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Abstract— This study assessed the effect of four living cover crops
(CC) and residues, two termination stages and two termination
methods on soil organic matter (SOM) and alteration index three (Al3)
at two experimental sites, in the Western Cape, South Africa, over one
year. Species tested as CCs were, vetch, pea, oats, rye and control (no
CC). Soil was sampled at kill and one year later. Living CCs and
residues were slow to affect SOM and Al3. Oats residue is the most
promising of the CC species with regards to SOM accrual.
Termination of CCs at the flowering stage favoured SOM and Al3 than
the vegetative stage at one year. While no responses were detected at
Nietvoorbij site, termination of CCs by slashing improved SOM
compared to spraying, at Bien Donne site. The response of Al3 to
termination methods was only observed at Nietvoorbij site with slash
having a positive effect compared to spray treatment.

Keywords— Alteration index three, cover crop, organic matter, soil
enzyme, termination.

There is a growing concern about the degradation of
agricultural soils due to conventional farming practices and
misuse of soil resources. This has led to a significant decline in
agricultural production, biodiversity, and other ecosystem
services [1]. Several methods have been used for decades to
improve soil quality including cover cropping. Cover cropping
can serve as a sustainable approach to combat soil degradation,
provide organic matter and improve microbial processes and
fertility in agricultural soils [2]. However, proper management
is required to realize many of the benefits associated with cover
crops (CC).

Studies have shown that changes in the whole population or
certain species of soil microbial communities can be used as
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reliable signals of changes in soil quality [3]. Soil biological
quality measurements are therefore becoming increasingly
important in evaluating the impacts of soil management
practices and the sustainability of land-use in agricultural soils
[4, 5]. There is a growing scientific interest in the use of
enzymatic activity as an agricultural soil quality indicator
because enzymatic relationships with soil biology are
integrative, very sensitive, operationally practical, easy to
quantify and relate to soil tillage and structure [6]. Soil enzymes
catalyse several biochemical reactions which result in the
transformation of organic matter, and the release of inorganic
nutrients for plant growth and nutrient cycling [6, 7]. Therefore,
the analysis of soil enzyme activity can provide an early and
dynamic indication of soil quality changes in agriculture [8]. A
number of studies have indicated higher B-glucosidase, urease
and phosphatase activities in CC and organic residue amended
soils compared to fallow soils [9, 10]. Nonetheless, there is
limited research on the effect of CC species, termination stage
and termination method on the activities of these soil enzymes
in South African cropping systems [2, 10], although CCs are an
important component of agricultural systems, especially in fruit
production.

Soil alteration index three (Al3) was first used in a study to
examine the effect of different management and treatment
regimes on soil enzyme activities [11]. The soil Al3 measures
the balance between three soil enzymes (B-glucosidase, urease
and phosphatase) and smaller values of Al3 correlates with
greater soil quality [11]. Other studies have used Al3 to monitor
soil quality status in the temperate grasslands of Galicia, North
West Spain [12], conventional and organic treated apple
orchards of Western Cape, South Africa [13] and compost
amended soils in France [14]. Recently the response of soil Al3
and soil organic matter (SOM) to CC species, termination stage
and termination method was examined in a greenhouse pot
experiment in Western Cape, South Africa [15]. However, it is
important to further evaluate the effect of these CC management
practices at the field level. This will aid proper selection and
development of management approaches that will result in the
restoration of healthy microbial communities, fertility and
sustainability of agricultural soils. Therefore, the objectives of
this study were to determine the effect of living CCs and
residues, termination stage and termination method on SOM
and Al3 at two field sites in the Western Cape.



