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Crop rotation, fertilizer types and application
timing affecting nitrogen leaching
in nitrate vulnerable zones in Po Valley
Alessia Perego1*, Andrea Giussani2, Mattia Fumagalli1, Mattia Sanna1, Marcello Chiodini1, Marco Carozzi1, Lodovico Alfieri1, Stefano Brenna2, Marco Acutis1

Abstract: A critical analysis was performed to evaluate the potential risk of nitrate leaching towards groundwater in
three Nitrate Vulnerable Zones (NVZs) of the Lombardia plain by applying the ARMOSA crop simulation model over
a 20 years period (1988-2007). Each studied area was characterized by (i) two representative soil types, (ii) a
meteorological data set, (iii) four crop rotations according to the regional land use, (iv) organic N load, calculated on
the basis of livestock density. We simulated 3 scenarios defined by different fertilization time and amount of mineral
and organic fertilizers. The A scenario involved no limitation in organic N application, while under the B and C
scenarios the N organic amount was 170 and 250 kg N ha-1y-1, respectively. The C scenario was compliant with the
requirement of the 2012 Italian derogation, allowing only the use of organic manure with an efficiency greater than
65%. The model results highlighted that nitrate leaching was significantly reduced passing from the A scenario to the
B and C ones (p<0.01); on average nitrogen losses decreased by up to 53% from A to B and up to 75% from A to C.
Keywords: nitrogen fertilization, crop simulation model, nitrate leaching, crop rotation.
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2008; it is based on the criteria set out in article 3
and Annex 1 of nitrates directive, on the basis of the
results of monitoring programmes assessing nitrate
concentration in surface and groundwater and
trophic status of surface waters. In Lombardia NVZs
represent approximately 67% of the Utilized
Agricultural Area (UAA) in Northern Italy. In detail
the percentage of NVZs over the UAA exceeds 80%
in Lombardia, whereas NVZs represent 56% of the
regional plain areas (Regione Lombardia, 2006a).
In plain area of Lombardia (from 44°50’N to
45°50’N and from 8°40’E to 11°80’E), UUA is about
790,000 ha and the main cropping systems are
maize-based (Zea mays L., Fumagalli, 2011). Such
crops have a relative high N requirement and a
potential N uptake which allows for elevated N
input up to 300 kg ha-1. Farming systems in the plain
of the region are strictly linked to livestock type and
account for the 36% and 64% of the national cattle
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INTRODUCTION
Agricultural activities are the primary source of nopoint pollution due to nitrogen (NO3-N) losses
towards groundwater (Kersebaum et al., 2006). The
vulnerability of crop land to nitrate leaching is
evaluable by taking into account pedoclimatic
condition such as soil permeability, skeleton
content, mean annual rainfall (Thorup-Kristensen,
2006) and the local amount of nitrogen from animal
waste which can be potentially applied.
The designation of Nitrates Vulnerable Zones
(NVZ) in Italy falls under the competence of Region
Government. Designation, which took place in the
late nineties, has been enlarged between 2006 and
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Riassunto: È stata condotta un’analisi modellistica al fine di valutare il potenziale rischio di lisciviazione dei nitrati
verso le acque sotterranee in tre zone vulnerabili ai nitrati (ZVN) della pianura lombarda, applicando il modello di
simulazione colturale ARMOSA utilizzando un data set meteorologico di 20 anni (1988-2007). Per ogni area in esame
sono stati identificati due suoli rappresentativi, le rotazioni colturali principalmente adottate e il quantitativo medio
annuale di carico di azoto organico, calcolato in base alla densità di bestiame. Abbiamo definito 3 scenari di simulazione
(A,B,C) che si differenziano in termini di dose di fertilizzante organico (illimitato, 170, 250 kg N ha-1anno-1,
rispettivamente per A, B e C), minerale e per l’epoca di concimazione. Lo scenario C è conforme alla deroga alla
direttiva nitrati avuta per le regioni padane nel 2012, che prescrive modalità di distribuzione dell’N organico tali da
garantire un’efficienza teorica di almeno il 65%. I risultati evidenziano una diminuzione della lisciviazione passando
dallo A al B e C (p<0.01); mediamente l’azoto lisciviato diminuisce fino al 53% e al 75% passando rispettivamente da
A a B e da A a C.
Parole chiave: fertilizzazione azotata, modelli di simulazione colturale, lisciviazione dell’azoto, sistemi colturali.
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and pigs respectively (Carozzi et al., 2013a). The
average nitrogen load from livestock is about 172 kg
N ha-1. In the western area, where cereal farms are
predominant, the mean annual nitrogen load from
livestock is low (from 30 to 90 kg N ha-1y-1) whereas
in the central and eastern parts the presence of
livestock farms (mainly dairy, cattle and swine)
determines high organic nitrogen loads (from 190
to 350 kg N ha-1y-1, Regione Lombardia, 2006b).
Such high livestock density involves high availability
of N manure but also serious problems related to
manure stock and disposal. In Lombardia the
percentage of soils in NVZs per texture classes are
(I) 4% for soil with sand > 60%, (II) 93% for soils
with sand < 60% and clay < 35%, (III) 3% for soils
characterized by a clay content > 35% (Calzolari et
al., 2001).
Over the last decade, results in measurements
carried on Lombardia watertable showed a slightly
reduction in nitrate concentration (mg NO3 L-1).
Regional Environmental Agency (ARPA) monitored
nitrate in groundwater in 335 wells. Well depth
ranges from 2 to 40 m, while the depth to the
bottom of the screen level from 12 to 25 m; all wells
are within the unconfined aquifer. Average of
measured concentrations of the whole regional area
was 18.3 over the period from 2002 to 2005, and
17.4 mg NO3 L-1 from 2006 to 2008. Over such two
periods NO3 concentration (mg NO3 L-1) was 21.4
in 2002-2005 and 20.9 in 2006-2008 in NVZs,
whereas was 14.6 and 13.3 mg NO3 L-1 in the zones
not designated as vulnerable to nitrate.
In such contest alternative cropping systems and
agricultural management could represent an
opportunity to reduce nitrate leaching, avoiding any
economic decrease in crop yield. The aim of this
work was to evaluate nitrate leaching under three
alternative scenarios of cropping systems by
applying ARMOSA simulation model (Acutis et al.,
2007) in three areas of Lombardia plain. One of the
studied scenarios was defined according to the
outline of the obtained request for derogation from
Italian Government (2011/721/UE). In particular,
we tested the leaching risk in relation with the
amount of mineral and organic N fertilizers. In fact,
several experimental findings (Borin et al., 1997;
Morari and Giupponi, 1997; Acutis et al., 2000)
confirmed high losses via leaching when elevated
mineral N amount was applied. The introduction of
a double cropping system is promoted because the
autumn-winter crops are able to uptake the residual
soil mineral N (Thorup-Kristensen, 2001;
Kramberger et al., 2008; Trindade et al., 2008), to
reduce potential nitrate leaching. In fact, one of the

