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Abstract: Grain corn is the main cereal produced in
Portugal. It is grown in intensive monoculture cropping
systems that may have negative eﬀects on soil quality,
aﬀecting long-term fertility and productivity, and, therefore, the sustainability of the production. A promising
management practice to mitigate soil degradation is to
grow winter cover crops used as green manure. This
study examined the eﬀectiveness of six legume cover
crops (LCCs) species in providing agro-ecological services
for grain corn systems in the Mediterranean region, speciﬁcally in terms of nutrient leaching, nutrient recycling,
weed control, and soil fertility. The study was performed
in Central Portugal during 2 years, and it assessed
legumes/weeds dry biomass yield, their nutrients content, and soil organic matter evolution. Results show that, in
general, LCC are well adapted to Mediterranean conditions,
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yielding large amounts of biomass (up to 8 ton/ha for some
clover species). In terms of nutrient leaching mitigation, the
overall N–P–K nutrient uptake was 176–20–172 kg/ha. Green
manure services enabled a reduction of 35% of N, 50% of
P, and 100% of mineral fertilizers for a grain corn production
of 12 ton/ha. Weed control by LCC was eﬀective only in
the second year of the study and for three clover species
(crimson, balansa, and arrowleaf) due to their early establishment and/or high biomass production competing with
weeds. Soil fertility was not improved in the short term, LCC
incorporation into the soil to a slight depletion of the soil
organic matter content.
Keywords: cover crop, grain corn, nutrient supply, leaching,
weed control, Mediterranean region

1 Introduction
In recent decades, grain corn (Zea mays) has become the
main agricultural crop cultivated globally, with more
than 1 billion tons produced annually [1]. In Portugal,
grain corn is the major cereal grown, representing 56%
of total cereal yield, followed by wheat (19%) and rice
(16%) [2]. Portugal has extremely favorable edapho-climatic conditions for corn cropping, with its irrigated corn
ﬁelds being among the most productive in the world [3].
However, intensive cropping systems, in particular corn
monoculture, can have negative eﬀects on soil quality,
aﬀecting long-term fertility and productivity, and, therefore, the sustainability of agriculture. In order to improve
the sustainability of cropping systems, diﬀerent management practices have been implemented and investigated.
One of the most promising practices suggested to prevent soil
degradation is growing cover crops [4–6]. Cover crops are a
speciﬁc form of mixed cropping in which a secondary crop is
planted and grown after the main crop is harvested [5].
Cover crops provide a large number of beneﬁts and
vital agro-ecological services [6]. They can protect the
This work is licensed under the Creative Commons Attribution 4.0
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soil in periods between crop seasons or the soil surface in
perennial crops, reducing runoﬀ and soil erosion [5].
They also reduce the risk of nutrient leaching during
the rainy period and avoid groundwater pollution, by
taking up and immobilizing water-soluble nutrients in
their roots and aerial parts [7]. Cover crops can be used
as green manure, recycling nutrients, providing a gradual
release of nutrients to the subsequent main crop, and
reducing the need for mineral fertilizers [8,9]. Cover crops
can produce large amounts of biomass, thus improving
carbon sequestration and soil organic matter (OM) content
[10]. They can also compete directly with weeds and limit
their growth during the fallow period and, as a consequence, reduce seedbank deposits [11–14]. When ﬂowering cover crops are included in the cropping system,
they can also attract more beneﬁcial insects and reduce
plant diseases [5]. In addition, cover crops can improve
water retention [15] and have a positive impact on the
microbial community relevant for nutrient cycling [16].
The success of cover crops in providing agro-ecological services depends on their development and plant
density [5]. Adaptation of cover crop species to local conditions is a critical and indispensable aspect in eﬀectively
providing agro-ecological services and enabling sustainable intensiﬁcation of cropping systems.
Growing corn (Zea mays L.) after a legume cover crop
(LCC) is a common practice in many countries, including
Portugal, due to the new orientations of the common
agricultural policy (CAP) relative to the greening subsidies attribution conditions. The beneﬁts and vital agroecological services provided by cover crops have mainly
been studied and quantiﬁed in the United States, Canada,
North Europe or Asia as established in the meta-analysis
of Miguez and Bollero [17] and Tonitto et al. [18] and more
recently Abdalla et al. [19]. Nevertheless, few publications are available for Mediterranean countries as a reduced
number of scientiﬁc teams are investigating LCCs under
Mediterranean climate as Gabriel and Quemada in Spain
[20], Ballesta Remy and Lloveras Vilamanyà in Italy [21],
or Perdigão et al. in Portugal [22].
In the Low Mondego Region, farmers sow winter cover
crops and most commonly yellow lupin with the single
purpose to be eligible for CAP subsidies and generally do
not take in account the potential beneﬁts of cover crop
managed as green manure. This fact leads, in many cases,
to a lack of valorization of the LCC potential, an over fertilization of the main crop, and a systematic use of pesticides as precaution, reducing the proﬁt of the farmer and
leading to important nutrients lost and potential ground
water pollution. Therefore, it is needed to test, describe,
and quantify the agronomic performances of promising

legumes cover crops species in order to identify the most
adapted to our regional edaphoclimatic conditions. It is
important to determine their eﬀectiveness in terms of biomass production as well as their nutrient content allowing
to predict their potential to mitigate nutrient leaching or
improving nutrient recycling, weed control, or soil fertility
(SF). It is an essential issue to provide farmers with precise
tools and information allowing them to produce in a more
eﬃcient and sustainable way.
This study investigated the capacity of six species of
LCCs to provide agro-ecological services in grain corn
systems, to identify the most suitable species for the
Mediterranean region. Speciﬁc objectives were to:
1. determine the eﬀectiveness of the six legumes species in producing high dry biomass yields;
2. discuss the impact of diﬀerent LCC on management
of the crop system, including mitigation of nutrient leaching,
nutrient recycling (and fertilization gains associated with
nutrient recycling provided by diﬀerent LCC), and weed control; and
3. identify if there are short-term impacts on SF (i.e.,
soil OM content) driven by diﬀerent LCC.