Il. MATERIALS AND METHODS

A. Experimental description

The study was conducted from 2017 to 2018 at two fallow
sites, 42 km apart; at the Agricultural Research Council (ARC)
Nietvoorbij Research Farm (33°55°10°’S, 18°51°57”’E) and
ARC Bien Donne Research Farm (33°50°30°°S, 18°58°59”’E),
in the Western Cape Province, South Africa. The sites are under
Mediterranean climate, with a mean annual temperature of
about 18°C, a January mean of about 24°C and a July mean of
about 13°C. A randomized block design was used and each
treatment was replicated three times, at both sites. Four
experiments were set up which included two growth termination
stages (vegetative and flowering) and two termination methods
(slash and spray). Each experiment consisted of five CCs
namely; oats (Avena sativa L.), rye (Secale cereal L.), pea
(Pisum sativum), vetch (Vicia dasycarpa Ten.) and a control (no
CC). The soil (0 — 15 cm depth) at the Nietvoorbij site was a
sandy clay loam with 53% sand, 16% silt and 31% clay, a pH
(KCI) of 5.5, 1.29% C, 2.2% SOM, 12 mg kg™ P (Bray II), 25
mg kg™ K, 2.09 mg kg™ NOz-N and 9.03 mg kg™ NH,-N. The
soil at the Bien Donne site was a sandy loam with 75% sand, 6%
silt and 19% clay, a pH (KCI) of 5.8, 1.04% C, 1.78% SOM, 50
mg kg™ P (Bray I1), 20 mg kg™ K, 4.63 mg kg™ NO;-N and 5.15
mg kg™ NH,-N. Row spacing was 2 m at both sites while plot
size for each replicate was 2 m by 2 m at Nietvoorbij and 3 m by
2 m at Bien Donne.

Cover crops were broadcast by hand and covered with soil
(about 3 cm) with a shallow rake, on 9 June 2017 and 11 July
2017 at Bien Donne and Nietvoorbij, respectively. At both sites,
seeding rates were as follows: pea, 80 kg ha *; vetch, 50 kg ha™*;
oats, 100 kg ha™*; rye, 100 kg ha™ [16]. At Nietvoorbij,
fertilizer was applied at 7 kg N ha™* and 10 kg P ha * on each
plot, at planting. At Bien Donne, oats and rye plots received 7
kg N ha ' and 5 kg P ha™* while pea and vetch plots received
only 5 kg P ha™ at 3 - 4 leaf stage. Neither CC nor fertilizer was
present in the control plots. Vetch and pea were inoculated with
Rhizobium leguminosarium biovar viciae, before planting.
Weeds were not controlled and plots were mainly rainfed.
Cover crops were terminated at vegetative growth stage
(Nietvoorbij: September 27 and October 4, 2017 and Bien
Donne: September 8 and 14, 2017) and flowering stage
(Nietvoorbij: October 18 and 20, 2017 and Bien Donne:
September 29 and October 5, 2017) by clipping at the soil level
and spraying glyphosate (N-phosphonomethyl glycine) at the
rate of 5 L ha *. The CC residues were left on the soil surface to
decompose.

B. Soil sampling and analysis

Soil samples were randomly collected from 3 points per
treatment plot (0 - 15 cm depths) just before CC termination
(hereafter referred to as kill) and at one year after. The
composite soil samples were passed through a 2 mm mesh. The
SOM content of the samples was determined by combustion
analysis [17]. The activities of B-glucosidase, phosphatase and
urease known to play a critical role in carbon, phosphorus and
nitrogen cycle, respectively, were determined from each sample
using colorimetric methods [18-20]. The activities of
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B-glucosidase and phosphatase were expressed as pg
p-nitrophenol g™ soil h™ while urease activity was expressed as
1g ammonium g™ soil 2 h™. The AI3 was calculated using the
Al3 equation.
Alteration index three equation

Al3 = 7.87 B-glucosidase - 8.22 phosphatase - 0.49 urease
(Equation 1)

C. Statistical analysis

The trials were conducted at two sites. Levene’s test for
homogeneity of experimental variances was verified for
comparable variances [21]. The data were then subjected to a
combined analysis of variance (ANOVA) using General Linear
Models Procedure (PROC GLM) of Statistical Analysis
Software (SAS) (Version 9.4; SAS Institute Inc, Cary, USA).
Observations over sampling time (kill and one year) were
combined in a split-plot analysis of variance with sampling time
as a sub-plot factor [22] for soil variables. The Shapiro-Wilk
test was performed on the standardized residuals from the model
to verify normality [23]. Fisher’s least significant difference was
calculated at the 5% level to compare treatment means [24]. A
probability level of 5% was considered significant for all
significance tests.

