
RESEARCH ARTICLE

Improving soil health, weed management and nitrogen dynamics
by Trifolium subterraneum cover cropping

Aurelio Scavo1
& Alessia Restuccia1 & Sara Lombardo1

& Stefania Fontanazza1 & Cristina Abbate1 &Gaetano Pandino1
&

Umberto Anastasi1 & Andrea Onofri2 & Giovanni Mauromicale1

Accepted: 13 April 2020
# INRAE and Springer-Verlag France SAS, part of Springer Nature 2020

Abstract
The low organic matter and nitrogen levels in the soils, as well as the high weed pressure, typical of Mediterranean
agroecosystems, necessitate a valid and sustainable alternative management. The utilization of cover crops such as Trifolium
subterraneum L. may represent an innovative and efficient option for low-input and organic agricultural systems. In a 3-year
experiment, we evaluated the effect of T. subterraneum and spontaneous flora cover cropping, with or without burying dead
mulch into the soil, on the quali-quantitative composition of the weed seed bank in an apricot orchard. Moreover, the bacteria
Nitrosomonas europaea and Azotobacter vinelandii, involved in the soil N cycle, and the content of ammoniacal and nitric soil
nitrogen were quantified. For the first time, we demonstrated that T. subterraneum cover cropping with the incorporation of dead
mulches into the soil on the one hand reduced weed biodiversity and the seed bank size (− 70% compared to conventional
management following the standard commercial practices), while, on the other hand, increased the amount of N. europaea (+
109%), A. vinelandii (+ 145%), NH4

+ (+ 137%) and NO3
− (+ 478%) in the soil. This approach was therefore found to be a major

improvement in low-input agriculture and organic farming, and it can be applied in Mediterranean orchards as an eco-friendly
strategy with the aim of reducing synthetic herbicides for weed control and mineral nitrogen fertilizers as the sole source of
nitrogen supply.

Keywords Cover cropping . Trifolium subterraneum L. . Agroecosystem . Weed control . Seed bank . Real-time PCR . Soil
microorganisms . Soil nitrogen . Sustainability

1 Introduction

The increasing intensification of agriculture over the last de-
cades has led to serious concerns related mainly to the deple-
tion of soil organic matter and biodiversity, as well as the

increase of soil erosion, nitrate leaching and agrochemicals
utilization, which have determined a negative impact on the
ecosystem (Scopel et al. 2013). This scenario is particularly
notable in specialized orchards, especially in Mediterranean
areas where low and irregular rainfalls require frequent soil
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tillage and use of herbicides to reduce moisture losses and for
weed control. Furthermore, the high summer temperatures and
soil oxygen levels of agricultural soils of the Mediterranean
Basin promote the processes of eremacausis and contribute to
soil organic matter losses. In this context, both the agricultural
policy and the scientific community are looking for alternative
and sustainable agronomic practices in agroecosystems. Zero
or reduced tillage systems have been indicated as
environmental-friendly tools for farmers, but at the same time,
they are often associated with high weed pressures (Bàrberi
2002). In recent years, a valid option has been offered by
cover cropping, namely the mono- or intercropping of herba-
ceous plants either for part of or an entire year with the aim of
enhancing yields (Mauromicale et al. 2010). Cover crops exert
significant positive effects on physical, chemical and biolog-
ical soil characteristics, since they enhance soil organic matter
and structure while reducing soil erosion and nutrient
leaching, increase soil microbial activities and reduce pest
and weed pressure on cash crops (Mauro et al. 2015;
Mauromicale et al. 2010). Moreover, they can be integrated
into conservative agricultural systems such as zero tillage to
further reduce weed infestations (Samarajeewa et al. 2006).
Cover crops can act as living mulches by increasing the com-
petition with weeds for space, light and nutrients, as well as
dead mulches on the soil surface by preventing seedling emer-
gence both physically and chemically through the release of
phytotoxic compounds (Teasdale and Mohler 2000).

Herbaceous species such as Trifolium spp. and other
Fabaceae (Mauro et al. 2015; Sánchez et al. 2007), Sinapis
alba L. and Achillea millefolium L. (Bone et al. 2009) have
been used as cover crops in fruit orchards. Recently, several
cereals like Avena sativa L., Secale cereale L. and Sorghum
bicolor (L.) Moench., or other plant species such asDiplotaxis
tenuifolia (L.) DC., Brassica nigra (L.) Koch and Mucuna
pruriens (L.) DC., have been proposed, especially in organic
farming, for their allelopathic properties, since they are able to
release allelochemicals into the soil through root exudation or
leaching from plant residues (Finney and Creamer 2008).
Subterranean clovers represent the most advisable Fabaceae
species for cover cropping in Mediterranean agroecosystems,
where soils are generally characterized by low contents of
both organic matter and nitrogen, thanks to their self-reseed
and N-fixation ability (Mauromicale et al. 2010). The meteo-
rological trend of the Mediterranean Basin characterized by
hot and dry summers followed by autumn torrential rains,
together with the severe phenomena of water erosion, contrib-
utes to aggravating the low nitrogen levels of soils. This is
particularly negative in organic farming, where the problem
is being amplified due to the modest application of mineral
nitrogen fertilizers. Within Fabaceae species commonly
adopted for cover cropping, the Trifolium genus, mainly rep-
resented by T. subterraneum, T. brachycalycinum and
T. pratense, is the most widespread due to its high rusticity,

rapid growth and allelopathic activity on weeds (Enache and
Ilnicki 1990). Suggested allelochemicals involved in subterra-
nean clovers phytotoxicity are phenols and isoflavonoids (Liu
et al. 2013). Nevertheless, subterranean clovers have been
indicated to adapt well in Mediterranean orchards, where the
high tree densities reduce the levels of radiation (Mauro et al.
2011; Mauromicale et al. 2010).

