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• Most of the alluvial aquifers showed ni-
trate concentrations above 50 mg L−1.

• Catchment size was revealed as a key
factor in the emergence of polluted
areas.

• N–surpluses in Spanish crops were used
to establish ratings of the risks of N–loss.

• Models using empirical ratingswere the
best predictors of nitrate pollution.

• Results confirmed the high level of reli-
ability of the LU–IV procedure.
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The aim of this research was to conduct an empirical assessment of the risks of N–loss to groundwater associated
with land use (LU), based on annual data on the net N–balance surplus in Spanish crops. These data were used to
generate a detailed risk rating system reflecting the potential risks of N–loss from agriculture. The new LU ratings
were used to assess the specific vulnerability of groundwater to nitrate pollution, by using the LU–IV procedure
(Arauzo 2017).
The study area included the catchment areas of 12 alluvial aquifers associated to tributaries of the Ebro River
(Spain). Most of the alluvial aquifers were chronically polluted by nitrate, with only a few remaining unaffected
by pollution. The LUmaps from twodifferent basemaps (MCAE 2000–09; SIOSE 2011)were used to generate the
respective versions of the map of vulnerability to nitrate pollution using the LU–IV procedure. Potential nitrate
vulnerable zones (NVZ) were extracted from different models of vulnerability for comparison with the map of
groundwater nitrate content. The models compared were the following: model A (LU–IV procedure, based on
MCAE 2000–09 and using LU ratings from N–surpluses in Spanish crops), model B (LU–IV procedure, based on
SIOSE 2011 and using LU ratings from N–surpluses in Spanish crops), model C (LU–IV procedure, based on
MCAE 2000–09 and using LU ratings from bibliographical references; Arauzo, 2017), model D (IV index),
model E (DRASTIC index), and model F (GOD index).
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Results confirmed, as expected, that models A and B proved to be the best risk predictors, both for polluted
groundwater areas and for areas at risk of being polluted. These results support the high level of reliability of
the LU–IV procedure, when applying the LU ratings obtained empirically from the N–surpluses.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

More efficient use and management of water are critical to address-
ing the growing demand for water, threats to water security and the in-
creasing severity of droughts and floods resulting from climate change
(goal 6 of the 2030 Agenda for Sustainable Development, to ensure
availability and sustainable management of water and sanitation for
all; Economic and Social Council of the United Nations, 2018).

Water pollution by nitrates is one of the environmental challenges
facing the international community. The globalisation ofwater pollution
by nitrates is a clear example of the difficulties in addressing nonpoint
source pollution throughout the planet. Nitrate concentrations are
often high enough to affect water quality, posing a risk to human health
and contributing to eutrophication of aquatic ecosystems (EuropeanEn-
vironment Agency, 2017; Sutton et al., 2011).

In the European Union (EU), the Nitrates Directive (91/676/EEC;
Council of the European Communities, 1991) establishes that water re-
sources should be considered affected by nitrate pollution when nitrate
concentration exceeds 50 mg L−1. The Directive requires areas of land
that drain into waters polluted by nitrates to be designated as Nitrate
Vulnerable Zones (NVZ). Designations must be reviewed every four
years. Farmers having crops in NVZ have to followmandatory measures
within action programmes, limiting N–fertilization and animal manure
application to prevent nitrate leaching and runoff.

One of the difficulties faced in the implementation of the EU envi-
ronmental policies for nitrate pollution control is the lack of a consensus
on the criteria for designatingNVZ (De Clercq et al., 2001; Pisciotta et al.,
2015), which in turn may limit the success of action programmes in
poorly defined vulnerable areas (Arauzo, 2017; Arauzo and Martínez–
Bastida, 2015; Worrall et al., 2009). In this regard, it is clear that addi-
tional work is required to improve accuracy in NVZ designations and
the efficiency of action programmes (Commission of the European
Communities, 2007; Arqued, 2018).

Kumar et al. (2015) reported that groundwater vulnerability maps
have been useful tools to assist government bodies in establishing poli-
cies related to the planning of land use andwater resourcemanagement
over the last few decades, with index–based groundwater vulnerability
mapping models themost widespread. These authors recognised, how-
ever, the existence of research gaps related to riskmapping, assessment
techniques and scientific considerations behind the inclusion/exclusion
of parameters and the relative ratings and weights assigned to them.
Machiwal et al. (2018) likewise pointed out the urgent need for devel-
oping a scientifically robust and versatile methodology for the evalua-
tion of intrinsic and specific groundwater vulnerability under varying
hydrogeologic and hydro–climatic conditions, suggesting that more
studies should be devoted to vulnerability assessment using a ‘source–
pathway–receptor’ approach at basin scale.

The LU–IV procedure (Arauzo, 2017) was recently developed and
validated in an attempt to address the above–stated challenges. It was
proposed to assess, in a relative simple way, the specific groundwater
vulnerability to nitrate pollution and, in turn, delineate with more pre-
cision theNVZ. The procedure combines amap of groundwater intrinsic
vulnerability (based on the IV index; Arauzo, 2017) and a map of the
risks of N–loss to groundwater associatedwith land use (LUmap) by ap-
plying the logical tools of a geographic information system (GIS). Its use
facilitates the updating of map–specific vulnerability, when land uses
change andmaps become obsolete (which could be of interest for peri-
odical revisions of the designated NVZ). When compared with other
widely used parametric models of vulnerability (such as DRASTIC
model, by Aller et al., 1987, and GOD model, by Foster, 1987), the LU–
IV procedure proved to be the most effective for assessing vulnerability
to nitrate pollution.

This research specifically focuses on the role of land use as a key pa-
rameter for a more holistic approach to assessing the vulnerability of
groundwater to nitrate pollution by using the LU–IV procedure. To gen-
erate an accurate LUmap, the first requirement is a land use base map
(preferably at a scale of at least 1:50,000) and, second, a fine–tuned
risk rating system that represents the risks associated with the different
land uses (LU ratings assigned to the basemap). There is, however, still a
lack of a reliable set of empirical ratings of the risks of N–loss to ground-
water associatedwith human activities, particularly with regard to non-
point agricultural sources (since nitrogen fertilization represents the
most important input of nitrate into groundwater; Sutton et al., 2011).
In the absence of an empirical rating system, some authors (Arauzo,
2017; Martínez–Bastida et al., 2010) extracted the LU ratings from bib-
liographical sources (Secunda et al., 1998), which could have led to the
introduction of some inaccuracies in themodels of specific vulnerability
to nitrate pollution.

In view of the available data on N–losses to the EU environment, the
European Environment Agency (2017) has recently warned that the EU
maintains an unacceptable surplus of nitrogen in agricultural land. For
that reason, the identification and analysis of the risks of N–losses
from agriculture could provide an empirical support for better assessing
the vulnerability of groundwater to nitrate pollution.

