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Abstract

Stockless systems, where plant and animal production are uncoupled, represent a common condition in Mediter-
ranean areas. In organic systems, soil fertility is mainly managed by green manures, whereas composts of plant
origin represent suitable soil conditioners. The low P content of these materials, together with the shortage of
animal waste availability, determine potential nutrient depletion overtime and, in calcareous soils, P mining con-
ditions. In a two-year field experiment in Central Italy, the effect of green manure vetch (Vicia villosa) (GM+)
was compared with a control left fallow (GM-), combined with P-based fertilizers (F) on organic maize (Zea
mays). Yields and N-P dynamics were evaluated by direct measurements, nutrient balance and efficiency index.
N balance was higher than in GM+ GM- (+71.8 and -23.6 kg N ha’!, respectively). P enriched compost with
RP (rock-phosphate) (EP), showed significant improvement in P use efficiency (meanly +34%) than other treat-
ments (unfertilized control (RP), not P enriched compost (NEP)) and P equilibrium in the short run. On the other
hand, P-fertilizers and maize residues soil incorporation determined P surplus in a long perspective (up to +10 kg
P ha''). Results emphasize the possibility of P reintegration in stockless organic systems without animal wastes.
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1. Introduction

The main challenge of modern agriculture is to feed
the increasing world population through a sustainable
resource use (Schulte et al., 2013). Organic farming
can contribute to achieve this goal, being driven by
biodiversity, biological cycles and based on agro-
ecological principles (Rahmann et al., 2016). Never-
theless, organic farming is worldwide characterized
by a yield gap with the conventional agriculture, es-
timated in -25%, on average, depending on the geo-
graphical area and the production system (Reganold
and Wachter, 2016; De Ponti ef al., 2012). The poor
soil fertility management and the inadequate nutrient
supply are recognized among the main constraints to
bridge the gap, inside organic farming, between best
practices and the real current productive systems (EIP-
AGRI Focus Group, 2014). In such a scenario, achiev-
ing a balance between inputs and outputs of nutrients
within the farm system is critical to ensure both short-
term productivity and long-term sustainability (Wat-
son et al., 2002). Furthermore, high nutrient use ef-
ficiency can be crucial both to ensure acceptable crop
yields and to improve environmental sustainability,
as well as economic viability of organic systems. In-
deed, the integrated use of green manures and organic
amendments (i.e. compost) is a feasible technique to
optimize N fertility. At the same time this manage-
ment strategy contributes to enhance organic C inputs
to soil, thus contributing to long term soil quality and
fertility (Mazzoncini et al., 2010). The use of amend-
ments can further determine a residual effect for the
subsequent crop in the rotation (Eghball ez al., 2004).

Many authors highlighted the need to match the nutri-
ent availability with crop requirements (Mahmood et
al., 2016; Canali et al., 2012). This is relevant mainly
for nitrogen (N), characterized by a great mobility into
the soil-plant system and, consequently, by a high risk
of losses, e.g. by leaching (Shah et al., 2016). The rate

of N release from fertilizers, amendments and other
organic materials (i.e. plant residues) used to manage
soil fertility and the plant N requirements should be
carefully considered in order to design successful N
fertilization strategies. In particular, the C/N ratio,
which is usually considered as an indicator of the
likely net mineralization of organic materials incor-
porated into soils, is a useful parameter to foresee the
expected equilibrium between the fraction of soil N
being mineralized and the organic fraction remaining
in the soil and contributing to the long term N pool.
It follows that, combining different organic N sources
having different characteristics it might be possible
to modulate soil N availability to plants and synchro-
nize N release with plant requirements (Canali et al.,
2012). In such a scenario, livestock have traditionally
had a relevant role in organic farming, as source of or-
ganic materials (i.e. manure) and nutrients. However,
in respect with the food security issue, it is likely that
in the future the livestock density might be reduced at
global level. Therefore, the study of the performances
of organically managed stockless cropping systems
become even more relevant, as currently discussed
in the frame of the so-called Organic 3.0 concept, in
order to position organic farming as a modern, inno-
vative system, able to answer to the agriculture chal-
lenges of the next future (Rahmann ez al., 2016).

Soil management strategies based on combined use
of green manures and green (plant origin material)
composts are a suitable option to manage soil fertility
especially in stockless systems (Stinner et al., 2008),
which represent a common condition in the Medi-
terranean area. Indeed, in these areas, plant produc-
tion and animal husbandry are often not functionally
connected as separated in space. Consequently, the
stockless systems are inherently characterized by the

scarcity of organic matter and nutrients (mainly N) of
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animal origin to be recycled into the soil (Migliorini
et al., 2014). On top of that, the organically managed
stockless systems have to rely with the restrictions
imposed by the EU Regulation on organic farming
(Council Regulation [EC] n. 834/07 [EC, 2007]) in
terms of utilization of off-farm organic fertilizers and
amendments. However, due to the poor phosphorus
(P) content of green manures and green composts,
soils of stockless systems are generally character-
ized by P mining conditions (Nelson and Janke, 2007;
Watson et al., 2002). Moreover, in Mediterranean
area, soils are often characterized by a high calcare-
ous composition, which favors P insolubility due to
the formation of Ca-P complexes and further reduces
P availability to crops (Singh et al., 1983).