2 Materials and methods
2.1 Study area
The study was conducted in the Lower Mondego Valley
(Figure 1), an alluvial plain in Central Portugal traditionally used for maize and rice cultivation [23]. The climate
at the study site is Mediterranean, characterized by rainy
winters and dry summers. The mean annual temperature
is 15.5°C, with smooth variations, and the mean annual
precipitation is 1,016 mm, occurring essentially between
October and March [24]. The soils are modern alluvial soils,
with texture ranging from silt–loam to sandy–clay–loam.
In the Mondego Valley, grain corn is usually sown in
spring and harvested in autumn. It is typically cultivated
in intensive irrigated monoculture systems, using water from
the Mondego River through the irrigation infrastructure of
the Lower Mondego Valley, extending over 12,300 ha. In
Portugal, farms specializing in corn cultivation receive direct
payments from the European Union (EU) CAP. To qualify for
EU “greening” payments, they also need to meet the mandatory requirement of “crop diversiﬁcation,” in this case less
means <75% of area cropped with corn. Highly specialized
farms that do not comply with this requirement have the
option of adopting the equivalent practice of “soil cover
during winter.” Use of legume cover species is one of ways
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Figure 1: Maps showing the location of (left) the Mondego catchment in Central Portugal and (right) the Mondego Valley and the corn ﬁelds
used in the study. Source: Atlas de Portugal, IPG.

in which farmers can qualify for CAP subsidies. Cover crops
are usually sown in autumn after harvest of the corn, are cut
and milled mechanically, and are buried in the soil during
the spring of the following year.
This study was performed at the Baixo Mondego
Experimental Center, an agricultural station managed
by the Regional Directorate of Agriculture and Fisheries
of the Central Region of Portugal. The experimental site
includes 10 ha devoted to arable research since 1981.
Various crop varieties and farm management practices
have been investigated at the station over the years.
Soil presented a loamy sand texture (79% of sand, 14%
of silt, and 7% of clay), the medium values of fertility classes
obtained in spring 2020 are presented in Table 1.
Figure 2 presents the monthly total rainfall amount
(mm) and monthly average temperature (°C) for the two
study periods (2018/2019 and 2019/2020) compared with
a reference period of 1961–1990.
The average temperatures recorded during the two
growing periods (from December to May) were slightly
higher than the normal average temperature distribution
for the reference 30 year period (1961–1990), about +0.4°C
for 2018/2019 and +1.2°C for 2019/2020.
More speciﬁcally, the ﬁrst growing period (2018–2019)
presented a colder January about –1.2°C, lower than the

reference average and a warmer May +1.6°C. The second
growing period (2019/2020) presented February and May
temperature much higher than the reference, that is, 2.1
and 2.5°C, respectively.
In terms of precipitation, both growing periods showed
lower rainfall amounts than the reference, with an important decrease in rainfall amount over the period from
December to May of 40% for 2018/2019 and 17% for 2019/
2020 compared to the reference period 1961–1990.
Despite the overall dry periods, the second year
(2019/2020) of study suﬀered 2 months (November and
December) of intense rainfall events with monthly rainfall amount two times superior to the reference (240 mm
instead of 120 mm), leading to a punctual pounding of the
study area. In particular, the 19–20 of December 2019, a
rainfall event totalizing 110 mm of precipitation, led to
the immersion of a large part the trial ﬁeld during 36 h.

2.2 Experimental design
In autumn 2018, a study was initiated to investigate the
behavior of six species of LCCs: forage pea (Pisum sativum L.),
yellow lupin (Lupinus luteus), crimson clover (Trifolium

Table 1: Average SF parameters at the study site
pH

Value
Fertility classes

6
Few acid

Total

Available

Exchangeable cations
+

+

N
(mg/kg)

P2O5
(mg/kg)

K2O
(mg/kg)

K
(cmol/100 g)

Na
(cmol/100 g)

Ca2+
(cmol/100 g)

Mg2+
(cmol/100 g)

1,100
High

210
Very high

170
High

0.40
Medium

0.05
Very low

6.00
Medium

0.60
Low
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Figure 2: Monthly total rainfall amount (mm) and monthly average temperature (°C) for the two study periods (2018/2019 and 2019/2020)
and the reference period (1961–1990).

incarnatum), balansa clover (Trifolium michelianum),
Persian clover (Trifolium suaveolens), and arrowleaf
clover (Trifolium vesiculosum). These were selected because
they are among the species qualifying for greening through
CAP. The experimental design comprised seven plots
(Figure 3), one per legume species, and one control plot
left in fallow with natural vegetation that included hop
clover (Medicago lupulina), crown daisy (Chrysanthemum
coronarium), Roman chamomile (Chamaemelum mixtum),
corn spurry (Spergula arvensis), wild radish (Raphanus
raphanistrum), sorrel (Rumex induratus), and opium poppy
(Papaver somniferum).
Each plot occupied an area of 750 m2 (10 m × 75 m) and
was divided into three subplots of 25 m × 25 m (Z1, Z2, and
Z3), in order to provide three replicates for each experiment
(Section 2.3). The cover crops were sown as winter crops
and used as green manure for grain corn production in the
following spring. In autumn 2019, the cover crops were
sown again in the same plots. Both the 2018/2019 and
2019/2020 seasons are analyzed in this study (Figure 3).

[FAO] 300) sown in spring. All six LCC were cut at full ﬂowering stage, as typically done by farmers due to optimal C/N
ratio in biomass at that time and avoiding seeds production.
During the ﬁrst year of the study, due to technical limitations
the cut was performed on the same date for all LCC species. In
the second year, the cut was performed on diﬀerent dates
according to stage of maturity of the species.
Soil preparation for LCC seeding included two passes
with a disk harrow to break up and incorporate corn

2.3 Management of the cover crops during
the study period
The legume species were sown as winter cover crops in
autumn following the harvest of the main crop, grain corn
(cv. Food and Agriculture Organization of the United Nations

Figure 3: Experimental design of the ﬁeld trial, including seven plots
and three subplots per plot.

128–121
128–142
128–121
128–142
∗∗∗–156
128–156
128–121
18/04/2019–02/04/2020
18/04/2019–23/04/2020
18/04/2019–02/04/2020
18/04/2019–23/04/2020
∗∗/∗∗/∗∗∗∗–07/05/2020
18/04/2019–07/05/2020
18/04/2019–02/04/2020
∗, No data available.

60–60
30–30
60–60
20–30
∗∗–25
20–35
∗∗–∗∗
Forage pea
Crimson clover
Yellow lupin
Balansa clover
Persian clover
Arrowleaf clover
Natural vegetation
FP
CC
YL
BC
PC
AC
NV

Pisum sativum
Trifolium incarnatum
Lupinus luteus
Trifolium michelianum
Trifolium suaveolens
Trifolium vesiculosum
∗∗∗

