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Abstract We studied the relationship between urease
activity (UA) and soil organic matter (SOM), microbial
biomass N (Ny;om) content, and urea-N fertilizer assimi-
lation by maize in a Dark Red Latosol (Typic Haplus-
tox) cultivated for 9 years under no-tillage (NT), tillage
with a disc plough (DP), and tillage with a moldboard
plough (MP). Two soil depths were sampled (0-7.5 cm
and 7.5-15 cm) at 4 different times during the crop cy-
cle. Urea was applied at four different rates, ranging
from 0 to 240 kg N ha™'. The levels of fertilizer N did
not affect the UA, SOM content, and Ny;,,, content. No
significant difference between the treatments (NT, DP,
and MP) was observed for SOM during the experiment,
probably because the major part of the SOM was in re-
calcitrant pools, since the area was previously culti-
vated (conventional tillage) for 20 years. The Nyiom
content explained 97% and 69% of the variation in UA
in the upper and deeper soil layer, respectively. UA
and biomass N were significantly higher in the NT sys-
tem compared to the DP and MP systems. The highest
maize productivity and urea-N recovery was also ob-
served for the NT system. We observed that the in-
crease in urea-N losses under NT, possibly as a conse-
quence of a higher UA, was compensated for by the
increase in N immobilized in the biomass.
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Introduction

Urease catalyzes the hydrolysis of urea to CO, and
NH;. Widely distributed in nature, it is present in sev-
eral animals, plants and micro-organisms. In soils, it can
be found as a free enzyme in solution, bound to colloi-
dal particles (mineral or organic) and inside microbial
cells (Bremner and Mulvaney 1978; Burns 1982; Nanni-
pieri et al. 1990; Nannipieri 1994; Klose and Tabatabai
1999). Urease activity (UA) is strongly correlated to
soil organic matter (SOM) content (Myers and McGar-
ity 1968; Dalal 1975; Bremner and Mulvaney 1978) and
microbial biomass (Paulson and Kurtz 1969; Nannipieri
et al. 1979; Perucci 1990). Cation exchange capacity
(CEC) and pH might also be important in determining
the level of enzymatic activity in soils, but the correla-
tion between the latter and CEC or pH is usually low
or non-significant (Bremner and Mulvaney 1978). UA
usually increases with increasing SOM content and mi-
crobial biomass (Bremner and Mulvaney 1978).

Cultivation actually affects SOM dynamic in soils. In
temperate climates soils lose up to 50% of their organic
matter in about 50-100 years of cultivation. In tropical
soils under cultivation the losses of SOM can be signifi-
cantly higher (Feller and Beare 1997; Shang and Tiess-
en 1997). Shang and Tiessen (1997), studying a semiar-
id tropical soil (Oxisol) from Brazil, showed that the
manual shifting cultivation of this soil for 6 years led to
the loss of 14% of the total C and N, after which the
area was abandoned. In a similar soil (Oxisol) in the
same region, Tiessen et al. (1992) reported a loss of
30% of the initial total C after only 6 years of mechan-
ized cultivation. Silva et al. (1994), working with
220 Oxisols from the cerrado region of Brazil, found
losses of 80%, 76% and 41%, respectively, of total C in
Syears of soybean cultivation on a quartz sand soil
(AQ), and a loamy (LVm) and a clayey (LVa) textured
Red Yellow Latosol.

In no-tillage (NT) systems, where soils are not
ploughed and crop residues lie on the soil surface, de-
composition processes slow down and SOM accumu-



lates in the first horizons (Blevins et al. 1977; Juo and
Lal 1979; Doran 1980; Dick 1983, 1984). In these sys-
tems, residues are incorporated slowly, providing a con-
stant energy supply to soil biota (Doran 1980; Dick
1984).

The accumulation of SOM in surface layers is a char-
acteristic of NT systems; this usually stimulates biologi-
cal activity and, consequently, increases enzymatic ac-
tivity (Klein and Koths 1980; Dick 1984). Klein and
Koths (1980) observed a significant increase in UA in
the soil surface layer (0-10 cm) under a NT system in
relation to a conventional tillage system. Dick (1984),
working with surface samples (0-7.5 cm) of two soils
from the United States, reported UA values
3.0-5.2 times higher in NT compared to tillage sys-
tems.

Increases in UA in the first soil layers under NT sys-
tems can significantly affect N dynamics and urea-N as-
similation by plants. This high UA in NT systems may
stimulate quick urea-N hydrolysis and increase NH;-N
volatilization (Dick 1984).

The aim of the present work was to evaluate the in-
fluence of 9 years of NT and tillage systems on: (1)
SOM content, microbial biomass N (Npjom) content
and, consequently, UA; and (2) on the interaction be-
tween UA and urea-N assimilation by maize.

