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Abstract The impacts of fallow on soil fertility, crop
production and climate-forcing gas emissions were deter-
mined in two contrasting legumes, Gliricidia sepium and
Acacia colei, in comparison with traditional unamended
fallow and continuous cultivation systems. After 2 years,
the amount of foliar material produced did not differ
between the two improved fallow species; however, grain
yield was significantly elevated by 55% in the first and
second cropping season after G. sepium compared with
traditional fallow. By contrast, relative to the unamended
fallow, a drop in grain yield was observed in the first
cropping season after 4. colei, followed by no improve-
ment in the second. G. sepium had higher foliar N, K and
Mg, while A. colei had lower foliar N but higher lignin and
polyphenols. In the third year after fallow improvement, a
simulated rainfall experiment was performed on soils to
compare eftflux of N,O and CO,. Improved fallow effects
on soil nutrient composition and microbial activity were
demonstrated through elevated N,O and CO, efflux from
soils in G. sepium fallows compared with other treatments.
N,O emissions were around six times higher from this
nitrogen-fixing soil treatment, evolving 69.9 ngN,O-N
g 'soil h™! after a simulated rainfall event, compared with
only 8.5 and 4.8 ngN,O-N g 'soil h™' from soil under
traditional fallow and continuous cultivation, respectively.
The findings indicate that selection of improved fallows
for short-term fertility enhancement has implications for
regional N,O emissions for dry land regions.
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Introduction

Improved fallow describes a system of planting with fast-
growing species specifically selected for their fertility-
enhancement properties during a short-duration fallow
period, while often providing other benefits, including im-
proved fodder and fuel wood supply. Improved fallows
have the potential to increase overall crop yields, while also
offering services such as maintenance of microbial and in-
sect diversity (Badiane et al. 2001; Sileshi and Mafongoya
2003) and buffering against nutrient leaching (Chikowo
et al. 2004). Fast-growing leguminous nitrogen-fixing trees
have been highlighted as promising fallow species, show-
ing up to threefold improvements in crop yields compared
with traditional fallow (Kaya and Nair 2001; Snapp et al.
1998). Studies indicate that improved fallows have ben-
eficial effects on key components of soil fertility, including
N availability (Ikerra et al. 2001); however, N,O emissions
following biomass incorporation from these tree-improved
fallows have yet to be determined. It is important that
emissions from these systems be estimated since they
may account for a significant N loss from dry land agro-
ecosystems, as well as having a large contribution to
climate-forcing gas budgets for semi-arid regions. More
information on trace gas emissions, including N,O and
CHy,, is required to determine the benefits of agricultural
practices such as agroforestry (Albrecht and Kandji 2003).

With increasing research on the potential for C storage in
the terrestrial biosphere for climate mitigation, it has been
proposed that agricultural land may potentially serve as a
considerable C sink. Palm et al. (2002) provide data from
South American managed tree systems in the humid trop-
ics, which suggested that agroforestry had lower N,O
emissions than secondary forest, which may be partly
explained by the more efficient nutrient recycling in
younger systems. Thus far, equivalent studies are lacking
for the semi-arid tropics. Studies on the effect of fertility



management show greater N,O emissions after incorpora-
tion of organic material into soils (Baggs et al. 2000), and
that replacing traditional fallow with improved fallow
systems increases N,O emissions during the rainy season
(Millar et al. 2004). As with studies in temperate regions,
factors such as rainfall play an important role in deter-
mining the amount and timing of N,O efflux. The aim of
this study was to examine the effect of nitrogen-fixing tree
species on crop productivity, soil fertility and N,O emis-
sions from a tropical semi-arid agro-ecosystem. We report
here some findings from an improved fallow experiment
carried out from 2000 to 2003 by the International Centre
for Research in Agroforestry (ICRAF)/International Crops
Research Institute for the Semi Arid Tropics (ICRISAT)
partnership at the Samanko research station, Mali.