I1l. RESULTS AND DISCUSSION

A. Effect of cover crop species and sampling time on SOM
and Al3

At Kill, living CCs had no significant effect on SOM, at the
Nietvoorbij site. Compared to oats, vetch and control plots,
SOM concentration was significantly and marginally higher in
living pea (1.72%) and rye (1.68%) plots, respectively, at the
Bien Donne site (Table 1). In this study, the significant effect of
living CCs on SOM concentrations was observed at Bien Donne
against the Nietvoorbij site. The observed non-responsiveness
of SOM to living CC at Nietvoorbij site is consistent with the
previous greenhouse study that was done using similar soil [15].
The initial higher C content detected in Nietvoorbij soil than
Bien Donne soil might have contributed to SOM being
undetectable in the short-term [25]. The significantly and
marginally higher SOM in living pea and rye plots, respectively,
compared to the control at the Bien Donne site, is an indication
that these CCs can improve SOM through their root exudates
and root turnover [26] in the short-term. At one year, oats
residue significantly increased SOM at both sites, compared to
other treatments (Table I). The marked increase in SOM under
oats residue treatment compared to the control at both sites is in
agreement with previous studies in the Western Cape cropping
system [27] including the recent greenhouse study with similar
soil [15]. However, several studies have shown that an increase
in SOM concentration due to CC amendment is not usually
detected early, but rather in the long term [28].

At kill, living CCs had no significant effect on Al3, at both
sites (Table I). This is in contrast with the results from the
preceding greenhouse pot experiment with Nietvoorbij soil
type, which showed significantly lower Al3 values under oats,
rye, pea and vetch soils compared to the control [15]. However,
the Al3 value was significantly lower in living pea treatment



(-44.27) than oats (-33.50) and rye (-30.08), and marginally
lower in living pea treatment (-44.27) than the control (-39.06),
at Nietvoorbij site. In living rye (-16.66) and vetch (-16.63)
treatments had marginally lower AI3 values than the pea
(-14.83), oats (-14.70) and control (-14.85), at the Bien Donne
site (Table I). The conflicting findings between the field and
greenhouse pot experiment may be due to the larger soil surface
area in the field which perhaps caused a slow rate of alteration in
enzyme activities in response to the presence of living CCs. At
one year, there were no significant differences in Al3 values
under plots with CC residues and the control, at both sites
(Table 1), which is consistent with the previous greenhouse pot
experiment [15]. Apart from this study, there is only one report
[15] on the effect of CC species on Al3. Therefore, more short
and long term studies are needed to confirm the previous and
current results as well as evaluate the suitability/sensitivity of
A3 for measuring soil quality changes due to CC management
practices.

TABLE I: COVER CROP SPECIES AND SAMPLING TIME EFFECTS ON
SOIL ORGANIC MATTER (SOM) AND SOIL ALTERATION INDEX
THREE (AI3) AT NIETVOORBIJ AND BIEN DONNE STUDY SITES

ST cc Nietvoorbij Bien Donne
SOM (%) AI3 SOM (%) Al3
Kill Oats 2.10% 33507 1.63% -14.70°
Pea 2.01% -44.27° 1728 -14.83%
Rye 1.96%c -30.08*  1.68% -16.66%"
a N a bc _ abc
Vetch 218 b34.29 1.56 16.63
2.01% -39.06%  1.54 -14.85%
Control b
a _ a a _ cd
Oneyear  Oats 2.19 b38.08 1.70 18.34
Pea 2.04% -33.63%  1.58™ -19.94¢
1.97% -39.25%  1.40° -17.40%¢
Rye b d
1.98% -36.45%  1.55™ -18.78%
vetch b
1.91°¢ -38.50°  1.66° -17.95"
Control b

ST and CC denotes sampling time and cover crop, respectively. Each value
represents the mean (n = 3). Different letters within a column indicate
significant differences (P<0.05) among treatments using Fisher’s least
significant difference test (LSD)

B. Effect of termination stage on SOM and Al3 at different

sampling times

At kill, SOM was considerably higher at the flowering stage
than vegetative, when averaged over all living CC plots, at both
sites (Table II). The results indicate that living CCs improve
SOM when terminated at the flowering stage compared to the
vegetative stage. This is in contrast to the findings from the
previous greenhouse pot experiment where Nietvoorbij soil was
used. However, some studies have reported that living CCs
build-up soil organic carbon through root exudates released via
passive and active mechanisms [26]. Thus, in this study, delay
in termination of CCs might have contributed to the
accumulation of root exudates which resulted in higher SOM
observed at the flowering stage compared to the vegetative
stage. At one year, SOM at the flowering stage (1.85%)
remained significantly higher than vegetative (1.31%) at the
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Bien Donne site, while no significant differences were observed
between termination stages at the Nietvoorbij site (Table II).
Notably, just like the results from the Bien Donne site, the
preliminary pot experiment with Nietvoorbij soil had higher
SOM at the flowering stage than the vegetative stage, at one
year [15]. The higher SOM content observed at the flowering
stage compared to vegetative is consistent with other studies
which showed that delayed termination of CCs correlated with
higher biomass, residue cover, SOM and SOC content [29, 30].

