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ABSTRACT
Three selected soils from three countries with temperate climates have been analyzed. Two of the soils are silty loams
(Buenos Aires, Argentina, and Salamanca, Spain) and the third one is a sandy loam (Peccioli, Italy). Soil samples
representing three agricultural managements were obtained from the top layer (0-10 cm), i.e. intensively cultivated,
cultivated and undisturbed native soils. Soil organic carbon (SOC), total nitrogen (Nt), ATP, urease, protease, phosphatase,
β-glucosidase, dehydrogenase (DHA), and arginine ammonification (ARA) were determined and compared. SOC and Nt
were significantly higher (P < 0.01) in native than in cultivated and intensively cultivated soils. A good correlation (P
< 0.05) was found between ATP, hydrolase activities, ARA, and SOC and Nt, indicating that all these parameters were
related to the biological properties and biochemical activity. Then, these biological parameters can be used as bioindicators
of agriculture-induced changes in soils. DHA did not correlate with the SOC and Nt contents, or protease activities,
indicating that the soil ecosystems had low concentrations of exogenous substrates to metabolize and that micro-organisms
were in a reduced state of activity.
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RESUMEN
Se compararon las actividades enzimáticas de distintos ecosistemas con diferentes características de uso de suelo para
utilizarlas como bioindicadores.

Se analizaron suelos de tres países de climas templados. Dos de los suelos presentan textura franco limosa (Buenos Aires,
Argentina y Salamanca, España) y el tercero  franco arenosa (Peccioli, Italia). Se obtuvieron  muestras de 10 cm de
profundidad provenientes de tres  manejos diferentes en cada uno de ellos: agricultura intensiva, rotación cultivo-pastura
y suelo nativo.

En todos los sitios se determinaron y compararon el Carbono orgánico (SOC), Nitrógeno total (Nt), contenido de ATP,
acividad enzimática de la ureasa, proteasa, fosfatasa, β-glucosidasa, deshidrogenasa (DHA) y arginina (ARA).

Se encontró una buena correlación (p < 0,05) entre ATP, DHA, ARA con el SOC y Nt, indicando que estos parámetros
del suelo están relacionados con las propiedades biológicas y la actividad bioquímica. No se encontró correlación entre
DHA con el SOC, con el Nt , ni con la actividad de la proteasa en suelos de agricultura intensiva, indicando que en
ecosistemas de bajos contenidos de sustratos exógenos para metabolizar, los microorganismos están en un nivel bajo
de actividad. La similitud de los resultados obtenidos de los suelos de tres diferentes países confirman la utilidad de las
variables bioquímicas como indicadores potenciales de la degradación del suelo causadas por las prácticas culturales.

Palabras clave. Calidad del suelo, Degradación del suelo, Actividad enzimática, Argentina, España, Italia.

APLICACIÓN POTENCIAL UNIVERSAL DE BIOINDICADORES DEL SUELO:
SU EVALUACIÓN EN TRES ECOSISTEMAS TEMPLADOS

INTRODUCTION
The degradative effects of poor agricultural manage-

ment on natural and environmental resources have been
widely discussed at global level and have led to increa-
sing concern about the need to develop strategies aimed

at ensuring a sustainable agriculture Gregorich et al.
(1993); Doran et al. (1994).

In recent decades, studies carried out on the produc-
tive capacity of soils have revealed severe degradation
and more than 10% of cultivated soils worldwide was
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affected by erosion, environmental pollution, excessive
tilling, overgrazing, tree-felling, salinization, and deser-
tification [Sanders, (1992); Lal, (1994)]. Management
practices such as tilling, rotation, pesticide and fertilizer
use, the addition of organic matter and composts, among
others, have direct bearing on the quality of water, air,
and soils [Mosier et al., (1991); Doran & Jones, 1996;
Chander et al., (1997)]. Relative long periods of time (5-
10 years) are required in order to detect significant
changes in soil organic carbon and nitrogen as a result
of management practices [Nannipieri et al., (1990); García
& Hernández, (1997)].

On the other hand, biological components of the soil
ecosystem can act as sensitive indicators since they
participate in innumerable processes and functions occu-
rring in the soil, such as the decomposition of organic
residues, nutrient cycling, synthesis of humic substances,
soil aggregation, and energy release, among others [Nanni-
pieri et al., (1990); Smith et al., (1993); Turco et al., (1994)].
Therefore, the issue is the choice of the best biological
properties as sensitive indicators able to detect early (less
than 1 year) changes in soil degradation or in its recovery.