Materials and methods
Site selection

The site is part of an improved fallow experiment es-
tablished by ICRAF Sahel in July 2000, using coppicing
agroforestry species at the ICRISAT-Mali field station at
Samanko (12°54'N, 08°04'W, 331 m a.s.l.)—rainfall ap-
proximately 1,000 mm per annum, annual average tem-
perature 27°C. The experiment was designed to examine
indicators of growth and soil improvement in coppic-
ing agroforestry species. Container-sown seedlings were
planted in the field in July 2000 at 0.75%0.50-m spacing in
a well-prepared seedbed in a randomised block experi-
ment. The soils at the station are light, poor in nutrients
and organic matter (0.5%) and have low pH (5.0-6.1).
They are classified as alfisols (or leached tropical ferrug-
inous soils without concretions). After 2 years of growth
(June 2002), the aboveground leafy biomass and litter fall
from all plots were quantified before incorporation into the
soil to serve as a nutrient source for the subsequent
sorghum crop (ICSV 400). Cultivation was continued for
successive seasons to assess the species-specific residue
effect on crop yields. The data analysed here were collected
at the second year of tree growth from the most productive
(Gliricidia sepium) and the least-performing (Acacia colei)
treatments, and a comparison was made with continuous
cultivation of sorghum and traditional unamended fallow
treatments in two successive cropping cycles. The tradi-
tional practice for sorghum cultivation in the region is
sowing in a well-prepared seedbed followed by raising
ridges around the crop a month or 45 days later. This creates
distinguishable ridges and mid-ridges spaced at approxi-
mately 0.75-m intervals in the plot, with a ridge-to-trough
depth of approximately 30 cm.

Soil respiration in the field

Soil respiration rate (g CO, m > h™") was measured in situ
(PP System EGM2 Soil Respiration System with SRC-1
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chamber) on 28th January 2004 during the dry season on
bare ground, on the cultivated ridge or between the ridges
(mid-ridge) in all treatments. Four measurements were
taken in each of two blocks per treatment, with duplicates
in the ridge and mid-ridge areas.

Soil and foliar analysis

A sample of the top 0-20 cm of soil was collected in
January 2004 during the dry season from three blocks each
of the four treatments. The ground in all blocks retained
visible cultivation ridges and was found to show differ-
ences in soil respiration between the ridge and mid-ridge
areas immediately prior to sampling; therefore, within each
plot, three samples where randomly selected from the top
of'the ridge and three from between the ridges. The samples
were bulked, air-dried and transported to the Centre for
Ecology and Hydrology (CEH), Edinburgh, UK. All soil
samples were sieved (<710-pm mesh size) and thoroughly
mixed prior to subsampling for analysis and experiments.
Soil organic C was estimated by loss on ignition, following
the methodology of Rowell (1994), as recommended for
sandy soils. Foliar analysis of N and P was performed on
three air-dried samples by acid digestion using the Kjeldahl
method (Okalebo et al. 2002). Complete oxidation by
the Kjeldahl method followed by spectrometry analysis
(Okalebo et al. 2002) was used for K, Ca and Mg. Per
cent total soluble polyphenols (PPs) was determined by
the Folin—Ciocalteau method (Allen et al. 1974), while
Goering and Van Soest (1970) was used for the per cent
lignin.

Soil respiration and N,O flux after simulated rainwater
and substrate addition

Aliquots of 60 g of air-dried soil were placed into clear
Perspex columns (20-cm heightx5-cm diameter), which
were sealed at the base (as described by Dick et al. 2001).
In the headspace, inlet and outlet apertures were inserted
at staggered heights on opposite sides and fitted with a
three-way tap. A total of 12 repacked soil columns were
established (three replicate columns each of four soil
treatments). The repacked soil columns were incubated at
20°C and analysed for soil moisture and soil chemical
properties. Additional columns without soil were as fol-
lows: (1) empty, (2) glucose-based substrate solution (80%
glucose, 13% (NH4),SO4 and 2% KH,PO,4 by mass) or (3)
distilled water, were included as controls for N,O and CO,
efflux measurements. Synthetic rainwater, based on the
rain chemistry measured at Lake Malawi (Talling and
Lemoalle 1998), was added to the repacked soil cores. A
total of 19 g of synthetic rainwater (equivalent to 9.5 mm
of rain) was added to 60 g air-dry soil. N,O fluxes were
measured 2-3 times daily for 4 days after the initial rain
event by sealing the columns with plastic lids, fitted with
airtight rubber sleeves, for 60 min. Headspace air samples
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(10 ml) were withdrawn by syringe and analysed for N,O
by electron-capture gas chromatography (Hewlett-Packard
5890X). Ambient room air was also collected at the be-
ginning of each sample set. The N,O flux was calculated
as follows:

ngN,O — Ng~! soil hr™!
~ N0, — N,O,, (ng m?) x headspace volume(m?)
N mass dry soil(g) x time(hr)

where ¢, and ¢, represent the increase in N,O concentra-
tion during a period of 1 h above ambient laboratory air
(amb) for the volume of the headspace in the repacked
soil column.

