Crop Residues: Agriculture’s
Largest Harvest

Crop residues incorporate more than half of the world’s

lant parts used for food and
fiber, and crops grown for ani-
mali feed, do not produce most
of the phytomass harvested annually
by the world’s agriculture—crop resi-
dues do. More than half of all abso-
lutely dry matter in the global har-
vestisincereal and legume straws; in
tops, stalks, leaves, and shoots of
tuber, oil, sugar, and vegetable crops;
and in prunings and litter of fruit
and nut trees. Consequently, it would
not be inappropriate to define agri-
culture as an endeavor producing
mostly inedibie phytomass.
Unfortunately, we cannot either
accurately quantify this enormous
harvest or satisfactorily account for
its fate, which may help to explain
why so little attention has been paid
to crop residues: The latest US agri-
cultural encyclopedia has no entry
for either crop residues or straw
(Arntzen 1994), and the only com-
prehensive interdisciplinary overview
of cereal straw was published nearly
a generation ago (Staniforth 1979).
Nevertheless, there is no doubt that
a large part of the residual harvest is
handled inappropriately, weakening
the world’s food-production capac-
ity and contributing to undesirable
biospheric change. Such malpractice
is particularly common in fow-in-
come countries, where inadequate
amounts of residues are recycled
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Crop residues should
be seen not as wastes
but as providers of
essential environmental
services, assuring
the perpetuation
of productive
agroecosystems

while unacceptably large amounts of
straws and stalks are burned, cither
in the fields or as household fuel.

In this article, I deal with each of
these major concerns. I begin by
quantifying the world’s crop residue
production; next, I review the vari-
ety of off-field uses of residues; and
finally, I explain the agroecosystem
benefits of recycling this phyromass
and the negative impacts of burning
straws and stalks, a traditional prac-
tice that I suggest should give wav to
better approaches to crop residue
manage:ment.

Quantifying the harvest

No nation keeps statistics on the
production of crop residues. The oc-
casional countrywide or global to-
tals have been calculated only as part
of studies that assess the possibilities
of better agroecosystem manage-
ment, of the potential contribution
of biomass energies (a2 concern that
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was fashionable during 1974 and
1985, when energy prices were high),
of resources for animal feeding, or of
emissions of greenhouse gases (Owen
1976, USDA 1978, Smil 1983,
Kossila 1985, Andreae 1991).

Harvest indices. The most reliable
data on residual phytomass come
indirectly, from studies of harvest
index (HI), which is the ratic of crop
yield—be it edible seeds, leaves,
stalks, or roots—to the crop’s total
aboveground phytomass. This ratio
has been of great interest to plant
breeders because the impressive yield
improvements during the twentieth
century have resulted overwhelm-
ingly from increases in the propor-
tion of photosynthate channeled into
harvested tissues (Donald and
Hamblin 1976, Gifford and Evans
1981, Hav 1995).

For example, traditional wheat
varieties cultivated at the beginning
of the twentieth century were ap-
proximately 1 m tall and had HI
mostly between 0.25 and 0.35, pro-
ducing 1.8-3.0 times as much re-
sidual phytomass as grain (Singh and
Stoskopf 1971). Mexican semidwarf
cultivars of the 1960s measured no
more than 75 cm, and their HI was
approximately ¢.35; by the late
1970s, many short-stalked wheat
cultivars had HI close to 0.5, pro-
ducing as much grain as straw (Smil
1987).

Typical Hl averages are now 0.40-
0.47 for semidwarf wheats and 0.40-
0.50 for high-yielding rice. The high-
est Hl for a major crop is 0.60, for
sweet potato. The need to produce
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Figure 1. Harvesting of rice in China. Although modern short-stalked cultivars have

much higher harvest index than traditional varieties, they still yield as much straw

as grain (commonly 5-7 t/ha).

indispensable structural and photo-
synthetic tissues puts a clear limit on
HI. The most likely maximum HI for
cereals is between 0.60 and 0.65
because it would be impossible to
support more than 65% of the total
yield as grain on less than 35% of the
overall phytomass; however, Hl val-
ues of up to 0.80 may be achieved
with some root crops (Hay 19935).
There is no shortage of published
harvest indices for major field crops,
but the choice of average values for
calculating nationwide or global resi-
due production is difficult because
the ratios vary, both among major
cultivars and for the same cultivar
grown in different environments (Fig-
ure 1). Hl is also determined by ag-

ronomic factors. For example, Prihar
and Stewart (1991) showed that HI
in sorghum may be significantly af-
fected by planting date and irriga-
tion regime. Furthermore, experi-
ments by Roberts et al. {1993)
demonstrated that for water-seeded
California rice, HI varied more and
decreased more rapidly with increas-
ing nitrogen applications in tall cul-
tivars {from a high of 0.58 to 0.37)
than in semidwarf varieties (from
0.59 to 0.47).

Residue multipliers. Production of
crop residues is most commonly ex-
pressed as straw:grain (S:G) ratios.
The standard practice is to quote
residue production in terms of dry-

Table 1. Annual global harvest of crops and crop residues in the mid-1990s (all

figures are x 10° t).

