirical bases for the productivity of permanent grasslands and
feed energy value of permanent pastures, especially in low and
medium-income regions. Improving the empirical bases of these
parameters is paramount for enhancing the accuracy of the land
use estimates in this study.

5.2. Food end-use and human diets in the RMS and MVT scenarios

The assumption in RMS of a partial shift from ruminant meat to
pork and/or poultry is a change already taking place in high-
income regions; ruminant meat consumption is slowly declining
(Fig. 2), whereas poultry consumption is increasing rapidly. This
trend of switching away from ruminant meat could be boosted
by upcoming factors, including increasing prices of agricultural
land and feedstuffs, and implementation of stricter environmental
and climate policies. As ruminant meat requires more land and
feed than pork and poultry, increases in land and feed prices might
translate into higher price increases for ruminant meat than for
pork and poultry. Ruminant meat, on average, also generates high-
er emissions of greenhouse gases and other pollutants per unit of
meat, compared to pork and poultry. Therefore, implementation
of stricter climate and environmental policy measures in the agri-
cultural sector are likely to raise beef prices more than pork and
poultry. Price elasticity data for the EU indicate that such changes
in relative prices would lead to a substitution of mainly poultry,
and to a lesser extent pork, for ruminant meat (Wirsenius et al.,
in press).

Long-run price increases of land and feed may result from
increasing marginal supply costs within the food sector, driven
by the increasing global food demand. But they may also stem from
growing competition for agricultural land and crops from the
emerging bioenergy sector, driven by implementation of climate
policies and/or increasing fossil fuel prices. If climate policies are
introduced that substantially raise the cost of emitting CO,, the
profitability of using agricultural land for bioenergy will increase.
Analyses of the impact of higher CO, costs on agriculture suggest
that it will lead to significant increases in land rents as well as farm
gate prices of crops and animal products (Schneider and McCarl,
2003; Johansson and Azar, 2007). Other analyses of the impact of
a greater agricultural bioenergy sector indicate that policy mea-
sures that specifically promote bioenergy (e.g. the EU biofuels
directive, or the US ethanol subsidies) also lead to substantial in-
creases in land and food prices (Hazell and Pachauri, 2006; Tokgoz
et al.,, 2007; von Braun, 2007).

In contrast to RMS, the assumptions in MVT of a partial substi-
tution of vegetable food for meat cannot be motivated by referring
to recent trends. Total per-capita meat consumption in North
America and Western Europe shows no signs of leveling off - over
the past 10years consumption has continued to increase by
around 0.5% per year. Unless there is a shift in preferences, a higher
share of vegetable food does not seem likely without changes in
policies or technological development in food industry. With fur-
ther development of the technology for producing plant protein
isolates, inclusion of plant-derived proteins in minced meat could
reach 25-35% (Smil, 2002). If applied to all minced meat consumed
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globally, this would imply a substitution of about 5-7% of total
meat consumption with plant protein. For ruminant meat, how-
ever, the substitution rate would be much higher, since a much lar-
ger fraction of ruminant meat is consumed as minced meat - in the
US more than 50%.

The assumptions in MVT of reduced food wastage at the retail
and household levels also clearly go against current trends. In
North America and Oceania and Western Europe, food wastage
continues to rise steadily. Little research has been carried out on
this topic, and there is poor understanding of the reasons behind
the existence of large differences in food wastage between differ-
ent high-income countries; wastage ranges from 25% to 40% of
the food supplied at the wholesale level. Improved packaging and
durability of food products could contribute significantly to de-
creased food wastage. For example, shelf-life of fruits and vegeta-
bles can be extended substantially by applying edible coatings
(ENVIROPAK, 2004).

