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Abstract

Purpose Cover crops can provide multiple
agroecosystem services to crops produced in conserva-
tion agriculture systems. South African grain producers
in the Mediterranean climate region are reluctant to
integrate cover crops in rainfed systems since cover
crops replace cash crops leading to financial losses.
Using cover crops as fodder can help cover input costs,
while providing a range of advantageous services to the
cropping system. The aim of this study was to investi-
gate how cover crop mixtures and the utilisation of
cover crops affect soil quality, the quality and quantity
of the mulch as well as wheat (Triticum aestivum L.)
produced in the subsequent year.

Methods A two-year study was conducted in the West-
emn Cape Province of South Africa. In Year 1, diverse
legume and cereal-based cover crop mixtures were par-
tially grazed, cut and material removed for haymaking,
or left unutilised as a mulch. In Year 2, spring wheat
(Triticum aestivum L.) was planted to investigate the
effects of cover crop mixtures and utilisation method on
subsequent spring wheat yield.
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Results Cover crops used as hay or for grazing did not
affect (P < 0.05) grain yield of wheat that followed in
rotation. Legume-based cover crop mixtures increased
(P<0.05) wheat grain protein content regardless of
utilisation method. Soil quality and nitrogen content
improved (P < 0.05) when cover crops were grazed.
Conclusions Cover cropping can be used by South Af-
rican grain producers as an important agronomic tactic
to improve system productivity and support sustainable
intensification of rainfed cropping systems.
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Introduction

Crop rotation forms part of the set of management
principles of conservation agriculture systems. Howev-
er, in many rainfed crop rotation systems, it is challeng-
ing to incorporate sufficient crop diversity with cash
crop options limited by soil and climatic conditions or
markets (Swanepoel et al. 2016). This is particularly true
for commercial field cropping systems under rainfed
conditions. Incorporating diversity in cropping systems
is a critical management strategy to ensure sustainability
(MacLaren et al. 2019a). Nitrogen (N)-fixing legumes
are particularly important in this context
(Adhikari 2019; Zhao et al. 2020). Cover crops, which
may or may not include legumes, have the potential to
incorporate diversity in crop rotation systems and are
defined as crops that are used in production systems for
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a function other than harvesting (MacLaren et al.
2019b). Key functions of cover crops include, inter alia,
N fixation, protection of natural resources, prevention of
nutrient leaching, enhancement of soil quality, manage-
ment of pests or diseases, and weed control (Blanco-
Canqui et al. 2015; Blanco-Canqui and Jasa 2019;
MacLaren et al. 2021). Cover crops can be used to serve
a variety of functions simultaneously (Andriarimalala
etal. 2013).

Cover crops have successfully been integrated into
conservation agriculture systems in different regions
globally (Flower et al. 2012; Andriarimalala et al.
2013; Shelton et al. 2018; Rugare et al. 2019). In regions
with Mediterranean climates, such as the south-western
parts of Australia and South Africa, rainfed crop rotation
systems are anchored in wheat (Tritcum aestivum L.)
and barley (Hordeum vulgare L.) produced in rotation
with other small grains, canola (Brassica napus L.), and
various forage crops. These crops are usually
established in autumn and harvested late in spring or
early in summer. Since rainfall in Mediterranean climate
environments is distributed poorly, and concentrated in
the middle of winter, soil water in rainfed systems is
depleted during grain filling stages (Ward et al. 2012).
In the South African Mediterranean climate region, the
hot dry summers are not conducive to production of
either a crop or cover crop. Double-cropping is therefore
not possible. Should cover crops be included in rainfed
cropping systems in this region, cover cropping will be
limited to the cool (rainy) season and directly compete
with the establishment of a cash or forage crop in the
cropping system. By substituting cash crops with cover
crops, the income of a cash crop season is forfeited. This
is the main reason why producers are reluctant to incor-
porate cover crops in rainfed cropping systems in the
South African Mediterranean region.

Partial use of cover crops as fodder can help cover
input costs while possibly providing a range of services
that are advantageous to the production system
(Andriarimalala et al. 2013). Integration of livestock in
cropping systems holds in additional potential benefits,
such as economic risk mitigation provided by enterprise
diversification (Bell et al. 2018) and weed control
(MacLaren et al. 2019b). If cover crops are utilised by
livestock, enough plant material should remain as a
mulch to provide adequate soil cover. The aim of this
study was to investigate how cover crops and the
utilisation of cover crops affect the productivity of a
crop rotation system under rainfed conditions in the
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South African Mediterranean climate region. The first
objective was to evaluate the effect of cover crop
utilisation on soil and the quality and quantity of the
mulch. The second objective was to determine the effect
of cover crop utilisation on yield of wheat planted in the
subsequent production season.