Rock phosphates (phosphorites) are the only allowed
mineral P source in organic farming (Commission
Regulation [EC] n. 889/08 [EC, 2008]) but they are
characterized by a low solubility (Singh ef al., 1983)
and a slow release of P over time. Thus, according
to Rajan et al. (1996), their use should be planned to
build fertility in the long-term more than to satisfy
crop P needs in a short term perspective. Many studies
have reported effective improved solubility of phos-
phorite-P, due to application of organic matter to the
soil through green manures or composts (Alamgir and
Marschner, 2016; Rick et al., 2011). Moreover, differ-
ent authors highlighted the chance to obtain composts
with high soluble P content by a phosphorite enrich-
ment of the organic raw materials at the beginning of
the composting process (Biswas et al., 2008; Nishanth
and Biswas, 2008).

There is a lack of information about the possibility to
properly combine compost or phosphorite application
with green manures to improve P fertility in stockless
systems in the Mediterranean area. Therefore, the hy-
pothesis tested in this research was that different fer-
tilization strategies could match with hairy vetch (Vi-

cia villosa Roth.var. latigo) green manure in order to

ensure a positive P balance, crop yield and N fertility.
To accomplish this objective, a two-year field experi-
ment was carried out in Central Italy under organic
farming management. Since nutrient concentration of
a plant give an integrated estimation of both total ele-
ment uptakes and use, the investigation on biomass
production, N and P content and balances were used
to provide an in-depth insight into the effect of the

analyzed approaches on N and P dynamics.

2. Materials and Methods

2.1. Site, climate and soil

A two-year field experiment was carried out in 2011
and 2012 at the Mediterranean Arable Systems COm-
parison Trial long-term experiment (MASCOT-LTE)
located at the Centre for Agri-environmental Research
“Enrico Avanzi” (CiRAA) of University of Pisa, Cen-
tral Italy (43°40°N, 10°19” E). Climatic conditions are
typical of Mediterranean areas, with rainfall mostly
concentrated in autumn (October to December) and
spring (March to April). The soil is a loamy soil (Tip-
ic Xeropsamment), containing 16.2 g kg!' of organic
matter, 12 mg kg!' of Olsen available phosphorus (P),
and having a pH value of 8.47. Clay and silt contents
are 23.0 and 33.3 %, respectively. Soil water content
is 26.5 and 11.5 % (as a percentage of soil-dry weight)
at field capacity (-0.03 MPa) and permanent wilting
point (-1.5 MPa), respectively.

In the MASCOT LTE two cropping systems, one con-
ventional and one organic, are being compared since
2001 based on the same S5-year stockless arablecrop
rotation: grain maize (Zea mais L.) — durum wheat
(Triticum durum Desf.) — sunflower (Helianthus an-
nuus L.) — pigeon bean (Vicia faba L. var. minor) —
common wheat (7riticum aestivum L.). In the organic
system, hairy vetch, grown in between wheat harvest

and spring crop sowing (i.e. maize and sunflower), is
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incorporated into the soil as green manure (Mazzon-
cini et al., 2010).

Crop rotation is performed both in space and time,
therefore each crop is present each year but on dif-
ferent fields. Each system is replicated three times for
a total of 30 plots (15 organic and 15 conventional),
with 0.35 ha real-field size per plot. Additionally,
two series of five fields (the so called “playgrounds™)
have been included in-between the conventional and
organic systems. The playgrounds, managed organi-
cally with the same crop rotation, serve the purpose to
compare (in plot trials) different options for organic
management of the five crops, still taking memory of
the agronomic history of the system.

At sowing time, each crop in the organic system, apart
pigeon bean, is fertilized with 1 Mg ha'of off-farm
organic fertilizer (Nutex® Letame 3.3.3 — SIPCAM
Italia) compliant with EU organic regulations and cor-
responding to 30 kg ha”' of N, 30 kg ha" of P,O, and
30 kg ha' of K,0. Additional 27 kg ha! of N are pro-
vided with blood meal (Orgazot® 14-0-0 — AGM Srl)
during both the durum and common wheat cropping
cycles. For each crop, residues are incorporated into
the soil with main tillage operations (namely, mould-
board ploughing 0.3 m depth for wheat and pigeon
bean, chiselling 0.3 m depth for maize and sunflower).

No irrigation is performed during the rotation.
2.2. P rotation budget

In order to determine the optimal P fertilization rate
for organic fields, based on the experimental results
of the first five years of the MASCOT LTE, P bud-
get (surplus or deficit) of the whole crop sequence
was preliminarily estimated according to the surface
balance method (Oenema et al., 2003; Watson et al.,
2002) as follows:

P budget (kg ha' yr') =P,

input - output

Where:

D from organic fertilizers applied over the first
five years of the experiment (30 kg P,O, ha' yr'= 13
kg ha! yr'of P for maize, sunflower, durum and com-
mon wheat);

P pu: P uptake by maize, sunflower, pigeon bean, du-
rum and common wheat yields measured in the first
five years of the experiment.