Materials and methods

The study was carried out at the Maize and Sorghum National
Research Centre — Brazilian Institute of Agricultural Research
(EMBRAPA-CNPMS, Sete Lagoas-MG, Brazil). The area is lo-
cated at 19°26'S, 44°10’ W, and has a mean altitude of 730 m. The
mean annual temperature is 22.1 °C, and the mean annual precipi-
tation is 1340 mm, with a wet season from October to March, and
a dry season from April to September. The native vegetation is
savanna, classified as cerrado sensu stricto (Sans 1986). The soil is

Table 1 Chemical and physical characteristics of a Dark Red La-
tosol (Typic Haplustox) from EMBRAPA-CNPMS, Brazil, for
two depths (0-7.5 and 7.5-15 cm), under no-tillage (NT), tillage
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a Red Dark Latosol (Typic Haplustox). Table 1 shows the main
chemical and physical characteristics of the soil.

The experiment started in 1988, with a maize/beans rotation
under irrigation. Three different management systems were used:
NT, tillage with a disc plough (DP), and tillage with a moldboard
plough (MP). The soil was sampled in 1995 and 1996 during the
maize crop. The experimental area was previously cropped for
20 years with a maize/beans rotation and conventional tillage
(DP).

The maize (Cargill-805) was sown on 25 November 1995. All
the plots were fertilized by 400 kg ha™' NPK (4:20:20). The treat-
ments were delineated in random blocks, arranged in a split-plot
design. The main plots received three different management sys-
tems: NT, tillage with DP, and tillage with MP. The sub-plots re-
ceived four N levels as urea fertilizer: 0, 60, 120 and 240 kg ha™!
(applied when the plants showed six to eight leaves).

The soil was sampled 4 times during the maize cycle: before
planting (¢1), 45 days (£2), 60 days (£3) and 100 days (#4) after
plant emergence. The effect of N levels was analysed only at 3
and 4. Samples were taken at two depths (0-7.5cm and
7.5-15 cm). Composite samples (ten random sub-samples) were
collected for each sub-plot, at the different depths and sampling
times. The samples were kept in plastic bags (field moist soil) and
stored at a low temperature (<0°C) until analysis.

The N immobilized in the biomass was determined according
to the fumigation-extraction method developed by Brookes et al.
(1985). In short, triplicate, unfumigated soil samples at field mois-
ture, were extracted for 30 min with 0.5 M K,SO, (1:4 soil:solu-
tion ratio). Three further replicates of moist soil samples were fu-
migated with alcohol-free CHCl; for 24 h at 25 °C, then extracted
with 0.5 M K,SO,, similarly to the unfumigated samples. Soil
Nypiom Was calculated using Eq. 1:

Nbiom = (Nl'um_Nnon[um)/O-54 (l )

where: Nyiom= pg N g dry soil; Ny, =total N in the K,SO, ex-
tract of fumigated soil (ug g~' dry soil); and Njonrum =total N in
the K,SO, extract of non-fumigated soil (ug g dry soil).

We determined the UA using a buffer method, with toluene
as the biological-activity inhibitor, and an incubation time of 3 h
(Parcson et al. 1971). The NH; released during the incubation
time was converted into NHJ and quantified by colorimetry, ac-
cording to Anderson and Ingram (1992). The other soil analyses
were performed in the Laboratory of Soil Science of EMBRA-
PA-CNPMS according to EMBRAPA (1979).

with disc plough (DP), and tillage with moldboard plough (MP);
before sowing (¢1)

Parameters NT DP MP

0-7.5 7.5-15 0-7.5 7.5-15 0-7.5 7.5-15
pH (water) 6.40 6.30 6.25 6.33 6.13 6.05
H*+APP* (cmol. dm™) 2.23 3.48 2.63 2.88 3.00 3.62
AI’* (cmol, dm™) - - - - - -
Ca?*(cmol, dm~) 7.75 5.98 7.07 6.95 6.33 5.89
Mg** (cmol, dm™) 1.49 0.89 1.06 1.01 1.10 1.02
K* (mg dm™) 270.00 154.75 272.50 179.00 234.50 142.75
P (mg dm™) 27.50 28.25 37.00 36.75 3275 29.50
S (cmol, dm™) 9.93 7.27 8.83 8.42 8.03 7.28
effective-CEC (cmol, dm~) 9.93 7.27 8.83 8.42 8.02 7.28
total-CEC (cmol, dm™) 12.16 10.75 11.46 11.30 11.03 10.90
Moisture content (%) 82 68 77 75 73 67
NHZ-N (mg kg™) 1.78 1.89 1.80 1.82 1.88 1.27
NO;-N (mg kg™) 43.45 14.65 31.01 17.33 32.08 18.99
total N (g kg™) 0.15 0.14 0.14 0.13 0.13 0.13
Clay (g kg™) 800 800 800 800 800 800
Silt (g kg™) 60 90 70 70 70 70
Sand (g kg™) 140 110 130 130 130 130
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Maize was harvested on 5 May 1996, with a 12% moisture
content. The apparent urea-N recovery by maize was calculated
according to Coelho et al. (1992):

% urea-N recovery =[(TN)F-(TN)C] x 100/(N)A 2)

where: (TN)F =total absorbed N in fertilized plots; (TN)C =total
absorbed N in non-fertilized plots; and (N)A =urea-N applied.