After the N,O pulse, in response to simulated rainfall,
had abated, the microbial biomass was estimated by sub-
strate-induced soil respiration using a glucose-based sub-
strate in solution, following the methodology published in
BS-1SO-17155:2002 (BS-ISO 2002). The substrate solu-
tion was added to return the moisture content of each soil
column to 80% of field capacity. N,O fluxes were mea-
sured at 18, 26 and 50 h after glucose addition, and CO,
respiration was measured three times daily after sealing the
containers for 2 min. Soil respiration measurements of the
CO, efflux in mg CO, g_lsoil h™' were made with a
portable infrared gas analyser (LiCor Inc., Lincoln, NE,
USA) in a closed system, circulating air through the sealed
soil column. The following parameters were recorded from
the respiration response to substrate addition: (1) the basal
rate (Rg), the average respiration during the stable period
before addition of glucose; (2) the substrate-induced res-
piration (Rg) as the average of values shortly after substrate
addition, when respiration becomes temporarily stable
(before exponential growth of microbial populations); (3)
the exponential growth rate of the micro-organisms (1),
estimated from the exponential part of the response curve;
and (4) the respiratory activation quotient (Rg/Rg) that is

Table 1 Total woody biomass production and foliar production,
showing the amount of foliar biomass incorporated prior to crop
sowing between 2000 and 2002, sorghum straw and grain yield in

the ratio of basal to substrate-induced respiration. Soil
microbial biomass C (SMBC) was calculated using the
formula of Anderson and Domsch (1978):

g SMBC g™ soil = (40.04 x 111 CO5(Rg) g ' soil h™')
+0.37

Soil was extracted with 1 M KCl and analysed for soil-
exchangeable NH, by using the indo-phenol method
(Wetzel and Likens 2000), and NOj5 using a Reflectoquant
NOj3 analysis system (Merck, Germany).

Results
Plant production and grain yield

The total woody production and the foliar biomass
incorporated into the soil in 2002 after 2 years of growth,
as well as the straw and grain yield of the sorghum crop
grown in 2002 and 2003, are shown in Table 1. Woody
biomass did not differ between the two improved fallow
tree species; however, significantly more foliar biomass
was produced and incorporated into the soil from 4. colei.
In the first year of cropping after fallow (2002), there was
no difference in straw production between treatments.
Significantly elevated grain production was found in G.
sepium plots in comparison with the traditional fallow and
continuously cultivated plots, from which grain yield was
similar, while a substantially lower grain production was
found in plots of 4. colei. In the following cropping season,
straw production was almost double in G. sepium plots
compared with the other treatments, and grain yield was
significantly higher compared with continuous cultivation
plots. A. colei plots had a much improved grain yield
(176%) in the second season, while all other treatments had
lower grain and straw yield in 2003. Grain yield in the
continuously cultivated plots dropped by 59% between

2002 and 2003, and soil total organic carbon measured by mass loss
on ignition in 2004

Treatments  Fallow treatment 20002002 Sorghum yield 2002-2003 Soil C 2004
Wood Total foliar biomass  Straw yield Grain yield Straw yield Grain yield Total loss on
production  incorporation (rha™') 2002 (kg ha™') 2002 (kgha') 2003 (kgha ') 2003 (kgha ') ignition (%)
(tha™)

G. sepium 13.26% 12.18° 8,025+606% 1,938+256 3,343+£309? 1,250+382% 0.30+0.006%

A. colei 13.09* 16.65° 6,444+697° 2944217° 1,842+300° 810+93%° 0.24+0.006°

Traditional ~ 0° 0.58° 6,0604+643° 1,249+27° 1,718+133° 810£101*°  0.28+0.001°

fallow!

