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Abstract Soil enzyme activities and water stable
aggregates have been identified as sensitive soil
quality indicators, but few studies exist comparing
those parameters within buffers, grazed pastures and
row-crop systems. Our objective was to examine the
effects of these land uses on the activities of selected
enzymes (f-glucosidase, f-glucosaminidase, fluores-
cein diacetate (FDA) hydrolase, and dehydrogenase),
proportion of water stable aggregates (WSA), soil
organic carbon and total nitrogen content. Four
management treatments [grazed pasture (GP), agro-
forestry buffer (AgB), grass buffer (GB) and row crop
(RO)] were sampled in 2009 and 2010 at two depths
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(0 to 10- and 10 to 20-cm) and analyzed. Most of the
soil quality indicators were significantly greater under
perennial vegetation when compared to row crop
treatments. Although there were numerical variations,
soil quality response trends were consistent between
years. The f-glucosaminidase activity increased
slightly from 156 to 177 ug PNP g~ ' dry soil while
p-glucosidase activity slightly decreased from 248 to
237 ug PNP g~ ! dry soil in GB treatment during
2 years. The surface (0-10 cm depth) had greater
enzyme activities and WSA than sub-surface
(10-20 cm) samples. WSA increased from 178 to
314 g kg~' in row crop areas while all other treat-
ments had similar values during the 2 year study. The
treatment by depth interaction was significant
(P < 0.05) for f-glucosidase and f-glucosaminidase
enzymes in 2009 and for dehydrogenase and
p-glucosaminidase in 2010. Soil enzyme activities
were significantly correlated with soil organic carbon
content (r > 0.94, P < 0.0001). This is important
because soil enzyme activities and microbial biomass
can be enhanced by perennial vegetation and thus
improve several other soil quality parameters. These
results also support the hypothesis that positive
interactions among management practices, soil biota
and subsequent environmental quality effects are of
great agricultural and ecological importance.
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Introduction

Interactions between soil biological parameters, man-
agement practices and subsequent environmental
quality effects are of great agricultural and ecological
significance (Watt et al. 2006). However, despite the
important roles of the soil microbiota in agroecosys-
tem functions (Verhoef and Brussaard 1990), very
little is known of their activities, composition, and
abundance under grazing pasture systems. Changes in
microbial community structure, biomass and activity
rates vary with the severity and duration of disturbance
(Schloter et al. 2003), although overall, the sustain-
ability of any land management system depends on the
diversity of the soil microbial community and their
biochemical processes (Pankhurst et al. 1996). Micro-
bial and biochemical soil properties have been
suggested as early indicators of changes in soil
quality. A better understanding of how to manipulate
environmental conditions to fully utilize the microbial
potential will help developing more sustainable sys-
tems, including those used for agroforestry.

Agroforestry is an intensive land management
practice that optimizes economic and environmental
benefits from biophysical interactions by deliberately
incorporating trees and/or shrubs with crops and/or
livestock in spatial or temporal arrangements (Gold
and Garrett 2009). Agroforestry buffers can help
reduce nonpoint source pollution from row crop areas
by improving soil hydraulic properties and reducing
surface runoff (Udawatta et al. 2002; Lovell and
Sullivan 2006; Kumar et al. 2008). Agroforestry
buffers have also been shown to increase soil organic
carbon (SOC) through litter accumulation and root
activity (Young 1989), reduce soil erosion (Escobar
et al. 2002; Schultz et al. 2004) and increase produc-
tivity (Noble et al. 1998).

Silvopasture is a type of agroforestry management
that is believed to provide environmental, economical
and social benefits. Tree or tree-grass buffers are used
in these systems to protect water resources by
restricting animal access. Within silvopastures, graz-
ing and stocking rates affect the animals, nutrient
utilization, and soil microbial activities and thereby
affecting the ecology of pasture soils (Haynes and
Williams 1993; Sigua 2003). The extent to which soil
quality indicator properties can change within a season
or due to the type of pasture management is of interest
from several viewpoints, including the hypothesis that
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incorporation of agroforestry into pastures has good
potential for improving soil quality.

Soil quality is defined by Doran and Parkin (1994)
as the capacity of a soil to function within ecosystem
boundaries to sustain biological productivity, maintain
environmental quality, and promote plant and animal
health. Soil quality assessment is a process by which
soil resources are evaluated on the basis of soil
functions (Weil and Magdoff 2004). Soil quality
assessment involves measurement of multiple soil
parameters representing chemical, physical, and bio-
logical characteristics (Doran and Parkin 1994).
Periodic assessments of soil quality with known
indicators and thresholds help to assess the capacity
of land for a particular function. Selection of soil
quality indicators depend on soil characteristics, land
use and management goals, and environmental pro-
tection (Stott et al. 2010).