Harvested crops®

Crop residues

Crop Fresh weight  Dry matter (dry marter)" Harvest index®
Cereals 1900 1670 2500 0.40
Sugar crops 1450 450 350 0.56
Roots, tubers 650 130 200 0.40
Vegetables 600 60 100 0.38
Fruits 400 60 100 0.38
Legumes 200 190 200 0.49
Qil crops 150 110 100 0.52
Other crops 100 80 200 0.28
Total 5450 2750 3750 0.42

*Fresh weight from FAO (1997a); dry matter calculated by using average moisture values in NRC

(1971) and Bath et al. (1997).

*Calculated using the average residue production multiplicrs listed in Smil (unpublished report).
“Calculated as (dry matrer of harvested crops)/(dry martter of harvested crops + dry matrer of crop

residues).
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matter mass and crop yield at field
moisture (Smil 1983, unpublished
report). The residual mass, expressed
as a multiple of harvested yields, can
be obtained simply as (1 -~ HI)/HL
This total will be somewhat larger
than the 5:G ratio because the latter
index may not include stubble.

Whatever ratio is used, variability
of environmental and agronomic fac-
tors precludes an accurate calcula-
tion of global crop residue produc-
tion. Fluctuations in cereal straw
output have a particularly large ef-
fect. For example, multiplying the
global cereal harvest by an average
S:G ratio of 1.3, rather than just 1.2,
will add almost 200 Mt more straw,
a difference that is larger than the
total residual phytomass produced
by all tuber and root crops. In my
calculations of residue production, 1
have tried to minimize such errors by
calculating residue output separately
for approximately 40 different crops,
rather than just for major crop catego-
ries. I have used the United Nations
Food and Agricultural Organization’s
crop-production figures, together with
the best available information on
water content of harvested parts, and
have selected fairly conservative resi-
due production multipliers.

Global production. These calcula-
tions result in an annual output of
3.5-4.0 Gt of crop residues during
the mid-1990s; the most likely total,
3.75 Gt, is nearly 1.4 times the size of
the annual aggregate crop harvest
(Table 1). Cereal stem, leaf, and sheath
material accounts for two-thirds of
all residual phytomass, and sugar
cane tops and leaves are the second-
largest contributor. Just over 60%
of all residual phytomass is produced
in low-income countries, and close
to 45% of it originates in the tropics.

Any calculated total of residual
phytomass would be substantially
enlarged by the inclusion of crop
processing residues, such as husks
and brans (which make up approxi-
mately 13% of riperice, for example)
or sugarcane bagasse (the fibrous
residue remaining after the milling
of cane stalks, which amounts to 15—
18% of the fresh weight of the cane
plant). However, these forms of
phytomass are readily used as either
good-quality feed (in the case of grain
milling residues) or as industrial fuel
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(in the case of bagasse in sugar refin-
ing operations) and are rarely, if
ever, candidates for field recycling
or other forms of disposal.

Residues as resources

Crop residues represent substantial
global stores of fiber, energy, and
plant nutrients, even when they are
compared with the largest commer-
cial sources of these commodities—
wood pulp, fossil fuels, and synthetic
fertilizers. Residue composition is
dominated by cellulose, hemicellu-
lose, and lignin (Barreveld 1989).
Cellulose—a linear polysaccharide
made of 1-4 B-linked glucose units
with molecular weights that are usu-
ally in the range of 300,000~
500,000—generally accounts for 30-
50% of residual phytomass but can
make up as much as 61% of rice
stumps (Mukhopadhyay and Nandi
1979). Hemicellulose—another lin-
ear polymer, made up of pentoses—
typically makes up 25-30% of dry
phytomass. Finally, lignin (tree
prunings aside) accounts mostly for
10-20% of dry phytomass.
Assuming that no more than 35%
of straw and stalk mass would be
extracted as pulp (for wood, the yield
is approximately 50%), the world’s
crop residues contain an equivalent
of approximately 1.3 Gr of cellulosic
fibers, or approximately eight times
as much as is now produced annu-
ally from wood. But even if there
were no other uses for these residues,
they would not become the primary
supplier of cellulose: The low den-
sity of cereal straws (typically just
50-100 kg/m?, compared to 600-
800 kg/m? for wood), and their scat-
tered and seasonal availability, which
result in high field collection and
transportation costs, are obvious dis-
advantages when compared to wood.
The energy content of dry resi-
dues averages approximately 18
MJ/kg (or approximartely 4300 kcal/
kgl; hence, their annual output con-
tains some 65 EJ, the equivalent of
approximarely 1.5 Gt of crude oil.
For comparison, annual world con-
sumption of fuelwood and charcoal
is now close to 1.0 Gt of oil equiva-
lent, and that of natural gas equals
approximately 1.9 Gt of cil equiva-
lent {British Petroleum 1998). Com-
peting uses limit the share of resi-
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Table 2. Annual macronutrient content of crops, crop residues, and inorganic

fertilizers {all figures are x 10° t).

Outputs and inputs Nitrogen Phosphorus Potassium
Harvested crops® 50 10 20
Crop residues® 25 4 40
Total crop phytomass 75 14 60
Inorganic fertilizers* 80 14 19

*Nutrient content of harvested crops calculated from production data in FAO (1997a) and
from composition data in Watt and Merrill (1973).