Continuous ~ 0° 0.21° 5,658+838" 1,130+152° 1,282+179° 463+23° 0.23%0.005°

cultivation®

Different letters within columns indicate significant differences found using Fisher’s protected least significant difference (LSD) test

'Natural vegetation and weed incorporated at seedbed preparation

Crop residues removed, remaining residue and weed incorporated at seedbed preparation



2002 and 2003, which was a much higher drop than in the
plots of G. sepium or traditional fallow which both dropped
by around 35%.

Nutrient composition of leaves and soil

The results of foliar analysis of major elements (N, P, K and
Mg) and nitrogenous compounds contributing to soil
fertility are shown in Table 2, along with a calculation of
the total N application. Leaves of A. colei had a higher level
of soluble PPs and lignin than those of G. sepium or the
species sampled in the other treatments. By contrast, G.
sepium had the highest foliar N, P and Mg contents. The
sorghum (and weeds) sampled in the traditional fallow did
not differ greatly from each other in nutrient contents.
Bulked soil organic C, as indicated by loss on ignition, was
less than 1% for all plots; however, significant differences
were found between treatments (Table 1), with soil under
G. sepium having the highest soil organic carbon SOC,
followed by traditional fallow and similarly low levels in
both A. colei and continuously cultivated plots. Differences
in SOC were particularly notable between the two treat-
ments with trees, despite similar amounts of biomass in-
corporation. After the simulated rainfall event, soil NH,—
N levels were the highest in soils from G. sepium plots
compared with other treatments, while soil NO3;—N was
higher from both the improved fallow plots (Table 3).

Soil respiration in situ

After an 80-s measurement cycle the soil respiration
chamber measured increases in CO, efflux, which ranged
between 0.10 and 0.55 g CO, m * h™'. Measurement of
soil respiration during the dry season on the four field
treatments showed that there were significant treatment
differences in between ridge sites (p=0.04) but not between
mid-ridges (p=0.27), while differences between the ridge
and mid-ridge were significant in all treatments (p=0.02),
with the exception of soils under G. sepium (Fig. 1). Soil
samples were bulked rather than differentiated into ridge
and mid-ridge types; therefore, it was not possible to make
comparisons with soil organic matter content or other soil
components.
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Table 3 Total N,O efflux, soil NO;—N and soil NHi—N from soils
after rainfall simulation event

Total N,O Soil NO;  Soil NHj;
efflux ng N,O-N  ug NO3—N ug NH4—N
g 'soilh™! g ! soil g ! soil
G. sepium 69.9427.7° 34+52%°  18.3+2.0°
A. colei 10.4+2.6° 49+10.7*°  10.5+1.2°
Traditional fallow 8.54+2.6° 20+4.8° 11.5+1.0%°
Continuous culture 4.8+1.4° 16+4.9° 10.5+1.2°

Different letters within columns indicate significant differences found
using Fisher’s protected least significant difference (LSD) test

N,O flux in response to simulated rainfall

No detectable N,O was emitted within the first 24 h after
the simulated rainfall event (Fig. 2). Thereafter, soil col-
lected from all treatment plots emitted detectable N,O
between 24 and 48 h after the addition of the rainwater,
with soil collected from G. sepium plots emitting detectable
N,O for a further 24 h. Total N,O emissions measured
during the simulated rainfall event and a subsequent drying
cycle were approximately sixfold higher from the soil
samples collected in the G. sepium plots compared with the
other three treatments which did not differ markedly from
each other (Table 3). After 4 days of soil drying, the av-
erage moisture loss from the containers was 46.5% of the
total “rainwater” added. Moisture loss did not differ in
amount or rate between soil treatments. Peak N>,O efflux
occurred at 80% water-holding capacity for 4. colei, tra-
ditional fallow and continuous cultivation, and at around
70% for G. sepium. After N,O efflux had subsided from all
soil treatments following the rainwater pulse, a glucose-
based substrate was added, and a further pulse of N,O was
observed. Higher N,O peaks were observed from 4. colei,
traditional fallow and continuous cultivation samples with
substrate addition than with just simulated rainfall, while a
lower N,O peak was observed from G. sepium. Of the four
soil treatments, the highest N,O peak under glucose sub-
strate addition was from the traditional fallow treatment.

