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Abstract Under semiarid subtropical field conditions,
denitrification was measured from the arable soil layer of
an irrigated wheat–maize cropping system fertilized with
urea at 50 or 100 kg N ha−1 year−1 (U50 and U100, re-
spectively), each applied in combination with 8 or 16 t ha−1

year−1 of farmyard manure (FYM) (F8 and F16, respec-
tively). Denitrification was measured by acetylene inhibi-
tion/soil core incubation method, also taking into account
the N2O entrapped in soil cores. Denitrification loss ranged
from 3.7 to 5.7 kg N ha−1 during the growing season of
wheat (150 days) and from 14.0 to 30.3 kg N ha−1 during
the maize season (60 days). Most (up to 61%) of the loss
occurred in a relatively short spell, after the presowing
irrigation to maize, when the soil temperature was high and
a considerable NO3

−-N had accumulated during the pre-
ceding 4-month fallow; during this irrigation cycle, the
lowest denitrification rate was observed in the treatment
receiving highest N input (U100+F16), mainly because of the
lowest soil respiration rate. Data on soil respiration and
denitrification potential revealed that by increasing the min-
eral N application rate, the organic matter decomposition
was accelerated during the wheat-growing season, leaving a
lower amount of available C during the following maize
season. Denitrification was affected by soil moisture and by
soil temperature, the influence of which was either direct, or
indirect by controlling the NO3

− availability and aerobic soil
respiration. Results indicated a substantial denitrification
loss from the irrigated wheat–maize cropping system under

semiarid subtropical conditions, signifying the need of ap-
propriate fertilizer management practices to reduce this
loss.

Keywords Denitrification . Farmyard manure . Irrigation .
Soil respiration . Urea

Introduction

Quantitative estimates of denitrification loss from crop-
lands may vary from 2 kg N ha−1 year−1 (under a rain-fed
wheat system; Aulakh et al. 1983) to 233 kg N ha−1 year−1

(under a heavily fertilized irrigated vegetable production
unit; Ryden and Lund 1980). Besides differences in the
quantification techniques, which often lead to variable de-
nitrification estimates (Ryden and Rolston 1983), the en-
trapment of gaseous N products in soil is well known to
lead to an underestimation of denitrification (Ambus and
Christensen 1993; Benckiser 1994; Mahmood et al. 1998a).
In flood-irrigated systems, in which the soil structure is
disrupted and the gas diffusion retarded (Terry et al. 1986),
as much as 77% of the denitrification gaseous N products
may remain entrapped within soil (Mahmood et al. 1999).
In most denitrification studies, however, the entrapped N2O
has not been considered, thus leading to an underestimation
of N loss. This is particularly true for studies pertaining to
irrigated systems.

Oxygen, NO3
−, and organic C are the major factors con-

trolling the denitrification process at cellular level, whereas
soil moisture, organic amendments, fertilizer management
practices, and edaphoclimatic conditions are important fac-
tors affecting the denitrification process by controlling the
dynamics of O2, NO3

−, and organic C. Although substantial
data have been reported on denitrification loss from differ-
ent agro-ecosystems, only few studies exist to ascertain the
significance of denitrification loss from irrigated croplands
under semiarid subtropical conditions. In Pakistan, where
crop husbandry largely depends on flood irrigation, fertil-
izer-N recovery is often poor and may range from 58% (in
cotton–wheat system; Mahmood et al. 2000) to 67% (in
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wheat–maize system; Mahmood et al. 1998a). Flood irri-
gation to wheat–maize system caused a high water-filled
porosity only for a limited duration, thus causing a rela-
tively low denitrification loss (up to 14 kg N ha−1 year−1;
Mahmood et al. 1998b); although the loss was underesti-
mated due to diffusional constraints (Mahmood et al.
1998a). However, under irrigated cotton fertilized with urea
at 173 kg N ha−1, and also exposed to high summer temper-
atures and heavy monsoon downpours, the denitrification
loss (including the N2O entrapped in soil) was as high as 65
kg N ha−1 (Mahmood et al. 2000). High summer temper-
atures during the cotton-growing period in this region
support high soil respiration rates, which stimulate the O2

consumption thus producing high denitrification rates even
at relatively low water-filled pore space (WFPS) (Mahmood
et al. 2000). Therefore, due to the interplay of soil tem-
perature and organic matter decomposition, the dynamics
of denitrification in irrigated systems under semiarid sub-
tropical conditions might be different than those under rain-
fed systems in other agro-climatic zones.

