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Abstract

The quantification of the N losses in territories characterised by intensive animal stocking is of primary importance.
The development of simulation models coupled to a GIS, or of simple environmental indicators, is strategic to sug-
gest the best specific management practices. The aims of this work were: a) to couple a GIS to a simulation mod-
el in order to predict N losses; b) to estimate leaching and gaseous N losses from a territory with intensive live-
stock farming; c) to derive a simplified empirical metamodel from the model output that could be used to rank the
relative importance of the variables which influence N losses and to extend the results to homogeneous situations.
The work was carried out in a 7773 ha area in the Western Po plain in Italy. This area was chosen because it is
characterised by intensive animal husbandry and might soon be included in the nitrate vulnerable zones. The high
N load, the shallow water table and the coarse type of sub-soil sediments contribute to the vulnerability to N leach-
ing. A CropSyst simulation model was coupled to a GIS, to account for the soil surface N budget. A linear multi-
ple regression approach was used to describe the influence of a series of independent variables on the N leaching,
the N gaseous losses (including volatilisation and denitrification) and on the sum of the two. Despite the fact that
the available GIS was very detailed, a great deal of information necessary to run the model was lacking. Further
soil measurements concerning soil hydrology, soil nitrate content and water table depth proved very valuable to in-
tegrate the data contained in the GIS in order to produce reliable input for the model. The results showed that the
soils influence both the quantity and the pathways of the N losses to a great extent. The ratio between the N loss-
es and the N supplied varied between 20 and 38%. The metamodel shows that manure input always played the
most important role in determining the N losses. Other important factors in draining soils were mineral fertilisa-
tion and potential drainage, which played a minor role in poorly draining soils. The drainage of the soil and the wa-
ter table depth also played an important role by influencing the soil water content and N losses. The differences
among the crops resulted to be very important and it was impossible to produce any indicator to predict N losses
for all the crops together. Estimations of total losses are more reliable than estimations of leaching alone. Estima-
tions of total N losses for maize and meadows are more reliable than for winter cereals.

Key-words: N losses, CropSyst, dynamic simulation model, GIS, metamodel, animal manure.

1. Introduction specifies future objectives to increase the qual-
ity not only of deep water, but also of surface
water.

Attention towards N gaseous emission has
also increased since the Kyoto Protocol on

greenhouse gas emission was adopted in 1997.

In the last two decades, the quantification of N
fluxes at a territorial scale has become a key is-
sue in planning good agricultural practices.

The Nitrate Directive (EEC, 1991) and its re-

gional applications (e.g. Regione Piemonte,
2002) require the implementation of measures
to reduce nitrate leaching in water bodies. The
regional Rural Development Plan (EEC, 1999)
encourage the use of agricultural practices that
reduce water pollution and enhance soil quali-
ty. Finally, the Water Framework Directive,
which has recently been adopted in Italy (2006)

Environmental regulations can only be effi-
ciently implemented if they are supported by
tools that are able to quantify N fluxes and to
evaluate alternative scenarios that could be pro-
posed as solutions for the reduction of N losses.

Several experimental trials, aimed at assess-
ing the impact of fertilization management prac-
tices on the soil and water quality, have been
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carried out throughout Europe in recent years

(e.g. Webb et al., 2000; Eltun et al., 2002;

Schroder et al., 2003; Oborn et al., 2003; Karls-

son et al., 2003; Giardini, 2004; Nevens and Re-

heul, 2005; Thomsen, 2005).

Processes involved in soil-plant system man-
agement are complex and are influenced by sev-
eral environmental factors. Field experiments do
not directly supply all the information necessary
to manage N efficiently in all environments.

Simulation models are very powerful tools
to analyze complex systems, to extend field ex-
perimental results and to evaluate alternative
scenarios. After their calibration and evaluation
in known situations, they help to quantify N
losses both in real situations and in generated
scenarios. Some applications aimed at quantify-
ing the fluxes at a field scale can be found in
Morari and Giupponi (1997), Donatelli et al.
(1997), Grignani and Zavattaro (2000).

When the application is addressed to a large
area, the reliability of the simulation results is
closely dependent on the availability and the
quality of the model input dataset.

This type of application can be carried out
by coupling a simulation model and a database
(or a GIS) that describe a territory (e.g. Morari
et al., 2004); alternatively, indicators can be used
with the aim of ranking different situations or
scenarios.