Sowing date Years 1–2
Seeding rate (kg/ha) Years 1–2
Latin name
Common name

Vegetation samples were taken immediately before cutting the LCC, to quantify the ability of the cover crops to
produce biomass and their eﬀectiveness in weed control.
Sampling was performed using the quadrat method. In
each plot, 12 random quadrats of vegetation were collected per plot (0.5 m2 per quadrat, four quadrats in
each of the three subplots Z1, Z2, and Z3, corresponding
to 6 m2 per plot). Vegetation samples were taken by ﬁrst
cutting all the aboveground biomass. For each sample,
LCC and weed plants were then sorted and weighed separately in order to determine green biomass of LCC and
weeds. Dry biomass of LCC and weeds was quantiﬁed
separately after drying the samples at 65°C for 72 h in
an oven with forced air circulation.
The production yield of the main crop was calculated
in the base of 20 linear meter of corn cob manual sampling, for each subplot Z1, Z2, and Z3 at each plot. Corn
was threshed and weighted, grain moisture was determined, and corn yield results were converted to ﬁnal
dry yield for a standard of 14% moist.
Compound subsamples of about 20 g of each legume
species and weeds were homogenized by grinding in a
stainless steel mill and sieving through a 0.5 mm mesh
and used for chemical quantiﬁcation of nutrient concentrations, including total N, P, and K. N content was quantiﬁed after extraction by digestion with sulfuric acid and
subsequent distillation and titration according to the
Kjeldahl method. Samples for P and K determination
were prepared by incineration at 550°C overnight, extraction, and redissolution with hydrochloric acid. P concentration was determined by molecular absorption

Code

2.4.1 Vegetation assessment

Table 2: Agronomic management practices applied within the seven plots with six diﬀerent cover crop species and the control

2.4 Data collection

Cutting date Years 1–2

residues into the soil, followed by seedbed preparation
with a rotary hoe. Legume seeds were manually broadcast. Seed density and other information on agronomics
parameters are summarized in Table 2. No fertilizer or
pesticide was applied during the LCC growing season.
Corn seeding in spring was performed mechanically
after two passes with a disk harrow and soil surface
leveling with a rotary hoe. Mineral fertilizer was applied
during corn seeding and after 4 weeks. The fertilizer
applied comprised N–P–K at 110–24–24 in the ﬁrst year
and 110–0–0 in the second year. Fertilization diﬀerences
were based on local soil properties assessed prior to each
corn cropping season.

11/12/2018–03/12/2019
11/12/2018–03/12/2019
11/12/2018–03/12/2019
11/12/2018–03/12/2019
∗∗/∗∗/∗∗∗∗–03/12/2019
11/12/2018–03/12/2019
∗∗/∗∗/∗∗∗∗–∗∗/∗∗/∗∗∗∗

Growing days Years 1–2
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spectrophotometry, after reaction with vanadate–molybdate reagent, and K concentration determination by ﬂame
atomic absorption spectrophotometry.

2.4.2 Soil properties
Soil samples were collected at 0–30 cm depth on two
occasions in both the 2018/2019 and 2019/2020 campaigns: before seeding the LCC (Table 2) and after cutting
the LCC but before incorporating the cut biomass into the
soil. Within each plot, three soil samples were taken in
each of subplots Z1, Z2, and Z3 to assess overall SF. All
soil samples were prepared by drying at 65°C and sieving
through a 2 mm mesh and then analyzed for chemical
properties. Soil carbon content was determined by oxidation at 600°C and quantiﬁed using an infrared analyzer
(SC-144DR-Sulfur/Carbon Analyzer, LECO Europe B.V.,
Geleen, The Netherlands) and converted to soil OM content using a conversion factor of 1.72. Total nitrogen (TN)
was determined using the Kjeldahl method, which quantiﬁes the organic fraction and some inorganic (NH3 and
NH+4 ) nitrogenous compounds. Plant-available soil P (P2O5)
and soil K (K2O) were quantiﬁed after extraction, using the
Egnér–Riehm method. Quantiﬁcation of P2O5 and K2O was
performed by molecular spectrophotometry and atomic
absorption spectrometry (PerkinElmer, Inc., Waltham, MA,
USA), respectively.

fertility level, respectively (Table 3). The values for the
four parameters were combined to give an overall fertility coeﬃcient for each subplot (min–max range 4–12),
which was used for statistical data analyses. Overall fertility coeﬃcient was also calculated for soil samples collected during both spring seasons.
To consider the spatial variability of the SF in the
statistical treatment of the soil OM content temporal pattern evolution for each sampling date (ﬁve campaigns),
the data set has been separated into two series. The ﬁrst
of the two series included the values of soil OM from the
two subplots Z1 and Z2 from the six LCC plots (n = 12) and
the second of the two series included the values of the
subplot Z3 of the six LCC (n = 6). Control plot’s data were
also separated in two series Z1–Z2 (n = 2) and Z3 (n = 1),
but due to the reduced number of samples, no statistical
treatment has been performed.

2.5.2 Nutrient uptake
Dry biomass per hectare of LCC and of weeds was calculated for each plot (legume species), and for each subplot
(Z1, Z2, and Z3), based on average values of the vegetation,
samples were taken within the four quadrats per subplot.
The ability of each LCC and of weeds to take up nutrients from the soil was estimated by multiplying the
average dry biomass (kg/ha) obtained for each plot by
the associated nutrient composition (NPK) determined
in chemical analyses in the laboratory.

2.5 Data analyses
2.5.1 Soil fertility

2.5.3 Nutrient release

Overall fertility coeﬃcient was calculated for each subplot,
considering the spatial variability in SF. The coeﬃcient was
computed by attributing to each fertility parameter (OM,
TN, P2O5, and K2O) determined for each subplot a value
of 1, 2, or 3, corresponding to low, medium, and high

The FAO 300 grain corn cultivar grown in the study site
has a short cycle, with vegetative development from 96 to
105 days. Assuming expected yield of the corn crop of
about 12 ton/ha, based on typical local yields, and considering the nutrient composition of this corn variety,
expected nutrient uptake by the corn during the growing
period was 280–50–245 kg NPK per hectare [25]. However, in the fertilization guidelines [26], the recommended
NPK dose for this corn cultivar, based on local SF status
assessed through analyses and expected yield of 12 ton/ha,
is 240–50–50 kg NPK per hectare.
The fertilizer eﬀect provided by the green manure
(LCC + weeds) to the corn crop was calculated by applying
a coeﬃcient of degradation to each macroelement (N, P, K)
present in the green manure to give the quantity of nutrients eﬀectively available for corn uptake and not only
present in the soil. The coeﬃcients used for N, P, and K

Table 3: SF classes used to calculate overall SF coeﬃcient for each
subplot prior to corn seeding
1 – Low
OM (%)
Total N (mg/kg)
Available P2O5
(mg/kg)
Available K2O
(mg/kg)

2 – Medium

3 – High

OM < 1.5
1.5 < OM < 1.8
N < 900
900 < N < 1,050
P2O5 < 150 150 < P2O5 < 200

OM > 1.8
N > 1,050
P2O5 > 200

K2O < 150

K2O > 200

150 < K2O < 200

Agro-ecological services delivered by legume cover crops
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Table 4: SF coeﬃcient within each plot and subplot for each soil chemical parameter analyzed
OM

Forage pea
Crimson clover
Yellow lupin
Balansa clover
Persian clover
Arrowleaf clover
Natural vegetation

Total N

Available K2O

Available P2O5

Fertility Coeﬀ.