Manures and crop residues are well known to stimulate
the denitrification process by increasing organic C and NO3

−

availabilities to denitrifiers (van Cleemput et al. 1990;
Aulakh et al. 1991). Organic matter decomposition rate, an
important factor in controlling the dynamics of denitrifica-
tion process under semiarid conditions, is strongly influ-
enced by N availability (Conde et al. 2005). Therefore, we
speculate that mineral N availability to microbes involved
in the decomposition process may also play a role in de-
termining the net effect of organic amendments on deni-
trification under semiarid conditions. Although literature
available on denitrification in systems receiving mineral N
fertilizers or manures is extensive, only limited information
exists on cropping systems receiving the combined appli-
cation of mineral N fertilizers and manures; Pakistani
farmers possessing small land holdings often follow this
practice. The present study reports the seasonal pattern of
denitrification under an irrigated wheat–maize cropping
system that has been receiving (for the past 20 years) 100–
200 kg N ha−1 year−1 applied as different combinations of
urea and farmyard manure (FYM).

Materials and methods

The soil at the experimental site (Nuclear Institute for
Agriculture and Biology, Faisalabad) belongs to Hafizabad
series (Haplic Yermosol; FAO 1966) and is a deep, well-
drained sandy–clay loam developed in a mixed calcareous
medium-textured alluvium derived from the Himalayas.
The site has been under a long-term fertilizer trial with
irrigated wheat–maize cropping system that has been re-
ceiving different urea and/or FYM treatments for the last 20
years. Twenty experimental plots (7.5×8.5 m) were estab-
lished for five treatments in a randomized complete block
design, each with four replicates. Treatments included an
unfertilized control and urea applied at 50 or 100 kg N ha−1

year−1 (U50 and U100, respectively) each in combination
with 8 or 16 t ha−1 year−1 of FYM (F8 and F16, respec-
tively). The FYMwas stabilized for about 6 months in a pit,
and the entire stated dose was applied in late November at
land preparation for wheat. One half of the stated dose of
urea was applied to wheat and the other half to maize. For
each crop, urea-N was again split into two; one half was
applied at sowing and the other half with the second
irrigation. The FYM contained 0.6% total N (NH4

+ and
NO3

−, each 149 mg N kg−1) and 0.6% P2O5. The amount of
P2O5 in F8 treatments was balanced through the application
of single superphosphate. The physicochemical character-
istics of the plough layer under different fertilizer regimes
are given in Table 1. Wheat (Triticum aestivum L. cv. Pak-
81) was seeded on December 1, 2001 and harvested on
April 30, 2002, whereas maize (Zea mays L. cv. Akbar) was
sown onAugust 26, 2002 and the fodder harvest on October
27, 2002. In addition to the presowing irrigations (one to
each crop), wheat and maize crops received five and four
irrigations, respectively. Irrigation and fertilizer applica-
tions schedules are indicated in Figs. 1 and 2.

Sampling for the denitrification measurement started
about 12 h after irrigation when the field was accessible,
and continued until the soil dried to less than 50% WFPS

"Fig. 1 Environmental conditions and denitrification in the arable (0–
15 cm) soil layer during the wheat season. Long arrows indicate
irrigation (mm); small arrows, rainfall (mm); double-headed arrows,
application of urea-N (12.5 kg N ha−1 to U50 and 25 kg N ha−1 to
U100); triple-headed arrow, application of farmyard manure (8 t ha-1

to F8 and 16 t ha−1 to F16)

Table 1 Physicochemical characteristics of the plough layer under wheat–maize cropping system after 20 years under different fertilizer
regimes

Treatmenta Field capacity
(%)

Bulk density
(g cm−3)

Pore
space (%)

Electrical
conductivity
(dS m−1)

pH Total organic
C (%)

Total N
(%)

Mineralizable
N (mg g−1)

Total N applied
(kg ha−1 year−1)