Some indicators have been developed to
evaluate the capability of the soil to receive ma-
nure or to protect deep water from N pollution.
Most of them are mainly driven by the charac-
teristics of the soil (ERSAL, 1992; Giardini and
Giupponi, 1993; Regione Emilia Romagna,
1993), while others mainly take into account av-
erage agricultural practices (Padovani and Tre-
visan, 2002).

The problem of manure management is
quite important in territories with intensive live-
stock farming where manure is considered a
waste rather than a fertiliser.

The aims of this work are:

1) to couple a GIS that provides a large set of
information at the cadastral parcel scale to
a simulation model in order to predict N
losses;

2) to estimate leaching and gaseous N losses
from a territory with intensive livestock
farming using the GIS + the developed mod-
el tool;

690

3) to derive a simplified empirical metamodel
from the model output that could be used to
rank the relative importance of the variables
which influence N losses and to extend the
results to homogeneous situations.

2. Materials and methods

2.1 The area

The work was carried out in a 7773 ha area in the
Western Po plain (Piedmont, Italy) (Sacco et al.,
2003a). This area was chosen because it is charac-
terised by intensive animal husbandry and might
soon be included in the nitrate vulnerable zones
(EEC, 1991). The high N load, the shallow water
table and the coarse type of sub-soil sediments
contribute to the vulnerability to N leaching.

The sum of arable land and grassland rep-
resents 69% of the total area. The main crop is
maize (Zea mays L.) followed by grassland
(mainly permanent meadows with Lolium mul-
tiflorum L., L. perenne L. and Trifolium repens
L.). Other important crops are wheat (7riticum
aestivum L.), barley (Hordeum vulgare 1.), soy-
bean (Glycine max L.) and fruit trees.

The average animal stocking rate varies be-
tween 2.63 t ha! live weight in cattle farms and
4.27 t ha' in pig farms. An important reduction
in manure-N load in intensive farms is obtaine
through exporting liquid manure to other farms.

2.2 The GIS

The Geographical Information System (GIS)
presented by Sacco et al. (2003a) was the main
source of information used as input to simulate
the N cycle at a territorial scale (Table 1).

The GIS was built with the aim of support-
ing the spatial calculation of the soil surface
budget (Aarts et al., 2000) for nitrogen, phos-
phorous and potassium, and was further ex-
panded with the purpose of providing inputs to
a dynamic cropping system simulation model.
This paper only refers to nitrogen.

The soil surface budget was calculated as the
difference between all the fertilisation inputs
and crop removal.

Information was derived for each cadastral
parcel that represents a unit of information of
the digital maps used in the GIS. The cadastral
parcel allows the digital cadastral map to be re-
lated to Italian administrative databases. The
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Table 1. Information derived from the GIS (Sacco et al., 2003a) and used to produce the input of the simulation

model.

Information Source

Reference period

CAP database
Local experts

Type of crop

Mineral fertilisation
Liquid manure use

Farm animal stocking rate

Provincial official database
Animal livestock register

1996-1998

average 1996-2000
2000

2000

GIS includes information on N management,
soils and water tables.

2.3 Nitrogen management

The mineral fertilisation was described for each
crop. Separate estimates were made for live-
stock farms and non-livestock farms with the aid
of a group of local experts.

The list of cadastral parcels that receive liquid
manure and the farms producing this manure were
derived from the Provincial official database which
lists all liquid manure distributions.

The total amount of nitrogen in the form of
solid or liquid manure applied to each parcel was
derived from the regional animal livestock regis-
ter on the basis of the quantity of excreted N from
each animal category (Sacco et al., 2003a).

2.4 The soils

Seven main soil types were identified according
to the Local Soil Survey Service (IPLA, 2006),
according to the Soil Taxonomy of Soil Conser-

vation Service of USDA assessment (USDA,
1977). The main soil characteristics are de-
scribed in table 2.

The ACGH, COL and SAGN soils were
characterised by a high stone content in the pro-
file. AQPR was also characterised by a high
stone content in the profile below one meter.
BONV and CUSS were characterised by evi-
dent signs of reduction along the profile during
most of the year. CENT was a very deep soil
with low permeability.

A soil type was assigned to each cadastral
parcel according to the Regional Soil Map. Sev-
en benchmark profiles, one for each of the sev-
en soil types, were characterised in detail by
Sacco (2000), measuring the hydrological and
chemical characteristics of each horizon and
monitoring the matric potential and the N con-
centration along the profile for two years.

