Chapter 3
Can Organic Crop Production Feed the World?
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Abstract Agriculture provides the most essential service to mankind, as production
of crops in sufficient amounts is necessary for food security and livelihood. This
chapter examines the question of whether organic agriculture can produce enough
food to meet future demand. This question relates to a moral imperative and any
evaluation must therefore be based on objective scientific facts excluding ideologi-
cal bias, political correctness, economic incentives or environmental opinions. The
chapter begins by defining the conditions necessary for a stringent evaluation of crop
yields and explains potential pitfalls. Yield data from national statistics, organic and
conventional long-term experiments and comparative studies are then compiled and
evaluated, followed by a discussion of the main factors behind low-yielding pro-
duction. In a global perspective, the scientific literature shows that organic yields
are between 25 and 50% lower than conventional yields, depending on whether the
organic system has access to animal manure. The amount of manure available on or-
ganic farms is usually not sufficient to produce similar crop yields as in conventional
systems and therefore green manures are commonly used. However, organic crop
yields reported for rotations with green manure require correction for years with-
out crop export from the field, which reduces average yield over the crop rotation.
When organic yields are similar to those in conventional production, nutrient input
through manure is usually higher than nutrient addition in conventional agriculture,
but such high inputs are usually only possible through transfer of large amounts of
manure from conventional to organic production. The main factors limiting organic
yields are lower nutrient availability, poorer weed control and limited possibilities
to improve the nutrient status of infertile soils. It is thus very likely that the rules
that actually define organic agriculture, i.e. exclusive use of manures and untreated
minerals, greatly limit the potential to increase yields. Our analysis of some yield-
related statements repeatedly used by advocates of organic agriculture reached the
following conclusions: Organic manure is a severely limited resource, unavailable
in quantities sufficient for sustaining high crop yields; legumes are not a free and

H. Kirchmann (=)

Department of Soil and Environment, Swedish University of Agricultural Sciences, P.O. Box 7014,
SE-75007 Uppsala, Sweden

e-mail: holger.kirchmann @mark.slu.se

H. Kirchmann, L. Bergstrom (eds.), Organic Crop Production — Ambitions 39
and Limitations, DOI 10.1007/978-1-4020-9316-6_3,
© Springer Science+Business Media B.V. 2008



40 H. Kirchmann et al.

environmentally sound N source that can replace inorganic fertilisers throughout;
and low native soil fertility cannot be overcome with local inputs and untreated
minerals alone.

Agricultural methods severely limiting crop yields are counter-productive. Lower
organic yields require compensation through expansion of cropland — the alterna-
tive is famine. Combining expected population growth and projected land demand
reveals that low-yielding agriculture is an unrealistic option for production of suffi-
cient crops in the future. In addition, accelerated conversion of natural ecosystems
into cropland would cause significant loss of natural habitats. Further improvement
of conventional agriculture based on innovations, enhanced efficiency and improved
agronomic practices seems to be the only way to produce sufficient food supply for
a growing world population while minimising the negative environmental impact.

Keywords Area demand - Conventional yields - Cropland expansion - Habitat
loss - Nutrient input - Organic yields - Population growth - Weeds

3.1 Introduction

Providing healthy food for everyone is probably the most important survival issue
for mankind in the future. We are currently producing a slight excess of food in
relation to consumption (Alexandratos, 1999; Dyson, 1999). However, the demand
for food, feed and fibres will greatly increase during coming decades (Evans, 1998;
FAO, 2007) driven by a growing population, which is getting wealthier (Bruinsma,
2003; GeoHive, 2007). The global human population has doubled over the last 40
years, to around 6.5 billion people in 2006, and food plus feed production has tripled
during the same period (FAO, 2007). By 2030, the global population may reach
8-9 billion, of which 6.8 billion may live in developing countries (Bruinsma, 2003;
GeoHive, 2007). As the projected increase will mainly take place in developing
countries, Africa would need to increase food production by 300%, Latin America
by 80%, Asia by 70%, but even North America by 30%. Assuming that the addi-
tional population consumes only vegetarian food, a minimum of 50% more crops
will need to be produced by 2030 to ensure sufficient food supply. As a satisfactory
diet has been defined to consist of 40 g animal protein per person and day (Gilland,
2002) and taking into account that diets throughout the world are changing with the
rise in income towards more meat and dairy products irrespective of culture, there
will be a need to actually increase food plus feed production by 60-70%. For ex-
ample, in developing countries, meat consumption amounted to 71 g per person and
day in 1997-1999 and is projected to further increase to 100 g per person and day
in 2030 (Bruinsma, 2003). In developed countries, meat consumption of 180 g per
person and day is projected for 2030. Since the largest proportion of the projected
increase is expected to come from pork, poultry and aquaculture, meeting future
demand will depend on achievable increases in cereal yields (Bradford, 1999). A
doubling of cereal yields may be necessary by 2030.
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Global food production increased by 70% from 1970 to 1995, largely due to the
application of modern technologies in developing countries, where food production
increased by 90%. However, global food production must grow to the same extent in
the coming three decades, as pointed out above, to meet human demand (Bruinsma,
2003; Cassman et al., 2003; Eickhout et al., 2006). Two principal possibilities for
achieving this increase have been identified: intensifying agricultural production on
existing cropland or ploughing up natural land into cropland, i.e. clearing pastures
and rangelands, cutting forests and woodland areas, etc. Some experts have a posi-
tive view that food production can be greatly increased if high-yielding production
is widely applied (Bruinsma, 2003), and the expansion of arable land in the world is
expected to only slightly increase from 1400 Mha in 2006 (FAO, 2007) to 1600 Mha
in 2030 (Bouwman et al., 2005). In 2025, the world’s farmers will be expected to
produce an average world cereal yield of about 4 metric tons per hectare (Dyson,
1999) if conditions are optimised.