An environmental indicator of nitrogen pressure from agricultural
sources is the Gross Nitrogen Balance (gross N–balance), which repre-
sents the difference between nitrogen inputs and nitrogen outputs per
unit area of cultivated land (European Commission, 2018). A positive
balance (surplus) reflects inputs that are in excess of crop needs,
which can result in diffuse pollution of water (mainly as nitrates) and
air (as ammonia and other greenhouse gases). The net N–balance is
the gross N–balance minus total nitrogen emissions.

Since net N–balance surpluses tend to leave the system via leaching,
we set out to useN–surplus data as predictive indicators of the potential
impacts of agricultural crops on groundwater quality. So, our first objec-
tivewas to conduct an assessment of the risks of N–loss to groundwater
associated with land use, based on annual data on the net N–balance
surplus in Spanish crops from 2011 to 2015 (MAGRAMA, 2013, 2015a;
MAPAMA, 2016, 2017). The annual N–surpluses were used to fine–
tune the ratings of the risks associated with the different land use clas-
ses and crop types at national scale.

The second objective was to test the new ratings (obtained from the
N–surpluses in Spanish crops)which, in turn,were applied to a land use
map to generate an optimised version of the LUmap. For this, initially,
two different maps of land use in Spain (MARM, 2009; SIOSE, 2011)
were tested for use as the base map to generate the LUmap. Both new
versions of the LUmap were used to generate maps of vulnerability to
nitrate pollution, according to the LU–IV procedure. Other maps of
groundwater vulnerability, based on previous models for assessing
groundwater vulnerability (DRASTIC, GOD and the first version of the
LU–IV procure, 2017), were also generated, and then tested and com-
pared with the maps resulting from the LU–IV procedure using the
new ratings of the risks associated with land use. The thematic maps
of all the tested models covered a territory that included the catchment
areas of 12 alluvial aquifers associated to tributaries of the Ebro River
basin (Spain). Some of these aquifers were chronically affected by ni-
trate pollution, while others remained practically unaffected. The diver-
sity of environments offered an interesting scenario to analyse specific
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aspects of groundwater vulnerability to nitrate pollution linked to land
uses. Variability between catchments provided the necessary conditions
to explore and validate the bestmodels for vulnerability using statistical
approaches.

2. Study area

The assessment of the risks of N–loss to groundwater from agricul-
tural sources (based on the N–surpluses; 1st objective) was conducted
on a national scale. A Mediterranean type agriculture dominates in the
east and south of Spain, distinguished by erratic rainfall, mild tempera-
tures and a predominance of orchard farming, vegetable and cereal cul-
tivation, olive groves and vineyards. Extensive agriculture (mainly
cereals) is predominant in the rest of the territory, with continental–
Mediterranean and Atlantic climate influences. Intensive farming is
widely practised in most of the alluvial valleys throughout the country
(MARM, 2009).

A study area of smaller extension was selected to test the new rat-
ings from the N–surpluses and applied to the LU–IV procedure (2nd ob-
jective). The territory encompassed the catchment areas of 12 alluvial
aquifers associated to tributaries of the Ebro River basin (Spain; Fig. 1
and Table 1). The catchments covered a total area of 16,408 km2. Differ-
ent types of aquifer occupied 10,484 km2, of which 734 km2

corresponded to 12 alluvial groundwater bodies (Table 1) and the rest
to 18 non–alluvial groundwater bodies (mainly carbonate aquifers,
but also detrital sedimentary aquifers). The climate is continental–
Mediterranean, although a mountain climate prevails in the mountain-
ous areas (Pyrenees, Basque mountains and Iberian System; Fig. 1). An-
nual rainfall ranged from 360 to 1527 mm (Table 1), varying according
Fig. 1. Study area: catchment areas of 12 alluvial aquifers associated to tributaries of the Ebro Riv
concentrations from 2011 to 2015 at 290 monitoring points, is also shown; the 12 catchment a
to altitude. The territory supports a variety of land uses, some of which
are major anthropogenic sources of N–input mostly related to agricul-
tural activities (MARM, 2009).

The12 alluvial aquifers present different levels of nitrate pollution as
a result of the characteristics of their catchments (hydrology, lithology,
topography, climate and land use).

Most of the non–alluvial groundwater bodies belong to interbasin
systems (Fig. 1) which are transversally situated in the upper–middle
section of the alluvial basins. Although these groundwater bodies are
practically unaffected by nitrate pollution, they were included in the re-
search since they play a key role in the hydrological dynamics of the al-
luvial catchments. More detailed information on these non–alluvial
groundwater bodies can be found in Arauzo (2017).

To date, only five of the 12 catchments under study have areas offi-
cially designated as NVZ by the Spanish Government (Confederación
Hidrográfica del Ebro, 2018; Table 1), jointly covering a surface of
354 km2.

3. Material and methods

3.1. Risk assessment of N–losses associated with land use

The gross N–balance depicts the difference between N–inputs (from
mineral fertilisers, manure, other organic fertilisers, seed and planting
materials, biological N fixation by leguminous crops and free living or-
ganisms, and atmospheric N deposition) and N–outputs (removal of ni-
trogen with the harvest of crops and grazing of fodder, crop residuals
removed from the field) per hectare of utilised agricultural land. The
net N–balance is the gross N–balance minus total nitrogen emissions
er basin (Spain); the spatial distribution of nitrate content in groundwater, based onmean
reas are numbered as in Table 1.



Table 1
Catchment characteristics of the 12 alluvial aquifers.

Name and code
number:

Tirón Alluvial
Aquifer
catchment (1)

Oja Alluvial
Aquifer
catchment
(2)

Najerilla
Alluvial Aquifer
catchment (3)

Río Antiguo
Alluvial Aquifer
catchment (4)

Iregua Alluvial
Aquifer
catchment (5)

Leza Alluvial
Aquifer
catchment (6)

Alhama Alluvial
Aquifer
catchment (7)

Vitoria Alluvial
Aquifer
catchment (8)

Ega Alluvial
Aquifer
catchment
(9)

Arga Alluvial
Aquifer
catchment
(10)

Cidacos Alluvial
Aquifer
catchment (11)

Alto Aragón
Alluvial Aquifer
catchment (12)

Total catchment area (TCA; km2) 675 1344 1117 117 644 540 1403 841 1326 2947 477 4977
Alluvial groundwater area (AGA;
km2)

29 178 76 11 37 24 70 108 33 82 56 30

Non–alluvial groundwater area
(NAGA; km2)

39 98 206 0 507 406 1104 729 840 1903 10 3908

AGA ∗ 100/TCA (%) 4 13 7 9 6 4 5 13 2 3 12 1
NAGA ∗ 100/TCA (%) 6 7 18 0 79 75 79 87 63 65 2 79
Polluted alluvial groundwatera

(km2)
16 98 17 11 0 22 0 46 2 0 56 0

Polluted alluvial groundwatera (% of
the AGA)