Z1

Z2

Z3

Z1

Z2

Z3

Z1

Z2

Z3

Z1

Z2

Z3

Z1

Z2

Z3

3
3
3
3
3
3
3

3
3
3
3
3
3
3

2
2
2
1
1
1
1

3
3
3
3
3
3
3

3
3
3
3
3
3
3

2
3
2
2
1
1
2

3
3
3
3
3
2
2

3
3
3
2
2
1
1

1
1
1
1
1
1
2

2
2
3
2
2
2
2

2
2
3
2
2
2
2

1
2
3
1
1
1
1

11
11
12
11
11
10
10

11
11
12
10
10
9
9

6
8
8
5
4
4
6

1, Low; 2, medium; 3, high fertility and overall SF coeﬃcient (sum of individual coeﬃcients).

were 0.5, 0.6, and 1.0, respectively [27–29]. In order to
allow the estimation of the potential reduction of mineral
fertilizer represented by the incorporation the LCC, the P
and K total were converted in P2O5 and K2O using factors of
2.29 and 1.20, respectively.

remaining in the soil, and, on the other hand, by a
slightly sandier soil texture for the subplots Z3 increasing
the nutrient leaching susceptibility, as a closer position
relatively to the water line increasing the ﬂooding risk
and nutrient losses and also the presence of high trees
near the water line originated some shadow in the Z3 area
at the end of the day.

2.5.4 Weed control
Pearson’s correlation coeﬃcient was used to investigate
the statistical relationship between cover crop biomass,
weed biomass (WB), weed cover percentage, and SF. It
was only applied to the 2019/2020 dataset as during the
2018/2019 crop season, the weed control capacity of the
LCC was not observable.

3 Results
3.1 Assessment of SF
The SF coeﬃcient values used to assess SF within each
subplot and plot are presented in Table 4. SF was not
homogenous across the plots and subplots. The forage
pea, crimson clover, and yellow lupin plots showed
higher fertility than the other plots, with overall fertility
coeﬃcient of 11–12 for subplots Z1 and Z2, and 6–8 for
subplot Z3. The other plots had lower values, ranging
from 9 to 11 for Z1 and Z2, and from 4 to 5 for Z3. SF
coeﬃcient diﬀered between subplots within the same plot,
with Z3 showing systematically lower fertility (4–8) than Z1
and Z2 (9–12).
The high spatial variability of the SF in the trial ﬁeld
can be explained, on one hand, by heterogeneous cultural precedents leading to diﬀerent nutrients quantities

3.2 Production of cover crop biomass and
main crop yield
Overall LCC biomass production varied widely in function
of the legume species, SF (Z1, Z2, Z3), and year (Figure 4;
Table 5). In terms of overall biomass production, clover
species produced the higher yields of biomass attaining
maximum production for one-third of the subplots superior
to 8 ton/ha for arrowleaf and balansa clover, with a maximum biomass of almost 10 ton/ha for balansa clover.
Crimson and Persian clovers presented biomass production
slightly lower varying between 4 and 6 ton/ha. Yellow lupin
and forage pea showed lower biomass production between
2–5 and 2–4 ton/ha, respectively.
Biomass production varied also in function of the
year. The second year revealed a clear increase in biomass production for three species of clover but particularly for crimson clover that passed from 3 ton/ha the ﬁrst
year to almost 6 ton/ha the second year. This clover species showed lower overall biomass production than the
other clover species at the ﬁrst year. In contrast, yellow
lupin and forage pea showed a smooth decrease in biomass production from the ﬁrst to the second year.
Biomass production varied in function of SF. For the
subplots, Z3 presented fertility coeﬃcient equal or inferior
to 5, the biomass production decrease widely. Balansa and
arrowleaf clovers showed around 50% lower productivity in
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Figure 4: Dry biomass production for the six LCCs plots in the ﬁrst year (2018/2019) and the second year (2019/2020).

areas with low SF (subplot Z3). Persian clover productivity
was less aﬀected by SF decrease. Forage pea, yellow lupin,
and crimson clover grown in subplots with only medium
and high fertility (fertility coeﬃcient superior or equal to 6)
did not show relevant biomass diﬀerences across the
subplots.
Main crop yields are presented in Figure 5. Grain corn
yields are comprised between 10 and 11 ton/ha for the two
campaigns, with larger variations in corn yield between
plots the second year. In the second year of the study, a
signiﬁcant decrease in the corn yield for the plot in fallow
that only attained 6 ton/ha was noted.

3.3 Nutrient uptake and immobilization
by LCC
The ﬁrst year of study showed globally a more homogenous nutrient uptake (legumes + weeds) between species
Table 5: Dry biomass production in diﬀerent subplots (Z1, Z2, and
Z3) by the six LCCs in year 1 (2018/2019) and year 2 (2019/2020)
LCC dry biomass (ton/ha)
Year 1

Forage pea
Crimson clover
Yellow lupin
Balansa clover
Persian clover
Arrowleaf clover

Year 2

Z1

Z2

Z3

Z1

Z2

Z3

4.2
4.2
4.9
8.4

3.3
2.9
4.2
3.6
6.4
6.2

4.5
3.5
2.9
1.7

3.3
6.3
3.9
7.5
6.4
8.9

2.0
7.1
2.3
9.8

1.5
6.4
3.3
3.9
4.5
3.1

7.5

2.7

9.3

than the second year, with minimum and maximum N
uptake of 140 and 210 kg/ha in the ﬁrst year and 66 and
239 kg/ha in the second year; P uptake of 19 and 25 kg/ha
in the ﬁrst year and 7 and 29 kg/ha in the second year;
and K uptake of 147 and 241 kg/ha in the ﬁrst year and 47
and 208 kg/ha in the second year (Table 6).
The overall median N–P–K nutrient uptake over the two
study years considering all the species was 176–20–172 kg/ha
with an interquartile range of 58–5–56 kg/ha. Compared
with the N–P–K uptake by weeds in plots in fallow with
natural vegetation (45–8–60 kg/ha), the nutrient uptake
was around threefold higher in the LCC plots, corresponding
to additional NPK nutrient uptake by plant biomass (legume
crops and weeds) of 118–14–127 kg NPK/ha.
Plots with clover species presented globally the higher
nutrient uptake (legumes + weeds) at the second year of
the study with maximum NPK uptake values for balansa
clover of about 240–30–210, followed by Persian clover
220–25–200, and arrowleaf clover 200–20–195.
Even if the legume biomass (LB) of Persian clover
plots was lower than that of arrowleaf clover plots, a
higher biomass of weeds in the plots with Persian clover
leading to these plots globally presented a higher uptake
of nutrients.
Forage pea and yellow lupin global NPK uptake
(legumes + weeds), at the ﬁrst year of the study, was quite
similar and presented good performance about 180–20–150,
the weaker production of forage pea (legumes) relatively to
yellow lupin being compensated by a higher amount of
weeds. These performances reduced during the second
year of the study with NPK uptake almost two times lower.
Globally the nutrient uptake (legumes) by LCC alone
without weeds showed higher variation than uptake by
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Figure 5: Average corn yield for each plot for the two study years.

