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Abstract: Soil microbial communities perform critical functions in ecosystem processes.
These functions can be used to assess the impact of agricultural practices on sustainable
crop production. In this five-year study, the effect of various agricultural practices on soil
microbial diversity and activity was investigated in a summer rainfall area under South
African dryland conditions. Microbial diversity and activity were measured in the 0—15 cm
layer of a field trial consisting of two fertilizer levels, three cropping systems, and two
tillage systems. Using the Shannon—Weaver and Evenness diversity indices, soil microbial
species richness and abundance were measured. Microbial enzymatic activities:
B-glucosidase, phosphatase and urease, were used to evaluate ecosystem functioning.
Cluster analysis revealed a shift in soil microbial community diversity and activity over time.
Microbial diversity and activity were higher under no-till than conventional tillage. Fertilizer
levels seemed to play a minor role in determining microbial diversity and activity, whereas
the cropping systems played a more important role in determining the activity of soil
microbial communities. Conservation agriculture yielded the highest soil microbial
diversity and activity in diversified cropping systems under no-till.

Keywords: soil microbial metabolic diversity; enzymatic activity; conservation
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1. Introduction

Soil is a sensitive and living resource that only produces approximately 10 cm of fertile soil in
2000 years [1]. Agricultural sustainability, environmental quality and ultimately, plant, animal and
human health, are determined by soil quality [2]. Soil quality can be described as the integration of the
physical, chemical and biological properties of the soil for productivity and environmental quality [3].
Fertile and high quality soil will sustain long-term agricultural production by supporting the production
capacity of the system [4]. However, conventional agricultural practices have diminished soil
productivity at such a frightening pace [5], that many agricultural soils are depleted of nutrients and
unable to naturally sustain crops [6]. Under current conditions, unproductive soils have to be actively
rehabilitated into fertile and healthy soil in order to increase yields [7]. This conversion process gave
rise to the three main principles applied in ecological-oriented conservation agriculture (CA): crop
diversification, minimum soil disturbance, and permanent soil cover; all aiming to increase and sustain
soil organic matter (SOM) [8]. Subsequent advantages such as increased infiltration, aggregate
stability, increased water holding capacity, etc., are also associated with a higher SOM content [9].
Since SOM is responsible for the energy supply in a soil ecosystem, the application of these three main
CA principles has a considerable impact on soil biology, especially soil microbial diversity and
activity [10].

Soil research frequently focuses solely on the physical and chemical properties of soils, as
influenced by agricultural practices, while much less is known about the associated changes in the
soil’s biological properties [11]. The activity and diversity of soil microbial populations are directly
affected by management practices and associated changes in the soil environment [12]. The three
conservation agriculture (CA) principles are advocated to improve soil quality, optimize crop yields
and reduce input costs when the three CA principles are applied effectively [9,13,14].

Due to the diversity of crops and their different root systems, organic matter is deposited in various
soil strata. Increased soil microbial diversity and activities are encouraged by crop diversification [15].
Cropping systems that return crop residues to the field significantly increase the activity of a wide
range of soil enzymes, compared to unamended soils, due to the stimulation of microbial activity [16].
Stimulation of microorganisms in the rhizosphere and the improved physical condition of soils in crop
rotations have been observed, particularly when the cropping systems have contained legume species.
Synergistic associations between soil biota and plant roots (rhizosphere) are facilitated through the
release of root exudates, leading to improved nutrient cycling, plant growth stimulation, and disease
resistance [17], resulting in increased soil quality, crop health and yield. Conventional tillage does not only
alter the soil’s physical and chemical properties, but also the spatial integrity of the soil as a support
matrix for the functioning of the soil microbial communities. Conventional tillage breaks crop residues
into smaller pieces and redistributes them throughout the plowed layer. Contrary to conventional
tillage, no-till does not disrupt existing soil food webs, leading to increasing soil microbial diversity
and activity [18]. It has been argued that increased soil microbial diversity will increase the potential of
an ecosystem to function more efficiently under a variety of environmental conditions [19,20], suggesting
greater resilience. It is therefore important to study communities rather than single species [21,22].



Environments 2015, 2 360

Soil biota plays an integral part in soil quality by maintaining nutrient cycling, organic matter
decomposition, and soil sustainability. The sensitivity of these organisms to soil management
practices [23] make them important early indicators of soil quality [24,25]. In this context, carbon
source utilization profiles (CSUP) and enzymatic activity assays are often analyzed to determine the
diversity and activity of soil microbial communities. CSUP are used to measure the biological status of
soil microbial populations, since it relates to the actual or potential activities of organisms that
contribute to ecosystem dynamics [26]. Diversity indices based on soil microbial richness and
evenness can be deduced from data generated by CSUP [26]. This method has been used as an
indicator of soil quality under different land-use and management practices [27,28]. The processing
and recovery of essential nutrients from accumulated SOM is mediated by soil microbial functions
which require extracellular enzyme activity to process complex organic compounds into utilizable
subunits [29]. Levels of soil microbial enzymes have shown significant correlation with total organic
carbon and total nitrogen in soils [30]. Since microbial enzymes such as B-glucosidase, urease and
phosphatase play an integral role in fundamental soil functions such as the biogeochemical cycling of
nutrients, e.g., carbon, nitrogen, and phosphorus [31], their levels can be used to evaluate the quality of
soil and the functioning of the ecosystem [32,33].

Baseline data on the impact of agricultural management practices on soil microbial populations is
rarely available for South African agricultural soils. While agricultural practices such as tillage,
cropping sequence, fertilization inputs, and irrigation are known to have significant effects on soil
physical and chemical properties, less is known about the associated changes in the biological properties of
the soil [11]. This study was therefore conducted to determine the effect of various conservation
agriculture practices, especially fertilizer levels, tillage practices, and cropping systems, on soil
microbial dynamics over a five-year period in a summer rainfall area under South African conditions.
Summer rainfall areas in South Africa include the northern, eastern and central parts of the country.

