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Abstract Seasonal drought in tropical agroecosystems may
affect C and N mineralization of organic residues. To
understand this effect, C and N mineralization dynamics in
three tropical soils (Af, An;, and An,) amended with
haricot bean (HB; Phaseolus vulgaris L.) and pigeon pea
(PP; Cajanus cajan L.) residues (each at 5 mg g_1 dry soil)
at two contrasting soil moisture contents (pF2.5 and pF3.9)
were investigated under laboratory incubation for 100-
135 days. The legume residues markedly enhanced the net
cumulative CO,—C flux and its rate throughout the
incubation period. The cumulative CO,—C fluxes and their
rates were lower at pF3.9 than at pF2.5 with control soils
and also relatively lower with HB-treated than PP-treated
soil samples. After 100 days of incubation, 32—42% of the
amended C of residues was recovered as CO,—C. In one of
the three soils (An,), the results revealed that the decom-
position of the recalcitrant fraction was more inhibited by
drought stress than easily degradable fraction, suggesting
further studies of moisture stress and litter quality inter-
actions. Significantly (p<0.05) greater NH;"~N and NO3 —
N were produced with PP-treated (C/N ratio, 20.4) than
HB-treated (C/N ratio, 40.6) soil samples. Greater net N
mineralization or lower immobilization was displayed at
pF2.5 than at pF3.9 with all soil samples. Strikingly, N was
immobilized equivocally in both NH;-N and NO; —N
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forms, challenging the paradigm that ammonium is the
preferred N source for microorganisms. The results strongly
exhibited altered C/N stoichiometry due to drought stress
substantially affecting the active microbial functional
groups, fungi being dominant over bacteria. Interestingly,
the results showed that legume residues can be potential
fertilizer sources for nutrient-depleted tropical soils. In
addition, application of plant residue can help to counter the
N loss caused by leaching. It can also synchronize crop N
uptake and N release from soil by utilizing microbes as an
ephemeral nutrient pool during the early crop growth
period.

Keywords CO,—C flux - Labile pool - Legume residues -
Litter quality- N immobilization - N mineralization -
Moisture stress

Introduction

The carbon input to soil through plant residues is an
important source of labile C substrate that drives the growth
and activity of heterotrophic microorganisms, which is a
key linkage between soil C and N cycling (Hooker and
Stark 2008). These inputs in turn are the sources of soil
organic matter (SOM), thus influencing both soil structure
and fertility. Additionally, the ability of soil to retain C has
also become increasingly important for noncropping rea-
sons, mainly for greenhouse gas mitigation strategies
(Thomsen et al. 2008). Depletion of SOM is a serious
threat to agricultural production and food security in many
tropical regions; it leads to a decline in agricultural and
biomass productivity, poor environmental quality, soil
degradation and nutrient depletion, and finally, food
insecurity (Lal 2004). Soil degradation is a serious problem
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in most developing countries especially in Sub-Saharan
Africa (Mulumba 2004).

As a practical means to improve soil productivity,
amendment of local organic residues has been gaining
worldwide support (Huang et al. 2004). Meanwhile, organic
resources constitute a major source of nutrient input to both
soils and livestock in smallholder tropical production
systems (Shepherd et al. 2003). Incorporation of crop
residues provides readily available C and N to soils.
Legumes are vital sources of N that could offset the
nutrient depletion resulting from continued cereal cropping.
Ethiopia has a wide diversity of legumes and correspond-
ingly harbors huge residents of rhizobial strains that fix
atmospheric N, (Beyene et al. 2004; Wolde-meskel et al.
2005). Hence, incorporation of plant residues, mainly
legumes, to agricultural soils has huge benefits. It is useful
for sustaining SOM content, enhancing biological activity,
improving physical properties, increasing nutrient avail-
ability, improving water infiltration, decreasing evaporation,
and increasing water-holding capacity of soils (Kumar and
Goh 2000; Palm et al. 2001).

The amount of N that recycles into agricultural fields
through residues may add 25-100 Tg N year ' into
agricultural soils, mainly from crop residues (Mosier and
Kroeze 1998). Indeed, legume residues and animal manures
are potentially important source of nutrients for crop
production in smallholder agriculture of Sub-Saharan
Africa. However, the decomposition rate of residues is
often regulated by environmental factors, such as temper-
ature and soil moisture, and quality factors and their
interaction (Heal et al. 1997). For instance, legume residue
decomposition and nutrient release rates are influenced by
legume quality parameters such as N, polyphenol, and
lignin contents and their ratios (Palm and Sanchez 1990;
Tian et al. 1992; Giller and Cadisch 1997; Heal et al. 1997).

In low-input farming systems, the primary sources of
mineral N to crops is that produced by microbial mineral-
ization of N in crop residues and SOM. Synchronization of
net N mineralization with plant/crop growth is desirable to
maximize N delivery for the crop and minimize losses by
leaching. One of the “instruments” to achieve synchroniza-
tion is the amendment of soils with plant residues of
different qualities. The application of residues with high C/
N ratio results in immediate net N immobilization, while
the application of residues with low C/N ratio results in net
N mineralization.

Under tropical conditions, temporal variations in mois-
ture have a more pronounced effect on microbial activity
and decomposition than temperature, which remains rela-
tively constant except during the dry season (Cornejo et al.
1994). Therefore, temperature is not a constraint in most
tropical climates; rather moisture could be a predominant
factor that impedes organic matter (OM) decomposition and
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N mineralization. On the other hand, the response of
microbes to sporadic rainfall events and then to subsequent
decreasing water availability as soils dry will vary with
taxon. Thus, with decreasing water availability, a smaller
proportion of the microbial community is likely to be
active. As such, the composition of the active microbial
community may also become more similar (converge) with
decreases in water availability (Ford et al. 2007). Soil
moisture content influences microbial activity by modifying
substrate availability and affecting osmotic potential.
Consequently, water potential alters the rate of OM
mineralization. Rates of microbial processes are generally
most rapid near field capacity (—10 kPa) and then linearly
decline as soil water potential becomes more negative (Linn
and Doran 1984; Paul and Clark 1996).

