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Abstract: A significant rise of groundwater pollution has been registered worldwide, where nitrate
has been recognized as the most widespread pollutant. In this context, the groundwater vulnerability
assessment and more specifically the delineation of “Nitrate Vulnerable Zones” represents a reliable
cost-effective tool for groundwater management. In this study, the Agricultural Nitrate Hazard Index
(ANHI) method was applied to two case histories in southern Italy: the Lete River catchment and
the eastern sector of the Campania Plain. The first area is characterized by agricultural activities
and a low anthropic influence while the eastern part of the Campania Plain, around Caserta city,
is strongly urbanized and developed on an extensive alluvial plain filled with volcaniclastic deposits.
The parametric method applied suggests moderate hazard for the more natural setting highlighting
how the intensive crop farming and livestock activities that characterized the area negatively influenced
the results. For the eastern part of the Campania Plain, where a strong urbanization and widespread
industrial crops are dominant, a low to very low hazard has been identified. The groundwater quality
value, in contrast with the methodology results underlines the importance of further risk evaluations
based on accurate aquifer characterization. A multiple year assessment based on land use change
and climate variation could further highlights the difference between the study areas.
Keywords: nitrate pollution; vulnerability assessment; GIS; Campania Plain

1. Introduction
Groundwater resources represent the most important freshwater supplies through the world
especially in arid and semiarid regions, for all kinds of human utilizations and needs. Nevertheless,
the human impacts connected to the numerous anthropogenic activities (agricultural, industrial,
and domestic) have made these resources highly susceptible to external pollution and quality
deterioration through time [1]. The groundwater pollution is generally a slow and threatening
process that always produces negative effects on water quality and availability. Moreover, this process
has some characteristics, such as (i) usually invisible, (ii) difficult to determinate, (iii) able to generate
negative long-term impacts, and (iv) almost irreversible [2]. Among the various pollutant (organic
and inorganic ones) that can affect groundwater quality, nitrate (NO3 ) is considered as the main and
most worrying one since 1970 [3]. Aquifer NO3 pollution has become a frequent and serious problem
especially in the high populated alluvial plains where it is principally derived from agricultural
activities that usually spread fertilizers upon the territory [4–8]. The indiscriminate use of nitrogen
fertilizers has been identified as the most widespread non-point source of pollutant all around the
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world [9–13]. The Directive 91/676/EEC, concerning the Protection of Waters against Pollution caused
by Nitrates from Agricultural Sources considers surface freshwater and groundwater affected by NO3
pollution when its concentration exceeds 50 mg/L, because all the levels above this threshold can be
considered dangerous for humans and the environment [14]. Moreover, if a concentration higher
than 25 mg/L is detected, the water can be considered under high risk of pollution, making necessary
the execution of protective and preventive measures [15]. Therefore, the protection of groundwater
from NO3 pollution along with a preliminary identification of those areas more susceptible to the
phenomena has become a key requirement for the realization of a sustainable regional groundwater
management plan especially when an efficient and well distributing water quality monitoring system
is missing. Different methodologies have been created and modified over time for the identification of
those areas more susceptible to the groundwater pollution and to correctly assess NO3 groundwater
vulnerability. They can be divided into three main categories: (i) ground/surface water numerical
models, (ii) statistical analysis, and (iii) overlay rating-index. The numerical models like GLEAMS [16]
and MODFLOW [17] can generate highly reliable results. For example, Podlasek et al. [18] simulated
groundwater flow and NO3 transport inside a highly agricultural area. Nevertheless, they are often
time-consuming and due to need of a large amount of data are usually restricted to site specific
assessment. The statistical models are commonly used to obtain the spatial distribution of pollutant
observed concentrations and sometimes are also utilized for groundwater vulnerability and water
quality assessment [19–21]. Additionally, in this case they require a huge dataset to produce a reliable
result and furthermore they did not account for the site hydrological characteristics. The last category
of the rating methods is the most utilized and modified one to produce intrinsic and pollutant specific
aquifer vulnerability assessment. A complete review, analyzing all the previous cited category is
given in Machiwal et al. [22]. The main advantage of the rating methods lies in their ease of use,
inasmuch the only need for the groundwater vulnerability assessment is the site’s hydrogeological
information that usually are made available by the local authority’s website. As main drawback they
can suffer from subjectivities and require real pollutant concentrations to be properly calibrated and
validated [23,24]. Depending on the situation and on data availability, all these methodologies can
represent a practical and useful tool for vulnerability maps realization and therefore useful for urban
planning and risk assessment classification. Based on the Nitrate Directive 91/676/EEC, the Italian
Government has defined the guidelines for the identification of areas vulnerable to nitrate pollution
from agriculture, agro-livestock-related activities, and the protection thereof [25]. Following this
directive, Padovani and Trevisan [26] proposed a methodology for calculating the hazard ratios by
NO3 from agricultural sources (Agricultural Nitrate Hazard Index—ANHI method), referring to the
structural plan and methodology of the Agricultural Hazard Indices (AHI) proposed by Capri et al. [27].
This method represents a parametric index able to rank the different sites in terms of their vulnerability
to NO3 contamination, in a Geographic Information System (GIS) environment. GIS technique can
provide an estimate of the groundwater vulnerability mapping at relatively low cost. The above
index-based methodology is based on the elaboration of different thematic maps, each one connected to
a specific site property, whose topologic overlay results in the synthetic ANHI Map. Although different
methodologies were designed to delineate “Nitrate Vulnerable Zone” (NVZ) in recent years [28,29],
the AHNI method provides a significant characterization in areas where very specific information are
available. If easy and friendly susceptibility assessments allow to delineate NVZ on a large scale [28],
the definition of the potential hazard from NO3 contamination originating from agriculture on a smaller
scale becomes of paramount importance for management purposes [30,31]. To verify the validity of
the methodology in different hydrogeological settings, as also suggested by Corniello and Ducci [32],
the ANHI method was applied in two study areas strongly differentiated not only from a geological
and socioeconomic point of view but also considering a degree of naturalization where the land cover
and use strongly differ. The first site is located in the northern Campania region (southern Italy),
corresponding to the catchment area of the Lete river (SITE A, Figure 1) while the second one is in
the eastern Campania Plain and coincides with the sub-urban area of Caserta city and surrounding
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In the alluvial plain, tuff deposits and paleosols represent aquitards. The investigated area is highly
urbanized and is the site of numerous industrial and agricultural activities [37]. Similarly to site A,
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3. Materials and Methods
3.1. The ANHI Method
The ANHI method is based on a parametric approach developed in 2002 by Padoan and
Trevisan [26], following the Directive 91/676/EC (reiterated by the new 2006/118/EC) concerning the
protection of water from pollution caused by nitrates from agricultural sources. The method allows
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to assess the potential hazard of groundwater contamination by nitrates from agricultural sources
through the analysis of two factors types that come into play in the hazard assessment: the Hazard
Factors (HF) that discriminate the different agronomic practices like fertilization, manure and sludge
application, and the Control Factors (CF), connected to the climate and landscape characteristics like
soil type and meteorological condition. A scoring was assigned to each one, on the basis of the weight
they assume in the final evaluation.
The HF identify agricultural activities which supply or may supply nitrogen amount to soil and
then produce impacts on the aquifer. Five hazard classes were assigned to them (Table 1)
Table 1. Nitrogen supply from different fertilization types and relative hazard classes [26].
Nitrogen Supply from
Inorganic Fertilization
(kg/ha)