2. Materials and Methods
2.1. Site and Experimental Design

An on-station field trial was conducted at Zeekoegat, north of Pretoria, South Africa (25°36'55" S,
28°18'56" E) for five consecutive years, from 2008 to 2013 (growing season from November to April).
The experimental soil was classified as borderline between a Hutton and a Shortland form [34] with
moderately fine to medium blocky structure and clay texture, with underlying Gabbro.

The treatment was a split-split plot in a randomized complete block design. Each replicate was
split into two tillage systems (whole plots), i.e., no-till (NT) and conventional tillage (CT). Each whole
plot was further subdivided into six treatments (three cropping systems x two fertilizer levels), giving a
total of 36 sub-plots. Repeated measurements were taken over five years and regarded as sub-sub-plot
factors [35]. The three cropping systems were selected to represent conventional farming practices
(maize monoculture (MM)), as well as CA systems as an alternative to investigate the potential
positive effect of legume intercrops (maize/soybean rotation (MS) and maize/cowpea intercropping
(ML)). The maize (Zea mays L., cultivar 6P/110 from Pannar Seeds (Pty) Ltd., Greytown, South
Africa) in the MM treatment was planted in 0.9 m rows, while maize in the ML treatment was planted
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in 1.8 m tramline rows to accommodate the intercropping of cowpea (Vigna unguiculata (L) Walp.,
mixed variety from Klein Karoo Seed Marketing (Pty) Ltd., Brits, South Africa) between maize rows.
Cowpea and soybean (Glycine max (L.) Merr., cultivar Glenda from Klein Karoo Seed Marketing (Pty)
Ltd., Brits, South Africa) were planted in 30 cm rows. Plot dimensions were 7.2 m x 8 m with 0.9 m
planting rows for maize. Soil samples were collected in the center rows of the sub-plots; the outer rows
were considered borders, as well as one meter on either side of the sub-plots.

2.2. Soil Preparation and Management

At the onset of each season, all crop residues from the previous season were flattened and slashed.
The CT plots were plowed with a moldboard plow and then disked with a disk harrow. Furrows for
planting were drawn with a four-tine cultivator frame. The NT plots were not disturbed, except for furrows
drawn for planting, created in the same way as those in the CT plots. Seed was manually planted with a
hand-held planter. Weed control was consistently applied across the trial and comprised of a
combination of chemical treatment (before and after planting) and manual weeding (hand hoed 2-3 times
after planting). Every year, during October/November, just before planting, a mixture of Roundup®
(active ingredient: glyphosate) and DualGold® (active ingredient: S-metholachlor) was applied equally
across the trial at 3 L-ha™! and 1 L-ha™!, respectively, by using a tractor-mounted sprayer. This
procedure was repeated the day after planting, before crop emergence. Crops were planted after significant
rainfall, usually by the end of November or in early December. After crop emergence, weeds between the
crops were manually removed instead of chemically, to prevent negative interaction of chemicals with
soil microbial populations.

Two fertilizer-levels were included: an optimal level to represent an ideal nutrient supply, and a low
level (50% of the optimal), to represent situations of reduced inputs by resource-poor farmers. The optimal
level was calculated according to regional fertilizer application guidelines [36] and from soil analyses,
using a target maize yield of 4 t-ha™!. On average, a total of 70 kg-N-ha™! and 20 kg-P-ha™! was applied
every season. No K was added, due to the natural high K levels (>400 mg-kg ') in the soil. Fertilizer
was band applied during planting (60% of total fertilizer) and the remaining fertilizer (40% of total
fertilizer) was surface-applied 6—8 weeks later.

2.3. Soil Sampling and Analysis
2.3.1. Soil Chemical Analysis

Soil sampling for chemical analysis was conducted annually in October, before planting. Using a
soil auger, composite soil samples were collected from two sampling points (one in the main row and
one in between rows), and four different depths (0-5, 5-10, 10-30 and 30—60 cm). The sampled soils
were air dried and sieved through a 2 mm sieve. Standard laboratory procedures were followed to
analyze for P (Bray 1), total N (Dumas method), and organic C (Walkley—Black).

2.3.2. Soil Microbial Functional Diversity

Soil samples for microbial analysis were collected annually in January. Random soil samples were
aseptically collected at a depth of 0—15 cm from each of the plots. The soil samples were divided into
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two batches: one for soil microbial enzymatic activity analysis, and the other for microbial functional
diversity analysis. Soil (10 g) was added to 90 mL sterile distilled water [37], diluted, shaken and
inoculated into Biolog EcoPlates™ (Biolog® Inc., Hayward, CA, USA) that contain 31 carbon sources
and a control well, in triplicate. The plates were incubated at 28 °C and the optical density was
measured twice daily over a period of 7 days at 590 nm to determine the average well color
development (AWCD) within each plate [38]. Carbon source utilization profiles (CSUP), viz.
functional diversity, of soil microbial populations were determined by using the amount and
equitability of carbon substrates metabolized as indicators of richness and evenness, respectively [26].
Biodiversity was determined by using the Shannon-Weaver substrate diversity index, which takes into
account species richness and the proportion of each species within the local soil microbial community.
The functional diversity of soil microbial communities can thus be quantified with Shannon-Weaver’s
substrate diversity index (H’) by using the number of different substrates utilized by the microbial
communities [39,40]. Bacterial functional diversity of substrate utilization can also be determined by
using substrate richness and substrate evenness (£) [40]. Substrate richness is reflected in the amount
of different substrates used by the bacterial community, i.e., it is comparable to species richness in the
soil. The evenness index is a measure of the equitability of activities across all substrates, i.e., it is a
measure of how evenly the populations of the different microbial species are in the soil [39,41].