54 55 23 97 0 91 0 42 5 0 100 0

Polluted non–alluvial groundwatera

(km2)
0 0 0 0 0 0 33 0 0 0 0 0

Polluted non–alluvial groundwatera

(% of the NAGA)
0 0 0 0 0 0 3 0 0 0 0 0

Estimated NVZb (km2) 89 263 65 10 29 21 256 272 254 494 63 638
NVZ officially designated (km2) 0 93 7 0 0 0 0 150 0 82 21 0
Altitude (m)c Min. 545 428 408 386 360 342 264 494 289 275 311 299

Mean 944 895 1068 642 1192 977 859 632 648 631 567 896
Max. 2029 2269 2211 1418 2164 1763 1708 1372 1384 1491 1166 2881

Precipitation (mm yr−1)d Min. 525 481 440 477 467 450 360 739 412 406 446 417
Mean 650 628 666 488 642 555 476 892 733 966 571 932
Max. 806 819 815 541 757 682 622 1209 1058 1527 719 1491

a [NO3
−] ≥ 50 mg L−1.

b Our proposal of NVZ extracted from Model A (Fig. 7).
c Altitude above sea level (extracted from a DEM of 10 m resolution).
d Extracted from Botey et al. (2013).
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Table 2

Land use class Crop Typea N–surplus
(kg N ha–1

yr–1)

Irrigated
land (%)

Irrigation system (%)

Furrow Sprinkler Drip

Horticultural
crops

Vegetables (all brassicas, leafy or stalked vegetables, vegetables cultivated for fruit, pulses,
cultivated mushrooms and other vegetables)

154 ± 5a 88b 15b 30b 55b

Root crops (potatoes, sugar beet, and other tubers) 171 ± 5a 76b 14b 79b 7b

Flower crops 184 ± 11a 88b 15b 30b 55b

Herbaceous
forage crops

Herbaceous forage crops 69 ± 9a 25b 55b 45b 0b

Other herbaceous
crops

Cereals (wheat, barley, rye, oat, grain maize, sorghum, triticale, other cereals) 25 ± 14a 16b 50b 48b 2b

Dried pulses 13 ± 4a 6b 18b 81b 1b

Industrial crops (oilseeds, textile crops, tobacco and other industrial crops) 3 ± 13a 21b 25b 55b 20b

Citrus crops Citrus fruit crops 170 ± 13a 93b 19b 0b 81b

Fruit tree crops Fruit tree crops (excluding citrus) 72 ± 12a 28b 19b 2b 79b

Other woody
crops

Almond trees 24 ± 4a 0b 0b 0b 0b

Vineyards 17 ± 6a 38b 2b 3b 95b

Olive trees 7 ± 20a 28b 6b 0b 94b

Other trees 10 ± 3a 4b 11b 10b 79b

Meadows and
pastures

Grazing areas 11 ± 1a 8d

Forest areas – 1c –

a Source: MAGRAMA (2013, 2015a) and MAPAMA (2016, 2017).
b Source: MAGRAMA (2015b).
c Estimated from Forest Europe (2015).
d Source: SIOSE (2011).
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from fertilisers, manure, livestock and stubble burning (European Com-
mission, 2018). As leaching losses are not considered in these estima-
tions, net N–balance surpluses give information on the availability of
nitrogen to be dispersed via leaching, according to each crop type.
Data on net N–balances in agricultural crops are to be annually reported
by member countries to the European Union.

A semi–quantitative risk assessment of N–losses to groundwater, as-
sociatedwith agricultural land use, was developed using information on
the annual net N–balance surpluses in Spanish crops from 2011 to 2015
(Table 2). Data were extracted from annual reports on the net N–
balance in Spanish agriculture (MAGRAMA, 2013, 2015a; MAPAMA,
2016, 2017). The corresponding information for Spanish forests was ex-
tracted from Forest Europe (2015).

To better visualize the relative risk scale, the annual averages of N–
surplus in Spanish crops for the period 2011–2015 were ln–
transformed and ordered, by crop type, from highest to lowest value
to meet linearity (Fig. 2). To confirm the linear relationship between
Fig. 2.Risk assessment of N–loss to groundwater associatedwith landuse: (A)Dendrogramresu
2011 to 2015;main groups are numbered from1 to 6; (B) Crop types (ordered fromhighest to l
transformed to meet linearity); ratings assigned to risks of N–leaching were classified into five
an ordinal qualitative variable (crop type) and a quantitative variable
(ln of N–surplus) a simple linear regression was performed. Thereafter,
ratings (for the risks of N–leaching associated with land use) were
assigned to the dependent variable on a scale from1 to 10, and classified
into five risk categories (according to Arauzo, 2017) as follows: negligi-
ble risk: 1–2; low risk: 3–4; moderate risk: 5–6; high risk: 7–8; extreme
risk: 9–10.

With regard to irrigation efficiency, Waskom et al. (1994) esti-
mated water–use efficiencies of about 90%, 75% and 40% for drip,
sprinkler and conventional furrow irrigation methods, respectively.
As low–efficient irrigation systems contribute to N–leaching, the
dominant irrigation system for each crop type was considered as
part of the risk assessment. For that, the coverages of irrigated land
and types of irrigation system in Spanish crops were extracted
from MAGRAMA (2015b); Table 2). For typical rainfed crops but
managed under irrigation, overloads were applied to the initially es-
timated ratings (Fig. 2) with the following criteria: for crops with
lting from the hierarchical cluster analysis of the annualN–surpluses in Spanish crops from
owest potential risk) vs.mean annual N–surpluses in Spanish crops from 2011 to 2015 (ln–
risk categories according to Arauzo (2017).
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irrigated land coverages below 30% and N60% watered by conven-
tional furrow or sprinkler irrigation (Table 2), an overload of +1
was added to the initial ratings (Fig. 2) to compensate for the low ir-
rigation efficiency; for the same crops managed under rainfed condi-
tions (coverages above 70%), no overload was applied.

Regarding non–agricultural sources of N–loss, the ratings
assigned to land use categories such as fish and livestock farms
(point pollution sources), urban areas (point and multipoint
sources) and unproductive land (nonpoint sources), were based on
Secunda et al. (1998), Buschmann (2001) and Lerner (2000). These
land uses were scarcely represented in the study area compared to
the large extensions of agricultural and natural areas (MARM,
2009; SIOSE, 2011).
3.2. Catchment areas

All thematic maps in this study were prepared using the software
ArcGIS 10.3 for Desktop (ESRI, Redlands, CA, USA; ESRI, 2015) and the
coordinate reference system ETRS89/UTM zone 30N. The catchment
areas of the 12 alluvial aquifers were delineated from a digital elevation
model (DEM) of 10 m resolution, using the Hydrology toolset in the
Spatial Analyst Toolbox (ArcGIS 10.3). The lowest elevation point for
each alluvial aquifer was used as pour point for watershed calculation.
The pour point was defined as the cell of highest flow accumulation,
at which water flows out of an area (outlet location from the flow
accumulation).
Fig. 3. The LU-IV
3.3. Nitrate mapping

The map of nitrate concentration in groundwater was generated
from the average nitrate concentrations from 2011 to 2015 at 290mon-
itoring points (irrigation wells, boreholes and springs). Hydrochemical
data were provided by the Ebro Hydrographic Confederation
(Confederación Hidrográfica del Ebro, 2019). Groundwater samples
were collected, mostly on a seasonal basis. To create the map for the
study area, the Spline Interpolation tool in the Spatial Analyst Toolbox
(ArcGIS 10.3) was applied, aquifer by aquifer, to the shapefiles of points
representing the average nitrate concentrations in groundwater.
3.4. The LU–IV procedure

The LU–IV procedure (Arauzo, 2017; Fig. 3)was devised formapping
groundwater vulnerability to nitrate pollution, with the final goal of im-
proving the NVZ delineation. The method is notable for: (1) using sim-
ple and readily available parameters to feed the model, (2) avoiding
assigning insufficiently contrasted weights to the parameters, and
(3) assessing the entire catchment area that potentially drains into a re-
ceptor aquifer.