2.5 The water table

The water table in the area is quite shallow, rang-
ing from 13 meters to almost the soil surface.

Table 2. Average characteristics of the soils used in the simulations. The minimum and the maximum values measured in

the different horizons of the profile are reported in brackets.

Soil Series USDA Soil Texture Bulk density ~ Stone Saturated
Taxonomy content hydraulic
conductivity
kg m? % m d!
ACGH Acquasana Aquic Haplustept Sandy loam 15402 45 0.260
ghiaiosa (2-80) (0.093-0.945)
AQPR Acquasana Aquic Haplustept Loam 1632 20 0.320
profonda (1510-1720) (2-70) (0.094-1.974)
BONV Bonavia Aeric Endoaquept Silty loam 1587 1 0.064
tipica (1420-1760) (0-15) (0.034-0.896)
CENT Centallo Dystric-Fluventic Eutrudept Sandy loam 1277 0 0.251
tipica (1210-1490) (0-3) (0.109-1.335)
COL Colombero Tipic Haplustalf Loamy sand 1457 39 0.480
tipica (1360-1545)  (20-50)  (0.459-5.346)
CUSS Cussanio Typic Endoaquoll Sandy loam 1495 4 0.141
tipica (1330-1660) (0-25) (0.043-7.425)
SAGN Sagnassi Fluventic Hapludoll Silty loam 1416 34 0.158
tipica (1270-1720) (5-60) (0.088-0.408)

“Bulk density was measured in only one horizon.
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The water table depth was derived by inter-
polating the average measurements from 16
wells in the area during 1999-2000 period. In-
terpolation was performed using a Triangular Ir-
regular Network procedure and a 50 x 50 m?
grid size. An average depth was then calculated
for each cadastral parcel. Temporal variability
of the water table depth was not considered.

2.6 The simulation model

The simulation model chosen was CropSyst
3.04.08 because of its capability to study the ef-
fects of climate, soils, and management on crop-
ping system productivity and the environment
(Stockle et al., 2003), and also because it has al-
ready been tested in similar environments (e.g.
Donatelli et al.,, 1997; Bechini et al., 2003;
Morari et al., 2004). Its ability to simulate crop-
ping systems in situations where the water table
is particularly shallow has been demonstrated
by Sacco et al. (2001).

2.7 Model parameterisation

The climate was considered homogeneous
throughout the area because of its limited ex-
tension. Rainfall and temperature data were
provided by the Technical School of Agriculture
“ITAS Barbero” in Fossano (CN). Solar radia-
tion was provided by the Piedmont Regional
Environmental Agency (ARPA). The meteoro-
logical stations were both situated inside the
area. The period covered by the complete
dataset was 12 years.

The hydrological and chemical parameters
used in the simulations for each cadastral par-
cel were considered equal to those described for
each reference soil profile according to the as-
signment performed through GIS elaboration.

In order to reduce the number of simula-
tions, the water table depth was not considered
a continuous variable over the area, but it was
discretised into nine different classes. Figure 1
reports the average water table depth for each
soil type. CropSyst does not take the water table
into account when it is deeper than 5 m: in this
case, it simulates free drainage.

The parameters that describe the N cycle in
the model were derived from a calibration on
nitrate and ammonium concentrations periodi-
cally measured in the field by Sacco (2000). The
mineralization rate adjustment, nitrification rate
adjustment and denitrification rate adjustment
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Figure 1. Average water table depth for the different soil

types (source: GIS). The error bars represent one standard

deviation of the variability between the cadastral parcels.

values used in the simulations were 0.05. The
maximum depth at which organic matter
turnover occurs was 0.5 m in BONYV, 0.6 in
ACGH, COL, CUSS and SAGN and 0.8 in
AQPR and in CENT.

The crop rotations were derived considering
cultivated crops in each parcel in the 1996-1998
period (CAP database).

The less common crops in the area were not
considered in order to reduce the number of
simulations: only maize, wheat, barley, meadows,
soybean and set aside were analysed. The sum
of their area covered more than 90% of the area
described by the GIS. The remaining 10% was
excluded from the simulation. In order to eval-
uate the effects of weather variability, the three-
year rotation was replicated in each parcel four
times to build a 12-year series, which is the pe-
riod covered by the available weather dataset.