the overall biomass production (legumes + weeds). The
median NPK content was lower (131–11–104 kg/ha), whereas
the interquartile range was higher (78–7–99 kg/ha).
These results show that in general, lower nutrient
uptake of legumes was compensated for by higher nutrient
uptake by weeds (Figure 6).

corn grain yield of 12 ton/ha cultivated with good fertility
conditions, the NPK amendment need of the corn was
estimated as 240–50–50 kg/ha.
In average for all the species and the years, the
legume green manure contribution (legumes + weeds)
after the application of mineralization rates, equaled to
about 85–25–180 kg of N/P2O5/K2O mineral fertilizer, with
clovers species presented the highest values.
The LCC (legumes + weeds) were able to supply 35%
of N, 50% of P2O5, and 100% of K2O of the required
amendment. In the fallow (control) plot, the natural
vegetation provided much less nutrients to the corn,
about 10% of N, 20% of P2O5, and 100% of K2O.
Larger variations in nutrient supply also exist between
species at the second year of the study. The nutrient
supply between the ﬁrst and the second year varied from
27 to 40% the ﬁrst year and from 13 to 46% the second year

3.4 Nutrients available for the main crop
(grain corn)
Figure 7 presents the amount of nutrients provided by (1)
the legume incorporation in the soil, (2) the weed incorporation, and (3) the complementary mineral fertilizer
amount necessary to cover the NPK needs of the grain
corn for each legume species. Considering an expected

Table 6: Median uptake of N, P, and K in the six LCC plots and in the control plot (fallow with natural vegetation) during year 1 (2018/2019)
and year 2 (2019/2020)
Total N (kg/ha)
Year 1

Forage pea
Red clover
Yellow lupin
Balansa clover
Persian clover
Arrowleaf clover
Natural vegetation

Total P (kg/ha)

Year 2

Year 1

Total K (kg/ha)

Year 2

Year 1

Year 2

L

W

L+W

L

W

L+W

L

W

L+W

L

W

L+W

L

W

L+W

L

W

L+W

96
82
131
91

80
59
52
66

176
140
183
157

22
20
19
21
25
9

7
17
13
29
26
20
8

156
172
147
195

8
9

4
1
6
2
9
0
8

111
81
72
91

17

3
16
7
27
17
20

45
91
75
104

210
52

66
151
119
239
222
196
39

13
10
9
11

49
52

21
5
32
11
50
0
39

9
10
11
10

161

44
145
87
228
172
196

173

68
72

241
72

18
151
52
194
130
194

30
7
45
15
69
0
46

47
159
96
208
199
194
46

L, Legumes; W, weeds; L + W, legumes and weeds.
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Figure 6: Statistical parameters (minimum, quartile 1, quartile 2 [median], quartile 3, maximum, and interquartile range [IQR]) of the
biomass results for the six LCC over the 2 years of the study.

for N, and from 25 to 46% the ﬁrst year and from 20 to 79%
the second year for P2O5, around 100% for K2O.
During the ﬁrst year, a relevant proportion of the
nutrients incorporated into the soil through green manuring was provided by weeds. During the second year,
the LB yield was higher, especially for the clover species,
which led to an increase in the relative contribution of
nutrients by the legumes and a decrease in the contribution from the weeds in absolute and relative terms.

3.5 Weed control capacity
In terms of weed control performance, the results in the
ﬁrst year did not show any greater eﬃciency of LCC
in decreasing the WB compared with the control biomass (natural vegetation; Table 7; Figure 8). The LCC
species did not seem to inﬂuence weed emergence and

development, with WB in LCC plots being similar to those
in the control lot (1–3 ton/ha of dry biomass).
However, in the second year of the study, there was a
clear reduction in WB in the LCC plots for three of the four
clover species (crimson, balansa, and arrowleaf). In these
plots, the WB decreased from 2–3 ton/ha in the ﬁrst year
to <1 ton/ha in the second year (Figure 8). In general, the
clover species (except Persian clover) showed higher eﬃciency in controlling weed emergence during the winter
than forage pea and yellow lupin, particularly in the
second year of the study. The crimson, balansa, and
arrowleaf clovers kept WB below 0.5 ton/ha in six of the
nine subplots, whereas WB reached 3–4 ton/ha in the
control plot. This indicates that overall weed infestation
in the crimson, balansa, and arrowleaf clover subplots
was less than 10%. Forage pea, yellow lupin, and Persian clover plots had similar WB to the control plot,
indicating weaker capacity for weed control by these
LCC species.

Figure 7: Amount of macronutrients (N/P2O5/K2O) provided to the main crop (grain corn) by the LCC (legumes and weeds) used as green
manure and by complementary mineral fertilizer on average for the two study years.
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Table 7: Dry biomass production of weeds by weight in all plots and
subplots (Z1, Z2, and Z3) in year 1 (2018/2019) and year 2
(2019/2020)
Weeds dry biomass (ton/ha)
Year 1

Forage pea
Crimson clover
Yellow lupin
Balansa clover
Persian clover
Arrowleaf clover
Natural vegetation

Year 2

Z1

Z2

Z3

Z1

Z2

Z3

3.4
3.3
2.2
0.6

3.7
3.5
2.0
2.8

1.8
2.5
2.8
2.6

0.9
2.2

2.1
3.9

2.1
0.9

3.6
0.8
1.4
0.6
0.7
0.0
3.3

1.2
0.3
1.8
0.5
2.6
0.5
2.6

1.0
0.3
1.8
1.3
2.9
1.9
1.1

Considering the overall biomass production (Table 8),
there was a weak negative correlation between LB and
WB (−0.63; p < 0.05) but a stronger negative correlation
between LB and weed percentage (WP) (−0.91; p < 0.05).
This discrepancy disappeared when the correlation was
evaluated by species, which highlights the importance
of legume species in controlling weeds. Arrowleaf and
balansa clovers showed the highest negative correlation
between LB and WB production (>(−0.95); p < 0.05),
showing that weed control is strongly related to LB production. The crimson and Persian clovers and yellow lupin
showed weaker correlation values between weed and LCC
biomass (−0.62 to −0.81; p < 0.05).
SF played an important role in terms of WP for the
balansa, Persian, and arrowleaf clovers, as indicated by
high negative correlation coeﬃcients (−0.96, −0.87, −1.00,
respectively; p < 0.05), indicating that the eﬃciency of
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Table 8: Pearson’s correlation coeﬃcient between LB, WB, WP, and
SF (based on overall fertility coeﬃcient)

Forage pea
Crimson clover
Yellow lupin
Balansa clover
Persian clover
Arrowleaf clover
Total

LB/WB

LB/WP

LB/SF

WB/SF

WP/SF

0.98
−0.68
−0.81
−0.96
−0.62
−0.95
−0.63

0.88
−0.71
−0.99
−0.96
−0.80
−0.99
−0.91

0.73
0.34
−0.14
0.85
0.99
0.98
0.28

0.56
0.45
−0.47
−0.97
−0.71
−1.00
0.05

0.31
0.42
0.00
−0.96
−0.87
−1.00
−0.16

these clover species in controlling weeds decreases with
decreasing SF. The other legume species did not display
clear relationships between SF and LB or WP.