The P uptake of crop residues was not included in the
P o since the residues were recycled into the soil
system at the end of each crop cycle. The calculated P
budget resulted in a 14 kg P,O, ha' yr' deficit (Maz-
zoncini, personal communication). On this basis, a
dose of 24 kg ha'' of elemental P was estimated to be
added to the system with the aim of shifting this bal-

ance on positive values.
2.3. Experiment setup, treatments and measurements

The experiment was carried out on two organic play-
ground fields of the MASCOT long-term experiment
(i.e. the two adjacent fields hosting the hairy vetch-
maize sequence in the respective years) as a Com-
pletely Randomized Block design (CRB) in a split-
plot with two factors and three replications. The main
factor was the green manure (GM): absence (GM-)
and presence (GM+) of hairy vetch cover crop before
maize sowing. The second factor was the fertilization
strategy (F) of maize, and the following 5 treatments
were compared: (i) negative control with no fertilizers
(C), (ii) positive control with phosphorite (C*a), (iii)
positive control with phosphorite plus not P-enriched
compost (C'b), (iv) not P-enriched compost (NEP), (v)
P-enriched compost (EP) with rock phosphate added to
organic raw materials at the beginning of the compost-
ing process. These materials were applied at the rate of
24 kg P ha'!, except the C'b treatment whose rate was
calculated in order to supply with the compost the same

amount of organic matter of the EP treatment, while
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the residual P rate was distributed as phosphorite (cor-
responding to 5.3 and 18.7 kg P ha! by NEP and phos-
phorite, respectively). Treatment combinations were
randomly assigned in the experimental area, obtaining
30 elementary plots of 8 x 9 m?each. Fertilizers and
organic amendments (i.e compost) were added to the
soil in one application at hairy vetch termination be-
fore maize sowing. Additional information about the
composting process and the P content evaluation are
reported in Mihreteab et al. (2016).

The main characteristics and compositions of the two
composts (P-enriched and not P-enriched compost)

are reported in Table 1.

Table 1. Chemical characteristics of the P-not en-
riched compost (NEP) and the P-enriched compost
(EP) in 2011 and 2012.

2011 2012

NEP EP | NEP EP
pH 75 77| 17 15
EC (dS m?) 35 35| 1.8 23
Organic C (g 100 g!)! 359 3231376 360
Total N (g 100 g1)? 25 26| 22 21
C:N 144 127 | 17.1 169
Total P (g 100 g)3 04 18| 04 15
Organic P (g 100 g') 0.09 0.18 | 0.22 0.36
Soluble P (mg kg) 27 18 23 25

The materials (feedstock) used to prepare the two types
of compost were the same in each experimental year:
grass clippings, palm, olive and ornamental pruning.
In the EP compost, at the beginning of the compost-
ing process, finely ground rock phosphate (“fosforite”
SACOM) was added at 100 kg per each Mg of fresh
matter of the starting mixture. Both composts were

prepared and monitored at the experimental compost

facilities of the Mediterranean Agronomic Institute of
Bari (CIHEAM - MAIB) in Southern Italy (41°08° N;
16°51” E).

Hairy vetch sowing in GM+ plots occurred on Sep-
tember 15" and October 31*in 2010 and 2011, re-
spectively, at a seeding rate of 100 kg ha™'. The cover
crop was terminated by disc harrowing on April 8"
and April 24" in 2011 and 2012, respectively, when
plants were producing the first pods at the end of
flowering. The seedbed was prepared by rotary har-
row, and grain maize (hybrid PR36Y03, FAO class
300) was sown on April 12" and May 15" in 2011 and
2012, respectively, to obtain a plant density of 8 plants
m? In 2011, grain maize was harvested on September
14" with a cropping cycle of 155 days. In 2012, the
harvest occurred on September 25", with a cropping
cycle of 133 days.

At hairy vetch termination, aboveground biomass of
hairy vetch was measured by clipping all plant mate-
rial at ground level within a 1 m? area and oven-drying
at 60 °C until constant weight. Furthermore, total N
content (Kjeldahl method) of each sample was deter-
mined, allowing the calculation of the amount of N

supplied by hairy vetch (N, ) to the system (N con-

nput
tent x biomass dry weight). '

The effects of GM and F were evaluated during the
entire maize cycle, until harvest, in order to study
whether the treatments did affect or not the dynam-
ics of growth, development and mineral nutrition of
the crop. With this aim, plant and soil samples were
collected at six maize stages: Sowing (BBCH 00),
Emergence (BBCH 09), Stem Elongation (BBCH 33),
Silking (BBCH 65), Grain Ripening (BBCH 89) and
Harvest (BBCH 99) (BBCH: cereal growth staging
scales as reported by Stauss, 1994). In 2011 the stages
corresponded to 0-18-51-74-102-155 days after sow-
ing (DAS), while in 2012 to 0-27-42-64-98-133 DAS.
At each stage, soil mineral N (NO,-N + NH,*-N) and

available P (P_ ) were measured at 30 cm soil depth.
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Soil mineral N (SMN) was extracted by 2M KCl1 (1:10
w/v) and measured by continual flow colorimetry ac-
cording to Krom (1980) and Henriksen and Selmer-
Olsen (1970) for NH,"~N and NO,—N, respectively.
P_ .. was extracted and measured according to the
Olsen method.