U50+F8 16.9 1.4 47.9 0.76 7.70 1.3 0.078 67.7 98
U50+F16 16.8 1.4 46.7 0.95 7.65 1.3 0.084 67.9 146
U100+F8 16.7 1.4 46.6 0.74 7.60 1.1 0.075 68.3 148
U100+F16 17.0 1.4 46.9 0.88 7.65 1.3 0.084 69.4 196
Unfertilized 16.4 1.4 46.3 0.63 7.70 1.1 0.069 62.4 0
aU50 and U100 indicate the urea applied at 50 and 100 kg N ha−1 year−1, respectively, whereas F8 and F16 indicate the farmyard manure applied
at 8 and 16 t ha−1 year−1, respectively
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(5–15 days under wheat; 4–7 days under maize); the soil
was sampled 18 and 11 times during the growing season of
wheat and maize, respectively. An acetylene inhibition/soil
core incubation method was used for the direct measure-
ment of denitrification (and soil respiration) including also
the N2O (and CO2) entrapped in soil cores during incu-
bation (Mahmood et al. 1999). From each replicate plot,
four soil cores [3 cm (diameter) ×15 cm (depth), contained
in perforated PVC sleeves] were randomly extracted,
placed together in the incubation jar [8.5 cm (i.d.)×20 cm
(height); nominal volume 800 ml], and sealed with a sili-
cone rubber stopper provided with a septum port. The head-
space of the jars was replaced by 5% acid-washed C2H2,
and the jars incubated in holes made within the same field.
After 24 h, the atmosphere in the jars was repeatedly mixed
using a 50-ml syringe, and the gas sample removed for N2O
and CO2 analyses. Nitrous oxide and CO2 entrapped in the
soil cores were released by shaking (10 min) the disrupted
soil cores with 200ml of degassed distilled water in a sealed
jar (Rice and Smith 1982). Nitrous oxide was analyzed on a
Hitachi Model 263-30 gas chromatograph equipped with a
63Ni electron-capture detector; whereas CO2 analysis was
carried out on a Gasukuro Kogyo Model 370 gas chro-
matograph using a thermal conductivity detector (TCD). Ni-
trous oxide dissolved in the solution phase was calculated
by using Bunsen absorption coefficients (Moraghan and
Buresh 1977). Data were also corrected for the ambient N2O
and CO2 and those entrapped in soil cores before incuba-
tion. The total denitrification loss in a given period was
calculated from the area of the polygon obtained by plotting
denitrification rates against the dates on which these rates
were observed.

The denitrification potential [an index of the C avail-
ability to denitrifiers, often referred in literature as denitri-
fication capacity or denitrification potential-phase II (DNP);
Smith and Tiedje 1979] was measured on soil samples col-
lected at different growth stages of wheat and maize crops.
Field-moist soil (10 g) in 100-ml serum vials was amended
with 10 ml of KNO3 solution so as to obtain 200 mg NO3

−-N
kg−1. Vials were sealed, made anaerobic by evacuation and
flushing with O2-free N2 (three times), and the head space
was replaced by 5% acid-washed C2H2. The vials were
incubated at 30°C on a rotary shaker, and after 6, 12, 18, and
24 h, the head space was analyzed for N2O using TCD. Data
were corrected for N2O dissolved in the aqueous phase.
DNP rates were calculated from the slope of accumulated
N2O versus time.

During denitrification measurement, soil samples (0–15
cm) were also collected to determine the WFPS (Anony-
mous 1980) and the mineral N content (Keeney and Nelson
1982). The soil temperature was measured by glass ther-
mometers inserted at a 5-cm depth. Analysis of variance
and linear regression analysis were performed according to
Gomez and Gomez (1984).

Results

Spatial variability

The spatial variability was highest for the denitrification
rate (average %CV=67, range=6–167), followed by the soil
NO3

−-N (average %CV=46, range=8–165), and the soil res-
piration rate (average %CV=24, range=5–58); the soil
WFPS was spatially uniform (average %CV=6, range=1–
11). As such, soil WFPS was best fit with a normal dis-
tribution; whereas the data on denitrification rate, soil NO3

−-
N content, and soil respiration rate were better described
by a log-normal distribution and log-transformed before
statistical analyses to satisfy the assumption of variance
homogeneity.