3.6 Spatiotemporal changes in soil OM
Over the two study years were realized ﬁve soil sampling
campaigns: three campaigns in autumn (after harvesting
of corn and before seeding the LCC) and two campaigns
in spring before incorporation of LCC in the soil. Overall
OM contents in soil measured in the study area were low
and showed large temporal and spatial variations within
plots ranging from 1.53 to 1.98% and with minimum and
maximum in the subplots, ranging from 1.23 to 2.13%
(Figure 9), with lower values consistently registered at
for the subplots Z3.
The analysis of OM evolution (Figure 10) highlighted
for the LCC plots a seasonal behavior of the OM content in
soil for the most fertile areas (Z1–Z2), which presented

Figure 8: Dry biomass production of weeds in kg/ha per plot and per year.
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higher soil OM content in spring (in median from 1.93 to
1.96%) and lower OM content in autumn (in median from
1.71 to 1.89%). The increase of the OM during the winter
was between 0.07 and 0.15% and the decrease during the
summer was between −0.18 and −0.22%, which leads to a
general progressive decrease in the soil OM content that
lost 0.18% passing from 1.89% at the beginning of the
study to 1.71% after 2 years. Nevertheless, the decrease
concerned more speciﬁcally the autumn measurements,
the spring measurements presenting more stable OM
content values (1.96 and 1.93%). At the control plot
(with winter fallow) for the most fertile areas (Z1–Z2)
the seasonal variability amplitude of the OM content
was reduced and did not exceed ±0.6%, with a general
diminution over time also much lower about 0.09%
decreasing in median from 2.03 to 1.92% after 2 years.
In relation with the LCC plots situated in the less
fertile areas Z3, any seasonal behavior of the OM content
could be demonstrated. In fact a regular general decrease
in the OM through time existed, with a loss of 0.38% of
OM that passed in median from 1.82 to 1.44% after 2
years. The control plot (with winter fallow) also presented a large decrease in the OM content about 0.40%
passing from 1.73 to 1.33% but also a clear seasonality
with an increase in the OM during the winter between
0.06 and 0.08% and decrease during the summer from
–0.19 to −0.35. In general, the less fertile zones Z3 showed
a more important decrease in the OM content than the
most fertile areas.

4 Discussion
4.1 Biomass production
The six cover crop species produced large amounts of
biomass, especially the clover species (6–10 ton/ha). All
the species of legumes tested were able to adapt to local
conditions, leading to biomass production higher than
the 4–6 ton/ha reported elsewhere [11,13,14].
All clover species produced higher dry biomass yields
during the second year of the study, whereas yellow lupin
and forage pea showed decreasing yield production from
the ﬁrst to the second year. This can be partly explained by
earlier ﬂowering of these two species during the second
year, with 1 week less of growth before cutting than in the
ﬁrst year, whereas the clover species were cut 2–4 weeks
later than in the ﬁrst year, which led to considerably
higher dry biomass production. Also during the second
year of the project, ﬁeld observations identiﬁed after the
period of ponding at the end of December, the existence of
seeds entrainment by the water very clear for the forage
pea plot.

4.2 Impact of LCC on nutrient leaching
The results obtained in this study showed that it is possible to double or triple the nutrient uptake by vegetation

Figure 9: Diﬀerences in soil OM content for the six species of LCCs and the fallow (natural vegetation) plots during the ﬁve soil sampling
campaigns conducted over the study period.

Agro-ecological services delivered by legume cover crops
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Figure 10: (top left) Statistical treatment (minimum, Q1, Q3, maximum) of OM content evolution of LCC plots for the Z1/Z2 data series (n = 14
for each date); (top right) median of OM content evolution of LCC plots vs control plots for Z1/Z2 data series; (bottom left) statistical
treatment (minimum, Q1, Q3, maximum and median) of OM content evolution for the Z3 data series (n = 17 for each date); (bottom right)
median of OM content evolution of LCC plots vs control plots for Z3 data series.

during the winter by sowing a LCC instead of letting the
soil in fallow. Nutrient uptake by cover crops could thus
mitigate possible leaching losses of nutrients such as
nitrates, which are highly mobile in the soil [30].
One limitation of this study was that it did not consider the capacity of the legumes for biological N ﬁxation.
However, Voisin et al. [31] demonstrated that biological
ﬁxation of N by legumes decreases with the mineral N
content of the soil and is completely inhibited at values
above 380 kg N/ha. Thus, N uptake from the soil, which is
less energy demanding for legume plants than biological
N ﬁxation, will be greater on soils with a high or medium
mineral N content and that was the case of the trial ﬁelds.
Immobilization of nutrients by LCC is particularly
relevant in the Mediterranean region, where the soils
are typically exposed to intense rainfall events, creating
a high risk of nutrient leaching during the winter. Soil
with poor capacity to retain nutrients during intense rainfall in autumn and winter will suﬀer a greater leaching of
nutrients, leading to loss of SF and risk of groundwater
pollution. Although legumes are not as eﬃcient catch
crops as crucifers, which can capture around 60% of
soil mineral N during the fallow period, they can still
prevent around 35% of N losses [18,32].
In the ﬁrst two years of the study, the seeding date of
the LCC was delayed, and as a result of technical problems,
seeding was performed in December instead of October.
Thus while ﬁnal LCC biomass obtained in spring was

high, these crops could not have been fully eﬃcient relatively to nutrient leaching mitigation due to the late start of
growth under low temperatures during the autumn/winter.
The main LCC growing period was thus the spring and not
the autumn, the critical period of intensive rainfall. Future
studies are needed to test earlier seeding dates (October
instead of December) and investigate the growth behavior
of the six species for diﬀerent seeding dates.