At each stage, except the sowing one, aboveground
maize crop biomass was collected within a random-
ly-selected 1.0 x 1.0 m area in each plot. At harvest
stage, each maize plant was partitioned in cobs, grain
and stovers. All plant materials were oven dried at 60
°C for 48 hr until constant weight. The total N con-
tent (Kjeldahl method) of each sample at each stage,
except for the emergence one, was determined, allow-
ing the calculation of N uptake (N content x biomass
dry weight) of each plant component, namely: total
aboveground biomass (total biomass N), cobs (cob
N), grain (grain N) and the N of the stovers (stover N).
The total P content of each sample at each stage, ex-
cept for the emergence one, was determined by induc-
tively coupled plasma emission spectrophotometer
(ICP-AES Iris; Thermo Optek, Milan, Italy), allow-
ing the calculation of P uptake (P content x biomass
dry weight) of each plant component, namely: total
aboveground biomass (total biomass P), cobs (cob P),
grain (grain P) and stovers (stover P).

All the plant and soil laboratory tests were carried out
in three replicates in order to control intra-laboratory

variability.
2.4. N and P efficiency indices and balances

At harvest stage the following N and P efficiency indi-
ces were calculated (Montemurro et al., 2006; Venek-
laas et al., 2012):

1. NUSE (Nitrogen Use Efficiency): grain dry

biomass /N applied by compost and green manure (kg
kg');

2. NRE (Nitrogen Recovery Efficiency): (total
biomass N, - total biomass N_ ) /N applied by com-
post and green manure (kg kg™);

3. PUSE (Phosphorus Use Efficiency): grain
dry biomass / P applied by compost and phosphorite
(kg kg™");

4. PRE (Phosphorus Recovery Efficiency):
(total biomass Pfert - total biomass P___) / P applied
by compost and phosphorite (kg kg™)

Where:

total biomass N, , total biomass P, _ are, respectively:
the N and P uptake of total biomass in fertilized treat-
ment (C*a; C'b; NEP; EP);

total biomass N, total biomass P

cont’ cont

are, respective-
ly: the N and P uptake of total biomass in the unfertil-
ized control (C°).

Soil-plant simplified N and P balances of the whole
experiment were calculated (Oenema et al., 2003;
Watson et al., 2002). The N balance was determined
by the difference between the N supplied by vetch and
compost and the crop N uptake at harvest, whereas the
P balance was determined by the difference between
the P supply by phosphorite and/or compost and the
crop P uptake at harvest. The P and N uptake of crop
stovers were considered among outputs despite their
recycling into soil after crop harvest, in order to allow
the evaluation of treatments capability to satisfy the
whole crop requirements and give short period infor-

mation on fertility strategies effectiveness.

2.5. Statistical analysis

Results on biomass, N, P parameters and efficiency
indices were analyzed using univariate analysis of
variance (ANOVA) considering year (Y) as random
factor, GM and F as fixed factors. Before analysis, the
Levene test was performed to test the homogeneity of
error variances, and appropriated data transformation

was applied when necessary. Mean comparison was
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carried out according to the Tukey Test, at P < 0.05
probability level. The elaboration was performed us-
ing the SPSS 22.0 package. carried out according to
the Tukey Test, at P < 0.05 probability level. The elab-
oration was performed using the SPSS 22.0 package.

3. Results

3.1. Weather conditions and hairy vetch biomass pro-

duction

Climatic variation was high over the two years of the
experiment (Figure 1).
Air temperature was near the long-term (30-yr) mean

in both years, but differences were recorded for total

rainfall. In particular, average rainfall in October —
December 2010 (549 mm) was 200 mm above the
long-term mean and a peak precipitation occurred in
April 2012 (160 mm vs 70 mm of long-term mean).
Differently, unusual dry periods were recorded in
April — May 2011 (29 mm vs 126 mm of long term
mean), October 2011 — March 2012 (130 mm vs 538
mm of long term mean) and June — July 2012 ( 20 mm
vs 54 mm of long term mean).

Hairy vetch biomass at termination date was signifi-
cantly different between the two years (1.2 and 5.3
Mg ha'of dry biomass in 2011 and 2012, respectively
P <0.001), with a total N concentration of 2.4 and 3.7
g N 100 g' of dry matter, corresponding to a signifi-
cantly different (P < 0.001) N supply to the system of
28.8 and 196.1 kg ha! in 2011 and 2012, respectively.
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Figure 1. Mean monthly temperature and rainfall at the MASCOT Experimental site in San Piero a Grado - Pisa

(July 2010 — November 2012) compared with the mean long-term.
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3.2. Maize biomass

The outputs of ANOVA considering the effect of the 3
factors (GM, F and Y) and their interactions on the dry
matter produced by maize at harvest time in the two
years are reported in Table 2.

