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Introduction

The effects of disturbance on soil quality are difficult to
determine because soil is inherently variable and physical
and chemical soil properties change too slowly to reflect
recent management history. Microbial and biochemical soil
properties have been suggested as early and sensitive
indicators of changes in soil quality as they manifest
themselves over shorter timescales and are central to the
ecological function of a soil (Karlen et al. 1994; Bandick
and Dick 1999). Soil enzyme activities in particular are
increasingly used as indicators of soil quality because of
their relationship to decomposition and nutrient cycling,
ease of measurement, and rapid response to changes in soil
management (Dick 1994; Dilly et al. 2003). In a long-term
study, Kandeler et al. (1999) found that enzyme activities
were significantly increased in the top 10 cm of the profile
after only 2 years of minimum and reduced tillage
compared to conventional tillage. In contrast, significant
effects of tillage treatments on microbial biomass, nitrogen
(N) mineralization, and potential nitrification were not
observed until after 4 years.

Soil disturbance, however, is only one of the many
factors affecting soil microbial and biochemical properties.
Seasonal fluctuations in soil moisture, temperature, and
substrate availability can also have large effects on
microbial biomass and activity. Franzluebbers et al. (1994)
found that soil microbial biomass carbon (Cmic) changed
significantly during the cropping season in all crop sequences

and tillage regimes under investigation. Bausenwein et
al. (2008) also reported significant effects of sampling
date on Cmic and enzyme activities under minimum tillage.
These observations raise the question of whether microbial
and biochemical properties are affected by too many
factors and fluctuate too much during the course of a
season to be sensitive indicators of tillage-induced effects
on soil quality.

In general, conservation tillage (CT) practices leave a
significant amount of plant residue on the soil surface. This
results in an increased soil organic matter content in the
topsoil, which in turn leads to higher microbial biomass and
activity. This increase in organic matter content in the
topsoil however is often offset with a decrease in lower soil
layers (Dick 1992; Omidi et al. 2008). Franzluebbers
(2002) suggested using changes in soil organic C with
depth rather than the total amount of soil organic C in the
profile as indicators of tillage-induced effects on soil
properties. The stratification ratio, calculated by dividing
the value for a soil property in the topsoil by its value in the
subsoil, could not only be a more sensitive way to measure
tillage-induced changes, but it also normalizes for differ-
ences in climatic conditions and soil types between study
sites. Because surface organic matter is essential to erosion
control and water infiltration, the degree of stratification is
directly linked to soil quality (Franzluebbers 2002).

The objective of this study was to compare short-term
dynamics of soil C, microbial biomass, and soil enzyme
activities with longer-term effects of tillage in irrigated row
crops in order to determine how environmental factors
affect the use of these properties as sensitive indicators of
tillage-induced changes in soil quality. A field trial was
designed to test the following hypotheses: (1) enzyme
activities and microbial biomass N (Nmic) respond more
rapidly to differences in tillage treatments than total soil C.
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(2) Enzyme activities and Nmic are more affected by
environmental factors than total soil C, resulting in a larger
temporal variability. (3) The vertical distribution of soil
properties in the profile has a lower temporal variability
than the average value in the top 30 cm of the profile,
making it a more sensitive indicator of tillage-induced
effects than the average values in the top 30 cm of
the profile. The activities of protease, β-glucosidase, and
β-glucosaminidase were chosen because these enzymes
are involved in the degradation of proteins, cellulose, and
chitin, respectively, which are among the most abundant
organic compounds available to soil microorganisms.

Material and methods

Experimental site

The study was carried out at the Long-Term Research on
Agricultural Systems site, near Davis, CA, USA. The site
has a Mediterranean climate with a mean annual tempera-
ture of 15.7°C and 440-mm precipitation (Western Regional
Climate Center, online at http://www.wrcc.dri.edu). Soils at
the site include Rincon silty clay loam (fine, montmoril-
lonitic, thermic Mollic Haploxeralf) and Yolo Silt Loam
(fine-silty, mixed, superactive, nonacid, thermic Mollic
Xerofluvent; Soil Survey Staff 1997) and have a sand
content of 15–28% and a clay content of 26–32% (pipette
method; Gee and Bauder 1986). The average pH, measured
in a 1:2 soil–water solution following a 30-min equilibra-
tion, was 7.1. It increased by 0.1 unit from the surface to a
depth of 30 cm and was about 0.1 units higher in the soil
under CT compared to the standard tillage soil. The bulk
density, measured in fall 2007, was 1.27 g cm−3 in the top
15 cm and 1.49 in the 15–30-cm layer, with no differences
between the two tillage systems.