2.3.3. Soil Microbial Enzymatic Activity

Enzymatic activities, viz. microbial activity, were assayed by measuring B-glucosidase,
phosphatase, and urease activities in the soil. Collected soil samples were air-dried at 40 °C for 48 h and
sieved (2 mm) before analyses. B-glucosidase and phosphatase activities were calculated according
to Dick ef al. [42], by spectrophotometrically determining the release of p-nitrophenyl after the
incubation of soil with p-nitrophenyl glucoside and p-nitrophenyl phosphate, respectively, at a
wavelength of 410 nm. The amount of p-nitrophenol released per hour, was calculated with reference
to a standard calibration graph designed from p-nitrophenol standards. Urease activity was determined
using the method of Kandeler and Gerber [43], where released ammonia was spectrophotometrically
measured after the incubation of soil samples with a urea solution at a wavelength of 690 nm. The urea
content was calculated with reference to a standard calibration graph designed from urea standards. The
urea standards were prepared by dissolving 3.82 g ammonium chloride in distilled water and made up
to 1000 mL. Volumes of 0.0, 1.0, 1.5, 2.0, and 2.5 mL of the ammonium chloride solution was pipette
into separate and clearly marked 100 ml volumetric flasks and made up to 100 mL with 1.0 M
KCI solution.

2.4. Statistical Analysis

Data on soil microbial functional diversity and enzymatic activity were subjected to non-parametric
statistical analyses using STATISTICA 12 (StatSoft Inc. Tulsa, OK, USA). One-way analysis of variance
(ANOVA) was used to determine significant differences between treatments. Homogenous grouping
with Fisher’s Least Significant Difference (LSD) test was calculated at a 5% level of significance
(p < 0.05). Cluster analysis was used to construct dendograms using Ward’s clustering algorithm and
the Euclidean distance measure. Due to the non-parametric nature of the data, Box and Whisker plots were
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also constructed. The relationship between soil nutrient, soil microbial diversity and microbial activity
was investigated using Redundancy Analysis (RDA) multivariate ordination techniques using Canoco
for Windows 4.5 (Biometris, Wageningen) [44].

3. Results and Discussion
3.1. Climatological Observations

The mean daily minimum and maximum temperatures were 11.5 °C and 27.4 °C, respectively, and
the mean long-term rainfall for the area was 704 mm-yr ' [45]. An automatic rain gauge (Texas
525 TE) was installed adjacent to the field trial, providing site-specific rainfall measurements for the
duration of the trial (Table 1). The highest total annual rainfall was measured during the 2009/2010
season (1317 mm-yr ') and the lowest was measured during the 2011/2012 season (571 mm-yr ).

Table 1. Total rainfall, average minimum and maximum temperatures during the five
growing seasons at Zeekoegat.

Climatic Indicators 2008/2009 2009/2010 2010/2011 2011/2012 2012/2013

Rainfall (mm) 708 1317 1010 571 709
Temp min (°C) 11.6 12.1 11.8 11.0 11.0
Temp max (°C) 27.5 27.0 27.1 27.8 27.6

3.2. Soil Nutrient Dynamics

Most nutrients measured (such as K, Ca, Mg, and Na) or soil properties (such as pH) showed no
clear trend or directional change over time as a result of management practices (Table A1), with the
exceptions of P, N and C. The F-probabilities (p-values) from the ANOVA output, illustrating the elements
significantly affected by the different management practices, are summarized in Table A2. Phosphorus
did respond to fertilizer application, with higher P values measured under the high fertilizer treatment.
Nitrogen levels, including total N, NO3 and NH4, improved most years as a result of cropping systems,
specifically the maize/legume rotation treatments. Cropping systems were mostly responsible for
changes in nutrient dynamics, possibly because different crops utilized nutrients differently. Organic
carbon showed a steady increase as a result of tillage systems at both the 0—5 cm and 5-10 c¢cm soil depths.
This effect was less pronounced in the final year, due to low biomass production and subsequent low
carbon returns to the soil.

3.3. Soil Microbial Functional Diversity

Soil microbial functional diversity was sensitive to agricultural practices. By determining the degree
and amount of carbon sources utilized, it was clear that agricultural practices, such as fertilizer levels,
cropping systems, and soil disturbance, greatly influenced soil microbial functional diversity
(Figure 1). In order to enhance biodiversity in agricultural soils, we need to understand how diversity
is impacted by different agricultural management strategies. Cluster analysis was performed to assign
the different treatments into groups, so that CSUP in treatments in the same cluster are more similar to
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each other, compared to other clusters. The pattern that this approach produces represents microbial
metabolic responses, which is useful in the characterization of soil microbial communities.

FL-MM_CT [——————
FH-MS_NT ———

FL-MM_NT
FH-ML_NT

FL-MS_CT

FL-MS_NT

FL-ML_NT |

FH-MM_NT |
FL-ML_CT
FH-MM_CT

FH-MS_CT

FH-ML_CT

2 3 4 5 6 7 8 9
Linkage Distance

Figure 1. Cluster analyses illustrating the influence of fertilizer levels (FL = low fertilizer,
FH = high fertilizer), cropping systems (MM = maize monoculture, MS = maize/soybean
rotation, ML = maize/legume intercrop) and tillage (NT = no-till, CT = conventional
tillage) on soil microbial functional diversity.

Tillage practices, i.e., NT and CT, played a major role in the separation of the two main clusters
by influencing the soil microbial communities’ ability to utilize available carbon sources (Figure 1).
The influence of the different cropping systems is illustrated in the sub-clusters within each of the
main clusters. Since the composition of root exudates is greatly influenced by the different crops
present, the released root exudates attract microbial populations that are especially well
adapted to utilize the specific compounds rapidly, thus contributing to the difference in CSUP of soil
microbial populations.

Cluster analysis was also performed on data collected during the 2009/2010 (initial season) and
2012/2013 (final season) to visualize the impact of implemented fertilizer levels, cropping systems and
tillage practices on soil microbial functional diversity (Figure 2). A clear distinction in soil microbial
species richness (Figure 2a) and abundance (Figure 2b) could be observed in treatments subjected to
low fertilizer levels and mostly legume containing cropping systems (ML, MS) under CT during the
2009/2010 season, which clustered at the top. Species richness and abundance in treatments subjected
to high fertilizer levels and mostly monoculture cropping systems (MM) under NT during the 2012/2013
season, clustered at the bottom. Species richness (Figure 2a) in treatments subjected to CT during
2012/2013 season grouped together in the same middle cluster as species richness in treatments
subjected to CT during the 2009/2010 season. This implies that species richness under CT changed
less, than under NT.



