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ABSTRACT

Cover crops (CC) and crop rotation are key components of a sustainable crop production
system. The objectives of this study were to (i) evaluate the effect of winter CC on
nitrogen (N) supply to the subsequent maize crop, and to (ii) evaluate the effect of CC
on soil cover and weed population. Three winter CC were evaluated: black oat (BO)
(Avena strigosa Schieb), white lupin (WL) (Lupinus albus), and oilseed radish (OR)
(Raphanus sativus L.), as single species and in a mix. The three CC mixes included:
BO+WL; BO+OR; and OR+WL. In addition to CC treatments a set of five N application
rates (0, 60, 120, 180, and 240 kg N ha) were included on plots under winter fallow
(WF). The winter CC supplied plant-available N to the subsequent maize crop varying
from 25 to 53 kg N ha™* with BO and WL, respectively. The mix of CC varied less in N
supply (38-42 kg N ha™). Soil cover and weed suppression varied between CC. The
results suggest that BO can be used to attain rapid soil cover. Black oats also provided
better soil cover after CC flattening, likely due to the higher C:N ratio and slower residue
decomposition. The higher C:N ratio may result in some N immobilization and reduced
plant available N to the maize crop. However, BO also showed great weed suppression.
Mixing CC is an alternative to merge the benefits of the individual species, enhancing
the overall ecosystem services provided by them.

Key words: crop rotation, fertilizer nitrogen, green manure, soil cover, weeds.

RESUMEN

Plantas de cobertura (PC) y rotacién de cultivos son componentes esenciales de un
sistema de produccién agricola sostenible. Los objetivos de este estudio fueron (i)
evaluar el efecto de PC en la provision de nitréogeno (N) al maiz cultivado en sucesion, y
(ii) evaluar el efecto de PC en la cobertura de suelo (CS) y supresion de malezas (SM).
Tres PC de invierno fueron evaluadas: avena negra (AN) (Avena strigosa Schieb), lupino
blanco (LB) (Lupinus albus), y nabo forrajero (NF) (Raphanus sativus L.), en forma
asociada y no asociada. Las asociaciones fueron: AN+LB, AN+NF, y NF+LB. Ademas,
fueron incluidas cinco dosis de N (0, 60, 120, 180, y 240 kg ha' N) en parcelas en
situacion de barbecho. Las PC proporcionaron N mineral al maiz en sucesion, variando
de 25 a 53 kg ha* N en el caso de AN y LB, respectivamente. Las asociaciones de PC
proporcionaron el equivalente a 38-42 kg ha™ N fertilizante. La CS y la SM variaron con
cada PC. Los resultados sugieren que AN puede proporcionar rapida CS, y una CS mas
prolongada después del acamado, probablemente debido a la alta relacion C:N y lenta
descomposicién de sus residuos, lo que podria resultar en inmovilizacion de N y
disminucion de su disponibilidad para el maiz. La AN también demostrd buena capacidad
de supresion de malezas. La asociacién de PC es una alternativa que permite combinar
los beneficios de cada especie de PC, mejorando los servicios al ecosistema promovidos
por las mismas.

Palabras clave: abonos verdes, cobertura de suelo, fertilizante nitrogenado, malezas,
rotacion de cultivos.
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INTRODUCTION

The use of cover crops (CC) is essential to improve
overall soil health, providing key ecosystem services
through increased plant diversity (Finney et al.
2016). The benefits of CC in combination with no-
till system (NT) on the succeeding crops is well
documented worldwide (Albuquerque et al. 2015,
Fontoura and Bayer 2009, Giacomini et al. 2004,
Varela et al. 2014). However, there is a lack of
information in the scientific literature for some
regions of South America such as Paraguay, where
NT is adopted today in more than 90% of the
agricultural land (Derpsch et al. 2016). The use of
winter CC in crop rotations is considered more
suitable than summer CC due to the same space-
time occupation with summer cash crops (Florentin
et al. 2011).

Optimum nitrogen (N) supply and proper weed
control is often considered the main challenges for
maize production, especially under NT system
(Bender et al. 2013, Lundy et al. 2015). Nitrogen
immobilization can be higher under NT system due
to the presence of high amounts of plant residues
on the soil surface (Frasier et al. 2016), and weed
control typically relies on chemical control (Hodgdon
et al. 2016, Kaundun et al. 2014). Legume CC can
provide N for the succeeding crop (Florentin et al.
2011, Mahama et al. 2016), with the potential of
replacing part of the fertilizer N application
(Fontoura and Bayer 2009, Mahama et al. 2016,
Tully et al. 2015). The amount of available N supply
from CC depends on several factors: total N uptake
by the plants, timely N mineralization from the
residue, N availability for the next crop, rainfall
during the cropping season, and the technology
level adopted in the farming systems (Blanco-
Canqui et al. 2015, Giacomini et al. 2004).