There are recent claims that sufficient food can be produced by organic agri-
culture, expressed in terms such as ‘organic agriculture can feed the world’ (e.g.
Woodward, 1995; Vasilikiotis, 2000; Leu, 2004; Tudge, 2005; Badgley and Perfecto,
2007). The following three arguments have been put forward: (i) Lower produc-
tion of most crops can be compensated for by increased production of legumes, in
particular of grain legumes, while a change to a diet based mainly on vegetables
and legumes will provide enough food for all (Woodward, 1995). (ii) Realities in
developing countries must be taken into account: ‘Increased food supply does not
automatically mean increased food security for all. Poor and hungry people need
low-cost and readily available technologies and practices to increase food produc-
tion’ (Pretty et al., 2003). (iii) ‘Organic agriculture can get the food to the people
who need it and is therefore the quickest, most efficient, most cost-effective and
fairest way to feed the world’ (Leu, 2004). These arguments confuse the original
scientific question with other realities interacting with food sufficiency, such as
change in dietary composition, poverty, finance, markets, distribution system, etc.
However, the basic scientific question remains and requires a stringent review and
evaluation of the production potential of organic and conventional systems.

A fundamental question is whether organic yields can be increased radically or
whether more natural ecosystems have to be converted into cropland. The following
four observations indicate that intensification rather than area expansion is neces-
sary: (1) Agricultural land is steadily decreasing as it is being taken over for urban
or industrial use (Blum et al., 2004); (2) global warming may reduce the potential
for higher yields in large parts of the world (Parry et al., 2005); (3) significant ar-
eas of farmland may be used for fuel production, competing with food production
(Nonhebel, 2005); and (4) cropland simply cannot be expanded, due to shortage
of suitable land. On the other hand, current yield increases appear to be falling
below the projected rate of increase in demand for cereals (Cassman et al., 2002),
challenging scientists to do their best to increase crop productivity per unit area
(Evans, 1998).

Food production is coupled to a moral imperative, as sufficient food supply is a
cornerstone of human welfare. Development of agricultural practices ensuring food
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sufficiency is a basic human requirement, a prerequisite for satisfactory social condi-
tions and a necessity for civilisations to flourish. Lack of food, on the other hand, is a
tragedy leading not only to suffering and loss of life but also to inhuman behaviour,
political instability and war (Borlaug, 1970). In fact, eradication of famine and mal-
nutrition has been identified as the most important task on Earth (UN Millennium
Project, 2005). Thus, when discussing different forms of crop production, it is of the
utmost importance to examine without prejudice the forms of agriculture that can
contribute to food sufficiency and security, at present and in the future. Separation
of facts and wishful thinking is absolutely necessary and only an unbiased review of
the scientific literature can provide objective answers to the questions put forward
below. A strong belief and enthusiasm for certain solutions cannot be allowed to
hamper the search for objectivity.

The overall aim of this chapter was to examine a morally important aspect of
organic agriculture. This was achieved by examining the following questions:

e (Can sufficient crop production be obtained through conversion to and/or intro-
duction of organic production?

e Can future food demand be covered by organic agriculture?
Is it possible to significantly increase organic yields in the future?

3.2 Defining Conditions Necessary for a Stringent Comparison
of Crop Yields from Organic and Conventional Systems

Evaluating crop yields from organic and conventional production seems straight-
forward but there are restrictions and difficulties to be considered. The conditions
outlined below are necessary for stringent scientific comparisons based on robust
quantitative thinking.

3.2.1 Evaluate Comparable Systems

Yield examinations require that only systems of the same type are compared. Com-
paring yields from pure crop production systems with those from mixed crop-animal
systems, or biofuel-crop systems, is incorrect. The main reason is that each system is
characterised by specific crops and a level of production typical for these crops that
is not necessarily related to organic/conventional methods. For example, systems
with forage and milk production have a higher production level (tonnes of dry plant
matter per hectare) than cereal production without animals and manure application.
Furthermore, to avoid misinterpretation of yields, crops grown within the same type
of system should also be similar.

3.2.2 Choose Long-Term Studies

A critical aspect of a relevant comparison of crop yields from organic and conven-
tional systems is the time span of the comparison. Short-term comparative studies
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can lead to biased conclusions for several reasons. If a conventional system is con-
verted into an organic system, previous soil management practices will affect crop
growth in the organic system. A reduced weed population (including seed bank),
elevated soil P and K fertility levels, a high organic matter content and amount of
recent plant residues, etc. may initially result in higher yields in the organic system
than those found after a decade. In other words, only long-term studies with minimal
residual effects are really useful.

Using yield data from a single harvest is not valid for a proper evaluation. As
yield data vary between years due to weather conditions, fertility management dur-
ing the previous year, damage through pests, weeds, etc., a single harvest estimate is
not representative. More importantly, yields of actual crops may not be a complete
measure of the total productivity of a system. When non-food crops (green manure)
form part of the rotation or when land lies fallow for a year or so, the year without
harvest means a loss of production. Tables of single crop yields may not include
these ‘lost’ years. In other words, total crop output over a whole crop rotation pe-
riod of several years is the most relevant variable when comparing or discussing
crop production in different systems. This has to be taken into account in a scientific
comparison of production capacity (Fig. 3.1).