main factors determining the amount of leached N
into ground water is the presence of a plant cover
(Di and Cameron, 2002) which depletes the soil of
mineral N by taking it up and consequently
decreasing its leaching (Kramberger et al., 2009).
Moreover, the double cropping system provides
additional feedstock for livestock utilization
(Fumagalli, 2012).
2. MATERIALS AND METHODS
2.1 The studied area
We first identified three areas of the Lombardia
plain that are characterized by different pedoclimatic conditions (Fig. 1); the three areas are
currently classified as NVZs by the Italian
legislation, in compliance with the European Union
Nitrate Directive 91/676/EEC. The climate and soil
related variables of the three areas are reported in
Tab.1.
Since the modelling analysis was performed at local
scale, then municipality borders were taken into
account in defining the three studied areas to assess
the local risk of N leaching. In terms of modelling
application, each individuated area represented a
simulation unit.
The ARMOSA model run over a period of 20 year
using a set of daily meteorological data (1988 - 2007)
observed by three weather stations set in each area.
Such meteorological stations belong to the Regional
Network Service. Meteorological variables, daily
observed over the period of 1988-2007, were
maximum and minimum value of temperature (°C),
and rainfall (mm). Solar radiation was estimated by
using the Hargreaves equation (Hargreaves and
Samani, 1985), which was previously calibrated
using observed data from reference weather
stations. For each area two soils were individuated
from the Regional Pedolological Map (Regione
Lombardia, 2009), being the most representative in
terms of UAA (%).
2.2 Scenarios definition
The modeling analysis performed by ARMOSA
model consisted primarily of the scenario definition.
In order to test different agriculture management
three scenarios were defined: (I) the A scenario,
with no limitation in organic N application (A), (II)
the B scenario, in which the threshold of N
fertilization from manure is set on 170 kg N ha-1y-1,
(III) the C scenario, defined according to the
outline of the obtained derogation of, in which the
N input is enhanced from 170 to 250 kg N ha-1y-1,
and mineral N fertilizers amount decreases
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1