Plots under a corn–tomato rotation with a winter cover
crop were chosen for the study. Crops are planted on
beds and irrigation water is furrow run. Until 2006, a
mixture of vetch (Vicia dasycarpa) and peas (Pisum
sativum) was used as the winter cover crop (Denison et al.
2004). In winter 2006/2007, oat (Avena sativa) was
added to the mixture. The two tillage treatments were
established in 2002. Tillage is performed with a bed-
preserving disk harrow to a depth of 15 to 20 cm and one
pass with a Cambridge roller to compact the soil surface.
In the ST treatment, the plots are tilled in spring and fall
before the planting of the main crop and the winter cover
crop, respectively. In the CT system, no tillage is
performed in fall; instead, the corn residue is chopped
and left on the soil surface. In spring, a strip in the
center of each bed, 30 cm wide and 8 cm deep, is tilled
before the tomatoes are transplanted. Before the corn is

planted, the beds are tilled as in the ST system. In 2007,
however, no tillage was performed in the CT microplots
used for this study, leaving the cover crop residues on
the soil surface.

When mowed on April 7, the cover crop in both tillage
systems had produced an aboveground biomass of 9.2 t ha−1

and was composed of 74% oats, 8% legumes (predom-
inantly vetch), and 18% weeds, dominated by fiddleneck
(Amsinckia spp.) and common chickweed (Stellaria
media). The total N content of the cover crop was 1.1%
and the C to N ratio 37. The ST plots were tilled on May 1
and corn planted on May 14 in both tillage systems (two
rows per bed). The plots were irrigated every 7 to 10 days
depending on evapotranspiration. The corn received 56 kg
N ha−1 in the form of ammonium sulfate on June 18.
Granular fertilizer was applied in a band at a distance of
5–10 cm from the corn row and at a depth of about 3 cm.
The corn was harvested in late September.

Soil sampling

Each tillage treatment was replicated three times. Micro-
plots (5 m long, three beds wide) within the main plots
were assigned to the study. Soil samples from the top 30 cm
of the central bed were taken five times between April and
September 2007. Samples were taken from the part of the
bed between the corn rows to avoid the fertilizer bands.
Five cores (1.5-cm diameter) were combined for each
sample. The cores were divided into three layers, 0–5, 5–
15, and 15–30 cm. The samples were stored in plastic bags
and kept on ice for transport back to the laboratory, sieved
through a 4-mm sieve, stored at 4°C, and analyzed within
24 h of collection.

Soil analysis

Oven-dried and ball-milled soil samples were analyzed for
total C and N content by dry combustion on a Carlo Erba
CNS analyzer NA 1500 series 2.

Microbial biomass N was determined on field moist
samples using the chloroform fumigation extraction
method (Horwath and Paul 1994) followed by determi-
nation of dissolved N in the extracts with the alkaline
persulfate oxidation method (Cabrera and Beare 1993).
Briefly, samples of 6 g were weighed into glass vials
and fumigated with chloroform for 5 days. Dissolved N
was extracted with 0.5 M potassium sulfate (K2SO4;
5 mL g−1 soil) and the suspension filtered (Fisherbrand
filter paper, Q5). Controls were treated identically except
that they were not fumigated. An aliquot (0.5 mL) of
the extract was then mixed with 0.5 mL of persulfate
reagent as described by Cabrera and Beare (1993) and
the nitrate concentration determined using a single reagent
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method (Doane and Horwath 2003). Microbial biomass N
was calculated by dividing the difference in N content
between the fumigated and unfumigated sample by 0.68 to
account for an incomplete N extraction (Horwath and Paul
1994).

Enzyme activities were assayed on 1 g of field moist soil
in glass vials with screw caps. Protease, β-glucosidase, and
β-glucosaminidase activity were determined following the
procedures described by Ladd and Butler (1972), Tabatabai
(1994), and Parham and Deng (2000), respectively. The
assay conditions are summarized in Table 1.

All results are expressed on a moisture-free basis.
Moisture content was determined by drying the soil
samples at 105°C for 24 h.

Data analysis

Based on the soil properties measured in the three layers,
the average values for the whole 30-cm profile were
calculated using the weighted average of the values
measured in the different layers corrected for differences
in bulk density. The stratification ratio was calculated by
dividing the values measured in the 0–5-cm layer by the
values for the 15–30-cm layer.