Environments 2015, 2

FL-MM_CT-10
FH-MS_NT-10
FH-ML_CT-10
FL-MM_NT-10
FH-ML_CT-13
FL-ML_CT-10
FL-MS_CT-10
FL-MS_NT-10
FH-MS_CT-10
FH-MM_NT-10
FH-MM_CT-13
FH-ML_NT-10
FH-MS_CT-13
FL-ML_NT-13
FL-MM_CT-13
FL-MS_CT-13
FL-ML_CT-13
FL-MS_NT-13
FH-MM_CT-10
FL-ML_NT-10
FH-ML_NT-13
FL-MM_NT-13
FH-MS_NT-13
FH-MM_NT-13

i

1.0 1.5 20 25 3.0 3.5
Linkage Distance

(2)

0.

FL-MM_CT-10

FH-MM_NT-10 I
FL-ML_CT-10
FH-MS_CT-13 [
FL-ML_NT-13

FH-ML_CT-10
FH-MS_NT-10 E—
FH-ML_CT-13

FL-MS_NT-10
FL-MM_CT-13
FL-MS_CT-10
FH-ML_NT-13
FH-MM_CT-10
FH-ML_NT-10
FL-MS_NT-13
FL-ML_NT-10
FL-MS_CT-13
FH-MS_CT-10
FL-MM_NT-10
FL-ML_CT-13
FH-MM_CT-13
FL-MM_NT-13
FH-MS_NT-13
FH-MM_NT-13

o)

04 0.6 0.8 1.0
Linkage Distance

(b)

0

Figure 2. (a) Cluster analysis comparing the influence of different CA practices on soil
microbial species richness (Shannon—Weaver Index) during the 2009/2010 and 2012/2013
planting seasons. (b) Cluster analysis comparing the influence of different CA practices on soil
microbial species abundance (Evenness Index) during the 2009/2010 and 2012/2013
planting seasons.

365



Environments 2015, 2 366

Since diversity indices are derived from CSUP, the influence of cropping systems, tillage practices,
and fertilizer applications can also be observed in soil microbial species richness (number of active
microbial species) and abundance (how “close in numbers”/“equally abundant” the different microbial
species are in a soil microbial community). To visualize the impact of conventional agriculture and
conservation agriculture on soil microbial species richness and abundance over time, Box and Whisker
plots were constructed to compare data obtained at the initial stages of the trial with data obtained
during the final stages of the trial as illustrated in Figure 3 by the (a) Shannon-Weaver and
(b) Evenness Indices, respectively. Values of the Shannon-Weaver index fluctuate between 1.5 and
3.5, but rarely increase above 4.5 [39]. The Evenness index, on the other hand, assumes a value
between 0 and 1, with 1 being complete evenness, indicating a very high diversity [39]. If the
abundance of different species in a community is measured, it will invariably be found that some
species are rare, whereas others are more abundant (dominant). Investigation of the average species
richness between the 2009/2010 and the 2012/2013 season under low (FL) and high (FH) fertilizer
levels revealed slightly more active microbial species under FH levels, whereas more microbial
species were also observed under NT compared to CT (Figure 3a). This observation might be
attributed to the influence of fertilizer application management on soil organic matter (SOM) and
cropping systems [46], resulting in increased SOM due to FH, giving rise to increased numbers of
microbial species to convert the available substrates. On average, soils subjected to CT with high
fertilizer levels and soils subjected to NT with low fertilizer levels contained similar microbial species
richness and abundance (Figure 3b).
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Figure 3. (a) Box and Whisker plots comparing the effect of different CA practices on
soil microbial species richness (Shannon—Weaver Index) during the 2009/2010 and
2012/2013 planting seasons; (b) Box and Whisker plots comparing the effect of different
CA practices on soil microbial species abundance (Evenness Index) during the 2009/2010
and 2012/2013 planting seasons.

The influence of cropping systems under CT and NT revealed a wide variation in microbial species
richness and abundance, depending on the crop present (Figure 4). Significant increases (p < 0.05) in
species richness (Figure 4a) and abundance (Figure 4b) were observed from 2009/2010 to 2012/2013
in MM and MS treatments under NT, with a significant change in microbial abundance in MM
treatments over time. The impact of tillage on microbial richness (Figure 4a) and abundance
(Figure 4b) is illustrated by the significant difference between maize/legume intercropping (ML) under
CT and NT during the 2009/2010 planting season. This effect changed over time, as the microbial
communities stabilized under the different tillage practices, indicating no statistically significant
differences (p > 0.05) between species richness and abundance in ML systems under either CT or NT.
In Figure 4a, cropping systems under CT exhibited the lowest species richness, whereas the contrary
was true for cropping systems under NT.

The impact of cropping systems on soil microbial richness is clearly demonstrated with the
significant (p < 0.05) increase in microbial species as a result of the MM and MS cropping systems
from the 2009/2010 to the 2012/2013 planting season (Figure 5a). Similar results were found in
cropping systems where maize was cultivated in the absence of legumes [47]. Researchers have related
the increased microbial richness under maize monoculture to the high C:N ratios of cereal straw
substrates [48]. Soil microbial communities were stimulated to degrade organic substrate by the high
C:N ratios, which provided more utilizable substrate to microbial species. By the final season, soil
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microbial species in MM treatments illustrated the highest species richness of 2.65 (Figure 5a) and an
abundance score of 0.84 (Figure 5b). Species richness in the MS cropping system was initially the
lowest (2.2), but increased significantly (p < 0.05) by the final season. At the start of this study,
differences in microbial species abundance between cropping systems were insignificant, but this
changed over time. By the end of the trial period (2012/2013), microbial species abundance under MM
and MS cropping systems have increased slightly, but microbial species richness and abundance in the
ML cropping system remained relatively unchanged during the duration of the trial.
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Figure 4. (a) Box and Whisker plots comparing the effect of cropping systems under CT
and NT on soil microbial species richness (Shannon—Weaver Index) during the 2009/2010
and 2012/2013 planting seasons. (b) Box and Whisker plots comparing the effect of cropping
systems under CT and NT on soil microbial species abundance (Evenness Index) during the
2009/2010 and 2012/2013 planting seasons.
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Figure 5. (a) Box and Whisker plots comparing the effect of cropping systems on soil
microbial species richness (Shannon—Weaver Index) during the 2009/2010 and 2012/2013
planting seasons. (b) Box and Whisker plots comparing the effect of cropping systems on soil
microbial species abundance (Evenness Index) during the 2009/2010 and 2012/2013
planting seasons.