PNutrient content of residues calculared from production data in Table 1 and from composi-
tion data in Misra and Hesse {1983), Parnes (1986), and Bath et al. (1597).

Data from FAO (1997b).

dues harvestable as fuel, and the
drawbacks of low density and high
collection costs apply for this use as
well. But residues have been, and
remain, a major local source of house-
hold energy in many rural areas;
they may provide no more than 5 EJ,
or just over 100 Mt of oil equivalent
(Smil 1991}, but they are very im-
portant locally.

Substantial inter- and intraspecific
variations in the nutrient content of
crop residues allow only approximate
calculations of toral nitrogen, phos-
phorus, and potassium incorporated
annually. The nitrogen content of
varicus cereal straws ranges between
0.4 and 1.3% (0.6% is typical), and
only pulse straws are relatively ni-
trogen rich. The potassium content
of most residues is approximately
1.0-1.25%, an order of magnitude
more than the phosphorus content
{0.1%). Total nitrogen incorporated
into residues now amounts to ap-
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proximately 25 Mt per year, or one-
third of the total amount taken up by
crops (Table 2). Crop residues incor-
porate almost 30% of all phospho-
rus taken up by crops and approxi-
mately 65% of all potassium.
Nitrogen and phosphorus incorpo-
rated annually into crop residues is
equivalent to approximately 30% of
each nutrient contained in synthetic
fertilizers, and potassium incorpo-
rated into crop resides represents
approximately twice as much as is
available in fertilizer compounds.

Variety of uses

Crop residues have always been used
in many ways. They have been an
important source of household fuel
and building material in many low-
income countries (Figure 2); provided
indispensable bedding and feed for
animals, particularly ruminants, of
all continents; offered an excellent

Figure 2. Dried straw, which must be stored outdoors, is often arranged in ways that

preserve its quality.
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substrate for cultivation of mush-
rooms; been used for making paper;
and been tapped as sources for ex-
tracting organic compounds.

Houschold fuel. The bulkiness and
relatively low energy content of crop
residues make them inferior to
wood—but they are still an impor-
tant source of energy in densely popu-
lated and arid or deforested regions
of Africa and Asia. China’s rural
energy surveys show that during the
late 1980s, roughly three-quarters
of the country’s crop residues, in-
cluding more than two-thirds of all
cereal straws, were burned in cook-
ing stoves (Smil 1993).

In many countries, expanded sup-
plies of coal from small local mines
has lowered the demand for residues
as fuel; the introduction of more
efficient household stoves has also
helped to conserve residues for more
appropriate uses, in particular for
animal feeding and field recycling
(Smith 1992). However, a great sur-
plus of wheat straw in Denmark has
led to the development and installa-
tion of more than 20,000 special
straw furnaces on Danish farms.
Crop residues—in conjunction with
more nitrogen rich animal and hu-
man wastes—can be also used as
feedstocks for biogas generation
(Marchaim 1992). But because it is
not easy to optimize the host of envi-
ronmental conditions needed for ef-
ficient anaerobic fermentation, the
practical impact of this appealing
technique for converting renewable
wastes into clean fuel has fallen far
shortofits early promise (Smil 1993).

Building materials. Making bricks
and walls from straw—clay mixtures
is an ancient technique that is still
used in house and shed construction
in many poor countries, as is the use
of cereal straws for roofing. A more
modern, superior approach is to use
clean shredded straw to make boards,
mostly for interior partitioning, by
heating and compression, a technique
that obviates the use of binders.
Stramit and Agriboard are the two
most successful patented techniques
used in a number of countries. Inter-
est in straw-bale buildings, an alter-
native form of frugal architecture
(Steen et al. 1994), is attested to by
the existence of more than 100 World
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Wide Web sites devoted to straw-
bale construction.

Feed and bedding. Crop residues are
fed to domestic animals in forms
ranging from traditional stubble-
grazing of harvested grain fields to
preparation of chopped residue mixes
that are made more palatable and
nutritious by the addition of nitro-
gen-rich compounds. Ruminants can
digest cellulose because microorgan-
isms in the rumen produce the requi-
site enzymes (Van Soest 1994}; in-
deed, to maintain normal rumen
activity, at least one-seventh of the
normal ruminant diet (in dry matter
terms) should be in roughage (NRC
1996). But the presence of lignin
decreases the overall digestibility of
residues; moreover, in addition to
their low metabolizable energy (gen-
erally between 5.8 and 6.5 M]J/kg for
cereal straws fed to ruminants), they
are also low in protein and deficient
in minerals (Bath et al. 1997).

Feeding is, in fact, the largest off-
field use of cereal straw in many
poor countries, particularly those in
Asia, where cattle and water buffa-
loes are still important draft animals
(Matthewman and Dijkman 1993).
Relatively large shares of residues
are fed to ruminants even in rich
countries, where other forms of
roughage (mainly grasses) are also
readily available. Countries with
large amounts of residues but lim-
ited supplies of concentrate feeds are
now increasingly improving the pal-
atability and digestibility of the feed
by various treatments. The most ef-
fective methods involve alkali treat-
ment (soaking or spraying with 1.5~
2% sodium hydroxide solution) and,
preferably, enrichment with ammo-
nia or urea (Sundstol and Owen
1984, Schiere and de Wit 1995).