Materials and methods
Experimental site description

The study was conducted on Langgewens Research
Farm located in the Swartland region (Western Cape
Province, South Africa), in the 2016 and 2017 produc-
tion seasons. The Swartland region is characterised by a
Mediterranean climate with an average annual rainfall of
395 mm of which 80 % occurs during the cooler half of
the year (April to September). 80 % of the rainfall oc-
curs during the months of April to September. During
the 2016 season, the total average rainfall was 376 mm
and in 2017 season received 238 mm (Fig. 1). In both
2016 and 2017 seasons, May and August were slightly
warmer than the long-term mean temperature. In this
region most of the crops are planted in April or May
after the first rain has fallen and harvested from mid-
October to November.

Wheat, barley, oats (Avena sativa L.), canola, lupines
(Lupinus spp.) and forage crops such as annual medics
(Medicago spp.) are typically produced in rainfed crop
rotation systems integrated with livestock. Prior to the
onset of this trial, crop production management was
based on conservation agriculture principles, viz.. a
wheat-annual Medicago rotation, crop residue retention
so that > 80 % of soil surface is covered, and establish-
ment of crops with a seed-drill (i.e., no-tillage). These
conservation agriculture practices have been followed
for more than 15 years. Sheep utilised the annual
Medicago phase.

The soil types in the Western Cape Province varies
considerably. At the trial site, soil forms included
pedocutianic-lithic, eluvic-pedocutanic, pedocutanic-
cumulic-hydromorphic and prismacutanic (IUSS
Working Group 2006). However, all soil types soil
texture in the topsoil were classified as a sandy loam.
Soil fertility indicators prior to the onset of the trial were
within the recommended ranges for legumes
(FERTASA, 2016), which are generally more sensitive
than grain crops for soil nutrient deficiencies (Table 1).
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Fig. 1 Long-term (LT) rainfall (mm), mean minimum and maximum temperatures (°C) of Langgewens Research Farm in the Swartland
region of South Africa, as well as rainfall, minimum and maximum temperatures recorded monthly for both 2016 and 2017

Experimental layout and treatments

The experiment was laid out in a split-plot design with
two factors. The whole plot factor (cover crop mixture)
had two levels: legume-based and cereal-based cover
crop mixtures. The subplot factor consisted of three
different methods of utilising cover crops. Each

treatment-combination was replicated in 12 blocks.
Each of the 24 whole plots was 30 m in length and 15
m wide (450 m?). Whole plots were divided into three
subplots of 150 m? each (10 x 15 m) to allow different
utilisation methods.

The study was carried out during the 2016 (Year 1)
and 2017 (Year 2) production seasons. The preceding

Table 1 Soil fertility analysis of samples collected from the field site at a depth of 0—150 mm prior to planting legume and cereal-based

cover crop mixtures

Cereal-based mixture

Legume-based mixture

Soil parameter’ Mean SE Mean SE
pH (KCI) 5.6 0.06 5.5 0.08
Resistance (ohm) 393 43 429 47
Exchangeable Ca (mg kg ") 860 22 827 64
Exchangeable Mg (mg kg ") 120 43 135 15
Exchangeable Na (mg kg ") 49 5.1 43 5.0
Exchangeable K (mg kg™ ') 165 10 158 10
Cation exchange capacity (cmol kg ') 6.1 0.20 6.1 0.43
Extractable P (mg kg™ ") 70 74 75 6.2
Exchangeable S (mg kg~ ') 23 24 19 2.0
Extractable Cu (mg kg™ ") 12 0.09 14 0.16
Extractable Zn (mg kg~ ") 1.7 0.16 1.9 0.14
Extractable Mn (mg kg ') 49 72 82 13
Exchangeable B (mg kg™ ") 0.5 0.03 0.50 0.05
Organic C (%) 1.4 0.07 1.4 0.11

! Standard methods were used prescribed by the Non-Affiliated Soil Analysis Work Committee (1990)

SE = Standard error
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crop was spring wheat. Following harvesting of the
wheat, crop residues were retained and therefore carried
over into the experimental year. In Year 1 of the experi-
ment, two diverse cover crop mixtures (legume- and
cereal-based; Table 2) were sown on 12 May 2016. Op-
timum planting date for crops in the Swartland region
range between 1 and 31 May, depending on the onset of
the rainy season. The legume- and cereal-based cover
crop mixtures consisted of legume to cereal ratios based
on seed number of 70:30 and 30:70, respectively. Species
included in mixtures were adapted to the local climate and
suitable for use by livestock. To explore the effect of
cover crop utilisation on subsequent wheat yields, each
cover crop mixture was subjected to different utilisation
methods. For the first method of utilisation, cover crops
were grazed by sheep. A fenced pen was assembled on
each subplot subjected to grazing. Cover crops were
grazed by sheep for 10 days when at least 85 % of the
cereal plants reached the flag-leaf growth stage (August).
Two adult SA Mutton Merino ewes with an average body
weight of 75 kg were allocated to each grazing subplot
(i.e., 133 ewes ha !). The second method of utilisation
involved mowing of cover crops with an Agria bar mower
(Agria-Werke GmbH, Mockmiihl, Germany) when 85 %
of the cereals plants reached the soft dough stage (Sep-
tember). The mowed material was raked and removed