3.2.3 Exclude Yield Data from Organic Systems with High
Applications of Manure

A common hidden assumption is that organic manures, composts, etc. are not lim-
ited by any means, and that sufficient organic manure is accessible to all farms and
can be applied freely. In other words, data from experiments using large quantities
of manure are used as proof that it is possible to produce high yields through organic
management. However, the amount of nutrients that can be applied through organic
manures is actually quite low. For example, only 58kg N ha~'yr=! (Kirchmann
et al., 2005) would potentially be available in Sweden if manure were to be equally
distributed on all arable land in the country. Only 50-70% of this amount is available
when losses through ammonia volatilisation during storage and handling are consid-
ered (Kirchmann and Lundvall, 1998). This quantity is far less than the amount of
N applied in the organic studies examined in this review.
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Thus, high crop yields are not proof of the productivity of an organic system
as long as it uses large amounts of manure transferred from other systems and not
produced by the farming system itself. The high yields are actually only proof of
the well-known fact that manure can be used as a fertiliser to increase yields. A
realistic assessment of the production capacity of organic systems is only possible
if any major nutrient transfer from conventional systems is excluded, see Chapter 5
of this book (Kirchmann et al., 2008). If all farming systems were to be organic, it
would be impossible to rely on nutrient transfer from conventional production and
the amounts of manure applied would be equivalent to the production level of the
system. For example, Chen and Wan (2005) showed that the amount of nutrients
supplied through organic manures in China is far below the amount required to
produce sufficient food for its people.

3.2.4 Consider Whether Differences in the Management of Systems
Other than Those Originating from Organic Regulations
is a Cause of Bias

A number of management options are not regulated by organic farming regulations,
such as use of crop residues, soil tillage, use of catch crops, etc. Differences in
management can have a great impact on yields, but these practices are not dependent
on an organic/conventional approach and can be managed in the same way in both
systems. For example, incorporation of crop residues in organic systems but their
removal and sale in conventional systems can affect soil organic matter levels, and
ultimately also yields. Using catch crops in one system but not in another can also
have a considerable impact on yields (Torstensson et al., 2006).

On the other hand, differences in manure handling can greatly affect the amount
of N available for spreading and the release of N in soil. For example, composting of
manure, which is a prerequisite in biodynamic agriculture, results in high ammonia
losses (e.g. Kirchmann, 1985), while anaerobic storage of slurry limits N losses
(Kirchmann and Lundvall, 1998). Thus, systems applying liquid manure (slurry)
return more N than those using composted manure. Consequently, slurry with its
higher content of plant-available N results in higher yields than composted manure
(e.g. Hadas et al., 1996; Svensson et al., 2004).

If differences in management between systems are due to reasons other than
organic farming regulations, a bias is added to the comparison. The consequences
of any such differences need at least to be discussed and considered before any
conclusions are drawn.

3.3 Comparing Organic and Conventional Crop Yields

3.3.1 National Crop Yield Statistics

A search in agricultural statistical databases of EU countries, the USA, Canada and
Australia revealed that information on organic crop yields is very scarce. No crop
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yield data were found, but information on the number of organic farms, the extent
of farmland under organic cultivation and, in a few countries, data on milk produc-
tion are available. We found that during 2007, only Sweden and Finland provided
statistics on organic crop yields, which were significantly lower than conventional
yields.

Official Swedish statistics (SCB, 2006) reveal that yields of organically grown
crops are 20-60% lower than those of conventionally grown crops. Yields of organ-
ically grown legumes (peas and beans) and grass/clover leys are, on average, 20%
lower (Fig. 3.2), whereas yields of cereals are 46% lower and yields of potatoes as
much as 60% lower than in conventional production. National statistics for Finland
(Statistics Finland, 2007; Finnish Food Safety Authority, 2006) show a similar pic-
ture. Yields of organically produced cereals are 41% lower and yields of potatoes
55% lower (Fig. 3.2). The statistical data represent average figures combining pure
cropping systems without animal husbandry and mixed crop-animal systems using
animal manure. This means that yields of organic farms using animal manure are
probably somewhat underestimated, while the converse is true for organic farms
without animals, which have even lower yields. In line with the discussion above, it
should be borne in mind that statistical yield data represent single crops in a rotation
and do not consider years in the rotation when non-food crops (green manure) are

Finland

Potato  ——

Wheat —
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Oat ——
RYE | Conventional
0 1500 3000 4500 6000
Sweden
Potato ——
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grown or when the fields are under fallow. Thus, total crop output per time unit
cannot easily be derived from national statistics.

3.3.2 Cropping System Studies in the USA

During the compilation of comparative long-term field studies, we found that some
experiments from the USA showed similar yields for organic and conventional
systems (Table 3.1). This motivated a separate examination of these studies. For
example, there were no differences in yields of soybean in several studies (Sanchez
et al., 2004; Pimentel et al., 2005; Smith et al., 2007). Furthermore, some organic
maize and oat yields (Porter et al., 2003; Pimentel et al., 2005) were also reported to
be similar to those in conventional systems (see Table 3.1). In general, even average
yields were reported to be little affected by organic and conventional management,
being 13% lower for organic systems that combine crops with animals and 20% for
organic systems without animals.

A more thorough examination of the organic systems in the USA revealed that
the total amount of nutrients applied was as high as or even higher than that in
comparative conventional systems (Teasdale et al., 2000, 2007; Porter et al., 2003;
Denison et al., 2004; Sanchez et al., 2004; Pimentel et al., 2005). Similar nutrient
application rates have also been reported in other publications dealing with organic
cropping systems in the USA (Lockeretz et al., 1980; Liebhardt et al., 1989; Clark
et al., 1999). Instead of the inorganic fertilisers that are used in conventional sys-
tems, organic farmers in the USA purchase manure, compost, food waste, etc., to
satisfy crop nutrient demand and improve soil fertility. However, the critical point is
where this manure and compost originate from, i.e. whether the amount of manure or
compost applied is sustained by the organic systems or whether it mainly originates
from off-farm, non-organic production. In the case of the USA studies, supply of nu-
trients to organic production was higher than removal, showing that nutrients were
purchased, to a large extent from conventional systems as pointed out above. One
can therefore conclude that high organic yields can only be achieved if there is an
excess of manure/compost, or if other products can be transferred from conventional
to organic production. As long as conventional production is the dominant form, this
is possible. However, the results are not representative of conditions where modern
conventional agriculture is scarce, such as in Africa or in areas completely converted
to organic farming.