Pearson’s correlation coefficient (r) was used to study the re-
lationship between UA, SOM, biomass N, pH, effective CEC, and
total CEC in the soil.

The influence of pH, organic matter content, total CEC, effec-
tive CEC, and biomass N on soil UA was investigated using a
stepwise multiple regression model, as follows:

Y=a+ X+ BXo+ B X5+ BaXs+ Bs X5 (3)
where: Y=UA (pg NHZ g7' soil h™'); X; =biomass N (ug N g!
soil); X, =SOM content (g kg™'); X3=s0il pHyqwr; X4 =cffective

CEC at soil natural pH (cmol. kg™); and Xs=total CEC at
pH 7.0 (cmol. kg™).

Results

The N levels applied did not significantly affect SOM
content, Nyom, and UA at either 3 or t4 or for either
soils depth (0-7.5 cm and 7.5-15 cm). Therefore, the ef-
fect of the management systems (NT, tillage with DP,
and tillage with MP) on these parameters was analysed
by using mean values of the sampling times. Tables 2, 3
and 4 show the mean values of these parameters for the
different sampling times, depths and management sys-
tems.

In general, no significant differences were found for
the SOM content of the systems during the experiment
(Table 2). The SOM varied from 36.0 to 45.9 g kg™' in
the topsoil (0-7.5 cm) and from 32.3 to 40.3 g kg™" in
the subsoil (7.5-15cm). Only in the first layer
(0-7.5 cm) and for 71 was the SOM content higher for
NT compared with the other systems (DP and MP).
This probably occurred because of the accumulation of
easily decomposable organic residues on the soil sur-
face of the NT system during the dry season, which
quickly decomposed when the wet season and irriga-
tion started (just after sowing). SOM accumulation un-
der the tillage systems (DP and MP) was minimized
and diluted by the distribution of the residues among
the harrow layer 1 month before sowing. The contents
of SOM followed the same trend with time for all the
management systems, at both depths. Between ¢1 and
12, with the exception of the topsoil of the NT system,
the SOM contents were almost constant. The values in-
creased until a peak in SOM occurred at ¢3 for both
depths and all tillage systems, decreasing afterwards to
values below the initial levels by 4.

Data in Table 3 show that, in general, Ny;o,, Was sig-
nificantly higher in NT than in the tillage systems (DP
and MP), in both soil layers (0-7.5 and 7.5-15 cm). The
values fluctuated in the NT system from 54.7 to
102.7 mg N kg™ soil and from 35.7 to 85.31 mg N kg™
soil in the topsoil and subsoil, respectively. In the other
systems (DP and MP), the values ranged from 28.1 to
46.5 mg N kg'soil, and from 11.4 to 53.4mg N kg™

Table 2 Soil organic matter content (g kg™') as a function of
management system, sampling time and depth. For each soil
depth, means followed by the same letter do not differ from each
other, according to Duncan’s multiple range test (P<0.05). 12
45 days, 13 60 days, t4 100 days after plant emergence; CV coeffi-
cient of variation; for other abbreviations, see Table 1

Depth Management  Sampling time
(cm) system
11 2 3 t4
0-7.5 NT 459 a 393a 452a 360a
DP 41.1ab 417a 427a 363a
MP 38.6 b 36.7a 423a 365a
CV (%) 7.91 11.21 7.15 9.81
7.5-15 NT 365a 372a 392a 338a
DP 357 a 36.2a 396a 346a
MP 39.1a 36.8a 403a 323a
CV (%) 4.49 11.40 9.15 17.61

Table 3 Microbial biomass N (Nyiem; mg kg™), as a function of
management system, sampling time and depth. For each soil
depth, means followed by the same letter do not differ from each
other, according to Duncan’s multiple range test (P<0.05). For
abbreviations, see Tables 1 and 2

Depth Management Sampling time
(cm) system
11 2 3 t4
0-7.5 NT 102.68a 5474a 91.17a 95.50a
DP 3542b 2923b 40.04b 43.00b
MP 29.85b 28.07b 4650b 38.00b
CV (%) 30.31 8.54 8.89 8.76
7.5-15 NT 853la 3575a 7197a 6925a
DP 51.79b 1136b 4597c¢ 3350b
MP 1537¢c 3046a 5340b 31.75Db
CV (%) 11.92 14.87 11.07 13.95

Table 4 Urease activity (UA; ng NHY ¢! soil h™), as a function
of management system, sampling time and depth. For each soil
depth, means followed by the same letter do not differ from each
other, according to Duncan’s multiple range test (P<0.05). For
abbreviations, see Tables 1 and 2

Depth Management Sampling time
(cm) system
1 2 3 t4
0-7.5 NT 5500a 2880a 3433a 2074a
DP 2460b  2026b 18.68b 11.90b
MP 2930b 2010b 11.28c 10.65b
CV (%) 9.63 28.33 29.73 39.99
7.5-15 NT 2360a 2480a 2575a 13.88a
DP 2790a 1930a 1873b 11.73a
MP 2950a 19.19a 1332a 10.17a
CV (%) 12.98 30.39 29.91 40.18

soil, respectively. Only at 2 and in the second depth
(7.5-15 cm) were the levels similar in the NT and MP
systems. Indeed, at 12 a strong reduction of the Nyjom
values was observed in the NT system (both depths)
and in the DP system (7.5-15 cm).