A combination of treated straw
and such protein-rich food-process-
ing wastes as oil cakes can replace
hay or silage, making it possible to
feed beef or dairy cattle without de-
voting farmland to concentrate and
roughage crops. This option has the
highest appeal in land-short Asian
countries trying to increase their
output of animal foodstuffs.

Because of their excellent water-
absorption capacity, cereal straws
remain preferred materials for ani-
mal bedding. In addition to keeping
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animals clean and comfortable, bed-
ding residues make manures easier
to handle and limit the leaching loss
of absorbed nutrients; where straw
is plentiful, approximately 250 kg
are used for each metric ton of excre-
ment. Recycling of this nitrogen-rich
mixture of wastes, often after com-
posting, remains a key ingredient of
beneficial co-utilization of organic
wastes (Brown et al. 1998).

Mushroom cultivation. Wheat and
rice straws are excellent substrates
for the cultivation of Agaricus
bisporus (white button mushroom)
and Volvariella volvacea (straw
mushroom), two of the four most
commonly grown fungi (the other
two, Lentinus and Pleurotus, grow
on logs and stumps). Straw for Agari-
cus cultivation is usually mixed with
horse manure and hay, and a very
high conversion efficiency of the sub-
strate into fungal bodies is possible
(Wuest et al. 1987, Maher 1991).
Outdoor cultivation of Volvariella
can be done with just wetted straw,
but mixtures of rice straw and cot-
ton waste, or cotton lint alone, are
excellent for indoor cultivation
(Hamlyn 1989). Use of residues in
mushroom production represents a
valuable conversion of inedible
phytomass to foodstuffs, which, de-
gpite their high moisture content,
have two to three times as much
protein as common vegetables and
an amino acid composition similar
to that of milk or meat (Crisan and
Sands 1978).

Pulp and chemicals. Pulpmaking
from straw has declined as high-
quality, low-priced hardwood pulp
has become increasingly available.
Straw pulps are qualitatively similar
to short hardwood fibers, but be-
cause of their lower lignin content
they need fewer pulping chemicals.
However, in addition to the already
noted low density and high collec-
tion and transportation costs of crop
residues, their relatively high con-
tent of abrasive silica makes it un-
likely that “tree-free” paper, which
was more common in the past, will
make a strong comeback (Ferguson
1996). Furfural—a selective solvent
in petroleum refining, butadiene dis-
tillation, and manufacturing of
bonded phenolic products—is now

BioScience Vol. 49 No. 4



produced mostly from pentosan-rich
crop processing residues (corn cobs,
rice hulls, sugarcane bagasse), but it
can also be derived directly from
corn stover and cereal straws (Stani-
forth 1979).

A few reliable surveys and esti-
mates demonstrate the differences in
residue use in traditional and mod-
ern settings: Agricultural modern-
ization has Jed to a sharp decline in
the use of straws and stalks as house-
hold fuel, in composting, and as
building and manufacturing mate-
rial (Buck 1937, Tanaka 1973, USDA
1978). Major reasons for these de-
clines are the rising use of fossil fu-
els, the high labor intensity of tradi-
tional composting, the adoption of
modern construction materials, and
the disappearance of craft produc-
tion. The use of crop residues for
feed and bedding has also declined in
rich countries, where most pigs and
poultry are now raised without any
straw. On the other hand, increasing
concerns about the long-term viabil-
ity of agroecosystems have led to the
promotion of residue recycling.

Recycling

Recycling of crop residues—both
directly, by leaving them to decay on
field surfaces after the harvest or by
incorporating them into soil by plow-
ing, disking, or chiseling, and indi-
rectly, by using them in mulches and
composts or returning them to fields
in animal wastes—has been prac-
ticed by every traditional agricul-
ture. The benefits of residue recy-
cling, which provides several critical,
and mostly irreplaceable environ-
mental services, have been demon-
strated by decades of diverse soil,
plant science, and agronomic re-
search. Protection against water and
wind erosion, enhanced water stor-
age capacity of soils, their enrich-
ment with organic matter, and nutri-
ent recycling are the principal
benefits.

Protecting soils against erosion and
improving water retention. Exces-
sive soil erosion is a major threat to
sustainable farming (Pimentel et al.
1995}. Estimating the effect of ero-
sion on agricultural productivity re-
mains controversial (Crosson 1997},
but there is no doubt that soil ero-
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Figure 3. Crop residuesand 30

organic matter. {top) Lin-
ear relationships between
residue recycling and or-
ganic carbon in soil. (bot-
tom) Annual change in soil
organic matter (SOM) car-
bon. The different best-fit
lines come from a series of
experiments in the United
States and Sweden. Adapted
from Paul et al. (1997).
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other declines in soil
quality. Both wind and
water erosion are con-
trolled most effectively
by residues left on the
surface, with the degree
of erosion control in-
creasing as more of the
field is covered by resi-
dues. Doubling the mass
of 25 cm high wheat resi-
due (from 0.56 to 1.12 ¢/
ha) can cut wind erosion
by more than 95%
(Finkel 1986). When -1.0