Table 3 reports the percentage area of the
different crops that were simulated on the soil
types. The coefficient of variation (CV) shows
the variability over the three years. Meadows
are more diffused on soils with shallower water
tables. The coefficient of variation was small in
most of the soils, showing a stability of the crop
ratio over the years even though the crops were
rotated over the different fields.

The parameterisation of the different crops
was derived from a previous work (Monaco et
al., 2002) in a similar environment (Table 4).

As conventional tillage is the most diffused
agricultural practice in this area, a ploughing
and a rotary tiller operation was systematically
simulated before sowing for all the crops.

Irrigation was very different for the various
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Table 3. Percent of area covered by the different crops simulated over the soils. The coefficient of variation refers to the

annual variability during the 1996-1998 period.

Soil Maize Wheat Barley Meadows  Set aside  Soybean
ACGH Average 49 21 5 23 2 0
(0\% 6 22 27 5 0 0
AQPR Average 61 15 8 15 1 1
(0\% 0 3 5 1 7 17
BONV Average 47 19 7 25 1 2
(0\% 3 8 7 3 10 29
CENT Average 60 8 7 23 0 0
(0\% 2 9 10 3 8 0
COL Average 56 8 15 18 0 3
(0\% 1 3 3 2 7 23
CUSS Average 46 13 3 34 2 2
Cv 2 6 11 1 13 22
SAGN Average 51 14 6 26 1 3
(0\% 1 6 4 3 36 29
Total Average 54 13 9 22 1 2
(0\% 4 3 6 3 4 6
Table 4. Crop parameters used for the simulations.
Parameter Maize Maize  Wheat Barley Meadows* Soybean
Above ground biomass transpiration coefficient 10.0 10.0 5.0 4.5 5.0 4.5
Light to above ground biomass conversion 3.5 35 3.0 3.0 3.0 3.0
Specific leaf area 23 23 22 22 26 28
Stem / leaf partition coefficient 25 25 4.0 4.0 1.7 3.0
Extinction coefficient for solar radiation 0.50 0.50 0.48 0.48 0.48 0.48
N fixation no no no no yes yes
Maximum N concentration during early growth  0.038 0.038 0.030 0.030 0.060 0.060
Maximum N concentration at maturity 0.012 0.012 0.015 0.015 0.026 0.050
Maximum N concentration at maturity 0.007 0.007 0.011 0.011 0.012 0.010
Maximum N content of standing stubble 0.006 0.006 0.007 0.007 0.012 0.010

"The meadows were mainly permanent. Lolium multiflorum L., L. perenne L. and Trifolium repens L. characterise the most com-

mon facies.

soil types. The number of irrigations was derived
from interviews with local experts and is re-
ported in table 5. Each irrigation was consid-
ered to supply the crop with about 75 mm of
water, an average value for this area where sur-
face irrigation is mainly used. Winter cereals
never received irrigations.

The parameterisation of the liquid manure
differs from that of the solid manure. The per-
centage of ammonium is 50% in liquid manure
and 10% in solid manure (Regione Emilia Ro-
magna, 1993). The decomposition time constant,
which represents the time during which, in stan-
dard conditions, 63% of the N contained in the
added organic material is released, was set to
100 and 240 days for liquid and solid manure,
respectively, after calibration in benchmark sit-
uations (Sacco, 2000).

Table 5. Number of irrigations of 75 mm each supplied each
year to the crops (source: interviews with local experts).

Soil Maize Meadows  Soybean
ACGH 5 5 -
AQPR 3 3 3
BONV 3 3 3
CENT 3 3 3
COL 5 5 5
CUSS 2 2 2
SAGN 5 5 5

The ammonia volatilisation losses closely de-
pend on the characteristics of the soil, on the
type of fertiliser, on the weather and on the
practices adopted by the farmer to spread the
fertiliser (Sommer and Hutchings, 2001). As no
direct information was available concerning this,
ammonia losses were set equal to 10% of am-
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Table 6. Percent of area treated with different types of fertiliser over the soils (source: GIS).

Soil type Solid manure  Liquid manure Both organic Total organic =~ Only mineral Total
+ mineral + mineral + mineral + mineral
ACGH 46 17 6 69 31 100
AQPR 34 33 9 76 24 100
BONV 33 32 8 73 27 100
CENT 25 41 12 78 22 100
COL 28 30 7 65 35 100
CUSS 21 33 3 57 43 100
SAGN 27 34 8 69 31 100
Total 29 32 7 69 31 100

Table 7. Total amount of N applied with different fertilisation strategies (source: GIS). CV refers the variability among
parcels belonging to the same soil. Values are in kg N ha'! y'. Av. = average. CV = Coefficient of variation.