Three common winter CC species in South America
are black oat (BO), white lupin (WL) and oilseed
radish (OR). As stated by Tosti et al. (2014),
mixtures of CC may be an efficient alternative to
merge benefits of the individual species, improving
the overall ecosystem services provided by their
inclusion in the crop rotation system (Blanco-Canqui
et al. 2015, Ramirez-Garcia et al. 2015). Research
studying winter CC (as single specie or mix) on N
supply and weed control for maize production has
yet to be conducted on typical Ultisol soils in South
America. The objectives of this study were to (i)
evaluate the N supply from winter CC to the
subsequent maize crop, and to (ii) evaluate the
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effect of CC on weed population, soil cover, biomass
production, and N uptake of the cover crops and the
subsequent maize crop.

MATERIAL AND METHODS

A field experiment was conducted in Caaguazu,
Eastern Region of Paraguay (25° 27’ 04" South and
55° 54’ 10" West) during the 2010/2011 growing
season. The annual mean rainfall of this area
fluctuates between 1700-2000 mm, with a mean
temperature of 21°C (DMH 2015).

The experiment was carried out on a sandy loam
Rhodic Paleudult, with 0-3% slope and good
drainage, (Lopez et al. 1995). Soil samples were
taken from the 0- to 10- and 10- to 20-cm depth
across the experimental site before the
establishment of the study (Table 1).

Soil samples were air-dried, ground to pass a 2 mm
sieve and analyzed for soil pH in a 1:1 water
suspension (Tedesco et al. 1995). Soil texture was
determined by the hydrometer method (Bouyoucos
1962). Soil organic carbon (SOC) was determined
by the Walkley-Black method (Tedesco et al. 1995)
and soil total nitrogen (STN) by the Kjeldahl
digestion method. Soil P, K, Ca and Mg were
analyzed using the Mehlich-1 extraction (Tedesco et
al. 1995). Soil potential acidity (H+Al) was
measured with the SMP buffer method (Shoemaker
et al. 1961). Cation exchange capacity (CEC) at pH
7.0 was calculated by adding the exchangeable
basic cations Ca*2, Mg*2 and K* and the potential
acidity (H+Al) (Raij 2011). Base saturation was
calculated dividing the values of the basic cations by
CEC and then multiplied by 100 (Raij 2011). Sail
nitrate (NO3™-N) was extracted with KCl 1M and then
analyzed with the Kjeldahl distillation (Tedesco et al
1995). The results of the analysis are presented in
Table 1. The experimental site has a history of
approximately 35 years under crop production using
low input (fertilizer or pesticides) and under
conventional-tillage. Crops included in the rotation
for this region include sugarcane (Saccharum spp.)
with maize and pasture cultivated every three
years, and the study area had no recent history of
fertilizer application. Lime was surface-applied two
months before the establishment of the study based
on soil test results.

The experimental design was randomized complete

block with three replications. Three winter CC were
adopted: black oat (BO), white lupin (WL), and
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oilseed radish (OR), as single species and in a mix.
The three CC mixes included: black oat and white
lupin (BO + WL); black oat and oilseed radish (BO
+ OR); and oilseed radish and white lupin (OR +

WL). In addition to CC treatments, a set of five N
application rates were included on plots under
winter fallow (WF). Nitrogen rates were 0, 60, 120,
180 and 240 kg N hat.

Table 1. Selected physicochemical soil properties of a subtropical Ultisol under transition from conventional
tillage to no-till system, sampled at 0- to 10- and at 10- to 20- cm depth.