3.3.3 Cropping System Studies in Europe and Australia

Compilation of a number of long-term field experiments in Europe and Aus-
tralia (Table 3.2) revealed that yield differences between organic and conventional
systems were much larger than those reported from the USA. On average, or-
ganic systems in Europe and Australia that combine crops with animals had 25%
lower yields and organic systems without animal husbandry had 47% lower yields
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than equivalent conventional systems. Studies of farms under long-term organic
management in Australia (Table 3.2) also showed yields of individual crops to be
substantially lower than those on conventional neighbouring farms (Kitchen et al.,
2003; Ryan et al., 2004). In addition, Australian organic wheat crops reported by
Ryan et al. (2004) were preceded by an average of 4.7 years of pasture, compared
with 3.3 years for the conventional crops. The general reason for the large deviation
between organic and conventional yields in these studies compared with those in
the USA seems to be the limited purchase of manures/compost by organic farms
in Europe and Australia.

Nutrient flows to fields and farm-gate balances between organic and conventional
farms have been examined to determine whether nutrient inputs in European organic
systems are lower throughout (Kaffka and Koepf, 1989; Fowler et al., 1993; Nolte
and Werner, 1994; Granstedt, 1995; Halberg et al., 1995; Nguyen et al., 1995; Fager-
berg et al., 1996; Wieser et al., 1996). These studies clearly show that the mean input
of N, a major yield-determining nutrient, was lower throughout in organic systems
over a crop rotation period than in conventional systems. This may explain why
there is a greater deviation between organic and conventional yields in Europe. The
low nutrient inputs to organic systems can be explained by the European approach of
viewing organic crop-animal farms as a self-sustaining unit. The general aims for or-
ganic agriculture are to mainly rely on recycling of nutrients from within the system
and to enhance the biological activity in soil in order to increase mineral weathering
and biological N,-fixation (Watson et al., 2002; International Federation of Organic
Agricultural Movements, 2006). Furthermore, according to the European founders
of organic agriculture, high yields caused by easily available nutrients are regarded
as being detrimental to crop quality (Steiner, 1924; Balfour, 1943; Rusch, 1978).
Thus, the application of nutrients of off-farm origin is often kept to a minimum
and this view is reflected in the design of European organic long-term experiments
(Table 3.2).

One of the comparative studies cited in Table 3.2 was run on a nutrient-depleted
soil that had not received any inorganic fertilisers for 40 years prior to the start
of the experiment (Kirchmann et al., 2007). Organic yields amounted to only 50%
of those achieved in a comparable conventional cropping system over 18 years,
despite use of animal manure at amounts larger than those obtained from on-farm
production and large additions of rock phosphate and potassium sources approved
by the organic farming organisations. This study underlines the importance of the
initial soil fertility status at a site used for a comparative study. Very often, the
residual soil fertility effect from previous applications of conventional, inorganic P
and K fertilisers before the start of the experiment is overlooked. The continuous
decline in organic yields at certain sites can in most cases be explained by further
depletion of this soil fertility.

In two organic systems without animals (Table 3.2), green manure crops were
grown during two of the six years and no food/feed crops were produced
(Torstensson et al., 2006; Aronsson et al., 2007). This means that over the whole
crop rotation, organic yields are reduced by a further 33% in accordance with the
reasoning in Fig. 3.1. This correction of yield levels by considering years with
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non-food crops resulted in an overall yield reduction of 64% in the organic system
compared with conventional yields.

It is doubtful whether there will be an increased nutrient input through transfer
of organic manures or composts from conventional to organic farms in Europe, as
this would be against the principle of basing organic farming on ‘living ecological
cycles’ relying on on-farm N input and recycling (International Federation of Or-
ganic Agricultural Movements, 2006). Although in certain years N input in organic
systems can amount to several hundred kilos per hectare from N,-fixing crops, the
total input over a rotation period is still lower than in conventional as years in the
rotation without legumes mean little or no N input. On the other hand, organic
forage-ruminant systems, i.e. systems with a large proportion of N,-fixing forage
crops in the rotation, seem to be capable of providing a high continuous input of
N to soil (Eltun et al., 2002; Posner et al., 2008) similar to that in conventional
systems. These results are in agreement with knowledge from the Norfolk rotation,
long before organic agriculture became fashionable.

3.3.4 Organic Yields Higher than Conventional?

A review by Badgley et al. (2007) points out that organic agriculture is misjudged
concerning crop production and its potential to supply sufficient food. According to
their review, only small yield reductions occur through organic agriculture in devel-
oped countries, but organic yields are higher than conventional yields in developing
countries. This conclusion is supported by a large number of other papers, which
may be taken as evidence of its scientific reliability. We re-examined the papers
cited by Badgley et al. (2007) to determine whether their conclusions are based on
valid assessments.

A number of the studies cited from developed countries are summarised in
Table 3.3. However, due to their limited accessibility and often lower scientific
credibility, non-peer-reviewed conference papers, institution reports and magazine
articles were not considered. The re-examination of papers reporting high organic
yields showed that the data were used in a biased way, rendering the conclusions
flawed. Firstly, none of the organic studies cited reported higher crop output from
organic production than from conventional over a whole rotation, but only for single
years. Secondly, when yields were higher during a single year in organic production,
this was coupled to one or both of the following conditions: (1) The amount of nutri-
ents applied to the organic system through manure and compost was equal to or even
higher than that applied to the conventional system through inorganic fertilisers;
(2) non-food crops (legumes) were grown and incorporated in the preceding year
to provide the soil with N. Thirdly, on-farm data were compared with mean yield
data within a region. Such comparisons have no validity, since the possible factors
behind the differences are not given. In summary, the yield data reported were mis-
interpreted and any calculations based on these data are likely to be erroneous.