The analysis of long-period effects of cover crops on the
weed seed bank size and composition represents one of the
most important aspects indicating cover cropping efficacy on
weed management (Moonen and Bàrberi 2004). The reduc-
tion of the weed seed bank with an ecological method like
cover cropping is an important sustainable tool in low-input
agriculture, especially under an IntegratedWeedManagement
System (IWMS) (Scavo et al. 2000). Our hypothesis was that
subterranean clover cover cropping on one side could de-
crease the size of the weed seed bank, while, on the other,
increase the amount of two nitrogen soil bacteria and, as a
consequence, the content of ammoniacal and nitric nitrogen.
The efficacy of cover crops was tested both leaving plant
residues on the soil surface and incorporating dead mulch into
the soil to verify if green manuring could improve weed con-
trol and nitrogen dynamics. For this reason, the objective of
this study was to investigate, for the first time, the effects of a
3-year T. subterraneum cover cropping (with and without
burying dead mulch), compared with a spontaneous flora
and a conventional management, on the quali-quantitative
composition of the weed seed bank and different forms of soil
nitrogen in an apricot (Prunus armeniaca L.) orchard.
Moreover, following Stagno et al. (2008), in order to evaluate
the influence of T. subterraneum cover cropping on the ecol-
ogy of nitrogen transformation in a Mediterranean specialized
orchard, the genes amoA and nifH, biomarkers used to study
ammonia-oxidizing and nitrogen-fixing bacteria, respectively,
were quantified by real-time PCR.

2 Material and methods

2.1 Experimental site, climate and soil

A 3-year field experiment was set up during 2015/2016,
2016/2017 and 2017/2018 growing seasons (hereafter referred
to as seasons I, II and III, respectively) in central Sicily (37°
13′ N, 14° 05′ E, 290 m a.s.l., Italy), in an area where peach,
apricot, olive and carob orchards, grape vineyards and cereals
are common. The local climate is semiarid Mediterranean,
with long and hot-dry summers, mild-wet winters and annual
precipitations of ~ 500 mm, mostly concentrated from autumn
to early spring. According to Rivas-Martinez bioclimatic in-
dexes, the studied area may be classified within the upper
thermo-Mediterranean bioclimatic belt, with inferior dry
ombrotype. The soil is classified as Regosoil that, at the start
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of the experiment, was assessed as being composed of 25.7%
sand, 30.6% silt and 43.7% clay, organic matter 1.9%, pH 8,
total nitrogen 1.1‰, assimilable P2O5 13 mg kg−1 and ex-
changeable K2O 422 mg kg−1.

2.2 Experimental design and crop management

In order to evaluate the effect of cover cropping on the weed
seed bank, floristic composition and soil N ecology, a random-
ized block design with four replicates involving five treat-
ments, three growing seasons and two sampling times for each
season was developed. Treatments under study were as fol-
lows: (1) T. subterraneum cover cropping leaving dead mulch
on the soil surface (TCC-S); (2) T. subterraneum cover
cropping burying dead mulch in the soil (TCC-B); (3) spon-
taneous flora cover cropping leaving dead mulch on the soil
surface (SCC-S); (4) spontaneous flora cover cropping bury-
ing dead mulch in the soil (SCC-B); (5) a conventional man-
agement (CM) of apricot orchard, following the standard com-
mercial practices (winter disc ploughing at 0.15 cm followed
by three shallow chopping per year for weed control), as con-
trol. A net plot size of 348 m2 for each treatment was used, for
a total of 20 plots of 10 × 8.7 m. The width of borders between
treatments was 2 m.

Apricot cv. Wonder, together with the two pollinators
‘Pinkcot®’ and ‘Big Red®’, were planted in January 2012
using a 3.5 × 4.5-m layout. In TCC-S and TCC-B,
T. subterraneum cv. Seaton Park, a common Australian
early-mid season genotype, was hand-seeded on 21
November 2015 at the rate of 2000 germinable seeds m−2 at
2–3 cm depth. It is a temperate annual legume with autumn-
winter-spring cycle, requiring increasing daylength and ver-
nalization requirement for flowering (~ 160–180 days). The
choice of T. subterraneum is due to the low cost of seeds and
the high adaptability in Mediterranean agroecosystems
(Mauro et al. 2011; Mauromicale et al. 2010). Its regrowth
and biomass were homogeneous both for season II and III
(554.5 and 470.9 g m−2 of dry matter, respectively). Prior to
seeding, the soil was subjected to shallow hoeing (0.10 m
deep) followed by rigid tine harrowing and fertilized with
40 kg ha−1 P2O5, 14 kg ha−1 N and 10 kg ha−1 K2O. Since
the site has a history of Trifolium spp. cultivation, no
Rhizobium supplement was applied. To promote germination,
the plots were irrigated to field capacity. In December 2016,
1500 kg ha−1 of pelleted chicken manure was applied to all
plots. From the developing fruit phase until harvesting, for
each season, the following soluble fertilizers were given
through fertirrigation: 300 kg ha−1 Ponimag® (11% N, 41%
K2O and 3% MgO), 100 kg ha−1 liquid Ca and 50 kg ha−1

