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Gratefully, the quality of life for billions of people will improve
drastically during the coming decades. This implies that the pro-
duction of virtually every commodity will bave to increase dra-
matically. Agriculture-related activities ought to provide food, feed,
and non-edible plant-based products. The availability of natural
resources per person will, however, continue to decline. Resource
degradation like erosion, soil fertility decline, and water pollution
Sfurther constrain production increases. Hence, the use efficiency
of natural resources will have to be boosted drastically, while vari-
ability should be curtailed through enbanced buffering capacity of
the production base to prevent shock in food systems. These changes
in agricultural strategies also call for interdisciplinary research
groups to seek for synergies between production factors. This paper
provides an overview of the challenges to meet the above mentioned
production conditions and stresses the need for agro-ecological
intelligence in choosing agricultural development strategies and,
therefore, in designing agro-ecosystems. Plant production is taken
as a starting point where global change, including climate, are
considered in an integral manner.

KEYWORDS Resource requirement, resource use efficiency,
buffering capacity of agro-ecosystems, plant production, climate
and production variability
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GLOBAL DEVELOPMENT

Great successes in increasing total food volumes were obtained during the
green revolutions in virtually all continents starting from the 1950s (e.g.,
Bindraban & Rabbinge 2011), though these successes were not obtained in
sub-Saharan Africa (InterAcademy Council 2004). Advanced technologies,
principally high-yielding varieties, large-scale irrigation development, and
agronomic inputs, including fertilizers, biocides, and other agro-chemicals,
were at the base of this success. Simultaneously, supportive economic
and socio-institutional conditions were put in place for the technologies
to work.

Yet, the production of food and other agriculture-based non-food com-
modities will have to drastically increase further during the coming decades
to meet the growing demand of the increasing and ever wealthier popula-
tion. These booming commodity volumes call for agro-productions systems
with increasing use efficiency of natural resources because of the ever-
declining base of natural resources per person. The current high food prices
and those of 2008 show the fragility of the world food system and hit hardest
on the poor. The buffering capacity of the world food system to cope with
temporary shortages has decreased, and variability in production is expected
to further increase because of increasing environmental variability, especially
rainfall, and continued convergence of food supply and demand. The latter
may occur because it becomes increasingly difficult for supply to keep pace
with the rapidly growing demand.

Increasing the use efficiency of natural resources, including land, water,
nutrients, air, and biodiversity, boosting supply to exceed demand for agro-
commodities, and mitigating variability and risk, however, will not be easily
attained. Anyhow, it calls for smart use of our resources through in-depth
knowledge of production ecological principles (Ittersum & Rabbinge 1997).
Some currently proposed strategies to resolve foreseen global problems
tend to reject basic eco-physiological processes and even basic physical,
chemical, and biological laws. They are given in by economic arguments,
by ignorance or sentiments, or by vested interest of, for instance, pow-
erful industries. This may generate false hope (e.g., organic agriculture),
stimulation of counterproductive measures (e.g., biofuels), and pleas for
unnecessary extreme options (e.g., vegetarian diet) to resolve the global
pressure on natural resources. While the intentions may be precious, the
means could be erroneous. Ecologically durable options can be arrived at
only when basic processes and laws are respected.

This paper reviews current and projected claims on natural resources
and revisits some of the current strategies to meet human food, feed, and fuel
needs to arrive at options that limit pressure on the world’s natural resource
base in view of global change. Climate change is dealt with as an integral
component of global change, and plant production ecology of terrestrial
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systems is the point of departure, as it forms the basis for secondary (animal)
production.

REQUIREMENT OF NATURAL RESOURCES

To be able to calculate resource requirement for food and to ease compari-
son of diets and production systems, food components can be converted into
grain equivalents (GE). This aggregation is justified because cereals account
for 60% of global carbon fixation in agriculture and because the carbon fix-
ation per unit area per year is at 87% of the global average carbon fixation
rate (Goudriaan, Groot, & Uithol 2001). A healthy vegetarian diet requires
approximately 1.5 kg GE per person per day (GE p~! d™'), while it takes
4.2 kg GE p~! d™! for a meat-rich, European diet (Wetenschappelijke Raad
voor het Regeringsbeleid 1995).

For global analyses, plant growth can be estimated fairly accurately
based on a few processes. The conversion of the production factors of
radiation, water, and nutrients into crop growth appears to be relatively
stable (Monteith 1990; Sinclair 1990). Absorbed radiation is converted
into biomass with crop-specific radiation use efficiencies. This efficiency,
however, reduces under insufficient availability of production factors like
nitrogen (e.g., Bindraban 1999) or water. Water for crop transpiration can be
calculated from crop-specific transpiration coefficients (Monteith 1990), with
water use approximating to 1,000 liters of water for 1 kilogram of grains.
It therefore takes from 1,500 liters water to produce a vegetarian diet to
more than 4,000 liters for a meat-rich diet per person per day. Plant nutrient
concentrations remain within certain margins, which allows the estimation
of crop growth on the basis of the combined availability of soil nutrients
(e.g., Jansen et al. 1990).

It is essential to consider both the availability of individual production
factors as well as their interactions when analyzing resource requirements.
Production ecological principles suggest that “most production resources are
used more efficiently under improving conditions of resource endowment”
(De Wit 1992). Crop and soil models that integrate the impact of produc-
tion factors on growth provide powerful analytical tools to analyze plant
growth and resource requirements (e.g., Boote, Kropff, & Bindraban 2001).
However, interactions appear more difficult to quantity and are not always
sufficiently taken into consideration, resulting in erratic growth estimates
such as in Hoogwijk et al. 2005.

Land

The availability of suitable agricultural land is severely limiting in most
Asian countries with little space for expansion (FAO 2009). Agricultural land
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per person has steadily decreased and will continue to decrease due to
population growth. India has virtually no permanent pasture into which to
expand its arable land and little natural land to take into cultivation. So far,
the acreage per person could be maintained in China by conversion of nat-
ural lands into pasture and arable land. Bangladesh is worse off and has
to feed its population of over 150 million people with 635 m?* per person.
Obtaining a vegetarian diet of 1.5 kg GE p~! d™! from this area implies a
grain yield per hectare of more than 9 t ha™! y~!, while a meat-rich diet
would require more than 24 t ha™! y=!', which exceeds biological limits. Rice
yielded 3.9 t ha™! in Bangladesh over the 2006 season, which indicates the
lack of land to be self-sufficient and a need for food imports. Even though
China has twice as much land per person and 50% higher rice yields than
Bangladesh, the figures indicate the overall need for food imports by Asian
countries. Furthermore, much of the most suitable fertile lands are being
occupied by growing cities and other hard infrastructure (e.g., Chen 2007,
Yang & Li 2000).

Land is abundantly available in Latin America reflecting the large
potential to export food, certainly with expansion of the agricultural fron-
tier (Wetenschappelijke Raad voor het Regeringsbeleid 1995; International
Institute for Applied Systems Analysis 2011). Agro-ecological production
potential of Northern America, the former Soviet Union, Australia, and
Europe also exceed food requirement. In sub-Saharan African countries,
land is abundantly available relative to the low population densities, though
soil quality is poor, heavily depressing yield levels (Bindraban et al. 1999).
Expansion, however, comes at the expense of biodiversity (Gibbs et al. 2010)
and causes large amounts of greenhouse gas emission (Fargione et al. 2008;
Searchinger et al. 2008). These effects might reduction the capacity of the
land to provide ecosystem goods and services over a longer period of time.
These tradeoffs should therefore be carefully balanced with the need for
food production.

The claim on land (and water) resources depends heavily on the level
of wealth. The average consumption by Europeans of 4.2 kg GE p~' d™!
puts a claim on about 1,000 m? for plant products and some 2,000 m? for
feed, of which about half is for crop-based feed and the remainder for
grassland for meat and dairy products at European yield levels (Jing Qi,
personal communication). Though consumption rates are much less in sub-
Sahara Africa at 1.4 kg GE p~! d7!, total land requirement is higher at about
1,500 m? for plant products and 2,500 m?* for feed, of which about 20%
is for crop-based feed and the remainder for grassland for meat and dairy
products, because of the low yields.

Hence, yield is a key factor that determines the claims on land that in
turn will heavily depend on land quality. Land quality indicators (Dumanski,
Gameda, & Pieri 1998) relevant for agriculture should integrate biophysical
production factors (Bindraban et al. 2000). Even with continued increase
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in overall yield levels, the total arable area will increase by about 200 to
300 Mha in the coming two decades just to meet food demand (e.g.,
Organization for Economic Cooperation and Development [OECD]/Food
and Agriculture Organization of the United Nations [FAO] 2008; International
Assessment of Agricultural Science, Technology for Development (TAASTD)
2008). Other claims such as from agro-energy have not even been con-
sidered. In addition, soil lost due to urbanization, physical, and chemical
degradation will have to be replaced to sustain the current agricultural
area of about 1.4 billion hectares. Often fertile lands are lost and are being
replaced by less fertile ones (e.g., D66s 2002).

Water

On average, 70% of water withdrawals from natural systems is used for
agriculture. Water withdrawn is not necessarily ‘lost,” and may be available
for reuse, though generally with degraded quality, and not at the appropriate
time. Any diversion of water from its natural course will affect ecosystems.
Some rivers, for instance, do not even reach the sea anymore because their
water is completely withdrawn for human activities, creating ecological and
environmental problems (Steduto, Hsiao, & Fereres 2007b). Salt intrusion,
water pollution, erosion, declining levels of groundwater, and drying up of
lakes and wetlands are emerging phenomena deteriorating the quality of
land. Water withdrawals should be more strategically targeted.