from the subplots and weighed to determine the removed
biomass yield on dry matter basis for each subplot. When
the regrowth from grazing or hay plots reached the ear-
forming stage, all plots were terminated (October) with a
contact herbicide (400 g ha ' paraquat) to prevent seed
set. The third sub-plot utilisation treatment served as a
control, viz. an unutilised cover crop. Cover crop material
was kept as a mulch following termination with a
crimping roller at the soft dough stage.

In Year 2, spring wheat (cv. SST 056) was planted on
9 May 2017 across all plots to investigate the effects of
cover crop mixtures and utilisation on subsequent spring
wheat yield. A control treatment was included, in which
wheat was grown in monoculture for two production
seasons (2015 and 2016) prior to Year 2.

Trial management

In both experimental years, 21 days prior to planting,
plots were sprayed with the non-selective herbicide
glyphosate at 720 g ha '. A double disc seed-drill with
a row spacing of 254 mm was used to plant the crops.
Fertiliser was band-placed in the cover crop row at
25kgNha ', 10kg P ha 'and 5 kg K ha '. Cover
crops received no additional fertilisers during the rest of
the cropping season. Wheat in Year 2 received 10 kg N

Table 2 Composition of the legume- and cereal-based cover crop mixtures, cultivars used and seeding rates of each crop in the mixture

Crop Species name Cultivar Seeding rate
(kgha ")

Legume-based mixture

Forage barley Hordeum vulgare SVG 13 6

Forage barley Hordeum vulgare Moby 6
Triticale x Triticosecale Us 2014 12.5
Field pea Pisum sativum Arvika 35

Vetch Vicia sativa Haymaker 3
Arrowleaf clover Trifolium vesiculsum Zulu 1T 1
Berseem clover Trifolium alexandrinum Elite 2
Subterranean clover Trifolium subterraneum Woogenellup 2
Biserrula Biserrula pelecinus Casbah 1
Cereal-based mixture

Forage barley Hordeum vulgare SVG 13 25
Triticale x Triticosecale US 2014 50

Peas Pisum sativum Arvika 20

Vetch Vicia sativa Haymaker

Arrowleaf clover Trifolium vesiculsum Zulu 11
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ha ',7kgPha ',3.5kgKha 'and 1.6kgSha 'with
establishment, in the row. A topdressing was applied
when 85 % of wheat plants reached the four-leaf stage
consisting of 40kgNha ', 5kgPha "and6kgSha .
A foliar application of 150 g boron ha™ ' was applied at
flag-leaf stage. Wheat plots were kept disease and weed-
free according to best practice in the region, mostly
making use of chemical pesticides.

Cover crop sampling (year 1)

Percentage soil cover was determined using an experi-
mental pin meter at the end of the season (November) as
described by Swanepoel et al. (2018). Cover crop bio-
mass samples were collected at the same stage by cutting
biomass at the soil surface from three 0.25 m* quadrats
per subplot. The three samples per subplot were pooled
and fractionated into four groups, viz. leguminous cover
crops, cereal cover crops, weeds, and wheat stubble left
standing from the previous season. Samples were oven-
dried at 60°C until constant weight and botanical com-
position was subsequently determined. The different
fractions per dried sample were combined for herbage
quality analyses. Samples were milled until particles
could pass a 1-mm mesh. The determination of the
nutrient element content of biomass was based on the
methods described by AgriLASA (2007).

Wheat sampling (year 2)

Prior to wheat planting, cover crop residue samples were
collected from each plot following the same sampling
strategy as in Year 1, except that botanical composition
was not determined. Wheat plant population (plants m™
%) was determined 40 days after planting by counting the
number of wheat plants in ten 1-m rows per subplot.
Biomass samples were taken at physiological maturity
of wheat (November). Nutrient element content of the
biomass was determined as described for samples taken
in Year 1. Wheat grain yield was determined using a
small plot-combine. Representative grain samples were
taken from each plot to determine hectolitre mass, grain
protein content, screenings and thousand seed weight.