UA (Table 4) showed a pattern similar to that of
Nbiom, and was higher in the NT than in the DP and MP



Table 5 Values for correlations between UA, Nyiom, S0il organic
matter (SOM), pH, effective cation exchange capacity (E-CEC),
and total cation exchange capacity (7-CEC), at depths of
0-7.5 cm and 7.5-15 cm. For other abbreviations, see Tables 3 and
4

Nbiiom SOM pH E-CEC T-CEC
Depth 0-7.5 cm
UA 0.99%#%* 0.97%#%* ns 0.99%* ns
Nbiom - 0.77%* ns ns ns
Depth 7.5-15cm
UA 0.85%* 0.87%#%* 0.87%* 0.76%* ns
Nbiom - ns ns ns ns

#*#P < 0.01; ns not significant (F-test)

systems, in the 0-7.5 cm layer. The values for NT varied
between 20.7 and 55.0 pg NHZ g~' soil h™" at this depth,
and for DP and MP between 10.7 and 29.3 ug NH7 g!
soil h™'. In the deeper soil layer (7.5-15 cm), UA was
significantly higher in NT compared to DP and MP sys-
tems only at 3. At the other sampling times, no differ-
ences were observed.

The r values (Table 5) showed that the UA was
strongly correlated with Ny;om (r=0.99, P<0.01), SOM
(r=0.97, P<0.01) and effective CEC (r=0.99, P<0.01)
in the upper soil layer. In the deeper layer (7.5-15 cm)
the correlation was significant for Nyom (r=0.85,
P<0.01), SOM (r=0.87, P<0.01), pH (r=0.87,
P <0.01), and effective CEC (r=0.76, P<0.01).

The influence of SOM, Ny;om, effective CEC, total
CEC and pH on UA was studied using a stepwise mul-
tiple regression. For both depths, topsoil (Eq.3) and
subsoil (Eq. 4), only Ny, was entered into the model.
The other variables did not significantly contribute to
the variation of UA. The equations are as follows:

UA =6.78 4+ 0.32 X Nyiom, coefficient of
determination (R?*)=0.97, P<0.01 (4)

UA =15.23+0.10 X Npjom, R2=0.69, P<0.01 (5)

where: UA = pg NH g soil h™'; Nyjom= mg N kg™
s0il. Np;om by itself explained 97% and 69% of the var-
iation in UA in the upper and deeper layer, respective-
ly. In the deeper layer, 31% of the variation in UA
could not be explained by the analysed soil paramet-
ers.

In Fig. 1A, UA is plotted as a function of Ny, for
all the depths and management systems. The relation-
ship between the variables could be described by a qua-
dratic function. At low values of Ny;om, the estimated
UA slightly decreased to the minimum value of 18.1 pg
NH;-N g~ soil h™'. After reaching this minimum value,
the activity increased continuously.

We calculated the index UA/Ny;om, as suggested by
Nannipieri (1994). The index showed a strong quadrat-
ic relationship with the Nyiom (Fig. 1B). The index val-
ues decreased to a minimum of 0.34 pg NHi-N pg™
Nuiom h~', and increased afterwards.

Table 6 shows the UA (average for all the sampling
times) in the first 15-cm layer, the maize production ex-
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Fig.1 Urease activity (UA; A) and UA/microbial biomass N
(Npiom) (B) as a function of Ny;om

pressed as total dry matter and the recovery of grains,
and urea-N fertilizer, as a function of the management
system and the level of urea-N applied. In general the
UA was always higher in the NT than in the other til-
lage systems. Following the same trend, the maize pro-

Table 6 UA (ung NHJ g' soil h™'), maize production as total dry
matter (TDM; kg ha™) and grains (kg ha™'), and urea-N recovery
(% of urea-N applied recovered) as a function of the level of
urea-N fertilizer and management system. For each urea-N level,
means followed by the same letter did not differ from each other,
according to Duncan’s multiple range test (P<0.05). For other
abbreviations, see Tables 1 and 4

Urea-N Manage- UA Produc- Urea-N  Recov-
(kg ha™) ment tion Grains ery
system TDM (%)
0 NT 2577a 7462a 378l a -
DP 1833b 6973 ab 3351 a -
MP 1793b 6377b 3298 a -
60 NT 2937a 11217a 5697 a 52
DP 20.52b 8451 b 4423ab 26
MP 1891b 7608b 4120 b 23
120 NT 29.88a 10683 a 5815a 32
DP 1823b 9156b 4941 b 28
MP 17.83b 8025b 4509 b 17
240 NT 2839a 9701a 5293 a 12
DP 1944b 8786Db 4561 ab 14
MP 17.45b 8065b 4400 b 10
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Table 7 Maximum TDM and