Enzyme activities are recognized as possible indi-
cators of the changes in soil management. The
activities are believed to indicate early responses to
changes in management practices (Dick 1994; Ban-
dick and Dick 1999). Soil enzymes play key biochem-
ical functions in the overall process of organic matter
decomposition in the soil system (Burns 1983;
Sinsabaugh et al. 1991). However, the natural varia-
tion within and among soils is the major constraint
(Trasar-Cepeda et al. 2000). Possibly due to this
reason, studies have often stated that results obtained
for a particular soil cannot be generalized due to
differences in their inherent soil properties (Gianfreda
et al. 2005; Bielinska and Pranagal 2007). A number of
observations may be required to determine variability
in space and time, but it may also be possible to
develop specific measures of functional diversity by
quantifying differences in soil enzyme activities.

Information on grazing systems with agroforestry
and grass buffer interactions within the temperate
agroforestry zone on soil quality and conservation is
limited; therefore research designed to explore new
species and management combinations are necessary
to quantify the sustainability of those systems (Jose
et al. 2004). To ensure that grazing pasture systems
with agroforestry practices improve soil functioning
and environmental quality, soil quality assessment can
be used to provide information needed to evaluate the
impact of implementing these management practices
(Andrews et al. 2004). Furthermore, a better under-
standing of overall microbial activity and carbon
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dynamics in an agroforestry practice will contribute to
estimates of environmental and economic benefits and
assist policy and management decisions for these
practices (Lee and Jose 2003). Our objectives were to
evaluate the effects of agroforestry and grass buffers
on soil parameters in grazed pasture and row-crop
systems and to compare the temporal variation in those
parameters. We hypothesized that there is an effect of
grazed pasture with buffers and row-crop management
on soil quality parameters and that parameter values
vary annually due to variation in soil characteristics.

Materials and methods
Study area

The study was carried out at the Horticulture and
Agroforestry Research Center (HARC) of the Univer-
sity of Missouri in New Franklin, MO (92°74'W and
37°2’N; 195 m above sea level). Four small
(~0.8 ha), replicated grazed pasture (GP) watersheds
with agroforestry buffers (AgB; tree-grass buffers)
and grass buffers (GB) were evaluated. The GP area
was divided into six paddocks where cattle were
introduced in 2005 and rotationally grazed (Kumar
et al. 2008). The land was under tall fescue grass
(Festuca arundinacea Schreb.) without grazing before
establishment of the watersheds. The GB buffer areas
were reseeded with tall fescue (Festuca arundinacea,
Kentucky 31) in 2000 and the pastures were seeded
with red clover (Trifolium pratense L.) and lespedeza
(Kummerowia stipulacea L.) in 2003. The AgB
buffers consisted of eastern cottonwood trees (Populus
deltoides Bortr. ex Marsh.). Soils for the row-crop
(RC) treatment were sampled from an adjacent field
located just north of the pasture areas. The crop was
corn in 2009 and soybean in 2010, with conventional
tillage. Soils at the study site were classified as Menfro
silt loam (fine-silty, mixed, superactive, mesic Typic
Hapludalfs).

Experimental design and sampling

The management treatments were GP, AgB, GB, and
RC. The AgB and GB treatments were in the buffer
areas of the small watersheds with respective buffer
type and the GP treatment was in the rotationally
grazed area in the watersheds. The experimental

design was completely randomized with a split plot
for two soil depths (0 to 10- and 10 to 20-cm).

Soil samples were collected in June in 2009 and
2010 from each of two treatment replications and from
three sampling positions per treatment plot (i.e., six
sample locations per treatment). For GP and RC
treatments, samples were taken only from the middle
landscape positions. Soil samples for the GB treatment
were taken from the center of the buffer, while those
from the AgB treatment were taken about 40 cm from
the base of a tree trunk. In 2010, 48 core samples were
also collected to determine bulk density for both depth
increments within all treatments. Water stable aggre-
gate and enzyme samples were collected with a soil
auger, placed in labeled plastic bags, sealed and
transported to the laboratory in a cooler. All samples
were maintained at their field moist condition and
stored at 4°C until analyzed.

Laboratory analyses

A 10-g air-dried soil sample was used to measure
water stable aggregates using the wet-sieving method
for aggregates >250 um diameter (Angers and Me-
huys 1993). The aggregate content was adjusted for
soil moisture and expressed on an oven-dry weight
basis. Soil bulk density was determined by the core
method (Blake and Hartge 1986). Soil organic carbon
(SOC) and total nitrogen (TN) contents were deter-
mined following the methodology of Nelson and
Sommers (1996) on a LECO TruSpec CN Analyzer
with dry combustion at 950°C.