The GM+ showed a significantly higher crop total
aboveground dry biomass at silking (+14%) and har-
vest stages (+8%) than GM-. Although not significant,

a similar trend was also recorded at the other cropping

cycle stages. No significant difference was found
among the different fertilization strategies. How-
ever, the use of EP fertilizer showed a grain yield of
2.5 Mg ha'! in comparison with 1.8 Mg ha'averaged
over the other F treatments (P=0.09). The effect of Y
on total aboveground biomass of maize was signifi-
cant only at grain ripening and harvest stages, when
87% and 41% higher values for 2011 than 2012 were

observed, respectively.

Table 2. Results of the ANOVA for total maize dry biomass during the cropping cycle (total aboveground bio-

mass) and biomass components (stover, cobs and grain) at Harvest stage in the two experimental years, as affected

by green manure, fertilization, year and their mutual interactions.

Crop total aboveground| Dry biomass components
dry biomass at H
(Mg ha) (Mg ha!)
E* SE S GR H |Stover Cobs Grain

Green Manure (GM)
GM- 0.131.144b 63 63b| 35 0.59 2.1
GM+ 022225.0a 7.1 6.8a] 45 048 1.8

Sig. n.s. ns. ¥ ns. ¥ ns. n.s n.s
Fertilizer (F)?
C 01717 47 62 63| 40 048 1.8
Cta 0.1816 46 67 64| 40 053 1.8
C*b 01916 49 7.7 57| 35 047 1.7
NEP 01718 47 72 68| 42 053 2.0
EP 0.181.6 44 58 75| 43 0.67 2.5

Sig. n.s. n.s. n.s. ns. ns.| n.s n.s n.s
Year (Y)
2011 0.1112 43 88a7.6a 39 0.71 3.0
2012 02422 51 47b54b| 41 036 1.0

Sig. n.s. n.s. n.s. ¥ * ns. n.s n.s.
Total mean 0.181.7 47 6.7 65| 40 054 2.0
GMxF n.s. n.s. n.s. n.S. n.s.| ns n.s n.s
GM«xY ¥EE KX ps. ons. ns.| ns. NS *
FxY n.s. n.s. n.s. n.S. n.s.| ns n.s n.s
GMxFxY n.s. n.s. n.s. n.S. n.s.| ns n.s n.s

“E= Emergence, SE=Stem Elongation; S=Silking; GR=Grain Ripening; H=Harvest
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GM x Y interaction was found significant on total
aboveground dry biomass at emergence and stem
elongation stages and on grain yield at harvest. At
completion of emergence, the highest total maize bio-
mass was recorded for GM+ in 2012 (0.3 Mg ha™)
and the lowest values in 2011 (0.1 Mg ha' averaged
over GM+ and no GM- treatments) (data not showed).

At stem elongation, the highest biomass value was

759

recorded for GM+ in 2012 (2.8 Mg ha') and the
lowest value for GM-in 2011 (0.9 Mg ha') (data not
showed). Grain yield showed the significantly high-
est value in 2011 (no significant difference between
the GM treatments) whereas the lowest value was re-
corded in presence of vetch incorporated into the soil
in 2012 (500% lower than the 2011 mean value), as

reported in Figure 2a.

a b
Error bars: +/- 1 SD green manure 150 Error bars: +/- 1 SD
> OGM- green manure
OGM+ 0 GM- a ab 2
OGM+ T g
a
- 120
4 =
a,b E_'b ab ab
r > b b
s 3 = 9 b
g z
g 2 - | uy
£ g -
z b S
v, Z 6 |
ol ]
]
1 J 30
¢
0 | 0
2011 2012 C Cta C'b NEP EP
Year

Fertilizer

Figure 2. (a) Interaction effect of green manure (with and without) and experimental year (2011 and 2012) on
grain yield of maize (Mg ha). (b) Interaction effect of green manure (with and without) and fertilization strategy

on total aboveground biomass N uptake of maize at Harvest (averaged over the two experimental years).

3.3. Soil mineral N content and crop N status

Despite no significant difference was found for each
experimental factor, higher SMN values in GM+ were
recorded at all the sampling stages (Table 3).

Significant GM x Y interactions were found at sow-

ing, emergence and harvest stages.

In particular, in 2012 at sowing stage the GM+ treat-
ments showed the significantly highest SMN in 2012
(51.6 mg N kg') and the GM- ones the significantly
lowest (20.3 mg N kg'), whereas SMN showed inter-
mediate values in 2011, with significant differences
between GM treatments (32.9 and 27.4 mg N kg™ for
GM+ and GM-, respectively).
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In contrast, at emergence stage, the significant highest
value was recorded for GM+ in 2011 (69.4 mg N kg™),
followed by GM- plots in 2011 (59.0 mg N kg™!), GM+
in 2012 (43.3 mg N kg!) and GM-in 2012 (23.9 mg N
kg™"), which was the lowest SMN value. At harvest the

highest SMN value was recorded in 2012 for GM+
(50.4 mg N kg'), whereas no significant difference
was highlighted among other treatments, being 32.1
mg N kg for GM+ in 2011 and 23.9 and 32.2 mg N
Kg! for GM-in 2012 and 2011 respectively.

Table 3. ANOVA results for soil mineral nitrogen (SMN) during the cropping cycle, as affected by green manure,

fertilization, year and their mutual interactions.