Among biological properties, soil enzyme assays are
indicators of the soil potential to degrade or transform
substrates. They can be an integrative index of past soil
biological activity as influenced by soil management
[Nannipieri, (1984); Dick et al., (1996)].

The term “biological activity” implies the contribu-
tion of all organisms inhabiting soil to the overall meta-
bolic activity. Measurements conducted in the labora-
tory use homogenized soil samples in which remains of

plants and meso-faune are eliminated. In this case, it is
more correct to define the metabolic activity measured
as soil microbiological activity (SMA).

Alef  & Kleiner (1987) found that the arginine ammo-
nification (ARA) is significantly correlated with the ATP
content and soil respiration; as a consequence of this,
ARA is considered to be a valid index of SMA, since the
rate of ARA reflects the metabolic status of the micro-
organisms in the soil, whose numbers do not vary during
the short incubation time (1 h). Presumably plants do not
use arginine as a source of N and the fauna ammonifies
arginine very slowly such that this method can reflect
SMA under field conditions (Alef & Kleiner, 1987).

The aims of the present work are: 1) to assess through
the use of different bio-markers the effect of cultivation
practices on SMA under different managements: culti-
vated (crop rotation) intensively cultivated (monoculture),
and the undisturbed soil; and 2) to compare the results
obtained with such bio-markers in temperate ecosystems
from different countries to assess their applicability to
other similar cases.

MATERIALS AND METHODS
Soils from three countries representatives of temperate zones

were studied: Peccioli (Italy), with a temperate and humid Medi-
terranean climate; Salamanca (Spain), with a semiarid Mediter-
ranean climate, and Buenos Aires (Argentine), with a humid
temperate climate (Table 1). In all the three areas, samples were
collected from the surface layer (0-10 cm) from: i) native, un-

Peccioli Salamanca Buenos Aires

(Italy) (Spain) (Argentine)

SOC (g C kg-1) 25 21 35

Nt (g N kg-1) 3.7 2.8 2.2

pH (H
2
O) 6.0 6.2 6.5

Texture Silty loam Sandy loam Silty loam

Tillage system Conventional Conventional Conventional

Taxonomy (FAO, 1974) Dystric Regosol Chromic Luvisol Luvic Phaeozems

Climate Temperate, humid Semiarid Temperate, humid

Mediterranean Mediterranean Continental

Table 1. Main characteristics of soils and climates in the three ecosystems studied.

Tabla 1. Características de los suelos y clima correspondientes a los tres ecosistemas estudiados.
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disturbed soils (NS); ii) cultivated soils, under crop rotation (maize,
sunflower, and meadow; (CS) and iii) soils under continuous
monoculture (maize, sunflower; (IS).

Soils samples were, mixed, homogenized, sieved (< 2 mm),
and kept at 4 °C before the determination of microbiological and
biochemical parameters, and air-dried for chemical determinations.
All the analyses were made on three laboratory replicates.

Chemical analyses. The SOC and Nt were determined using
the dichromate oxidation [Nelson & Sommers, (1982) and micro-
Kjeldahl (du Preez et al., (1987)] methods, respectively.

Biochemical determinations. Urease activity (URA) was
measured according to the method of Zantua and Bremner (1977);
protease activity (PTA) was determined using casein as substrate
(Ladd & Butler, 1972). β-glucosidase (GCA) and phosphatase
(PHA) activities were assessed following the method of Speir and
Ross (1976). Dehydrogenase (DHA) activity was determined
following the method proposed by Trevor (1984a) and was
expressed as µg INTF g-1 h-1. URA and PTA were expressed as µg
N-NH

4
 g-1 h-1; PHA and GCA as µg PNP g-1 h-1. ATP content was

measured and expressed as µg ATP g-1, except for Argentinean
soils where the SMA was assessed by ARA and expressed as µg N-
NH4 g

-1 h-1.

Statistical analysis. Correlation analysis was performed to
determine the association between bio-markers measuring SMA,
SOC, and Nt as indicatives of soil fertility.

RESULTS
Results from the different enzymes measured related

to Nt are exposed in Table 2.

The correlation matrix between URA, PTA, PHA,
GCA, DHA, ATP, ARA, SOC, and Nt for soils from
Peccioli, Salamanca, and Buenos Aires is presented in
Table 3.