All soil enzymes were colorimetrically quantified
in laboratory assays. ff-Glucosidase enzyme activity
was determined based on the procedure of Dick et al.
(1996). The method was based on colorimetric
determination of p-nitrophenol (PNP) released by the
substrate with 1-g sieved moist soil samples incubated
with buffered (pH 6.0) p-nitrophenol-f-p-glucoside.
Soil was incubated with the p-nitrophenyl--p-gluco-
side substrate for 1 h at pH 6.0 at 37°C. A pre-
developed calibration equation was used to calculate
the concentration of p-nitrophenol colorimetrically
(410 nm) and the enzyme activity was expressed in g
p-nitrophenol released g~' dry soil. f-glucosamini-
dase enzyme activity was determined according to
Parham and Deng (2000). Soil was incubated with the
p-nitrophenyl-N-acetyl-f-p-glucosaminide substrate
for 1 h at 37°C. A regression equation developed with
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standards was used to determine the concentration of
p-nitrophenol released colorimetrically (405 nm) and
the enzymatic activity was expressed in pg p-nitro-
phenol released g~ dry soil.

Fluorescein diacetate (FDA) hydrolase was color-
imetrically quantified at 490 nm (Dick et al. 1996). A
sieved 1-g moist soil sample was shaken for 15 min
with 20 ml of sodium phosphate buffer and subse-
quently shaken with 100 pl of 4.8 mM of FDA for
105 min. The absorbance was measured on the filtrate
after acetone hydrolysis. A standard calibration curve
was used to measure the concentration which was
expressed in pg fluorescein released g~ dry soil.

Dehydrogenase enzyme activity was determined as
described by Tabatabai (1994) using 6 g of moist soil
sample. Soil was incubated with 2, 3, 5-triphenyltet-
razolium chloride substrate at 37°C for 24 h. A
standard curve was used to calculate the concentration
of triphenyl formazan (TPF) product colorimetrically
at 485 nm. The enzyme activity was calculated in pg
TPF released g~ dry soil.

The water stable aggregates (WSA) and enzyme
activities were analyzed in duplicate for each sample.

Statistical analyses

The data were analyzed as a completely randomized
design with a split plot for soil depth using Proc GLM
in Statistical Software Package SAS version 9.2 (SAS
2008). Data collected in each of 2 years were analyzed
separately to determine the treatment effects and the
interactions with depth. The parameters measured
were analyzed taking into account the four manage-
ment treatments and two depths. The main effects
consisted of treatment effects (management) and the
subplot consisted of depth effects. The least significant
difference tests (Duncan’s LSD) were used for pair-

Table 1 Water stable aggregates (WSA), soil organic carbon
(SOC), Total Nitrogen (TN), f[-glucosaminidase (GS), f-
glucosidase (GC), dehydrogenase (DH) and Fluorescein

wise comparisons of treatment means. Differences
were declared significant at the 5% level of signifi-
cance (P < 0.05).

Results
Water stable aggregates (WSA)

Water stable aggregates (WSA) ranged from 178 to
705 g kg~ in 2009 and from 314 to 655 g kg~' in
2010 for the various treatments. The RC treatment had
the lowest WSA level (178 and 314 g kg™ ') and was
significantly lower than all other treatments in both
years (Tables 1, 2). The GB treatment had the highest
WSA percentage (705 and 655 g kg™ ') in both years.
Variation in WSA levels within perennial vegetation
treatments for the 2 years was not significant, but the
variation for the RC treatment was much higher than
for the other treatments. The amount of WSA was
almost double in the second year compared to the first
year within the RC treatment probably reflecting the
impact of the corn crop in 2009. The differences
among the AgB, GB, and GP treatments were not
significant in the first year. In the second year, the
variation of WSA between AgB and GP was not
significant and both the treatments showed signifi-
cantly lower WSA than the GB treatment. There were
significant depth effects in both years (Tables 3, 4;
Fig. 1).