o
o
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20% of the soil surface s 0
covered by residues, soll
erosion will be 50% less
than that of a residue-
free field (Shelton et al. 1991), and a
90% cover can reduce water erosion
by as much as 93% compared with
bare soil (Wischmeier and Smith
1978). Reduced erosion and in-
creased soil water storage in turn
result in higher crop yields.
Residues control erosion prima-
rily by two modes of action: reduc-
ing wind speeds below the threshold
level for soil particle movement, and
intercepting falling raindrops, pre-
venting them from detaching soil par-
ticles. The kinetic energy of the {arg-
est raindrops is roughly 40 times
their mass, making their impact two
orders of magnitude more powerful
than the resulting surface runoff; the
rate of detachment of eroding par-
ticles is, therefore, highly correlated
with rainfall intensity (Smil 1991).
In addition, the presence of residues
reduces surface runoff of soil par-
ticles because it increases water infil-
tration rates. Even long straws are
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Annual C input (tha)

good absorbers of water, averaging
2-3 kg of water per kg of straw; shred-
ding further enhances this capacity to
3-3.8 kg per kg of crop residue. Snow
trapping by surface residues also sig-
nificantly enhances soil water stor-
age, with a more pronounced effect
as stubble heights increase.

These benefits have been demon-
strated repeatedly since the 1930s by
research done primarily in the Great
Plains, where North America’s most
erosion prone as well as water scarce
agroecosystems require careful man-
agement of residues to remain pro-
ductive (Hatfield and Stewart 1994),
Stubble-~mulch tillage—in which
implements are used to control weeds
and prepare seedbed while most resi-
dues remain well anchored on the
soil surface because plant roots are
cut 7-10 cm below the surface—is a
highly effective means of controlling
both wind and water erosion (Unger
1994). Whereas traditional mold-
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Table 3. Comparison of nutrients removed in crop residues and added in inorganic
fertilizers for good harvests of two leading US crops, corn and winter wheat (all

figures are in kg/ha).

Outputs and inputs

Midwestern corn

Great Plains wheat

Yield 8000 2800
Residues®
Nitrogen 50 25
Phosphorus 10 3
Potassium 120 50
Fertilizers®
Nitrogen 150 60
Phosphorus 30 15
Potassium 65 40

aNutrient content of residues calculated from data in Bath et al. (1997).
"Fertilizer applications from Runge et al. (1990).

board plowing will leave a mere 5-
10% of residual phytomass on the
surface, undercutting will leave 70-
90% of residual phytomass on the
surface.

Lower vields, and hence lower
mass, of residues produced in semi-
arid and arid environments limits
the ability to use residues to control
erosion and enhance soil-moisture
storage in such environments. How-
ever, depending on the kind of tillage
and the crop grown, problems in
achieving recommended residue
cover exist not only in the western
Corn Belt (Shelton et al. 1991) and
in the Southern Plains (Stewart 1991)
but also in the Northeast (Hoffman
1991). In general, residue cover is
sparse following soybeans (except for
those cultivated with no-till techniques)
and most abundant after corn.

Enhancing soil organic matter. A vir-
tually universal consequence of con-
verting grasslands to croplands has
been an appreciable decline in con-
centrations of soil organic matter. In
most cases, the rapid loss of soil
organic matter during the years im-
mediately following the conversion
was replaced by slower, but continu-
ing declines due to inappropriate ag-
ronomic practices. Long-term
records show soil nitrogen content
falling by 25~70% over periods rang-
ing from 30 to 90 years; these records
also show soil carbon declining by
up to 50% over similar time spans
(Smil 1997, Aref and Wander 1998).

Declines in soil organic matter are
frequently accompanied by structural
deterioration of affected soils, re-
sulting in surface crusting; in turn,
reduced water infiltration and scarcer
phytomass litter have led to reduced
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presence of the soil microorganisms
and invertebrates whose activity is
essential for the maintenance of
highly productive soils (Reganold et
al. 1990, Madsen 1995). Earthworms
are particularly effective in produc-
ing desirable physical and chemical
changes in soils; their abundance
declines sharply with the removal of
crop residues and with burning of
residues in the field (Edwards and
Lofty 1979, Knightetal. 1989). Such
changes have significant long-term
effects. A century of data from the
Morrow Plots (at the University of
Illinois at Urbana) shows that plots
with higher soil organic matter con-
tent have higher yields than those
with low soil organic matter content
(Aref and Wander 1998). Conversely,
declining soil organic matter can sig-
nificantly reduce crop yields: Data
from Russia suggest that reducing
soil organic matter by 55 % cuts grain
yields by half (Libert 1995).
Recycling roots and stubble might
suffice to maintain high levels of soil
organic matter in some soils, par-
ticularly where crop rotations in-
clude “green manure” (i.c., legumi-
nous cover crops grown for short
periods of time and then plowed
under) or leguminous forages. More-
over, short-term trials comparing in-
corporation of residues with fertil-
izer applications may indicate that
intensive recycling has few if any
benefits. But most long-term field
experiments show a linear increase
in soil carbon content with inputs of
crop residues (Figure 3; Paul et al.
1997). The rate of this increase de-
pends mainly on factors controlling
decomposition, and there is an up-
per limit to the amount of carbon
that be can be held in mineral soils.