Figure 1 shows the variations in the activity of hy-
drolytic enzymes in the three soil ecosystems studied.
The change of SOC, Nt, DHA, and ARA activities are
shown in Figure 2.

SOC and Nt contents were lower in cultivated soils
(CS and IS); in the same way, URA, PTA, PHA, ß-GCA,
and DH activities of cultivated soils decreased signifi-
cantly (P <0.05) with respect to that found in the NS (Fig.
1). ARA was also higher under NS and reflects the high
ammonification capacity of this native soil. Among
cultivated soils, those undergoing intensive agricultural
use (IS) had the lowest enzyme activity, in both the
Argentinean and European samples. In biological sys-
tems, all reactions are practically catalyzed by enzymes.

The difference in activity between the cultivated and (NS)
soils reveals the perturbation caused to the ecosystem
by cultivation practices. Therefore, intensive agricultural
practices cause a loss of soil quality, probably due to a
combination of factors, as low level of (SOC), nutrients,
and (SMA).

Table 2. Nt (mg N g-1), C/N, DHA/N, URA/N, PTA/N, PHA/
N, and GCA/N ratios in the native soils (NS), cultivated soil
under rotation (CS) and intensively cultivated soil (IS).

Tabla 2. Relación de Nt (mg N g-1), C/N, DHA/N, URA/N,
PTA/N, PHA/N y GCA/N en suelo nativo (NS), suelo
cultivado bajo rotación (CS) y suelo bajo cultivo intensivo (IS).

Peccioli (Italy)

N S C S IS

Nt 0.40 0.09 0.05

C/N 10.2 11.5 17.2

DHA/N 12 27 30

URA/N 182 330 340

PTA/N 23 37 40

PHA/N 6 19 20

GCA/N 7 19 20

Salamanca (Spain)

N S C S IS

Nt 0.49 0.08 0.04

C/N 8.2 10.1 15

DHA/N 3 13 16

URA/N 245 671 850

PTA/N 22 23 27

PHA/N 22 36 45

GCA/N 11 23 27

Buenos Aires (Argentine)

N S C S IS

Nt 0.40 0.23 0.11

C/N 10.0 8.3 13.6

DHA/N 13 16 18

URA/N 129 130 140

PTA/N 43 45 50

PHA/N 31 34 36

GCA/N 23 25 28
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Table 3. Correlation matrix between enzymatic activities, ATP, SOC and Nt in three temperate ecosystems: Peccioli (Italy)
Salamanca (Spain) and Buenos Aires (Argentine).

Tabla 3. Matriz de correlación entre actividades enzimáticas, ATP, SOC y Nt en tres ecosistemas templados: Italia (Peccioli),
España(Salamanca) y Buenos Aires (Argentina).

Peccioli (Italia)

Urease Protease Phosphatase βββββ-glucosidase DHA ATP S O C

Urease

Protease 0.99**

Phosphatase 0.99** 0.98**

βββββ-glucosidase 0.99** 0.99** 0.99**

DHA 0.93* ns 0.94** 0.93*

ATP 0.99** 0.99** 0.98** 0.98**

S O C 0.96* 0.99** 0.95* 0.96** ns 0.99**

Nt 0.96* 0.99** 0.95* 0.96** ns 0.99** 0.99**

Salamanca (Spain)

Urease Protease Phosphatase βββββ-glucosidase DHA ATP S O C

Urease

Protease 0.98**

Phosphatase 0.99** 0.99**

βββββ-glucosidase 0.99** 0.98** 0.99**

DHA 0.94* ns ns 0.94*

ATP 0.99** 0.97** 0.99** 0.99** 0.96**

S O C 0.99** 0.99** 0.99** 0.99** ns 0.99**

Nt 0.98** 0.99** 0.99** 0.98** ns 0.97** 0.99**

Buenos Aires (Argentine)

Urease Protease Phosphatase βββββ-glucosidase DHA ARA S O C

Urease

Protease 0.97**

Phosphatase 0.98** 0.90*

βββββ-glucosidase 0.96** 0.91* 0.98**

DHA 0.91* ns ns 0.90*

ARA 0.99** 0.90* 0.95* 0.97** ns

S O C 0.97** 0.93* 0.98** 0.98** ns 0.99**

Nt 0.95* 0.92* 0.98** 0.97** ns 0.95* 0.98**

*p<0.05; ** p< 0.01; ns: non significant



POTENTIAL UNIVERSAL APPLICABILITY OF SOIL BIOINDICATORS.