Soil Mineral N content

(mg N kg1 dry soil)

Sow* E SE S GR H

Green manure (GM)
GM- 23.8 414 221 233 209 28.0
GM+ 422 564 314 263 272 413

Sig. ns. ns. ns. ns. ns.  ns.
Fertilizer (F)*
C 322 494 259 23.6 243 309
Cta 352 453 253 252 225 364
C*b 324 476 30.8 26.1 22,6 359
NEP 333 513 26.7 234 249 38.1
EP 320 509 252 257 260 319

Sig. ns. ns. ns. ns. ns.  ns.
Year (Y)
2011 30.1 642 292 241 255 28.0
2012 359 33.6 243 256 225 412

Sig. ns. ns. ns. ns. ns.  ns.
Total mean 33.0 489 26.8 24.8 24.0 34.6
GMxF ns. ns. NS, NS, NS NS
GMxY HoAk * ns. ns. 0ns *
FxY ns. ns ns. ns. NS NS
GMxFxY ns. ns ns. ns. ns. NS

*Sow=Sowing; E= Emergence, SE=Stem Elongation; S=Silking; GR=Grain Ripening; H=Harvest
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GM factor affected significantly total aboveground
biomass N uptake of maize at grain ripening stage
(40% higher N uptake in GM+ than in GM-) (Table 4).
At grain ripening and harvest stages, in 2011 the re-
sults were significantly higher than in 2012 by 120%
and 79%, respectively. Significant GM x Y interaction

was recorded at stem elongation and silking stages,
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showing the highest N uptake with vetch in 2011 and
the lowest without vetch in 2012 (data not reported).
Significant GM x F strategy was recorded at harvest,
showing the highest values of total N uptake in the EP
and C*a treatment under GM+, and the lowest in the C-
and C*a treatment under GM- and in C*b under GM+,
as reported in Figure 2b.

Table 4. ANOVA results for N and P uptakes in total aboveground biomass (during the cropping cycle) and single bio-

mass components (at harvest) of maize, as affected by green manure, fertilization, year and their mutual interactions.

N uptake in total N uptake in biomass | P uptake in total aboveground | P uptake in biomass
aboveground biomass components at H biomass components at H
(kg N ha') (kg N ha') (kg P ha!) (kg P ha'!)
SE* S GR H Stover Cobs Grain | SE S GR H Stover Cobs Grain
Green Manure
GM- 17.0 45.7 65.1b 70.1 33.0 3.7 334 83b 213 23.0 327 14.4 0.6 18.0
GM+ 454 723 91.0a 85.0 49.0 3.4 326 |122a 186 284 318 14.2 0.5 17.2
Sig. n.s. ns. * n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s.
Fertilizer (F)?
C 314 584 738 69.7b| 363 3.8 29.5 11.1 194 224 278 13.7 0.5 13.7
Cta 28.7 60.0 74.0 77.6ab| 40.8 4.0 32.8 10.1 19.2 251 31.9 14.4 0.6 17.1
C'b 29.2 613 872 705b| 370 3.7 29.8 10.0 205 284 265 12.0 0.6 14.1
NEP 37.8 62.0 86.1 752ab| 404 2.5 323 11.0 188 28.8 32.8 13.9 04 18.7
EP 29.0 53.7 689 946 a| 504 3.6 40.6 9.2 21.7 238 423 17.5 0.5 244
Sig. ns. ns. n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Year (Y)
2011 179 64.7 107.3a 100.1a| 456 4.7a 49.8 104 130 39.2 49.1a| 173 0.6 3l.1a
2012 44.6 533 487 b 559 b | 364 23b 162 102 269 122 154b| 114 04 4.1b
Sig. ns. ns. * * n.s. * n.s. n.s. n.s. ns. * n.s. ns. HEE
Total mean 31.2 59.0 78.0 715 41.0 3.5 33.0 103 199 257 322 14.3 0.5 17.6
GMx F n.s. n.s. n.s. * n.s. n.s. n.s. n.s. * n.s n.s. n.s. n.s. n.s.
GM«xY woE Lk n.s. n.s. * n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s.
FxY n.s. n.s. ns. n.s. n.s. n.s. n.s. n.s. n.s. ns. n.s. n.s. n.s. n.s.
GMxFxY n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

aSE=Stem Elongation; S

=Silking; GR=Grain Ripening; H=Harvest

3.4. Soil available P content and crop P status

No significant difference for soil P was recorded
for the different factors and their mutual interactions,
with a stable mean value of 10 mg P kg' during
the whole maize cropping cycle and in both years

(data not reported).

Significant difference was recorded on total biomass
P uptake at stem elongation stage when the GM+
treatments showed a 47% higher value than the GM-
ones (Table 4).

Furthermore, in 2012 the P uptake was lower by
69% than 2011 at harvest stage. A significant GM
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x F interaction was also found in total biomass P at
silking stage. At this stage the P uptake showed low-
er values in C, C*a, C'b, NEP under GM+ and in the
unfertilized control (C) under GM- than in the EP
treatment under GM+ and the fertilized treatments un-
der GM- (Ca, C'b, NEP and EP) (data not showed).