Nitrogen Supply from
Organic Fertilization
(kg/ha)

Nitrogen Supply
from Sludge
(kg/ha)

Hazard
Classes
(HF)

0
1–25
26–100
100–180
>180

0
1–150
151–300
300–500
>500

0
1–150
151–500
501–1500
>1500

1
2
3
4
5

The CF refer to the intrinsic parameters of the site, which can potentially modify the HF in a
positive, negative, or null way. The CF represent those factors (climatic, pedologic, and agronomic) that
regulate the hydrologic balance and determine the behavior of nitrates in soil. In the ANHI calculation
these factors are the natural nitrogen content in soil, the climate, agronomic practices, and the irrigation
system used. The ranking of each CF is shown in Tables 2–5.
Table 2. Control classes for the soil nitrogen content (CFa ).
Nitrogen Content (%)
>0.5
0.22–0.5
0.15–0.22
0.1–0.15
<0.1

Soil Classification

FCa

Overly endowed
Rich
Well endowed
Moderately endowed
Poor

1.04
1.02
1.00
0.98
0.96

Table 3. Control classes for the climate (CFc ).
Rainfall (mm/year)
>1200
1050–1150
950–1100
800–1000
600–1000
600–800
500–900
600–700
<600

Temperature (T ◦ C)

CFc

6–15
13
14–16
12
15–16
12–13
> 16
13–14
15–17

1.1
1.08
1.06
1.04
1.02
1
0.98
0.96
0.94

Table 4. Control classes for agronomic practices (CFpa ).
Tillage
Traditional
Minimum
No tillage

Type of Fertilization

CFpa

Fertirrigation
Total surface
Through leaves
Localized

1.04
1.00
0.98
0.96
0.94
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Table 5. Control classes for the irrigation system (CFi ).
Irrigation System

CFi

Submersion/basin
Lateral flow irrigation/border
Drip irrigation/sprinkler
No irrigation