CI. SUELO (ARGENTINA) 25(2): 151-158, 2007

155

Peccioli

0

20

40

60

80

S N S C S I

U
re

a
se

, P
ro

te
a

se

0

0,5

1

1,5

2

2,5

3

P
ho

sp
ha

ta
se

, ß
g

luco
sid

a
se

Ureas e P rotease P hos phatase ß -glucos idase

Salamanca

0

20

40

60

80

100

120

140

S N S C S I

U
re

a
se

, P
ro

te
a

se

0

2

4

6

8

10

12

P
ho

sp
ha

ta
se

, ß
g

luco
sid

a
se

Ureas e P rotease P hos phatase ß -glucos idase

   Buenos Aires
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Figure 1. Variations in the activity of soil hydrolytic enzymes in the three ecosystems studied (urease
and protease expressed as µg N-NH

4
 g-1 h-1; phosphatase and β-glucosidase, as µg PNP g-1 h-1). NS:

native soil, CS: cultivated soil under rotation; IS: intensively cultivated soil.

Figura 1 Variación de la actividad del suelo de las enzimas hidrolíticas en los tres ecosistemas estudiados
( Ureasa y proteasa expresado como  µg N-NH

4
 g-1 h-1  fosfatasa y β-glucosidasa, como µg PNP g-1 h-1).

NS : suelo nativo, CS: cultivado y suelosbajo rotación; IS: suelo bajo cultivo intensivo.
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Figure 2. Changes in soil chemical and biochemical parameters in the three ecosystems studied (ATP expressed
as µg g-1; DHA as µg INTF g-1 h-1; ARA as µg N-NH

4
 g-1 h-1; SOC as % and Nt as mg N g-1) NS: native soil, CS:

cultivated soil under rotation; IS: intensively cultivated soil.

Figura 2. Cambios en los parámetros químicos y bioquímicos en los tres ecosistemas estudiados ( ATP expresado
como µg g-1; DHA acomo µg INTF g-1 h-1; ARA como µg N-NH

4
 g-1 h-1; SOC como % and Nt as mg N g-1) NS:

suelo nativo, CS: suelo bajo rotación de cultivos; IS: suelo con agricultura intensiva
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DISCUSSION
The results indicated that management practices that

minimize the input of organic residues to soil decrease
the activity of certain enzymes, affecting the capacity of
the soil to recycle nutrients and to release them for their
use by plants.

The ratio between the enzyme parameters (except
DHA) and the SOC content were inconsistent (data not
shown); while a definitive trend referring the variables
to Nt content were found, being consistently lower in the
NS soils (Table 2). The soil C/N ratio was also lower in
NS with respect to CS and IS. Other ratios involving Nt
content showed that the amount of N converted from
organic to mineral forms (mineralization), on an annual
basis, depends on the past management history, annual
climatic variation, and inherent soil properties (Paul &
Clark, 1989).

The activity of soil enzymes is related to SMA (Dick,
1992) and, therefore, the enzymes could be used as in-
tegrated indices into the biological and biochemical
changes produced by different types of management.
Soil enzymes could be considered an integrative index
of past soil biological activity (Dick et al., 1996). Thus,
the activity of enzymes remains catalytic because such
enzymes are probably bind and protected in soil humic
or clay complexes, whereas N could decrease with inten-
sive management practices. The above explanation is not
valid for DHA enzyme because this enzyme is an integral
part of the viable cell of the micro-organisms, so it is not
stable outside the cell (Nannipieri et al., 1990).

The study of different hydrolase enzyme activities
is important since they indicate the potential of a soil to
carry out specific biochemical reactions, and these hy-
drolytic enzymes are important in maintaining soil fertil-
ity (Burns, 1982). URA and PTA act in the hydrolysis of
organic N producing inorganic N, the former using urea-
type substrates and the latter simple peptidic substrates.
PHA catalyses the hydrolysis of organic-P compounds
to phosphates and GCA hydrolyses GCA in soil or in
decomposing plant residues (Pascual et al., 2000). In all
the situations the biggest changes were presented in
URA and PHA, while PTA seemed to show the smallest
sensibility to the disturbances (Fig. 1). The overall levels
of hydrolytic enzymes detected in the cultivated soils were
low compared with the soil of the same area, which has
not suffered human intervention. These results agreed
with those found where continuously cultivated soils
have lower levels of microbial biomass, lower enzyme
activities, and lower potential to mineralize organic
sources of nutrients than uncultivated soils (Dick, 1992;
Chander et al., 1997).