4.3 The role of LCC as green manure
This study demonstrated that LCC can supply an important proportion of the macronutrients required by the
main crop, thus acting as a green manure and providing
an agro-ecological service. Trials with clover species presented the best performances and were able to provide
the ﬁrst year about 40% of N amendment requirements to
the subsequent grain corn crop, 60% of P2O5 and 100% of
K2O. The other legume species investigated (yellow lupin
and forage pea) can supply 28% of N, 43% of P2O5, and
100% of K2O, whereas natural vegetation (fallow plot)
provided only about 9% of the N, 24% of P2O5, and
100% of the K2O required for corn amendment.
It is important to note that at the second year of green
manure incorporation, this nutrient availability will increase
as one part of the nutrients that was not available in the ﬁrst
year after burring can be degraded in the second year and
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then increase the quantity of nutrients in the soil available
for the main culture the second year.
In fact, the estimation of nutrient release by LCC for
the next crop is particularly complex, because it depends
on many factors. The characteristics of the species used
as green manure and its cutting phase inﬂuence the C/N
ratio of plant biomass, which is a major driver of soil OM
mineralization [33]. Climate is another important factor
in mineralization of nutrients as the Mediterranean warm
climate accelerates the OM decomposition rate [34]. The
type and intensity of soil mobilization also inﬂuence the
presence of oxygen in the soil that intensiﬁes mineralization processes, still favor the increase of the surface contact of green manure with soil, and represent important
drivers in terms of OM decomposition rates and nutrients
release [35].
It is important to note that the LCCs in this study were
cut at the full ﬂowering stage, and the biomass obtained
had C/N < 20. These low C/N ratios are known to lead to
a fast decomposition of the OM when incorporated into
the soil and provide a nutrient source for the main
crop growing from spring to autumn. Shi [36] demonstrated that decomposition and nutrient release from
LCC occur during 0–3 months after incorporation into
the soil, which is in synchrony with the growing period
of the grain corn crop. The synchronization of nutrient
release with crop requirement is a very important issue
that allows to optimize the nutrient uptake of the main
crop and avoids the nutrient leaching [37].
Although the mineral NPK fertilizer amount applied
to the grain corn crop (110–24–24 kg/ha in the ﬁrst year,
110–0–0 kg/ha in the second year) was lower than the recommended level based on soil analysis (240–50–50 kg/ha) after
deduction of the green manure contribution (85–25–180 kg/ha),
the corn crop almost achieved the expected yields indicating that it happened a higher nutrient release by the
LCC in the soil than theoretically estimated. The fall in
corn production for the fallow plot the second year of
the study compared to the LCC plots illustrated the capacity of the LCC in providing nutrients to the next crop
allowing to reduce substantially the amount of mineral
fertilizers.

and weeds, arrowleaf and balansa clovers showed the
highest negative correlation between LB and WB production (>(−0.95); p < 0.05). In the case of crimson
clover, Persian clover, and yellow lupin, the correlation was weaker but still signiﬁcant, so weed control
capacity was not as strongly related to LB production in
those cases.
During the second year of the study, three clover
species (arrowleaf, balansa, and crimson clovers) kept
weed production under 0.5 ton/ha in the majority of the
subplots, corresponding to less than 10% of the overall
biomass produced within the plots, compared with 4 ton/ha
in the control. The performance of legume species in
controlling weeds is inﬂuenced by several parameters;
however, based on ﬁeld observations, crimson clover
showed the most uniform emergence among the LCC
species tested and established most rapidly in the ﬁeld.
This hampered weed emergence, despite limited production of biomass. In the case of arrowleaf and balansa
clovers, plant establishment was slower and allowed
some weed emergence at an initial stage. However, the
high biomass production of these species (mainly >8 ton/ha)
led to recumbent stems that formed a dense and thick soil
cover, preventing weed emergence in later stages. These
observations conﬁrm ﬁndings by Dorn et al. [12] and Melander et al. [38], and stress the overwhelming importance
of successful early stage establishment of cover crops
and soil surface cover. This implies that for species
with rapid initial growth, biomass production is not as
important as for species with later emergence. The latter
depend on the amount of biomass developed in a later
phase to prevent weed emergence. Other studies have
highlighted the importance of high biomass production
to eﬃciently compete for resources with weeds [39].
SF played an important role in LCC biomass production, with lower SF resulting in lower biomass production
and higher WB. This was clearly apparent in the plots
sown with arrowleaf and balansa clovers. The ﬁeld experiments indicated that some LCC species are more adaptable
to poor soil conditions. This is extremely relevant for
choice of cover crop species by farmers, depending on
the SF level of their ﬁelds.

4.4 Weed control by LCC

4.5 Improvement of soil OM content by LCC

LCCs reduced WB only in the second year of the study.
The arrowleaf, balansa, and crimson clovers showed the
highest eﬃciency in controlling weeds in the ﬁeld.
Considering the overall biomass production of legumes

The implementation of corn intensive monoculture cropping systems in the study region led in the long term to
depletion of soil OM content that decreased commonly
below the threshold of 2%. Soil OM content is the result

Agro-ecological services delivered by legume cover crops

of the balance between the carbon input and the output
caused by decomposition, leaching, and erosion. The
increase of carbon input through the introduction of
winter cover crops used as green manure to substitute
the fallow should lead to improve soil OM content.
Cover crops are also known to reduce the output, mobilizing the excess of N remaining in the soil at the end of
the main crop cultivation and then mitigating the N
leaching [40].
Nevertheless, our study highlighted a slight tendency
of the soil OM content decrease after the 2 years of winter
cover crop managing, which is in contradiction with the
consensual meaning reported in the literature. The recent
metadata analysis performed by Poeplau and Don [41]
inventoried 139 observations, and only 10% of the plots
presented a soil organic carbon stock depletion. The principal reason evocated to explain this soil organic carbon
depletion was the addition of rapidly decomposable plant
material (low C/N ratio) that leads to microbial community growth, and the availability of enough energy to
break up more stable compounds of old soil organic
carbon as compared to the no cover crop treatment. In
our study, the legumes cover crops tested in fact presented very low C/N ratios (in general <20) leading to
fast decomposition of OM in the soil that occurred principally during the summer. The warm median temperatures (above 20°C) during the summer and high soil
moisture content maintained by irrigation practice still
promoted faster soil OM decomposition of the biomass.
At the control plot (fallow with natural vegetation) for the
most fertile areas Z1–Z2, the decline of soil OM during the
summer was lower than that for LCC plots. In fact, for
the control plot, the amount of biomass incorporated in
the soil was two to three times inferior than that for LCC
plots and presented a higher C/N ration for weeds superior
to 20, leading to a slower decomposition of the fresh OM.
The subplots situated in the less fertile area Z3 presented
a slightly larger decrease of the soil OM. These subplots
presented a sandier texture and lower clay content that
could inﬂuence the OM storage as described by Hassink
and Whitmore [42], soil OM accumulation is inﬂuenced by
soil textural class and the ability of the soil to ﬁx soil OM is
positively correlated with the clay content of the soil.
The fast decomposition characteristic of the LCC is an
advantage in terms of green manure management, and
nutrient recycling militates against the SF improvement
in terms of OM content. The use of legumes cover crop
in the conditions of the study highlighted that it is not
suitable to improve SF at least in the ﬁrst two years, and
led to the opposite, a decrease of soil OM after 2 years of
winter cover cropping. Then if the purpose of the
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farmer is to increase soil OM, the use of a mix of
legumes and nonlegumes cover crop with higher C/N
would be recommended.
The level of soil mobilization can also inﬂuence the
evolution of soil organic content. Olson et al. [43] described
that cover crops managed under diﬀerent tillage systems
increased soil OM content in the order: no‐till > chisel
plow > moldboard plow. The introduction of LCC in the
cropping system led to the multiplication of soil mobilization operations. It was necessary for two more passes of
chisel and a pass of rototiller before sowing the LCC in
autumn and two more passes of chisel to uniformly incorporate the LCC in the soil. These extra tillage operations
potentially also originated an acceleration of the OM
decomposition in the soil. The practice of direct sowing
would be an interesting alternative that would limit soil
oxygenation and then the OM decomposition rate in the
soil and also save expensive agricultural operations. Nevertheless, the installation of the culture could be diﬃcult by
the high quantity of corn straw remaining at the soil surface
that will avoid one part of the seeds to be in contact with the
soil. In the case of clover species, the seeds presented very
small diameters that normally require a ﬁne preparation of
the seeds bed, and this speciﬁcity could be an important
handicap for the adoption of direct seeding technique.
Forage pea and yellow lupin presented larger seeds size
and may be more adapted to that practice, even if identiﬁed
as less productive species. This aspect needs to be investigated and validated.