Depth pH Clay SOCt STN# P S K Ca Mg H+AI§ CECY B#S

m @ ------ gkgt---- -mgdm3- ------- mmolc dm3 - - - - - %
0.0-0.1 6.5 100 5.1 06 52 46 3 30 7 49 89 45
0.1-0.2 6.3 93 4.4 0.6 3.9 4.5 2 24 6 49 82 40

T Soil organic carbon; # Soil total nitrogen; § Potential acidity; Cation exchange capacity at pH 7.0; # Base saturation

Cover crops were planted on June 2010 with the
following seeding rates: 60 kg ha™! of BO; 140 kg
hat of WL; 20 kg hat of OR; 30 kg ha of BO + 80
kg ha! of WL; 35 kg hat of BO + 8 kg ha'! of OR;
and 10 kg ha! of OR + 80 kg ha! of WL. No fertilizer
was applied to the CC. The cover crops were killed
by hand at flowering (approximately 120 days after
planting), using a machete in order to imitate the
passing of a knife-roller. Maize (hybrid DEKALB 390)
was planted with a hand-held planter into the CC
stubble immediately after CC flattening. Row-
spacing was 80 cm and seeding rate 55,000 seeds
ha't. Plot sizes were 5 m long and 6 rows wide.
Phosphorus and K fertilizer were band applied at
maize planting (5 cm from the row) at a rate of 60
kg P20s and K20 ha'! based on fertilizer
recommendation by Fatecha (1999). Urea fertilizer
was band applied at 30 kg N ha! at planting. The
remaining of the N rate for each treatment was
broadcasted by hand at the V6 growth stage
(Abendroth et al. 2011), ensuring an even
distribution of the fertilizer.

Cover crops were evaluated for: soil cover (SC),
number of weeds (NW), CC biomass production
(BP), CC nitrogen uptake (NU), and soil mineral
nitrogen (SMN). Maize biomass (MB), maize grain
nitrogen uptake (GNU), and maize grain yield (GY)
were measured. For SC assessment a 1 m? frame
divided into 400 equal squares of 25 cm?2 each was
used. Every square was considered covered if at
least 50% was covered by the plants or plant
residues. Measurements were completed at 30, 60,
90, 120, 150, and 180 days after CC planting (DAP).
Weed plants were counted in a 1 m? area marked
with a wood frame whereas weeds were counted on
the inside at 60, 120, and 180 DAP. For SMN
extraction at the field, 20 g of composite samples
were weighed and transferred to snap-cap bottles
containing 100 ml KCI 1 mol L' as recommended by
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Tedesco et al. (1995). Approximately 100 g of soil
samples were also taken in hermetically closed
plastic bags for soil humidity determination and
transported in ice containing cooler. Ammonium
(NH4*) and nitrate (NOs3") content were determined
together by the micro-Kjeldhal method (Tedesco et
al. 1995). Nitrite (NOz) concentrations were
considered minimal and results expressed as NH4*
+ NOs3".

Cover crop biomass production (BP) was measured
collecting samples on a 0.5 m?2 area in random
points within the plots. Sub-samples were oven
dried at 65°C for 72 hours and weighed, ground on
a Wiley mill and analyzed for N by the micro-
Kjeldhal method (Tedesco et al. 1995). Maize
biomass (MB) was measured collecting six plants
per plot before harvest. Ears were separated from
the plants and ears and plants oven-dried at 65°C
for 96 hours and then weighed. For GNU
determination, the grains were ground in Wiley mill
and analyzed for N content by the micro-Kjeldhal
method. Grain yield was measured by hand
harvesting the two center rows of each plot. Grain
yield is expressed on a 150 g kg! moisture basis.

Data was analyzed using block as a random effect
in the model. Cover crops, maize and soil
parameters were analyzed using the PROC GLIMMIX
and PROC REG in SAS 9.4 software (SAS Institute
2014). To assess the significance of differences
between means we used the LSMEANS and slice
option in PROC GLIMMIX, which provides a general
mechanism for performing a partitioned analysis of
the LSMEANS for a specific interaction (i.e. analysis
of simple effects). Treatments effects were
considered statistically significant at the P < 0.10
probability level.

Investig. Agrar. 2018; 20(2): 100-109.
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RESULTS Y DISCUSSION

During the growing season a total rainfall of 260 mm
accumulated during the CC phase (from June to
October 2010), and 786 mm during the maize phase
(from October 2010 to February 2011) (Figure 1).
The CC received less total rain than the 30 years
average for this region, while the maize crop
received similar amount of water. The total
observed rainfall was 1046 mm (CC + maize
phase), and together with the mean temperature
observed during the study was generally in line with
the long-term average (30 years) for this region
(Figure 1).