5.3. Feed use and permanent pasture productivity and area in REF
scenario

The scenarios provide results on livestock feed use and the cor-
responding area of permanent pasture. There are very few studies
available with comparable analyses of feed use and pasture areas.
Bouwman et al. (2005) estimated global feed requirements in 2030
using the same data on crops and animal food production as
Bruinsma (2003), i.e. the same data as in REF. Despite this, the esti-
mate of global feed use in Bouwman et al. (2005) is almost 20%
lower than in REF. Different structures in the model descriptions
of both livestock systems and feed categories prevent full analysis
of this difference. The representation of livestock systems was
partly more disaggregated than in this study, with two types of
beef and dairy cattle systems (pastoral and mixed/landless), but
also more aggregated (sheep and goats were grouped to one single
system, as were poultry and egg production). There was also a
higher level of aggregation in the feed use description: five feed
types were distinguished, in contrast to about 45 in this study.
One reason for the difference in feed use is the much lower feed-
to-meat numbers for sheep/goats, averaging globally 16 and 26
for mixed and pastoral systems in Bouwman et al., respectively,
compared to 53 for sheep meat in this study (Table 4). This dispar-
ity alone explains about 0.7 Pg, or almost half of the difference in
total feed use. The feed-to-meat numbers for sheep/goats in
Bouwman et al. seem inexplicably low, since even in European
high-productive sheep systems — whose productivity levels by far
exceed global averages - typical feed-to-meat numbers are no
lower than about 20 (SNV, 1997).

In REF, the permanent pasture area expands in the five low and
medium-income regions (in total ~320 Mha, or 12%, see Supple-
mentary Table A2), with particularly substantial expansions in
the land-abundant Latin America and Sub-Saharan Africa. These
area increases are directly linked to the predominantly large
increases in ruminant numbers projected in Bruinsma (2003) in
these regions: for cattle and buffaloes, 40-50% (except in S. Asia,
10%), and for sheep and goats, 30-45%. Obviously, such large
increases in ruminant numbers are likely to require substantial
increases in permanent pasture areas.

5.4. Livestock productivity, feed use, and permanent pasture
productivity and area in ILP, RMS, MVT

In ILP (and in RMS and MVT) we assumed faster growth in live-
stock productivity until 2030 than did Bruinsma (2003). This
hypothesis was coupled with the assumption of a faster transition
toward higher land-use intensity of livestock production in low
and medium-income regions, with higher pasture productivity

and a larger use of cultivated feeds of good nutritive quality. In
low and medium-income regions, the assumed livestock produc-
tivity levels are far from any biological limits. Therefore, of rele-
vance here are to what extent the assumed growth rates - rather
than the productivity levels as such - are attainable. Overall, our
assumed annual growth rates in productivity are well below
assessments of possible growth rates carried out by livestock spe-
cialists. For example, in their analyses of Chinese livestock systems,
Simpson et al. (1994) concluded that the national average milk
yield is likely to reach 6000 Lyear~! in 2025, or 9000 L year! if
assuming a more wide-spread application of advanced biotechnol-
ogy, such as embryo-transfer. These milk yield levels correspond to
annual growth rates of 3.7% and 4.9% from the base year 1990 in
Simpson et al.,, which can be compared with the 3.3% annual
growth of the milk yield in East Asia in our ILP scenario (Table
3). Current milk yield in China is about 3000 Lyear~', far above
the FAO projections for 2030 of about 2000 Lyear~!. Simpson
et al. also assumed relatively high annual growth rates in beef meat
productivity to 2025: in their base scenario 3.0%, and if assuming
wider implementation of advanced biotechnology 3.9%. Both
numbers are higher than any of the beef productivity growth rates
assumed in ILP.

Increases in livestock productivity and the transition toward
higher land-use intensity in livestock production are already under-
way in most developing countries, driven by current policy and
economic and technological factors. These trends could be
strengthened by a number of possible upcoming factors, in particu-
lar the growing bioenergy sector, but also stricter policies for limit-
ing livestock’s environmental and climate impact, as well as
extended and enforced protection of remaining natural ecosystems.

As mentioned in Section 5.2, rising fossil fuel prices and intro-
duction of climate policies would increase the demand for land
for bioenergy, which could lead to significant increases in agricul-
tural land rents and farm gate prices. Such increases in costs and
prices would have effects on the structure of agricultural produc-
tion, since the higher value of cropland and permanent pasture
would make a more intense use of those lands more profitable.
This would push ruminant production toward towards higher
land-use intensity, with a larger reliance on cultivated feeds than
on pasture and a higher feed-to-food efficiency. Hence, an emerg-
ing bioenergy sector would, overall, work as a driver for faster
growth in livestock productivity and a faster transition toward
higher land-use intensity in livestock production.