. . 1
grain yield of maize, as a func- x:rl:ta ge Equation Maximum (kg ha™")
tion of the level of urea-N fer- R2 Yield Fertilizer
tilized applied. For other ab- level
breviations, see Tables 1 and 6
TDM
NT Y =7815.26+52.2044X-0.1868 X 0.82%* 11464 140
DP Y =6987.70 +29.156 X-0.09035X? 0.99* 9340 162
MP Y =6421.20+21.4321X-0.0610.X> 0.99* 8303 233
Grain
NT Y =3899.26 +31.0612X-0.1059.X> 0.99% 6177 147
DP Y =3357.71+21,6074X-0,0691.X> 0.99* 5044.9 156
MP Y=3309.24 + 15,8410 X-0,04734X> 0.99* 4640.2 168

*P<0.05 (F-test)

duction of total dry matter and grain yields were in gen-
eral higher in the NT system. The value did not differ
significantly only for the grain yields in the treatments
without urea-N fertilization. UA correlated positively
with total dry matter (r=0.71, P<0.01) and grain yield
(r=0.65, P<0.05). The recovery of urea-N fertilizer by
the maize (Table 6) was higher in NT than in the other
systems at fertilization rates of 60 kg ha™' and 120 kg
ha™'. For the fertilizer level of 240 kg ha™', the DP sys-
tem showed the highest recovery, although the recove-
ry in all the systems was relatively low.

Quadratic equations were fitted to the data for total
dry matter and grain production (Table 7). The R? var-
ied from 0.82 (P<0.05) to 0.99 (P<0.05) for total dry
matter and was 0.99 (P <0.05) for grain yield. With re-
spect to the point at which production was at a maxi-
mum, the NT system showed the highest dry matter
and grain production, and the lowest urea-N level. The
maximum dry matter and grain yields of the MP system
were the lowest of all three systems, and they corre-
sponded with the highest levels of urea-N.

Discussion

Results in Table 2 showed that 9 years of NT were not
sufficient to increase the SOM contents in the studied
soil, even in the upper soil layer. The high mean tem-
perature and the moist soil conditions due to irrigation
probably stimulated residue decay and made difficult
the accumulation of SOM in this environment. In addi-
tion, this area was cropped for 20 years with maize be-
fore the current tillage experiment. This period of time
was probably sufficient for a drastic reduction of the
“active” SOM pool, leaving a more stable (“passive”
pool) C fraction (Trumbore and Zheng 1996; Shang
and Tessein 1997; Feller and Beare 1997). Using isotop-
ic techniques (*C and '#C) and two-compartment
models, the mean residence time of the active SOM
pool in tropical soils under cultivation was calculated as
ranging from 4 to 45 years (Cerri and Andreux 1990), 2
to 5years (Veldkamp 1993) and 5 to 8years (Hsieh
1996). In cultivated soils, a new equilibrium between
the SOM pools is reached, and the amount of C in the

active pool rather than in the passive pool is more
closely related to the new C dynamics of the system
(Tiessen et al. 1994). Thus, decreases in total SOM due
to cultivation are mostly due to changes in the active
pool, and reach a new equilibrium in a period of time
similar to the residence time of this active fraction. In
this new equilibrium, a larger proportion of the total C
is from the passive SOM pool, the level of which is less
affected by management practices (Hsieh 1992, 1993,
1996; Harrison et al. 1993).

In general, UA and Ny;,, were higher in the NT
than in the tillage systems (Tables 3, 4), especially in
the topsoil (0-7.5 cm), indicating that the NT system
stimulated microbial growth and enzymatic activity.
Klein and Koths (1980) and Dick (1984) also reported
increasing soil UA and microbial biomass as a conse-
quence of NT practices with the enrichment of SOM in
the topsoil.

Data in Tables 2, 3 and 4 showed that, although total
SOM content was not affected by the tillage system, NT
practices increased Ny;om and UA. With soil ploughing,
residues are split up and incorporated into the harrow
layer, stimulating decay (Shang and Tiessen 1997; Fell-
er and Beare 1997). Under NT systems, residues are
not mixed with the soil and the surface area of the crop
residues in contact with the soil is much smaller. As a
consequence, the decomposition rate tends to decrease
(Blevins et al. 1977; Juo and Lal 1979; Doran 1980;
Dick 1983, 1984). For this reason, the crop residues ac-
cumulate above the soil surface. This residue layer
above ground in NT systems appears to be a constant
source of labile SOM to soil biota, thus a higher micro-
bial biomass and UA is maintained during the crop cy-
cle.