Most decomposition studies conducted elsewhere have
dealt with litter quality, mainly of forest litters and green
manures, in field conditions during optimum soil moisture
availability. However, information on the effects of soil
moisture and residue quality on decomposition and N
mineralization of residues are scarce. Therefore, the
objective of the present study was to understand the
decomposition and N mineralization potential of legume
residues of different qualities in three tropical soils and with
two moisture contents at constant temperature (15°C) under
laboratory condition.

Materials and methods
Soils sampling sites

The composite soil samples were collected from Awassa,
Wondo Genet, and Yirgalem, located in southern Ethiopia.
The first two soils are Andosols (both loam), hereafter
referred as An; and An,, respectively, while the soil of
Yirgalem is an Alfisol (clay), hereafter referred as Af. At
the time of sampling, the An; soil was being cropped with
maize, whereas the soils of Wondo Genet and Yirgalem
were under perennial crop (coffee). The surface soil of Af
had 39.0 g kg'' OM, 24.4 g kg' total C, 22.6 g kg’
organic C, 1.53 g kg ' total N, and 1.2 mg kg ' available P.
The surface soil of An; contained 22.4 g kg' OM,
13.0 g kg ! total C, 12.6 g kg ' organic C, 0.92 g kg '
total N, and 67 mg kg ' available P. Similarly, the An,
surface soil had 54.5 g kg'' OM, 32.3 g kg ! total C,
31.6 g kg ' organic C, 2.40 g kg ' total N, and
13.6 mg kg ' available P. The Af soil contains 55%, 26%,
and 19% of clay, silt, and sand, respectively, while An; had
21%, 42%, and 37% clay, silt, and sand, respectively. The
An, also had 19%, 37%, and 36% clay, silt, and sand,
respectively, which is very similar to the content of An,.
The initial soil pH (H,O) of the three soils is 5.5, 7.3, and
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6.2, for Af, An;, and An,, respectively. The long-term
climate data for the soil (Af, An;, and An,) sampling sites
are given in Fig. 1.

Each soil sample was collected from 10 to 15 points at a
depth of 0-15 cm, immediately transported to Hawassa
University, and then air dried under ambient temperature.
The air-dried samples were transported to Norwegian
University of Life Sciences, Norway in August 2007 where
the study was conducted. Large aggregate samples were
ground and passed through a 2-mm sieve for the determi-
nation of selected soil characteristics.

Both respiration and N mineralization experiments
were set separately in factorial combination of the
treatments: 3x2x2, soil types, legume residues, and
soil moisture, respectively. The finely ground residues
were applied at 5 mg g ' dry soil after adjusting soil
moisture to the required levels. The treatments were laid
out in completely randomized design in triplicates under
laboratory condition.

Plant residues sampling and selection of legume species

Legume residues of cowpea (CP; Vigna unguiculata (L.)
Walp.), haricot bean (HB; Phaseolus vulgaris L.), pigeon
pea (PP; Cajanus cajan), and soybean (SB; Glycine max)
were sampled at the time of maturity from research and
farmers’ fields. The residues collected were similar to what
farmers usually leave in the field after harvesting grains.
The aboveground biomass including stems, petioles, and
leaves were collected and employed for the study. However,
since the PP stems were woody, they were not included.
The average nutrient concentrations were 42.8% C and
2.0% N in CP, 40.6% C and 1.0% N in HB, 44.4% C and
2.2% N in PP, and 41.7% C and 1.0% N in SB. Based on
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their distinct C/N ratio variation, both HB and PP were
finally selected for this particular study. The selection of
these two species of legumes was also based on their
practical merits, i.e., HB is produced extensively, is highly
productive, and is an export commodity more than others,
while PP has a wide agroecological coverage and is highly
adapted to moisture stress condition.

Soil moisture regulation and moisture treatment setup

The moist soil samples were prepared by equilibrating to
pF=2 (=10 kPa) with a pressure plate apparatus. The
gravimetric soil moisture content of the moist and air-dried
soil samples for proportional mixing were determined by
oven drying at 100°C for 24 h. Thus, the two moisture
levels, pF2.5 and pF3.9, were attained by mixing moist and
air-dried soils samples for the incubation experiments. The
two soil moisture levels were selected based on the
previous glutamate mineralization study (Girma et al.
2009, unpublished). After adding and mixing 10 g (dry
weight basis) moist and dry soils into 120 mL serum flasks,
the legume residues were amended at 5 mg g ' dry soil.
The flasks were immediately sealed with butyl rubber septa
to avoid moisture loss for respiration measurement. For the
N mineralization experiment, 10 g (dry weight basis) moist
and dry soils were added into 50-mL tubes and the tubes
were immediately capped to avoid moisture loss. The
amended soil samples were rolled on a horizontal roller
bed for 1 min to homogenize soil moisture and uniformly
distribute the legume residues. The respiration and N
mineralization kinetics studies were conducted by incubat-
ing in water bath system at constant temperature (15°C).
Both the flasks and tubes were regularly aerated after each
sampling to maintain aerobic condition.
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Fig. 1 Long-term (more than 20 years) average daily air temperature (in degrees Celsius) and annual rainfall (in millimeters) of Af, An;, and An,

soil sampling sites
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Soil and plant tissue analyses

The total and organic C contents were determined by
dry combustion according to the Allison method
(Nelson and Sommers 1982). Total N was determined
by the Dumas method (Bremner and Mulvaney 1982).
Extractable P was determined with the Bray II method
(Bray and Kurtz 1945). Soil pH was determined with a pH
electrode at a soil/water ratio of 1:2.5 (pH H,0). The
concentrations of NH; —N and NO; —N were determined
by extracting ~10 g air-dried soil with 25 mL of 2 M KCI
solution. The soil slurries were shaken in 50-mL tubes for
30 min with reciprocal shaker at 180 strokes per minute
and centrifuged for 10 min. The slurries were filtered with
Whatman #42 filters. The NH,—N content was measured
by colorimetric method (NSF 1975), while NO; —N was
measured with continuous flow injection analysis method
(EPA 1979).