1.06
1.04
1.02
1.00

The whole procedure was elaborated into a GIS environment and the ANHI Map was produced
for the two sites (details in Supplementary Materials). The final ANHI index was estimated by
the formula:
AHNIg = (HFfm + HFfo + HFfd ) × (CFa × CFc × CFpa × CFi )
(1)
where HF represent all the farming activities (HFfm is mineral fertilizer, HFfo is organic fertilizer,
and HFfd represents sludges) and CF the control factors (CFa is nitrogen soil content, CFc is climate,
CFpa indicates agronomy practices, and CFi is the irrigation amount). Finally, the values obtained,
ranked based on percentiles of 135,125 possible combinations, express the degree of potential hazard.
3.2. The GIS Elaboration
To define CF and HF, spatially related data were acquired and then processed into a GIS
environment. The information system developed consists of a relational geodatabase in which
alphanumeric data, vector and raster cartography were collected (Figure 4). The maps are referred to
the WGS84 ellipsoid and to the Universal Transverse Mercator Zone 33 system. Among the cartographic
documents, the Agricultural Soil Use Map (Carta dell’Uso Agricolo del Suolo—CUAS) of Campania [37]
plays a key role in the calculation of ANHI, as the factors to consider are mainly estimated based on
areal extensions of the individual agro-forestry units. A supply amount of nitrogen was assigned for
each crop according to the FAO guidelines and previous literature. The soil characteristics, such as
composition and texture, derived from di Gennaro [38], were assigned to the territorial units reported
in the hierarchical map “Land Systems of the Campania”, each of which is characterized by a relative
concentration of nitrates (Table S5). The Land System represents homogeneous geomorphological
units with respect to lithology, climate, pedology, vegetation, and agro-forestry. Among them, Land
Sub-Systems are represented by soils, classified based on Word Reference Base (FAO, 1998) (Table S5).
The estimated load of nitrogen supplied through the spreading of fertilizer can be deduced from the
number of animals in the area. For this purpose, the data published by the National Institute of Statistics
(ISTAT) for all the analyzed municipalities for the year 2007 was utilized (Supplementary Materials).
The method followed for the definition of CF and HF and the corresponding hazard class, with all
the approximations, is summarized in Table S1 in Supplementary Materials. Through the topological
overlay, the intersection of cartographic documents, exclusively in vector format, led to a partitioning
of the investigated areas; in this way each partition is characterized by attributes, represented by the
scores provided by the method, relating to each single factor which contributes to the assessment of
the hazard.
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shows (Figure 5b) that more than 60% of the territory is ranked as potential hazard class 2 (very low);
the Valle Agricola mountain basin) and class 3 (11.71%: low). The areas that expose the region to
significantly lower percentages of territory are assigned to class 4 (28.19%: moderate, especially along
higher potential hazard (moderate) are those used for grazing (61), and to a lesser extent those
the Valle Agricola mountain basin) and class 3 (11.71%: low). The areas that expose the region to higher
intended for the production of cereals (111 and 121) and grass meadows (132). Low or very low
potential hazard (moderate) are those used for grazing (61), and to a lesser extent those intended for the
production of cereals (111 and 121) and grass meadows (132). Low or very low classes are especially
related to those areas still in pastures and “alfalfa” production. The woods are the type of land use
more widespread, but the exposure to a potential hazard of nitrate contamination is very low.
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about 106 km2 wide (Figure 6a), which is the most populated area and is mainly used for intensive
agricultural purposes (125 and 122), it is noted that this area is mainly characterized by a potential low
hazard (about 49%). Finally, excluding the urban areas and the artificial surfaces, areas with very low
hazard potential are widespread (approximately 9%) (Figure 6b).

Table 6. Potential hazard ranking for the study sites.
Potential Hazard Classes
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Figure 6. (a) Agricultural Nitrate Hazard Index map in the sector comprised between 80 and 20 m
a.s.l.; in legend classification of ANHI with the related scores assigned to each class; (b) percentage
value of potential hazard class related to CUAS class.
Table 6. Potential hazard ranking for the study sites.