mean
annual
rainfall
(mm)
766-1553

mean
annual
rainy
days
64-111

2

523-959

3

708-1240

Area

maintaining economic profitability, (II) reducing the
N applied from chemical fertilizers.
Crop rotations were individuated according to the
Regional land use (Regional data base SIARL,
2003-2007). We took into account in the analysis
crop rotations adopted at least in the 5% of the
UAA; four crop rotations were then identified

ET ref (mm)

max T(°C)

min
T(°C)

896-947

17-20

8-10

59-90

975-1056

17-19

6-10

62-103

1030-1085

18-20

8-10

soil 1
soil 2
soil 1
soil 2
soil 1
soil 2

Sand
(%)

Silt
(%)

Clay
(%)

Organic
carbon
(%)

24
70
55
32
39
35

58
22
40
48
40
43

18
8
5
20
21
22

0.5
1.2
0.6
1.0
0.6
0.7

Tab. 1 - Main climate (1988-2007 period) and soil related variables of the three studied areas. The soil variables are expressed
as percentage on weight basis considering a profile depth of 1 m.
Tab. 1 - Principali caratteristiche climatiche (del periodo 1988-2007) e pedologiche delle tre aree in esame. I dati relativi al
suolo sono espressi come percentuale sul peso.
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according to crop N requirement. B differs from A
in terms of N organic fertilization. Main differences
from A to C consist of (I) higher N organic, (II)
avoiding manure application on bare soil, (III) crop
rotations including catch crops. Particularly, C was
defined: (I) by introducing new crops in the rotation
with the aim of further reducing N losses
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Fig. 1 - The designated Nitrate Vulnerable Zones (NVZs) in the Lombardia plain. The three studied areas are marked by
“1”, “2”, “3”. The grey area is the mountain region of Lombardia.
Fig. 1 - Le Zone Vulnerabili ai Nitrati in pianura lombarda. Le tre aree in esame sono contrassegnate da “1”, “2”, “3”. L’area
in grigio indica la zona montagnosa della Lombardia.
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being characterized by a large area of cultivation
in the three studied areas. Within any area, the
relative area devoted to maize crop included both
grain and silage maize (M rotation). The Me
rotation consisted in permanent meadows. In A
and B scenarios the MW rotation included grain
maize and winter wheat (Triticum aestivum L.),
while in C scenario it was modified by introducing
a summer herbage of foxtail millet (Setaria italica
L.) after winter wheat harvest to ensure crop N up
take in summer. Only in the case of C scenario, the
MR rotation, as double crop rotation of silage
maize of FAO class 500 and Italian ryegrass
(Lolium multiflorum Lam.), was introduced to
simulate the effectiveness of a cover crop to reduce
nitrate leaching over the autumn-winter period.
In order to simulate the identified rotations, we
used previously calibrated values of crop
parameters of maize, wheat and Italian ryegrass
(Perego, 2010). In particular, for maize was used a
parameterization for a FAO 600 hybrid which
generally reaches physiological maturity over a
period of 150 days. Meadows were parameterized
starting from values reported by van Heemst
(1988); then parameters were adapted according
to existing studied carried out in Po plain (Sacco et
al., 2003; Grignani et al. 2003). Foxtail millet
parameters were calibrated in agreement with
observed data of northern Italy (Onofri et al.,
1990). Sowing, harvest and cutting dates were
chosen according to ordinary management of
farmers. Typically maize and meadows were sown
at the beginning of spring, while foxtail millet was
planted in summer and winter wheat and Italian
ryegrass in autumn. Four cuttings of meadows
were simulated. The nitrogen parameters of the
ARMOSA model (Acutis et al., 2007, Perego et al.,
2010) was calibrated on more than 2000 measures
of soil nitrate contents observed in Lombardia
plain according to Perego et al. (2012).
The amount of organic N fertilizer was derived
from the regional database and was calculated on
the basis of the livestock breeding of the three
studied areas (Regione Lombardia, 2008). In the
A and B scenario the organic N fertilization was
split in autumn (50%) and spring (50%) for maize
and meadows. In the case of maize crops, once
calculated the organic N input, the amount of
mineral N fertilization was then calculated, in
order to guarantee at least 350 kg N ha-1y-1, as
farmers usually do (Grignani and Zavattaro, 2000;
Mantovi et al., 2006; Perego et al., 2012). The
mineral fertilization was simulated at V6-V8 stage
of maize development. Winter wheat was fertilized