There is a well-established linear relation between plant biomass
and transpiration (de Wit 1958; Tanner & Sinclair 1983; Steduto, Hsiao, &
Fereres 2007a), which implies that more biomass production requires more
transpiration. Plant breeding improved the harvest index for wheat, rice,
and maize from about 0.35 before the 1960s to 0.5 in the 1980s (e.g., Sayre,
Rajaram, & Fischer 1997), and that has raised water productivity gains
more than any other agronomic practice over the last 40 years (Keller &
Seckler 2004). The rate of increase in harvest index has slowed over the
last 20 years as physiological limits are being reached (Bindraban 1997),
depressing further gains in water productivity by this route. Water-limited
yield levels in the semi-arid Sahelian region can be as high as 5 t ha™', while
nutrient-limited yield levels range from 0.5 to 2 t ha™! (Bindraban et al. 1999,
2000; Conijn et al. 2011). Actual yield levels in Sahelian countries range
from only 0.5 to 1.5 t ha™'. There are significant opportunities therefore
to increase crop productivity and with that the utilization efficiency of
rainwater through improvement of non-water factors such as soil fertility
(Tanner & Sinclair 1983; Breman, Groot, & van Keulen 2001). These syn-
ergistic effects between water management and other agronomic practices
such as maintaining soil health and fertility, controlling weeds and disease,
and timing of planting, should be exploited. The author therefore launched
the slogan “The best irrigation is fertilization,” as it points to such synergistic
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interactions between production factors to raise water productivity. These
findings are true in general for semi-arid regions (French & Schultz 1984),
eastern Africa (Smaling et al. 1992), sub-Saharan Africa (Rockstrom 2001),
southern India (Ahlawat & Rana 1998), and western China (Li et al. 2001).

These agricultural potentials under rainfed conditions will have to be
exploited to contribute to future food and water needs. Production sys-
tems that rely entirely on (highly variable and erratic) rainfall are, however,
exposed to high risks of crop failure or dramatic reductions in yield due to
dry spells (Jagtap & Chan 2000; Hulme 2001). These conditions are projected
to worsen with climate change (Hanrja & Qureshi 2010; Jin & Zhu 2008;
Cooper et al. 2008). Measures like mulching, water harvesting and conserva-
tion, crop selection, timing of planting, etc. (Singh 1998; Li et al. 2001), can
help to retain soil water in order to help the crop to withstand longer peri-
ods of drought. Supplemental irrigation during prolonged drought periods
by using underground water, even if of poor quality, or rainwater harvested
in tanks stabilizes and improves rainfed yields (Joshi et al. 1998; Singh 1998;
Savenije 1998).

Current practices of inundated rice cultivation require 2,000 to 5,000
(and even up to 10,000 under poor management conditions) liters of water
per kilogram of rice produced (Bouman & Tuong 2001), as compared to
some 1,000 liters for a kilogram of dry grains (Rockstrom 2003). Water use in
rice cultivation can be reduced by about 50% without yield loss when other
agronomic measures are taken simultaneously, such as additional weeding,
adjusting planting method, and the like (Bindraban et al. 2006a; Boumanet
al. 2007). Hengsdijk et al. (2006) analyzed that up to 40% more water could
be supplied to the urban area of the Jabotabek-Citarum region on Java,
Indonesia, if water-saving rice cultivation practices were to be implemented
in northwestern Java. Rapid adoption of such practices appears difficult as
changing practices that have existed for thousands of years and are an inte-
gral part of the entire socio-economic and institutional design of a society is
highly complex (Senthilkumar et al. 2008).

Molden et al. (2009) summarize that 20% of agricultural evapotranspi-
ration is used for livestock production, and this proportion is projected to
grow substantially with the increasing consumption of animal products. The
water requirement for animal products mainly is determined by the water
required for feed. The production of 1 kilogram of animal products is esti-
mated to vary widely between 3,000 and 20,000 liters because it depends
on management practices, the kind of feed, how crop residues are used, the
processing system, and how well the animals convert feed into the animal
product. Gains in water productivity can be made by adjusting each of these
factors (Peden et al. 2007).

Even with efficiency gains, demands will result in increased water
withdrawal from natural systems. Required amount for food produc-
tion in 2005 of 4,800 (Bindraban, Jongschaap, & van Keulen 2010) to



Downloaded by [Wageningen UR] at 23:34 30 May 2012

The Need for Agro-Ecological Intelligence 307

7,000 km?® (Rockstrom 2003; Molden 2007) per year comprises both
irrigation and precipitation volumes. With 1,800 (Shiklomanov 2000) to some
2,660 km?® y=' (Oki & Kanae 2006) provided by irrigation water, some
3,000 to 4,000 km® y~! of water for crop growth is obtained from rainwater.
Feeding 9 billion in 2050 with an average diet of 2.0 or 2.5 kg GE p~' d™!, up
from the average of 1.6 in 2005, implies a total water requirement of 6,800 or
8,500 km? (Bindraban, Jongschaap, & van Keulen 2010). With withdrawal for
irrigation to remain within the current range of 1,800-2,660 km?® y~! a total
of approximately 5,000 or 6,500 km? should be provided by rainwater. Also
assuming the food to be grown on the same arable land area of 1.4 bil-
lion hectares in order to refrain from further clearing of natural lands, some
40% or 55% of the rainwater falling on those arable lands of 11,970 km? y~!
(Oki & Kanae 2006) should be used as evapotranspiration. When correct-
ing for the seasonal effect, i.e., assuming that 60% of annual precipitation is
received during the growing season, the efficiency of rainwater would have
to increase to 70% or 90%. It is not likely that these efficiency levels can be
achieved for rainwater. Alternatively, expansion of agricultural land will be
needed to “collect” rainwater and/or grasslands will have to be use more
effectively (see section on vegetarianism).

Nutrients

Generally, the availability of several nutrients in soils allows low yield levels
only, and needs to be supplemented by external inputs. In Africa, where
food production systems are constrained by overwhelmingly low soil fer-
tility (McCownet al. 1992; Giller et al. 2006), eco-efficient use of other
resources are low as well, which is consistent with de Wit’s (1992) observa-
tion. Because of farming strategies in many African systems to continuously
improve the soil conditions on fields closest to the homestead, N use effi-
ciency for maize on these fields is found to exceed 50 kg grain per kg N
applied as fertilizer, while the efficiency is less than 5 kg grain per kg N
on fields far away from the homestead (Tittonell et al. 2005; Zingore et al.
2007a; Vanlauwe, Tittonell, & Mukulama 20006).

Tilman et al. (2001) show that global nitrogen fertilizer use on field
crops increased by seven-fold between 1960 and 1995, while cereal yields
more than doubled, resulting in a decline of the nitrogen fertilizer efficiency
from over 70 to around 25 kg grain per kg N. The response curve for any
single factor is, however, that the highest increments in output are achieved
for the first increments in inputs and efficiency declines thereafter. Part
of this decline can be offset through simultaneous improvement of other
production conditions. When a broad package of agronomic measures is
introduced in a production system, such as in the Gezira, Sudan (Ahmed,
Sanders, & Nell 2000), more pronounced yield increases are realized then
with improvements of single factors (Ahmed & Sanders 1998). Farmers’
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FIGURE 1 Cereal yields (t ha—1) as associated with fertilizer consumption (kg ha—1) for 1961
(open dots) and 2000 (closed dots) for sub-Saharan Africa and Europe. Only countries with
data for both years and both variables are presented.

From Bindraban, Loffler, and Rabbinge 2008.

yields in Europe were 3 t ha™' in 1961 even at high fertilizer rates and

increased to 8 t ha™' in 2000 at similar fertilizer rates because of improved
overall management practice and advanced technologies such as improved
varieties (Figure 1) (Bindraban, Loffler, & Rabbinge 2008).

Low eco-efficiency can also occur through excess use of fertilizers, in
particularly nitrogen, leading to heavy costs to the economy and environ-
ment (e.g., Liu & Diamond 2005). From 1977 to 2005, grain production
in China increased by 71% (from 283 to 484 million tons), while N fertil-
izer application increased by 271% (from 7.07 to 26.21 million tons). This
overuse of N fertilizer is further exacerbated by high levels of N inputs from
the atmosphere, water supplies, animal manures, and legume sources in
the range of 89 to 104 kg N ha™' y~! (Ju et al. 2009). The excess nitrogen
applied to cereals in China is estimated in the order of 11.8 million tons.
If this ‘excess’ N fertilizer was instead used in sub-Saharan Africa, it would
represent an average annual N fertilization rate of 68 kg N ha™! over 174 Mha
of cropland. If nutrients of this magnitude were available (and rebalanced
to address other nutrient needs), a potential doubling of cereal productiv-
ity could be realized in sub-Saharan Africa (McCown et al. 1992; Twomlow
et al. 2008a, b).

The current economically exploitable P resources have been estimated
to be depleted within 100 (Smit et al. 2009) to over 300 years (Van
Kauwenbergh 2010). Phosphorus (P) accumulates in soils when fertilization
exceeds crop removal, especially with additional animal manure in intensive
livestock regions. Often excess amounts are applied to increase the P-status
of the soil and to anticipate the P-fixing properties of the soil. Generally P
recovery is low at the short term, while it may be significantly higher at the
longer term due to delayed delivery (Wolf et al. 1987). Also, losses occur in
the entire agricultural chain through food waste. Smit et al. (2009) propose
a mix of measures for a more sustainable use of P. Prevention of erosion is
essential. Livestock production systems should be balanced with arable land
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in their vicinity for effective (re)use of P. Technologies should be developed
to recycle P in waste streams, especially in the urbanized areas.