Hergoton Plus® (8% total organic N, 26% biologic C and
44.45% total organic matter). Self-compensating drip irriga-
tion was carried out when the accumulated daily evaporation
reached 40 mm, replacing 100% of the maximum

evapotranspiration. In both TCC-B and SCC-B, plant residues
were incorporated into the soil by disc ploughing.Weeds were
mechanically controlled by chopping twice (early spring and
mid-summer) a year. The plots were kept fungal- and insect-
free by spraying at low doses captano, tebuconazole and
propiconazole in January-February and lambda-cyhalothrin
when required.

2.3 Meteorological conditions

Air temperatures (minimum, maximum and mean) and rain-
fall were recorded once a day for seasons I, II and III with a
meteorological station (Mod. Multirecorder 2.40; ETG,
Firenze, Italy) sited ∼ 15 m from the experimental field.
Both maximum and minimum monthly average temperatures
and total monthly rainfall were calculated (Fig. 1). In all sea-
sons, mean air temperatures followed the typical trend of the
Mediterranean climate, with an increase in spring-summer and
lowest values between December and February. In particular,
season II was the hottest, with mean air temperatures of 27 °C
in July and 28.8 °C in August. Season II experienced a par-
ticularly dry summer, with only 12.2 mm of rainfall out of
478 mm between May and August. Season III was rather
unusual, in that the total rainfall was higher (668 mm) than
the normal trend of the zone, of which 16% fell in February
and 28% in October. Among the 448 mm of total rainfall
occurring during season I, the highest levels were in March
(72.8 mm) and November (73.2 mm), while the lowest one
was in July (0.2 mm). Minimum temperature never fell below
3 °C for all three seasons, while the mean maxima were above
24.4 °C at the emergence (October) and 22.4 °C during
flowering (April), thus within the optimal range for subterra-
nean clover growth (Mauromicale et al. 2010).

2.4 Analysis of soil seed bank

In order to assess the effect of subterranean clover at
flowering and its cumulative effect on soil seed bank, as
well as to intercept both spring-summer and autumn-winter
weed species, soil samples were taken twice (April (T1)
and September (T2)) per season. Collection of soil samples
was carried out at 0–15 cm depth, excluding the outer 3 m
of each plot and the non-homogeneous areas, by using a 4-
cm-diameter steel probe, in accordance with Restuccia
et al. (2019) and Scavo et al. (2019a). Such soil depth
was chosen because in fruit orchards, where soil inversion
is rarely carried out, almost all of the total weed seeds is
found between 0 and 15 cm soil depth. Each soil sample
was a composite of five soil cores per plot (each of
0.75 dm3), giving a total of 600 soil cores (20 plots × 3
seasons × 2 sampling times × 5 cores) collected along the
diagonals of the central part of each sampling area. This
sampling design, together with a scouting of the whole
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field to visually assess the weed spatial distribution and
locate the sampling units, allowed a representative and ho-
mogeneous sampling. Prior to seed bank analysis, soil
samples were stored in paper bags for a few days at 4 °C
in the dark to prevent seed germination. In the laboratory,
20 soil cores from each treatment (5 cores × 4 replicates)
were mixed well giving a final volume of 3 dm3 and the
inert fraction (stones, pebbles, etc.) was hand-removed.
For the seedbank analysis, four subsamples of 150 g for
each treatment were used. Each subsample was pre-treated
with 5 g of sodium hexametaphosphate solution for 20 min
to disperse the colloid matrix and facilitate the subsequent
washing. Seed extraction was done by putting soil samples
into a metal tube with a removable cap fitted with steel
mesh of 250 μm, using an electric adjustable pressure
(20–120 bar max) washer (Karcher, K 3500 model,
Winnenden, Germany). The extracted fraction was then
placed inside Petri dishes, air-dried for 24 h, hand-
separated from inert particles, identified and counted.
Seed identification was based on the botanical family by
means of a MS5 Leica stereomicroscope (Leica
Microsystems, Wetzlar, Germany), and the nomenclature
of each species was given following Pignatti (1982). The
seed bank size was expressed as the number of seeds per
square metre of surface area for each plot (Scavo et al.
2019a).

2.5 Soil molecular analyses

Soil molecular analyses were performed in triplicate on soil
samples collected at 0–15 cm depth for the five treatments
under study, twice (March (T1) and June (T2)) for each season.
The different sampling times with respect to the soil seed bank
were due to the need to monitor soil microflora under different
environmental factors and to understand if it is subjected to
seasonal variation. The extraction of soil DNAwas carried out
following Scavo et al. (2019a).