The paper by Badgley et al. (2007) also presents comprehensive yield figures
from developing countries. However, of the 137 yield figures reported, 69 originate
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from the same paper (Pretty and Hine, 2001). A closer inspection revealed that crop
yields were based on surveys and there was no possibility to check crop performance
variables and the science behind the data. In fact, only six papers for developing
countries cited by Badgley et al. (2007) were derived from peer-reviewed journals.
In four papers, rice yields in conventional systems were compared with so-called
intensified rice production. However, intensified rice production uses mineral fer-
tilisers, although at lower rates, and is not an organic form of agriculture by Euro-
pean standards (e.g. Sheehy et al., 2004; Latif et al., 2005). Our conclusion is there-
fore that the argument that organic agriculture can produce similar or even higher
yields than conventional does not hold given the boundary conditions outlined
above.

3.3.5 Trends in Organic Crop Yields

Yield trends over time were analysed in four Swedish comparative studies to de-
termine the potential to increase production through organic and conventional man-
agement. The underlying question is whether yields are following the same trends
in organic agriculture as in conventional.

In the study by Kirchmann et al. (2007) (Fig. 3.3), the initial 10-year period
was characterised by a relatively constant yield difference between the organic and
conventional system. Thereafter, yields increased in both systems but the increase
was larger in the conventional system than in the organic, despite higher additions
of animal manure to the organic system. In two other studies without animal ma-
nure (Torstensson et al., 2006; Aronsson et al., 2007), which used green manure
for organic production and fertiliser for conventional, the relative yield differences
between systems were much larger (see Fig. 3.3). Furthermore, no yield increase
was observed in the organic system over the 5—-6-year experimental period, whereas
conventional yields increased in one experiment and remained constant in the other.
In studies without animal manure, there is good reason to assume that organic
yields barely increase over the longer term, as residual soil nutrients are depleted
at faster rates than in studies with manure application. For instance, in relatively
fertile soils, a decade or more may be needed before residual soil nutrients are
sufficiently exhausted for a yield reduction to become apparent (Denison et al.,
2004).

In another experiment run for 12 years at a fertile site, each crop in the rotation
was grown every year and animal manure was applied in relation to the level of
nutrient removal by harvested crops (Ivarson and Gunnarsson, 2001) (Fig. 3.4).
Differences between organic and conventional yields were smaller at this site, in
particular for forage crops. However, there were no indications that organic yields
would increase more or decrease less over time than conventional yields.

Based on the four experiments presented above, we conclude that there is no
evidence that yields increase more in organic agriculture than in conventional. How-
ever, there is evidence that conventional agriculture has a greater capacity for in-
creased yields than organic agriculture.
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Fig. 3.3 Trends in crop yield in three Swedish long-term studies. Data for the Bjirrod study are
from Kirchmann et al. (2007), for the Mellby study from Torstensson et al. (2006) and for the
Lanna study from Aronsson et al. (2007). Absent yield data for 1998 and 2001 in the Mellby study
and for 2003 in the Lanna study are due to years with green manure crops not being harvested.
(Open circles = conventional, filled dots = organic)
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Fig. 3.4 Trends in yield during two 6-year rotations on a fertile site in southern Sweden (Bollerup)
of organically and conventionally grown crops to which animal manure was applied in relation to
the level of harvested crops. Data from Ivarson and Gunnarsson (2001). (Open circles = conven-
tional, filled dots = organic)
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3.3.6 Food Production at the Global Scale

In summary, this review shows that the reduction in crop yields through large-scale
conversion to organic agriculture would, on average, amount to 40%, with a range of
variation of 25-50%. A 40% reduction in yield on a global scale is equivalent to the
amount of crops required by 2.5 billion people. This estimate is in fact identical to
that calculated by Smil (2001), who assessed the role of industrial nitrogen fixation
for global food supply. Smil (2001, 2002) concluded that the Haber-Bosch process
for industrial fixation of atmospheric nitrogen provides the very means of survival
for 40% of humanity and that only half of the current world population could be
supported by pre-fertiliser farming, even with a mainly vegetarian diet. The similar-
ity of these estimates confirms the strategic role of fertilisers as a keystone for the
well-being and development of mankind.

It is obvious that world-wide adoption of organic agriculture would lead to mas-
sive famine and human death. This is something that advocates of organic agricul-
ture are silent about, perhaps because of the severe moral dilemma it poses.

3.4 Factors Limiting Yields in Organic Systems

The yield data presented above lead to the fundamental question of what causes
lower yields in organic systems than in conventional. According to conventional
agronomic understanding, the following factors can be suggested: (i) Low nutrient
input; (ii) low nutrient use efficiency; (iii) high weed abundance; (iv) limited pos-
sibilities to improve low native soil fertility in resource-poor areas; and (v) poor
control of pests and diseases. Reports detailing the causes of low organic yields are
scarce, but in the following section we discuss some of the potential factors.

3.4.1 Low Nutrient Input and Lower Efficiency

A low N input has been identified as one yield-limiting factor for organic systems
(Clark et al., 1999; Kirchmann et al., 2007), since organic manures cannot be pro-
duced by organic systems themselves in sufficient quantities to deliver enough N for
high yields. On the other hand, numerous studies of N,-fixing crops reveal that grain
legumes, green manures and tree legumes have the capacity to fix several hundred
kilograms of N during one year (Giller, 2001). So why is the potential of N,-fixing
crops to replace inorganic N fertilisers not fully used? Legumes can indeed improve
yields of subsequent crops (e.g. Giller and Cadish, 1995; Sanchez, 2002), improve
soil fertility and break pest and disease cycles in a crop rotation, but the total amount
of N available to other crops over a whole rotation must be sufficiently high, which
means that legumes must be grown every second year at a minimum. There are
other limitations associated with the use of legumes. Legume N is not a free source
of N. As pointed out earlier, growth of green manure legumes for N supply and soil
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fertility improvement is often only possible at the expense of not using the land for
export of food from the field (Fig. 3.1).