Environmental conditions and denitrification
in the field

Figures 1 and 2 present temporal changes in the denitrifi-
cation rate in relation to environmental conditions during
the wheat and maize seasons, respectively. The soil tem-
perature during the wheat and maize seasons ranged from
11.3 to 27°C and from 20.3 to 33.5°C, respectively. Fol-
lowing irrigations during the wheat season, the soil WFPS
increased up to 60–85% depending on the depth of irri-
gation water (Fig. 1), and then declined to less than 60%
WFPS within 4–11 days; the longer time period corre-
sponding to the second irrigation cycle when the evapo-
transpiration was less as the crop was at an early stage and
the temperature was also relatively low. During the maize
season, the soil WFPS ranged from 59 to 79% after 12 h of
irrigation, and declined to 31–49% in the following 4–7
days (Fig. 2). Under both crops, the soil WFPS always
remained higher in unfertilized than in fertilized plots; the
latter did not differ with respect to WFPS.

At the time of presowing irrigation before land prepa-
ration for wheat, the soil NO3

−-N level was low (4–7mg kg−1;
Fig. 1). In December, following FYM and urea applica-
tions, the NO3

−-N level rose to 24–46 mg kg−1 in the fer-
tilized plots, with highest values recorded in the U100+F16
treatment; at the time of the highest NO3

−-N level, the
unfertilized plots showed only 10 mg N kg−1. By mid-
February, when the crop was at boot stage, the soil NO3

− in
all treatments declined to a negligible level (<1 mg N kg−1).
Due to mineralization/nitrification during the latter crop
period, small peaks of NO3

− (1–8 mg N kg−1) were observed
without showing treatment effect. However, at crop matu-
rity, NO3

− concentration ranged from 7 to 24 mg N kg−1,
with highest values in the U100+F16 treatment. During the
fallow period between wheat harvest and sowing maize
(May–mid August), NO3

− accumulated in the fertilized (39–
49 mg N kg−1) and in the unfertilized (25 mg N kg−1) plots
(Fig. 2). After the presowing irrigation to maize, the NO3

−-N
level declined to 6–16 mg kg−1, most probably due to
denitrification and leaching to the subsoil. After land prep-
aration and urea application, the NO3

− level in the fertilized
plots again increased with a maximum value (44 mg N kg−1)

3Fig. 2 Environmental conditions and denitrification in the arable (0–
15 cm) soil layer during the maize season. Long arrows indicate
irrigation (mm); small arrows, rainfall (mm); double-headed arrows,
application of urea-N (12.5 kg N ha−1 to U50 and 25 kg N ha−1 to
U100)
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in the U100+F16 treatment. Due to mineralization from the
native soil-N pool, the unfertilized plots also showed an
increase in the NO3

− level (15 mg N kg−1). By mid-October,
when crop growth was at a maximum, the soil NO3

− level
declined to negligible values. However, small peaks of NO3

−

(4–5 mg N kg−1) were observed near the maize crop matu-
rity without showing treatment effects. Following each urea
application, the collective peak of NH4

+-N plus NO3
−-N (data

not shown) was higher than the current amount of fertilizer-
N applied, indicating a substantial mineralization from the
native soil N pool.

Averaged across treatments and sampling dates, the soil
respiration rate during the maize season was higher than
that recorded under wheat (14.3 versus 10.7 kg C ha−1 day−1).
Under both crops, soil respiration showed a marked tem-
poral trend, the rate being lower during crop sowing,
increasing with crop growth and declining toward crop
maturity. Furthermore, the rate was strongly influenced by
soil moisture content, particularly during the wheat season.
Averaged across treatments under wheat, the soil respira-
tion rate during the events of high soil moisture content
(i.e., >60% WFPS) was lower (9.1 kg C ha−1 day−1) com-
pared to the rate (13.2 kg C ha−1 day−1) recorded during dry
periods (<60%WFPS). During the maize season, however,
the average rate under the two moisture regimes was sim-
ilar. Soil respiration rate was negatively correlated with
WFPS (P<0.001), whether utilizing the overall data for re-
gression analysis or grouping the data into two soil moisture
classes (rates at >60% WFPS and those at <60% WFPS).
Under both crops, unfertilized plots respired at the lowest
rates. Averaged across sampling dates during the wheat
season, with each FYM level increasing, the urea applica-
tion rate from 50 to 100 kg N ha−1 had no effect on the soil
respiration rate, whereas with each urea level, increasing
the FYM application rate from 8 to 16 t ha−1 slightly in-
creased the rate (P<0.05). During the subsequent period of
the year (maize season), the average soil respiration rate
was highest in U50+F8 (P<0.05) that received the lowest N
input among the fertilized treatments.