Fertilizer recommendation schemes should be critically revisited;
P-fertilizer application methods should be tuned to the specific location of
the production system, e.g., better timing and spacing, and plant breeding
could seek to improve the ability of plants to better exploit soil P. While
gains in efficient use of P are feasible, they call for fundamental changes in
the design of production systems, land use patterns, and even of economic
sectors, such as the need to better interlink livestock and arable produc-
tion. Currently over 40 million tonnes of soybeans are imported by Europe,
primarily from Latin American countries, to feed its animals in the inten-
sive meat industry. A ban on imports would have economic consequences
for the meat industry in Europe but hardly for the total meat consump-
tion (Bindraban et al. 2008), while the flow of soybean causes a dramatic
imbalance in nutrient extraction and accumulation in soils. Similarly signif-
icant translocation of potassium (K) also occurs as a result of international
agricultural trade, frequently resulting in severe local negative balances.

Increasingly micronutrients are found to limit crop production and need
macro-attention in our fertilization strategy (Production Ecology—Resource
Conservation 2011). Crop responses to micronutrients are more frequently
observed increasing the use efficiency of macronutrients, though the magni-
tude varies between regions and soil types, which call for location-specific
recommendations. It is hypothesized that micronutrient deficiencies could
have been human induced. Increasing deficiencies are, for instance, detected
with increasing intensity (of NPK use) in India, while micronutrient defi-
ciency shows up sporadically in many African production systems where
NPK use has been low up to now.

Interactions

Synergies and interactions between production factors at various scales
(de Wit 1992; Ahmed, Sanders, & Nell 2000; Bindraban, Loffler, & Rabbinge
2008) suggest the need for careful analysis of production systems to arrive
at agro-technical suggestions for enhancing productivity. Even the use of
a small amount of fertilizer can be extremely effective as long as access
to other production factors such as water and labor is ensured and biotic
stresses such as pests, weeds, and diseases can be controlled (de Ridder &
van Keulen 1990; Ahmed & Sanders 1998; Ahmed, Sanders, & Nell 2000;
Breman, Groot, & van Keulen 2001; Rowe et al. 2006; Rufino et al. 2007).
Breman, Groot, and van Keulen (2001) illustrate that only the synergistic
effect of the combined use of organic and inorganic fertilization was able
to increase yield over time in the semi-arid Sahelian region, whereas
recycling of organic matter alone could not sustain soil quality. Zingore
et al. (2007b) show that maize response to N fertilizer is much higher with



Downloaded by [Wageningen UR] at 23:34 30 May 2012

310 P.S. Bindraban

the simultaneous application of P. Application of lime to increase soil pH
is essential in the Cerrado for P to have a favorable impact on soybean
yield. Van Astenet al. (2004) found synergistic effects of joint application
of zinc (Zn) and P on nutrient uptake that led to increases in crop yield,
whereas application of either P or Zn alone gave little response. Increasing
attention should be paid to these interactions and micronutrients in the
future as expansion of agricultural land will take place more and more
in less favorable areas with deficiencies of various kinds in soils and with
strong interactions with rainfall.

Some 82% of world agriculture is rainfed, implying a large dependence
on rainfall amounts and patterns. Annual rainfall patterns may vary con-
siderably from year to year and from place to place, which complicates
‘one-size-fits-all’ measures. Figure 2 shows how yields vary with annual
rainfall patterns at a site in Zimbabwe. While in most years fertilizer has
a positive effect on production, it has zero or even a negative effect in the
dry years. As result, many African farmers apply risk-adverse strategies that
secure a minimum production in any year but that fail to capitalize on good
seasonal conditions.

While investment in expanding irrigation has significantly improved
agricultural productivity in the past, with 40% of world food currently being
produced on 18% of irrigated agricultural land, there is little scope for much
expansion of large-scale irrigation (Molden 2007; de Fraiture et al. 2007,
de Fraiture & Wichelns 2010). Hence, small-scale water management and
storage approaches are likely to be a key component in future efforts to
increase agricultural production (Brown & Hansen 2008). Small-scale irriga-
tion schemes have, however, a patchy history due to the lack of attention to
institutional aspects, which ought to be overcome in future.

Extreme climatic events such as years of extreme drought, excessive
rainfall leading to flooding, or days with extreme temperature can have
dramatic effects on production (Wheeler, Craufurd et al. 2000; Porter &
Semenov 2005), and there is emerging consensus that the semi-arid regions

Simulated Maize Yield, Masvingo, Zimbabwe
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FIGURE 2 Yield response of maize varying with annual rainfall patterns at three levels of
fertilizer application (0, 17, and 52 kg N/ha).
From Cooper et al. 2008.
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will experience a high degree of climate variability in the future (Held,
Delworthet al. 2005; Kamga et al. 2005). Climate science has reached a
level where some of the forecast events can now be used operationally at
farm level, such as in Australia (Meinke et al. 2006; Howden et al. 2007,
Lo & Wheeler 2007). The approaches already account for spatial and tem-
poral variability. Twomlow et al. (2008a, b) note that farmers, for instance,
simply ignore fertilizer recommendations if these are not tuned to their local
conditions and strategies for coping with risks.

The above examples reveal that, for a sensible assessment of the
potential gains in efficiency that can be achieved in agriculture, produc-
tion ecology concepts have to be used that account for eco-physiological
processes in crop growth. In studies that review how sustainability in agri-
culture can be enhanced, production factors should be considered in an
integral manner rather than in isolation as single factors such as by Tilman
et al. (2002).

REVISITING CURRENT STRATEGIES

Agriculture has been successful in its primary role as food supplier, and
global food production per person has increased by 27% over the past five
decades despite a doubling of the world population. Not only has the pro-
ductivity increased per unit land area and other inputs, but the productivity
per labor hour has also increased. Production systems therefore are the
result of the interplay between biophysical, socio-economic, and cultural
factors. Dixon, Gulliver, and Gibbon (2001) provide an overview of agricul-
tural production systems in the world. Vereijken (2002) classified production
systems that have evolved over the past decades in Europe based on their
core objectives. Starting off as systems to secure food production along with
work and income, integrated systems have evolved to take environmental
issue into consideration as well.

Integrated Agriculture

The full emphasis to raise food production after the Second World War
pushed yields up in the EU15 at rates of 171, 105, and 433 kg ha™!' y™!
for maize, wheat, and potato, respectively (Bindraban, Loffler, & Rabbinge
2008). However, ecologically unbalanced amounts of inputs caused pollu-
tion of ground and surface water (Admiraal, de Ruyter Van Steveninck, &
de Kruijf 1989), as is currently the case in China (Chen 2007). In Europe,
total use of fertilizers and agrochemicals has been reduced absolutely and
per unit of output since the mid-1980s, while yield levels have increased
because applications are more precisely adjusted in time and space to
crop demand (e.g., Tsiouris et al. 2002). Crop modeling techniques can
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help identify optimal timing strategies for fertilizer application, and nutrient
balances can be further tightened to minimize losses. Insights into ecological
predator-prey principles permit the reduction of agrochemical use to a min-
imum (Van Roermund, van Lenteren, & Rabbinge 1997; Kempenaar 2002).
Close sensing allows early detection of plant stress from diseases and timely
action to prevent losses from water or nutrient shortages, while global
positioning systems with close- and remote-sensing facilitate precise spa-
tial applications (Jongschaap 2000). Farming systems can be redesigned to
minimize environmental impact, while maintaining high and economically
viable production levels (e.g., Aarts 2000). These advances in technology
support practices to optimize input use through integrated nutrient (INM),
pest (IPM), and crop (ICM) management that is essential to enhancing use
efficiency of natural resources while limiting adverse impact on the environ-
ment. Integrated approaches result in high production systems to be most
effective in resource use efficiency (e.g., Glendining et al. 2009).

Organic Agriculture

Yields from organic agriculture are often presented as reaching 60% to even
80% of yields under conventional agriculture in Europe (e.g., Van Mansvelt &
Mulder 1993; Tamis & Van den Brink 1999), but Bos (2005) showed that
these yields can be attained only when nutrients from at least another hectare
are used as input. Kirchmann and Thorvaldsson (2000) showed that many
environmental problems might be even worse than in conventional agri-
culture. The release of nutrients from organic manure is not synchronized
with crop uptake, leading, for instance, to higher nutrient losses. While total
losses per unit area may be lower at lower production levels, losses per unit
of product are higher in organic agriculture (Basset-Mens & van der Werf
2005). Exclusion of pesticides does not guarantee less toxic components in
products, e.g., due to increased concentrations of plant metabolites and of
mycotoxins of fungi, while food quality is not superior to conventionally
produced items either (Warman & Havard 1997; 1998). Organic agriculture
might house a higher degree of biodiversity of plant species and worms in
the field (e.g., Van Elsen 2000; Siegrist et al. 1998), though others find no
proof for such claims (Trewavas 2004). No increased nutrient use efficiency
is found in long-term trials for organically and conventionally treated soils
(Langmeier et al. 2002).