Soil sampling and analyses
Five composited soil cores (45 mm in diameter) were

collected per subplot to a depth of 150 mm in November
of Year 1, prior to establishment of wheat in May of

Year 2 and in November of Year 2. Standard soil
fertility tests were performed following methods de-
scribed by the Non-Affiliated Soil Analysis Work Com-
mittee (1990). Results are not shown as there were no
treatment effects and nutrients were within the required
ranges for crop production. Soil quality tests were con-
ducted on soil samples taken at the end of Year 1
according to the methods described by Haney et al.
(2018). Soil quality indicators included soil organic
matter, total N, inorganic N, organic N, N
mineralisation, C:N ratio, total P, organic P, P
mineralisation and aggregate stability.

Statistical analyses

For the data collected in Year 1, mixed models were
used to analyse the effects of the two cover crop mix-
tures and three cover crop utilisation methods. The fixed
effects in the model were specified as the cover crop
mixture and cover crop utilisation method, and interac-
tions amongst the mixtures and utilisations. Random
effects in the model were specified as the blocks, as
well as the interaction between block and mixture. The
Bonferroni test was used as a post-hoc test to determine
any significant differences between treatment means.
The Bonferroni test is very conservative when a large
number of group means are being compared. Because
the Fisher’s Least Significant Difference (LSD) test is
less strict, it was only used to indicate significant differ-
ences when the Bonferroni test indicated significant
differences at P < 0.05. For the data collected in Year
1, residuals followed a normal distribution and variances
were homogenous. In Year 2, some parameter residuals
did not follow a normal distribution and the Games-
Howel post-hoc test was used as a non-parametric test
to confirm the results of the Bonferroni test. The Vari-
ance Estimation, Precision and Comparison (VEPAC)
package of Statistica Version 13 (TIBCO
Software 2017) was used.

Results

Effect of cover crop utilisation on mulch quantity
and quality

The cereal-based mixture produced more (P < 0.05)

cereal- and total cover crop biomass when unutilised,
compared to the unutilised cover crops in the legume-
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based mixture (Fig. 2). As cereals are generally more
productive than legumes, the larger proportion of cereals
in the cereal-based mixture explains the higher total
biomass production (P < 0.05) in the cereal-based mix-
ture. Grazing and haymaking resulted in a total cover
crop biomass yield by the end of the season 0f 2367 and
1510 kg ha™ ', respectively, compared to the unutilised
treatment’s biomass production of 3304 kg ha™'. Al-
though the percentage of soil covered by the end of the
season was higher (P < 0.05) for the unutilised plots (98
to 99 %) compared to cover crops utilised through graz-
ing or haymaking (83 to 85 %), all treatment-
combinations were still covering the soil sufficiently
(results not shown). Weed pressure was low, and there-
fore soil was mostly covered by cover crop material.
The total nutrient element stocks per hectare are
presented in Table 3. The stocks of all nutrients (except
P) in the legume-based mixture was similar (P> 0.05)
when the cover crop mixture was unutilised and grazed.
When cover crop biomass was removed for hay, lower
(P < 0.05) nutrient stocks (except Fe) were recorded
than for the unutilised cover crop mixtures. In the
cereal-based mixture there was generally a more gradual
decline (P < 0.05) for most nutrient stocks. The
unutilised cover crops had the highest nutrient stocks,
grazing was intermediate and the lowest nutrient stocks
were observed when hay was produced (P < 0.05).

The nutrient content of soil cover and total above-
ground cover crop biomass that was present prior to
establishment of wheat in the subsequent year, within
each treatment, are shown in Table 4. The mulch load of
unutilised cover crop treatments was comparable (P>
0.05) to the mulch load of a previous wheat crop (con-
trol). The grazing and hay treatments resulted in lower
(P < 0.05) mulch loads compared to the control. How-
ever, the nutrient stocks in the grazing and hay treat-
ments’ mulch were similar (P> 0.05) to the control,
except for Na for which the grazed leguminous treat-
ment recorded a higher (p <0.05) Na content. By the
end of the Year 2, all treatments had a similar mulch
load and nutrient content, except for Al (Table 5). Nu-
tritional value of the two cover crop mixes was similar
(P < 0.05), except for neutral detergent fibre content that
was lower for the leguminous mixture (results not
shown).

Effect of cover crop utilisation on soil quality

The effects of cover crop mixtures and utilisations on
soil quality by the end of the cover crop growing season
are presented in Table 6. Soil organic matter content was
not affected (P> 0.05) by any treatment factor, which
was expected as it takes multiple years to observe effect
on soil organic matter content. The unutilised cover crop
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Fig. 2 Total cover crop biomass and the proportions of legume
and cereal biomass left on each subplot (hay, grazing and
unutilised for the legume- and cereal-based mixtures) after the
cover crop growing season. No common uppercase letter above
bars indicate a significant difference (p < 0.05) in the total amount
of cover crop biomass (SE=252 kg ha '; CV =48.67). No
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common lowercase letter within bars indicate a significant differ-
ence (p<0.05) in the amount of cereal or leguminous material
(cereal: SE=263 kg ha™ L. CV=6205; leguminous: SE =130 kg
ha™'; CV =93.26). The amount of material removed as hay is
shown by two dots above the hay-bars (SE=319 kgha '; CV =
29.58; P> 0.05)
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Table 3 Nutrient element content of the total above-ground bio-
mass following the cover crop growing season for each subplot
(hay, grazed and utilised) in the legume- and cereal-based cover
crop mixtures