with 200 kg N ha-1y-1 as mineral N at 2
distributions. In B and C scenarios thresholds of
organic N fertilization were set on 170 and 250 kg
N ha-1y-1, respectively. Particularly, in C scenario
manure N was applied only in spring or summer,
avoiding any spreading in autumn if no crop is
sown during such period. Tab. 2 summarizes the N
amount applied to crops under the three scenarios
in the three studied areas.
In the area 1, irrigation was not simulated in
agreement with the ordinary agricultural practices
of the area. In the area 2, we simulated four border
irrigation treatments of 80 mm each from June to
August to maize crop, whereas foxtail millet was
irrigated three times. In area 3, 5 irrigations were
simulated with 50 mm for maize and 3 for foxtail
millet, being an area in which sprinkler irrigation is
adopted.
2.3 The ARMOSA model overview
In order to assess the effectiveness of the
management in agreement with the derogation on
water quality, nitrogen losses to water from the
main agricultural systems under the specific
conditions of Lombardia plain were estimated
through a dynamic soil-crop model. ARMOSA
(Acutis et al., 2007, Perego et al., 2010) is a
simulation model specifically developed on the
basis of field trial data observed over years in the
ARMOSA project monitoring sites. ARMOSA
implements several alternatives for each process,
using approaches already well known and largely
validated in the scientific literature and used
for practical application. In detail, reference
evapotranspiration can be computed using
Hargreaves, Priestley-Taylor or Penman-Monteith
approach. Crop growth model development was
based on SUCROS–WOFOST (used, among
others application, at European scale for the
Bulletin of yield prediction for wheat, maize and
other important crops, Supit et al., 1994). Water
dynamics can be simulated using the cascading
approach, or the Richards’ equation, solved as in
the SWAP (Van Dam et al., 1997; Van Dam and
Feddes, 2000) model. Such Richards’ equation
solution has showed to be the best performing one
with very detailed soil moisture data set (Bonfante
et al., 2010). Nitrogen dynamics is simulated
according to the SOILN approach (Johnsson et al.,
1987, Eckersten et al., 1996), but with some
improvements. In ARMOSA each type of organic
matter has own mineralization rates, respiration
losses and C/N ratio, allowing for separate
calculations for the different types of organic
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Area

Scenario
A

M

Maize

Me

Meadows

MW

Maize
W. Wheat
F.millet*

MR

Maize
It. ryegrass

1
2
3
1
2
3
1

B

Org
246
320
330
0
132
132
176
0

Min
104
100
100
150
0
0
174
200

Org
170
170
170
0
170
170
170
120

C
Min
180
180
180
150
0
0
180
60

n.s.

n.s.

n.s.

n.s.

2

320
0

0
200

170
170

180
30

n.s.

n.s.

n.s.

n.s.