The procedure is a two–step GIS–based method that combines a
map of intrinsic vulnerability (based on the IV index; Arauzo, 2017)
with a map of the risks of N–leaching associated with land use. The
model assigns ratings on a scale from 1 to 10, for both maps of intrinsic
vulnerability (Step 1) and specific vulnerability to nitrate pollution
procedure.
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(Step 2). Ratings are classified into five risk categories: negligible: 1–2;
low: 3–4; moderate: 5–6; high: 7–8; extreme: 9–10.

In Step 1, the IV index is used to map the intrinsic groundwater vul-
nerability. In its most basic formulation, the index uses four environ-
mental parameters as follows:

IV ¼ Lþ Dþ T þ P
4

ð1Þ

where L is the rating of the risks associated with the lithology of the va-
dose zone, D is the rating of the risks associated with the depth of the
water table, T is the rating of the risks associated with topography (per-
centage of slope), and P is the rating of the risks associatedwith average
annual precipitation.

Ratings for the parameters that make up the IV index are shown in
Table 3. A more detailed description of the index IV can be found in
Arauzo (2017).

The map of intrinsic vulnerability based on the IV index was gener-
ated from the raster maps of parameters L, D, T and P, using the Raster
Calculator in the Spatial Analyst Toolbox (ArcGIS 10.3) to run the
Eq. (1). The raster maps of L, D and P were generated using data from
IGME (2015; Geologic digital map of Spain at a scale of 1:50,000),
Confederación Hidrográfica del Ebro (data provided in Excel format)
Table 3
Ratings for the environmental parameters that make up the IV index.

Lithology of the vadose
zone (L)a

Rating Depth to the water table
(D)b (m)

Rating

Calcretes, karst
limestones; gravels

10 0–1
(and all depths for calcretes,

karst limestones, chalky limestones,
calcarenites, recent volcanic lavas and

gravels)

10

Chalky limestones,
calcarenites

9 N1–3 9

Alluvial and
fluvio–glacial
sands; recent volcanic
lavas

7–8 N3–5 8

Aeolian sands; volcanic
tuffs;
igneous/metamorphic
formations and older
volcanic formations;
sandstones,
conglomerates;
peat

5–6 N5–10 7

Alluvial silts, loess,
glacial till, loam;
mudstones; shales

3–4 N10–13 6

Clays; residual soils 1–2 N13–20 5
N20–33 4
N33–50 3
N50 2

No underlying aquifer 1

Annual precipitation (P)
(mm yr−1)

Rating Topography (T)c

(% of slope)
Rating

N900 10 0–2 10
N800–900 9 N2–3 9
N700–800 8 N3–4 8
N600–700 7 N4–5 7
N500–600 6 N5–6 6
N400–500 5 N6–9 5
N300–400 4 N9–12 4
N200–300 3 N12–15 3
N100–200 2 N15–18 2
0–100 1 N18 1

a Based on lithological character and degree of consolidation (Foster et al., 2002) and
hydraulic conductivity and permeability (Bear, 1972).

b Adapted from Foster et al. (2002).
c According to Aller et al. (1987).
and Botey et al. (2013), respectively. The map of T was generated from
a DEM of 10 m resolution, using the Slope tool in the Spatial Analyst
Toolbox (ArcGIS 10.3).

In Step 2, themap of intrinsic vulnerability (from the IV index) and a
map of the risks of N–leaching associated with land use are combined,
using the Over tool from the MathNLogical toolset of Spatial Analyst
Tools (ArcGIS 10.3). For this, we must first reclassify the original cell
values of the raster of intrinsic vulnerability into values of “1” and “0”.
The value “1” represents non–vulnerable areas (cell values ranging
from1 to 4: negligible to low vulnerability) and the value “0” represents
vulnerable areas (cell values ranging from 5 to 10:moderate to extreme
vulnerability). The resulting raster (intrinsic vulnerability 1–0) is then
used as the first entry in the Over tool, while the raster of risks associ-
ated with land use (LU map) is used as the second entry. When the
Over operation is performed, for cell values in the first input that are
equal to “1” the output value will be that of the first input (representing
areas in which land use restrictions do not have to be applied). But
where the cell values in the first input correspond to “0”, the output
will be that of the second input raster (original ratings of the raster of
risks associated with land use). Through this procedure, we obtain a
map of groundwater vulnerability to nitrate pollution associated with
land use, from which we can draw polygons delimiting the NVZ by
using the Conversion Tools (ArcGIS 10.3). Additional information on
the design and applicability of the LU–IV procedure can be found in
Arauzo (2017).

Finally, to complete the second entry of the Over tool we need a ras-
ter map of the risks of N–loss associated with land use (previously re-
ferred to as LU map). To generate an accurate LU map a good land use
base map is required (preferably at a scale of at least 1:50,000) as well
as a fine–tuned risk rating system that represents the different risks as-
sociatedwith land use (results from the1st objective). In this paper, two
different maps of land use of Spain (MARM, 2009, and SIOSE, 2011)
were tested for use as the base map to generate the LUmap (described
in the next section). Once theOver toolwas applied, themaps of specific
vulnerability resulting from the LU–IV procedure (using the new ratings
of the risks associatedwith land use)were comparedwith the following
maps of groundwater vulnerability based on previous models for
assessing groundwater vulnerability: first version of the LU–IV procure
(which uses LU ratings from bibliographical references; extracted from
Arauzo, 2017), DRASTIC model (extracted from IGME, 2009a, 2009b)
and GOD model (extracted from Arauzo, 2014).

3.5. Testing two basemaps to generate themapof risks associatedwith land
use

There are two maps of land use of Spain that potentially could be
used as base maps for generating the raster map of risks associated
with land use: (1) the Map of Crops and Land Use of Spain 2000–09
(Mapa de Cultivos y Aprovechamientos de España 2000–09 –
Spanish–; MARM, 2009; hereinafter referred as MCAE 2000–09), and
(2) the Map of Land Cover and Use Information System of Spain,
SIOSE 2011 (Mapa del Sistema de Información sobre Ocupación del
Suelo de España SIOSE 2011 –Spanish–; SIOSE, 2011; IGN, 2015; herein-
after referred as SIOSE, 2011). Their pros and cons as base maps and
other characteristics are indicated below.