With only stubble plowed in,
wheat fields at Sanborn Field Ex-
perimental Plots in Missouri had less
than 650 g/m? of crop-origin carbon
at the end of a 12-year period,
whereas after just 6 years of recy-
cling stubble and all straw, they ac-
cumulated approximately 2.6 times
this amount of organic carbon (Buya-
novsky et al. 1997). Conversely, re-
ducing the rate of residue recycling
leads to declines of soil carbon: Ex-
periments in Minnesota showed that
cutting corn stover recycling from
8.0 to 5.6 t/ha reduced soil carbon
by 274 kg/ha (Huggins and Fuchs
1997). Other experiments also show
linear increase of soil organic nitro-
gen with higher returns of crop resi-
dues (Campbell and Zentner 1997).

Recycling nutrients. The value of crop
residue recycling is illustrated by
comparing nutrient removals and
typical fertilizer applications for good
harvests of two principal US crops:
corn and winter wheat (Table 3).
Complete recycling of these residues
and their eventual mineralization
would supply approximately one-
third of the nitrogen, between one-
fifth and one-third of the phospho-
rus, and more than 100% of the
potassium applied in inorganic fer-
tilizers. But unlike nutrients from
inorganic fertilizers, macronutrients
in crop residues are not readily avail-
able. The high cellulose and lignin
content of crop residues precludes
rapid degradation, particularly in
colder climates.

In addition, the high C:N ratios of
crop residues—which commonly
range from 50 to 150, with only
those of leguminous residues being
below 40-—are much higher than
those of fresh leafy phytomass (12~
15 for grasses) or animal manure
(typically 15-25). Biomass with C:N
ratios below 20 will fairly rapidly
release net nitrogen for plant growth;
by contrast, the decomposition of
high C:N ratio residues will actually
withdraw nitrogen from the soil, tem-
porarily immobilizing the nutrient
during the early stages of decay and
thereby reducing the short-term pro-
ductivity of the soil. The pattern of
phosphorus immobilization is simi-
lar to that of nitrogen. Of course, the
immobilized nutrients become avail-
able eventually—but they cannot be
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counted on to enhance short-term
growth, yields, or profits.

How fast the nutrients will be
released depends on the activity of
microbial decomposers, which is
highly temperature and moisture
dependent. In colder climates and
dry environments, more than one-
half of the residue left on the surface
may remain undecomposed after 1
year (Figure 4; Lynch 1979, Schom-
berg et al. 1994). By contrast, in
warm, humid climates, residues de-
compose rapidly, making nutrients
much more readily available—but
also making year-round reduction of
soil erosion and water runoff much
more difficult. In cold or dry envi-
ronments, decomposition of residues
can be speeded up by appropriate
agronomic practices; experiments
with wheat and sorghum straw in
Texas showed that nitrogen in resi-
dues left on the surface was immobi-
lized three times longer than nitro-
gen in the buried phytomass and that
decay rates increased linearly with
the amount of applied water (Schom-
berg et al. 1994).

The need to make a more compre-
hensive appraisal of residue recy-
cling is demonstrated by experiments
at the International Rice Research
Institute (Cassman et al. 1996). Rice
straw was found to be a poor source
of nitrogen when used alone—but its
combination with fertilizer (applied
as urea) resulted in agronomic effi-
ciency just 15% lower than for the
use of fertilizer nitrogen alone. This
slightdisadvantage was offset by sev-
eral compensating factors: Rice straw
provided greater residual benefit (i.e.,
it provided nitrogen over a longer
time period) than other organic
sources of nitrogen and, with its high
C:N ratio, was a better source of
organic carbon and was able to in-
crease bacterial fixation of nitrogen.

Recycling of rice straw may thus
have a greater potential for reducing
requirements for applications of in-
organic nitrogen than the use of green
manure. Well-managed crops of
tropical lowland rice could in fact
derive nitrogen in the amount of 75
kg/ha from straw each year. Efficient
recycling of this nitrogen would be
promoted by optimized timing of
fertilizer nitrogen application, by
better incorporation of the recycled
straw into soil, and, eventually, by

April 1999

Figure 4, Decay rates of two
kinds of common crop resi-
dues. (top) Wheat straw. (bot-
tom) Sorghum straw. Based
on results of experiments by
Schomberg et al. (1994).

using mechanical harvest-
ers that leave straw in the
field (rather than hand
harvesting, which in-
volves the removal of all

Dry weight remaining (%)

Wheat siraw

phytomass).

Clearly, crop residues
should be treated as a o e B e
valuable renewable re- o 2 4 6 8 10 12

source to be managed
carefully to maintain soil

Time after harvest (month)

quality and promote crop o

productivity. This reality
was explicitly recognized
by provisions of the 19835
and 1990 US Farm Bills
that link eligibility for
federal farm program
benefits to a Crop Resi-
due Management Action
Plan that was designed to
reduce soil erosion and
promote water conserva-
tion (Schertz and Bush- 5
nell 1993).