Yet, there is much debate about the production level of organic agri-
culture. As the application of artificial fertilizers is rejected (as is the use
of most biocides), nitrogen can enter the production system through bio-
logical fixation by legumes only. Nutrients can also be concentrated on the
production field from surrounding areas, such as through grazing animals,
but this implies unsustainable practices of depletion of the grazing areas.
Nitrogen also enters countries with net balances of biomass imports, such
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as the Netherlands, but this also leads to depletion in the exporting regions.
Hence for organic agriculture to be sustainable and comply with its strict
conditions, the ultimate amount of nitrogen that can enter the production
system is through N-fixation. Nitrogen can also enter the system through
deposition, though this pool is not consistent with the view of avoiding
pollution. Under optimal growth conditions, i.e. with sufficient availability
of water and other nutrients, primarily P, N-fixation rates of legumes range
from 1 to 3 kg N ha™! d™! (e.g., Giller 2001). Based on the availability of
nitrogen through N-fixation by legumes, the Wetenschappelijke Raad voor
het Regeringsbeleid (1995) showed that the acreage required for the pro-
duction of a similar amount of food is four to five times larger for organic
agriculture than for integrated agriculture. A simplified calculation provides
an estimate of the order of magnitude in yield levels between organic and
integrated systems to explain these findings. Given a period of maximum
growth of some 100 days in temperate regions, total N-fixation can reach
300 kg N ha™'. Assuming a crop rotation of two cereal crops following the
legume, on average 100 kg N ha™! is available per year. With nitrogen recov-
ery of 50%, a total amount of 50 kg N can be contained in the grains. At N
contents in grains of 1.5%—2%, a maximum vyield level of 2.5-3 tons grains
can be obtained per hectare. Grain yields under integrated agriculture reach
10 t ha™'. The difference in yield will be larger under the poor soil fertility
status of tropical soils, primarily low P availability, as it further reduces the
production potential of organic agriculture. Organic agriculture will there-
fore put a much larger claim on land and other resources due to lower use
efficiencies, revealing the large trade-off with biodiversity.

Organic agriculture can rather be perceived as a system that integrates
social and cultural values, aiming at plant and animal production with envi-
ronmental care, conservation of nature, and care for health and well-being,
including tourism and recreation. These values may be relevant in wealthy
societies, but claims on natural resources will be displaced to other regions
when consumers do not lower their consumption patterns.

Bio-Energy

Worldwide, many nations impose blending of their transport fuels with
biofuels, approximating 10% globally by 2020, to contribute to energy secu-
rity while reducing emission of greenhouse gasses (FAO 2008). Scientific
evidence is rapidly accumulating and questioning the environmental ben-
efits of biofuels (Bindraban, Bulte, & Conijn 2009; Bindraban et al. 2009).
The Achilles’ heel of biofuels production is the low utilization efficiency
of sunlight by plants. The maximum attainable efficiency (Spedding 1988)
of around 2.5%, with year-round cultivation in the tropics and about
1.5% in temperate regions, ultimately reduces to 0.2%-0.8% for biofuels
after correction for non-harvestable crop parts and energy needed during
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production, transport, and processing of the biomass (Corré & Conijn 2008).
This applies to crops grown under optimal conditions, and efficiencies will
be even lower under marginal growing conditions, when crop radiation use
efficiency declines due to yield-reducing factors (Sinclair & Horie 1989).

Net savings of greenhouse gas emissions up to 10 t CO, ha~'y™! in the
production chain for biofuels from feedstocks like sugarcane and palm oil
have been calculated (Righelato & Spracklen 2007). Savings will be lower
under poor management, when soil organic matter is lost during production,
or when too much nitrogen fertilizer is used (Crutzenet al. 2007; Smeets et al.
2007). Worse, when cultivation of biomass leads to the direct or indirect
clearing of natural lands, emissions 30 to 200 times the amount potentially
saved in the chain may occur (Searchingeret al. 2008; Fargioneet al. 2008).

Hence, the critical question is whether agricultural productivity can be
increased to such an extent that sufficient agricultural land can be freed up
for the production of energy crops while meeting global demand for food.
Most studies indicate that this is unlikely and argue that both arable land and
grassland acreage will have to increase (OECD/FAO 2008; TAASTD 2008).
Moreover, these studies may be too optimistic as they are partly based on
extrapolating existing trends, whereas a deteriorating resource base (notably
water availability and physical and chemical soil fertility) will limit future
productivity increases in biomass production. Arguably more rather than
less land will be necessary for food production to meet future food demand,
certainly until 2020 (e.g., Bruinsma 2003), the year for which the obligatory
blending targets are set. This implies that the production of biofuels will lead
to net clearing of natural lands, resulting in carbon emissions as well as a
loss of biodiversity. The use of marginal lands is unlikely to create significant
volumes of biomass.

Many advocates of biofuels have vested their hopes on so-called
second-generation technologies, i.e., the production of biofuels from non-
edible plant parts (e.g., EEA 2008). However, the implementation of such
technologies, in terms of timing and volumes, remains highly uncertain until
2020 (Deurwaarder, Lensink, & Londo 2007). Moreover, second-generation
feedstock also put claims on scarce natural resources, with continued
competition with food for these resources.

The availability of energy to the world is basically infinite, as the world
receives over 8,000 times more energy than is currently used. Because
energy is a pure physical phenomenon and is used in physical processes like
horizontal movement, rotations, lightening, and heating, a direct conversion
of physical process (also using some chemical processes) into physical pro-
cesses, without the interference of biological processes, would yield highest
use efficiencies, such as with solar energy. Because of the low radiation use
efficiency of plants, the interference in the world’s ecological systems will be
infinite when our energy is to be produced with biomass. The production of
10% biofuels for the transport sector, i.e. some 2% of our total energy use,
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puts a claim on 100 million to 200 million hectares of fertile lands (Bindraban
et al. 2009), while others suggest even 600 million hectares as production
will take place on less favorable land (Murphy et al. 2011). Much of our
global environmental problems might be solved when our energy provision
is entirely disconnected from biological and ecological processes.

Vegetarianism

Presently, vegetarianism is claimed to make a large contribution to reduce
claims on natural resources. A purely vegetarian diet indeed requires about
a third of the land and water of a meat-rich diet. Access for wealthy peo-
ple to a wide diversity of food items allows them to compose balanced
diets. However, food-insecure people under poor conditions generally rely
on unbalanced diets. Meat and animal products provide high-quality foods
rich in micronutrients and essential amino acids. This is important for sup-
plementing proteins from plant sources, which typically have low levels of
essential amino acids. Children that consume a little amount of meat ben-
efit from a more balanced diet and exhibit less stunting, are less prone to
diseases, and gaining weight (Gryseels 1988; Abassa 1995).

Meat production is even essential in securing sufficient food, as much
grassland cannot be converted into arable land but can be utilized through
conversion of grass into valuable food items by ruminants. In addition, grass-
lands will serve as an essential surface to collect part of the future water
required for food production.

Enhancing the use of grasslands for increasing red meat production by
ruminants may be an essential way to capture part of this additional water
to increase the availability of healthy food products for poor and food-
insecure people. The production of ruminant meat on improved grasslands
can make a significant contribution to substitute expansion of arable land
area (Bindraban, Jongschaap, & van Keulen 2010; Steinfeld 20006).

Hence, rather than calling for vegetarianism, poor people should be
given the opportunity to eat more meat, primarily from ruminants. This does
not hold for people in current wealthy societies that consume excessive
amounts of meat, including pork and chicken, putting a large claim on arable
land (Bindraban, Loffler, & Rabbinge 2008).

ENHANCING THE BUFFERING CAPACITY
OF AGRO- ECOSYSTEMS

The supply and demand for agro-produce (food, feed, fuel, and the like)
have converged to an extent that food reserves have been continuously
depleted over the past decade. With that, the buffering capacity to cope
with temporary shortages that in themselves have not been uncommon in
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the past, has decreased. The fragility of this new world food equilibrium has
increased, making the poor even more vulnerable to food shortages as has
recently been experienced. This fragility is likely to become even greater
because of expected increases in environmental variability, the expansion of
agriculture into less favorable environments, and the continued convergence
of food supply and demand as it becomes increasingly difficult for supply to
keep pace with the rapidly growing demand. Therefore, an increase in both
use efficiency and storage capacity of agro-ecosystems should be realized
simultaneously to secure sufficient and stable food supplies.

Much emphasis has been placed during the green revolution on increas-
ing the yield potential of a limited number of major crops, primarily rice,
wheat, maize, and potato. The increase in harvest index of cereal crops
has basically been the most fundamental change that has been achieved to
obtain higher yields (e.g., Sayre, Rajaram, & Fischer 1997). However, total
biomass production has not changed, nor has the efficiency of the photosyn-
thesis apparatus. The potential for further increases in crop yield is limited
(Bindraban 1997). Increasingly important will be the increased resistance to
pests and diseases and the tolerance level of crops to drought and other
biophysical threats to stabilize yield (Figure 3).

Van Ginkel, Baum, and Ogbonnaya (2009) argue that input efficiency
can be combined with input responsiveness in several crops: varieties with
relatively high yields under low fertility/water conditions and significantly
higher yields under more favorable conditions. Yield potential is not nec-
essarily in conflict with adaptation to abiotic stress, as has been shown
recently for New Rice for Africa (NERICA) rice varieties bred in West Africa
(Balasubramanian et al. 2007). These types of robust varieties may further
reduce yield variability. Broadening the number of improved crops may fur-
ther help to stabilize production. Crops specific to sub-Saharan Africa that
were bypassed by the Green Revolution, such as plantains, roots, and tuber
crops like cassava and yams, and small cereals such as millet and sorghum,
especially ought to receive breeding attention.
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Biotechnological approaches that speed up the process of breeding and
can better target the incorporation of required traits into new varieties should
be exploited to accelerate this process. Bindraban et al. (2006b) do, however,
argue for broad scope in breeding by introducing considerations related to
the entire production system within which a crop is cultivated. This approach
will better reveal the functioning of species and support identification of the
genetic characteristics necessary to enhance productivity in a given agro-
ecological context.