Soil Solid manure Liquid manure Both manure Only mineral Average
+ mineral + mineral + mineral

Av. CvV Av. CvV Av. CvV Av. CvV Av. CvV
ACGH 97 27 311 21 146 53 180 36 152 57
AQPR 111 39 246 49 128 34 153 39 161 57
BONV 96 39 226 40 105 40 125 53 145 59
CENT 124 29 291 47 156 19 163 36 202 59
COL 109 45 209 39 120 38 139 46 149 51
CUSS 95 41 234 29 156 0 121 63 145 60
SAGN 88 41 268 44 112 27 136 45 158 66
Total 105 42 235 44 124 35 138 48 155 58

monium-N for all fertiliser types according to
Sommer and Hutchings (2001). This is a rea-
sonably low value, supposing that a good fer-
tiliser management is applied.

Table 6 reports the different types of fer-
tilisers used over the area. Thirty one percent
of the area received only mineral fertilisation.
The area receiving manure fertilisation was split
into almost two equal parts between liquid and
solid manure, with small differences for the dif-
ferent soil types. A small part of the area re-
ceived both solid and liquid manure on the
same crop and in the same year. Table 7 shows
the average amounts of N applied according to
the type of fertilisation. The lowest values refer
to the solid manure while the highest values re-
fer to the liquid manure. The soil showing the
highest average values is CENT where the fer-
tilisation rate was 202 kg N ha'! y; all the oth-
ers ranged between 145 and 161 kg N ha' y.

The number of simulations for each type of
soil is reported in table 8.

2.8 Metamodels for estimating N losses

A linear multiple regression approach was used
to describe the influence of a series of inde-

694

pendent variables on the N leaching, the N
gaseous losses (including volatilisation and den-
itrification) and on the sum of the two.

Independent variables were liquid manure,
solid manure, mineral fertiliser, potential
drainage, water table depth, stone content, bulk
density and saturated hydraulic conductivity.

The potential drainage was estimated for
each parcel and for each year through the fol-
lowing equation:

Potential drainage = Rainfall + Irrigation —
Potential Evapotranspiration

Table 8. Area covered by each type of soil and including
the number of simulations reported. The number of simu-
lations corresponds to the number of cadastral parcels.

Soil Area (ha)  Number of simulations
ACGH 37 37
AQPR 1054 891
BONV 774 610
CENT 293 302
COL 1536 1686
CUSS 597 549
SAGN 500 459
TOTAL 4794 4534
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Figure 2. Simulated yield, total above ground biomass and
above ground nitrogen uptake for the different crops. The
error bars represent one standard deviation between the
cadastral parcels (including soils) and years.

The linear multiple regression was per-
formed using a stepwise method with stepping
method criteria based on the probability of F.
A probability of 0.05 was selected to include the
variable in the model, while a probability of 0.10
was used to exclude it.

The software used in this analysis was the
SPSS Release 13.0.

The model results from the ACGH soil were
not subject to multiple linear regression because
of the small number of cases in comparison with
the other soils.

3. Results and discussion

3.1 Crop production and crop uptake

Figure 2 reports the average crop yield, total
biomass and N uptake for each crop. The sim-
ulated values of grain production and total bio-
mass appear close to results of experiments run
in the same region (Sacco et al., 2003b; Mona-
co, 2006). The predicted N concentrations of the
different crops (data not shown) were close to
those published in Grignani et al. (2003).

Figure 3 reports the results of crop N uptake
for different soils: the differences are a conse-
quence of the different crop ratios and of the
effect of soil type on the crop uptake.

The variability resulted to be quite high.
CENT was the soil with the highest average up-
take; this is partially due to the high proportion
of maize and to the low percentage of set aside.
ACGH was the soil with the lowest crop N up-
take. This is caused by a high percentage of win-
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Figure 3. Simulated nitrogen uptake for the different soils.
The error bars represent one standard deviation of the vari-
ability between the cadastral parcels and years.

ter cereals and by their lower N uptake due to
high drainage, which is detrimental, especially
for non-irrigated crops.