Statistical analyses were conducted with SAS (SAS
Institute 1990), using the general linear model procedure
for analysis of variance. The data set was analyzed as a
split plot design with tillage treatment as the main
factor and depth or sampling date as subfactors. The
assumptions of the statistical models were tested for
every data set. Normality of the residuals was evaluated
graphically and with the Shapiro–Wilk test. Homogene-
ity of variances was tested by plotting the residuals vs.
the predicted values and with Levene’s test. If neces-
sary, the data were transformed. When data transforma-
tion did not result in homogeneous variances, the
MIXED procedure with the repeated statement was
used. This procedure does not require homogeneous
variances across all treatments (Littell et al. 2006). Mean
comparisons were performed using the Tukey test, which
controls the experiment-wise type I error rate α (SAS
Institute 1990). Effects were considered significant for
P<0.05.

Results

In April, the top 5 cm of the profile and the subsoil had
gravimetric soil moisture contents of 10% and 13%,
respectively, with no differences between the two tillage
systems. When the corn was planted on May 14, the surface
of the CT soil had a gravimetric moisture content of 19%,
compared to 15% in the surface layer of the ST soil. Below
5 cm, the gravimetric moisture content was 22% in both
tillage systems. During the main growing season, the corn
was furrow-irrigated every 7 to 10 days. The irrigation
water did not wet the surface soil of the beds between the
corn rows. By July, the gravimetric moisture content of the
top 5 cm had decreased to about 8% in both tillage
treatments, while the moisture content in the subsoil
samples averaged 15% without any significant differences
between the tillage treatments.

The average C content in the top 30 cm of the soil
profile was 10.4 and 10.6 g kg−1 dry soil in the ST and CT
soil, respectively, with no significant differences between
the two tillage systems nor between sampling dates
(Table 2). Total soil C decreased significantly with depth
at all sampling dates and in both tillage systems (Fig. 1). In
general, the total C content in the top 5 cm tended to be
higher in the CT soil, while below 5 cm the ST soil
contained more C. The stratification ratio for total soil C
averaged 1.49 and 1.31 in the CT and ST soil, respectively.
With the exception of the samples taken in April, the
difference in the stratification ratio between the two tillage
systems was not significant, nor did the stratification ratio
change significantly over time (Table 3).

The average Nmic content in the soil profile changed
significantly over time, being considerably lower later in
the growing season. However, there were no significant
differences between tillage treatments at any sampling date
(Table 2). In April, Nmic deceased slightly but not
significantly with depth in the CT soil while in the ST soil
it was highest in the 5–15-cm layer (Fig. 1). Microbial
biomass N was higher in the surface layer of the CT soil
compared to the ST soil. Below a depth of 5 cm, however,
there were no differences in Nmic between the tillage
treatments. At planting, Nmic had doubled in the top 5 cm
of the CT soil but remained at the same level in the lower

Table 1 Assay conditions used to determine the different soil enzyme activities

Enzyme activity Substrate used Buffer pH Temperature Time (h)

Protease (EC 3.4.2.21-24) Na-caseinate (10 g/L) 0.1 M Tris 8 50°C (in water bath) 2

β-glucosidase (EC 3.2.1.21) p-nitrophenyl β-D-glucoside (0.01 M) 0.1 M acetate 5 22°C (on reciprocal shaker) 1

β-glucosaminidase (EC 3.2.1.30) p-nitrophenyl N-acetyl-β-D-
glucosaminide (0.002 M)

0.1 M acetate 5 22°C (on reciprocal shaker) 2
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layers. In the ST soil, Nmic had increased in the whole
profile, with small differences between depths. By July,
Nmic had decreased considerably in both tillage systems in
the top 5 cm and continued decreasing at all depths until
August. In August and September, the differences between
tillage treatments and depths were small and not significant.

In the top 5 cm, Nmic was slightly lower compared to the 5–
15-cm layer. The stratification ratio also fluctuated widely
in both tillage systems, which was mainly the result of the
changes in the top 5 cm (Table 3).