Nearly all investments for water provision in agriculture are made
in abstraction of water from streams and groundwater, i.e. ‘blue’ water.
Globally, however, 60% of fresh water is contained by soils, described as
‘green” water (Cosgrove and Rijsberman 2000). With decreasing blue water
resources, the importance of rainfed agriculture will increase. Often total
amounts of rainwater in a growing season suffice to obtain high yields
(Conijn et al. 2011), but erratic rainfall, with few heavy showers, for instance,
causes much water to run off or to percolate below the root zone. Key
in increasing and stabilizing yields will be the ability to store water in
soils. Other benefits may simultaneously be obtained. Sustainable land and
water management practices upstream reduce erosion, which leads to less
sedimentation in rivers and reservoirs. More water becomes available down-
stream and production of hydro-electricity can be significantly increased
(Dent & Kauffman 2007). In general, designing and managing agricultural
water for multiple uses—drinking water, industries, livestock, fisheries—
raises the economic productivity of water in water management systems
(Meinzen-Dick 1997; Bhatnagar et al. 2004; van Koppen, Moriarty, & Boelee
2000).

Soil organic matter (SOM) and clay determine many soil characteris-
tics necessary for plant growth, such as banking of nutrient stocks, cation
exchange capacity, and water-holding capacity. Maintaining and increasing
SOM is important to enhance the buffering capacity of soils; therefore, using
biomass residues cannot be considered a sustainable source for the pro-
duction of bio-energy. Without return flow of these residues, soil organic
matter may decrease by up to 50% of the initial level prior to removing
straw from the field, which depends on interacting processes within the
cropping system, the share of straw crop in the rotation, management, use
of organic fertilizer, weather conditions, soil type, hydrology, and fertilizer
use. The reducing effect on future crop yields and the loss of N, S, P, and
other nutrients may have to be compensated by increasing external inputs
and hampering the buffering capacity of agro-ecosystems.

Integrated agro-production systems may catalyze the optimal rather than
the maximal use efficiency of resources, certainly so under unfavorable
environmental conditions, as a means to enhance the buffering ability of
agro-ecosystems. While growing, there is still little systematic insight into
production-ecological aspects of such complex systems at both a field and
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regional scale. Ecological synergies may be exploited, such as the creation
of refuges in non-productive areas for natural enemies of pests on crops in
adjacent production fields (e.g., Landis et al. 2008). The combined growth
of two or more crops might make more effective use of natural resources
(e.g., light and water) and added resources (e.g., fertilizer), raising the pro-
ductivity of the entire system. The different crops would optimize sharing
of resources over time and space, but then various combinations could also
exacerbate drought or disease and pest incidence (e.g., Keating & Carberry
1993; Marshall & Willey 1983; Morris & Garrity 1993; Trenbath 1993; Tsubo &
Walker 2002). Skelsey et al. (2005) only recently developed a model to sys-
tematically assess the impact of crop combinations on disease infestation
and dispersion. Similarly, no priority has been placed on the development
of machines equipped to harvest two or more crops simultaneously or to
harvest a single crop in a mixture. But unless mechanization is tailored to
diversified farming systems, their land and labor productivity will remain
virtually stagnant at a low level.

CONCLUDING REMARKS

It is likely that we have already reaped the low hanging fruits in terms of
rapidly increasing yields over the past decades. High-yielding varieties have
been bred that could excel on our best soils supplemented with fertilizers
and with sufficient water in favorable rainfall areas and from well and sur-
face irrigation. While the yield gap, i.e., the difference between actual yield
and vyield that can be obtained under optimal management conditions, is
still large, closing that gap will not be easily attained. These gaps gener-
ally occur under current less favorable conditions, such as erratic rainfall
and high spatial variability of soil fertility, that call for knowledge-intensive
management of scarce resources in time and space. Securing future food
production will therefore require intelligent agro-ecological solutions. In this
paper, some counterintuitive suggestions have been made that may not be in
line with common understanding, but do intend to follow basic production
and ecological principles.

Much more emphasis should be put on understanding and exploit-
ing the benefit from interactions between production factors. Synergies
and methodologies that prevent increased variability in production under
increased levels of inputs should be fostered, certainly so under envi-
ronmentally less favorable production areas, primarily rainfall. Buffering
strategies by integrating production systems and practices should be pur-
sued. Plant breeding strategies would best be focused on increasing the
resilience of plants to harsh conditions. The production potential of grass-
lands should be exploited. These systems are indispensable for world food
security, as the area under grass is needed for the collection and conversion
of rainwater into food items. Moreover, conversion of grass by ruminants
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result in high-quality food items essential to improving the health of billions
of poor people. Organic agriculture per se is not an answer toward more
sustainable use of resources. Organic fertilizers improve soil structure and
fertility and contribute to stabilized yields, but are insufficient to increase
overall yield levels. Inorganic fertilizers should be applied to increase the
productivity of production systems. The extremely low radiation use effi-
ciency of plants implies that much land, water, and other resources will be
needed for the production of little amounts of bio-energy, leading to exces-
sive claims on natural resources. Moreover, rather than reducing greenhouse
gas emissions, biofuels may worsen climate change and lead to the loss
of biodiversity through direct and indirect effects. Competition with food
will continue—directly with food as feedstock and indirectly through com-
petition for resources. Our energy provision should be disconnected from
biological and ecological processes.

The current crises in the financial, energy, climate, and food sector
have created a sense of urgency in the search for unconventional concepts
and novel information to pursue strategies for development and growth
that are truly sustainable. An overriding influence of economic arguments
on decisions in policymaking and in private enterprises have stimulated
short-term gains, thereby systematically undervaluing the importance of the
world’s natural resource base. Policymakers, private enterprises, and society
at large should be better informed about agro-ecological processes to make
the best use of the world’s natural resources. Land, water, air, and biodi-
versity are among the precious resources now being used to the benefit of
human welfare. However, their quality and quantity should also be main-
tained to allow sustained exploitation for generations to come. The research
community should maintain its independence, reflect critically on proposed
strategies taking fundamental physical, chemical, and biological processes as
a starting point, and identify ecologically more durable option to meet future
food and non-food demands while making the most efficient use of natural
resources.

REFERENCES

Aarts, H. F. M. 2000. Resource management in a “De Marke” dairy farming system.
PhD thesis, Wageningen University, The Netherlands.

Abassa, K. P. 1995. Improving food security in Africa: The ignored contribution of
livestock. Joint ECA/FAO Agricultural Division Monograph 14. Addis Ababa,
Ethiopia: ECA/FAO.

Admiraal, W., E. de Ruyter Van Steveninck, and H. A. M. de Kruijff. 1989.
Environmental stress in five aquatic ecosystems in the floodplain of the River
Rhine. Sci. Total Environ. 78:59-75.

Ahlawat, 1. P. S.; and D. S. Rana. 1998. Agro-techniques. In Fifty years of agronomic
research in India, edited by R. L. Yadav, P. Singh, R. Prasad, and L. P. S. Ahlawat,
New Delhi, India: Indian Society of Agronomy.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

320 P.S. Bindraban

Ahmed, M. M., and J. H. Sanders. 1998. Shifting from extensive to intensive
agricultural systems: A case study in the Sudan. Agric. Sys. 58:253-268.

Ahmed, M. M., J. H. Sanders, and W. T. Nell. 2000. New sorghum, millet cultivar
introduction in Sub-Saharan Africa: impacts, research agenda. Agric. Sys. 64(1):
55-05.

Balasubramanian, V., M. Sie, R. J. Hijmans, and K. Otsuka. 2007. Increasing
rice production in sub-Saharan Africa: Challenges, opportunities. Adv. Agron.
94:55-133.

Basset-Mens, C., and H. M. G. van der Werf. 2005. Scenario-based environmental
assessment of farming systems: the case of pig production in France. Agric.
Ecosyst. Environ. 105:127-144.

Bhatnagar, P. R, A. K. Sikka, L. K. Prassad, B. R. Sharma, and S. R. Singh.
2004. Water quality dynamics in secondary reservoir for intensive fish produc-
tion. Abstract 176. Paper presented at International Association of Theoretical,
Applied Limnology (SIL) Congress 2004, 8-14 August, Lahti, Finland.

Bindraban, P. S. 1997. Bridging the gap between plant physiology and breeding.
Identifying trails to increase wheat yield potential using systems approaches.
PhD thesis, Wageningen University, The Netherlands.

Bindraban, P.S. 1999. Impact of canopy nitrogen profile in wheat on growth. Field
Crops Res. 63:63-77.

Bindraban, P. S., D. M. Jansen, J. Vlaming, and J. J. R. Groot. 1999. Land qual-
ity indicators for sustainable land management: The yield gap. Report 106.
Wageningen, The Netherlands: Research Institute for Agrobiology and Soil
Fertility (AB-DLO).

Bindraban, P. S., J. J. Stoorvogel, D. M. Jansen, J. Vlaming, and J. J. R. Groot. 2000.
Land quality indicators for sustainable land management: proposed method for
yield gap and soil nutrient balance. Agric. Ecosyst. Environ. 81:103-112.

Bindraban, P. S., H. Hengsdijk, W. Cao, Q. Shi, T. M. Thiyagarajan, W. Van der Korgt,
and L. P. Wardana. 2006a. Transforming inundated rice cultivation. Water Res.
Develop. 22(1): 87-100.

Bindraban, P., N. Louwaars, H. Loffle, T. van Hintum, and R. Rabbinge. 2006b.
Breeding strategy for mixed production systems in sub-Saharan Africa. Tailoring
Biotechnol. 2(3): 57-76.