Box and Whisker plots were also constructed to illustrate microbial species richness and abundance
under different tillage practices (Figure 6). Microbial richness increased (p < 0.05) from the 2009/2010
to the 2012/2013 season, with NT constantly demonstrating the highest diversity (Figure 6a). This is in
agreement with findings by other researchers [47,49]. Although not significantly, microbial species
under NT were slightly more abundant within the microbial community, i.e., lower dominance,
compared to microbial species under CT (Figure 6b). This slightly higher level of dominance of certain
soil microbial species found in microbial communities under CT could be attributed to the disruption
of microbial development and establishment due to tillage [50]. This would typically cause the
strongest and more adaptable microorganisms to establish and flourish first. A conducted study
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revealed the predominance of anaerobic microorganisms under no-till, and resilient microorganisms
that were usually found in extreme environments, under conventional tillage systems [47]. It is evident
that the slope of soil microbial diversity under CT and NT over time, is similar to a certain extent, but
that the diversity under NT started and ended at a slightly higher point than under CT. This is indicative
of systems that are still reaching equilibrium. From Figure 6, it would seem that soil microbial
communities under NT might reach equilibrium at a faster rate, than communities under CT.
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Figure 6. (a) Box and Whisker plots comparing the effect of tillage systems on soil
microbial species richness (Shannon—Weaver Index) during the 2009/2010 and 2012/2013
planting seasons. (b) Box and Whisker plots comparing the effect of tillage systems on soil
microbial species abundance (Evenness Index) during the 2009/2010 and 2012/2013
planting seasons.
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3.4. Soil Microbial Enzymatic Activity

The influence of different cropping systems and tillage practices on the activities of three soil microbial
enzymes, i.e., B-glucosidase (C-cycling), alkaline phosphatase (P-cycling), and urease (N-cycling),
were analyzed over a five-year period as a measure of the potential soil microbial activity under the
different agricultural practices.

In order to demonstrate long-term effects of the different agricultural practices on soil microbial
activity, dendograms were constructed to compare the results from the 2009/2010 season with results
from the 2012/2013 season (Figure 7). An unambiguous transformation in soil microbial activity could be
observed between the 2009/2010 and the 2012/2013 planting seasons. This resulted in the clustering of
soil microbial activities in treatments planted during the 2009/2010 season at the top of the dendogram,
whereas soil microbial activities in treatments planted during the 2012/2013 season clustered into the
bottom. Closer inspection of treatments in the 2009/2010 season cluster illustrated a visible
sub-clustering of microbial activity in treatments according to tillage practice, with treatments under
CT clustering into the top sub-cluster, and treatments under NT at the bottom sub-cluster. Soil
microbial activities in treatments in the 2012/2013 season clustered more according to cropping systems,
with activities in the MS and ML systems clustering into the bottom sub-cluster, and activities in MM
systems into the top sub-cluster.
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Figure 7. Dendogram comparing the influence of different agricultural practices on overall
soil microbial activities during the 2009/2010 and 2012/2013 planting seasons.

Distinctive differences could be observed in the various soil enzymatic activities between the
different cropping systems, tillage practices, and fertilizer levels (Table A3). Despite annual
fluctuations in soil microbial activity, comparative results indicated an overall increase in microbial
activity from the 2008/2009 season (first year) up to the 2010/2011 season, irrespective of the
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agricultural practice. The exceptionally high microbial activity during the 2010/201 1season might have
been as a result of the addition of arbuscular mycorrhizal fungi (AMF) to the trial (mycorrhizal data
not shown or discussed in detail in this study) at the beginning of the 2010/2011 season [51].
Symbiotic associations are developed between AMF and crops such as maize, soybean and cowpea.
This mutually beneficial relationship impacts plant growth, productivity and soil fertility, essentially
adding to ecosystem functioning [52]. The rapid decline in microbial activity during the 2011/2012
season was probably due to the low annual precipitation that year. A strong correlation can be observed
between soil microbial enzymatic activity (Table A3) and total annual rainfall (Table 1). This could be
attributed to rainfall leading to increased dissolved organic matter (DOM) and the transportation
thereof through the soil strata. The more readily available DOM would consequently instigate
increased soil microbial activity to convert organic matter into utilizable nutrients that could be easily
taken up by plant roots. Considering precipitation data in combination with different agricultural
practices, it is clear from Table A3 that different agricultural practices resulted in different
mineralization rates by soil microbial communities. Despite these fluctuations, overall microbial
activity increased up to the 2012/2013 season. During the 2012/2013 season, soil microbial activities
increased the most in MM and MS cropping systems with high fertilizer levels under CT, whereas MM
and MS demonstrated the highest increase in soil microbial activity with low fertilizer levels under
NT. By implication, less fertilizer can be used to increase microbial activity under NT conditions,
whereas more fertilizer is needed to increase microbial activity under CT conditions.