The DNP during the wheat season was 1.4 times (in
unfertilized control) to 1.7–2.2 times (in fertilized treat-

ments) higher than that recorded under maize (P<0.05,
Table 2). As observed for soil respiration, DNP also showed
marked temporal pattern, i.e., increasing with crop growth,
which indicates C availability from the growing plants in
the form of rhizodeposits. From stem elongation to flower-
ing stage of wheat, the DNP was the highest in treatments
receiving FYM at 16 t ha−1 year−1 (P<0.05). However,
during wheat maturity, the values of these treatments were
comparable to that of the unfertilized but lower (32%) than
F8 treatments. Increasing the urea application rate decreased
the DNP, particularly during the later stages of wheat
growth (P<0.05). During the 4-month summer fallow be-
tween the wheat harvest and sowing maize, the DNP de-
clined; it was, on average, 1.9 times lower at the stem
elongation of maize compared to that observed 5 months
earlier at the wheat dough stage. Under maize, the DNP
increased with crop growth, with the highest values at the
flowering stage, and declined (in the fertilized treatments
only) at the grain-filling stage.

Of the total 145 observations, 41 showed denitrification
rates exceeding 100 g N ha−1 day−1; the rate during the
wheat and maize season ranged from 0 to1,181 g N ha−1

day−1 and from 0 to 4,741 g N ha−1 day−1, respectively
(Figs. 1, 2). Under both crops, peaks were recorded 24 h
after irrigation when the WFPS was in the range of 60–
85%. The denitrification peaks during the first two irriga-
tion cycles under wheat ranged from 166 to 1,181 g N ha−1

day−1, the highest being for the U100+F16 treatment and the
lowest for the unfertilized; peaks during the later irrigation
cycles were much lower (5–83 g N ha−1 day−1). Presowing
irrigation to maize caused the highest denitrification rates
during the study period, with peaks ranging from 1,585 to
4,741 g N ha−1 day−1. At this event, the unfertilized plots
showed the lowest rate, whereas among the fertilized treat-
ments, the U50+F16 treatment denitrified at the highest rate
(4,741 g N ha−1 day−1) and U100+F16 at the lowest (1,868 g
N ha−1 day−1). The rates during the next four irrigations to
maize were also relatively high and ranged from 351 to
3,346 g N ha−1 day−1; the lowest rates were observed in the
unfertilized control and the highest in the U100+F16 treat-
ment (Fig. 2). Averaged across sampling dates during the

Table 2 Denitrification potential (ng N g−1 h−1) of the soil at different growth stages of wheat and maize

Crop Sampling date
(crop growth stage)

Treatmenta Date meanb LSD, P<0.05

U50+F8 U50+F16 U100+F8 U100+F16 Unfertilized

Wheat December 8 (tillering) 251 190 220 428 112 240 e Treatment 22.40
January 9 (stem elongation) 415 557 411 489 301 435 b Date 28.34
February 19 (flowering) 684 761 635 800 513 679 a Overall 63.37
March 22 (grain filling) 835 724 643 650 467 664 a
April 6 (dough) 505 276 330 184 271 313 c

Maize September 7 (stem elongation) 158 182 120 157 217 167 f
October 1 (flowering) 293 297 292 419 218 304 cd
October 22 (grain filling) 256 280 282 294 268 276 d
Treatment meanb 425 a 408 a 367 b 428 a 296 c

aSee Table 1 for explanation of treatments
bTreatment and date means followed by different letters are significantly different at P<0.05 by Duncan’s multiple range test
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moist period (>60% soil WFPS), denitrification rate was 5–
18 times (under wheat) and 99–178 times (under maize)
higher than the rate recorded during the dry period (<60%
soil WFPS).