The changes of SOC, Nt, DHA activity and ARA (Fig.
2) suggests that these variables may be used as poten-
tial indicators, since these properties were significantly
affected by the different management regimes of the soils.
For the SOC and Nt contents, significant differences are
only seen between the cultivated and NS soils (P  < 0.01).
Higher SOC contents improve structural stability and
increase water retention (Gregorich et al., 1993), both
conditions favouring microbiological activity as shown
by DHA activity and ARA. These latter two biochemical
parameters allowed the identification of differences not
only with the NS (P  <  0.01) but also among the soils under
different management regimes (P < 0.05). Thus, DHA
activity and ARA would be more sensitive indicators than
SOC and Nt measurements. Similar results were reported
by Gupta et al. (1994), Ladd (1994), and Pankhurst et al.
(1995), who found that microbial parameters responded
to soil management changes at short-term, whereas the
SOM-content changes at long term (Nannipieri, 1984).

In order to gain an overall understanding of the re-
sults, a correlation matrix was constructed for each of the
ecosystems studied, taking into account the differences
among the different cultivation regimes (Table 3). Two
levels of significance were considered (P < 0.01 and P <
0.05) to evaluate better the association among the vari-
ables determined.

DHA was correlated (P  < 0.05) with ATP content and
with ARA in the Spanish and Argentinean ecosystems,
respectively, while no correlation with ATP was found
in the Italian ecosystem. The good correlation between
DHA and ARA corroborated that the liberation of am-
monia from arginine is due to the activity of microbial cells,
not by extracellular enzymes (Alef & Kleiner, 1987). ATP
content and the hydrolases were significantly correlated
(P  <  0.05) in the European soil ecosystems. In Argentine
a similar correlation was found between AR and the
hydrolase activities. Therefore, the ATP content and the
ARA seem to be good indicators of microbial processes
in soils undergoing different management strategies. A
high and positive correlation also occurs among all the
total hydrolase activities, suggesting an equilibrium
between the cycles of the principal nutrients.

The lack of correlation between DHA and SOC would
be probably due to the fact that this enzyme is an integral
part of micro-organisms and can not accumulate in a
complex form in soils. Therefore, it is recommendable to
use the DHA as an indicator of the viable microbial
populations (Dick et al., 1996).
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CONCLUSIONS
The present results, obtained from soils in different

temperate ecosystems belonging to three countries,
confirmed the utility of the biochemical parameters stud-
ied as potential indicators of soil degradation caused by
some cultivation practices. Among the variables as-
sessed, enzymatic activities (ureases, protesases,
phosphatases, and dehydrogenases) and arginine am-
monification may be sensitive indicators to detect
changes occurring in soils under field conditions. These
variables are associated with biochemical processes and
they are relatively easy to measure and interpret.

REFERENCES
Alef,  K & D Kleiner. 1987. Applicability of arginine ammoni-

fication as indicator of microbial activity in differents soils.
Biol. Fertil. Soils 5: 148-151.

Burns, RG. 1982. Enzyme activity in soil: location and a possible
role in microbial ecology. Soil Biol. Biochem. 34: 121-125.

Chander, K; S Goyal; MC Mundra & KK Kapoor. 1997. Organic
matter, microbial biomass and enzyme activity of soils under
different crop rotations in the Tropics. Biol. Fertil. Soils 24:
306-310.

Dick, RP. 1992. A review of long-term effects of agricultural
systems on soil biochemical and microbial parameters. Agric.
Ecosys. Environ 40: 25-36.

Dick, RP; DP Breakwell & RF Turco.1996. Soil enzyme activi-
ties and biodiversity measurements as integrative microbio-
logical indicators. In: JW Doran & AJ Jones (eds.), Methods
for assessing soil quality, 49 SSSA Special Publication, Madi-
son, WI, pp 247-271.

Doran, JW; DC Coleman; DF Bezdicek & BA Stewart. 1994.
Defining soil quality for a sustainable environment. 25 SSSA
Special Publ., Madison, WI, USA.

Doran, JW & AJ Jones. 1996 Methods for assessing soil quality.
(eds.), 49 SSSA  Special Publ., Madison, WI, USA.