Dry weight remaining (%)

Sorghum straw

Direct recycling is now 0
by far the leading method
of crop residue disposal
in most US farming re-
gions; nationwide, some 70% of
straw and stover are left on land.
Recycling of wheat and rice straw—
directly, or after being used for feed
and bedding—is also common in
other countries, but so is the burning
of residues in the fields. Why would
farmers burn such a valuable re-
source, and what are the conse-
quences of this practice?

0

Burning of crop residues

Crop residue burning is not an iso-
lated practice. In the weeks follow-
ing a harvest, flames and dense smoke
can be seen above the wheat fields of
the Canadian Prairies and the US
Great Plains and in the sugarcane
fields of Latin America. The practice
is also common in rice-growing ar-
eas, where modern, high-yielding
cultivars produce as much as 6-7
t/ha of straw and where the residue is
not needed to protect soils against
wind and water erosion in flat and

| L L L D L I L
2 4 6 8 10 12

Time atter harvest (month)

wet fields. Consequently, rice straw
is burned in the monsoonal paddies
of Southeast Asia, in Italy’s Piemonte,
and in huge, aerially seeded fields
around Sacramento, California
(Jenkins er al. 1992).

The most common justifications
that farmers give for burning are to
get a seedbed that is easy to work
and will not impede the growth of a
new crop and to rid the fields of
phytomass that can harbor pests and
diseases waiting to reduce the next
harvest. Although these claims have
some validity, none can justify blan-
ket burning of residues. Mechanical
difficulties in tilling residue-laden
fields can be managed either by us-
ing a straw chopper and dispersing
the residues as evenly as possible or,
preferably, by choosing an appro-
priate reduced-tillage operation.

Extensive long-term experiments
at the Rothamsted and Woburn Ex-
perimental Srations in the United
Kingdom that compared burning of
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winter wheat straw with various re-
cycling methods showed that incor-
porating straw into soil (by chop-
ping, followed by cultivators or
plowing) had no adverse effects on
the subsequent harvest (Prew et al.
1995). Decay rates were satisfactory
(i.e., 1 year after incorporation, the
straw was decomposed to such an
extent that it did not impede seedbed
preparation, and after 2 years it was
fully fragmented), toxins produced
during degradation had no notice-
able effect on subsequent plant es-
tablishment, yield was unaffected,
and pests were not a problem. An-
other set of UK tests with winter
barley straw found that, although
the burnt areas were less infested
with fungi initially, by summer they
had more severe problems with net
blotch (Pyrenophora teres) and leaf
blotch (Rbhynchosporium secalis)
than the plots with incorporated
straw (Jenkyn et al. 1995).

Early short-term studies did not
find any reduction in grain yields or
soil organic matter contents with
residue burning. However, more re-
cent long-term appraisals indicate
accelerated loss of soil carbon and
reduced microbial activity in soils
where straw has been burned for
more than 20 years (Rasmussen and
Collins 1991).

Emissions from crop residues.
Andreae (1991) put the worldwide
burning of agricultural residues at
2020 Mt per year, accounting for
almost a quarter of his estimate of all
biomass combustion; he also assumed
the standard 45% carbon content
and 90% combustion efficiency to
calculate the release of approximately
800 Mt of carbon as carbon dioxide.
Both of his assumptions appear to be
on the high side. Because of the rela-
tively high mineral content of some
straws and stalks, the carbon share
of residues is often substantially less
than 45%—even as low as 30%
(Ilukor and Oluka 1995). And smol-
dering fires—which convert only ap-
proximately 50% of phytomass car-
bon to carbon dioxide, compared to
conversion rates of 85-97% during
the flaming phase—are common
when field residues are burned, par-
ticularly in tropical settings.

The United Nations Environmen-
tal Programme and other organiza-
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tions (UNEP et al. 1995} estimated
that in low-income countries, ap-
proximately 25% of all residues are
burned; the corresponding share in
affluent nations is just 10%. The
actual rate in low-income countries
is almost certainly higher than 25%,
especially when the use of residues
for fuel is included. Even the rate in
affluent nations is most likely higher
because data on average burn frac-
tions indicate regionally much higher
burn rates both for field and orchard
crops (Jenkins et al. 1992). Mini-
mum global emissions from the burn-
ing of crop residues could be esti-
mated by assuming that one-third of
all residues in low-income countries
and 15% of all residues in affluent
nations are burned (either in field or
as fuel). The most likely maximum
burning rates would be 45% in low-
income countries and 25% in afflu-
ent nations.