3.5. N and P efficiency indices and balances

Vetch green manure showed no significant effect on N
and P efficiency indices (Table 5). On the other hand,
the F factor showed significant differences in both
NUSsE and PUSE indices.

Table 5. ANOVA results for N and P efficiency indices, as affected by green manure, fertilization, year and their

mutual interactions.

Nitrogen Phosphorus
NUsE? NRE PUSE PRE

Green Manure (GM)
GM- 50.5 0.43 90.1 -0.01
GM+ 39.1 0.40 77.7 +0.01

Sig. n.s. n.s n.s n.s
Fertilizer (F)
C 56.5 ab 0.49 - -
Cta 74.7 a 1.03 75.5b -0.06
C*b 40.0 b 0.28 72.3b -0.29
NEP 12.6 b 0.10 839 b -0.02
EP 55.5 ab 0.51 104.1 a +0.37

Sig. wE n.s * n.s
Year (A)
2011 71.7 0.66 129.1 +0.18
2012 13.1 0.16 38.8 -0.18

Sig. n.s. n.s n.s n.s
Total mean 43.4 0.41 83.95 0.00
GM<xF n.s. n.s n.s n.s
GMxY * n.s n.s n.s
FxY n.s. n.s n.s n.s
GMxFxY n.s. n.s n.s n.s

“NUsE=Nitrogen Use Efficiency; NRE=Nitrogen Recovery Efficiency; PUsE=Phosphorus Use Efficiency; PRE=Phosphorus

Recovery Efficiency.
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For NUsE, the C'a treatment showed a significantly
higher value by 87 % and 493 % than C'b and NEP,
respectively. For PUSE, the EP recorded the highest
value among treatments. Similarly, EP showed also the
highest value for the PRE, although no significant dif-
ference was recorded for this result. A significant GM x
Y interaction was found in NUSE. 2011 showed the sig-
nificantly highest values (mean 73.0; no significant dif-
ference between the GM treatments) whereas the low-
est value was recorded for GM+ in 2012 (2.3), whereas
GM- treatment in 2012 (31.0) did not show significant

difference with the other treatments (data not showed).

Finally, the N balance showed a significant interac-
tion between GM and F, as reported in Figure 3a.
The N surplus/deficit was significantly higher in
NEP of GM+ (+183 kg N ha™') than in C, C*a, C'b
and EP for GM- (-56, -55, -39 and -45 kg N ha’,
respectively) and C*a for GM+ (15 kg N ha'). As
far as the P balance was concerned, significant dif-
ference was found among fertilization treatments
(Figure 3b).

The unfertilized control (C) showed the lowest val-
ue and the C'b the highest one (-28 and -2 kg P ha’',

respectively).
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Figure 3. (a) Soil N surplus/deficit (kg N ha'') for the maize growing season of the whole experiment split by fer-
tilizer treatments x green manure. (b) Soil P surplus/deficit (kg P ha') for the maize growing season of the whole

experiment split by fertilizer treatments.
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4. Discussion

The high rainfalls recorded consequently to hairy
vetch sowing in the first year (September 2010; Fig-
ure 1) strongly reduced green manure germination and
early development, causing its low biomass produc-
tion and N fixation at termination date. On the con-
trary, in the second year hairy vetch produced higher
biomass and Niput (193.5 kg N ha'') to the system than
in 2011, although the winter months were drier than
the long-term average rainfall. This result is in accor-
dance with Cook et al. (2010), who pointed out how
the variability of biomass production in function of
climatic conditions was one of the main constraints
in estimation of N supplied by vetch to the following
crop in rotation. In our experiment, these inter-annual
differences affected the early maize development and
biomass production in the two years, as pointed out
by the significant interaction between GM and Y at
stem elongation and silking stages (Table 2). Indeed,
the maize biomass in GM+ was significantly higher
in 2012 than in 2011. On the other hand, the grain
yield of maize at harvest maturity showed a signifi-
cant reduction in 2012 in comparison with 2011, in
particular in GM+ treatments (Figure 2a). This re-
sult was probably due to the dry conditions occurred
after vegetative growth in the June-August 2012, in
correspondence of the grain formation and ripen-
ing stages (Figure 1). Indeed, maize is resistant to
water deficit in the vegetative stages, whereas water
stress occurring during grain formation and ripen-
ing stages can strongly reduce maize yield (Cakir,
2004). Furthermore, water stress effect can be mag-
nified by the water uptake of the preceding crops,
with consequently significant yield depletion in
main crops following winter cover crops (Koerner
and Power, 1987). Despite this, the hairy vetch green
manure significantly increased maize N uptake, as

showed by the higher total biomass N in C'a treat-

ment (which did not receive compost as N source)
under GM+ than GM- (Figure 2b).