Hay Grazing Unutilised SE (0%

Cereal-based mixture

Ash (kgha™") 176°  258° 3107 30.07 45.01
N(kgha ')  29.65° 5195° 7216 511 4347
Ca(kgha ') 9.09° 10.11° 1552 135 4342
P (kgha 1) 439°  6.75° 11.22% 0.64 43.39
Mg (kgha™!) 285 488  7.15° 051 4453
K(kghal)  27.04° 51.80° 73.59° 506  47.02
Na(kgha ') 233" 471®  761° 192 116

Fe(kgha ') 208 222° 1.74° 037 5935
S (kgha " 238 4.05° 5.72° 046 4651
Al(kgha') 1.04° 1.16° 1.11° 0.14 4352

Mn(gha ')  88.02° 112.1° 179.2° 13.63 4292
Cu(gha ") 10.60° 17.10°  22.46° 211 50.85
Zn(gha ) 3349° 5431°  8027° 520 4159
B(gha!) 23.73% 2491°  37.15° 322 4043
Legume-based mixture

Ash (kgha ') 190°  271° 297° 30.07 45.01
Nkgha ')  39.04° 7251*°  73.86" 511 4347
Ca(kgha ') 12.70° 19.93*  20.51° 135 4342
P (kgha ') 5.05¢  7.98° 10.01% 0.64 43.39

Mg (kgha ') 3.80° 6.67° 7.39* 051 4453
K (kgha')  31.96° 53.3° 63.44° 506 47.02
Na(kgha ') 3.13° 10.60°  8.08" 192 116

Fe(kgha ') 196° 286°  2.11° 037 5935
S (kgha " 3.01°  5.05° 5.50° 046  46.51
Al (kgha ') 1.10* 1.68° 1.08° 0.14 4352

Mn(gha ')  100.6° 156.0° 162.2° 13.63 42.92
Cu(gha ") 10.86° 17.15*  20.82° 211  50.85
Zn(gha ') 41.09° 67.88*  70.82° 520 4159
B(gha ') 28.94° 4526  41.56° 322 4043

Different letters indicate significant differences (P < 0.05) within a
mixture. SE = standard error; CV = Coefficient of variation

mixture had the lowest (P < 0.05) total N and inorganic
N contents. Except for N mineralisation in soil of the
leguminous mixture the unutilised cover crop mixtures
had the lowest (P < 0.05) mineralisable N content. Or-
ganic N was not affected (P> 0.05) by cover crop
treatments. However, when a leguminous mixture was
utilised either through grazing or haymaking, it had high
(P< 0.05) N-related soil properties. The cereal-based
mixture’s total N and inorganic N contents were also

among the highest (P < 0.05) when they were grazed,
but not when used for haymaking. In general, higher (P
< 0.05) N-related properties were observed for the legu-
minous mixture, which is expected, although it did not
always differ (P> 0.05) from that of the cereal mixtures.

Organic P content of soil was among the highest (P
< 0.05) in the leguminous mixture, irrespective of
utilisation. Similar trends were observed for total P
content and P mineralisation, although haymaking and
grazing of the cereal mixture sometimes resulted in
similar (P> 0.05) responses.

The unutilised subplots of the cereal-based mixture
had a higher (p <0.05) aggregate stability compared to
the grazed subplots, likely due to the fibrous nature of
cereal root systems.

Wheat establishment and production

Establishment of wheat was acceptable for all treatments
as between 85 and 111 plants m 2 established. No
treatment effects (P> 0.05) for plant population were
observed (results not shown). Wheat biomass was
highest (P < 0.05) for the monoculture wheat treatment,
intermediate for all other treatments and lowest (P <
0.05) where an unutilised cereal cover crop was previ-
ously planted (Table 7). Wheat grain yield ranged be-
tween 2108 and 2580 kg ha” ', which are acceptable in
this region for a relatively dry year (Fig. 1). Cover crop
mixture and utilisation were similar (P> (.05) to mono-
culture wheat, except when a cereal-based cover crop
mixture was left unutilised, the subsequent wheat grain
yield was lower (P < 0.05) than monoculture wheat.
Cover crop mixture and utilisation had a positive effect
(P<0.05) on wheat protein content of seed harvested
from plots which previously had a legume-based mix-
ture, regardless of the utilisation. Wheat monoculture
had the highest (P < 0.05) hectolitre mass and the lowest
(p <0.05) percentage of screenings compared to the
other treatments.