3

330
0

0
200

170
170

180
30

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

Org
250
250
250
250
250
250
176
0
0
250
0
250
250
0
250
250
0

Min
100
100
100
100
100
100
149
165
100
100
100
0
100
100
0
130
0

*Italian ryegrass and foxtail millet, manured in summer after wheat harvest at the end of June, were not simulated (n.s.) under the A and B scenarios

to not homogeneity of the variances, according to
Conover and Iman (1981) and Acutis et al. (2012);
a two-way ANOVA was then executed (α=0.05)
for N leaching and crop yield, as dependent
variables, alternatively. A multiple pair-wise
comparison was performed using the DunnSidak’s test (Sokal and Rohlf, 1981), obtaining a
full control of type I error.
In order to find and rank for importance the
correlations between N leaching and independent
variables involved in the studied continuum cropsoil, a step-wise linear regression was carried out
for each crop rotation. This type of regression
analyses tries to obtain the optimal subset of the
independent variables, getting to a regression
model including only significant variables. Within
any rotation, the standard coefficient beta was
calculated for each independent variable.

2.4 Statistical analysis
A statistical analysis was carried out in order
to test the significance of scenario and crop
rotation in affecting N losses via leaching. The
statistically significance was calculated by using
SPSS 20.0 statistics package. We performed a
rank transformation of the simulated data set due

3. RESULTS
3.1 N leaching under the different scenarios
and crop rotations
The mean annual N leaching were calculated
under each scenario and crop rotation. Testing
the effect of interaction between scenario and
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fertilizers or crop residuals incorporated into the
soil. Distinct pools of NH4-N and NO3-N
simulated; NH4-N pool can be up taken by plants,
oxidised to NO3-N, fixed by the clay component of
the soil, and immobilised in the organic matter;
losses due to ammonia volatilization are also
simulated. NO3-N pool is subject to plant uptake,
leaching and denitrification. It is possible to define
sowing and harvest DOY (day of the year), crop
rotation, automatic irrigation, set of fertilization
management, LAI forcing. Results concerning the
model calibration and validation, which were
carried out using a large set of data observed from
representative arable land in Lombardia plain, are
detailed described by Perego (2010), who reported
mean values of the Nash–Sutcliffe efficiency index
of 0.94, 0.69, 0.52, 0.88 for crop biomass, crop N
uptake, soil water content, N leaching, respectively.
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Tab. 2 - Mean annual N fertilizer amount (N kg ha-1y-1) applied to crops under A, B and C scenarios. Org. and Min. stand
respectively for organic and mineral N fertilizers.
Tab. 2 - Quantitativi medi annuali (kg N ha-1y-1) di fertilizzanti azotati da effluenti animali (Org.) e minerali (Min.) applicati
alle colture delle quattro rotazioni simulate nei tre scenari.
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rotation on N leaching, a Dunn-Sidak’s test was
executed (Tab. 3). In such way it was possible to
identify which was the most sustainable rotation
in terms of N leaching. The Me rotation resulted
to be the best rotation in every scenario, while
M rotation (monoculture of maize) determined
the highest leaching losses. The MW and
MR rotations had the intermediate position in
every scenario. Fig. 2 shows the mean annual
N leaching simulated under the different
combinations of scenario x rotations. The
outstanding result was the strongly decrease by
up to 50% of N leaching passing from A to C
scenario. Moreover, under the C scenario the MR
crop rotation involved a decrease by 50% of the
leaching associated to the M rotation.
Although the N leaching varied substantially
under the different combinations of scenario
and rotation, significant difference in crop
yield resulted just in the case of the M rotation.
In fact, the interaction between the two
independent factors resulted to be highly
significant (p<0.01) because maize grain yield in
the area 1 was higher under the C scenario
(13000 kg ha-1) compared to the mean value in
A and B scenarios (9100 kg ha-1 on average). On
the contrary, maize grain yield was significantly
lower (p<0.01) under C scenario in comparison
with the production under A and B.
The wheat crop yield did not change substantially
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Scenario
A