The soil’s ecosystem functioning was greatly influenced by the cropping system and the degree of
soil disturbance (Figure 8). Soil microbial enzymatic activities serve as indices of the soil’s potential to
decompose organic carbon (Figure 8a), and mineralize phosphorous (Figure 8b) into plant-available P,
and nitrogen (Figure 8c) into plant-available N.
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Figure 8. (a) Column chart comparing the effects of cropping systems and degrees of soil
disturbance on B-glucosidase activity levels during the 2009/2010 and 2012/2013 planting
seasons. (b) Column chart comparing the effects of cropping systems and degrees of soil
disturbance on alkaline phosphatase activity levels during the 2009/2010 and 2012/2013
planting seasons. (¢) Column charts comparing the effects of cropping systems and degrees
of soil disturbance on urease activity levels during the 2009/2010 and 2012/2013
planting seasons.

The overall soil microbial activity increased from the 2009/2010 to the 2012/2013 season,
irrespective of agricultural practices. In general, the overall microbial activity in MM cropping systems
under CT increased the least over time, while microbial activity in MM under NT increased the most.
Microbial activity in MS cropping systems under CT, on the other hand, increased the most, while
activity in MS under NT increased the least. As with the soil microbial diversity results, the differences
in microbial activity could be attributed to the C:N ratios of the crops present [48]. In correlation with
soil microbial diversity results under ML cropping systems, microbial activity also remained stable
from the 2009/2010 to the 2012/2013 season. Soil disturbance exerted a strong influence on microbial
activity, with the average C (Figure 8a), P (Figure 8b), and N (Figure 8c) conversion rates being higher
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under NT than CT. However, the lowest urease activity was observed in treatments under NT. This
could be attributed to increased soil mulch under NT, which increased water infiltration through the
soil profile, leading to nitrate loss [53]. On the other hand, a key element of CA is to reduce the
leaching of minerals. It could thus be argued that, since the urease activity levels are low under NT
despite high levels of total N, the N might have been drawn from the soil by filamentous microbes in a
process known as nitrogen drawdown, to be recycled slowly. Given that very little free urea is
consequently available, urease activity will be very low.

To visualize the effect of CA on soil microbial dynamics over time, an RDA triplot was constructed
to illustrate the correlation between selected chemical environmental factors, soil microbial diversity,
and microbial activity in treatments during the 2009/2010 (Figure 9a) and 2012/2013 (Figure 9b)
planting seasons. During the 2009/2010 season, eigenvalues for the first two axes were 0.445 and 0.334,
respectively, and the total observed variance for the two axes was 77.9%. It is clear to see that, with the
exception of MS under CT and ML under NT, no clear distinction could be made between the various
treatments. This could be attributed to the fact that the trial was still in the initial phase, and that the
soil microbial communities still had to adapt to the changing soil environment brought about by the
introduction of various cropping systems and levels of soil disturbance. Soil microbial richness and
microbial enzymes responsible for C (B-glucosidase) and P (alkaline phosphatase) mineralization
correlated strongly with organic C, Total C, and Total N. Maize monoculture treatments associated
with these variables were set apart by the highest microbial richness and activity due to the fact that
total C and organic C were the main food and energy sources for soil microbial communities. Cropping
systems that included legumes (MS, ML) under CT correlated with higher NO3 and NHs levels. The
highest urease activity was associated with ML under CT and MS under NT. The highest microbial
species abundance, i.e., different microbial species were present in equal numbers within the microbial
population, associated with intercropping treatments (ML) under NT.

After three planting seasons, the effect of CA could be clearly seen in the RDA triplot illustrating
the correlation between chemical environmental factors, soil microbial diversity, and microbial activity
during the 2012/2013 planting season (Figure 9b). During the trial’s final season, the eigenvalues for
the first two axes were 0.724 and 0.207, respectively, and the total observed variance for the two axes
was 93.1%. After only three seasons, a distinction could be observed between cropping systems under
CT and NT. This could be attributed to soil microbial communities adapting to the changing soil
environment brought about by the introduction of various cropping systems and levels of soil
disturbance. Cropping systems that included legumes (MS, ML) under NT, associated strongly with
total and organic C, and total N. These cropping systems were also characterized by the highest
alkaline phosphatase activity. As was the case during the initial planting season, cropping systems that
included legumes under CT, strongly associated with NO3, NH4, and phosphorus. Maize monoculture
under NT was characterized by the highest soil microbial species richness and abundance, as well as
the highest B-glucosidase and urease activities. Figure 9a,b indicated the unchanged strong association
of ML under CT with NOs3, NH4, and P from the 2009/2010 to the 2012/2013 planting season. This
association of ML and MS with NO3, NH4, and P could be attributed to the biological nitrogen fixation
process, where NO3 and NH4 are products of the process, and P is needed for plant growth and
nodulation. The B-glucosidase activity, although strongly correlated with MM irrespective of the year
and level of soil disturbance, initially demonstrated the strongest association with MM under CT,
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but during the final stages of the trial, demonstrated the strongest associated with MM under NT. This
could be attributed to the constant disruption of organic matter decomposition due to conventional

tillage practices.

Figure 9. (a) Redundancy analysis (RDA) ordination diagram illustrating the relationship
between the selected chemical environmental factors, soil microbial diversity and
microbial activity of the different agricultural practices during the 2009/2010 planting season.
(b) Redundancy analysis (RDA) ordination diagram illustrating the relationship between the
selected chemical environmental factors, soil microbial diversity and microbial activity of the
different agricultural practices during the 2012/2013 planting season. The chemical
environmental factors are represented by the bold red vectors, and the biological factors are
represented by the thin blue vectors. Environmental factors: OrgC (organic carbon), TotC
(total carbon), TotN (total nitrogen), P (phosphorus). Biological factors: Shannon (microbial
species richness), Evenness (microbial species abundance), B-glu (B-glucosidase), Alk-P
(alkaline phosphatase).
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4. Conclusions

Soils are alive and sensitive to any anthropogenic activities. The impact of agricultural practices
associated with CA on soil microbial diversity and activity was measured over a period of five seasons
in a summer rainfall area under South African dryland conditions.