Site A
Site B

Class 1
Unlikely
1.6%

Class 2
Scarce
60.1%
49.3%

Potential Hazard Classes
Class 3
Class 4
Low
Moderate
11.7%
28.2%
47.3%
1.7%

Class 5
High
-

Class 6
Very high
-

5. Discussions
A correct estimation of Nitrate Vulnerable Zone (NVZ) is becoming a key issue for public
authorities, and in this context the rating methodologies based on overlay index and weights system
have found a fertile field of application especially in the last 20 years. Several studies have yet
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stated how land-use patterns, type of aquifer, and soil-drainage capacity strongly influence nitrate
contamination [49–51]. This has made necessary to choose the most suitable methodology for the
delineation of groundwater vulnerability zones according to the site characteristic and data availability
to define optimal management strategies [52]. Accordingly, with the results obtained from the two
applications, the agricultural and livestock activities, strongly influence the final susceptibility to the
NO3 pollution [53,54]. Despite the higher naturality of Lete River catchment compared to the analyzed
municipality of Caserta, the intensive agricultural activities along with grazing and manure practices
much more negatively influenced the final vulnerability to NO3 pollution in this zone. It is worth
mentioning that those areas characterized with the higher susceptibility to NO3 pollution are not
necessarily the same area with higher nitrate concentrations. Indeed, the proposed methodology greatly
differs from a canonical groundwater vulnerability assessment as ANHI considers only the parameters
directly correlated with NO3 pollution processes, while such intrinsic site factors such as depth to
the water table, vadose zone, and aquifer characteristic are completely neglected. These differences
can lead to completely different results. It is noteworthy that the evaluations carried out through the
parametric ANHI analysis are forward-looking and therefore require validation through groundwater
chemical and physical analyses. In fact the results obtained through the application of the method are
in contradiction with the concentration data obtained through geochemical analysis of groundwater
obtained from literature: for example the values of NO3 concentration dissolved in the commercial
water (Prata and Lete), bottled at the Pratella spring (Lete River), are about 4 mg/L, whereas the
values estimated in the water abstracted in the eastern Campanian Plain are significantly higher
(about 50 mg/L) [32]. In this latter case, it is not excluded the direct contribution of nitrate leached by
the widespread volcanic soils and by the pyroclastic substrate; in fact, it has been established that these
types of soils are generally rich in nitrates [55,56]. In addition, in this sector of the Campania Plain that
includes the Caserta municipality, previous studies have stated that although the region is characterized
by a lower intrinsic vulnerability to external pollution, a much more higher risk is highlighted due
to the domestic wastewater and a general bad maintenance of well and sewers [10,11]. Accordingly,
also Busico et al. [10] reported NO3 groundwater concentration 2–3 times higher than the 50 mg/L,
especially in sub-urban areas. The results also highlighted the main drawbacks of the methodology that
required for its application very detailed input data. It is also evident how the absence of parameters
relating to the vadose zone and aquifer characteristics could bring erroneous results. Nevertheless,
the method clearly analyzes only the sources of nitrates derived from crops and livestock farming,
and therefore an area with a high naturalness, but mainly used for agricultural and pastoral activities,
has higher chance of contamination than another characterized by intense urbanization. Summarizing,
the ANHI method has proven to be highly suitable in describing the aquifer pollution suitability related
to the human surface activities making its utilization especially useful in assessing and predicting the
potential pollution impact of the various land use change practices. It is worth mentioning that this
method needs to be further integrated with more specific analysis such as groundwater monitoring,
quality and intrinsic vulnerability assessment to obtain a proper and reliable evaluation. In fact,
both methods aim at the drafting of cartographic results which can interact with each other allowing
the realization of more detailed risk maps. For example, Riseei et al. [57] integrated a similar ANHI
methodology with multivariate data-driven model to assess NO3 pollution in a semiarid environment
in Iraq and Kazemi et al. [58] improved the NVZ distribution using different interpolation methods.
Considering this characteristic, it is necessary to make the appropriate consideration accordingly with
the real pollution situation without stopping at preliminary results. This is mandatory considering
that a future worst scenario will occur if correct land management planning is not applied, assisted by
rigorous groundwater monitoring from a quantitative and qualitative point of view.
6. Conclusions
The ANHI methodology was successfully applied in two different study areas. The results
obtained in this study show that while in the eastern margin of the Campania Plain the potential hazard
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of contamination is low or very low (ca. 96%) although the area is highly anthropized, about 28% of the
catchment area of the Lete River, that is very natural, is characterized by moderate potential hazard
mainly linked to husbandry activities that could represent a serious risk for groundwater quality.
It is also true that the methodology did not account in the evaluation of the impacts due to civil and
industrial wastewater, may be not governed by adequate disposal facilities that also in this case can
negatively impact on groundwater quality especially in highly urbanized areas. However, this method
has proven to be a valuable tool in evaluating the effect of the various surface agricultural practices,
and to be potentially applied worldwide, especially where specific information is available. Moreover,
the structuring of a GIS, based on the division into portions of the investigated areas, each linked to a
single record of continuously upgradeable fields, enables the verification of the spatial and temporal
variations of the different factors, allowing continuous monitoring aimed at the preservation of the
water resources and the territory as a whole.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/7/10/80/s1,
Table S1: Ranking scheme of the hazard factors (HF) and the control factors (CF). The former are referred to
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which modify the hazard factors in positive, negative, or null way. Table S2: Nitrogen supply from the different
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HFfm scores for the different crops recognized in the study area, based on CUAS. Table S5: The main soil types
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fertilization type. Table S7: Correlation between CUAS type and irrigation systems. Appendix: Land System of
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