Respiration and N mineralization

Respiration (CO,—C flux) was measured using a robotized
gas chromatography (Molstad et al. 2007) with and
without legume residue amendment at two contrasting
soil moisture contents (pF2.5 and pF3.5). The high gas
standard, air, and low standards were employed for
calibration, dilution, and leakage estimation that might
happen through the peristaltic pump during automatic
sampling. The respiration measurement was performed at
different sampling dates: 3, 7, 15, 30, 50, 75, and 100 days
of incubation. Meanwhile, O, concentration was inspected
at each sampling date. The level of O, concentration was
reduced from about 20% to 10% at the end of the
incubation period, suggesting sufficient O, concentration
was maintained for aerobic respiration throughout the
incubation period. The net cumulative flux and rates of
CO,—C fluxes due to legume residue amendment were
calculated as the difference between the amended and non-
amended (control) soils, assuming that the priming effect
was negligible.

Nitrogen mineralization was assessed based on NH,"—N
and NO3 —N contents. The soil samples for initial NH, —N
and NO3; —N contents were immediately frozen after the
required soil moisture regulation. The soils incubated for N
mineralization were destructively sampled at 0, 3, 7, 15, 30,
50, 75, 105, and 135 days of incubation. The net NH, —N
and NO3; —N content at each sampling date was determined
by subtracting the initial values from the final values
(sampling dates). Similarly, the net N released from legume
residue-amended soil was determined by subtracting the
values of controls. Both respiration and N mineralization
were measured in triplicates and incubation was carried out
at constant temperature of 15°C.
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Statistical analyses

The effects of soil moisture and legume residue amendment
on C and N mineralization dynamics were assessed by one-
way and two-way analyses of variance using the Minitab
software program (Minitab 14). The means that were found
different were declared statistically significant at p<0.05.
The correlation matrix was calculated to investigate the
relationships of C and N mineralization. The CO,—C flux
from legume residue-amended and control soils were
subjected to different regression models to identify the best
fits and to calculate the rate of CO,—C flux.

Results
Carbon mineralization

Legume residue amendment apparently stimulated the net
cumulative flux and rate of CO,—C flux over 100 days of
incubation (Fig. 2 and Table 1). The net cumulative CO,—C
flux of legume residue-amended soil samples was 3-14
times greater than the control samples. The CO,—C flux
was greater with PP than HB amendment in most of the
incubation periods. The trends and degree of C mineraliza-
tion appeared to be very similar among the three soils when
legume residues were amended (Fig. 2). The cumulative
CO,—C flux greatly varied in response to soil moisture
effect with the control soil samples of Af (Fig. 2). The
CO,—C flux was relatively low at lower soil moisture
content (pF3.9) with control soils. By contrast, the variation
in CO,—C flux was marginal in response to soil moisture
effect when legume residue was amended, except with An;
(Fig. 2). The C mineralization of legume residue was
explained by logarithmic function (R*=0.96-0.99), whereas
the native SOM-C mineralization was displayed by linear
function (R*=0.93-0.98) during the 100-day incubation
period.

The rate of CO,—C flux varied among soil types in
response to legume residue amendment and soil moisture
levels (Table 1). The highest rate was recorded in An,,
while the lowest rate was recorded in An; averaged over
organic sources and soil moisture contents. The rate of flux
was nonsignificantly different between the two moisture
levels in Af soil amended with legume residues, while An;
and An, soil samples revealed significant variation between
the two moisture levels with legume residue amendment.
The An; soil CO,—C flux was greater at pF2.5 with HB and
PP, while in An,, it was relatively greater with PP at both
pF2.5 and pF3.9 than HB. The rate of flux of control
samples of An;, soil was high, followed by Af at pF2.5 soil
moisture content. However, the flux rate showed a
declining trend with all soils at low soil moisture content
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Fig. 2 Net cumulative CO,—C efflux of Af, An;, and An, soils in legume residue-amended and non-amended conditions in response to
contrasting soil moisture contents (pF2.5 and pF3.9). HB haricot bean residue, PP pigeon pea residue

(Table 1). The respiration rate of An, soil was greater with
and without legume residue amendment at both soil
moisture levels than other soils (Table 1).

The index ratio (amended over non-amended samples) of
the rate of CO,—C flux was calculated to understand the
drought stress effect on microbial activity. Accordingly, the
index ratios for Af were 2.4 and 6.1, while 2.4 and 2.9 for
An; and 2.5 and 4.6 for An, at pF2.5 and pF3.9,
respectively. In other words, the rate of CO,—C respiration
was 2.4 times higher when legume residues were amended
than the control Af at pF2.5 and six times higher at pF3.9.
Likewise with An; soil, CO,—C respiration was 2.4 times
higher at pF2.5 and 2.9 times higher at pF3.9. The same
trends were also observed with An,, where the CO,—C
respiration was 2.5 times higher at pF2.5 and 4.6 times
higher at pF3.9 when legume residues were amended than
the control samples. In general, the index ratio of CO,—C
flux was greater at lower soil moisture content with all soils
(Table 1).

The index ratio of the rate of CO,—C flux in control soil
samples at pF2.5 over pF3.9 was also estimated to

understand the moisture stress effect on microbial activity.
Hence, Af, An,, and An, soil samples showed 2.4, 1.5, and
1.6 times higher rate of respiration, respectively, at pF2.5
than at pF3.9 (Table 1).

As a result of the decomposition of legume residues, the
pH in Af and An, soil samples were increased compared to
their respective controls, while soil pH in An; soil sample
was reduced. Similarly, at low soil moisture content
(pF3.9), the decomposition of legume residue resulted in
increased soil pH. Soil types and legume residues interac-
tion showed highly significant variation (p<0.001) on soil
pH (Table 2).