44

Area

M

1

65c
59c
75c

2
3

B

C

1
2
3
1
2
3
-1 -1

under the three scenarios as much as the Italian
ryegrass, maize 500 FAO and foxtail millet
biomass (p>0.05). Meadows yield increased
significantly from A and B to C scenario only in
the area 3 (p<0.01), passing from 7800 kg of dry
matter ha-1 to 10500 kg ha-1. Such production was
the highest because the mean annual production
was 6100 and 9200 kg ha-1 respectively area 1 and
2. Fig. 3 shows the mean crop yield under the
three scenarios.
Stepwise regressions for N leaching (dependent
variable) were executed within any crop rotation.
The independent variables which were taken
into account in this analysis were: (I) organic
N and (II) mineral N fertilization, (III) soil
mineralization rate, (IV) annual rainfall +
irrigation, (V) percolation water, (VI) soil water
content at the saturation point , (VII) soil organic
carbon, (VIII) crop yield and N uptake (IX), and
(X) crop evapotranspiration (ETc). Within each
rotation the linear regression had good value of
R2 (0.78 to 0.95) and statistically significant (Tab.
4). The beta standard coefficients gave a
measure of the weight of each factor: on average,
the mineral N fertilization appeared to be mostly
relevant within any rotation. The percolation and
the organic N fertilization resulted relevant
variables in affecting N leaching, together with
the mineralization rate under the M and MW
crop rotations.

Rotation
Me

MW

MR

3a
1a
1a

16b
19b
41b

n.s.

64c
31b
36b

3a
1a
4a

48b
23b
21a

n.s.

26b
26b

3a
5a

21b
18b

14ab
11ab

28b

1a

22b

15ab

n.s.
n.s.

n.s.
n.s.

Tab. 3 - Mean annual N leaching (kg N ha y ) for each simulated Scenario X Rotation. Numbers followed by different
letter within a row are significantly different (p<0.05) according to Dunn-Sidak’s test, where a was the best value being
associated to lowest value of leaching. M=maize; Me=meadows; MW=maize, wheat (and f.millet under the C scenario);
MR=maize and It.ryegrass.
Tab. 3 - Quantitativi medi annuali di azoto lisciviato (kg N ha-1y-1) per ogni combinazione di scenario X sistema colturale. I
valori riportati in tabella seguiti da lettere differenti, entro la singola riga, differiscono tra loro (p<0.5) secondo il test di
Dunn-Sidak, dove la lettera a è assegnata alla combinazione in cui la lisciviazione è più ridotta. M=mais; Me=prati
permanenti; MW=mais, frumento (e panico nello scenario C); MR=mais e loiessa.
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Fig. 2 - Mean annual N leaching (kg ha-1 y-1) in the three
studied areas under the A, B, C scenarios and the simulated
crop rotations. The error bars are the 95% C.I. M=maize;
Me=meadows; MW=maize, wheat (and f.millet under the C
scenario); MR=maize and It.ryegrass.
Fig. 2 - Quantitativi medi annuali di azoto lisciviato (kg N
ha-1y-1) nelle tre aree in esame e nei tre scenari A, B e C per
ogni rotazione colturale simulata. Le barre di errore
rappresentano gli intervalli fiduciali della media al 95%.
M=mais; Me=prati permanenti; MW=mais, frumento (e
panico nello scenario C); MR=mais e loiessa.

3.2 N leaching in the three studied area
The total amount of N leaching in each studied
area was calculated under the three scenarios as
weighted mean on the basis of the relative area
(UUA%) devoted to each crop rotation as
indicated by the Regional database. In the three
areas a comparison between the effect of the A
with the B and C scenarios showed a net decrease
of N leaching amount (Tab. 5). In fact, the mean
annual N leaching were 32, 24 and 11 kg N ha-1y1
under A, B and C, respectively. ANOVA test
confirmed the statistically significance of the
scenario factor in determining N leaching
(p<0.01). The Dunn-Sidak post-hoc test
confirmed that each scenario effect changed
substantially to the others (p<0.05). On average,
N leaching decreased by 62% passing from A to
C, and by 48% from A to B with the exception of
the area1 where higher leaching resulted. That
was probably due to the mineral fertilization
simulated for the wheat crop together with the
seasonal high rainfall of that area.
Evaluating the N leaching within any area, the C
scenario resulted to be the best combination of
cropping systems and agricultural management.