Soil bulk density

Bulk density was estimated only in 2010 with differ-
ences among the treatments being non-significant,
even though the row crop treatment had the highest
value (1.42 g cm™) and AgB had the lowest value

Diacetate (FDA) hydrolase enzyme activities for grazed
pasture (GP), agroforestry buffer (AgB), grass buffer (GB)
and row crop (RC) treatments (year 2009, n = 12)

Treatment WSA SOC TN GS (ng g™ GC (ng g™ DH (ug g~ FDA (ug g™
(g kg™ (g kg™ (g kg™ dry soil) dry soil) dry soil) dry soil)

GP 613a 18a 2.0a 159a 243a 226a 97a

AgB 686a 17a 2.0a 153a 238a 63ab 986a

GB 705a 17a 1.9a 156a 248a 89ab 828a

RC 178b 12b 1.3b 74b 123b 62b 749a

Data followed by the same letter within a column were not significantly different at P < 0.05
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Table 2 Water stable aggregates (WSA), bulk density (Db),
soil organic carbon (SOC), Total Nitrogen (TN), f-glucosa-
minidase (GS), f-glucosidase (GC), dehydrogenase (DH) and

Fluorescein Diacetate (FDA) hydrolase enzyme activities for
grazed pasture (GP), agroforestry buffer (AgB), grass buffer
(GB) and row crop (RC) treatments (year 2010, n = 12)

Treatment WSA SOC TN Db GS GC DH FDA
(gke™) (ekg™) (gkg™) (gem™) (ngg ' dry (ng g~ dry (ng g~ dry (ng g~ dry
soil) soil) soil) soil)
GP 556b 16.0a 1.8a 1.38a 171a 241a 324a 760ab
AgB 592b 19.2a 2.2a 1.31a 167a 246a 310a 805ab
GB 655a 18.8a 2.0a 1.32a 177a 237a 338a 811a
RC 314c 12.6a 1.6a 1.42a 92b 165b 175b 705b

Data followed by the same letter within a column were not significantly different at P < 0.05

Table 3 Variation of water stable aggregates and enzymes activities with depth for agroforestry buffer (AgB), grass buffer (GB),
grazed pasture (GP) and row crop (RC) treatments (year 2009)

Treatment Depth WSA FDA (ng g™ Dehydrogenase p-glucosidase p-glucosaminidase
(cm) (gkeg™ dry soil) (g g~ dry soil) (ng g~ dry soil) (g g~ dry soil)
GP 0-10 697a 1146a 300a 310a 210a
10-20 529b 849b 151b 176b 107b
AgB 0-10 783a 1186a 235a 328a 209a
10-20 589b 786b 91b 149b 97b
GB 0-10 784a 995a 137a 322a 221a
10-20 641b 661b 41b 174b 90b
RC 0-10 240a 897a 77a 146a 88a
10-20 119b 601b 48b 99b 60b

Data followed by different letters within a column within a treatment were significantly different at P < 0.05

Table 4 Variation of water stable aggregates and enzymes activities with depth for agroforestry buffer (AgB), grass buffer (GB),
grazed pasture (GP) and row crop (RC) treatments (year 2010)

Treatment Depth WSA FDA (ug g™ Dehydrogenase p-glucosidase (ug g~ f-glucosaminidase
(cm) (g kg™ dry soil) (ug g~ ' dry soil) dry soil) (ug g~ dry soil)
GP 0-10 680a 935a 452a 324a 235a
10-20 430b 584b 196b 157b 107b
AgB 0-10 714a 1006a 416a 342a 230a
10-20 470b 603b 204b 150b 104b
GB 0-10 762a 1005a 472a 319a 247a
10-20 550b 618b 204b 154b 107b
RC 0-10 400a 931a 213a 199a 107a
10-20 230b 480b 136b 132b 78b

Data followed by different letters within a column within a treatment were significantly different at P < 0.05

(131¢g cm™>; Table 2). Overall, the bulk density
values decreased in the order RC > GP > GB > AgB.
Although there were no statistically significant differ-
ences, perhaps because we had only two treatment
replications, the values trended in expected ways,
including having significant depth effects (Fig. 2).

Soil carbon and nitrogen

Soil organic carbon (SOC) and total nitrogen (TN)
contents varied slightly between the 2 years. In 2009,
the SOC and TN concentrations were significantly
higher in perennial vegetation treatments compared to
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Fig. 1 Water stable aggregate proportions (WSA) for the
grazed pasture (GP), agroforestry buffer (AgB), grass buffer
(GB) and row crop (RC) management treatments. Samples were
from the 0 to 20 cm soil depth and data presented were the
average of sampling years, 2009 and 2010
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Fig. 2 Soil bulk density as a function of depth for the four study
treatments, grazed pasture (GP), agroforestry buffer (AgB),
grass buffer (GB), and row crop (RC). Samples were from the 0
to 10 and 10 to 20 cm soil depths and sampling was done in 2010