In addition, biologically fixed N and other forms of organic N are not neces-
sarily released in synchrony with the demand of the following crop. The over-
all lower agronomic effect of N in the organic systems (Tables 3.1 and 3.2) is a
clear indication that the N use efficiency of organic inputs (animal manure, green
manure, compost, etc.) is lower. The main reason for this is that N from legume
residues and animal manures is released even at times when there is no crop growth
(Marstorp and Kirchmann, 1991; Dahlin et al., 2005), which carries a risk of signif-
icant leaching losses (Bergstrom and Kirchmann, 1999, 2004) and thus lower N use
efficiency.

Using legumes as cash crops in a rotation does not necessarily mean that the
amount of N fixed increases the soil N pool. Harvesting grain legumes can remove
more N than is fixed. As pointed out by Giller (1998), legumes are not necessar-
ily N providers but can be plunderers. For example, soybeans can remove more N
than they add (Toomsan et al., 1995), while peas do not necessarily contribute a
net supply of N to soil (Jensen, 1987, 1996). As pointed out earlier, only organic
grassland-ruminant systems, i.e. systems with mainly N,-fixing forage crops in ro-
tation, have the capacity to provide continuous inputs of N to soil similar to those in
conventional systems.

Phosphorus has also been suggested to be a limiting nutrient in certain cropping
systems. On grazed organic systems in southern Australia, where legume-based an-
nual pastures are rotated with crops, P can become the yield-limiting element (Ryan
et al., 2004). Similarly, permanent clover-based pastures of biodynamic farms in
Australia show lower production than conventional, which is also ascribed to lower
inputs of nutrients, particularly of P (Burkitt et al., 2007a;b). A correct view on this
is that over the long-term, less can be taken out of a system if less is put in (Goulding,
2007). However, crop yield also depends on the availability of the nutrients and not
only on the quantity added. The same amount of nutrients can be added to organic
production as would be supplied by inorganic fertilisers, but in the form of untreated
minerals. This was actually done with P and K in the organic treatments in the
Swedish long-term study discussed above (Kirchmann et al., 2007) but that study
showed that despite very large applications of untreated minerals, the availability
of N remained the yield-limiting factor. The same conclusion was drawn by Pang
and Letey (2000) and Berry et al. (2002), who found that inadequate N availability
and not necessarily nutrient addition was the bottleneck for organic production and
stressed that the amount of N available during the period of rapid growth restricts
crop productivity in organic systems.

3.4.2 Poor Weed Control

Weed control is a primary concern in all types of agriculture. Weeds compete with
the main crops for water, nutrients and light and can thereby significantly reduce
yields. However, weeds can also contribute carbon to soil.
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As organic agriculture is limited by two options for weed control, physical-
mechanical treatment and choice of crop rotation, weed populations are larger in
most organically grown crops. For example, Kirchmann et al. (2007) compared
weed biomass production over 18 years in an organic and a conventional cropping
system and found a slightly increasing trend in the organic system with irregular
fluctuations between years. On average, about 1 Mg dry weed biomass per hectare
was produced over the 18-year period, with peak values of around 3 Mg dry matter
(Fig. 3.5), which was 25 times more than in the conventional system in which pesti-
cides were used. Other comparative studies of organic and conventional production
also report an overall higher weed biomass under organic management (Barberi
etal., 1998; Poudel et al., 2002; Smith and Gross, 2006). The yield decreasing effect
of weeds alone in organic systems can amount to 20-30% according to Posner et al.
(2008), who compared effective weed control with ineffective treatment.

Weed management can be improved through a diverse and long rotation period
(Teasdale et al., 2004) and especially through growth of perennial forage crops
(Sjursen, 2001). Otherwise, the potential for a reduction in the weed seed bank
through organic practices is small (e.g. Clark et al., 1999; Porter et al., 2003).
Teasdale et al. (2007) showed that weed control in organic no-till systems is barely
possible. Weeds with deep root systems cannot be fully disrupted and their biomass
can even increase. Peigné et al. (2007) stressed that pressure from weed grasses is
much greater in organic conservation tillage than in conventional. Thus overall, we
can conclude that effective weed control in organic agriculture is rather limited.
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Fig. 3.5 Trends and fluctuations in weed biomass in an organic and conventional cropping system

over an 18-year period (data from Kirchmann et al., 2007). Weed data are lacking for 1982, 1988
and 1994 when grass/clover forage was grown. (Open circles = conventional, filled dots = organic)
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3.4.3 Low Native Soil Fertility — The Example
of Sub-Saharan Africa

The central question put forward in this section is whether introduction of organic
practices in developing countries can increase yields and thereby ensure food sup-
ply. Smallholder farmers in developing countries have practised organic methods
for thousands of years, as these methods have been the only approach available
to manage soil fertility in such systems. The principal question is whether these
smallholder farmers can significantly improve food production with locally avail-
able resources and improved low cost technologies. In other words, are organic or
near-organic practices the way forward? Supporters of organic agriculture point out
that the only solution for poor people living under difficult conditions is to apply
existing organic methods and improve these practices.