Carbon recovery

Carbon recovery from legume residue amendment varied
among the soil types and between soil moisture contents

Table 2 Effect of mineralization of legume residues on soil pH after
100 days of incubation

Table 1 Rate of net CO,—C flux (in micrograms per gram dry soil) in Soil Soil moisture Soil pH

tropical soils amended with legume residues at contrasting soil

moisture contents during 100 days of incubation HB PP C

Treatment  Af An, An, Af pF2.5 5.65+0.02  5.75+0.05  5.19+0.20
pF2.5  pF39  pF25  pF3.9  pF2.5  pF3.9 pF3.9 5.79+0.09 5.79+0.08 5.57+0.06

An; pF2.5 7.07+0.19 7.16+0.02 7.30+0.16

C 22 0.9 2.0 1.3 29 1.8 pF3.9 7.46+0.04 7.27+0.04 7.64+0.12

PP 53 5.7 5.6 3.9 7.7 8.6 An, pF2.5 5.81+0.05 5.86+0.07 5.67+0.07

HB 5.1 5.3 59 3.7 7.0 8.1 pF3.9 6.20+0.05 6.58+0.12 5.92+0.05

R*=0.70-0.98 Each value is followed by the standard deviation

HB haricot bean residue, PP pigeon pea residue, C control (non-
amended soil)

HB haricot bean residue, PP pigeon pea residue, C control (non-
amended soil)
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(Fig. 3). The average C recovery of legume residue-
amended soils ranged from 21% to 32% at pF2.5 and from
20% to 23% at pF3.9 after 50 days of incubation. The C
recovery increased to 35-42% and 32-35% at pF2.5 and
pF3.9, respectively, after 100 days of incubation. The soil
moisture stress effect on C recovery was high with Af and
An, soils amended with legume residues. After 50 days of
incubation, An; samples showed pronounced variation in C
recovery in response to soil moisture. However, the An,
soil revealed marginal difference in C recovery between the
two soil water contents (Fig. 3).

Nitrogen mineralization

Effect of legume residue and soil moisture
on ammonification

The NH,—N accumulation varied among soils and between
soil moisture levels and days of incubation. However, the
way the data presented can conceal the results. To clearly
reveal each effect, we have presented the data in at least
two tables (Tables 3 and 4). Ammonification was signifi-
cantly affected by different organic N sources. The average
net NH, ~N accumulation was relatively high in acidic Af
soil than the rest with or without legume residue amend-
ment (Tables 3 and 4). Similarly, a greater amount of NH, —
N accumulated with PP amendment than with HB of Af
soils. By contrast, An, showed relatively high NH,—N
immobilization irrespective of the amendment, while An;
soil showed net ammonification and immobilization with or
without residue amendment, respectively. The results

revealed that net ammonification was related with soil
moisture content. However, the effect of soil moisture
varied based on soil organic N sources, soil types, and
incubation period (Tables 3 and 4). Accordingly, average
NH, —N accumulation was superior with Af at relatively
low soil moisture content (pF3.5). On the other hand,
NH,—N accumulation of An, and An, soils was unaffected
by the two moisture contents (Table 3). Indeed, though the
levels varied among soil types and moisture levels at
respective sampling dates, all soils showed either periodical
mineralization and immobilization or periodical immobili-
zation and remineralization when legume residues were
amended (Table 4). At both soil moisture contents, Af non-
amended (control) soil showed episodic immobilization and
mineralization of ammonium (Table 4). On the other hand,
An; and An, soils completely immobilized ammonium at
respective sampling times throughout the incubation period.
The interaction effect of organic N sources with soil
moisture was also significant (p<0.03) in affecting NH, —
N content of Af soils, but not with others (Table 3).

Effect of legume residue and soil moisture on nitrification

The net nitrification varied between soils, organic N
sources, and soil moisture levels during 135 days of
incubation (Tables 3 and 5). The average net nitrification
was superior with An, control soils to An; and Af control
soils. The average net nitrification of Af soil was greater
with PP amendment irrespective of soil moisture content
than An;. In contrast, An, soil showed either complete
immobilization of NO3; —N or very low rate of nitrification

Any soil

Af soil

CO2-C recovery (%)
[\
[y ]

Ang; soil

Days

Days

Fig. 3 Average C recovery (in percent) of tropical soils (Af, An;, and An,) amended with legume residues (/B haricot bean, PP pigeon pea) and

contrasting soil moisture contents. Vertical bars indicate standard error
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Table 3 Inorganic N pools (NH,~N and NO; —N) in three tropical soils as influenced by legume residues and soil moisture contents after

135 days of incubation

Soil type Soil moisture Organic N sources Interaction®
pF2.5 pF3.9 C PP HB Prob.

NH, "N (mg kg )

Af —4.53b 6.80a 0.08b —4.43¢ —4.4c 0.032
An, —3.94a —3.87a —14.12b 1.06a 1.06a 0.520
An, —10.69a —7.10a —-17.20b —5.46a —5.4603a 0.695
NO; N (mg kg™

Af 15.75a 3.16b 13.68a 16.10a 1.41b 0.002
Any 1.38a 3.65a 16.88a 7.95b —17.28¢ 0.897
An, 12.11a 1.70b 56.16a —6.83a -28.61c 0.203

Mean values followed by different letters in a row show statistically significant difference (otherwise nonsignificant)

HB haricot bean residue, PP pigeon pea residue, C control (non-amended soil)

*The interaction effect between organic N sources and soil moisture

with legume residue amendment irrespective of soil
moisture content (Tables 3 and 5). The legume N sources
exhibited two phases of nitrification when amended to An,
soil at the beginning (days 0-3) and at the end (days 75—
135) of the incubation period.

The Af and An, soils displayed greater net nitrification at
pF2.5 irrespective of organic N sources at respective
sampling dates. The nitrification was three to six times
higher at pF2.5 than at pF3.9 for Af soil amended with PP,
whereas it was double with nontreated An, (Tables 3 and 5).
By contrast, An; soil exhibited greater nitrification at low
soil moisture content with all organic N sources (Table 5). In
general, with respect to sampling date, the result revealed
cyclical nitrification and immobilization irrespective of
organic N sources and soil moisture levels (Table 5).

The relationships between C and N mineralization with
legume residue amendment of the tropical soils revealed that
C recovery was positively and significantly correlated with
ammonification (»=0.446, p<0.017) and nitrification (=
0.474, p<0.011, n=32) with Af soils, whereas C recovery
was nonsignificantly and positively correlated with ammo-
nification of An; (»=0.293, p<0.110, n=32) and An, (r=
0.157, p<0.391, n=32). By contrast, C recovery was
positively and significantly associated with nitrification of
An; (r=0.544, p<0.002, n=32) and An, (r=0.370, p<0.037,
n=32). The results indicated that most soil microorganisms
get their energy and substance from organic materials.
Hence, N mineralization and transformation are intimately
linked to organic C decomposition (Huang et al. 2004).