Bindraban, P. S., H. Loffler, and R. Rabbinge. 2008. How to close the ever-widening
gap of Africa’s agriculture. Int. J. Technol. Global. 4(3): 276-295.

Bindraban, P. S., C. P. J. Burger, M. F. Quist-Wessel, and C. R. Werger. 2008. Resilience
of the European food system to calamities: Report for the Steering Committee
Technology Assessment of the Ministry of Agriculture, Nature and Food Quality,
The Netherlands. Wageningen, The Netherlands: Plant Research International.

Bindraban, P. S., E. Bulte, and S. Conijn. 2009. Can biofuels be sustainable by 2020?
Agric. Syst. 101:197-199.

Bindraban, P., E. Bulte, S. Conijn, B. Eickhout, M. Hoogwijkm, and M. Londo. 2009.
Can biofuels be sustainable by 2020? An assessment for an obligatory blend-
ing target of 10% in the Netherlands. Bilthoven, The Netherlands: Netherlands
Environmental Assessment Agency.

Bindraban, P. S., R. E. E. Jongschaap, and H. van Keulen. 2010. Resource use in
food production with special emphasis on water. In Environmental assessment



Downloaded by [Wageningen UR] at 23:34 30 May 2012

The Need for Agro-Ecological Intelligence 321

and management in the food industry, edited by U. Sonesson, J. Berlin, and
F. Ziegler,. Cambridge, UK: Woodhead Publishing Ltd. 16-34.

Bindraban, P. S., and R. Rabbinge. 2011. European food and agricultural strategy for
21% century. Int. J. Agric. Res. Gov. Ecol. (IJARGE) 9(1/2): 80-101.

Boote, K. J., M. J. Kropff, and P. S. Bindraban. 2001. Physiology and modeling
of traits in crop plants: Implications for genetic improvements. Agric. Syst.
70:395-420.

Bos, J. F. E. P, editor. 2005. Intersectorale samenwerking in de biologische landbouw:
bouwstenen wvoor een zelfvoorzienende biologische landbouw [Intersectoral
collaboration in organic agriculture; Building blocks for a self-sustaining
organic agriculture]. Wageningen/Driebergen, The Netherlands: Wageningen
University/Louis Bolk Institute.

Bouman, B., R. Barker, E. Humphreys, T. P. Tuong, G. Atlin, J. Bennett, D. Dawe,
et al. 2007. Rice: Feeding the billions. In Water for food, water for life: A compre-
hensive assessment of water management in agriculture, edited by D. Molden,
515-549. London: Earthscan.

Breman, H., J. J. R. Groot, and H. van Keulen. 2001. Resource limitations in Sahelian
agriculture. Global Environ. Change 11(1): 59-08.

Brown, C., and J. W. Hansen. 2008. Agricultural water management, climate risk.
Report to the Bill, Melinda Gates Foundation. IRI Tech. Rep. 08-01. Palisades,
NY: International Research Institute for Climate and Society.

Bruinsma, J. E. 2003. World agriculture: Towards 2015/2030. An FAO perspective.
Rome: Food and Agricultural Organization of the United Nations.

Chen, J. 2007. Rapid urbanization in China: A real challenge to soil protection, food
security. CATENA 69(1): 1-15.

Conijn, J. G., E. Querner, M. L. Rau, H. Hengsdijk, T. Kuhlman, G. Meijerink,
B. Rutgers, and P. S. Bindraban. 2011. Agricultural resource scarcity, distri-
bution: A case study of crop production in Africa. Report 380. Wageningen, The
Netherlands: Plant Research International. http://edepot.wur.nl/165556

Cooper, P. J. M., J. Dimes, K. P. C. Rao, B. Shapiro, B. Shiferaw, and S. Twomlow.
2008. Coping better with current climatic variability in the rain-fed farming sys-
tems of sub-Saharan Africa: An essential first step in adapting to future climate
change? Agric. Ecosyst. Environ. 126:24-35.

Corré, W. J., and J. G. Conijn. 2008. Sustainability aspects of biofuel production.
Proc. No. 633. New York: The International Fertiliser Society.

Cosgrove W. J., and F. R. Rijsberman. 2000. World water vision: Making water
everybody’s business. London: Earthscan.

Crutzen, P. J., A. R. Mosier, K. A. Smith, and W. Winiwarte. 2007. N,O release from
agro-biofuel production negates global warming reduction by replacing fossil
fuels. Atmos. Chem. Phys. Discuss. 7:11,191-11,205.

de Fraiture, C., and D. Wichelns. 2010. Satisfying future water demands for
agriculture. Agric. Water Manage. 97:502-511.

de Fraiture, C., D. Wichelns, J. Rockstrom, E. Kemp-Benedict, N. Eriyagama, L. J.
Gordon, M. A. Hanjra, J. Hoogeveen, A. Huber-Lee, and L. Karlberg. 2007.
Looking ahead to 2050: Scenarios of alternative investment approaches. In
Water for food, water for life: A comprebensive assessment of water management
in agriculture, edited by D. Molden, 91-145. London: Earthscan.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

322 P.S. Bindraban

de Ridder, N., and H. van Keulen. 1990. Some aspects of the role of organic matter
in sustainable intensified arable farming systems in the West-African semi-arid-
tropics (SAT). Agric. Syst. 26:299-310.

de Wit, C. T. 1958. Transpiration and crop yields. Institute of Biological
and Chemical Resources on Field Crops and Herbage. Wageningen, The
Netherlands.

de Wit, C. T. 1992. Resource use efficiency in agriculture. Agric. Syst. 40(1-3):
125-51.

Dent, D. L., and J. Kauffman. 2007. The spark has jumped the gap: Green water cred-
its proof-of-concept. Green water credit report 7. Wageningen, The Netherlands:
ISRIC World Soil Information.

Deurwaarder, E. P., S. M. Lensink, and H. M. Londo. 2007. BioTrans biofuels data:
Appendix to use of biotrans in REFUEL. Petten, The Netherlands: ECN.

Dixon J., A. Gulliver, and D. Gibbon. 2001. Farming systems, poverty. Improving
Sfarmers’ liveliboods in a changing world. Rome/Washington, DC: FAO/World
Bank.

Dooss, B. R. 2002. Population growth, loss of arable land. Global Environ. Change
12(4): 303-311.

Landis, A. D., M. M. Gardiner, W. van der Werf, and S. M. Swinton. 2008. Increasing
corn for biofuel production reduces biocontrol services in agricultural land-
scapes. PNAS 105:20,552-20,557.

Dumanski, J., S. Gameda, and C. Pieri. 1998. Indicators of land quality and
sustainable land management: An annotated bibliography. Washington, DC:
World Bank.

European Environment Agency (EEA). 2008. Maximising the environmental benefits
of Europe’s bioenergy potential. EEA report 10/2008. Copenhagen: European
Environmental Agency.

Food and Agriculture Organization of the United Nations (FAO). 2008. Biofuels:
Prospects, risks, and opportunities. Rome: FAO.

Food and Agriculture Organization of the United Nations (FAO). 2009. FAOSTAT.
http://www .fao.org/corp/statistics/en/

Fargione, J., J. Hill, D. Tilman, S. Polasky, and P. Hawthorne. 2008. Land clearing,
the bio-fuel carbon debt. Science 319:1,235-1,238. doi: 0.1126/science.1152747.

French, R. J., and J. E. Schultz. 1984. Water use efficiency of wheat in a
Mediterranean-type environment. I. The relation between yield, water use,
climate. Aust. J. Agric. Res. 35:743-764.

Gibbs, H. K., A. S. Ruesch, F. Achard, M. K. Clayton, P. Holmgren, N. Ramankutty,
and J. A. Foley. 2010. Tropical forests were the primary sources of new
agricultural land in the 1980s, 1990s. PNAS 107(38): 16,732-16,737.

Giller, K. E., editor. 2001. Nitrogen fixation in tropical cropping systems, 2" ed.
Wallingford, UK: CAB International.

Giller, K. E., E. Rowe, N. de Ridder, and H. van Keulen. 2006. Resource use
dynamics, interactions in the tropics: Scaling up in space, time. Agric. Syst.
88:8-27.

Glendining, M., A. G. Dailey, A. Williams, F. K. Evert, K. W. T. van, Goulding, and
A. P. Whitmore. 2009. Is it possible to increase the sustainability of arable,
ruminant agriculture by reducing inputs? Agric. Syst. 99(2-3): 117-125.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

The Need for Agro-Ecological Intelligence 323

Goudriaan, J., J. J. R. Groot, and P. W. J. Uithol. 2001. Productivity of agro-
ecosystems. In Physiological ecology, edited by H. A. Mooney and B. Saugier,.
London: Academic Press. 301-313.

Gryseels, G. 1988. The role of livestock in the generation of smallholder farm income
in two vertisols areas of the central Ethiopian highland. In Management of
vertisols in sub-Saharan Africa, edited by S. C. Jutzi, I. Haque, J. McIntire, and
J. E. S. Stares,. Addis Ababa, Ethiopia: International Livestock Center for Africa.
345-358.

Hanjra, M. A., and M. E. Qureshi. 2010. Global water crisis and future food security
in an era of climate change. Food Policy 35(5): 365-377.

Held, I. M., T. L. Delworth, J. Lu, K. L. Findell, and T. R. Knutson. 2005. Simulation
of Sahel drought in the 20" and 21* centuries. PNAS 102(50): 17,891-17,896.

Hengsdijk, H., W. van der Krogt, R. J. Verhaeghe, and P. S. Bindraban. 2000.
Consequences of supply, demand management options for integrated water
resources management in the Jabotabek-Citarum region, Indonesia. Int. J. River
Basin Manage. 4(4): 1-8.