MCAE 2000–09 was produced during the period 2000–09, at a scale
of 1:50,000. It is the update of an earlier version from 1980 to 1990. In
this cartography, crops and land use are delimited by polygons of single
coverage and described by codes of land use and overloads. Originally,
the digital version of MCAE 2000–09 used the coordinate reference sys-
tem ED50/UTM zone 30N, which was reprojected to ETRS89/UTM zone
30N for this project. The shapefiles of MCAE 2000–09 were provided by
the Spanish Ministry of the Environment and Rural and Marine Affairs.
Shapefiles were clipped and merged to cover the study area. Then, the
attribute table was completed by assigning the new LU ratings
(Table 4) to the polygons. The resultant shapefile LU map (using
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MCAE 2000–09 and LU ratings from N–surpluses in Spanish crops) was
extracted into a raster format, to be used as the second entry of the Over
tool of the LU–IV procedure.

SIOSE 2011 satisfies current Spanish National and Regional Ad-
ministration requirements on Land Cover and Use information
(IGN, 2015). SIOSE's objective was to generate a soil occupancy data-
base for all of Spain, at a scale of 1:25.000. Its coordinate reference
system is ETRS89/UTM zone 30N. SIOSE divides the territory accord-
ing to a continuous mesh of polygons, where each polygon is
assigned a type of coverage (polygons of single coverage) or a com-
bination of them (polygons of composite coverage, mosaic or associ-
ation). Different surface minimum units are used according to the
cover class in the land (urban fabric and water bodies: 1 ha; agricul-
tural land, forest and natural areas: 2 ha; wetlands, beaches, green-
houses, riverside vegetation: 0.5 ha). SIOSE has been produced
since 2005, with updates in 2009 and 2011. The shapefiles of SIOSE
2011 were provided by the Spanish National Geographic Institute
(SIOSE, 2011). Shapefiles were clipped and merged to cover the
study area. Then, the attribute table was completed by assigning
the new LU ratings (Table 4) to the polygons; in polygons of single
coverage (homogeneous areas with a single land use), the same
Table 4
Ratings for the risks associatedwith landuse. Risk assessmentwas based on the annual N–
surpluses in Spanish crops (Fig. 2).

Land use/crop type Water use: rainfed or irrigateda LU
rating

Horticultural crops (vegetables,
root crops and flower crops)

Generally irrigated (84%): mainly
sprinkler and drip irrigation

10

Citrus crops Generally irrigated (93%): mainly
drip irrigation

10

(Irrigated) Herbaceous forage
crops

If irrigation (25%): mainly furrow and
sprinkler irrigation (+1)

10b

Herbaceous forage crops Generally rainfed (75%) 9
Fruit tree crops Generally rainfed (72%). If irrigation

(28%): mainly drip irrigation
9

(Irrigated) Cereals If irrigation (16%): mainly furrow and
sprinkler irrigation (+1)

8b

Cereals Generally rainfed (84%) 7
Fish farms – 5–8

(7)c

Livestock farms – 5–8
(7)c

Urban areas – 5–8
(7)c

Almond trees Rainfed (100%) 7
Vineyards Generally rainfed (62%). If irrigation

(38%): drip irrigation
6

(Irrigated) Dried pulses If irrigation (6%): mainly sprinkler
and furrow irrigation (+1)

6b

(Irrigated) Meadows If irrigation (8%): mainly sprinkler
and furrow irrigation (+1)

6b

Dried pulses Generally rainfed (94%) 5
Meadows and pastures Generally rainfed (92%) 5
Other trees Generally rainfed (96%). If irrigation

(4%): mainly drip irrigation
5

Olive trees Generally rainfed (72%). If irrigation
(28%): mainly drip irrigation

4

(Irrigated) Industrial crops If irrigation (21%): mainly sprinkler
and furrow irrigation (+1)

4b

Industrial crops Generally rainfed (79%) 3
Shrubland – 1–5

(3)d

Unproductive land – 1–5
(2)c

Forests and natural areas – 1

a Coverages of rainfed and irrigated land in Spanish crops are shown (as percentage of
the total area of the crop type; MAPAMA, 2015b).

b An overload of +1was appliedwhen low–efficient irrigation systemswere dominant
(conventional furrow and sprinkler irrigation; Table 2).

c Sources: Secunda et al. (1998), Buschmann (2001) and Lerner (2000); preferred rat-
ing between brackets.

d Source: Arauzo (2017); preferred rating between brackets.
rating was applied to the entire polygon; in polygons of composite
coverage, mosaic or association (areas with a mix of land uses, di-
vided in subpolygons), the assigned rating was calculated as the
weighted arithmetic mean of the ratings for the different land uses
in the subpolygons (proportionally to their respective areas). The re-
sultant shapefile LU map (using SIOSE 2011 and LU ratings from N–
surpluses in Spanish crops) was then extracted into a raster format,
to be used as second entry of the Over tool of the LU–IV procedure.

3.6. Statistical analysis

A hierarchical cluster analysis using between–group linkage and
Euclidean distance measure (IBM SPSS Statistics 25.0; IBM Corp.
Released, 2017) was performed to identify groups of crops with similar
annual N–surpluses (as part of the risk assessment of N–losses associ-
ated with land use). For this, the annual net N–surpluses in different
Spanish crops from 2011 to 2015 (MAGRAMA, 2013, 2015a;
MAPAMA, 2016, 2017) were used.

The Band Collection Statistics tool in the Spatial Analyst Toolbox
(ArcGIS 10.3)was used to generate a Pearson correlationmatrix to com-
pare, on a regional scale, the rasters of: (1) nitrate concentration in
groundwater, (2) vulnerability to nitrate pollution using the LU–IV pro-
cedure based onMCAE 2000–09 and using LU ratings from N–surpluses
(model A), (3) vulnerability to nitrate pollution using the LU–IV proce-
dure based on SIOSE 2011 and LU ratings from N–surpluses (model B),
(4) vulnerability to nitrate pollution using the LU–IV procedure based
on MCAE 2000–09 and LU ratings from bibliographical references (ex-
tracted from Arauzo, 2107; model C), (5) the IV index (model D),
(6) theDRASTIC index (model E), and (7) theGOD index (model F). Pre-
viously, the rasters were clipped to have the same geographic extent as
that of the smallest extent (map of nitrate concentration in groundwa-
ter). This statistical approach, however, was not sensitive to the spatial
discordances that can occur between nitrate vulnerable areas (at the
land surface) and groundwater polluted areas (in the saturated zone).
Such common discrepancies are a consequence of the long–distance ad-
vective transport of nitrate from the highest to the lowest areas of catch-
ments (Zahid et al., 2015) and accumulation/dilution processes within
the saturated zone (Arauzo and Martínez–Bastida, 2015).