Rate of N mineralization/immobilization

The rate of N mineralization/immobilization was calculated
by linear regression (Fig. 4). With Af soil, the rate of N

immobilization at pF3.9 was 78% for HB, 25% for PP,
while for An;, N immobilization at pF3.9 was 75% for HB
and, by contrast, N mineralization of 284% took place with
PP. Similarly, with An, soil, the rate of N immobilization at
pF3.9 was 46% for HB and 51% for PP (Fig. 4). The study
showed strong interaction between soil types and legume
residue types.

Discussion
Carbon mineralization

The present study revealed 3—14 times greater net cumula-
tive CO,—C flux of legume residue-amended soil than the
control (Fig. 2). Similar to our findings, greater CO,—C flux
was reported with plant residue addition to soils by some
other workers, largely through microbial biomass C and N
flushes compared to untreated soils (Huang et al. 2004; Xu
et al. 2006; Bertrand et al. 2007; Lou et al. 2007; Hooker
and Stark 2008). In accordance with our results, CO,
production in the rape seed residue-amended soils respired
nearly 10 times greater than the basal respiration (Bertrand
et al. 2007). The higher CO,—C flux in residue-treated soil
suggests that soil microbial activities could be C substrate
limited for energy and biomass production. Our findings
also confirmed that organic amendments improved soil
biology by increasing soil microbial activities (Stark et al.
2006; Vinten et al. 2002).

The C decomposition of legume residue-amended
samples was rapid (Tables 6 and 7). In the early sampling
date (third day), the net CO,—C flux of residue-treated
samples was five times higher than the control soils. The
rapid C decomposition of legume residue-amended soil
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Fig. 4 The rate of N mineralization (min.)/immobilization (immob.) of HB-amended and PP-amended tropical soil samples (Af, An;, and An,)
under contrasting soil moisture contents. B haricot bean residue, PP pigeon pea residue

samples showed that the residues comprise soluble or labile
C pool (Tables 6 and 7). Similar studies also observed that
organic sources which contain labile C pool (organic acids,
amino acids, and simple sugars) could be rapidly mineral-
ized than the nonlabile pool (Rochette et al. 2000; Huang et
al. 2004). In one of the three soils (An;), the results
revealed that the decomposition of the recalcitrant fraction
was more inhibited by drought stress than the easily
degradable fraction (Fig. 2). The CO,—C flux was greater
with legume residues in An; samples at both pF2.5 and
pF3.9, suggesting that it is more responsive to substrate
addition than the other soil samples. Correspondingly, the
An; soil index ratio of CO,—C flux of amended over non-
amended at pF2.5 and at pF3.9 was similar, suggesting it is
more substrate limited. The C substrate limitation of An,
soil can be explained by its low organic C content (An;=
1.26%) over other samples (for Af=2.24% and for An,=
3.16%) and could be due to its continuous and intensive
cultivation for decades. Therefore, this indicated that the
application of organic amendments to soils could have
more pronounced impact on biological and physicochem-
ical properties of poor fertility soils. On the other hand, the
highest index ratio of CO,—C flux of amended over non-
amended soil samples were observed with Af soil at the
lowest soil moisture content (pF3.9). This implies substan-
tial limitation in water availability of the soil samples for
microbial activities attributed to its greater proportion of
clay content. The CO,—C flux was relatively low at low soil
moisture content (pF3.9) for Af with control soils, implying
that the availability of labile C pool and moisture stress
interactively affected OM mineralization. However, the soil
moisture stress effect was marginal with legume residue
amendment because of the presence of soluble and easily
mineralizable substrate that offsets the stresses. The lower
CO,—C flux of non-amended soils suggested the absence of

sufficient labile pool, and as a result, the majority of
microflora may exist in inactive condition. Several reports
suggest that soil away from the rhizosphere is usually
stressful for microorganisms. A majority of microorganisms
exist in soils under such low-nutrient condition and may be
starving (Morita 1997). In most of the cases, the CO,—C
flux was higher with PP than with HB, which could be
related to its high N content and low C/N. Congruent with
our results, greater CO,—C flux was reported with the
addition of organic sources with low C/N ratio by Xu et al.
(2006). The present study showed that the trends of C
mineralization appeared to be very similar among the three
soils with legume residue amendment. In contrast, substan-
tial variation in CO,—C flux was elsewhere reported among
the soils varying in initial pH (4.23-6.15) and organic
carbon (OC) content (Xu et al. 2006; Bertrand et al. 2007).

Relative increase in soil moisture enhanced the rate of
CO,—C flux with or without legume residue amendment,
perhaps through improving microbial activities. This could
be attributed to easy substrate access by microorganisms
due to substrate diffusion (Griffin 1981; Schjenning et al.
2003) and/or high soil moisture-facilitated mobility of
microorganisms towards available substrate and optimum
intracellular water potential (Csonka 1989; Killhma et al.
1993). Thus, our findings also confirm that decomposition
rates usually increase with water potential, from —5,000 to
=5 kPa, and then decrease in wetter conditions due to
oxygen deficiency (Lomander et al. 1998) and in drier
conditions due to stress and substrate limitation. The
lowering of intracellular water potential alters enzyme
conformation and inhibits activity (Csonka 1989; Brown
1990), or a combination of these mechanisms (Strak and
Firestone 1995). On the other hand, the relative rate
(amended) of CO,—C flux was higher at lower soil moisture
content with all soil samples (Table 1), suggesting that soil
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Table 6 Net N mineralization (NH, —N+NO; —N, in milligrams per kilogram) of legume residue-amended tropical soils in response to soil moisture contents

Days of incubation
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PP
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HB
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5b 23a
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—60c
—66¢
—44c¢

Ta
63a

8a
-19b
—-1b
—41b
-12b
—-13b

-3b
—22b
—36¢
—8lc
—82¢
—T74c

22a
27a
22a

23a
16ab

22a 12b 10b

11b
—-1b
—22¢
—39¢
—46¢
-32b
-3b
—2b

3¢ 19a 22a 10b

26a
33a

40a
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—47¢
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=5b

52a
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1b
2b
2b
27a

C

0.3
7c
=7Tb

15
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55a

93a
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25a
32a
34a
—14b
—l4c

2b
—-1b
15b

34a
42a

42a
57a
38b

67a
4la
—26b
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9b
—-13b

-3b
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—33c¢c
-31b

24a
—3ab

70a
—10b
—14b

5a
11a

4a

3b 6a

—0.4a
—0.6b

—2a
-3b

—10c

2a

3a

—8b
—5b

S5a

105
135

4b

la

la

8c

2a

—4b

Ta

7a

Mean values followed by different letters in a row show statistically significant difference (otherwise, nonsignificant)

HB haricot bean residue, PP pigeon pea residue, C control (non-amended soil)

moisture stress could be modified if readily mineralizable
substrates are applied to soils.