Steinfeld et al. (2006) concluded that a principle means of lim-
iting livestock’s environmental impact is to reduce its land require-
ments and the related use of water, nutrients and other resources.
This overall strategy of reducing livestock’s land requirements
should be accompanied by a careful intensification of existing
permanent pastures and cropland. Steinfeld et al. put forward a
wide-ranging set of policy measures for limiting the environmental
impact by livestock, including: (i) correcting distorted prices by
removing subsidies and imposing taxes, also on land, (ii) strength-
ening land titles to increase incentives for augmenting long-term
productivity and intensity of land use, (iii) strengthening
institutions controlling forests, and other natural ecosystems, to
counteract agricultural expansion. Obviously, were such stricter
environmental policies implemented, they would work to reverse
the current trend of agricultural land expansion, especially with
respect to grazing land, and push livestock production toward
higher land-use intensity.

6. Conclusions

This study concludes that if food and agriculture develop
according to projections made by the FAO, global agricultural area
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is likely to expand substantially, by about 280 Mha by 2030. This
would imply increased deforestation pressure, with further loss
of biodiversity and increased CO, emissions. However, a different
situation in 2030 is possible, or even likely, given the possible
implementation of stringent climate and environmental policies
and growing demand for land for food and bioenergy. This study
concludes that there is substantial scope for land-minimizing
growth of world food supply by efficiency improvements in the
food-chain, particularly in animal food production, and dietary
changes toward less land-demanding food.

More specifically, our main findings are:

o Assuming faster, yet achievable, growth in animal food produc-
tivity than the FAO assumes, global agricultural land use could
decrease by about 230 Mha from current levels, by 2030 - or
about 500 Mha lower than in the reference scenario, i.e. the area
implied in the FAO projections.

If this higher productivity is combined with an assumed 20%

substitution of pig and/or poultry for ruminant meat in human

diets, agricultural area could decrease by an additional

480 Mha, resulting in a total of about 1000 Mha less than in

the reference scenario.

e Assuming a minor transition towards vegetarian food (25%
decrease in meat consumption per-capita) in high-income
regions, combined with a somewhat lower food wastage rate
(15-20% decrease) at retail and household levels, agricultural
land use in these regions decreases by about 15%, compared
to the Ruminant Meat Substitution scenario.

Other notable findings include:

o Substituting pork or poultry for beef saves permanent pasture
land, but in most cases significant cropland, too. This is mainly
due to the inherently much lower biological productivity and
feed-to-food efficiency of ruminant meat systems compared to
pork and poultry systems.

Increasing the milk yield of dairy cows does not in itself lead to
significant land savings as long as beef demand remains
unchanged, since the lower production of dairy beef that fol-
lows from higher milk yields has to be compensated by a higher
production of more land-demanding beef cattle meat. To fully
exploit the land savings of increased milk yields, therefore, beef
demand must decrease to the same extent as the decrease in
dairy cattle beef supply.

Crop residues and food industry by-products, in particular,
are likely to play an increasingly important and land-saving
role in the global feed supply, and could account for some
20% of global feed use in 2030, which is about the same as
the expected use of cereals as feed. Oil meals and other pro-
tein-rich by-products are likely to account for the greater
share, 75-85%, of the demand for protein concentrate feed
in 2030.

Faster growth in livestock productivity and dietary changes
favoring less land-demanding food consumption could develop
through technology and management improvements, the imple-
mentation of stricter climate and environmental policies, and
changes in food preferences. They may also be induced by in-
creased competition for agricultural land due to rising food de-
mand and a growing bioenergy sector. The higher prices of land
and feed resulting from this competition are likely to stimulate fas-
ter growth in livestock productivity and a faster transition away
from low-intensive grazing towards mixed farming systems and
improved pastures with higher yields. Higher land and feed prices
will also moderate the consumption of animal food, particularly
ruminant meat.
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