Discussion

Reducing the amount of aboveground cover crop bio-
mass through haymaking or grazing needs to be done
judiciously to retain the benefits provided by cover
crops. In the current study, haymaking resulted in the
lowest (P < 0.05) amount of aboveground cover crop
biomass. Fisher et al. (2012) reported thresholds in
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Table 4 Soil nutrient content (0-150 mm depth) and crop residue load before the onset of the wheat growing season (May 2017; Year 2)

Cereal-based mixture Legume-based mixture Wheat monoculture  SE (&)%

Hay Grazing Unutilised Hay Grazing  Unutilised
Crop residue load (kgha™') 2188° 2333  3759° 2072°  2306° 3217 3265 347 7822
N (kgha 1) 3228 37.09%  54.77° 20.28°  36.53%  48.47" 36.44% 583  83.72
P (kgha ') 407> 439 7567 3.15° 419 6.08® 3.81¢ 0.78  95.88
K (kgha ") 1240 10.10°  23.67° 537°  8.88° 18.41%® 12.79% 3.05 124
Ca(kgha ') 10.07°  11.44°  13.90%® 11.61° 1435  17.36° 10.56° 187 7813
Mg (kg ha ") 2.69° 3.14* 456 225 348 424 2.86° 0.50  85.87
Al (kgha ') 288" 416" 3.50° 3350 3.72° 4.00° 3.88° 070  47.12
S (kgha ) 229° 257 395 1.90°  2.52%  351® 2.80%° 045 9196
Cu(gha ") 6.15 8.55 931 6.84 728 8.48 7.06 136 6434
Zn (gha ") 38.68°  50.75™  64.15° 36.04° 47.72°  58.97%® 41.56° 544 80.64
Mn (gha ') 106° 1622 161 111° 148 1947 177% 29.03 7094
B(gha ') 16.18°  21.75®  22.44% 16.63° 23.12®® 2568 17.25° 3.08  69.96
Na (g ha ) 1098 931%¢ 1685 609 1506  1936° 740 < 304 123

The treatments consisted of wheat planted on plots previously planted to cover crop mixtures based on legumes or cereals. Each mixture was
utilised as hay, for grazing or left unutilised. No common letter within a row denotes a significant difference (p < 0.05). SE = standard error;

CV = coefficient of variation

similar climatic conditions of 1000 kg ha ' or 750 kg
ha ' of cereal- or leguminous material to effectively
prevent wind and water erosion. Optimal thresholds
will, however, different across contexts and for different

purposes and will be affected by quantity and quality of
the residue (Shahbaz et al. 2017). It is therefore not clear
what the thresholds are for a cover crop to perform
various individual agro-ecosystem functions (Blanco-

Table 5 Soil nutrient content (0-150 mm depth) and crop residue load by the end of Year 2 (Nov 2017)

Cereal-based mixture Legume-based mixture Wheat monoculture SE (6)%

Hay Grazing Unutilised Hay Grazing Unutilised
Crop residue load(kg ha ') 244 441 787 531 511 539 1011 347 78.22
N (kgha 1) 2.89 6.18 10.35 8.07 7.35 7.57 9.94 5.83 83.72
P (kgha ') 0.28 0.53 1.04 0.78 0.72 0.71 0.88 0.78 95.88
K (kg ha™ ') 0.48 0.85 1.82 1.26 1.14 1.22 1.71 3.05 124
Ca(kgha " 1.25 221 3.73 3.07 2.76 2.62 3.69 1.87 78.13
Mg (kg ha ") 0.23 0.44 0.85 0.64 0.62 0.61 0.87 0.50 85.87
Al (kgha 1) 1.03% 208"  2.88® 2.62% 2.45% 2.65%® 3.330 0.70 47.12
S (kgha " 0.17 0.33 0.59 0.43 0.41 0.39 0.60 0.45 91.96
Cu(gha ") 1.27 221 3.34 2.65 2.87 2.85 3.70 1.36 64.34
Zn (gha ') 3.34 5.84 11.75 9.85 8.91 9.06 12.29 5.44 80.64
Mn (gha ') 20.46  39.65 54.19 46.04 63.19 50.57 76.93 29.03 70.94
B(gha ! 2.32 5.06 7.86 5.59 6.02 5.58 8.01 3.08 69.96
Na (gha ') 4951  77.32 172.55 120.30 98.40 119.11 168.64 304 123

The treatments consisted of wheat planted on plots previously planted to a cover crop mixture based on legumes or cereals. Each mixture was
utilised as hay, for grazing or left unutilised. No common letter within a row denotes a significant difference (P < 0.05). SE = standard error;

CV = coefficient of variation
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Table 6 Soil quality indicators after a cover crop growing season for soil collected at a 0—150 mm depth layer