2.5.1 Real-time quantitative PCR assay of soil DNA extracts

Real-time PCR is a powerful technique to determine the
amount of PCR product. The absolute quantification method
was used to analyse data from real-time quantitative PCR
experiments. Absolute quantification determines the input
copy number of the gene of interest, usually by relating the
PCR signal to a standard curve (Livack and Schmittgen 2001).
A DNA-binding dye, such as SYBR Green, binds to all
double-stranded DNA in PCR, causing fluorescence of the
dye. An increase in DNA product during PCR therefore leads
to an increase in fluorescence intensity and is measured at
each cycle, thus allowing DNA concentrations to be quanti-
fied. In real-time PCR assay, a positive reaction is detected by
accumulation of a fluorescent signal. The Ct (cycle threshold)

Fig. 1 aView of the experimental
station in central Sicily (7° 13′ N,
14° 05′ E, 290 m a.s.l., Italy) on
January 2016 and detail of the
Trifolium subterraneum L. cover
cropping on March 2017 (b).
Total rainfall and average
monthly maximum and minimum
temperatures during season I
(2015–2016) (c), II (2016–2017)
(d) and III (2017–2018) (e)
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is defined as the number of cycles required for the fluorescent
signal to cross the threshold (i.e. exceeds background level).
Ct levels are inversely proportional to the amount of target
nucleic acid in the sample.

In this study, an iCycler iQTM5 (Bio-Rad) detection
system was used. The genes amoA and nifH were ampli-
fied using the following primer sets: A189 (GGH GAC
TGG GAY TTC TGG) and amoA-2R (CCT CKG SAA
AGC CTT CTTC) as described by Okano et al. (2004)
and nifH11 (GAY CCN AAR GCN GAC TC) and nifH22
(ADW GCC ATC ATY TCR CC) as described by Yeager
et al. (2004), respectively. For amoA gene, PCR amplifi-
cation conditions, using SYBR GREEN technology, were
as follows: (1) 2 m at 50 °C, (2) 10 m at 95 °C, (3)
40 cycles of 45 s at 95 °C, (4) 1 m at 55 °C and (5)
45 s at 72 °C. Reactions were 25-μl volumes using
Platinum Quantitative PCR Supermix-UDG (Invitrogen).
For testing the primers, Nitrosomonas europaea (ATCC
19718) was directly used as a source of DNA template
in a 25-μl reaction. For nifH gene, PCR amplification
conditions were as follows: (1) 5 m at 95 °C, (2) 20 cycles
of 1 m at 48 °C, (3) 1 m at 72 °C, (4) 45 s at 94 °C and
(5) 10 m at 72 °C. For testing the primers, Azotobacter
vinelandii (ATCC 12518) was used. The same strains
were used as a standard for calibration curves and the
subsequent calculation of their amount. Standard curves
were derived using known amounts of DNA correspond-
ing to 0.001–100 ng of genomic DNA. Threshold cycle
(Ct) values were determined, in triplicate, using 2-μl sam-
ples of each soil DNA extract per PCR reaction. Ct values
were converted to nanograms of DNA using the equation
derived from the standard curves.

2.5.2 Soil N quantification

To determine the extractable N, 10 g of soil samples was
transferred into 250-ml bottles with 50 ml of 0.5 M K2SO4.
The suspensions were then shaken for 1 h, end-over-end, fil-
tered through glass fibre Whatman GF/A and 0.45-μm
Millipore filters and finally centrifuged for 15 min at
3000 rpm. The concentrations of NH4

+ and NO3
− in the ex-

tracts were colorimetrically measured by diffusion (Bremner
1965; Crooke and Simpson 1971).

2.6 Data and statistical analysis

The analysis of variance (ANOVA) was used to analyse
the data, according to a three-way factorial model with
‘5 cover cropping’, ‘3 seasons’ and ‘2 sampling times’
as the main factors. Before ANOVA, the basic assump-
tions of homoscedasticity and normality were tested
through a graphical inspection of the residuals together
with the Bartlett’s test for homoscedasticity. Data about

seed bank size and PCR values were log-transformed
prior to analyses to remedy deviations from basic as-
sumptions (untransformed data are presented and
discussed). Values were reported as means ± standard
deviation and Tukey’s HSD test with α = 0.05 was used
for pairwise mean comparisons.

The analysis of the weed seed bank composition was
carried out estimating species abundance and diversity.
Abundance, i.e. the measure of the number or frequency
of individuals in an area, was measured taking into ac-
count the relative density (RD) and the relative frequen-
cy (RF). RD was calculated as the number of seeds for
a given weed species divided by the total number of
weeds within the plot and RF as the absolute frequency
of one species (i.e. the proportion of sampling cores in
which the species was found per plot) divided by the
sum of absolute frequencies of all species. Following
Derksen et al. (1993), the Relative Abundance Index
[RAI = (RD + RF)/2] was used for single major weeds
and data were arcsin-square root transformed prior to
analysis. This parameter involves both the density and
the evenness of weed communities, by downweighting
the species very abundant in few samples and increasing
the importance of species present in many samples but
at a low density. However, ANOVA showed no signif-
icance for main factors and their interactions, and, for
this reason, RAI data were not included in the results.
In accordance with Travlos et al. (2018), species diver-
sity was described considering the weed species richness
and their evenness within community (α-diversity). The
former refers to the total number of species counted in
the five soil cores for each plot, as suggested by
Moonen and Bàrberi (2004). This data did not show
any violation of basic assumptions, and, therefore, it
was not transformed prior to ANOVA. Following
Adeux et al. (2019), the species evenness was estimated
with the Shannon diversity index (H) and Pielou’s even-
ness index (J), both computed as in Travlos et al.
(2018). To meet the basic assumptions for linear
models, H data were square root transformed, while a
logit transformation was applied to J data (Adeux et al.
2019). Values of zero were attributed to monospecific
weed communities.