The measurements during the CC phase showed
that SC and NW were affected significantly by the
interaction of CC by sampling date (Table 2). Soil
cover was consistently lower for winter fallow in
comparison to CC treatments, except at the last
sampling date when it was similar to OR+WL and
single WL (Figure 2). This demonstrates why the
adoption of no-till and the use of cover crops in the

rotation are necessary to build up a stronger and
sustainable cropping system (Albuquerque et al.
2015, Blanco-Canqui et al. 2015). On the other
hand, BO showed significantly higher SC early after
CC planting, as well as higher SC after flattening and
the immediate maize planting. These results
suggest that BO can potentially provide improved
soil protection during the winter months before
maize planting, but also provide cover during the
early growth stages for maize. Soil cover for mix CC
species was generally improved when BO was
present in the mix (Figure 2). Soil protection is
particularly important for soil conservation and
sustainable crop production under subtropical
conditions in South America, where the climate is
predominantly warm and humid (Derpsch et al.
2014). Live or dead SC provides protection from soil
erosion, helps to maintain surface soil moisture and
control the thermal regime (Blanco-Canqui et al.
2015). Effective soil cover is one of the greatest
advantages when using CC in a no-till system.

300 - 40
L Cover crops ﬁ‘ \F Maize %
Cover crops planted (June, 10) Maize planted (October, 12)
250 - _
[ Observed rainfall F 30
B 30-yraverage
= 200 —e— Mean temperature I §
= E
= 150 20 £
£ 5
3 A
o
100 e
F 10
50
0 - 0

Jun Jul

Aug Sep Oct Nov Dec Jan

Feb

Months

Figure 1. Total rainfall observed monthly, 30 years rainfall average, and mean temperature during the
experiment (DMH 2015).

Table 2. Significance of probability values from the analysis of variance for soil cover (SC),
number of weeds (NW), and soil mineral nitrogen (SMN) as affected by single species
cover crops, combinations and winter fallow, during the 2009-2010 cropping season.

. Soil cover Number of weeds Soil mineral N
Main effect 00— —— — PoFo - oo - - - ---o--.
Cover crop (CC) <0.001 <0.001 <0.001
Sampling date (SD) T <0.001 <0.001 <0.001
CC x SD 0.001 <0.001 0.349

T Sampling date, days after cover crops planting for SC and NW; and days after maize planting for SMN.
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The number of weeds was significantly reduced
using CC when compared to winter fallow (Figure
3). The suppression of weed population followed
similar trends as the SC provided by the different
CC treatments, and the lowest weed population was
attained with the use of BO (Figure 2 and 3). The
low weed population with BO can be due in part to
the quick and lasting SC in addition to hindering
weed growth from the BO on some weed species
(Flower et al. 2012, Price et al. 2006). Previous
studies found similar results with the use of CC
preventing or reducing weed infestation (Florentin
et al. 2011, Hodgdon et al. 2016). This becomes
particularly important in modern agricultural
systems worldwide given the current herbicide-
resistance problems worldwide (Kaundun et al.
2014).

Lower soil cover and higher NW were found for the
legume CC (WL). However, the use of mixture of
cover crops was a useful strategy to improve these
parameters and as reported in previous studies
(Finney et al. 2016), all the CC treatments provided
some improvement for SC and suppression of weeds
while bare soil during the winter provided an open
window for weed infestation. Eradication of these
weeds can be costly and is becoming increasingly
difficult (Hodgdon et al. 2016, Kaudun et al. 2014),
thus, it is important to highlight the great
ecosystem service that increasing soil cover and
decreasing weed infestation by using the right
combination of cover crops could represent for
farmers in the short and especially in the long term.

—@— Black oat (BO)
100 {—a— white lupine (WL)
—— Oilseed radish (OR)

Flatenning of cover crops

/‘\ d
<d

—-O— BO+WL
—#l— BO+OR
—{— OR+WL
80 - <O Winter fallow (WF)
S
3
2 60 -
o
‘S
(9]
40 A
a e
20 To
30 60 90

120 150 180

Days after cover crops planting

Figure 2. Percent soil cover as affected by single species cover crops, combinations and winter fallow
during the 2009-2010 cropping season. Mean comparison with different letters at each sampling
date are significantly different at the 0.1 probability level.
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Figure 3. Number of weeds as affected by single species cover crops, combinations, and winter fallow at
60, 90, and 180 days after planting, during the 2009-2010 cropping season. Mean comparison
with different letters are significantly different at the 0.1 probability level.
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The winter fallow treatment generated low biomass
production (from weed infestation) (Table 3).
However, the use of CC generated an average of 2.6
t hat! higher biomass than winter fallow. Oilseed
radish presented the highest BP (5 t ha!), providing
high amount of residues to protect the soil. The
overall biomass production by cover crops for this
study can be considered normal compared to other
research performed in similar soils in Paraguay
(Florentin et al. 2011).