Hoogwijk, M., A. Faaij, B. Eickhout, B. de Vries, and W. Turkenburg. 2005. Potential
of biomass energy out to 2100 for four IPCC SRES land-use scenarios. Biomass
Bioenergy 29(4): 225-257.

Howden, S. M., J.-F. Soussana, F. N. Tubiello, N. Chhetri, M. Dunlop, and H. Meinke.
2007. Adapting agriculture to climate change. PNAS 104(5): 19,691-19,696.
Hulme, M. 2001. Climate perspectives on Sahelian desiccation: 1973-1998. Global

Environ. Change 11:19-29.

International Assessment of Agricultural Science, Technology for Development
(IAASTD). 2008. Synthesis report of the International Assessment of Agricultural
Science, Technology for Development. Washington, DC: TAASTD. http://www.
agassessment.org/

International Institute for Applied Systems Analysis (IIASA). 2011. Land use change
and agriculture: Agro-ecological zoning. http://www .iiasa.ac.at/Research/LUC/
Research-AEZ/index.html?sb=8

InterAcademy Council. 2004. Realizing the promise and potential of African agricul-
ture: Science and technology strategies for improving agricultural productivity
in Africa. Amsterdam, The Netherlands: InterAcademy Council. http://www.
interacademycouncil.net/CMS/Reports/AfricanAgriculture.aspx

Jagtap, S. S., and A. K. Chan. 2000. Agrometeorological aspects of agriculture in the
sub-humid, humid zones of Africa and Asia. Agric. For. Meteorol. 103:59-72.

Jansen, B. H., F. C. T. Guiking, D. van der Eijk, E. M. A. Smaling, J. Wolf, and H. van
Reuler. 1990. A system for quantitative evaluation of the fertility of tropical soils
(QUEFTS). Geoderma 46:299-318.

Jin, Z. Q., and D. W. Zhu. 2008. Impacts of changes in climate and its variability on
food production in northeast China. Acta Agron. Sinica 34(9): 1,588-1,597.
Jongschaap, R. J. J. 2006. Integrating crop growth simulation, remote sensing to
improve resource use efficiency in farming systems. PhD thesis, Wageningen

University, Wageningen, The Netherlands.

Joshi, N. L., D. S. Singh, R. S. Singh, and A. Saxena. 1998. Climate, crop production.
In Fifty years of agronomic research in India, edited by R. L. Yadav, P. Singh,
R. Prasad, and 1. P. S. Ahlawat,. New Delhi, India: Indian Society of Agronomy.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

324 P. S. Bindraban

Kamga, A. F., G. S. Jenkins, A. T. Gaye, A. Garba, A. Sarr, and A. Adedoyinet al. 2005.
Evaluating the National Centre for Atmospheric Research climate system model
over West Africa: Present day, the 21st century, and Al scenario. J. Geophys.
Res. 110:D03106. doi:10.1029/2004JD004689.

Keating, B. A., and P. S. Carberry. 1993. Resource capture use in intercropping: Solar
radiation. Field Crops Res. 34:273-301.

Keller, A., and D. Seckler. 2004. Limits to increasing the productivity of water in crop
production. Arlington, VA: Winrock Water.

Kempenaar, C., R. M. W. Groeneveld, A. J. M. Uffing, R. Y. Weide, and
J. Wevers. 2002. New insights, developments in the MLHD concept of weed
control. Proceedings of the European Weed Research Society 12 symposium.
Wageningen, The Netherlands: European Weed Research Society.

Kirchmann H., and G. Thorvaldsson. 2000. Challenging targets for future agriculture.
Eur. J. Agron. 12(3—4): 145-161.

Langmeier, M., E. Frossard, M. Kreuzer, P. Midder, D. Dubois, and A. Oberson.
2002. Nitrogen fertilizer value of cattle manure applied on soils originating
from organic, conventional farming systems. Agronomie 22:789-800.

Li, X. Y, J. D. Gong, Q. Z. Gao, and F. R. Li. 2001. Incorporation of ridge, furrow
method of rainfall harvesting with mulching for crop production under semiarid
conditions. Agric. Water Manage. 50:173—183.

Liu J. G., and J. Diamond. 2005. China’s environment in a globalizing world. Nature
435:1,179-1,186.

Lo, F., and M. C. Wheeler. 2007. Probabilistic forecasts of the onset of the north
Australian wet season. Mon. Weather Rev. 135(10): 3,506-3,520.

Marshall, B., and R. W. Willey. 1993. Radiation interception and growth in an
intercrop of pearl millet/groundnut. Field Crops Res. 7:141-160.

McCown, R. L., B. A. Keating, M. E. Probert, and R. K. Jones. 1992. Strategies for
sustainable crop production in semi arid Africa. Outlook on Agric. 21:21-31.

Meinke, H., R. Nelson, P. Kokic, R. Stone, R. Selvaraju, and W. Baethgen. 2000.
Actionable climate knowledge: From analysis to synthesis. Climate Res. 33(1):
101-110.

Meinzen-Dick, R. 1997. Valuing the multiple uses of water. In Water: Economics,
management, and demand, edited by M. Kay, T. Franks, and L. Smith,. London:
E&FN Spon.

Molden, D., editor. 2007. Water for food, water for life: A comprebensive assessment
of water management in agriculture. London: Earthscan.

Molden, D., and T. Oweis. 2009. Improving agricultural water productivity: Between
optimism and caution. Agric. Water Manage. doi:10.1016/j.agwat.2009.03.023.

Monteith, J. L. 1990. Conservative behavior in the response of crops to water and
light. In Theoretical production ecology: Reflections and prospects, Simulation
Monograph 34, edited by R. Rabbinge, J. Goudriaan, H. van Keulen, F. W. T.
Penning de Vries, and H. H. van Laar, 3-16. Wageningen, The Netherlands:
Pudoc,

Morris, R. A., and D. P. Garrity. 1993. Resource capture, utilization in intercropping:
Non-nitrogen nutrients. Field Crops Res. 34:319-334.

Murphy, R., J. Woods. M. Black, and M. McManus. 2011. Global developments in
the competition for land from biofuels. Food Policy 36(1): $52-S61.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

The Need for Agro-Ecological Intelligence 325

Organization for Economic Cooperation and Development (OECD)/ Food and
Agriculture Organization of the United Nations (FAO). 2008. OECD-FAO agri-
cultural outlook 2008-2017. Rome: FAO. http://www.oecd.org/dataoecd/54/
15/40715381.pdf.

Oki, T., and S. Kanae. 2006. Global hydrological cycles, world water resources.
Science 313:1,068-1,072.

Peden, D., G. Tadesse, A. K. Misra, F. Awad Amed, A. Astatke, W. Ayalneh, M.
Herrero, G. Kiwuwa, T. Kumsa, B. Mati, D. Mpairwe, T. Wassenaar, and A.
Yimegnuhal. 2007. Water and livestock for human development. In Water
Sfor food, water for life: A comprehensive assessment of water management in
agriculture, edited by D. Molden, 485-514. London: Earthscan.

Porter, J. R., and M. A. Semenov. 2005. Crop responses to climatic variation. Philos.
Trans. R. Soc. London, Ser. B. 360(1,463): 2,021-2,035.

Production Ecology—Resource Conservation (PE&RC) 2011. Various papers pre-
sented at the seminar on global soil fertility: The role of next generation
smart fertilizers, 21 March 2011. The C.T. de Wit Graduate School Production
Ecology-Resource Conservation. Wageningen, The Netherlands.

Righelato R., and D. V. Spracklen. 2007. Carbon mitigation by biofuels or by saving,
restoring forests? Science 317:902. doi: 10.1126/science.11413061.

Rockstrom, J. 2001. Green water security for the food makers of tomorrow: Windows
of opportunity in drought-prone savannahs. Water Sci. Technol. 43:71-78.
Rockstrom, J. 2003. Water for food and nature in drought-prone tropics: Vapour shift

in rain-fed agriculture. Philos. Trans. R. Soc. Lond. B 358:1997-2009.

Rowe, E. C., M. T. van Wijk, N. de Ridder, and K. E. Giller. 2006. Nutrient allocation
strategies across a simplified heterogeneous African smallholder farm. Agric.
Ecosyst. Environ. 116(1-2): 60-71.

Rufino, M. C., P. Tittonell, M. T. van Wijk, A. Castellanos-Navarrete, R. J. Delve,
N. de Ridder, and K. E. Giller. 2007. Manure as a key resource within small-
holder farming systems: Analyzing farm-scale nutrient cycling efficiencies with
the NUANCES framework. Livestock Sci. 112(3): 273-287.

Savenije, H. H. G. 1998. How do we feed a growing world population in a situation
of water scarcity? In Proceedings of the 8" Stockholm Water Symposium, SIWI
report 3, 49—58. Stockholm: Stockholm International Water Institute.

Sayre, K. D., S. Rajaram, and R. A. Fischer. 1997. Yield potential progress in short
bread wheats in northwest Mexico. Crop Sci. 37(1): 36-42.

Searchinger, T., R. Heimlich, R. A. Houghton, F. Dong, A. Elobeid, J. Fabiosa,
S. Tokgoz, D. Hayes, and T. H. Yu. Use of U.S. croplands for biofuels
increases greenhouse gases through emissions from land use change. Science
319:1,238-1,240.

Senthilkumar, K., P. S. Bindraban, T.M. Thiyagarajan, N. de Ridder, K. E. Giller. 2008.
Modified rice cultivation in Tamil Nadu, India: Yield gains, farmers’ (lack of)
acceptance. Agric. Syst. 89:82-94.