Fertilizer application, cropping systems, and tillage practices—individually or combined—exerted
varying impacts on the activity, the number of soil microbial species within microbial communities, as
well as the abundance of the species within microbial communities. From the majority of the results
obtained, it is clear that the application of conservation agriculture ultimately resulted in increased soil
microbial diversity and activity in the various cropping systems more under no-till, than under
conventional tillage. However, by the fifth season of this trial, intercropping and/or crop rotation
systems did not yield the highest microbial diversity and activity under NT as expected. This could be
attributed to several factors such as the separation distances between the trial plots, application of
fertilizers and herbicides, and the complex microbial interpopulation interactions. The combined
impact of these factors will affect the way in which each of the different microbial species successfully
integrates into the greater population. The initial low microbial diversity under ML and MS treatments
might be the results of the low competitive abilities of the newly introduced rhizobia through legume
inoculants. It should be kept in mind that, before the initiation of this trial, legumes have never been
planted on these soils. Due to the higher soil microbial diversity brought about by the intercropping of
two different crops, it might take longer for these complex communities to reach equilibrium,
compared to microbial communities under monoculture crops. Another aspect that should be kept in
mind, is the one of low rainfall and the semi-arid environments presented in three of the five years’
duration of this trial. The aspect of low rainfall is therefore important, since much of the world’s
agriculture takes place in semi-arid regions with similar rainfall totals. The outcomes of this study will
therefore be relevant to these countries and their agriculture. It is recommended that the effects of CA be
studied in long-term trials of 10—15 years, which may allow more significant changes to be noticed.
Long-term microbiological evaluation of the effects of different combinations of agricultural practices
on soil microbial diversity and activity will promote the elimination of seasonal fluctuations and inherent
differences to attain a more complete reflection that will enable researchers to develop sensitive
biological indicators for sustainable crop production.

With this in mind, further research is definitely needed to ascertain which CA practices will
promote the stimulation of soil microbial communities beneficial to soil fertility and health. Since
microbial communities have been distinguished based on soil type, plant species, soil disturbance,
tillage practices and cropping systems [41], stimulation of soil microbial populations with the best
agricultural systems could promote the availability of carbon sources for microbial utilization. In turn,
this will influence enzymatic activity and soil microbial diversity, ultimately resulting in faster nutrient
recycling. In due course, these factors could eventually result in increased soil quality and fertility,
resulting in a significant beneficial effect of sustainable agricultural productivity.
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Appendix

Table Al. Selected soil chemical analysis measured at 0—100 mm depth in the various treatments during the initial (2009/2010) and final
(2012/13) seasons of the Zeekoegat Trial.
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Treatments pH P NH,4 NO; Total C Organic C Total N
FH-ML NT 10 6.327 £ 0.169 4.613 +£2.540 6.253 +1.882 1.090 £ 0.400 1.350 £ 0.087 1.370 £ 0.101 0.117 £ 0.006
FH-MM_NT 10 6.357+0.214 4.927 £2.705 7.283 £2.861 1.313 £ 0.060 1.323 £0.029 1.287 £0.051 0.127 £0.025
FH-MS NT 10 6.393 £ 0.131 4.237+1.533 5.873 £1.270 1.690 £ 1.331 1.347 £0.107 1.293 £ 0.100 0.113 £ 0.006
FL-ML NT 10 6.263 +0.076 6.163 £6.154 7.230 £3.482 1.357 £0.768 1.353 £0.085 1.327 £0.091 0.112 £0.007
FL-MM NT 10 6.340 + 0.236 4.997 £2.289 7.283 £2.437 0.617 £0.357 1.373£0.110 1.340 £0.108 0.113 £ 0.006
FL-MS NT 10 6.350 £ 0.115 5.017 £0.748 5.617 £0.497 3.323 £0.757 1.277 £0.025 1.243 £0.025 0.113£0.012
FH-ML CT 10 6.097 £ 0.227 8.513 +£9.385 9.980 = 6.996 4.017 £2.746 1.330 £ 0.062 1.280 + 0.098 0.113 £ 0.006
FH-MM_CT 10 6.223 £0.121 11.223 +£7.562 7.023 £1.825 1.737 £0.241 1.337 £0.068 1.260 £ 0.050 0.120 £ 0.000
FH-MS CT 10 6.220 + 0.145 6.330 £3.683 8.497 £ 2.995 6.763 +2.879 1.313 £0.101 1.260 + 0.089 0.113 £ 0.006
FL-ML CT 10 6.310+0.118 8.043 £3.975 7.357 £2.381 2.687 £1.590 1.330£0.075 1.310 = 0.087 0.110£0.010
FL-MM CT 10 6.020 £ 0.171 5.137+£2.934 7.990 + 2.963 10.393 £4.096 1.503 £ 0.156 1.327 £0.107 0.117 £0.015
FL-MS CT 10 6.333 +0.305 6.037 £2.137 6.517 £1.362 5.050 £2.907 1.263 £0.035 1.227 £0.006 0.110£0.010
FH-ML NT 13 5.997 £0.142 7.133 £5.036 2.680 £ 0.656 10.297 £+ 3.495 1.318 £0.047 1.457 £ 0.205 0.109 £ 0.006
FH-MM_NT 13 6.143 £0.131 5.967 £3.711 3.400 £0.769 7.800 £ 2.392 1.416 £0.079 1.460 £ 0.225 0.116 = 0.004
FH-MS NT 13 6.157 £0.191 4.400 £ 1.153 2.870 £ 0.466 6.250 £ 4.235 1.287 £ 0.160 1.360 £ 0.171 0.102+£0.018
FL-ML NT 13 6.103 £ 0.136 4.867 +2.875 5.373 £2.352 17.050 = 7.999 1.459 £0.230 1.397 £0.129 0.114£0.019
FL-MM NT 13 6.193 £0.121 4.233 £1.528 3.043 £0.055 7.277£2.511 1.208 £ 0.070 1.460 £ 0.141 0.067 £ 0.050
FL-MS NT 13 6.193 +0.099 4.233 +£2.663 2.697 £ 1.367 6.910£3.277 1.250 £0.149 1.303 £0.086 0.103 £0.013
FH-ML CT 13 6.050 + 0.160 8.733 £2.967 4.950 £1.100 13.037 £ 5.846 1.331 £0.121 1.307 £ 0.125 0.110+0.013
FH-MM_CT 13 6.180 + 0.265 5.700 £ 2.651 5.547 £2.039 13.197 £1.462 1.258 £0.095 1.297 £0.025 0.101 £0.013
FH-MS CT 13 6.097 £ 0.065 6.600 £ 3.905 3.090 £0.722 9.847 +£4.344 1.166 £ 0.134 1.237 £0.103 0.089 £+ 0.002
FL-ML CT 13 6.227 £ 0.304 5.867 £ 4.895 2.807 £ 1.363 11.300 £+ 0.401 1.248 £0.162 1.263£0.114 0.101 £0.009
FL-MM CT 13 6.073 £ 0.106 3.933 £ 1.767 6.253 £ 2.326 15.800 = 5.909 1.240 £0.165 1.300 £ 0.079 0.099 £ 0.008
FL-MS CT 13 6.343 £ 0.104 5.567 £4.319 4.860 +£2.120 8.497 £ 1.474 1.159 £0.044 1.180 = 0.040 0.095 £+ 0.002
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Table A2. F-probabilities indicating significant changes in selected top-soil elements as a