Data about the composition of weed seed bank were
analysed by multivariate techniques. The effects of the
three factors under study (cover cropping, season and sam-
pling time) and their interactions were tested by a permu-
tat ional (999 permutat ions) analysis of variance
(PERMANOVA; Anderson 2001) based on Euclidean dis-
tances. In order to visualize these effects, principal compo-
nent analyses (PCA) on the covariance matrix were per-
formed for each season, considering the means for each
‘treatment × sampling time’ combination. The results of
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the ordination were displayed on ‘distance’ biplots
(Legendre and Legendre 2012).

3 Results and discussion

3.1 Weed density and species composition

The 0–15-cm soil seed bank was composed of a total of 22
weed species or genera, 86% of which were annuals and 14%
perennials (Table 1). Among the 14 families, the Asteraceae
was the most represented (43%), followed by Brassicaceae
(14%), Poaceae (14%) and Polygonaceae (14%). Regarding
the biological groups, 87% were therophytes, 9% geophytes
and 4% hemicryptophytes. A similar scenario was found in
Sicily by Restuccia et al. (2019). Except for season II, the
incorporation of subterranean clover mulches into the soil re-
duced weed biodiversity compared to CM, with a general
trend TCC-B ≤ TCC-S ≤ SCC-S ≤ SCC-B ≤CM. In particular,
the number of weed species per square metre was 2.5, 3.5, 4.5,
7 and 7.5 for TCC-B, SCC-S, TCC-S, CM and SCC-B, re-
spectively, in season I (p ≤ 0.05, SED = 1.06), and 4, 5.5, 5.5,

7 and 7.5 for TCC-B, TCC-S, SCC-S, CM and SCC-B, re-
spectively, in season II (p ≤ 0.05, SED = 1.55). However, any
interaction between main factors was significant for p ≤ 0.05.
The reduction in weed species richness caused by cover crops
has been reported by other authors (Moonen and Bàrberi
2004; Isik et al. 2009). On the contrary, Ngouajio et al.
(2003) and Swanton et al. (1999) indicated that the influence
of cover cropping on weed species number was not signifi-
cant. The few differences between treatments under study in
terms of weed species number could be explained by the so-
called buffering effect of the weed seed bank, which means
that the effects of agronomic practices (tillage, cover cropping,
crop rotation, etc.) on the real weed flora in agroecosystems
are not immediate due to the high longevity of weed seeds.
Although the reduction of weed species number is an impor-
tant aspect in weed management, the effect of cover cropping
on the weed seed bank composition should be not considered
only in terms of species richness. In addition to such parame-
ter, weed species composition was analysed by estimating
their diversity (H; Fig. 2a) and evenness (J; Fig. 2b) within
community. Both H and J showed similar results, with the
three-way interaction significant at p ≤ 0.001 and ‘sampling

Table 1 Botanical family, biological and ecophysiological groups, life cycle, relative density (RD) and relative frequency (RF) of the weed species
from the total soil seed bank (0–15 cm) among 5 cropping systems, 2 seasons and 3 sampling times

Weed species Botanical family Biological group Ecophysiological group Life cycle RD (%)* RF (%)*

Amaranthus retroflexus L. Amaranthaceae Th Su Annual 5.6 76.4

Anagallis arvensis L. Primulaceae Th Au-Wi Annual 18.4 95.1

Borago officinalis L. Boraginaceae Th Sp-Su Annual 1.6 60.2

Centaurea napifolia L. Asteraceae Th Su Annual 2.5 44.0

Cichorium intybus L. Asteraceae Hr Ind Perennial 1.3 15.3

Cirsium arvense (L.) Scop. Asteraceae G Su Perennial 2.0 47.1

Euphorbia prostrata Aiton Euphorbiaceae Th Su-Au Annual 0.5 8.7

Fallopia convolvulus (L.) Á. Löve Polygonaceae Th Sp-Su Annual 0.9 53.4

Fumaria sp. Fumariaceae Th Sp-Su-Au Annual 1.0 38.3

Galium aparine L. Rubiaceae Th Sp-Su-Au Annual 1.8 56.4

Helminthotheca echioides (L.) Holub Asteraceae Th Su-Au Annual 3.3 53.6

Lamium amplexicaule L. Lamiaceae Th Ind Annual 0.4 24.7

Medicago sp. Fabaceae Th Au-Wi-Sp Perennal 2.3 12.4

Phalaris paradoxa L. Poaceae Th Sp Annual 8.0 85.5

Polygonum aviculare L. Polygonaceae Th Sp-Su Annual 0.9 19.0

Portulaca oleracea L. Portulacaceae Th Su Annual 8.9 86.6

Raphanus raphanistrum L. Brassicaceae Th Sp Annual 0.1 20.2

Senecio vulgaris L. Asteraceae Th Ind Annual 0.3 12.2

Setaria viridis (L.) P.Beauv. Poaceae Th Su Annual 1.1 28.6

Sinapis arvensis L. Brassicaceae Th Sp Annual 8.7 81.7

Sonchus sp. Asteraceae G Ind Annual 24.5 97.4

Veronica sp. Scrophulariaceae Th Ind Annual 5.8 50.0

Th therophytes, Hr hemicryptophytes, G geophytes, Su, Au, Wi, Sp summer, autumn, winter, spring species, In indifferent species