UA in soils can be intra- and extracellular (Burns
1982; Dilly and Nannipieri 1998). The extracellular en-
zyme can be free or bound to mineral and/or organic
colloidal particles (Bremner and Mulvaney 1978).
Therefore, the level of UA depends on soil properties
which might influence microbiological activity (e.g.
SOM content and microbial biomass) and the adsorp-
tion of the enzyme on colloidal particles (e.g. clay con-
tent, SOM content, CEC, and pH) (Bremner and Mul-
vaney 1978; Burns 1982; Nannipieri et al. 1990; Nanni-



pieri 1994; Dilly and Nannipieri 1998; Klose and Taba-
tabai 1999). Our results showed that UA in the studied
soil was strongly correlated to SOM, Ny;om, and effec-
tive CEC in the upper soil layer, and also to pH in the
deeper layer (Table 5). However, according to the step-
wise multiple regression model used, the variation of
UA was explained by only the Ny, in the surface
(97% ) and subsurface (69% ) soil. None of the other pa-
rameters entered in the model explained the variation
in UA, suggesting that all the variation in UA that
could be related to these soil parameters (due to their
high correlation with UA) was already explained by the
Nuiom- The possible interdependence between the mi-
crobial biomass and these parameters (Paul and Clark
1989) would prevent their inclusion in the model. How-
ever, in general, Ny;o, did not correlate to the other soil
properties at either depth (Table 5), suggesting a weak
interdependence between them.

Urease production by soil microorganisms can be
constitutive, inducible or repressed (Mobley and Hau-
singer 1989; McCarty et al. 1992). The non-significant
effect of urea-N fertilizer on UA strongly suggested
that inducible production of urease was not responsible
for the observed differences in the overall activity
among the treatments. For the same reason, the repres-
sion of microbial urease production by products of mi-
crobial assimilation of N (McCarty et al. 1992) was also
unlikely, since urea-N was the primary source of N.
Therefore, the observed differences in UA among the
treatments was probably related to changes in constitu-
tive enzyme production. The high correlation between
UA and Nyiom (Table 5) strongly supported this hypo-
thesis.

Analyzing the relationship between UA and Nyiom
(Fig. 1A) we observed that the two variables were
strongly related to each other, even when the data re-
lating to different depths and management systems
were plotted together. The shape of the curve sug-
gested that, at low Nyiom values, small changes in UA
would be expected when the Ny;om increased. Since
there was no significant difference in the values of
SOM (Table 2) and clay content (Table 1) among the
depths and treatments, it was reasonable to assume that
the potential of enzyme immobilization by soil colloids
would also be similar throughout the curve. Then, in
the first part of the curve, the activity of the immobil-
ized enzyme might be more important than that of the
free and the intracellular urease. The activity of immo-
bilized urease does not depend on the size and activity
of the microbial biomass, and the enzyme can remain
active even under conditions of stress (Burns 1982;
Nannipieri et al. 1990; Nannipieri 1994; Dilly and Nan-
nipieri 1998). Changes in Ny, in the first part of the
curve might have been too small to affect the overall
enzymatic activity. However, as soils have a maximal
capacity of enzyme immobilization (Burns 1982), in-
creasing the Ny, would potentially increase the rela-
tive importance of the free and intracellular enzyme,
whose activities would be similar to the contribution of
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the immobilized enzyme with respect to the total UA.
For this reason, in the last part of the curve, the same
unit of increase in Ny;om, had a larger effect on UA than
in the initial part.

The index UA/Npiom as suggested by Nannipieri
(1994) gives the enzymatic activity per unit of Npiom.
This index can give an idea of the contribution of intra-
cellular and extracellular urease to the overall UA
(Nannipieri 1994; Dilly and Nannipieri 1998). The high-
er the index, the lower the intracellular activity. The
non-linearity of the relationship between UA and Ny;om
(Fig. 1A) suggested that the ratio UA/Ny;om would vary
with the size of the Ny;om. In fact, we observed a qua-
dratic relationship between the UA/Np;om and the Nyiom
(Fig. 1B). The shape of the curve allowed two different
interpretations of the index. Taking the value of Ny;om
equivalent to the minimum UA/Np;om estimated value
of the curve (0.34), the graph could be divided into two
regions. In the first region (left side), a decreasing trend
was observed for UA/Ny;om as a function of Ny, sug-
gesting that the extracellular enzyme was more impor-
tant at a low level of Ny;om. Burns (1982) pointed out
that the level of free enzymes in the soil solution is
probably negligible due to their short existence. Then,
in the initial part of the curve, the activity of the more
important extracellular enzyme might be mainly de-
rived from immobilized enzyme. On the other hand, in
the second part of the curve, the index tended to in-
crease with increasing values of Ny;om. This means that
the extracellular enzyme activity tended to increase as
well. However, it is unlikely that the activity of immo-
bilized urease was higher than that of the intracellular
enzyme at high values of Ny;om. This relative increase in
extracellular UA was probably related to an increase in
the free extracellular enzymatic activity, contradicting
the hypothesis of Burns (1982). The data presented in
Fig. 1B suggests that the interpretation of the UA/Np;jom
index demands the careful observation of possible rela-
tionships between the index and other variables (i.e.
the Npiom, SOM, and clay content).

Tables 6 and 7 showed that, although UA signifi-
cantly increased in the topsoil of the NT system, the
highest production of dry matter and grain, and recove-
ry of urea-N fertilizer, was also observed under the NT
system. This finding contradicted that reported by Dick
(1984), who showed that an increasing UA under NT
systems may significantly increase the losses of urea-N
fertilizers by volatilization and, consequently, decrease
the recovery of the urea-N applied.