Factors controlling denitrification

The denitrification rate during the wheat-growing season
(n=90) was positively correlated (P<0.001) with the soil
WFPS (r=0.493) and the soil NO3

−-N content (r=0.527),
whereas its correlation with the soil respiration rate was
negative (r=−0.598; P<0.001). Under maize (n=55), how-
ever, the rate was significantly correlated only with the
WFPS (r=0.835; P<0.001). When the data of both cropping
seasons were combined (n=145), the denitrification rate
was significantly correlated with the WFPS (r=0.535; P<
0.001), the soil NO3

−-N content (r=0.487; P<0.001), the soil
respiration rate (r=−0.201; P<0.05), and the soil temper-
ature (r=0.241; P<0.05). The best multiple regression
models obtained by the test of significance technique were:

– For the wheat season: logD ¼ 0:042 Wð Þ þ 0:809
logNð Þ � 1:909 R2 ¼ 0:454;P < 0:01ð Þ:

– For the maize season: logD ¼ 0:093 Wð Þ þ 2:636
logRð Þ � 6:197 R2 ¼ 0:768;P < 0:01ð Þ:

– For both cropping seasons: logD ¼ 0:066 Wð Þ þ 0:87
9 logNð Þ þ 1:685 logRð Þ � 4:682
R2 ¼ 0:509;P < 0:01ð Þ:

where D is the denitrification rate (g N ha−1 day−1), W is
WFPS (%), N is soil NO3

− content (mg N kg−1), and R is soil
respiration rate (kg C ha−1 day−1).

Denitrification loss

The denitrification loss integrated over different irrigation
cycles varied from 3.7 to 5.7 kg N ha−1 during the wheat
season, and from 14.0 to 30.3 kg N ha−1 during the maize
season (Table 3). Under both crops, the major loss occurred
in relatively short spells. Under wheat, which received a
total of six irrigations, the first two irrigation cycles ac-
counted for most (89–94%) of the denitrification loss.
Among the five irrigations applied during the maize season,
the contribution of the presowing irrigation was the highest;
it ranged from 34 to 75%, with the lowest figure cor-
responding to the U100+F16 treatment. The second and third
cycles collectively represented 25–65% of the total deni-
trification loss under maize, with U100+F16 treatment show-
ing the highest figure. By and large, the U100+F16 treatment
showed the lowest denitrification loss among the fertilized
treatments because of the lowest denitrification rate during
the presowing irrigation to maize; this irrigation event had
the highest contribution to the overall denitrification loss
under the cropping system investigated. However, exclud-
ing the loss during this irrigation cycle, the overall deni-
trification loss under the wheat–maize system was higher
under F16 treatments (14–15 kg N ha−1) than F8 treatments
(8–11 kg N ha−1).

Discussion

The higher soil WFPS observed in the unfertilized (than in
the fertilized) soil is attributable to the lower crop water
requirement in the unfertilized plots, which produced the
least biomass (yield data not shown). However, despite
having the highest WFPS, the unfertilized plots denitrified
at the lowest rates, indicating substrate limitations. Also, in

Table 3 Denitrification loss (kg N ha−1) integrated over each irrigation cycle and for the whole crop periods

Crop Irrigation
(mm)

Measurement period Treatmenta

U50+F8 U50+F16 U100+F8 U100+F16 Unfertilized

Wheat 100 November 10–23 1.26 bb 2.38 a 1.08 b 1.28 b 0.89 b
75 December 22–January 2 2.19 a 2.96 a 2.24 a 2.96 a 1.15 b
75 February 9–13 0.08 a 0.01 b 0.11 a 0.09 a 0.02 b
75 February 24–28 0.02 b 0.02 b 0.01 b 0.04 a 0.01 c
50 March 14–19 0.04 ab 0.03 b 0.02 c 0.05 a 0.04 ab
75 Mar 29–April 9 0.13 d 0.33 a 0.24 b 0.18 c 0.08 e