*Averaged over all treatments
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time’ accounting for 12.5% and 23.3%, respectively, to the
analysis of variance (Table 2). On the average of season and
sampling time, species diversity was significantly higher in

CM and SCC-B than in TCC-S and TCC-B (1.48 and 1.49
vs. 1.27 and 1.23). Although the diversity indices are relative
and serve only to compare diversity among communities, H
values calculated in this study were lower than those common-
ly found in other cropping systems, while J data were gener-
ally high (0.85, 0.82, 0.80, 0.79 and 0.73 in CM, SCC-S,
TCC-S, SCC-B and TCC-B, respectively). These results indi-
cate low weed diversity and few dominant species. The seed
bank was more diverse and even at the end of the experiment
(H = 1.25, 1.23, 1.54 and J = 0.76, 0.77 and 0.85 in seasons I,
II and II, respectively), probably due to the higher availability
of nitrogen in the soil (Fig. 2a, b). Furthermore, it should be
taken into account that weed communities with a low biodi-
versity, but constituted by highly competitive species or with
high densities, may negatively affect the cash crop more so
than weed communities containing slightly competitive spe-
cies or with low densities (Moonen and Bàrberi 2004). For
that reason, the RD, RF and RAI were also analysed. The
major species or genera (i.e. those contributing more than
3% to the total seed bank density and with a minimum fre-
quency of 50%) included 8 seed-propagated weeds:
Amaranthus retroflexus L., Anagallis arvensis L.,
Helminthotheca echioides (L.) Holub, Phalaris paradoxa L.,
Portulaca oleracea L., Sinapis arvensis L., Sonchus sp. and
Veronica sp. The sum of these species accounted for 83.2% of
the whole 0–15 cm seed bank density (Table 1). The analysis
of variance showed that the choice of cover cropping did not
affect RAIs of major weed species and genera, as reported also
by Swanton et al. (1999) for Secale cereale L. cover crop,
while the effect of season was significant for p ≤ 0.05 only
for A. arvensis,H. echioides and P. oleracea (data not shown).

Consistently with univariate analyses, PERMANOVA
showed that the specific composition of weed seed bank was
significantly affected by the three-way interaction ‘cover crop
× sampling time × season’ (F = 10.2, p ≤ 0.001; Table 2).
Sampling time and season explained 32.1% and 29.3%, re-
spectively, of the total variance. The results can be visualized
by considering the ordination biplots from PCAs (Fig. 3),
which show some interesting associations between cover
crops and weed species, particularly for season II and III due
to the cumulative effect of cover cropping on the soil seed

�Fig. 2 Shannon diversity index (a), Pielou’s evenness index (b) and
number of weed seeds in the soil seed bank (c) of an apricot orchard as
affected by cover cropping, season and sampling time. Effect of cover
cropping on the average of seasons and sampling times (d). Each bar
means ± standard deviation. Different letters indicate statistical
significance for p ≤ 0.05. LSD interaction was calculated with the
Tukey’s HSD Test for p = 0.05. TCC-B: T. subterraneum cover
cropping burying dead mulch in the soil; SCC-S: spontaneous flora
cover cropping leaving dead mulch on the soil surface; SCC-B:
spontaneous flora cover cropping burying dead mulch in the soil; CM:
conventional apricot management; season I: 2015/2016; season II:
2016/2017; season III: 2017/2018; T1: April; T2: September
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bank. If we indicate the first sampling time as T1 and the
second as T2, we can see that, in season I, CM-T1 was heavily
infested with A. retroflexus, P. oleracea and H. echioides,
while the other treatments were mainly discriminated along
the second PC axis, depending on the presence of A. arvensis
(TCC-B-T1 > SCC-B-T2 > TCC-B-T2, followed by the other
treatments) and P. paradoxa (in particular TCC-S-T2). In sea-
son II, CM-T1 was heavily infested with Sonchus sp. and
S. arvensis, while SCC-S-T1 and TCC-S-T1 were mainly
infested by Sonchus sp. and A. arvensis. TCC-B-T1 was main-
ly infested by A. arvensis while in T2 all treatments showed a
lower seed bank, mainly composed by P. oleracea and
A. arvensis. In season III, the discrimination of treatments is
clearer, in the sense that we mainly see three groups: CM-T1

on the left side, the treatment based on SCC in the right-
uppermost side and the treatment based on TCC on the
right-lowermost side. SCC-S-T2 represents an exception, as
it was more closely related to TCC, in terms of seed bank
composition. CM-T1 was mainly infested with S. arvensis
and A. arvensis, while the treatments based on SCC (exclud-
ing SCC-S-T2) were mainly characterized by Sochus sp. On
the other hand, the treatments based on TCC and SCC-S-T2
were less infested. In general, although the treatments under
study caused shifts in species richness, abundance and fre-
quency, the relationship between treatments and weed species
composition appeared to be less clear, demonstrating that ma-
jor weed species are able to establish independently of the
treatments. On the contrary, weed associations are clearer if

correlated with season and sampling time, in accordance with
PERMANOVA analysis.