Cereal-based mixture Legume-based mixture SE (&)%

Hay Grazing Unutilised Hay Grazing Unutilised
Soil organic matter (%) 243 248 247 236 2.33 228 0.11 15.06
Total N (mg kg 1) 18.63% 18.95%¢ 16.38° 21.05% 22.91° 18.9b° 1.48 27.46
Inorganic N (mg kg™ ") 7.33% 8.69° 5.22° 8.95% 11.09* 7.04" 1.03 4833
Organic N (mg kg™ ") 11.74 11.63 11.29 13.03 13.28 12.92 0.90 2533
N mineralisation (mg kg ") 3.58% 2.78° 2.55° 527° 4.28% 432% 0.84 78.26
C:N ratio 16.19% 16.81% 17.27° 14.91° 15.08% 15.64™ 0.82 18.02
Total P (mg kg™ ") 30% 28.5% 27° 34.58% 35.08" 33 4.05 4425
Organic P (mg kg 1) 6.46" 6.48" 6.21° 7.11% 7.34% 6.93%¢ 0.54 2727
P mineralisation (mg kg ') 2.12% 1.39° 1.23° 3.50° 2.78%® 2.66% 0.68 106
Aggregate stability (%) 19.83% 16.75° 21.83* 21.42% 21.83% 2267 2.68 4425

Legume and cereal-based cover crop mixtures were used for haymaking, grazing, or left unutilised. No common superscript letter indicates
significant differences (p < 0.05) within a row. SE = standard error; CV = Coefficient of variation

Canqui et al. 2015; Fageria et al. 2005), in the current
study, at least 2000 kg mulch ha™ ! were recorded prior
to establishment of the subsequent wheat crop. We
therefore argue that ‘enough’ biomass was retained for
the cover crop to perform multiple functions. One of the
major agroecosystem functions of a soil cover in drier
environments is prevention of soil water loss through
evaporation (Ranaivoson et al. 2017; Haarhoff et al.
2020). Although it is expected that the benefits of an
adequate soil cover would be most pronounced on yield
of crops in dry years (Pittelkow et al. 2015), a wheat
yield benefit was not observed in the current study,
despite the dry wheat production season.

High mulch loads may interfere with crop establish-
ment, growth, and development (Swanepoel et al. 2019)
which might explain why wheat biomass and grain yield
was lower (P < 0.05) when the mulch load was high
(Tables 5 and 7). It is important to establish critical
thresholds of mulch or crop residue as redundant loads
of mulch might interfere with crop production. Where
high loads of biomass are produced, it would be advised
to utilise the soil cover to some extend through grazing
or haymaking (Andriarimalala et al. 2013), or light
incorporation rather than just leaving cover crops on
the surface as mulch.

Despite the reduction in the amount of cover crop
residue because of utilisation, grazing had a smaller (p <
0.05) effect on the mulch load in comparison with hay
production, this was due to regrowth following the
grazing procedure. Regrowth was minimal following

cutting material for hay as most crops were in early
reproductive stages at the time. However, hay was cut
at a time to ensure maximum hay quality. Although the
mulch load for the hay treatments were lowest, it still
exceeded 1500 kg ha !, which still covered the soil
(Fig. 2). The mulch load may affect the amount of
nutrients that are carried over to the subsequent season
— nutrients which may become available to crops fol-
lowing decomposition of material. The stocks of nutri-
ent elements (except P) in the legume-based mixture
was similar (P> 0.05) when the cover crops were
unutilised or grazed. This points to circulation of nutri-
ents in the grazed system, allowing plants to uptake
nutrients that flow via manure and urine back to soil.
Grazing, and likely also haymaking, could be viewed as
a way to facilitate nutrient cycling, either through root
turnover and decomposition, or recycling of nutrients
through manure and urine (Gardner and Faulkner,
1991). Grazing of cover crops improved (P < 0.05) soil
N parameters compared to unutilised cover crops
(Table 6). In a system where N is one of the most-
limiting nutrients for wheat production, an increase in
soil N may lead to a yield or seed quality response,
particularly in good rainfall years (Agenbag, 2012).
The wheat grain protein content (i.e., grain N content)
improved (P < 0.05) when it followed a legume-based
mixture, irrespective of its utilisation. The breakdown of
the mulch and subsequent mineralisation is also slower
in cold and wet production conditions, hence the no-
response reaction of the following wheat yield, but a
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Table 7 Wheat productivity, yield and quality analyses by the end of the growing season (Year 2)