Not only UA but also soil pH, buffering capacity,
and CEC have an important effect on NH;-N volatili-
zation, as well as environmental factors such as temper-
ature, soil water content and air exchange (Hargrove
1988). The balance between NHZ-N and NH;-N is
strongly affected by the soil pH. A higher hydrogen ac-
tivity favours the NH# form, and tends to decrease N
loss due to NHj; volatilization. Our soil showed a slight-
ly acid pH (6.03-6.40) for all the treatments (Table 1),
which could have decreased NH;-N volatilization even
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under high UA. However, Singh and Nye (1988)
pointed out that even in relatively acid soils, the volatil-
ization of NH3-N after fertilization with urea can be
significantly high. Urea hydrolyzes, forming NH7 and
HCOj3 ions. The latter tends to increase the local soil
pH, stimulating the conversion of NHZ-N into NH;-N
and, consequently, N losses by volatilization (Singh and
Nye 1988). Lara-Cabezas et al. (1997a) reported 41%
loss of NH;-N after the superficial application of
100 kg urea-N fertilizer ha™, in a clay Oxisol cropped
with maize under NT, in spite of its relatively low pH
(5.5). The same authors (Lara-Cabezas et al. 1997b),
also studying clay Oxisols, reported 78% and 31%
losses of N supplied by the urea fertilizer applied on
the soil surface in maize fields under NT and conven-
tional tillage, respectively. The soil pH was 6.2 under
NT and 5.8 under conventional tillage.

We also noticed that soil pH did not differ among
the treatments and did not correlate with maize pro-
duction or urea-N recovery (data not shown). Thus, the
possible decrease in volatilization losses as a conse-
quence of the relatively low pH seemed to be unlike-
ly.

The high Npom values observed for the NT system
suggests that a possible excess of urea-N hydrolyzed as
a consequence of the high UA in the topsoil was immo-
bilized by the microbial biomass, as hypothesized by
Klein and Koths (1980). This temporary immobilization
ensured a constant supply of N (via turnover of the mi-
crobiota) during the maize cycle, increasing the effi-
ciency of utilization of the urea-N by the plants.

References

Anderson JM, Ingram JSI (1992) Tropical soil biology and fertili-
ty: a handbook of methods. CAB International, Wallingford,
UK

Blevins RL, Thomas GW, Cornelius PL (1977) Influence of no-
tillage and nitrogen fertilization on certain soil properties aft-
er 5 years of continuous corn. Agron J 69:383-386

Bremner JM, Mulvaney RL (1978) Urease activity in soil. In:
Burns RG (ed) Soil enzymes. Academic Press, London, pp
149-196

Brookes, PC Landman, A Pruden, G Jenkinson DS (1985) Chlo-
roform fumigation and the release of soil nitrogen: a rapid di-
rect extraction method to measure microbial biomass nitrogen
in soil. Soil Biol Biochem 17:837-842

Burns RG (1982) Enzyme activity in soil; location and a possible
role in microbial ecology. Soil Biol Biochem 14:423-427

Cerri CC, Andreux F (1990) Changes in organic carbon content
in Oxisols cultivated with sugar cane and pasture, based on
13C natural abundance measurement. Koshino M (ed) Trans-
actions of the 14th International Congress on Soil Science,
Kyoto, August 12-18, vol IV. The International Society of Soil
Science, Kyoto, pp 98-103

Coelho AM, Franca GE, Bahia Filho, AEC, Guedes, GAA
(1992) Doses e métodos de aplicacdo de fertilizantes nitrogen-
ados na cultura do milho sob irriga¢do. Rev Bras Ciénc Solo
16:61-67

Dalal RC (1975) Urease activity in some Trinidad soils. Soil Biol
Biochem 7:5-8

Dick WA (1983) Organic carbon, nitrogen, and phosphorus con-
centrations and pH in soil profiles as affected by tillage inten-
sity. Soil Sci Soc Am J 47:102-107

Dick WA (1984) Influence of long-term tillage and crop rotation
combinations on soil enzyme activities. Soil Sci Soc Am J
48:569-574

Dilly O, Nannipieri P (1998) Intracellular and extracellular en-
zyme activity in soil with reference to elemental cycling. Z
Pflanzenernéhr Bodenkd 161:243-248

Doran JW (1980) Soil microbial and biochemical changes asso-
ciated with reduced tillage. Soil Sci Soc Am J 44:765-771

EMBRAPA (1979) Manual de métodos de anilise de solo.
SNLCS, Rio de Janeiro

Feller C, Beare NH (1997) Physical control of soil organic matter
dynamics in the tropics. Geoderma 79:69-116

Hargrove WL (1988) Soil, environmental and management fac-
tors influencing ammonia volatilization under field conditions.
In: Bock BR, Kissel DE (eds) Ammonia volatilization from
urea fertilizers. National Fertilizer Development Center, Ten-
nessee Valley Authority, Musde Shoals, Ala.