result of different management practices for the year 2010/2011 and 2012/2013.

F-probabilities—ANOVA Output

Elements | 2nagement 2010/2011 2012/2013
Practices
0-5 cm 5-10 cm 0-5 cm 5-10 cm
P Fertilizer <0.001 <0.001 - -
Tillage 0.046 - - -
K Crop 0.038 0.008 - -
Till x Fert - - 0.049 -
Ca Crop 0.006 - 0.002 0.002
Crop x Fert - 0.044 0.006 0.03
Tillage 0.024 - - -
Mg Crop 0.002 - 0.002 0.008
Crop x Fert - - 0.03 -
Fertilizer - 0.046 - -
Na Crop x Fert 0.035 0.009 - -
NH. Crop 0.043 0.058 0.043 0.002
Crop X Fert 0.876 0.774 - -
Tillage 0.025 0.079 - -
NO; Crop 0.011 0.064 <0.001 <0.001
Crop x Till - - 0.001 0.001
Crop 0.046 0.092 - 0.001
ToalN= perilizer : - 0.04 :
Tillage 0.040 0.166 - -
Total C Crop - - 0.027 0.007
Fertilizer - - - 0.029
Org C Crop 0.002 0.027 0.023 0.007
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F-probability (p) < 0.05 indicates significant differences. p < 0-001 indicates highly significant differences.

Table A3. The mean activity levels of three soil microbial enzymes over a period of five

seasons (2008/2009 to 2012/2013) under different agricultural practices.

B-glucosidase Activity (p-nitrophenol pg-g™!-h™)

Treatment = 0 18/2009 2009/2010 201012011 2011/2012  2012/2013
FL-MM NT  559.13 992.94 2641.96 81044 148133
FH-MM NT  623.58 1207.95 2652.65 920.80 1267.99
FL-MS NT  628.02 1172.31 2199.69 854.77 1405.49
FH-MS NT  555.70 1196.94 241970 969.85 972.76
FL-ML NT nfa ** 1073 .40 2538.26 966.65 1023.07
FH-ML _NT n/a ** 1098.34 232718 110291 120267
FL-MM _CT  524.07 94328 1429.03 705.17 1007.87
FH-MM CT  565.50 923.51 147538 100695 138376
FL-MS_CT 574.03 81825 1199.91 66047 1143.14
FH-MS CT 63330 705.74 1349.17 639.76 1078.00
FL-ML_CT nfa ** 934.13 137170 779.52 1169.21
FH-ML _CT n/a ** 1091.05 145560  914.06 1062.63
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Table A3. Cont.

Alkaline Phosphatase Activity (p-nitrophenol pg-g!-h™)

Treatment
2008/2009 2009/2010 2010/2011  2011/2012 2012/2013
FL-MM_NT 451.82 751.11 2268.82 377.07 981.29
FH-MM_NT 537.33 950.59 2139.82 700.47 949.23
FL-MS NT 486.97 869.84 2395.61 886.62 1130.78
FH-MS NT 440.10 1024.87 2121.44 894.73 911.95
FL-ML NT n/a ** 869.43 2094.44 905.82 1066.06
FH-ML NT n/a ** 844.24 1613.17 767.47 975.38
FL-MM _CT 411.89 1227.90 1432.70 757.46 885.66
FH-MM_CT 434.58 913.97 1498.62 836.45 93145
FL-MS CT 553.34 766.53 1275.81 901.16 839.68
FH-MS CT 445.86 816.00 1510.01 698.79 888.42
FL-ML CT n/a ** 805.56 1267.21 587.45 929.43
FH-ML CT n/a ** 822.11 1628.90 654.43 941.26
Urease Activity (NH4-N pg g™'-2h™")
Treatment
2008/2009 2009/2010 2010/2011  2011/2012 2012/2013
FL-MM NT 36.29 32.52 57.56 49.88 64.65
FH-MM_NT 37.50 32.32 52.25 39.71 53.75
FL-MS NT 20.91 30.13 60.14 56.44 54.82
FH-MS NT 37.46 4497 66.36 64.58 46.88
FL-ML NT n/a ** 10.25 49.77 47.12 47.62
FH-ML NT n/a ** 35.85 60.68 69.41 50.57
FL-MM _CT 36.67 32.51 49.79 55.94 45.74
FH-MM_CT 37.76 31.62 52.85 64.42 57.16
FL-MS CT 41.49 34.95 48.16 54.16 50.64
FH-MS CT 41.76 33.71 50.37 51.53 41.66
FL-ML CT n/a ** 38.25 56.61 57.58 51.93
FH-ML CT n/a ** 39.47 50.07 67.34 45.88
** n/a = Data not available for this season.
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