To overcome the above–mentioned limitation, a statistical approach
that considered processes at catchment scale was applied. Within a
catchment, a direct proportionality could be expected between the esti-
mated area of NVZ and the area of groundwater affected by nitrate pol-
lution. On this basis, one–tailed Pearson and Spearman correlation
coefficient analyses were conducted to test whichmodels of vulnerabil-
ity could be the best predictors of nitrate pollution (IBM SPSS Statistics
25.0), applied to the alluvial aquifers (the most affected groundwater
bodies), as well as to the totality of groundwater bodies within each
catchment. Correlations were performed between the area (or the rela-
tive area) of NVZ at high–extreme risk (estimated from the models A to
F) and the area of groundwater that was already polluted or/and at risk
of being polluted by nitrate, in each of the 12 alluvial catchments (n =
12). The relative areas of NVZ, expressed as a percentage of the total
catchment area, were used for correlations with the areas of alluvial
aquifers affected by nitrate (given their small size with respect to the
wide variability in the size of their catchment areas). Before, the
Kolmogorov–Smirnov normal distribution test was applied to deter-
mine whether a parametric correlation test (r) or a non–parametric
test (rho) should be employed to analyse the data (IBM SPSS Statistics
25.0).

4. Results and discussion

4.1. Risk assessment of N–losses associated with land use

Balanced fertilization, so as to limit total nitrogen input with
fertiliser to crop requirements, has been scarcely implemented in the
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EU so far, resulting in large amounts of N–surplus on agricultural land
(Environment Agency, 2017). In view of this, the net N–balance surplus
in Spanish crops was used as a predictive indicator of the potential im-
pact of the different types of crops on groundwater quality.

The dendrogram from the cluster analysis of the annual N–surpluses
(from 2011 to 2015) revealed a hierarchy of pressures and potential im-
pacts depending on the amount of N–surplus, allowing six main groups
of crop type to be defined (Fig. 2A). Groups, ordered from highest to
lowest risk of N–loss, were as follows: (1) horticultural and citrus fruit
crops, (2) other fruit tree crops and herbaceous forage crops, (3) cereals,
almond trees and vineyards, (4) dry pulses, meadows and pastures,
other trees, (5) olive trees and industrial crops and (6) forest and
natural areas. N–surplus ranged from 170 kg N ha−1 yr−1 in group
1, 69–72 kg N ha−1 yr−1 in group 2, 17–25 kg N ha−1 yr−1 in group 3,
11–15 kg N ha−1 yr−1 in group 4, 3–7 kg N ha−1 yr−1 in group 5 and
1 kg N ha−1 yr−1 in group 6 (Table 2). Interannual variability was low,
especially in the high risk groups.

Linearity between crop types, ordered from highest to lowest poten-
tial risk (ordinal qualitative independent variable), and annual N–
surplus (ln–transformed quantitative dependent variable) was used to
generate a risk rating scale (Fig. 2B). Groups of crop types (Fig. 2A)
were then classified into five preliminary risk categories: extreme
Fig. 4. Thematic maps that make up the IV index: (A) map of the risks associated with the litho
(C) map of the risks associated with topography (percentage of slope); (D) map of the risks as
(groups 1 and 2), high (group 3), moderate (groups 3 and 4), low
(group 5) and negligible (group 6). This semi–quantitative approach
was further refined by adding overloads to those crops irrigated with
low–efficiency technologies (MAGRAMA, 2015b; Table 2). The resultant
ratings (Table 4) represented the potential risks of N–leaching from dif-
ferent Spanish crops according to their annual N–balance and irrigation
efficiency. These new ratings differ to those proposed by Secunda et al.
(1998), as follows: (1) horticultural crops (new rating: 10; Secunda
et al.: 8); (2) citrus crops (new rating: 10; Secunda et al.: 7); (3) irri-
gated/rainfed herbaceous forage cops (new ratings: 10–9; Secunda
et al.: 8–4); (4) fruit tree crops (new rating: 9; Secunda et al.: 6);
(5) rainfed cereals (new rating: 7; Secunda et al.: 4); (6) dry pulses
(new rating: 5; Secunda et al.: 4); and (6) irrigated/rainfed industrial
crops (new ratings: 4–3; Secunda et al.: 10–4). Note that some ratings
increased from high to extreme risk, and from low to moderate/high/
extreme risk. Results confirmed the suggestion of Sutton et al. (2011)
that irrigated agriculture is the major contributor to nitrate pollution in
groundwater, and the findings of Arauzo and Valladolid (2013) who re-
ported significant N–losses to groundwater from rainfed herbaceous
crops associated with precipitation.

The ratings in Table 4 are required to generate the map of the risks
associated with land use (LU map), which in turn is used to complete
logy of the vadose zone; (B) map of the risks associated with the depth of the water table;
sociated with the annual precipitation.
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the map of groundwater vulnerability to nitrate pollution according to
the LU–IV procedure.

4.2. Nitrate pollution

Groundwaters with nitrate concentrations that exceed 50 mg L−1

are considered polluted, while those between 25 and 50 mg L−1 are
considered at risk of pollution (EuropeanCommission, 2000). According
to these guidelines, 67% of the alluvial aquifers of the study area
contained polluted areas, 25% had areas at risk and only 8% remained
free of nitrate pollution (Fig. 1). Of the polluted alluvial aquifers, 42%
were affected in more than one–half of their surface (aquifers of rivers
Tirón, Oja, Río Antiguo, Alhama and Cidacos; Table 1). It was also ob-
served that nitrate tended to accumulate at the lower, flatter sections
of the alluvial areas, defined as stagnant zones by Arauzo (2017).

Nitrate pollution in non–alluvial groundwater bodies was, however,
barely represented. Only one aquifer (comprised of conglomerates,
sandstones and sandy limestone) was polluted in 3% of its area in catch-
ment no. 7 (Table 1 and Fig. 1). Catchments 9, 10 and 12 showed areas at
risk (Fig. 1) in carbonate–rock and sandstone aquifers.

Nitrate concentration in groundwater can be reduced bymixing (di-
luting water with a high nitrate concentration with water of a lower
concentration) and by attenuation (with denitrification as themost sig-
nificant mass removal process) (Rivett et al., 2008). However, the con-
tribution of other catchment parameters to nitrate dynamics at
catchment scale is still to be explored. In relation to the role of catch-
ment size in the12 alluvial catchments under analysis (Table 1), we
found significant positive correlations between catchment area and
maximum altitude (r=0.60, p ≤ 0.05) andmean andmaximumprecip-
itation (r=0.70, p ≤ 0.05 and r=0.81, p ≤ 0.01, respectively). This sug-
gests that the largest catchments, which in these cases present
mountain headwater systems (as the Pyrenees, Basque mountains and
Iberian System) associated with high precipitations, are able to provide
Fig. 5. (A) Map of the intrinsic vulnerability (IV ind
greater water availability and, therefore, a greater dilution capacity. The
negative correlation between catchment area and polluted alluvial area
(expressed as % of the AGA, Table 1; r=−0.60, p ≤ 0.05) confirmed that
the greater the extension of the catchment (the higher dilution capac-
ity), the lower the incidence of nitrate pollution in the alluvial area.