Shiklomanov, I. A. 2000. Appraisal, assessment of world water resources. Water Int.
25:11-32.

Siegrist, S., D. Schaub, L. Pfiffner, and P. Mider. 1998. Does organic agriculture
reduce soil erodibility? The results of a long-term field study on loess in
Switzerland. Agric. Ecosyst. Environ. 69:253-264.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

326 P. S. Bindraban

Sinclair, T. R. 1990. Nitrogen influence on the physiology of crop yield. In
Theoretical production ecology: Reflections and prospects. Simulation mono-
graph 34, edited by R. Rabbinge, J. Goudriaan, H. van Keulen, F. W. T. Penning
de Vries, and H. H. van Laar, 41-55. Wageningen, The Netherlands: Pudoc.

Sinclair, T. R., and T. Horie. 1989. Leaf nitrogen, photosynthesis, and crop radiation
use efficiency: A review. Crop Sci. 29:90-98.

Singh, R. P. 1998. Rain water management: Principles and practices. In Fifty years
of agronomic research in India, edited by R. L. Yadav, P. Singh, R. Prasad, and
I. P. S. Ahlawat,. New Delhi: Indian Society of Agronomy.

Skelsey, P., W. A. H. Rossing, G. J. T. Kessel, J. Powell, and W. van der Werf.
2005. Influence of host diversity on development of epidemics: An evaluation,
elaboration of mixture theory. Phytopathol. 95:328-338.

Smaling, E. M. A., S. M. Nandwa, H. Prestele, R. Roetter, and F. N. Muchena. 1992.
Yield response of maize to fertilizers, manure under different agro-ecological
conditions in Kenya. Agric. Ecosyst. Environ. 41:241-252.

Smeets, E. M. W., A. P. C. Faaij, I. M. Lewandowski, and W. C. Turkenburg. 2007.
A bottom-up assessment, review of global bio-energy potentials to 2050. Prog.
Energy Combust. Sci. 33:56-100.

Smil, V. 2000. Phosphorus in the environment: Natural flows and human interfer-
ences. Ann. Rev. Energy Environ. 25:53-88.

Smit, A. L., P. S. Bindraban, J. J. Schroder, J. G. Conijn, and H. G. van der Meer.
2009. Phosphorus in agriculture: Global resources, trends and developments.
Wageningen, The Netherlands: Plant Research International.

Spedding, C. R. W. 1988. An introduction to agricultural systems. London: Elsevier.

Steduto, P., J. W. Kijne, M. A. Hanjra, and P. S. Bindraban. 2007a. Pathways
for increasing agricultural water productivity. Water for food, water for life:
A comprebensive assessment of water management in agriculture, edited by
D. Molden, 279-309. London: Earthscan.

Steduto, P., T. C. Hsiao, and E. Fereres. 2007b. On the conservative behavior of
biomass water productivity. rrig. Sci. 25:189-207.

Steinfeld, H., P. Gerber, T. Wassenaar, V. Castel, M. Rosales, and C. de Haan. 2000.
Livestock’s long shadow: Environmental issues and options. Rome: FAO.

Tamis, W. L. M., and W. J. van den Brink. 1999. Conventional, integrated, organic
winter wheat production in The Netherlands in the period 1993-1997. Agric.
Ecosyst. Environ. 76:47-59.

Tanner, C. B., and T. B. R. Sinclair. 1983. Efficient water use in crop production:
Research or re-search? In Limitations to efficient water use in crop production,
edited by H. M. Taylor, W. A. Jordan, and T. R. Sinclair, Madison, WI: American
Society of Agronomy. 1-27.

Tilman, D., and K. G. Cassman. 2002. Agricultural sustainability and intensive
production practices. Nature 418(8): 671-677.

Tilman, D., J. Fargione, B. Wolff, C. D’Antonio, A. Dobson, R. Howarth, D. Schindler,
W. H. Schlesinger, D. Simberloff, and D. Swackhamer. 2001. Forecasting
agriculturally driven global environmental change. Science 292:281-284.

Tittonell, P., B. Vanlauwe, P. A. Leffelaar, K. D. Shepperd, and K. E. Giller. 2005.
Exploring diversity in soil fertility management of smallholder farms in western
Kenya. II. Within-farm variability in resource allocation, nutrient flows, soil
fertility status. Agric. Ecosyst. Environ. 110:166-184.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

The Need for Agro-Ecological Intelligence 327

Trenbath, B. R. 1993. Intercropping for the management of pests and diseases. Field
Crops Res. 34:381-405.

Trewavas, A. 2004. A critical assessment of organic farming-and-food assertion with
particular respect to the UK, the potential environmental benefits of no-till
agriculture. Crop Prot. 23:757-781.

Tsiouris, S. E., A. P. Mamolos, K. L. Kalburtji, and D. Alifrangis. 2002. The quality
of runoff water collected from a wheat field margin in Greece. Agric. Ecosyst.
Environ. 89:117-125.

Tsubo, M., and S. Walker. 2002. A model of radiation interception and use by a
maize-bean intercrop canopy. Agric. Forest Meteorol. 110:203-215.

Twomlow, S., F. T. Mugabe, M. Mwale, R. Delve, D. Nanja, P. Carberry, &
M. Howden. 2008a. Building adaptive capacity to cope with increasing vul-
nerability due to climatic change in Africa: A new approach. Phys. Chem. Earth
33(8-13): 780-787.

Twomlow, S., D. Rohrbach, J. Dimes, J. Rusike, W. Mupangwa, B. Ncube, L. Hove,
M. Moyo, N. Mashingaidze, and P. Mahposa. 2008b. Micro-dosing as a pathway
to Africa’s Green Revolution: evidence from broad-scale on-farm trials. Nutr.
Cycl. Agroecosyst. doi:10.1007/s10705-008-9200-4.

van Asten, P. J. A., S. E. Barro, M. C. S. Wopereis, and T. Defoer. 2004. Using farmer
knowledge to combat low productive spots in rice fields of a Sahalian irrigation
scheme. Land Degrad. Dev. 15(4): 383-396.

van Elsen, T. 2000. Species diversity as a task for organic agriculture in Europe.
Agric. Ecosyst. Environ. 77:1-9.

van Ginkel, M., M. Baum, and F. Ogbonnaya. 2009. Everything is inherited.
Paper presented at the CGIAR Science Forum Conference, 16-18 June 2009,
Wageningen, The Netherlands.

van Ittersum, M. K., and R. Rabbinge. 1997. Concepts in production ecology for
analysis, quantification of agricultural input-output combinations. Field Crops
Res. 5:197-208.

van Kauwenbergh, S. J. 2010. World phosphate rock reserves and resources. IFDC
Technical Bulletin 75. Muscle Shoals, AL: International Fertilizer Development
Center.

van Koppen, B., P. Moriarty, and E. Boelee. 2006. Multiple-use water services
to advance the millennium development goals. IWMI Research Report 98.
Colombo, Sri Lanka: International Water Management Institute.

van Mansvelt, J. D., and J. A. Mulder. 1993. European features for sustainable
development: a contribution to the dialogue. Landscape Urban Plann. 27(2—4):
67-90.

van Roermund, H. J. W, J. C. van Lenteren, and R. Rabbinge. 1997. Biological
control of greenhouse whitefly with the parasitoid encarsia formosa on
tomato: An individual-based simulation approach. Biolog. Control 9(1):
25-47.

Vanlauwe, B., P. Tittonell, and J. Mukulama. 2006. Within-farm soil fertility gradients
affect response of maize to fertilizer application in western Kenya. Nutr. Cycl.
Agroecosyst. 76:171-182.

Vereijken, P. H. 2002. Transition to multifunctional land use, agriculture. Neth. J.
Agric. Sci. 50:171-179.



Downloaded by [Wageningen UR] at 23:34 30 May 2012

328 P.S. Bindraban

Warman, P. R., and K. A. Havard. 1997. Yield, vitamin, and mineral contents
of organically and conventionally grown carrots and cabbage. Agric. Ecosyst.
Environ. 61:155-162.

Warman, P. R., and K. A. Havard. 1998. Yield, vitamin and mineral contents of
organically and conventionally grown potatoes and sweet corn. Agric. Ecosyst.
Environ. 68:207-216.

Wetenschappelijke Raad voor het Regeringsbeleid (WRR). 1995. Sustained risks:
A lasting phenomenon. The Hague, The Netherlands: Scientific Council for
Government Policy.

Wheeler, T. R., P. Q. Craufurd, R. H. Ellis, J. R Porter, M. A. Semenov, R. J. Brooks,
F. Ewert, J. T. Ritchie. 2000. Temperature variability and the yield of annual
crops. Agric. Ecosyst. Environ. 82(1-3): 159-167.

Wolf, J., C. T. de Wit, B. H. Jansen, and D. J. Lathwell. 1987. Modeling long-term
crop response to fertilizer phosphorus. I. The model. Agronomy J. 79:445-451.

Yang, H., and X. Li. 2000. Cultivated land and food supply in China. Land Use Policy
17(2): 73-88.

Zingore, S., H. K. Murwira, R. J. Delve, and K. E. Giller. 2007a. Influence of
nutrient management strategies on variability of soil fertility, crop yields and
nutrient balances on smallholder farms in Zimbabwe. Agric. Ecosyst. Environ.
119:112-126.

Zingore, S., H. K. Murwira, R. J. Delve, and K. E. Giller. 2007b. Soil type, histori-
cal management and current resource allocation: Three dimensions regulating
variability of maize yields and nutrient use efficiencies on African smallholder
farms. Field Crops Res. 101:296-305.


https://www.researchgate.net/publication/300783518