RC treatment (Table 1), but the differences were not
significant in 2010 (Table 2). There was a slight
decrease in SOC content (18-16 g kg™') and TN
content (2.0-1.8 g kg™') in the GP treatment, but the
buffer treatments showed slightly higher concentra-
tions in 2010. In the AgB treatment, SOC content
increased from 17.0 to 19.1 g kg~ and TN content
increased from 2.0 t02.2 g kg~'. In the GB treatment,
SOC content changed from 17.0 to 18.8 g kg~ while
the TN content changed from 1.9 to 2.0 g kg™". Soil

@ Springer

a Soil organic carbon (SOC, g kg!)
9 12 15 18 21 24 27 30

10 A

Depth (cm)

15 A

20

b Total nitrogen (TN, g kg™")
1.0 1.5 2.0 2.5 3.0

10 A

Depth (cm)

-=3¢--RC

20

Fig. 3 Soil organic carbon (a) and total nitrogen (b) as a
function of depth for the four study treatments, grazed pasture
(GP), agroforestry buffer (AgB), grass buffer (GB), and row
crop (RC) for the year 2010. Samples were from the 0 to 10 and
10 to 20 cm soil depths

organic carbon and TN contents in the RC treatment
increased from 12.0 to 13.6 and TN increased from 1.3
to 1.6 g kg~', respectively. There were significant
depth effects in SOC and TN (Fig. 3a, b). The
perennial vegetation treatments showed a greater
decrease in SOC and TN contents from surface to
sub-surface compared to row crop agriculture.

Enzyme activities

p-glucosidase and fB-glucosaminidase enzyme
activities

Analysis of f-glucosidase and f-glucosaminidase
activity revealed significant differences between the
RC and all other treatments each year (Tables 1, 2).
The f-glucosidase activities were very similar in 2009
and 2010 in the GP treatment (243 and 241 pg PNP
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g~ ! dry soil, respectively). For the AgB treatment,
p-glucosidase activity slightly increased from 238 to
246 pg PNP g~ ! dry soil over the 2 years. Similarly
for the GB treatment, 3-glucosidase activity decreased
slightly from 248 to 237 ug PNP g~' dry soil during
2 years. However, the year to year variation in
p-glucosidase activity in the RC treatment was greater
(123 vs. 165 pg PNP g~ dry soil, respectively).

There were comparatively higher activities of
f-glucosaminidase enzyme in the second year than
first year for all treatments. The GP treatment showed
p-glucosaminidase enzyme activity of 159 png PNP
g~ ! dry soil in 2009, while in 2010, it was 171 ug PNP
g~ ! dry soil. The S-glucosaminidase enzyme activity
increased from 153 to 167 pg PNP g~ dry soil in the
AgB treatment and whereas in the GB treatment, the
activity increased from 156 to 177 pg PNP g ! dry
soil. The RC treatment increased by 18 ug PNP g~*
dry soil from 74 in 2009 to 92 pg PNP g~ dry soil in
2010. Among all treatments and years, the RC
treatment had the lowest activities.

The treatment by depth interaction was significant
for f-glucosaminidase enzyme in both years while the
interaction for f-glucosidase enzyme activity was
significant only in 2009 (Figs. 4, 5a, b).

Flurorescein diacetate (FDA) hydrolase activity

Higher variability in FDA activities was observed
during the 2-year study compared to other enzymes.
The FDA activity decreased in all treatments except
the GB treatment in 2010 compared to 2009. In the GP
treatment, the activity decreased from 997 pg fluores-
cein g~ ' dry soil in 2009 to 760 pg fluorescein g~ ' dry
soil in 2010. Similarly, the AgB treatment showed
FDA activity of 986 and 805 ug fluorescein g~ ' dry
soil in 2009 and 2010, respectively. The GB treatment
showed similar FDA activity during the 2 years (806
and 811 pg fluorescein g~ ' dry soil in 2009 and 2010,
respectively). The RC treatment had an FDA activity
of 749 pg fluorescein g~ dry soil in 2009 whereas it
reduced to 705 pg fluorescein g~ ' dry soil in 2010.
The FDA hydrolase activity was not significant among
treatments in 2009 (Table 1). In contrast, management
treatment significantly affected activity in 2010. The
RC treatment was not significantly different as com-
pared to the GP and AgB treatments but was signif-
icantly lower compared to the GB treatment in 2010

317
B-glucosidase activity
(ug PNP g'! dry soil )
75 150 225 300 375
0 1 1 1
5 1 X
£ /
o Il
L /
204 .
53 ’ —0O--GP
Q I[I
II > L AgB
A
154 X X
—A— GB
-->--RC
20

Fig. 4 [-glucosidase enzyme activity as a function of depth for
the four study treatments, grazed pasture (GP), agroforestry
buffer (AgB), grass buffer (GB), and row crop (RC) for the year
2009. Samples were from the 0 to 10 and 10 to 20 cm soil
depths. The bar indicates the LSD value (58.3)

(Table 2). The differences in activities among the
perennial vegetation treatments were not significant.