Italian Journal of Agrometeorology - 2/2013

Fig. 3 - Mean annual yield (kg ha-1y-1) of each crop under the
three scenarios. The yield is expressed as dry matter of above
ground biomass, except for maize and wheat for which the grain
vield is reported, and is the average of the crop production
simulated in the three studied areas. Error bars: 95% C.I.
Fig. 3 - Grafico riportante la media delle produzioni (kg ha-1y-1)
calcolate come media delle rese simulate nelle tre aree in esame.
La resa è espressa come sostanza secca della biomassa vegetale
epigea, fatta eccezione per mais e frumento dei quali si riporta
la produzione di granella. Le barre di errore rappresentano gli
intervalli fiduciali della media al 95%.
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Rotation
M

Me

MW

MR

0.91

0.78

0.77

0.95

sig.
Beta
Standardized
Coefficients
organic N fertilization

< 0.01

< 0.01

< 0.01

< 0.01

mineral N fertilization

1.33

mineralization rate

0.71

R2

0.96

1.48
1.07

-1.17
0.68

rainfall + irrigation
percolation

1.47

1.97

crop ET
soil organic carbon %
soil water content at
saturation %
crop yield

-0.66

crop N uptake

-0.33

-0.62

Tab. 4 - Beta standardized coefficients of the multiple step-wise linear regression calculated for N leaching under the simulated
crop rotations. The beta coefficient was reported only for the three most relevant variables in determining N leaching losses. M=maize;
Me=meadows; MW=maize, wheat (and f.millet under the C scenario); MR=maize and It.ryegrass.
Tab. 4 - Coefficienti standardizzati beta della regressione lineare step-wise calcolata per l’azoto lisciviato simulato nelle quattro
rotazioni. Per ogni rotazione sono riportati i coefficienti beta relativi alle tre variabili maggiormente significativi nel determinare la
lisciviazione. M=mais; Me=prati permanenti; MW=mais, frumento (e panico nello scenario C); MR=mais e loiessa.
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Area
1
2
3

46

A
19
37
40

B
32
21
19

Scenario
B to A
C
-68%
10
43%
14
53%
10

C to A
47%
62%
75%

Tab. 5 - Mean annual N leaching (kg N ha-1y-1) calculated
on the basis of the UUA (%) devoted to the simulated crop
rotations within the three studied areas. The decrease (%)
in N leaching from A to B and to C scenario is reported.
Tab. 5 - Lisciviazione media annuale dell’azoto (kg N ha-1y-1)
calcolata in base alla SAU (%) destinata alle rotazioni
colturali simulate entro le tre aree in esame. La tabella
riporta inoltre la diminuzione percentuale delle perdite di
azoto per lisciviazione calcolate passando dallo scenario A
agli scenari B e C.

4. DISCUSSION
The ARMOSA model application allowed to
analyze all the interactive factors determining N
leaching from arable land, evaluating different
cropping systems and management.
With regard to crop production, the model
simulated in agreement with existing studies

carried out under similar conditions in Po plain.
Considering grain maize production, Grignani et
al. (2007) reported experimental results of trials
in Piemonte (2003-2005) where grain yield was
12,000 kg ha-1 with an average crop N uptake of
200 to 300 kg N ha-1. Such results are consistent
with our simulated mean grain maize yield of
11,700 kg ha-1 and a mean crop N uptake of 279
kg N ha-1. With regard to winter wheat grain
production and crop N uptake, simulated values
(5,400 kg ha-1, 160 kg ha-1) are in fully agreement
with regional average data (5,900 kg ha-1, ISTAT,
2010) and experimental studies of Grignani et al.
2003, reporting a grain yield of 6000 kg ha-1 and
an average N uptake of 175 kg N ha-1. The model
underestimated silage maize and Italian ryegrass
dry matter production if compared to field
experiments (Onofri et al., 1993; Grignani et al.,
2003) although regional data confirmed an
average dry matter production of Italian ryegrass
of 4,200 kg ha-1 (ISTAT, 2010). Moreover, the
simulated average of N up take of the double
cropping systems was 279 kg N ha-1, which not
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N Balance
Output