4.3. IV index

The IV index allowed assessment of the intrinsic vulnerability in the
entire topographic surface (12 alluvial catchments) that potentially
drains nitrate–polluted waters into the alluvial aquifers (Fig. 1). The
four thematic maps that make up the IV index (Fig. 4) represent differ-
ent aspects of vulnerability associatedwith lithological, hydrological, to-
pographic and climatic attributes. According to lithology and degree of
water table exposure, alluvial deposits and limestones were the most
vulnerable substrates (Fig. 4A, B). Alluvial deposits also presented a
high risk associatedwith topography, sincemost of their surfaces gener-
ally occupy the flatter, lower areas of the catchments, where nitrate
tend to accumulate (Arauzo, 2017). However, the risk associated with
precipitation in alluvial areas was mostly moderate, precisely because
of their lower altitudes (Fig. 4C, D). In contrast, limestone substrates
presented a lower risk associated with topography (because they are
generally located in mountain areas, which implies high slopes) but a
higher risk associated with precipitation (Fig. 4C, D).

The map of intrinsic vulnerability (Fig. 5) shows that: (1) all alluvial
areas were in a high–extreme risk category, which coincided with the
high levels of nitrate contents in alluvial groundwater in most of the
catchments (no. 1, 2, 3, 4, 6, 8, 9 and 11; Fig. 1); (2) catchments that
drain from the Pyrenees and Basque mountains (no. 8, 9, 10 and 12)
were intrinsically vulnerable in N50% of their surfaces (Table 1; Figs. 1
and 4); (3) carbonate aquifer systems (in catchments no. 8, 9, 10 and
12) had large areas with high–extreme intrinsic vulnerability that did
not coincide with high nitrate levels in the groundwater (Fig. 1); and
ex); (B) Map of the intrinsic vulnerability 1–0.



11M. Arauzo et al. / Science of the Total Environment 696 (2019) 133713
(4) in the areas without underlying groundwater (Fig. 1) intrinsic vul-
nerability ranged from negligible to moderate.

Discrepancy between the high–extreme intrinsic vulnerability in the
carbonate aquifers in the northern part of the study area and the ab-
sence of high levels of nitrate content in groundwater can be explained
by two non–exclusive factors: (1) according to Arauzo (2017), it is ex-
pected that forests and natural areas in mountain headwaters are
protecting land uses that do not generate contamination (despite the
high intrinsic vulnerability); and (2) limited information on the degree
of karstification of carbonate rocks might have eventually led to an
over–estimation of the ratings assigned to parameters L andD (Table 3).

4.4. LU–IV procedure: versions based on MCAE 2000–09 and SIOSE 2011

A new approach to the LU–IV procedure was proposed by applying
the new LU ratings based on theN–surpluses. For this, themap of intrin-
sic vulnerability (Fig. 5) was combined with a map of the risks associ-
ated with land use (LU map; Fig. 6) to obtain the map of specific
vulnerability to nitrate pollution.

To generate the LUmap, the LU ratings resulting from the analysis of
N–surpluses in Spanish crops (Table 4) were applied to a base map of
land use. In this part of the investigation, two different land use cover
maps of Spain were tested as base maps: the Map of Crops and Land
Use of Spain 2000–09 (MCAE 2000–09) and the Map of Land Cover
and Use Information System of Spain (SIOSE, 2011). The two resulting
versions of the LU map looked reasonably similar (Fig. 6A, B), albeit
with differences of nuance. In both, high–extreme risk zones (mostly
comprised of horticultural crops, herbaceous forage crops and cereals)
were distributed towards the middle and/or lower areas of the catch-
ments. The exceptions were catchments no. 7, 8 and 11, in which the
risks extended over a large part of the catchment.

When comparing MCAE 2000–09 and SIOSE 2011 as base maps,
there are several aspects that should be considered, such as: mapping
scale, frequency of updates, how information is organized and repre-
sented, and the usefulness of the information. MCAE 2000–09 is at a
scale of 1:50,000, while SIOSE 2011 is at 1:25,000. MCAE 2000–09 is
the second update of a previous version from 1980 to 90. SIOSE has
been produced since 2005,with updates in 2009 and 2011, so its update
rate may favour revisions of designated NVZ (mandatory for EU mem-
bers every four years). Regarding the process of assigning the LU ratings
Fig. 6. Two versions of the map of the risks associated with land use (LUmap): (A) using MCAE
maps were estimated from the annual N–balance surpluses in Spanish crops (Table 4).
(Table 4), land uses in MCAE 2000–09 are delimited by polygons of sin-
gle coverage (described by land use and overload codes). In SIOSE 2011,
there are polygons of single coverage and polygons of composite cover-
age, mosaic or association, whichmake the assignment of ratings much
more difficult. Furthermore, SIOSE 2011 does not allow distinction be-
tween the coverages of different herbaceous crops (horticultural
crops, herbaceous forage crops and cereals) that are included under
the same descriptor code (although attribute descriptors partially com-
pensate for this). MCAE 2000–09 does not allow distinction between ir-
rigated herbaceous forage crops and irrigated cereals (which is not a
major limitation because most of these crops are usually managed
under rainfed conditions; Table 2). Finally, SIOSE 2011 provides detailed
information on artificial coverages, while MCAE 2000–09 does not offer
this information. In view of the pros and cons, we did not find definitive
reasons to choose, a priori, between MCAE 2000–09 and SIOSE 2011 as
base map, so we will have to wait for validation and comparison of
the different models of vulnerability.

The land use maps from MCAE 2000–09 and SIOSE 2011 (Fig. 6A,
B) were used to generate the respective versions of themap of vulnera-
bility to nitrate pollution using the LU–IV procedure (Fig. 7A, B), with
reasonably close results.

Subsequently, potential NVZ were extracted from the different
models of vulnerability (Fig. 8) and compared with the map of nitrate
content in groundwater, both at regional and catchment scale. The
models analysed were the following: model A (LU–IV procedure,
based on MCAE 2000–09 and using land use ratings from N–surpluses
in Spanish crops), model B (LU–IV procedure, based on SIOSE 2011
and using land use ratings from N–surpluses in Spanish crops), model
C (LU–IV procedure, based onMCAE 2000–09 andusing land use ratings
from bibliographical references; Arauzo, 2017), model D (IV index),
model E (DRASTIC index) and model F (GOD index).

As a preliminary validation (at regional scale), we generated a corre-
lation matrix of the raster of nitrate concentration in groundwater and
the rasters of groundwater vulnerability based on models A–F
(Table 5). This statistical approach revealed significant positive relation-
ships between the seven variables, which was not surprising due to the
high number of degrees of freedom (n–2= 16,640,795), but the results
allowed verification that models A, B and C (of specific vulnerability
based on the LU–IV procedure) had much better correlations with ni-
trate concentration in groundwater than models D, E and F (of intrinsic
2000–09 as base map; (B) using SIOSE 2011 as base map. LU ratings applied to both base
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vulnerability). However, as explained above, a correlationmatrix of ras-
ters cannot be considered a method that is sensitive to the spatial dis-
crepancies between nitrate vulnerable areas (at the land surface) and
areas of polluted groundwater (in the saturated zone), which are ex-
plained by advective transport of nitrate and accumulation/dilution
Fig. 7. Two versions of the map of vulnerability to nitrate pollution (LU–IV procedure): (A) usin
processes within the vadose and the saturated zones (Arauzo and
Martínez–Bastida, 2015).