The decomposition of legume residues markedly
resulted in an increase of soil pH compared to the non-
amended soil samples, particularly of acidic soils (Table 2).
The increased pH observed in the two acidic soils following
residue addition was also reported in many studies. It has
been attributed to the alkalinity of plant residues (Paul et al.
2001; Sakala et al. 2004), decarboxylation of organic
anions during decomposition (Xu et al. 2006), and/or
ammonification of the added residue N (Bertrand et al.
2007).

Carbon recovery

During 30-75 days of incubation, Af soils C recovery was
on average lower than the other two soils, An; and An,.
However, at the end of incubation period (100 days), its C
recovery was higher over the others. This suggests that the
microbial communities in this soils required certain time to
adapt to the organic resources. The C recovery was 35-42%
and 32-35% at pF2.5 and pF3.9, respectively, after 100 days
of incubation (Fig. 3). After 50 days of incubation, An,
samples showed pronounced variation in C recovery in
response to soil moisture, indicating that the decomposition
of the more recalcitrant fractions of the litter are more
severely inhibited by moisture limitation (pF3.9 versus
pF2.5) than the decomposition of easily degradable frac-
tions (Fig. 2). This most likely suggests that polymer
decomposition is more sensitive to moisture stress than
monomer decomposition.

The variation in C recovery of soil samples in response
to applied residues could be related to the level of native
soil OC content and active microbial biomass. Interestingly,
the highest native soil OC content of the soils led to the
lowest C recovery in response to legume residue amend-
ment. In accordance with our findings, Khalil et al. (2005)
observed greater variation in C loss among different organic
materials amended to different soil types. They reported
significantly higher amounts of C (60-67%) loss with
certain soils and relatively lower C (50-54%) loss with
others, attributed to the substantial variation of the inherent
C content of the soils and its pH. Similarly, Nyberg et al.
(2002) observed high C loss (70-90%) using a &'>C natural
abundance technique for Sesbania sesban, while 53.8—
61.2% of the added rape seed residues C loss was observed
by Bertrand et al. (2007). On the other hand, the C loss
from four leaves of agroforestry tree species studied in
Ethiopia soils ranged from 10% to 44% (Teklay et al.
2007). The substantial variations in C recovery (loss)
employing various organic resources in different investiga-
tions suggest that different factors control the whole
process. Firstly, the variation could be ascribed to the
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Table 7 Net cumulative N min- ] ]

eralization (NH,*~N+NO; N, Days of incubation ~ Af An, Any

in milligrams per kilogram) in

response to organic N sources HB PP C HB PP C HB PP C

incubated with three soil types

for 135 days irrespective of soil 154 31.2 -6.2 10.0 9.5 3.0 =5.0 6.3 31.7

moisture contents -0.3 15.9 19.9 0.6 0.3 10.3 -18.3 -9.1 44.6
15 =5.0 22.4 16.4 -17.1 -10.5 7.2 =514 235 57.1
30 -1.9 36.9 13.3 -36.4 -12.9 13.3 =70.6  —39.9 74.0
50 -13.5 51.1 17.5 —43.3 -14.8 21.0 740 244 86.0
75 -30.5 222 48.5 -37.9 6.2 169 593 -8.0 75.8
105 -1.3 3.9 -6.5 -2.8 -13.7 -24.8 32 5.8 -29.3

HB haricot bean residue, PP 135 3.7 7.2 -9.1 -2.5 -13.4 —24.9 2.6 6.2 -28.4

pigeon pea residue, C control Mean -58 238 133 -162  —62 28 341  -108 390

(non-amended soil)

differences in sites, soil types, soil moisture and tempera-
ture conditions, temporal resolution of the experiments, and
methods used for the investigations. Secondly, the species
and litter quality variations and time of incubation might
have contributed to the substantial variation in C loss.
Thirdly, the reduction in respiration (low C recovery)
observed in the present study could be attributed to C
utilization that tended to be more efficient due to C being
redirected from waste respiration to microbial growth.
Similar results were observed by Teklay et al. (2007).
However, the stress effects such as soil acidity and
contaminants could lead to more C respiration than C
utilization for cell building (Xu et al. 2006).

Nitrogen kinetics
Ammonification

Net ammonification was relatively superior at pF3.5 than at
pF2.5 with or without legume residue amendment across
the sampling periods. Also, low NH,;—N immobilization
occurred at pF3.5 than at pF2.5 (Table 5), suggesting the
robustness of heterotrophic decomposers. However, it is not
known whether the loss of ammonium was essentially due
to immobilization by microorganism, fixation into clays or
SOM, and rapid nitrification of NH," since isotopic tracer
technique was not conducted in the present study.

The Af soil exhibited significant accumulation of NH, " —
N with PP at pF3.5 across all sampling days probably due
to adsorption of NH," to clay particles or due to low
nitrifier activity as the soil was clay in texture and slightly
acidic in pH. It is also important to note that net
ammonification of Af varies with amendment, days of
incubation, and moisture content (Table 4). Ammonium was
rapidly produced with HB and PP residues at both moisture
levels with Af and at pF2.5 with An; reflected with
accumulation of NH,"~N content during the third day of
incubation (Table 4). This could be because of the presence

of favorable soil environment and active microflora.
Another most likely explanation could be that the organic
N fraction of the legume residues was composed of
unstable forms (organic acids, amino acids, sugars, etc.)
that could readily mineralize. In accordance with the
present findings, a rapid NH, -N accumulation was
reported with alfalfa pellets, blood meal, and composted
manure when sampled on the second day of incubation
(Agehara and Warncke 2005). Verchot et al. (2001) also
observed rapid turnover rate of NH,"~N at 2-4 days based
on the pool size and gross mineralization rate among
different forest soils.