Wheat crop total 3.72 c (2.21)c 5.73 a (3.75) 3.71 c (2.48) 4.60 b (3.22) 2.20 d (1.49)
Maize 100 August 15–29 12.47 b 16.31 a 11.30 b 5.48 c 6.58 c

75 September 6–9 0.70 c 0.96 b 0.88 b 2.43 a 2.22 a
75 September 20–October 2 2.80 b 5.80 a 5.40 a 6.61 a 2.45 b
75 October 3–8 0.57 b 1.42 a 1.28 a 1.51 a 0.48 b
50 October 15–21 0.06 a 0.11 a 0.11 a 0.08 a 0.07 a

Maize crop total 16.60 c (11.83) 24.60 a (18.39) 18.97 b (13.61) 16.11 c (14.47) 11.80 d (6.20)
Both crops total 20.32 c (14.04) 30.33 a (22.14) 22.67 b (16.09) 20.71 c (17.69) 13.98 d (8.76)

aSee Table 1 for explanation of treatments
bValues within a row followed by different letters are significantly different at P<0.05 (Duncan’s multiple range test)
cFigures in parentheses indicate the denitrification loss without including the N2O entrapped in the soil cores
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the fertilized plots, denitrification rates were considerably
reduced during the later stages of crop growth when the
crop uptake had exhausted the soil NO3

−-N content.
Pulses of denitrification following irrigation, and a strong

correlation between denitrification rate and soil moisture,
are well documented (Maag and Vinther 1999; Mahmood
et al. 2000). However, other factors such as soil NO3

−-N, soil
temperature, and soil respiration rate also showed a strong
influence on denitrification. The higher denitrification rates
during the maize season might be the direct effect of soil
temperature on denitrification; the two parameters were
significantly correlated (r=0.533; P<0.001). However, the
effect of soil temperature might also be indirect, i.e.,
through accelerating Nmineralization and nitrification rates
(Sierra 2002), and thus the NO3

− availability to denitrifiers.
Our hypothesis is supported by the highly significant
correlation between the soil temperature and the soil NO3

−-
N content (r=0.426; P<0.001), and between the denitrifi-
cation rate and the soil NO3

−-N content (r=0.724; P<0.001).
Averaged across sampling dates, the soil NO3

− (7.4–19.3 mg
N kg−1) and the denitrification rate (28–46 g N ha−1 day−1)
during the maize season were higher than those during the
wheat-growing season (soil NO3

−, 3.8–8.7 mg N kg−1; de-
nitrification rate, 6–15 g N ha−1 day−1), although the total
fertilizer-N input was higher in wheat crop than in maize.
Assuming that >60% soil WFPS provided sufficient an-
aerobic conditions for denitrification (Linn and Doran 1984),
soil NO3

−-N and soil temperature were the next important
factors influencing denitrification in the system studied.
Considering the data of high soil moisture events (i.e.,
>60% soil WFPS, producing the peak rates), denitrification
showed a strong correlation with the soil NO3

−-N content
both under wheat (r=0.649; P<0.001) and under maize
(r=0.655; P<0.001). Thus, in confirmation of earlier re-
ports (Bronson et al. 1992; Estavillo et al. 1994), the pres-
ent results suggest that the denitrification process may be
limited under field conditions by the availability of soil
NO3

−.
Apparently, denitrification was negatively correlated with

soil respiration; thismight be an indirect effect resulting from
the negative correlation of soil respiration with WFPS and
the positive influence of WFPS on denitrification. On some
occasions, however, we observed a positive effect of soil
respiration on denitrification, most probably due to the in-
teraction of soil temperature. For example, on December
22, 2002, when the soil temperature was 15°C, soil WFPS
was 82%, and soil NO3

− content was 46.2 mg N kg−1, the
soil respiration and denitrification rates were 3.8 kg C ha−1

day−1 and 1,181 g N ha−1 day−1, respectively; whereas on
August 15, with a similar soil NO3

− level (46.5 mg N kg−1)
but with a higher soil respiration rate (9.5 kg C ha−1 day−1)
due to a higher soil temperature (33.5°C), the denitrification
rate was higher (4,741 g N ha−1 day−1) even if the WFPS
was lower (66%). Denitrification and soil respiration are
known to be sensitive to soil temperature (Maag and Vinther
1999).