At both sampling times, flowering stage had lower Al3 values
compared to the vegetative stage, when averaged over all CCs at
Nietvoorbij and Bien Donne sites (Table I1). The findings are in
contrast with the earlier greenhouse pot experiment which had
lower AI3 values at the vegetative stage compared to the
flowering stage [15]. However, the current results may be linked
to reports which indicated that delay in termination may lead to
the accrual of plant root exudates and greater microbial
biomass, which favours enzyme activities [31]. Further
long-term research is required to show whether or not these
observations transcend.

TABLE II: THE AVERAGE EFFECT OF TERMINATION STAGE ON
SOIL ORGANIC MATTER (SOM) AND SOIL ALTERATION INDEX
THREE (AI3) AT DIFFERENT SAMPLING TIMES (KILL AND ONE

YEAR) AT NIETVOORBIJ AND BIEN DONNE STUDY SITES

ST Termination Nietvoorbij Bien
stage Donne
SOM (%)  AI3 SOM (%) AI3
Kill Vegetative 1.85° -31.94  157° -10.77°
a
Flowering 2.24° 4054  1.69° -20.30°
b
One Vegetative 2.06% -33.08 1.31° -18.00°
year a
Flowering 1.98° -41.28  1.85° -18.96°
b c
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ST denotes sampling time. Different letters within a column indicate
significant differences at P<0.05 according to Fisher’s least significant
difference test (LSD)

C. Effect of termination method on SOM and Al3

At one year, there was no significant difference in SOM
between slash and spray plots, when averaged over all CC
species, at Nietvoorbij site (Table I11). This is in contrast with
the previous greenhouse study with similar soil which showed
higher SOM in slash plots than spray [15]. However, at the Bien
Donne site, SOM was significantly higher under slash plots
(1.70%) than spray (1.47%), at one year (Table IlI), which is
consistent with the previous greenhouse work [15]. The major
difference between both termination methods is that slash
allows better surface residue cover and contact with the soil and
maintains lower soil temperature and moisture which all
contribute to higher SOM build-up and microbial activity [32].

At one year, the Al3 value was significantly lower in slash
(-40.97) treatments than spray (-33.39) when averaged over all
CC residues, at the Nietvoorbij site (Table I11). This is in
contrast with the previous greenhouse pot experiment with
similar soil [15]. However, termination method had no
significant effect on Al3 values, at the Bien Donne site (Table
I11). The soil AI3 value was nevertheless slightly lower in slash
than spray plots, at Bien Donne. Previous studies have shown



that the accumulation of herbicides including glyphosate could
be toxic to microbes thereby affecting their activities [2, 33].
The results indicate site effect, since no significant effect was
detected at the Bien Donne field, whereas CC termination by
slash considerably and positively affected AI3 compared to
spraying at Nietvoorbij.

TABLE lll: THE AVERAGE EFFECT OF TERMINATION METHOD
(SLASH AND SPRAY) ON SOIL ORGANIC MATTER (SOM) AND SOIL
ALTERATION INDEX THREE (AI3) AT ONE YEAR AT NIETVOORBW

AND BIEN DONNE STUDY SITES

Termination method  Nietvoorbij Bien Donne

SOM (%) Al3 (%) SOM (%) Al3 (%)
Slash 2.06° -40.97°  1.70° -19.07%
Spray 1.98% -33.397  1.47° -17.89%

Different letters within a column indicate significant differences (P<0.05)
among treatments using Fisher’s least significant difference test (LSD)

IV. CONCLUSION

In this study, living CCs had no considerable impact on SOM.
However, out of the tested CCs, oats residues appeared to
increase SOM in the short-term. Living CCs and residues had no
significant effect on Al3, in the short-term. Compared to the
vegetative stage, delaying the termination of CCs until the
flowering stage improved SOM and AIl3. The impact of
termination method on SOM was only observed at the Bien
Donne site with the slash treatment being higher than spraying.
Also, the response of AI3 to termination methods was only
observed at Nietvoorbij site with slash having significantly
lower values (more favourable) than spray treatment. Site effect
was noticeable in this study, especially with regards to
termination methods. Findings from this field study indicate that
longer periods may be needed to examine the response of SOM
and Al3 to CCs in this Mediterranean environment.
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