3.2 Size of the soil weed seed bank

The interaction ‘cover cropping × season × sampling time’
was significant for p < 0.01, although with a low F value
(3.3), indicating that the seed bank size varied in relation to
the combination of the three factors (Table 2). However, the
choice of sampling time alone explained much of the weed
seed bank reduction, with a contribution of 70.7% to the anal-
ysis of variance, followed by cover cropping (13.6%). In fact,
on the average of season and cover cropping, the size of soil
weed seed bank was more than two times higher in April than
September (2078 vs. 938.5 seeds m−2), and this difference was
more marked in the conventional management (3838 vs.
1668 seeds m−2) (Fig. 2c). Our results are corroborated by
Vieira et al. (2015), who found a lower seed bank size in
autumn than spring in four different subtropical grassland
areas. By contrast, Felix and Owen (2001) reported an oppo-
site trend in Iowa (USA) under a conservation reserve pro-
gram. The results presented here can be explained by seed
bank species composition, which was primarily composed of
annual spring-summer weeds with high dormancy rate during
autumn. Besides, the number of weed seeds in the soil seed
bank showed a similar trend during the three seasons, proba-
bly because meteorological conditions did not substantially
differ among years under study and by the fact that only

Table 2 F values as absolute value of main factors and their interactions resulting from analysis of variance (ANOVA)

Source of variation

Main factors Interactions

Cover cropping (C) Season (S) Sampling time (T) (C) × (S) (C) × (T) (S) × (T) (C) × (S) × (T)

Seed bank biodiversity

Shannon index 53.5*** 102.9*** 103.6*** 137.3*** 100.3*** 222.0*** 110.6***

Pielou Index 4.44** 8.6** 31.97*** 26.0*** 19.7*** 23.4*** 22.5***

Seed bank

Total size 61.0*** 43.4*** 316.4*** 3.1** 2.7* 17.6*** 3.3**

Composition1 25.0*** 74.6*** 81.6*** 18.1*** 16.8*** 27.4*** 10.2***

RT-PCR analysis

amoA 868.9*** 6.5** 1.1NS 3.3** 4.9** 6.3** 2.4*

nifH 1385.2** 10.1*** 25.8*** 6.7*** 3.7** 0.3NS 2.3*

N soil forms

NH4
+ 158.5*** 158.3*** 176.1*** 17.2*** 16.8*** 56.8*** 10.5***

NO3
− 586.8*** 100.7*** 40.3*** 39.7*** 10.0*** 25.6*** 9.1***

NTOT 714.3*** 236.1*** 173.7*** 54.4*** 21.8*** 58.5*** 17.5***

Degrees of freedom 4 2 1 8 4 2 8

Values are given as F of Fisher. ***, ** and * indicate significant at p < 0.001, p < 0.01 and p < 0.005, respectively, and NS , not significant
1 The composition of weed seed bank was analysed by using a permutation multivariate ANOVA (Anderson 2001)
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surface tillage with no soil inversion was applied. The effect of
cover cropping significantly affected the amount of weed
seeds in the soil seed bank. Regardless of season and sampling
time, the seed bank size was 63% and 70% lower in TCC-S
and TCC-B, respectively, than in CM (Fig. 2d). Subterranean
clover cover cropping, therefore, performed better than spon-
taneous flora cover cropping. As reported by Lemessa and
Wakjira (2014), the mechanism of weed suppression operated
by cover crops can be either physical or chemical. On one
hand, living cover crops prevent weed flowering by compet-
ing with them for water, nutrients, light and space, mainly for
the smaller seeded species with less energy reserves; on the
other hand, deadmulches that remain on the soil surface or are
incorporated into the soil after cover crop senescence can in-
hibit seed germination, weed emergence, establishment and
early growth through allelopathic effects (Scavo et al. 2018,
2019a, b). The allelopathic effects appear more correlated to
the effect of T. subterraneum than spontaneous weed flora and
especially after incorporation of clover resides into the soil
due to the longer persistence of released allelochemicals into
the soil (Ohno et al. 2000). Other mechanisms related to cover
crop weed suppression are well described by Lemessa and
Wakjira (2014) and Kruidhof et al. (2009). Of course, these
mechanisms did not equally affect all weed species but depend
on cover crop genotype, environmental and pedological con-
ditions, on the quantity of the plant residue as well as on the
rate of decomposition (Scavo et al. 2019b).

3.3 Effect on soil N ecology

With the aim of evaluating the effect of cover cropping on soil
N ecology in an apricot orchard, the bacteria N. europaea and
A. vinelandii, as well as the content of soil NH4

+, NO3
− and

their sum (NTOT), were quantified among the five treatments,
three seasons and two sampling times under study. Also in this
case, the three-way interaction was significant at p < 0.001
and p < 0.005 for N soil forms and RT-PCR data, respectively
(Table 2). However, 97.3% and 96.6% of the analysis of var-
iance ofN. europaea and A. vinelandii varied in relation to the
cover cropping. The latter was the main factor also for soil

�Fig. 3 Principal component analysis ordination biplots with the 8 most
abundant weed species and genera in different cover cropping treatments
in an apricot orchard. a Season I: 2015/2016; b season II: 2016/2017; c
season III: 2017/2018; T1: April; T2: September; TCC-S: Trifolium
subterraneum cover cropping leaving dead mulch on the soil surface;
TCC-B: T. subterraneum cover cropping burying dead mulch in the
soil; SCC-S: spontaneous flora cover cropping leaving dead mulch on
the soil surface; SCC-B: spontaneous flora cover cropping burying dead
mulch in the soil; CM: conventional apricot management; AMARE:
Amaranthus retroflexus; ANAAR: Anagallis arvensis; HELEC:
Helminthotheca echioides; PHAPA: Phalaris paradoxa; POROL:
Portulaca oleracea; SINAR: Sinapis arvensis; SONSP: Sonchus sp.;
VERSP: Veronica sp.
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NO3
− (72.2%) and NTOT (56%), highlighting how the pres-

ence and transformation of soil N in the apricot orchard
depended almost exclusively on the type of cover cropping
adopted. As observed for seed bank size, T. subterraneum
cover cropping significantly increased the amount of the bac-
teria N. europaea (Fig. 4a) and A. vinelandii (Fig. 4b) and the
quantity of NH4