In general, enzyme activities were higher in the CT soil
compared to the ST soil; however, only few differences

Table 2 Average soil C, microbial biomass N (Nmic), and activity of protease, β-glucosidase, and β-glucosaminidase in the top 30 cm of the soil
profile

Soil property Tillage Date

04/06 05/14 07/02 08/03 09/03

Total soil C (g kg−1) ST 10.4 a 10.8 a 10.7 a 10.6 a 10.9 a
CT 10.8 10.1 10.5 10.2 10.3

Nmic (mg kg−1) ST 19.1 b 30.2 ab 29.0 a 5.4 c 11.5 c
CT 21.8 24.2 29.2 8.7 9.2

Protease activity (mg tyrosine kg−1 h−1) ST 57.4 a 44.8 a 47.2 a 39.7 a 48.7 a
CT 51.9 48.2 45.7 43.5 45.8

β-glucosidase activity (mg p-nitrophenol kg−1 h−1) ST 174 c 293 a 204 abc 191 bc 224 ab
CT 234 290 304 209 272

β-glucosaminidase activity (mg p-nitrophenol kg−1 h−1) ST 58.6 ab 72.6 ab 50.4 b 56.9 ab 63.4 a
CT 55.6 52.2 51.3 51.9 64.8

Significant differences (P<0.05) between sampling dates are indicated with different letters. Italicized areas highlighting two values indicate
significant differences between standard tillage (ST) and conservation tillage (CT)

Fig. 1 Total soil C content (a) and soil microbial biomass N (b) as affected by tillage system, depth, and sampling date. ST = standard tillage;
CT = conservation tillage. Data shown are means (n=3) ± standard error of the means (SE)
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were significant. On April 6 and September 3, β-
glucosidase activity was significantly increased in the CT
soil, while, on May 15, β-glucosaminidase was higher in
the ST soil. These two enzyme activities also changed
significantly over time, while protease activity remained
relatively constant (Table 2). The changes in enzyme
activity with depth were similar for the three enzymes
measured (Fig. 2). In general, enzyme activities were
highest in the top 5 cm and decreased with depth. In the
top 5 cm of the profile, enzyme activities were higher under
CT than ST, while in the 5–15-cm layer, the opposite trend
was observed. In the 15–30-cm layer, the differences
between tillage treatments were minimal. In contrast to
Nmic, enzyme activities did not decrease in the top 5 cm of
the soil towards the end of the cropping season. The
activity of the three enzymes per unit Nmic was relatively
stable from April to July with no clear trend related to depth
or sampling date (data not shown). However, enzyme
activity per unit Nmic increased more than tenfold in the top
5 cm in August and September, while the increase in the
subsoil was less dramatic. The stratification ratio for all
three enzymes was higher in the CT soil than in the ST soil
at all sampling dates. The differences in the stratification
ratio between tillage treatments for protease and β-
glucosaminidase were only significant in April, while the
differences in the β-glucosidase stratification ratio were
significant at all sampling dates. The stratification ratio of
β-glucosidase in the ST soil averaged 1.84 over all
sampling and was never above 2.0, while it averaged 5.39
in the CT soil without any value below 5.0 (Table 3).

Discussion

In general, 5 years of CT had little effect on the average soil
C content and its distribution in the soil profile. Total soil C
also changed little during the growing season, indicating
that factors other than tillage had only small effects as well.
Reduced tillage intensity has been found to increase soil

organic matter content (Logan et al. 1991; Cannell and
Hawes 1994) and to result in physically and chemically
stratified soils, with more nutrients and organic matter
localized near the surface (Hendrix et al. 1986; West and
Post 2002). The small effects in our study are most likely
due to the short duration of the tillage experiment.

In contrast to total soil C, Nmic fluctuated widely during
the cropping season. Two factors, namely cover crop
residue availability and soil moisture, appeared to be
mainly responsible for these fluctuations in the size and
distribution of Nmic. The increase in Nmic from May to July
seems to be the result of the availability of C and nutrients
from the cover crop residue. The incorporation of cover
crop residue in the ST system had a positive effect on Nmic

in the 5–15-cm layer, while the residue, which was left on
the surface in the CT system, increased Nmic only in the top
5 cm of the profile. Later in the season, Nmic decreased in
both tillage treatments, especially in the top 5 cm. This is
most likely due to the very low soil moisture content in this
layer. At a location with similar soil type and management
systems, Gunapala and Scow (1998) also found a signifi-
cant and positive correlation between soil moisture and the
size of the microbial biomass across different farming
systems. These results are in agreement with Staley et al.
(1988), who reported a significant effect of soil moisture on
Cmic in the surface soil layer. In addition to the temporal
fluctuations, the spatial variability in Nmic was also large.
Under the conditions of the present study, Nmic was
therefore too sensitive to environmental factors to be a
useful indicator of tillage-induced changes in soil quality.