3.2 Nitrogen losses

Figure 4 describes the average values of water
drainage. In BONYV, the upward fluxes of water
prevailed: the low hydraulic conductivity of
some horizons reduced the infiltration of water
from the top and the shallow water table
favoured the supply of water from the bottom.
The downward fluxes prevailed in all the other
soils and drainage values ranged from 100 to
423 mm per year. No simple relationships exist
between the water table depth and the amount
of drainage. This probably depends on the hy-
drological characteristics of the different hori-
zons of the soil and also on their succession.
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Figure 4. Simulated average water drainage from the dif-
ferent soils. The error bars represent one standard deviation
of the variability between the cadastral parcels and years.
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Figure 5. Simulated average N mineralization of stable soil

organic matter of the different soils. The error bars repre-

sent one standard deviation of the variability between the
cadastral parcels and years.

Nitrogen mineralization represents the nat-
ural supply of mineral N to the soil profile (Fig.
5). The average values ranged from 32 kg ha’
y!1in ACGH to about 66 kg ha'! y' in BONV.
The higher values were estimated in BONV and
CENT, the two soils with minimum drainage,
followed by CUSS and SAGN, those with the
shallowest water table. These four soils were the
four types with the highest water content. Min-
imum values of N mineralization were simulat-
ed in ACGH and AQPR, the soils showing the
maximum drainage and the lowest water con-
tent.

Nitrogen leached values are reported in fig-
ure 6. The two soils with the minimum drainage
(BONV and CENT) showed the minimum N

250
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Figure 6. Simulated average N leached from the different
soils. The error bars represent one standard deviation of the
variability between the cadastral parcels and years.
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leaching and the two soils with the maximum
drainage (ACGH and AQPR) showed the max-
imum leaching of N. The values ranged between
ca. 0 kg N ha'! y! in BONV and 85 kg N ha!
y!in ACGH,; the standard deviation was greater
than 200 kg N ha'! y!' in some soils. The N
leached values are close to those predicted by
Grignani and Zavattaro (2000) in the same en-
vironment.

Figure 7 represents the values of the aver-
age annual N concentration of the water
drainage. The average annual values ranged be-
tween 0 and 26 mg N I'. Only BONV and
CENT were under the limit of 11.3 mg N-NO; I
(EEC, 1991) while all the other soils exceeded
this limit, contributing to the increase in the N
concentration in the water table.

Figure 8 shows the N denitrification and the
total gaseous losses in the different soils.

Denitrification ranged between 0 and 88 kg
N hat y!. Denitrification was low, as expected,
in the soils characterised by a fast draining
regime (0.4-10 kg N ha'! y!). Arcara et al. (1999)
provide one of the few experimental pieces of
evidence in Italy that confirm these predictions.

The higher denitrification values were pre-
dicted in BONV, CENT and SAGN (44-88 kg
N ha! y!), the soils characterised by a high
moisture content. These estimates are not far
from the 40-75 kg N ha! y! denitrification val-
ues estimated with the N balance method by
Hofstra and Bouwman (2005) in relation to up-
land crops cultivated in poorly drained soils and
fertilised with 75-300 kg N ha'! y.
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Figure 7. Simulated average concentration of N-NOj; in the
water drained from the different soils. The dotted line cor-
responds to the limit of 11.3 mg N-NO; I of the Nitrate
Directive. The error bars represent one standard deviation
of the variability between the cadastral parcels and years.
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Figure 8. Simulated average N gaseous losses from the dif-
ferent soils. The error bars represent one standard devia-
tion of the variability between the cadastral parcels and
years.

A model analysis run by Marchetti et al.
(1997) suggests that the daily denitrification
rates for the Italian environment could be com-
patible with the data shown in figure 8.

Ammonia volatilisation was less variable as
it only depends on the fertilisation supply.

Figure 9 shows the ratio between the total
losses (leaching + gaseous) and the N fertilisa-
tion in the different soils. Values varied between
20% (CENT) and 38% (CUSS): the shallower
the water table, the higher the ratio. This indi-
cates that, in general, the water table depth is
important to determine N efficiency.

3.3 Metamodels for estimating N losses

When the regression analysis was initially per-
formed using all the independent variables, the
soil descriptors (bulk density, stone content and
saturated hydraulic conductivity) were either
excluded from the model or included with a
very low contribution to the regression. They
were therefore excluded from further regression
analyses.