+ (Fig. 4c), NO3
− (Fig. 4d) and NTOT (Fig. 4e)

in soil samples. In particular, the RT-PCR analysis showed Ct
values between 10 and 14 in the presence of T. subterraneum,
higher levels (17–21) with spontaneous flora cover cropping
and much higher values (25–28) with conventional manage-
ment. Given that Ct levels are inversely proportional to the
amount of target nucleic acid in the sample, the obtained data
demonstrate a higher presence of the bacteriaN. europaea and
A. vinelandii in T. subterraneum cover cropping. This trend
remained almost constant among seasons and sampling times,
showing that climatic conditions did not affect the amount of
amoA and nifH genes. Also, the incorporation of mulches into
the soil did not show any significant effect. Regarding the N
soil forms, on the average of seasons and sampling times,
NO3

− values ranged from 18.5 (TCC-B) to 5.4 ppm (CM)
and NH4

+ ones from 8.1 (TCC-S) to 3.2 ppm (CM) (Fig.
4c, d). This positive effect became stronger, mainly for
NH4

+ and NTOT, in the June sampling (T2) of season III as a
result of a cumulative effect, due to the low mobility of am-
moniacal nitrogen in the clay soil. In fact, the highest NH4

+

levels were detected in the T2 sampling of season III under
TCC-S and TCC-B (16.8 and 13.8 ppm), with an increase of
+223.1 and 126.3%, respectively, compared to the same treat-
ments in season I. These results are probably associated with
weed flora composition, which was more diverse and even in
the last experimental season and in presence of
T. subterraneum cover cropping, seeming due to the higher
availability of nitrogen, although RAIs of major weed species
and genera were not significant for main factors and interac-
tions, indicating that weed abundance did not differ signifi-
cantly. Moreover, despite the higher presence of both nitrogen
bacteria and mineral forms in TCC treatments, PCAs showed
a weak relationship between weed species and nitrogen indi-
cators. The increase of soil NH4

+ and NO3
− is attributable not

only to the N-fixation ability of subterranean clover but also to
the stimulation of N. europaea and A. vinelandii biomass,
especially the latter, being an N-fixing bacterium. Although
the effect of cover cropping on N. europaea and A. vinelandii
has never been studied, the beneficial role of cover crops on
soil microorganisms is well documented (Martínez-García
et al. 2018; Nair and Ngouajio 2012; Stagno et al. 2008). In
this study, the increase of amoA and nifH genes due to spon-
taneous flora, and mainly T. subterraneum cover cropping,
can be attributed both to a direct and indirect effect: on one
hand, soil microorganisms take direct advantage of the high
quantity of carbon-containing compounds and phytohor-
mones released by living plant roots into the rhizosphere; on
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the other hand, cover crops determine an increase of soil or-
ganic matter and organic carbon, which stimulate the micro-
bial biomass and activity. Moreover, each plant species culti-
vates a specific microbial rhizosphere community thanks to
the exudation of secondary metabolites involved in several
plant-microorganism interactions such as the legume-
Rhizobium symbiosis or the association with plant growth-
promoting bacteria (Scavo et al. 2019b). In this case, it is
reasonable to assume that T. subterraneum exudates (e.g. phe-
nols, isoflavonoids) stimulate the amount of N. europaea and
A. vinelandii. Unfortunately, subterranean clover secondary
metabolites involved in this symbiotic association are un-
known and their quantity is related to the plant development
stage, environmental stress factors and soil characteristics
(Scavo et al. 2019b).

4 Conclusion

In this research, agronomic, biological and soil microbiology
techniques were integrated for the first time to evaluate the
effect of subterranean clover cover cropping on the soil weed
seed bank and on the amount of soil NH4

+, NO3
− and two

important bacteria involved in the soil N cycle. The presence
of cover crops, especially T. subterraneum, for three consec-
utive years determined a significant decrease of weed biodi-
versity and number of seeds in the soil seed bank and, at the
same time, a considerable increase of ammoniacal nitrogen,
nitric nitrogen and the bacteria N. europaea and A. vinelandii.
These promising results are of key importance for the sustain-
able management of weeds and fertilization in specialized
orchards of Mediterranean agroecosystems, since they allow
reducing synthetic herbicides and mineral nitrogen fertilizers
and increasing agricultural methods that can have a lower
impact on the environment. We believe, in fact, that this ap-
proach has its greatest potential in organic farming, where the
adoption of chemical inputs is avoided in favour of eco-
friendly agronomic practices, such as cover cropping, mainly
under an integrated approach. Further research is required on
the mechanisms involved in weed control and plant-
microorganism interactions of T. subterraneum (e.g.

biochemistry of secondary metabolites and symbiotic associ-
ations), as well as on the effect of subterranean clover cover
cropping on soil chemical characteristics and plant mineral
status.
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