In contrast, however, Kubota et al. (2005), found
BP by OR of 11 t ha'! with fertilizer application and
conducted in a soil with higher natural fertility (i.e.
higher soil organic matter and clay content).
Furthermore, chemical composition, quality and
biomass could be greatly increased when mineral
fertilizer is applied to cover crops (Rezende et al.,
2017). In fact, fertilizing cover crops adequately
have been suggested in order to ensure enough

biomass production to protect the soil (Florentin et
al. 2011) and help in nutrient cycling (Albuquerque
et al. 2015).

Nevertheless, it is important to note the amount of
biomass produced by the cover crops, even when no
fertilizer was applied to them. In smallholder
production systems of Paraguay, this may represent
a great option, as it is more difficult for smallholder
farmers to have access to mineral fertilizer.
Nitrogen uptake (NU) was highest with the N-fixing
WL (63 kg N hatl), similar to the OR and
combinations containing these two species (Table
3). Black oat accumulated the lowest amount of N
when compared to other CC treatments. However,
our study showed that this particular disadvantage
can be overcome by mixing CC species, with
significant increase in NU in the treatments with
combination of cover crop species (Table 3).

Table 3. Biomass production and nitrogen uptake by single cover crops, combinations, and winter fallow

during the 2009-2010 cropping season.

Cover cropst

Biomass production

Nitrogen uptake

t hat kg ha !
BO 3.0d 22 ¢
WL 3.8 bc 63 a
OR 5.0a 52 ab
BO+WL 3.5 bcd 51 ab
BO+0OR 4.1b 41 b
OR+WL 3.3 cd 49 ab
WF 1.2 e 19c
P<F <0.001 0.005

1 Black oat (BO); White lupin (WL); Oilseed radish (OR); Winter fallow (WF). Mean comparison with different letters are significantly

different at the 0.1 probability level.

Cover crop treatments increased SMN content
before flattening (Figure 4), with an average of 4
mg kg higher than winter fallow with no fertilizer
N application. A small increase in SMN was observed
15 days after flattening (at the 0-10 cm soil layer),
with values decreasing at 30 days after flattening.
This may be due to some initial release of mineral N
from the decomposition of cover crop residues and
increasing maize N uptake at 30 days after
flattening. All CC treatments, except for BO, showed
similar amount of SMN. The lower N availability in
cropping systems using BO has been reported in the
literature (Aita et al. 2004, Leguizamdn 2009), and
the explanation is the higher C/N ratio of this cover
crop, which leads to higher N immobilization in the
soil. However, Aita et al. (2004) found that when
mixing legume cover crops with grass cover crops
such as BO, the N immobilization decreases and

Investig. Agrar. 2018; 20(2): 100-109.

there is more available N for the corn plants to take
up, which is in agreement with the observed in our
study (Figure 4). White lupin and oilseed radish as
single CC and mixed showed the higher levels of
SMN at different sampling times and sampling
depths (Figure 4). It is widely known that legume
cover crops present the ability to fix atmospheric N
symbiotically, which is a key environmental benefit
(Képke and Nemecek, 2010). These results agree
with previous studies demonstrating that CC
management can positively affect N availability in
the soil-plant system (Derpsch et al. 2016, Gabriel
et al. 2016, Tribouillois et al. 2016), especially
legume cover crops, which present the benefit of
fixing atmospheric N, adding extra N to the system.
Soil N dynamics is under studied in Paraguay and
there are no reports in the scientific literature, thus
the importance of these results.
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Figure 4. Soil mineral nitrogen content (NHs* 4+ NOs3") as affected by single species cover crops,
combinations, and winter fallow. Means comparison with different letters are significantly

different at the 0.1 probability level.
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and maize grain yield in the 2009-2010
growing season.
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Cover crop treatments and N fertilizer rates (applied
as urea) showed significant effect on maize grain N
uptake, MBP, and MGY (Figure 5). In average, CC
treatments lead to a yield increase of 3.6 t hat
when compared to the winter fallow treatment.
Maize grain yield was increased by 1.8 Mg ha'! when
BO is mixed with WL or OR compared to a single
species of BO. White lupin and OR as single species
showed the highest maize yield (Figure 5).