Dehydrogenase enzyme activity

Dehydrogenase activities differed significantly in both
years among treatments (Tables 1, 2). In 2009, the GP
treatment revealed significantly greater activity com-
pared to the RC treatment but the variations among
buffers and pasture treatments was not significant. In
2010, all perennial vegetation treatments showed
significantly higher activity than the RC treatment
(Table 2). Variations in dehydrogenase activities were
greater among years for this enzyme compared to the
other enzymes studied. In fact, the activities were
higher in 2010 compared to 2009 for all treatments.
The dehydrogenase activity in the GP treatment
increased from 226 pg TPF g~ ' dry soil in 2009 to
324 pg TPF g ' dry soil. In the AgB treatment, the
dehydrogenase activity was 161 pg TPF g~ ! dry soil
in 2009 and 310 pg TPF g~ dry soil in 2010. The GB
treatment showed the greatest difference between the
2 years. It increased from 84 pg TPF g~' dry soil in
2009 to 338 pug TPF g~ dry soil in 2010. The activity
also increased from 62 pg TPF g~ dry soil to 174 ug
TPF g~ dry soil in 2010 for the RC treatment.

The depth effect was significant for all enzyme
activities in both years (Tables 3, 4). There were no
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Fig. 5 f-glucosaminidase enzyme activity as a function of
depth in 2009 (a) and 2010 (b) for the four study treatments,
grazed pasture (GP), agroforestry buffer (AgB), grass buffer
(GB), and row crop (RC) for the year 2009. Samples were from
the O to 10 and 10 to 20 cm soil depth. The bar indicates the LSD
value (57.7 and 29.2, respectively)

significant treatment by depth interactions in 2009;
however, these interactions were significant in 2010
(Fig. 6). The difference in activities between the
surface and sub-surface soil was significant for both
years.

Discussion
Water stable aggregates (WSA)
The results showed that WSA percentages within soils

under RC management were significantly lower as
compared to the GP, AgB, and GB treatments which
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Fig. 6 Dehydrogenase enzyme activity as a function of depth
for the four study treatments, grazed pasture (GP), agroforestry
buffer (AgB), grass buffer (GB), and row crop (RC) for the year
2010. Samples were from the O to 20 cm soil depth. The bar
indicates the LSD value (77.3)

closely parallel previous findings. Studies frequently
show that water stable aggregates in natural grassland,
agroforestry, prairies, and managed natural vegetation
are significantly higher compared to cultivated areas
with row crop management (Kremer and Li 2003;
Mungai et al. 2005; Udawatta et al. 2008, 2009; Guo
et al. 2010; Kremer and Kussman 2011). The greater
aggregate stability was attributed to the increased
stabilization of carbon and nitrogen mediated by
higher microbial activity and permanent root biomass
associated with perennial vegetation while the lower
WSA in the cultivated areas was attributed to carbon
losses and disturbance in the soil structure associated
with prolonged cultivation practices.

Soil organic matter and biological activity in soil
highly affect water stable aggregates. Soil organisms
are concentrated in litter, around roots, and surface of
aggregates where organic matter is available (Ingham
2000). Organic glues resulting from biological decom-
position of organic matter bind soil particles to each
other and stabilize WSA (Tisdall and Oades 1982).
Research indicates that complex polysaccharide mol-
ecules are more important in promoting aggregate
stability than lighter, simpler molecules (Elliott and
Lynch 1984). In the RC treatment, physical distur-
bance and tillage operations accelerate organic matter
decomposition, and destroy fungal hyphae and soil
aggregates (Frey et al. 2003; Green et al. 2005). Long-
term cropping practices decrease the length and mass
of fine roots and deplete soil organic matter resulting
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in a reduction of macro-aggregates (Tisdall and Oades
1980; Cambardella and Elliott 1992).

In contrast, perennial vegetation systems improve
soil aggregation and organic matter accumulation
(Franzluebbers et al. 2000). Grass can act as a cover
crop, improve particulate organic matter content, and
aggregation by providing continuous grass and root
residues (Franzluebbers and Stuedemann 2005; Han-
dayani et al. 2008). The carbon inputs, root penetration
and morphology, as well as mycorrhizal association
affect aggregation (Denef et al. 2002). In addition,
grassland soils are known for high levels of organic
matter and greater structural stability (van Veen and
Paul 1981).