Substrate-induced soil respiration

Soil respiration was measured in response to substrate ad-
dition in tandem with N,O flux to quantify substrate-in-

Table 2 Foliar composition of major elements (nitrogen, phosphorus, potassium and magnesium) and constituents contributing to soil fertility
in two coppicing agroforestry species compared with traditional fallow species and continuously cropped sorghum

N P K Mg PP Lignin C/N Lig/N  (Lig+PP) Total N in applied
) o 0 ) () (%0) (%) (%) (%N biomass (kg/ha)
G. sepium 3.70 0.21 241 0.72 223 7.68 11.38 2.08 2.68 450.7
A. colei 2.10 0.08 0.94 0.20 13.49 14.54 22.97 6.92 13.35 349.7
Traditional fallow 1.70 0.12 2.78 0.23 1.32 5.66 23.41 3.33 4.11 9.9
Continuous cultivation 2.05 0.11 222 0.37 1.31 6.29 19.02 3.07 3.71 43

Lig Lignin, PP soluble polyphenolics
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Fig. 1 Soil CO, respiration in situ from ridged fields of improved fallow, traditional fallow and continuous cultivation

duced soil microbial activity (Fig. 2). No response in soil
respiration was observed for the first 24 h after substrate
addition, although N,O efflux increased greatly during this
period. An initial increase in CO, respiration was then
observed from all treatments, indicating the first aero-
bic response of the soil microbial community to glucose
addition which occurred when soils had dried out to a
water-holding capacity of 60%. The Ry did not vary sig-
nificantly between treatments; however, the Rg was highest
for G. sepium and lowest for continuous cultivation sam-
ples (Table 4). The ratio of Rg/Rg, from which is derived
the respiratory activation quotient (Qg), was highest for
traditional fallow and continuous culture samples, which
indicates a lower level of activity of soil microbes in these
treatments. A period of exponential growth of soil or-
ganisms in response to substrate addition was indicated
by the parameter p, which was higher for G. sepium and
lowest for continuous culture. The SMBC was estimated
to be higher for G. sepium and lowest in the continuously
cultivated plots.

Discussion

A comparison of the effect of planting nitrogen-fixing
woody species in fallow soil with traditional fallow and
continuous cultivation demonstrated that G. sepium had a
significantly positive impact on the succeeding crop pro-
duction. G. sepium grown in the soil for 2 years resulted in
improved biomass and grain yield in sorghum, compared
with 4. colei fallow or traditional fallow over the same
period, despite a similarly higher foliar biomass input to the
soil from A. colei. G. sepium had higher foliar N, P and Mg
compared with other treatments, while by contrast, 4. colei
had substantially lower levels of these nutrients and higher

levels of PPs and lignin. The contrasting foliar composition
of nitrogenous compounds of these two species seems to
affect nitrogen mineralisation of leaf residues, and their
relative immobilisation in the soil, affecting N availability
in the following cropping season. It has previously been
shown that PP and lignin content of organic material can
affect the N release dynamics of organic fertility amend-
ments (Palm and Sanchez 1991). High-foliar N, combined
with low lignin and PPs, result in a high and immediate
capacity for N supply, whereas low-foliar N and high-
lignin and high-PPs provide the lowest capacity for N
supply, combined with a possible long-term immobilisation
of soil N (Mafongoya et al. 1997; Palm et al. 2001). The
latter category, which is described as having low resource
quality, may however have long-term benefits for soil
structure and organic C content. This has implications for
species selection for improved fallows, since farmers can
use information about the relative immediacy of N release
of fallow species to make decisions about appropriate
nutrient requirements for their cropping systems. Since
farmers rarely have access to information about foliar
composition, the foliar characteristics determined by N,
PP and lignin content have been translated into a farmer-
friendly key by Giller (2000), based on leaf colour and
texture.