Cereal-based mixture

Legume-based mixture

Wheat monoculture ~ SE (A%

Hay Grazing Unutilised Hay Grazing  Unutilised
Wheat biomass (kg ha') 4853 5475 4389° 6011° 5412 5366™ 5766° 423 17.03
Grain yield (kg ha ')- 2453 2387%  2108° 23350 2224 2112% 2580° 203 17.05
Hectolitre mass (kg hL™') ~ 80.70°  80.05°  80.68" 80.45°  79.85°  79.80° 82.23° 0.50 147
Protein content (%) 13.98°  1433>  13.38° 1585 1585  15.95° 13.80° 040 8.56
Screenings (%) 0.83® 078  0.75® 0.80° 0.85® 095 0.65° 0.07 1925
Thousand seed mass (g) ~ 37.03  36.40 37.75 36.18 3658 36.23 35.65 101 518

The treatments consisted of wheat planted on plots previously planted to a cover crop mixture based on legumes or cereals. Each mixture was
utilised as hay, for grazing or left unutilised. No common letter within a row denotes significant differences (p < 0.05). SE = standard error;

CV = Coefficient of variation

positive response in wheat quality under grazing due to
late mineralisation at the end of the production season
when temperatures starts to rise. As a result of the
nutrient carry-over, fertiliser use can potentially be re-
duced, particularly N fertilisers. Reduced use of
fertilisers will have a positive effect on ecosystem func-
tion and agricultural profitability (Becker et al. 2020).

Overall, utilisation of cover crops in the form of
grazing and hay production did not have a negative
effect on soil quality, which was in agreement by
Blanco-Canqui et al. (2015). In the no-tillage systems
of southern Brazil, grazed cover crops improved soil
quality if the cover crops were not overgrazed (de
Faccio Carvalho et al. 2010). When cereal-based cover
crop mixtures were unutilised, a higher (p <0.05) ag-
gregate stability were observed compared to the grazed
subplots, likely due to the fibrous nature of cereal root
systems. However, the potential of cereal-based cover
crops to improve soil physical quality should be inves-
tigated further as the mechanisms in the current study
were not explicitly clear. as there was a significant
amount of cereal biomass in the legume-mixture.

It is important to maintain a balance between removal
of material (grazing or haymaking) and maintaining a
sufficient mulch layer to cover the soil. Andriarimalala
et al. (2013) demonstrated the importance of utilising
cover crops in smallholder farming systems in Mada-
gascar to support sustainable income through livestock
integration in cropping systems. We have seen that the
cover crop utilisation methods affected soil chemical
and bio-chemical processes and more research is neces-
sary to investigate the effects of the different mixtures
and utilisations on soil physical and biological process-
es. It is expected that cereal-based cover crops, being
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more productive, may have a bigger impact on soil
physical properties over the long-term (Blanco-Canqui
and Jasa 2019).

One of the main factors preventing farmers from
converting to conservation agriculture is the financial
loss (or opportunity cost) when crop residue is left as
soil cover and not utilised (Giller et al. 2009). In this
study the utilisation of cover crops reduced (p <0.05)
the amount of material left as soil cover but did not
influence the wheat yield. As is the case with grasslands
a multi-species cover crop can promote synergies be-
tween ecosystem services, since they can deliver on the
production front as well as other ecosystem services
such as carbon sequestration and enhanced biodiversity
(Accatino et al. 2019). This indicates that there is a
possibility that cover crops can enable producers to
profitably utilise cover crop material in a conservation
agriculture system. Integration of livestock in cropping
systems, and specifically conservation agriculture sys-
tems, also hold multiple other benefits such as improve-
ment of the economic sustainability, mitigation of cli-
mate risk associated with climate change (Bell et al.
2014; Crookes et al. 2017), reduction of weed pressure
and reliance on chemicals to control weeds (MacLaren
et al. 2019a), and may enhance soil quality and reduce
the need for mineral fertilisers (de Andrade Bonetti et al.
2019).

Conclusions
When cover crops are integrated in a South African

rainfed crop rotation system, a cash crop is sacrificed.
Utilisation of cover crops can supply additional fodder
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and has the potential to improve fodder flow in mixed
crop-livestock systems. Utilisation of cover crop mix-
tures in the form of grazing and haymaking decreased
mulch load, but soil remained covered after utilisation.
Utilised cover crops did not improve or reduce the
following season’s wheat grain yield, but leguminous
cover crops increased wheat grain protein content. Soil
quality, in particular nitrogen content was improved
through cover cropping and specifically when cover
crops were grazed. Therefore, cover crops can be an
agronomic tactic to improve system productivity and
support sustainable intensification of cropping systems.
Load thresholds for cover crops to perform certain func-
tions, or mwultiple functions at once, need to be
established for producers to confidently utilise cover
crops or crop residue to a certain extent. Use of the term
‘cover crop’ when utilised for hay or grazing may be
confusing to producers, since the cover crop is not only
used for covering the soil but also utilised by livestock
and could rather be referred to as a ‘service crop’ when
information is disseminated.
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