Du Preez, CC; R Burger & DJ Laubscher. 1987. Evaluation of steam
distillation procedures for the routine determination of in-
organic soil nitrogen. Comm. Soil Sci.Plant Anal. 18: 483-
493.

García, C & T Hernández. 1997.  Biological and biochemical
indicators in the relict soils subjected to erosion. Soil Biol.
Biochem. 29: 171-177.

Gregorich, EG; CM Monreal; BH Ellert; DA Angers & MR Carter.
1993. Evaluating changes in soil organic matter. In: Acton
DF (ed), A program to assess and monitor soil quality in Canada.
Center Land and Biol. Res. Contr. Agric. Res. Branch, Ag-
riculture Canada, Otawa, pp. 93-149.

Gupta, VVSR; MM Roper; JA Kinkegaard & JF Angus. 1994.
Changes in microbial biomass and organic matter levels during
the first year of modified tillage and stubble management
practices on a red earth. Aust. J. Soil Res. 32: 1339-1354.

Ladd, JN & JHA Butller. 1972. Short-term assay of soil proteo-
lytic enzyme activities using proteins and dipeptide deriva-
tives as substrates. Soil Biol. Biochem. 4: 19-30.

Ladd, JN. 1994. Sustainable land use systems and soil resilience.
In: DJ Greenland& I Szabolcs I (eds).  Soil resilience and
sustainable land use, C.A.B. Intern., Wallingford, Oxon,
England, pp. 41-68.

Mosier, AR; D Schimel; D Valentine; Bronson & K Parton. 1991.
Methane and nitrous oxide fluxes in native fertilized and
cultivated grassland. Nature 350: 330-332.

Nannipieri, P.1984. Microbial biomass and activity measurements
in soil: Ecological significance. In: MJ Klug & CA Peddi (eds).
Current perspectives in microbial ecology, Washington, DC.
Am. Soc. Microbiol. pp. 515-521.

Nannipieri, P; S Grego & B Ceccanti. 1990. Ecological signifi-
cance of the biological activity in  soil. In: JM Bollag & G
Stotzky (eds), Soil Biochemistry, vol. 6. Marcel Dekker, New
York, pp. 293-355.

Nelson, DW & LC Sommers. 1982. Total Carbon, Organic Carbon
and Organic Matter. In: AL Page; RH Miller& DR Keeney
(eds.). Methods of soil analysis, Part 2, Chemical and Micro-
biological Properties. Am. Soc. Agron., Madison, WI, USA
p 539-577.

Pankhurst, CE; BG Hawke; HJ McDonald; CA Kirkby; JC
Buckerfield;   P Michelsen; KA O’Brien; VVSR Gupta & BM
Doube. 1995. Evaluation of soil biological-properties as
potential bioindicators of soil health. Aust. J. Experimen.
Agric. 35: 1015-1028.

Pascual, JA; C García; T Hernández; JL Moreno & M Ros. 2000.
Soil microbial as a bio-marker of degradation and remediation
processes. Soil Biol. Biochem. 32: 1877-1883.

Paul, EA & FE Clark. 1989. Soil Microbiology and Biochemistry.
Academic Press, New York, pp. 271.

Sanders, DW. 1992. International activities in assessing and
monitoring soil degradation. Am. J. Alternative Agric. 7: 17-
24.

Smith, LJ; RI Papendick; DI Bezdicek & JM Lynch. 1993. Soil
organic matter dynamics and crop residue management. B
Meeting (ed), Soil Microbial Ecology, Marcel Dekker, New
York, pp. 65-95.

Speir, TW & DJ Ross. 1976. Studies on climosequence of soils
in tussok grassland. Influence of age of Chionochloa rigida
on enzyme activities. New Zealand J. Sci. 19: 389-396.

Trevors, JT. 1984a.  Dehydrogenase activity in soil. A compari-
son between the INT and TTC assay. Soil Biol. Biochem. 16:
673-674.

Turco, RF; AC Kennedy & MD Jawson. 1994. Microbial indica-
tors of soil quality.  In: JW Doran; DC Coleman; DF Bezdiceck
& BA Stewart (eds.), Defining soil quality for a sustainable
environment, 35 SSSA Special Publ., Madison, WI, pp. 73-
90.

Zantua, MI & JM Bremner. 1977. Stability of urease in soil. Soil
Biol. Biochem. 9: 135-140.