Harrison KW, Broecker WS, Bonani G (1993) The impact of
changing land use on soil radiocarbon. Science 262:725-726

Hsieh HP (1992) Sizes and mean ages of stable soil organic car-
bon in croplands. Soil Sci Soc Am J 56:460-464

Hsieh HP (1993) Radiocarbon signature of turnover rates in ac-
tive soil organic carbon pools. Soil Sci Soc Am J
57:1020-1022

Hsieh HP (1996) Soil organic carbon pools of two tropical soils
inferred by carbon signatures. Soil Sci Soc Am J
60:1117-1121

Juo ASR, Lal R (1979) Nutrient profile in a tropical Alfisol under
conventional and no-till systems. Soil Sci 127:168-173

Klein TM, Koths JS (1980) Urease, protease, and acid phospha-
tase in soil continuously cropped to corn by conventional or
no-tillage methods. Soil Biol Biochem 12:293-294

Klose S, Tabatabai MA (1999) Urease activity of microbial bio-
mass in soils. Soil Biol Biochem 31:205-211

Lara-Cabezas WAR, Korndorfer GH, Motta SA (1997a) Volatili-
zacdo de N-NH; na cultura de milho: I. Efeito da irrigacdo e
substitui¢do parcial da uréia por sulfato de amodnio. Rev Bras
Cienc Solo 21:481-487

Lara-Cabezas WAR, Korndorfer GH, Motta SA (1997b) Volatili-
zagdo de N-NH; na cultura de milho: II. Avaliacdo de fontes
sélidas e fluidas em sistema de plantio direto e convencional.
Rev Bras Cienc Solo 21:489-496

McCarty GW, Shogren DR, Bremner JM (1992) Regulation of
urease production in soil microbial assimilation of nitrogen.
Biol Fertil Soils 12:261-264

Mobley HLT, Hausinger RP (1989) Microbial ureases: signifi-
cance, regulation, and molecular characterization. Microbiol
Rev 53:85-108

Myers M, McGarity JW (1968) The urease activity in profiles of
five great soil groups from northern New South Wales. Plant
Soil 28:25-37

Nannipieri P (1994) The potential use of soil enzymes as indica-
tors of productivity, sustainability and pollution. In: Pankhurst
CE, Doube BM, Gupta VVSR, Grace PR (eds) Soil biota:
management in sustainable farming systems. CSIRO, Canber-
ra, pp 238-244

Nannipieri P, Pedrazzini F, Arcara PG, Piovanelli C (1979)
Changes in amino acids, enzyme activities, and biomasses dur-
ing soil microbial growth. Soil Sci 127:26-34

Nannipieri P, Greco S, Ceccanti B (1990) Ecological significance
of the biological activity in soil. In: Bollag JM, Stotzky G (eds)
Soil biochemistry, vol 6. Marcel Dekker, New York, pp
293-355

Parcson ST, Gray JRG, Willian ST (1971) Methods for studying
the ecology of soil microorganisms. IBB handbook no. 19.
IBB, London:, pp 83-84

Paul EA, Clark, FE (1989) Soil microbiology and biochemistry.
Academic Press, New York



Paulson KN, Kurtz LT (1969) Locus of urease activity in soil. Soil
Sci Soc Am Proc 33:897-901

Perucci P (1990) Effect of the addition of municipal solid-waste
compost on microbial biomass and enzyme activities in soil.
Biol Fertil Soils 10:221-226

Sans LMA (1986) Estimativa do regime de umidade, pelo Méto-
do de Newhall, de um Latossolo Vermelho-Escuro Alico da
Regiao de Sete Lagoas, MG. PhD thesis. Universidade Feder-
al de Vicosa, Vicosa, Brazil

Shang C, Tiessen H (1997) Organic matter liability in a tropical
Oxisol: evidence from shifting cultivation, chemical oxidation,
particle size, density, and magnetic fractionations. Soil Sci
162:795-807

Silva JE, Lemainski J, Resck DVS (1994) Perdas de materia or-
ganica e suas relacoes com a capacidade de troca cationica em
solos da regiao de cerrados do oeste baiano. Rev Bras Cienc
Solo 18:541-547

59

Singh R, Nye PH (1988) Processes controlling ammonia losses
from fertilizer urea. In: Jenkinson DS, Smith KA (eds) Nitrog-
en efficiency in agricultural soils. Elsevier, London, pp
246-255

Tiessen H, Salcedo IH, Sampaio EVSB (1992) Nutrient and soil
organic matter dynamics under shifting cultivation of semi-
arid north-eastern Brazil. Agric Ecosyst Environ 38:139-151

Tiessen H, Cuevas E, Chacon P (1994) The role of soil organic
matter in sustaining soil fertility. Nature 371:783-785

Trumbore SE, Zheng S (1996) Comparison of fractionation meth-
ods for soil organic matter '*C analysis. Radiocarbon
38:219-229

Veldkamp E (1993) Soil organic carbon dynamics in pastures es-
tablished after deforestation in the humid tropics of Costa
Rica. PhD thesis. Wageningen Agricultural University, Wage-
ningen