The enhanced N status of the soil conferred by a G.
sepium fallow is reflected in the higher nitrous oxide (N,O)
emissions from this soil after a simulated rainfall event
(Table 2). Previous studies show higher N,O emissions
from soil under N-fixing trees compared with non-N-fixing
species (Dick et al. 2001, 2004). This study demonstrates
considerable variation in emissions between soil having
supported two N-fixing species, which may relate to
different levels of N fixation. However, differences in foliar
composition can play an important role in N availability,
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Fig. 2 N,O efflux after simulated rainfall event and soil CO, and
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and thus N,O evolution, as discussed above. The im-
portance of rainfall as a trigger of NO and N,O emissions
from dry tropical soils has been demonstrated (Rondon et
al. 1993) as well as the association with rainfall intensity.
This study demonstrates that the addition of C and N
substrates to the soil renews the pulse of N,O and CO,
emission. The release of N,O precedes the increase in soil
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respiration at 80% soil water content, which is consistent
with the expectation that the anaerobic microbial commu-
nity is most active in N,O release, while aerobic respira-
tion and N,O evolution through nitrification occurs as the
soil dries. The temporarily stable respiration rate that oc-
curs after substrate addition is attributed to the oxidation
of the glucose by enzymes already present in the soil sam-
ple, and the exponential increasing rate, u, to the respira-
tion resulting from the consumption of the glucose by the
growing micro-organism population (Stenstrom et al.
1998). Overall, the soil microbial biomass community
was estimated to be most responsive to substrate addition
in the G.sepium soils, where microbial biomass carbon
was estimated to be significantly higher.

Some interesting aspects of soil N,O emission dynamics
are suggested by this study: after the addition of substrate, a
high pulse of N,O was observed from all the treatments
except G. sepium, which was in contrast to the higher pulse
from this treatment after the simulated rainfall event. The
rapid N,O release of G. sepium in response to simulated
rainfall suggests higher levels of denitrifying microbial
communities in this soil, which quickly depleted the
bioavailable N during the first pulse, while addition of
glucose as a C substrate did not stimulate much further
N,O emissions. Native levels of available C were perhaps
higher in these soils as suggested by the SOC data. By
contrast, low N,O emissions after the simulated rainfall
were followed by a higher peak after addition of glucose,
suggesting that the other treatments were C-limited during
the first pulse. Further research is required to dissect the
interplay between nitrogen and carbon resources and the
soil moisture control of gas fluxes from dry land soils.

This study demonstrates that selection of improved
fallows for short-term fertility enhancement can improve
crop yield in the succeeding years; however, foliar con-
tent of nitrogenous compounds and other nutrients in the
incorporated tree biomass is an important factor in deter-
mining later crop improvement and sustained yields. Fer-
tility enhancement by planting leguminous N-fixing trees
is also shown to have implications for N,O emissions.
Greenhouse gas emissions from semi-arid agro-ecosystems
need to be quantified to enhance the resolution of regional
and national budgets for dry land areas. At present, climate-
forcing gas emissions are underestimated and crudely de-
fined for dry land agro-ecosystems, and further research
is needed to improve accounting systems for global cli-

Table 4 Microbial parameters calculated from substrate-induced respiration (=SE)

Ry Rg Qg ratio pwh! SMBC

1gCO, g 'soil h! ug C g ' soil
G. sepium 9.5+0.4% 28.1+0.8° 0.34+0.01° 0.88+0.12° 24.1+0.7%
A. colei 7.7+0.8% 17.9+2.6%° 0.43+0.02%° 0.89+0.03% 15.2+2.3%0
Traditional fallow 7.8+1.8° 18.045.7%° 0.46+0.05° 0.62+0.14*° 15.3+4.9%°
Continuous culture 6.6+0.9% 13.0£2.6° 0.52+0.03* 0.51+0.05° 10.942.3°

Rp Basal rate of soil respiration, Rg substrate-induced soil respiration, Qg respiratory activation quotient, ;» growth rate of soil microbes, SMBC

soil microbial biomass carbon (ug C g 'soil)

Different letters within columns indicate significant differences found using Fisher’s protected least significant difference (LSD) test
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mate change modellers in particular. New guidelines for
non-CO, greenhouse gas monitoring required of projects
launched under Articles 6 and 12 of the Kyoto protocol
suggest use of generic levels specified for land in this cli-
mate zone by IPCC (2000), however the N,O emissions
found in this study show that predicted levels could be
considerably refined for different agricultural systems in
semi-arid areas.
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