The reason behind lower aggregate stability in the
GP treatment compared to GB could be due to
disturbance on the soil surface by grazing animals,
unfavorable effects on aggregate stability, and low
organic matter input (Bird et al. 2007). Grazing causes
soil to break apart, and exposes the organic matter to
degradation. Although rotational grazing is more
likely to increase aggregate stability (NRCS 2001),
heavy grazing disrupts the formation of aggregates.
Due to differences in management, species composi-
tion, and disturbance, WSA in the GP treatment was
comparatively lower among perennial vegetation
treatments but significantly higher than the RC
treatment.

Also, the bulk density for the RC treatment was
found to be 1.42 g cm ™ as compared to the average
bulk density of 1.33 g cm ™ in buffers and grazing
areas. This supports our results showing the highest
WSA in GB and the lowest in the RC treatment. The
bulk density values were not significantly different
among treatments probably due to low replication
(only two replicates). Kremer and Li (2003) also found
that soils under grass vegetation held greater organic
matter and had a higher proportion of WSA when
compared with traditionally cropped areas.

Soil carbon and nitrogen

The soil organic matter pools (C and N) were affected
by management practices. The SOC and TN contents
were significantly greater in perennial vegetation
treatments compared to row crop systems in 2009.
The higher root activity, microbial decomposition and
continuous vegetative cover might have contributed
greater carbon and nitrogen accumulation compared to

row crop where tillage and cultivation practices
caused losses of carbon and nitrogen. Greater WSA
levels also lead to accumulation of soil organic matter
within macroaggregates and protect soil carbon from
faunal action and microbial consumption (Beare et al.
1994; Six et al. 2000). Variations in plant biomass and
morphology can also cause the variation in nitrogen
accumulation in soil (Clement and Williams 1967).
According to Lal (2002), conventional tillage can
deplete soil organic matter as a result of accelerated
mineralization, leaching and translocation. As organic
matter increases, soil biological activity increases.
This enhances the diversity of organisms and the
ecosystem functions they perform.

The variation of SOC and TN between the 2 years
might be due to crop rotation and biomass turnover.
Rhizodeposition, root exudates, as well as biomass
turnover also varied between the 2 years. In RC
treatment, these variations may have caused by the
crop rotation. The different significance levels in the
2 years might be due to these variations. The highest
contents were observed in GP in 2009 while these
were highest in GB in 2010. The lowest contents were
observed in the RC treatment in both years. More
interestingly, there were significant variations among
treatments in 2009 while these were not significantly
differences in 2010.

Undoubtedly, there were significant depth effects.
There was a greater decline of SOC content in
perennial vegetation from surface to sub-surface soil
compared to the row crop treatment (Shamir and
Steinberger 2007; Tangjang et al. 2009). The mixing
associated with conventional tillage in RC might also
have contributed towards homogenization of the top
20-cm depth soil. This supports the hypothesis that
enzyme activities and water stable aggregates are
greater in the surface soil compared to sub-surface
soil.

Enzyme activities

Following the dynamics of WSA and organic matter,
the study showed significant differences in selected
enzyme activities. The f-glucosidase and f-glucosa-
minidase enzyme activities were most consistent
between the 2 years. These activities were signifi-
cantly higher in perennial vegetation treatments
compared to row crop management in both years and
these findings agree with results from related research
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(Acosta-Martinez et al. 2003; Dick et al. 1996; Kremer
and Li 2003; Mungai et al. 2005; Udawatta et al. 2008,
2009; Kremer and Kussman 2011). In a study by
Ekenler and Tabatabai (2003), significantly reduced f3-
glucosaminidase activity has been attributed to soil
disturbance and conventional tillage. The higher
activities of these enzymes can also be attributed to
the increased organic matter and greater activities of
roots compared to conventionally cultivated crop
areas (Myers et al. 2001; Kremer and Li 2003; Mungai
et al. 2005) and the enzyme activities were highly
correlated with the soil carbon and nitrogen (Tables 5,
6). Moreover these enzymes have been associated with
functional microbial diversity as these are involved in
carbon and nitrogen cycling in soil.