Although all FYM was applied before sowing wheat, the
lower soil temperatures during the wheat-growing season
reduced the overall decomposition of organic matter (lower

soil respiration rates under wheat than under maize), con-
served C to be available for denitrifiers, and thus, caused
much higher DNP under wheat than under maize. However,
under both crops, the DNP was consistently higher than the
actual denitrification rates measured in the field, indicating
that in the present study, the availability of electron donors
to denitrifiers was not a limiting factor. The much higher
denitrification loss during the maize season, in contrast to
the higher DNP under wheat, also indicates that C avail-
ability did not directly control the denitrification process
under field conditions. Presumably, the overall C avail-
ability in soil might have indirectly influenced the denitri-
fication process by affecting the substrate availability for
decomposers, and thus affecting the development of deni-
trification “hot spots” within otherwise aerobic soil. Follow-
ing presowing irrigation to maize, the lower denitrification
rate observed in the U100+F16 treatment (compared to other
fertilized treatments) was obviously related to the lower soil
respiration rate. However, the average soil respiration dur-
ing the wheat-growing season (at WFPS <60%; 11 out of
18 sampling dates) was significantly higher in U100+F16
(12.3 kg C ha−1 day−1) than in other fertilizer treatments
(11.0–11.3 kg C ha−1 day−1, P<0.05), whereas during the
maize season, the rate was similar among fertilized treat-
ments. This indicates that increasing the mineral N input
accelerated the decomposition of C during the wheat-
growing period, leaving relatively less substrate available
during the subsequent summer fallow. This difference in C
availability at the event of presowing irrigation to maize
strongly influenced the overall pattern of denitrification
loss in the present study.

Due to high summer temperatures and dry–wet cycles, an
appreciable amount of N had mineralized and accumulated
as NO3

− during the fallow period between wheat harvest and
sowing maize. However, most of this NO3

− disappeared
from the arable soil layer after the presowing irrigation to
maize—which may be attributed to the fact that not only
denitrification, but also NO3

− leaching to the deeper soil
layers, occurred (as shown by Mahmood et al. 1998a). How-
ever, microbial immobilization in the presence of readily
oxidizable C (accumulated during the summer fallow)
might also have contributed to the observed reduction in the
soil NO3

− level. Considerable NO3
− immobilization by soil

microbes may occur in the presence of easily oxidizable C
compounds (Azam et al. 1988), or when exchangeable
NH4

+ is limited (Rice and Tiedje 1989). It is important to
emphasize that NO3

−-N accumulated during the summer
fallow (May–August) might also be susceptible to denitri-
fication following the heavy monsoon rainfalls. Therefore,
under the agro-climatic conditions prevailing in this region,
appropriate management practices such as growing cover
crops (Isse et al. 1999) would be desirable to conserve N
during the monsoon fallow.

Different combinations of factors governing denitrifica-
tion during different seasons, as observed in the present
study, have also been reported earlier for arable soils
(Mahmood et al. 1998b) and for forest ecosystems (Vermes
and Myrold 1992). Moreover, the amount of variation
explained by the multiple regression models in the present
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study (45–77%) compares favorably with the range (25–
70%) reported in other field studies (Vermes and Myrold,
1992; Estavillo et al. 1994; Mahmood et al. 1998b).

Considering the denitrification loss from the unfertilized
control (14 kg N ha−1 year−1), N loss ranged from 3.4 to
11.2% of the applied fertilizer-N, the lowest figure obtained
from the U100+F16 treatment, which received the highest
fertilizer-N input and produced the maximum dry matter
and N yields (yield data not shown). The present study was
aimed at comparing denitrification loss from the arable soil
layer under different fertilizer regimes, without taking into
account the processes in the deeper soil layers. At the same
site, the deeper soil layers could also significantly con-
tribute to the overall denitrification loss (Mahmood et al.
1998a). Therefore, the figures of total denitrification loss
under the cropping system investigated might be higher
than those reported in this study. Results of the present
study suggest that substantial denitrification loss may occur
from irrigated croplands under semiarid subtropical condi-
tions, indicating the need for appropriate management
practices to minimize this loss.
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