Three of the authors of this chapter have been involved for decades in soil fer-
tility projects in developing countries with the aim of improving agricultural pro-
duction using local resources and simple technologies. Moreover, all of us have
a reasonable understanding of the malnutrition, poverty, lack of infrastructure and
other socio-economic weaknesses that are realities in many developing countries.
Furthermore, our research work fully supports existing agricultural methods such as
erosion control, use of legumes in rotation, application of animal manure, recycling
of organic waste, double dig for gardening, etc. However, our experience has forced
us to question whether the proposed exclusive use of organic inputs and natural re-
sources to increase crop production makes sense in resource-poor areas. In fact, it is
the limited amount of nutrient resources available and/or their inappropriate quality
(e.g. Campbell et al., 1998; Palm et al., 2001) that constrain agricultural production
in many developing countries. In addition, many soils in these countries are natively
poor in plant nutrients and soil depletion is continuing in sub-Saharan Africa (e.g.
Smaling and Braun, 1996; Smaling et al., 1997; Mugwira and Nyamangara, 1998).
Applications of nutrients to soil through transfer from adjacent areas to agricultural
fields by cut-and-carry of organic matter are insufficient, as even these systems are
poor in nutrients. The transfer may help to increase the fertility status at a very
small scale, for example in domestic gardens (Prudencio, 1993), but at the larger
scale the fertility of arable soils cannot be restored by such practices. Crops can-
not be supplied with sufficient nutrients through the removal of vegetation from
nutrient-depleted, adjacent ecosystems (e.g. Vanlauwe and Giller, 2006).

Here is an example of how crop yields from remote and resource-poor areas
employing organic practices can be presented: ‘Maize yields increased four to nine
times. The organically grown crops produced yields that were 60% higher than
crops grown with expensive chemical fertilizers’ (Leu, 2004). A yield increase of
between 400 and 900% is dramatic but such an enormous increase shows that initial
yield levels must have been extremely low, indicating the very difficult conditions
for crop production in general. Enhanced production from 250 kg to 1000-2000 kg
maize per hectare could represent the actual figures behind the quote. Furthermore,
the reader is mistakenly led to believe that chemical fertilisers produce lower yields
than organic materials. Higher organic yields than conventional are not proof of
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the superiority of organic practices. The application of organic material means ad-
dition of micronutrients, which are often also lacking in infertile soils. To make
the comparison unbiased, the same micronutrients need to be applied with con-
ventional fertilisers. Again, there is no information about the amount of manure
applied or what is available for agricultural crops in the region as a whole. It is
unclear whether the production increase would be possible for a larger region or
just a single field. Viewed over a period of several years, the improvement may not
last due to shortage of high-quality organic material. Furthermore, no information
is provided on the potential yields from organic resources combined with inorganic
fertilisers. A combination of organic material and inorganic nutrient sources has
been shown to result in much higher yields than with organic inputs alone (e.g.
Murwira and Kirchmann, 1993; Bekunda et al., 1997). In reality, a combination
of organic and inorganic nutrient sources is the most successful approach to in-
crease crop yields in resource-poor areas with low fertility soils (Palm et al., 1997;
Vanlauwe et al., 2001; TSBF, 2006). The approach of applying exclusively organic
products is based on misinformation about the effects of inorganic fertilisers on
soils (Vanlauwe and Giller, 2006) and misunderstanding of their environmental
impact.

On the other hand, the exclusive use of inorganic fertilisers without applying
animal manures and without returning crop residues or other organic materials to the
soil can result in a decline in crop yields over time, as shown in a number of long-
term field experiments from sub-Saharan Africa (Singh and Balasubramanian, 1979;
Swift et al., 1994; Laryea et al., 1995; Pieri, 1995). Advocates of organic agriculture
use this type of result to claim that artificial fertilisers damage the soil and decrease
soil fertility. A wide-spread view within organic agriculture is that ‘more and more
synthetic fertilizers are needed to maintain yields. The system error of conventional
farming is the independence of natural regulating processes and local resources. The
main cause for lower production is found in unutilized or inefficient use of natural
resources’ (Rundgren, 2002). This is incorrect. As pointed out above, limited supply
of natural resources and their poor quality is the main reason for low yields in areas
with low soil fertility, not inefficient use of nutrients. The major reason why yields
sometimes decline when inorganic fertilisers are used on highly depleted soil is the
lack of other essential nutrients not applied with NPK fertilisers. Organic manures
and composts usually contain other essential plant nutrients (Ca, Mg, S, Cu, Zn, etc.)
in addition to N, P and K. Comparing organic practices with fertiliser application on
highly depleted soils is only possible when the fertiliser treatment is not deficient in
any other way. In fact, the experiments cited above showed that combining animal
manure with inorganic fertilisers led to steadily increasing yields. However, long-
term use of artificial N fertilisers such as ammonium sulphate or urea can reduce
yields over time due to acidification (Kirchmann et al., 1994). On the other hand,
this only occurs if the standard agronomic practice of liming is neglected.

As mentioned above, all efforts to increase yields with locally available resources
are positive and the knowledge on how best to use organic and local resources is of
the utmost importance. However, there is no scientific reason why conditions cannot
be improved through the development of practicable and sustainable management
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practices utilising the benefits of combined application of organic resources and
fertilisers (Palm et al., 1997; Vanlauwe et al., 2001; TSBF, 2006).

Occasionally, erroneous conclusions are drawn based on the fact that hungry
and poor people cannot afford to buy food. Therefore, the only option proposed
for poor farmers is low-cost organic management (e.g. Vandermeer and Perfecto,
2007). Most hungry and poor people are rural and agriculture is their mainstay.
They are hungry because they are not able to produce sufficient food and they are
poor because they have nothing to sell. Such disastrous conditions are often caused
by a number of factors, such as poor economic and agricultural policy; inadequate
investment in infrastructure and rural education; insufficient agricultural services
such as research, extension, credit, input supply and marketing; and low investment
in rural healthcare. However, the bottom line is that lack of nutrients, poor soil
fertility, limited amounts of organic manures, etc. are causing low yields and these
causes cannot be overcome by organic methods — the critical shortages will remain.
Only introduction of higher yielding technologies producing more food per capita,
together with other necessary actions, will improve food security and income for the
poor (UN, 2005).