5 Conclusion
This study demonstrated that the six legume species used
as cover crops were adapted to the regional conditions
and provided interesting agro-ecological services.
The six LCC species produced high amounts of biomass far above the quantities registered for most of the
studies developed in colder climate as they survived to
the winter and presented an important growing phase in
spring before being cut.
Dry biomass production reached yields of up to 8 ton/ha
for good SF conditions. Nevertheless, the variability of the
results inter- and intraspecies was very high due to the
inﬂuence of many parameters such as the precipitation
amount and intensity (leaving potentially to soil pounding
and lethality of the plants), the spatial variability of SF, or
the sowing date or the cutting date.
Clover species, even if the reduced size of their seeds
that turn the installation more delicate (obliging to a ﬁner
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preparation of the seeds bed) and a very slow start-up of
the growing phase, presented a ﬁnal biomass production
much higher that forage pea or yellow lupin even if the
initial growing phase of this two species was earlier
and quicker. This fact led to potential best performance
of the forage pea and yellow lupin (and also crimson
clover that is the most precocious of the clovers) in
terms of nutrient leaching mitigation during the autumn
season. Nevertheless, it is important to notice that no
pesticides have been used for legumes cultivation, and
then at the initial growing phase, the percentage of weed
infection was high, and a large part of the initial mitigation of the nutrient leaching was provided by the weed
and not by the legumes. Considering the entire vegetative
period, legumes and weeds allowed an important uptake
of nutrients from the soil, contributing to mitigate the
leaching of nutrients, but majority during spring period,
and not during winter the most critical period in terms of
nutrient leaching. It would be recommending then precocious sowing date in order to avail the last weeks of soft
temperatures allowing a rapid installation of the legumes
and an optimization of the nutrient immobilization by the
legumes during the autumn and winter.
In terms of green manure services, it is important to
divulgate these results and deliver simple tools to the
farmers, allowing them to estimate the amount of nutrients that various species of legumes are able to provide
for diverse conditions and the corresponding amount
of mineral fertilizer that they could save. This study
highlights for an expected grain corn yield of 12 ton/ha,
grown in good SF conditions, that it is possible theoretically to reduce the amount of NPK mineral fertilizer
(35, 50, and 100%) corresponding to saving 85, 25, and
180 kg/ha of N, P2O5, and K2O, respectively, on account of
the nutrient recycling provided by the green manure
incorporation.
During the second year of the project, a maize yield of
11 ton/ha, with a mineral fertilization NPK rate extremely
low (100–0–0 kg/ha) indicated that the quantity of nutrients eﬀectively available for the corn growth was higher
than the expected following our calculations and estimations (the OM degradation velocity and rate being extremely diﬃcult to estimate). This led to the next step of the
study that should be test various quantity of mineral fertilization in order to determine empirically the optimal
rate of fertilization to maintain the level of production
and limit the loss of nutrients.
The study of the eﬀect of some environmental conditions (like eﬀect of ponding or cold weather) cannot be
planned, just be observed when happened and needs
various consecutive years of study to cover a vast set of

conditions. For example, it was possible to determine
during the second year of the study that presented a
very wet autumn, that some species were more resistant
to pounding than others, like yellow lupin or crimson
clover, what is an important factor in a region where
terrain is frequently immersed. The eﬀect of the freeze
should be possible to evaluate for the third year of the
project in course that presented 2 weeks of negative temperatures in January.
In terms of weed control, LCC eﬃciency is variable in
function of the study year and was only highlighted at the
second year for the clover species. Three clover species
(crimson, balansa, and arrowleaf clovers) performed
best in terms of weed control due to early establishment
and/or high biomass production in later growth stages,
ensuring strong competition with weed species. In a
general way, weed control capacity is strongly related
to LB production. The success in weed control also
depends on the early stage establishment of cover crops
and soil surface cover than can compensate positively
the lower biomass from some species. It is important to
observe the agronomic behavior of the LCC in the region
in the long term to identify distinct climatic conditions,
the species with most regular potential in weed control.
SF played also an important role in terms of biomass
production, as in this study, lower SF resulted in lower
LCC biomass production and relatively higher WB. It is
important to identify the adaption of the species at the
soil conditions to orient the choice of the farmers in
function of the SF status of their ﬁelds.
In terms of soil organic content improvement capacity, the LCC failed completely at least during the ﬁrst
year of the study. That could be explained by the fast
decomposition characteristics of the LCC due to their
low C/N, combined with optimal weather conditions (warm
and humid through the irrigation system) leading to an extremely fast mineralization of the biomass in the soil and then
an important decline of OM content during the warm
period. The intensiﬁcation of the soil mobilizations due
to the LCC cultivation could also have increased the oxygenation of the soil, leading to the acceleration of the OM
decomposition in the soil, and, ﬁnally, the massive addition of biomass to the soil could have led to microbial
community growth providing enough energy to mineralize
more stable OM and leading to a global decrease of the
soil OM content. It would be then important in the future
to plan trial ﬁelds with management practices able to mitigate this negative eﬀect on soil OM content, such as the
use of mix seeds (legumes, crucifers, gramineous) in order
to increase the C/N and slow the OM decomposition; direct
sowing of the LCC seeds; and also the no burring of the

Agro-ecological services delivered by legume cover crops

LCC biomass in the soil in order to limit the tillage operations and avoid the massive input of biomass in the soil.
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