Similar. but not significant result, was showed by C-
treatment under GM+ in comparison to GM-. Since
the SMN resulted higher or equal in GM+ plots than
in the GM- ones during the whole cropping cycle
(Table 3), the lower maize yield observed for GM+
in 2012 than in 2011 was not due to N limiting avail-
ability, as also confirmed by the higher total biomass
N of GM+ than in GM- (Table 4). Furthermore, in
our study we did not found a significant effect of
vetch green manure on P soil availability and maize
P uptake in all growing stages.apart the stem elonga-
tion stage (Table 4). This finding is not in accordance
with other studies in which legume green manures
were found to significantly increase soil P availability
(Cavigelli and Thien, 2003). Further analysis should
be carried out in order to evaluate the effect of tested
vetch variety (i.e. cv. latigo) on P dynamics and avail-
ability in the soil.

As far as the fertilization strategy is concerned, the
absence of strong differences among the tested treat-
ments for N and P soil availability, confirms that com-
post and rock phosphates should not be used to satisfy
the short-term N and P plant requirements, but to build
up the long term soil fertility (Rajan et al., 1996; Di-
acono and Montemurro, 2010). Despite this, N uptake
results showed a different pattern accordingly to fer-
tilizer and green manure combinations, as reported in
Figure 2b. The lack of difference between P fertilizers
(i.e. C'b, NEP, EP) and the unfertilized control (C") in
GM- plots highlighted that the composts alone were
not able to improve maize N nutrition in the short pe-
riod. At the same time, none of the P-fertilized treat-
ments showed significant differences between GM+
and GM- in terms of crop N uptake, highlighting the
potential of the composts to sustain crop N require-
ments despite the green manure absence. The results

of'total biomass P at silking stage showed higher P up-
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take in maize fertilized with composts (i.e. C'b, NEP,
EP) than the unfertilized control (C") when vetch was
not grown before. This result could be likely related to
an effect of the organic matter present in the compost
on soil P solubility in the central stage of maize cycle.
Indeed, Habib er al. (1994) reported a positive effect
on P soluble fraction with soil application of organic
amendments.

The higher N use efficiency of the treatment with
phosphorite only (C*a) than the C*'b and NEP (Table
5) indicated that composts were not able to increase N
use efficiency of maize averaged over GM treatments.
Concerning the lower NUSE observed in the second
year compared to the year before, the controversial
dry weather conditions occurred in 2012 (which ac-
tually, on one hand, favored vetch growth and deter-
mined high vetch N.

input®

and on the other hand limited
maize growth and biomass production at harvest)
were likely the main reasons behind. According to the
N balance (Figure 3a), the fertilization strategies with
phosphorite applied directly to the soil or during the
composting process (C,*; C,* and EP) showed condi-
tions of N deficit when not associated to vetch green
manure. As a consequence, although crop stovers are
recycled into the soil at the end of the cropping cycle,
our results underlined N as possible limiting factor in
these treatments when scarce N.

input

curs, determining a potential risk of yield depletion.

by hairy vetch oc-

The calculation of P balance showed that P supplied
by all the P-fertilizers was much lower than P removed
from the system by stovers and grain of the maize crop
(Figure 3b). Our results underlined that, in our condi-
tions, soil amendment with P-fertilizers did not allow
meeting maize P requirements, thus additional efforts
should be put in increasing the plant availability of soil
P pool during cropping cycle (e.g. by including more
leguminous species in crop rotations, by correcting
soil pH, by using products containing P-solubilizing

active compounds or microbials). Nevertheless, this

deficit can be considered very close to the amount of
P accumulated in crop stovers and re-integrated into
the soil after maize harvest (Figure 3b). Indeed, by
considering only the grain P uptake as output, the P
balance raise positive value for C*a (+7 kg P ha'), C'b
(10 kg P ha') and NEP (+6 kg P ha') as far as 0 kg
P ha'! for EP while maintaining a deficit condition in
C- (-14 kg P ha"). Our result put in evidence that the
chosen strategies were not contributing to a P mining
condition of the studied cropping system. Moreover,
among the P-fertilizers treatments, the EP compost
showed the highest P use efficiency, being able to in-

crease also the crop yield.

5. Conclusions

In conclusion, our study pointed out the possibility
to combine different agronomic strategies, to obtain
adequate yield, reduce of soil P mining condition and
improve nutrient use efficiency, in respect with the
need to manage soil P fertility despite the absence of
products of animal origin in organic stockless farming
systems. In particular, the leguminous green manure
is confirmed to have a key role in managing the N
soil fertility in the short run, even if no evidence on
P availability was noted. On the other hand, the P en-
richment during the composting process highlighted
as a potential valuable solution to maintain P balance,
ensuring a higher efficiency of P use by using a com-
post of plant origin. The combined use of leguminous
green manure and enriched P compost can be then
considered as a concrete option in order to manage
the N and P fertility in the short and long runs and to
sustain plant requirements.

The obtained results emphasize that, even in stock-
less systems, it is possible to predict strategies of P
mining reintegration without the need to resort to
products of animal origin. Further researches aiming

at evaluate the effectiveness of these strategies on

Journal of Soil Science and Plant Nutrition, 2017, 17 (3), 751-769



N-P fertilization strategies for organic stockless systems 767

nutrient balance in the entire system should be highly
encouraged, through the application of the selected
materials and doses for the minimum duration of an
entire crop rotation. This could help to evaluate the
potential of the technique to increase N - P utilization
at system level, and improve soil protection, organic

matter preservation and long term soil fertility.
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