Different soil enzyme activities have been found to be
sensitive indicators of tillage-induced changes in soil
quality (Dick 1994; Ekenler and Tabatabai 2003a, b). In
our study, soil enzyme activities were generally more
sensitive to tillage-induced effects than total soil C and
were less affected by environmental factors, especially the
dry topsoil later in the season, than was Nmic. During the
first half of the growing season, the distribution of enzyme
activities in the soil profile resembled the distribution of

Soil property Tillage Date

04/06 05/14 07/02 08/03 09/03

Total soil C ST 1.20 a 1.25 a 1.43 a 1.35 a 1.31 a
CT 1.60 1.46 1.50 1.44 1.46

Nmic ST 1.17 a 1.44 a 1.58 a bd 0.33 a
CT 1.96 5.01 1.00 0.70 1.72

Protease activity ST 0.99 a 2.52 a 0.53 a 1.83 a 1.13 a
CT 2.25 5.29 2.65 1.89 1.98

β-glucosidase activity ST 1.88 a 1.79 a 1.92 a 1.75 a 1.86 a
CT 5.04 5.74 5.50 5.46 5.19

β-glucosaminidase activity ST 1.13 a 1.19 a 1.74 a 1.60 a 1.44 a
CT 2.91 2.09 2.24 1.71 2.99

Table 3 Stratification ratios for
soil C, microbial biomass N
(Nmic), and activity of protease,
β-glucosidase, and β-
glucosaminidase

Significant differences (P<0.05)
between sampling dates are
indicated with different letters.
Italicized areas highlighting two
values indicate significant
differences between standard
tillage (ST) and conservation
tillage (CT)

bd Nmic in the top 5 cm below
detection limit
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total soil C and Nmic. This is in line with a number of
studies which reported strong correlations between enzyme
activities on one hand and Nmic (Doran 1980; Madejón et
al. 2007) and soil organic C on the other hand (Dick 1984;
Deng and Tabatabai 1996; Acosta-Martínez et al. 2003) and
shows that enzymes are mainly produced by soil micro-
organisms to degrade available substrates.

During the second half of the season, enzyme activities
were much less affected by the dry top soil than Nmic,
which resulted in a considerable increase in enzyme activity
per unit Nmic. Extracellular enzymes may have been
stabilized and protected by soil colloids (Burns 1982).

Therefore, the elevated levels of enzyme activity in the dry
soil may have been the result of low degradation rates of
enzymes produced earlier in the season and not of
continuous production.

While the differences in enzyme activities between
tillage systems were larger than for total soil C, the
higher variability of the data prevented most of the
observed differences in protease and β-glucosaminidase
activity from being significant. An exception was β-
glucosidase activity. While the fluctuations in total β-
glucosidase activity in the top 30 cm of the soil profile
during the season were similar to the other enzyme

Fig. 2 Activity of protease (a), β-glucosidase (b), and β-glucosaminidase (c) as affected by tillage system, depth, and sampling date. ST =
standard tillage; CT = conservation tillage. Data shown are means (n=3) ± SE
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activities, the stratification ratio was remarkably constant
and significantly increased in the CT soil compared to
the ST soil at all sampling dates. Other studies have also
found β-glucosidase activity to be increased by reduced
tillage. However, β-glucosidase activity did not appear to
be more sensitive to tillage-induced changes in soil
quality than other enzyme activities in these studies
(Deng and Tabatabai 1996; Curci et al. 1997; Alvear et al.
2005; Roldán et al. 2005; Madejón et al. 2007). Therefore,
our result may be site specific.

Conclusions

Under the conditions of our study, enzyme activities, but
not Nmic, were more sensitive to tillage-induced changes
than total soil C. Therefore, hypothesis 1 was only
supported with respect to enzyme activities. In line with
hypothesis 2, both enzyme activities and Nmic were much
more affected by environmental factors than total soil C,
resulting in a larger spatial and temporal variability. Using
the stratification ratio instead of the average values reduced
some of the variability in enzyme activities but not in Nmic

(hypothesis 3). However, only the stratification ratio for β-
glucosidase activity resulted in significant differences
between tillage treatments at each sampling date. Therefore,
in studies with small tillage-induced effects, enzyme
activities from a single sampling date have to be interpreted
with caution, as the differences observed may not be solely
caused by the tillage treatments imposed.
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