The benefits of legumes in the rotation are well
known including the release of plant available N
(Aita et al. 2004, Tully et al. 2015). Furthermore,
crop rotation can have a substantial positive
influence on maize yield beyond the potential N
contributions (Mahama et al. 2016). The fertilizer N
replacement values from the CC species evaluated
in the study was positive and varied from 25-53 kg
N ha (Figure 5).

The legume and brassica species provided the
highest N fertilizer = replacement  values,
demonstrating the importance of including them in
crop rotation systems. On the other hand, the grass
specie (BO) provided lower soil N availability, which
was attenuated when mixing it with WL and OR.

A summary of the benefits of mixing cover crop
species observed in this study is presented in Figure
6, demonstrating this approach represents a good
alternative to merge the positive characteristics of
the individual species such as high N uptake, grain
yield and N availability after WL and OR, with the

Investig. Agrar. 2018; 20(2): 100-109.
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more lasting soil cover and great weed suppression
characteristics of BO.

Such results are in agreement with data from
several parts of the world (Hodgdon et al. 2016,
Ramirez-Garcia et al. 2015, Tribouillois et al. 2016),
which shows that including a legume cover crop
such as WL can serve as green manure increasing N
availability for the next crop and leading to higher
crop yield, while cover crops with higher C/N ratio
such as BO can serve as catch crops, helping to
decrease weed infestation and increase the soil
cover durability of the cover crop residues. Mixing
winter cover crops can represent a great alternative
to attenuate the disadvantages and boost the
advantages of some cover crops.

Results from this study provide useful information
on the immediate (short-term) effect of CC on the
following maize response and the ecosystem
services provided by winter cover crops (combined

Single Specie Cover Crops

SoilN_ \ Weed
— \ suppression
1725427\
17 717 N < = \ \
/7. 7 A\ \

Biomass // '/ \ \ Soil
production\\ N\ \ ) y cover
N\ S 2
AN Y
Y S
N e b
Nitrogen Maize
uptake grain yield
= = Black oat (BO)

= = White Lupin (WL)

= = Oilseed Radish (OR)

or not) such as soil cover, weed suppression, and N
supply to the next crop (i.e. maize) leading to higher
crop yield and other benefits (i.e. higher biomass
production and N uptake) in current Paraguayan
cropping systems and from other parts of the world.
With these data, it is important to highlight the
importance of including winter cover crops in the
crop rotation systems, and especially in no-till soils,
where a good soil cover is needed to ensure the
sustainability of the production system as a whole.

Additional studies are needed to evaluate the long-
term effect of multiple years and experimental sites
of CC including the use of mix species that may
provide the best combination for improved soil
health and crop yield increase. These results will be
of extremely importance for smallholder farmers
struggling to increase crop yields. We also raise the
question about the need for scientific publications of
the results of the few existing long-term studies in
Paraguay.

Mixed Species Cover Crops
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Figure 6. Ecosystem services provided by single and mixed species of cover crops in a subtropical Ultisol.

CONCLUSIONS

The winter cover crop species evaluated in this
study supplied plant-available N to the subsequent
maize crop. The replacement value of N fertilizer
from the cover crops to the maize was up to 53 kg
N ha (equivalent to 115 kg urea ha) with the use
of the legume white lupin (WL). The lowest N supply
of plant available N was with the black oat (BO) of
25 kg N hal. The mix of species supplied plant-
available N between 38-42 kg N hat.

Other ecosystem services provided by the CC
included soil cover and reduced weed population.

Investig. Agrar. 2018; 20(2): 100-109.

Results from this study suggest that BO can be
represented a good alternative to attain rapid soil
cover. Black oat also provided better soil cover after
CC flattening, likely due to the higher C:N ratio and
slower residue decomposition. Its higher C:N ratio
likely resulted in N immobilization, reflected in
reduced plant available N to the maize crop.
However, this study showed other benefits from
good soil cover, particularly for suppression of weed
population. Soil cover, weed suppression, soil
mineral nitrogen dynamics, and maize grain yield
were all positively affected by the use of CC,
regardless of their use as single species or in a mix.
Combining winter cover crops can help to merge the
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benefits and attenuate the disadvantages of each
CC, reflecting in more sustainable crop production
systems.
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