Scenario
A

Fer.
281

Input
Cr.
Res.
29

B

277

28

22

C

239

41

22

Atm.
Dep.
22

Cr.Up.
164
49%
176
54%
156
52%

Lea.
31
9%
26
8%
15
5%

Min.
106
32%
94
29%
87
29%

Vol.
9
3%
10
3%
8
3%

Den.
2.1
0.6%
1.2
0.4%
1.1
0.4%

Imm.
21
6%
20
6%
35
12%

Tab. 6 - Mean annual nitrogen balance simulated under the three scenarios. The items of the balance are reported as kg N
ha-1y-1 and as percentage of the mean annual N input. Fer.=fertilization, Cr. Res.=crop residues, Atm.Dep.=atmosferical
deposition, Cr.Up.=crop uptake, Lea=leaching, Min.=mineralization, Vol.=volatilization, Den.=denitrification,
Imm.=immobilization.
Tab. 6 - Bilancio medio annuale dell’azoto simulato nei tre scenari simulati. Le voci di bilancio sono espresse in termine
assoluto (kg N ha-1y-1) e come percentuale rispetto al quantitativo di azoto applicato alle colture. Fer.=fertilizzazione, Cr.
Res.=residui colturali, Atm.Dep.=deposizione atmosferica, Cr.Up.=assorbimento della coltura, Lea=lisciviazione,
Min.=mineralizzazione, Vol.=volatilizzazione, Den.=denitrificazione, Imm.=immobilizzatione.

enhancing soil organic matter representing a
proper management to prevent the soil
degradation (Bernardoni et al., 2012).
With regard to N leaching, the Me rotation
resulted to be the best rotations in every scenario,
while M rotation (monoculture of maize) was
associated to the highest leaching losses. The MW
and MR crop rotations, which include maize as
prevalent crop, were a good compromise between
productivity and environmental sustainability.
The outstanding result of scenarios comparison
was the significantly decrease of N leaching when
the C scenario was adopted maintaining crops
yield at standard level and contributing to reduce
N leaching losses to groundwater.
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5. CONCLUSIONS
The ARMOSA simulation results highlighted that
the C scenario can be considered as an interesting
solution in order to face the current concern of N
leaching in Lombardia plain. In fact, grain maize
crops, as well as silage maize in a double-cropping
systems with Italian ryegrass had an high N
uptake and it involved a certain decrease of the N
losses. Moreover, the length of biological cycle of
FAO 600 maize hybrids generally reached 150
days, so that crop N uptake corresponded to the
period in which soil mineralization rate is
particularly high, determining a large mineral N
availability useful for crop growth. The increase
of organic N supply with the consequent low
mineral fertilization, allowed for obtaining high
Nitrogen use efficiency (N uptake/N input).
Under C scenario, the replacement of mineral-N
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differs from the range of 248-293 reported by
Grignani et al., 2003.
The simulated meadows production (8,900 kg ha1
) was slightly higher than regional data (ISTAT,
2010), whereas simulated foxtail millet production
(8,800 kg ha-1) and N uptake (101 kg N ha-1) were
consistent with results reported by Onofri et al.
(1990) from field trials in Po plain were ranges of
production and N uptake were from 4,000 to
7,000 kg ha-1 and 96 to 176 kg N ha-1, respectively.
The ARMOSA model calculated all the items of
the soil surface N balance and they are reported
in Tab. 6. The N losses via leaching were
in agreement with results reported in Po valley
by Morari and Giupponi (1997) and Mantovi et
al. (2006). The mean annual volatilization of
11 kg N ha-1y-1 was consistent with results
reported by Carozzi et al. (2012 and 2013b) under
slurry spreading in Po Valley. The simulated
denitrification losses were 1.5 kg N ha-1y-1, which
are slightly lower than results reported by
Ventura et al. (2008).
The overall N efficiency increased from 49 to
52% passing from the A to the C scenario.
Although the efficiency under the B scenario
(54%) was higher than the C one, the B outline
would be difficult to be adopted by farmers
because of high livestock density. Particularly,
under the C scenario the N leaching represented
the 5% of N input, volatilization losses 3% and
denitrification 1%. Therefore, 12% of N surplus
was incorporated into soil organic matter through
immobilization process. The C management
could contribute more than the B one in
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fertilizer with manure-N involved a significant
decrease of mineralization rate in the three areas
included in this study.
The ARMOSA results show that winter wheat
followed by summer herbage allowed for high N
uptakes as much as the adoption of the double
cropping system of forage maize and Italian
ryegrass. Moreover, management adopted under
the C scenario can help to enhance the efficiency
of farmyard manure use and to increase the soil
content of organic matter thanks to an higher
amount of organic fertilizer and crop residues
incorporated into the soil.
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