3.5 Placing Organic Yields in Perspective

Yield decreases — not of a few percent but of 25-50% — demand attention. Such dras-
tic yield reductions highlight the fact that sufficient food through organic production
cannot be taken for granted. Moreover, foreseeable environmental consequences
must be outlined. What would actually happen if organic agriculture were to be
introduced all over Western Europe?

3.5.1 Low-Yielding Agriculture Demands Additional
Cropland Area

Data in the literature clearly show that organic yields are significantly lower, as
is discussed in detail above. In order to produce the same amount of organically
grown crops, countries would be forced to convert more land into cropland. Based
on yield data from European long-term experiments (Table 3.3) and excluding any
major nutrient transfer from conventional agriculture, we assessed the additional
cropland required if organic practices were to be introduced (see Fig. 3.6). Conver-
sion to organic cropping systems without animals would require 100% more crop-
land, since yields of such systems amount to roughly 50% of conventional yields,
while organic crop-animal systems would require 33% more land as yields from
these amount to about 75% of those in conventional systems. Mean estimates of
relative yields for organic cropping and mixed crop-animal systems (derived from
Swedish National Statistics; Fig. 3.1) indicate the need to expand agricultural land
by approx. 67%. As the additional cropland would be used less efficiently than in
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Fig. 3.6 Additional demand
for cropland to produce the
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conventional agriculture, the land area needed would be correspondingly larger than
the percentage yield decrease.

Calculated values for additional land demand due to conversion to organic agri-
culture reported by Halberg and Kristensen (1997) for Danish dairy farming show
that organic production would require the area used for farming to be extended
by 47% in order to maintain yields. Conversely, impressive savings in land area
have been achieved through the introduction of modern agricultural practices and
the associated increase in yields. Had yields in China and India remained at the
level of the 1960s, land area would have needed to be increased two- and threefold,
respectively (Quinones et al., 1997). Moreover, in many areas of the world, there
is no additional land available for agriculture. For example, China has 7% of the
world arable land area and 20-25% of the world population and there is no more
agricultural land available (Chen and Wan, 2005).

The need for more farmland to produce the same amount of crops through low-
yielding systems instead of high-yielding adds an important boundary condition
to the comparison of these systems, as illustrated in Fig. 3.7. Conversion of other
ecosystems into cropland means lost production of other raw materials (wood, tim-
ber, bio-energy, etc.) from this area and a decline in specific functions and ecosystem
services such as biodiversity. These conditions must be considered and must be part
of a stringent comparison of agricultural systems. The slogan ‘Growing less food
per acre leaving less land for nature’ (Borlaug and Dowswell, 1994), must find its



3 Can Organic Crop Production Feed the World? 65

Conventional Organic
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fibres,bio-
Crop/feed energy and Cropl/feed
ecosystem
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Forest, Addi-
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land + land, ¢ > land arable
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\/

Stringent conditions comparing systems with highly deviating crop yields

Fig. 3.7 Land demand to produce the same amount of crops must be considered in a scientifically
meaningful comparison between different types of agriculture. The additional area required for
low-yielding agriculture competes with other land uses, e.g. forests, grazing land, bio-fuel crop-
ping, etc.

way into the conceptual framework for comparing land use, analysis of ecosystem
services and computer modelling.

As more cropland is required for low-yielding agriculture, the question arises
as to what type of land could be used as cropland to produce sufficient food. Fur-
thermore, population growth and the need for improved human nutrition indicate
that more food must be produced in the future. How can we cope with this demand
through low-yielding agriculture? Is introduction of low-yielding agriculture a real-
istic option to meet future needs?

Combining expected population growth and projected land demand indicates that
it seems unrealistic to introduce low-yielding agriculture as an option to produce
sufficient food in the future. Population growth paired with introduction of low-
yielding agriculture would roughly require at least a doubling of global arable land,
from 1400 to 2500-3000 Mha. However, land suitable for agriculture is a limited
resource and both the best and the second-best land is already in agricultural pro-
duction. What remains is often only less suitable land, which is characterised by
lower soil fertility, the presence of stones and gravel, or high risks for erosion or
other rapid degradation when cropped. In most cases, only forests are at hand for
conversion, as pointed out by Gregory et al. (2002). Thus, intensification on existing
cropland seems to be the main path forward.

One major consequence of a great expansion in cropland would be further loss
of natural habitats, as pointed out by e.g. Green et al. (2005), Hole et al. (2005) and
Trewavas (2001). Advocates of organic agriculture are silent about how to cope with
increasing demand for crops and pay little attention to the necessity for expanding
cropland. The consequence of converting natural ecosystems into low-yielding pro-
duction systems means loss of biodiversity, whereas comparisons of biodiversity in
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organic and conventional agricultural systems do not include the boundary condi-
tions outlined in Fig. 3.7 (e.g. Mider et al., 2002; Bengtsson et al., 2005; Gabriel
et al., 2006).

3.6 Conclusions

The evaluation of organic yield data by advocates of organic agriculture is flawed
in many ways, and different viewpoints are discussed in this chapter. The important
points can be summarised as follows:

® Yields of organically grown crops in Europe are in most cases significantly lower
than those of conventional crops.

e High organic yields, as reported in certain studies in the USA, are not relevant for
comparisons with conventional yields, since they rely on the purchase of large
amounts of animal manure.

® Average organic yields from rotations based on green manure are misleading
unless years with crops not yielding exportable products are included in the cal-
culations.

® Organic yields are limited by both nutrient shortages and high weed populations,
and they are more difficult to increase through on-farm manures and exclusive
use of untreated minerals than if the whole toolbox of modern production were
allowed.

e Organic agriculture uses cropland less efficiently and requires more cropland to
produce the same crop yields. There is good reason to believe that a large-scale
conversion to organic agriculture would lead to severe food shortages.

® In order to secure a sufficient food supply in the future, emphasis should be
placed on further development of modern but locally adapted forms of produc-
tion without an ideological bias that a priori excludes potential solutions.
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