The resulting range of 1000~1400
Mt of burned residual phytomass
would, given the average carbon con-
tent of 35-40%, result in annual
emissions of 350-560 Mt of carbon,
considerably lower than Andreae’s
(1991) estimate. However, the ex-
treme variability of emission rates
precludes an accurate calculation of
total fluxes of major combustion
gases. Key variables affecting the rate
and composition of emissions are
the chemical composition of the resi-
dues, their moisture content, the de-
gree of fuel packing, and the surface
area-to-volume ratio. Actual fluxes
measured both in laboratories and in
the field indicate that most (85-90%)
of the 95% of phytomass carbon
thatis released in gaseous compounds
(the remaining §% being particulate
carbon) is emitted as carbon diox-
ide; the rest is emitted mainly as
carbon monoxide, with a small per-
centage emitted as methane and
nonmethane hydrocarbons (Laursen
et al. 1992, Nguyen et al. 19%4a,
Scholes 1995).

Annual carbon dioxide emissions
from the burning of crop residues
thus range between 1.1 and 1.7 Gt.
However, as is the case with more
massive savanna burning, these emis-
sions do not result in a net long-term
tropospheric increase of carbon di-
oxide because an equivalent amount
of gas (or, as the harvest increases, a
slightly larger volume) is taken up by
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the next season’s or the next year’s
crops. Annual emissions of carbon
monoxide are most likely between
50 and 100 Mt, and they clearly
contribute to the carbon monoxide-
rich plumes detected repeatedly by
satellites above parts of Africa, Asia,
and Latin America that are located
far from any industrial or urban
sources of the gas (Newell et al.
1989). Emissions of methane are
most likely between § and 7 Mt.
Burning of crop residues also re-
leases nitrogen as both NO,_ (NO
and NO,) and ammonia; in addition,
30-40% of the nitrogen present in
the phytomass is converted during
flaming combustion directly into ni-
trogen gas {Kuhlbusch et al. 1991).
Finally, combustion of residues is
also a significant source of carbonyl
sulfide (Nguyen et al. 1994b).

Effects of burning. Although residue
burning may give farmers fields that
are easier to seed and sometimes,
perhaps, less pest infested, it is, in an
overwhelming number of cases, an
undesirable practice because it weak-
ens the local capacity of the agroeco-
system services, ranging from pro-
tection of soils against erosion to
recycling of nitrogen. At the same
time, residue burning contributes sig-
nificantly to the buildup of tropo-
spheric methane, a greenhouse gas
that is approximately 60 times more
effective than carbon dioxide in ab-
sorbing outgoing infrared radiation.
Indeed, current methane emissions
from crop residues may be equiva-
lent to at least one-tenth of all meth-
ane emissions from the combustion
of fossil fuels. Carbonyl sulfide has a
long residence time in the atmosphere
and the highest natural background
concentrations of any sulfur com-
pound. However, after reacting with
hydroxyl radicals, most of it ends up
eventually as tropospheric sulfate,
which counteracts global warming
by supplying condensation nuclei.
Seasonal burning of residues also
has adverse regional health effects.
These effects are most severe when
stationary high-pressure cells still
winds, limit atmospheric mixing, and
cause overnight temperature inver-
sions. For example, during the first
week of October 1992, burning of
wheat straw in southern Manitoba
produced smoke concentrations high
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enough to activate residential and
institutional detection devices in
Winnipeg, caused severe health prob-
lems for people with respiratory
problems, and made driving danger-
ous in the worst-affected areas (EMO
1993). The Emergency Measures Act
was invoked to ban stubble burning
within 100 km of the capital, and
subsequent regulation forbade any
residue burning during the night.

Public pressure stemming from
health concerns has been the main
reason for bans or limitations on
crop residue burning. In the United
Kingdom, where some 600,000 ha
of cereal residues were burned annu-
ally in the early 1980s, a ban was
imposed in 1992 (Prew et al. 1995).
Currently, the most controversial
attempt to eliminate straw burning
is unfolding in California, where,
according to the Rice Straw Burning
Reduction Act of 1991, the area
burned annually was to be reduced
by 56% by the year 1998. By the end
of 1997, only a 33% reduction had
been achieved; furthermore, rice
growers would actually like to see a
reexpansion of burning because it is
the easiest way to dispose of the
large volume of rice straw (Air Re-
sources Board 1998).

Proper management
of crop residues

Maintenance of highly productive
cropping requires effective protec-
tion of soils against erosion, conser-
vation of relatively high amounts of
soil organic matter, provision of
optimum conditions for soil biota,
and, to prevent undesirable environ-
mental effects of high-level fertilizer
applications, the highest possible rate
of recycling of plant nutrients. At the
same time, minimizing the human
impacts on tropospheric chemistry
requires lower emissions of green-
house and other gases, and avoiding
serious health hazards posed by
smoke necessitates severe restric-
tions, or outright elimination, of all
unnecessary phytomass burning.
Appropriate field management of
crop residues can help to achieve all
of these goals.

Residues in excess of carefully
determined recycling requirements
can make a major difference at both
the local and regional levels in pro-
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ducing high-quality animal and fun-
gal protein or fiber. Better ways of
compacting residues would lower
their transportation costs and im-
prove their nutritional value, mak-
ing their off-field use for feed, fiber,
or substrate more economical, Per-
haps the best way to promote these
rational ways of dealing with straws,
stalks, and leaves is to see them not
asresidues—as often undesirable left-
overs of much more highly prized
crops—but as valuable resources that
provide irreplaceable environmental
services and assure the perpetuation
of productive agroecosystems and
sustainable food production.
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