Subsequently, Af soil exhibited net NH;—N immobili-
zation with HB and episodic accumulation with PP, which
could be due to the variation in N content and C/N ratio of
the residues. Although the magnitude was relatively low,
An; exhibited net NH, ~N accumulation throughout the
incubation period with HB and PP residues. However, An,
immobilized through days 3 to 75 and remineralized
through days 105 to 135 with both residues, implying
rapid conversion of all NH, —N to nitrate and then slow
release of N afterwards (Table 4). In contrast, the three (Af,
An;, and An,) control samples displayed ammonium
immobilization at the third day of incubation, suggesting
either lack of readily mineralizable substrate or the
microflora that could be inactive soon after wetting the
soils due to substrate starvation. Furthermore, another
explanation could be that all the mineralized NH,—N
could be rapidly nitrified. However, Af soil showed
episodic NH,—N mineralization—immobilization pattern,
whereas the other two soils (An; and An,) displayed
subsequently complete immobilization throughout the
incubation period, suggesting high inherent C/N ratio of
soils and the presence of active decomposing microbes and/
or rapid nitrification of available NH, —N. Our results
support the hypothesis that soil microorganisms are
efficient scavengers of inorganic N, with immobilization
rates sometimes even exceeding mineralization rates
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(Giblin et al. 1991; Wagener and Schimel 1998), but later,
the biomass becomes a nitrogen source as the cells die and/
or decompose.

Nitrification and N mineralization

Nitrate accumulation was the predominant form of inor-
ganic N in all soil types (Tables 3 and 5). In most of the
cases, nitrification was relatively greater and/or immobili-
zation of nitrate was low at high soil moisture content
(pF2.5) along with PP amendment, which is a contrast to
ammonification. However, HB-treated soil samples showed
inconsistent trend in response to soil moisture, possibly
because the residue held more water, besides its low N
content and high C/N ratio (Table 5).

Invariably, the soils exhibited cyclical nitrification and N
mineralization with legume residue amendment. They
manifested mineralization at the beginning, immobilization
at the middle, and remineralization at the end of the
incubation period (Tables 5 and 6). The nitrate immobili-
zation observed in the present investigation could be either
due to substrate limitation as reflected in the disappearance
of NH,"~N or due to immobilization of NO; —N into
microbial biomass. Immobilization/mobilization of NO3; —
N could be ascribed to high C/N ratio of the legume
residues and soil samples, as moisture contents tested seems
optimum for nitrifier activities. Soil moisture is an
important factor influencing microbial activities; mainly,
nitrifiers’ activities are more inhibited than those of
ammonifiers at soil moisture potential below —1.5 MPa
(Singh and Kashyap 2007). The observed opposite trend of
ammonification and nitrification to soil moisture contents
suggest a differential sensitivity to water availability of the
microorganisms responsible for the two soil N transforma-
tion processes (Yahdjian and Sala 2008). Thus, soil
moisture affected the activities of nitrifying bacteria perhaps
through both dehydration and substrate limitation.

Rapid ammonification and nitrification of legume
residue-amended samples indicate that the residues had
quite sufficient labile pool and/or most of the decomposers
and nitrifier communities existed in the active state. In
some cases, nitrification also occurred at the end of the
incubation period, which implied that the microbial
turnover rate may take a longer time. Furthermore, the
observation of episodic nitrification in soils exhibited that
there could be changes in the composition of nitrifying
communities with those that become active at different
phases or there could be differences in N pools from
organic N sources that were nitrified at different periods of
incubation. Some studies have reported net N release in soil
after addition of detritus, notably studies of root decompo-
sition (Seastedt et al. 1992; Parton et al. 2007). Based on
their own observations and other reports, Hooker and Stark

@ Springer

(2008) stated that two important factors regulate whether
microbial consumption of OM results in N release
(mineralization) or assimilation of additional inorganic N
(immobilization); these are (1) the microbial growth per
unit substrate consumed (substrate use efficiency [SUE])
and (2) the C/N ratio of substrate consumed. On the other
hand, Parton et al. (2007) suggested that the linear release
of N from grass roots over time was due to greater
availability of soil moisture, labile OM, and nutrients to
microbes decomposing roots versus surface leaf litter.
However, all of these conditions would be expected to
increase microbial SUE (Del Giorgio and Cole 1998; Six et
al. 2006), and this would result in greater N immobilization
rather than N mineralization (Hooker and Stark 2008).
Therefore, the episodic N release and immobilization
observed in the present study was most likely related with
the substrate C/N ratio, since soluble components of plant
detritus may be released during the early stages of
decomposition, while plant polymers (such as cellulose)
with higher C/N ratios are degraded more slowly during
later stages of decomposition (Hooker and Stark 2008).
Results from soil laboratory incubations with plant residue
amendments suggest that temporal changes in C and N
cycling after residue incorporation reflect differences in the
C and N stoichiometry of substrates utilized by micro-
organisms (Trinsoutrot et al. 2000; Jensen et al. 2005;
Bruun et al. 2006).

The An, control samples showed greater nitrification
and net N mineralization than residue-treated ones. Perhaps
this indicates preference of the microbial communities
towards substrate types, i.e., the microorganisms might
choose the freshly applied substrates for C, as soils are
mainly C limited. These results in immobilization of N
from soil for the stoichiometric balance for biomass build
up. The other most likely explanation is that the added
residues raised soils C/N ratio that could be accounted for
the low rate of nitrification and N mineralization and/or net
immobilization of NO3  and inorganic N pools. Besides, as
a result of residue amendment, soil microenvironment
might have become favorable for microbial growth, tending
to greater immobilization of N pools.

Mineral N, mainly in the form of NH, -N, is supposed
to be the main source for microbial immobilization (Paul
and Clark 1989). In the absence of NH,—N, NO; —N has
been shown to be a good substrate for microbial assimila-
tion (Recous et al. 1990, 1992). The present study revealed
an average of 30 and 80 mg kg ' NH,"-N and NO; —N
immobilization, respectively (Tables 4 and 5). Our results
supported previous observations of high NH,~N immobi-
lization rate, when NH, —N concentration in soils was high,
and NO; =N immobilization, when NH,—N concentration
is low (http://www.for.gov.bc.ca/hfd/library/documents/
bib95675). Microbial growth during decomposition is also
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substrate-dependent (Nicolardot et al. 1994; Trinsoutrot et
al. 2000). This could be the reason “why” high apparent N
immobilization occurred during legume residue decompo-
sition. The present findings also revealed a large amount of
NO; —N immobilization together with NH,—N immobili-
zation (Tables 4 and 5), supporting the previous observa-
tions. These could be because of the fact that part of the
microbial community might have a preference for NOz
(Bengtson and Bengtsson 2005) and/or the NH, N was
insufficient to support microbial growth.