Table 9 reports the relationship between the
amount of N leaching and the amount of fer-
tiliser supplied in different forms, the amount of
potential drainage and the depth of the water
table.

Regressions for maize and meadows showed
better coefficients of determination than for
winter cereals. This is probably due to the fact
that, during spring and summer, the processes
of mineralization from organic matter, residues
and overall manures are more regular and they

0.8 =

0.6

N losses / N supplied

ACGH AQPR BONV CENT COL CUSS SAGN
Soils

Figure 9. Simulated average ratio of N losses and fertilisa-

tion N supply to the different soils. The error bars repre-

sent one standard deviation of the variability between the
cadastral parcels and years.

occur contemporarily to crop growth, while dur-
ing autumn and winter the processes are more
subject to weather variability.

Considering all the soils together, manure
fertilisation and the amount of potential
drainage were the parameters that influenced N
leaching the most. Mineral fertilisation showed
different degree of importance, depending on
the crop. The water table depth played a minor
role. As expected, the amount of N leaching in-
creased with the increase in the amount of fer-
tilisation and in potential drainage.

Morari et al. (2004) also demonstrate the im-
portance of the irrigation scenario (and there-
fore of the potential drainage), on N leaching,
underlining the necessity of introducing this as-
pect into Environmental legislation. Moreover,
considering the results of this metamodel, the
role of mineral fertilisation should also be care-
fully considered in future regulations.

The coefficient related to the water table
depth was negative, which means that the shal-
lower the water table, the greater the N leaching.

Considering the different soils, the coeffi-
cients of determinations were higher in AQPR,
COL, CUSS and SAGN. These were the soils
where the drainage was greater. In these soils,
even with some differences arising from the dif-
ferent variables included in the model, the con-
siderations drawn for the main regression in-
cluding all soil types, are still valid.

CENT and BONYV have different behaviour
in comparison to the other soils.

In CENT the coefficient of determination
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was lower than for all the soils grouped to-
gether. The coefficient of the mineral fertilisa-
tion was negative, but this is probably only due
to the randomness and not to the reverse role
of the mineral fertilisation in the regression.

Finally, the relationship in BONV is quite
poor. Manure fertilisations never appear in the
regression and mineral fertilisation appeared
only in meadows. One reason for this could be
the strong influence of capillary rise.

Table 10 reports the results of the regression
between the total amount of N losses and the
amount of fertiliser supplied in the different
forms, the amount of potential drainage and the
depth of the water table.

The relationships describing total N losses
showed higher coefficients of determination
than those only predicting N leaching.

As in N leaching, the relationships in maize
and in meadows showed higher coefficients of
determination than in winter cereals.

Considering all the soils, the organic fertili-
sation was the parameter that showed the high-
est standardized coefficients in all the crops.
Mineral fertilisation was important in maize but
much less so in meadows or winter cereals. The
role of potential drainage was almost com-
pletely reduced in respect to the results for N
leaching. Water table depth played a minor role.

As expected, the coefficients of the fertilisa-
tions and of the potential drainage were posi-
tive in almost all the relationships, meaning that
the amount of N lost increases with an increase
in the amount of fertilisation and in the water
drained. Mineral fertilisation showed a negative
coefficient in winter cereals, but this is proba-
bly due to the low coefficient of determination
of the relation. The potential drainage in BONV
has negative signs for all the crops. The fluxes
in this soil are in fact mainly upwards unlike the
other soils. Thus, the greater the upward fluxes,
the greater the total N losses. As far as the wa-
ter table is concerned, the greater its depth, the
greater the total N losses.

When the relationships were split over the
different soils, almost all the relationships im-
proved. They only decreased for AQPR maize,
CENT and COL meadows and BONV winter
cereals.

The most important variables in maize were
the manure fertilisers. Mineral fertilisation was
always the third parameter in order of impor-
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tance, while potential drainage and water table
depth showed different behaviour for the dif-
ferent soils.

Meadows responded similarly to maize, but
the role of the mineral fertilisation was reduced.

Finally, manure fertilisation and potential
drainage in winter cereals were the most im-
portant variables, while mineral fertilisation and
water table depth showed behaviour that
changed in relation to the type of soil.

3.4 Example of an application of the metamodel

The metamodel described in the previous sec-
tion, is valuable to compare different situations
at a territorial scale in order to provide esti-
mates of N leaching or total N losses in specif-
ic situations. In this case, if the soil is similar to
one of the references, the specific metamodel
for the soil can be applied, otherwise, the gen-
eral relationship is useful.