Nevertheless the variation of the other two enzymes
(FDA and dehydrogenase) was diverse between the
2 years. Variations in precipitation patterns and
amounts in the sampling sites during 2 years might
also have affected the variation of these indicators
over the years. The FDA activities were not signifi-
cantly different in 2009 among treatments. However,
GB treatment showed significantly higher FDA activ-
ities compared to the RC treatment in 2010. Dehy-
drogenase activities were significantly higher in the
GP treatment compared to the RC treatment in 2009.
Higher activity in GP may be due to slight increase in
surface bulk density that seems to stimulate microbial
activity (Pengthamkeerati et al. 2011). In 2010, all
perennial vegetation treatments revealed significantly
higher dehydrogenase activities compared to the row
crop treatment. The varied nature of these enzymes
could be due to their broad spectrum of activities

which represent viable microorganism activities in the
soil (Miller et al. 1998; Gaspar et al. 2001; Kandeler
2007). The higher variation of dehydrogenase activ-
ities in the 2 years in the RC treatments could be due to
crop rotation and time of sampling. Studies show that
soil management and cover type influence soil micro-
organism population, diversity, and soil microbial
processes. These in turn cause the changes in the
quantity and quality of plant residue, accumulation of
biomass, and root carbon in the soil profile and by
providing a vigorous environment (Bandick and Dick
1999; Boerner et al. 2000; Doran 1980; Kandeler et al.
1999). Additionally, varying tillage operations, crop
rotation, perennial vegetation, residue decomposition
and cropping systems influence microbial diversity
and enzyme activity due to changes in substrate
quantity, soil moisture, and temperature (Doran et al.
1998; Mungai et al. 2005). A similar agroforestry
(Mungai et al. 2005) and aforested ecosystem study
(Myers et al. 2001) showed that microbial communi-
ties and enzyme activities were directly correlated
with quality and quantity of vegetation cover. Differ-
ences were attributed to quantity and biochemical
properties of the organic materials.

The enzyme activities observed in this study
support the hypothesis that perennial vegetation
provides more favorable conditions for enzyme activ-
ity and microbial diversity than row cropping. Col-
lectively, the results from this study and those by
Kremer and Li (2003) and Udawatta et al. (2008,
2009) confirm that permanent vegetation leads to
carbon accumulation and improvements in selected
soil quality indicators compared to row cropping.

Table 5 Correlation coefficients (r) of fS-glucosidase, f-glucosaminidase, dehydrogenase and FDA enzyme activities, with soil

organic carbon and total nitrogen content (year 2009)

Parameters f-glucosidase

p-glucosaminidase

Dehydrogenase FDA

Soil organic carbon 0.94 (P < 0.0001)

Total nitrogen 0.93 (P = 0.0001)

0.93 (P = 0.0001)
0.92 (P = 0.0001)

0.81 (P = 0.0001)
0.83 (P < 0.0001)

0.78 (P = 0.0003)
0.78 (P = 0.0004)

Table 6 Correlation coefficients (r) of f-glucosidase, f-glucosaminidase, dehydrogenase and FDA enzyme activities, with soil

organic carbon and total nitrogen content (year 2010)

Parameters p-glucosidase

p-glucosaminidase

Dehydrogenase FDA

0.86 (P < 0.0001)
0.84 (P < 0.0001)

Soil organic carbon

Total nitrogen

0.88 (P < 0.0001)
0.84 (P < 0.0001)

0.89 (P < 0.0001)
0.85 (P < 0.0001)

0.84 (P < 0.0001)
0.82 (P < 0.0001)
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Many of these differences can also be attributed to a
greater volume of roots for perennials than row crops.
The perennials perpetuate these changes because
increased enzyme activities contribute to favorable
soil carbon and nitrogen balance, which favors root
growth and promotes microbial activity.

Conclusions

The study showed that agroforestry and grass buffers
in grazed pasture areas had a significant effect on
several soil quality indicators in less than 10 years.
The soil quality indicators were consistent during the
two measurement years and significantly greater in
permanent vegetation areas compared to RC areas.
These results show that both organic matter additions
from vegetation and soil disturbance through cultiva-
tion influence enzyme activities in the soil. Therefore,
evaluating and correlating soil enzyme activities with
various soil properties can be an effective method for
assessing management effects on soil quality.

Soil organic matter changes are relatively slow and
thus a long time period is required to detect soil quality
effects. Water stable aggregation and enzyme activity
changes, however, can be detected in a shorter period
of time thus helping to detect and identify effects of
management practices more quickly. Assessing
changes in selected enzyme activities might be a
useful tool to determine land degradation under certain
management practices when reference values for
similar systems are available. This and other studies
in similar areas confirm that establishment of buffers
can help to reduce non-point source pollution from
agricultural lands. This study also shows that estab-
lishment of agroforestry and grass buffers in grazed
pasture can enhance soil quality and thus help
maintain ecosystem sustainability. These results are
also an important contribution to the soil quality
literature which is weakest with regard to measured
enzyme activity effects and will certainly add to the
knowledge base and help improve our understanding
of these management systems.
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