Net inorganic N accumulation of studied soils was
essentially related with net cumulative nitrification. A similar
report with soils of different pH ranges, 5.05 to 8.06, revealed
that the nitrification rate was almost equal to the mineralization
rate, while NH, "N did not accumulate (Bertrand et al. 2007).
In general, the degree of immobilization was relatively higher
with HB (C/N ratio, 40.6) than with PP (C/N ratio, 20.4;
Table 6), indicating variation of N availability from different
organic sources owing to C/N ratio and N contents. The C/N
ratio has been identified as a good indicator of N availability
among various organic N sources (Aulakh et al. 2000;
Trinsoutrot et al. 2000; Rowell et al. 2001). Decomposition
rate and N mineralization of organic resources may also be
related with lignin/N and polyphenol/N ratios, as they are
negatively correlated with mineralization rate (Kumar and
Goh 2000). Other resource quality parameters have been
highlighted as important modifiers, including tannin, soluble
C, and fiber-bound N (Palm and Rowland 1997). However,
the importance of anyone (or any combination) of these
constituents may vary depending on the process, time frame,
or type of plant material involved (Palm 1995; Palm and
Rowland 1997). Furthermore, the actual rate and degree of
decomposition are also moderated by the local activity of the
decomposers and the environmental conditions (Giller and
Cadisch 1997; Heal et al. 1997).

Soil microbial N immobilization may play an important
role in regulating the soil N retention capacity and prevent
nitrogen loss through leaching of NO; (Bengtson and
Bengtsson 2005). Singh et al. (1989) showed that soil
microbial biomass (SMB) can be a source of plant nutrients
in nutrient-poor tropical soils where it acted as a sink of
nutrients during the dry period (high biomass, low
turnover) and as a source during the monsoon period of
plant growth (low biomass, high turnover). Therefore, N
flux through SMB has been shown to be sufficient to
supply plant N demand (Paul and Voroney 1984). In the
present study, positive and marginally significant correla-
tion of C with N mineralization was observed. This
confirms the coupling of C and N in most organic
compounds and that most soil microorganisms get their
energy and substance from organic materials. Hence, N
mineralization and transformation is intimately linked to the
organic C decomposition (Huang et al. 2004).

Overall analysis of N release potential of control soils
depicted that An, was substantially high followed by Af,
reflecting the superiority of coffee land use over agriculture
land use in nutrient supply ascribed to its high litter return
to soils (Table 6). In general, our results revealed
immobilization of inorganic N pools, both in NH, N and
NO; —N forms. However, we could not be able to trace
back the sources of immobilization, whether it is microbial,
clay, or OM. Interestingly, a study by Verchot et al. (2001)
showed wide ranges of 5-50% of microbial N immobiliza-
tion in different forest soils. Another study (Bengtson and
Bengtsson 2005) revealed that mobilization and remineral-
ization of microbial N is likely to occur only when
conditions promote high growth rates, i.e., when micro-
organisms are not substrate limited and when temperature
and moisture conditions are favorable.

Rate of N mineralization/immobilization

The present study showed that the rate of N mineralization
was higher at pF3.9 than at pF2.5 or the rate of
immobilization was low at pF3.9 than at pF2.5 irrespective
of the soil types, implying that drought effect could have
led to a dominance of fungi over bacteria which conse-
quently led to the release of high C/N ratio. It is well
established that microbe survival varies in response to soil
water when taxon is taken into consideration (Harris 1981)
and drought may change the composition of the microbial
community with fungi being more tolerant of dry con-
ditions than bacteria (Griffin 1972; Hendrix et al. 1986).
The study confirms the differential sensitivity to water
availability of the microorganisms responsible for the soil N
transformation processes (Yahdjian and Sala 2008). Under
low soil moisture condition, it is presumed that less N
assimilation per mole C assimilation and/or less aggressive
N immobilization during decomposition of litter with high
C/N ratio and more net N mineralization per gram C during
decomposition of litter with low C/N ratio. The results
strongly support the C/N stoichiometry as altered by
drought stress. This confirms that the N assimilation/
mineralization during decomposition depends both on the
C/N ratio of the substrates as well as the C/N ratio of active
microorganisms. The observation also has implication for
C/N biogeochemical modeling in tropical agroecosystems.

Conclusion

Relative rate of CO,—C flux (amended/non-amended) was
greater at pF3.9 than at pF2.5 when legume residues were
amended, suggesting that easily mineralizable substrates
could ameliorate the effect of soil moisture stress on
microbial activity. The results revealed that, in one of the
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three soils (An;), the decomposition of the recalcitrant
fraction was more inhibited by drought stress than the
casily degradable fraction, suggesting further studies of
moisture stress and litter quality interactions. Elevated N
cycling (mineralization/immobilization) persisted through-
out the study period in residue-treated soil samples
compared to control. Nitrification was enhanced at higher
soil moisture contents in contrast to ammonification.
Therefore, there should be a tradeoff for these two
important N transformation processes in soils.

Strikingly, both NH, —N and NO; —N were immobilized
with all soil types at both soil moisture contents. These
findings question the general belief of ammonium prefer-
ence of microbes over nitrate. Greater N immobilization in
residue-treated An, soil was observed, which showed
greater microbial growth (high SUE) compared to other
soil samples. Legume residues can be potential N sources
for the low-input farming systems prevailing in tropical
ecosystems. By contrast, immobilization of inorganic N
pool with the application of legume residues with high C/N
could be a good strategy to mitigate NO3  loss and thereby
reduce environmental pollution, besides offering high C
sequestration as revealed by relatively low CO,—C loss.
Therefore, the immobilization of N could also be a good
approach for synchronizing the N nutrient release and crop
N requirement through adjusting the C/N ratio (by mixing
residues with different qualities) and by utilizing microbes
as an ephemeral nutrient pool during the early crop growth
period. The observation has implication for C/N biogeo-
chemical modeling in tropical agroecosystems.
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