The metamodel can be applied, for example,
to evaluate the effect of two levels of fertilisa-
tion on N losses. An example follows.

In an environment where the average rain-
fall is 800 mm per year, maize is irrigated three
times per year with a total supply of water of
225 mm. The calculated potential evapotranspi-
ration is equal to 650 mm. Consequently, the po-
tential drainage is equal to 375 mm. The water
table is 3 m deep. Two levels of liquid manure
are considered: 170 kg N ha! and 340 kg N ha',
which are the limits of the Nitrate Directive
(EEC, 1991) for nitrate vulnerable zones and
non vulnerable zone, respectively. The maize al-
so receives 100 kg N ha! of mineral fertiliser as
top dressing.

Figure 10 reports the results of the application
of the metamodels to the described situation in a
generic soil and for AQPR, CENT and CUSS.

Considering the generic metamodel for all
soils, N leaching is equal to 13 kg N ha™! for the
lower level of manure input. It increases to 76
kg N ha' if the higher N level is considered. The
results are similar in the two well draining soils
(AQPR and CUSS) with some differences due
to the different constant of the model. In CENT,
a poorly draining soil, the results show a differ-
ence of only 2 kg N ha'! between the two lev-
els of manure.

When all the soils are considered together,
the metamodel suggest that the contribution of
the gaseous losses at the lower level of fertili-
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Figure 10. Example of the application of the metamodel to a maize crop fertilised with increasing levels of liquid manure.
The metamodel input is fixed for solid manure (0 kg N ha), potential drainage (375 mm), mineral fertilisation (100 kg N
ha') and water table (3 m deep). a) Results refer to N leaching; b) Results refer to total N losses.

sation, is almost negligible, and N is only lost
through leaching. At the higher level of fertilisa-
tion, instead, gaseous losses can reach about 20
kg N ha'l. However, there are important differ-
ences between soils. The results for AQPR are
similar to those of all the soils. The effect of the
increase in manure supply in CENT shows a large
effect on the gaseous N losses and on the total N
losses. Finally, gaseous N losses in CUSS decrease
from the lower level of fertilisation to the higher
level of fertilisation, showing the effect of com-
petition between the two types of losses.

4. Conclusions

This work reports an application of a simulation
model to predict N losses from a territory where
most of the information is derived from a GIS
built to account for the nutrient balance.

Despite the fact that the data available in the
GIS were very detailed, a great deal of infor-
mation necessary to run the model was lacking.
Further, soil measurements concerning soil hy-
drology, soil nitrate content and water table
depth were very valuable to produce reliable
model inputs.

The results showed that even over a small
area, the soils influence both the quantity and
the pathways of the N losses to a great extent.

The ratio between the N losses and the N
supplied varied between 20 and 38%.

As expected, N gaseous losses and N leach-
ing were in competition and prevailed in poor-
ly draining or in fast draining soil, respectively.

The water table depth was important to de-

termine N efficiency. Where it is particularly
shallow, total N losses increase and N is lost
through leaching or denitrification.

Metamodels were derived separately for the
different crops and then both considering all the
soils together or separately.

The drainage of the soil was the most im-
portant variable that influenced the water con-
tent and, as a consequence, the N losses. How-
ever, single soil properties, such as the average
hydraulic conductivity, stone content or bulk
density in the profile, were not able to predict
the N losses from the soil.

The differences among crops were very im-
portant: it was not possible to produce any in-
dicator to predict N losses when the crops are
considered all together.

Estimations of total losses calculated using
the metamodel are more reliable than estima-
tions that only consider leaching. Estimations of
total N losses from maize or meadows are more
reliable than from winter cereals.

Manure input always played the highest role
in determining the N losses. In draining soils,
other important factors were mineral fertilisa-
tion and potential drainage, which instead
played a minor role in poorly draining soils.

Only a synthesis of the results obtained over
the area is reported in this paper. However the
combined application of the GIS and the simu-
lation model makes it possible to connect the
model predictions and the spatial-temporal geo-
referenced input data (Rao et al., 2000). This
tool is therefore able to show where agricultur-
al activities produce the most severe environ-
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mental impacts (Gardi, 2001) and specific sug-
gestions on agricultural practices could be giv-
en to farmers in relation, for example, to the dif-
ferent soil types or different water table depths.
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