To address the above–mentioned limitation, additional validations
were performed that took into account the processes occurring at catch-
ment scale. For this, correlations between the area of NVZ (frommodels
g MCAE 2000–09 for the LUmap (Fig. 6A); (B) using SIOSE 2011 for the LUmap (Fig. 6B).



Fig. 8. Potential NVZ estimated from different models of groundwater vulnerability; the raster maps of DRASTIC and GOD were extracted from IGME (2009a,b) and Arauzo (2014),
respectively; the NVZ officially designated by the Spanish Government (Confederación Hidrográfica del Ebro, 2018) are also shown; the alluvial catchments and the models of
vulnerability are labelled as in Tables 1 and 5, respectively.
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Table 5
Correlationmatrix of the rasters of nitrate concentration in groundwater and differentmodels of groundwater vulnerability (labelled fromA to F) to compare the parameters to each other
at regional scale; n = 16,640,797 (number of pixels); due to large degrees of freedom all correlations were statistically significant with at least p ≤ 0.001.

[NO3
−] MODEL (A):

LU–IV
based on
MCAE
(NEW)

MODEL (B):
LU–IV
based on
SIOSE
(NEW)

MODEL (C):
LU–IV
based on
MCAE
(Arauzo,
2017)

MODEL
(D): IV
index

MODEL
(E):
DRASTIC
index

MODEL
(F):
GOD
index

[NO3
−] 1.00

MODEL (A): LU–IV procedure based onMCAE 2000–09; LU ratings from N–surpluses in
Spanish crops (NEW)

0.34 1.00

MODEL (B): LU–IV procedure based on SIOSE, 2011; LU ratings from N–surpluses in
Spanish crops (NEW)

0.31 0.88 1.00

MODEL (C): LU–IV procedure based onMCAE 2000–09; LU ratings from bibliographical
references (Arauzo, 2017)

0.33 0.83 0.81 1.00

MODEL (D): IV index 0.13 0.38 0.43 0.40 1.00
MODEL (E): DRASTIC index (extracted from IGME, 2009a,b) 0.12 0.25 0.26 0.28 0.38 1.00
MODEL (F): GOD index (extracted from Arauzo, 2014) 0.12 0.16 0.18 0.22 0.66 0.34 1.00
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A to F) and the area of groundwater (including alluvial and non–alluvial
aquifers) thatwas already polluted or at risk of being polluted by nitrate
(above 25 mg L−1), estimated for each of the 12 catchments (Table 6),
were analysed. The results confirmed the expectations,with remarkable
higher significance formodels A andB (whichused the LU–IV procedure
with the new LU ratings from N–surpluses in Spanish crops).

Another validation was performed using only the information on
alluvial aquifers (the most affected by nitrate pollution). Correla-
tions between the relative area of NVZ (from models A to F) and
the areas of alluvial groundwater with over 25 mg L−1 of nitrate (in-
cluding zones that were polluted and at risk of being polluted) and
over 50 mg L−1(only polluted zones) showed similar results
(Table 7). Again, models A and B proved to be the best predictors,
both for polluted alluvial areas and for areas at risk. Taken together,
these results confirm the high level of reliability of the LU–IV proce-
dure, when LU ratings obtained empirically from N–surplus crops are
applied.

Models A and B (which usedMCAE 2000–09 and SIOSE 2011 as base
maps, respectively) offered fairly similar results, althoughmodel A gave
a slightly better fit to the validation data. According to model A, the 12
catchments can be ordered from highest to lowest relative extent of
NVZ (representing high to extreme levels of vulnerability) as follows:
catchment no. 8 (32%; 272 km2) N no. 2 (20%; 263 km2) N no. 9 (19%;
254 km2) N no. 7 (18%; 256 km2) N no. 10 (17%; 494 km2) N no. 12
(13%; 638 km2) = no. 1 (13%; 89 km2) = no. 11 (13%; 63 km2) N no.
4 (8%; 10 km2) N no. 3 (6%; 65 km2) N no. 5 (5%; 29 km2) N no. 6 (4%,
31 km2) (Table 1; Fig. 8). Considering the totality of the catchments,
the estimated NVZ covered a surface of 2454 km2 (15% of the study
area). These results contrast with the 354 km2 officially designated as
NVZ (2% of the study area).
Table 6
One–tailed Pearson (r) and Spearman correlations (rho) between the area of NVZ at high–extr
ready polluted or at risk of being polluted by nitrate (above 25mg L−1) in each of the 12 catchm
to determine whether a parametric or a non–parametric test should be employed.

Area of NVZ (km2) vs.

MODEL (A): LU–IV procedure based on MCAE 2000–09; LU ratings from N–surpluses in Sp
MODEL (B): LU–IV procedure based on SIOSE, 2011; LU ratings from N–surpluses in Spani
MODEL (C): LU–IV procedure based on MCAE 2000–09; LU ratings from bibliographical re
MODEL (D): IV index
MODEL (E): DRASTIC index (extracted from IGME, 2009a, b)
MODEL (F): GOD index (extracted from Arauzo, 2014)

a Including alluvial and non–alluvial groundwater bodies.
5. Conclusions

The net N–balance surplus in Spanish crops has proved to be a useful
predictive indicator of the risks of N–loss to groundwater from agricul-
tural nonpoint sources. A hierarchical cluster analysis of the annual
amounts of N–surplus in Spanish crops revealed six distinct clusters, or-
dered fromhighest to lowest potential risk of N–loss as follows: (1) hor-
ticultural and citrus fruit crops, (2) other fruit tree crops and herbaceous
forage crops, (3) cereals, almond trees and vineyards, (4) dry pulses,
meadows and pastures, other trees, (5) olive trees and industrial
crops, and (6) forest and natural areas.

Annual data on net N–surpluses were used to generate a detailed
risk rating system reflecting the potential risks of N–loss associated
with land use. The rating systemwasfine–tunedwith information on ir-
rigation efficiency in Spanish crops. The new empirical LU ratings
(Table 4) were used to assess the specific vulnerability of groundwater
to nitrate pollution in a GIS environment, by using the LU–IV procedure
(Arauzo, 2017; a GIS–based method that combines a map of intrinsic
vulnerabilitywith amap of the risks of N–loss associatedwith land use).

Environmental variability among the catchment areas of 12 alluvial
aquifers (associated with tributaries of the Ebro River basin, Spain) pro-
vided the necessary conditions to assess and validate the new approach
to the LU–IV procedure. Eight of these 12 alluvial aquifers showed ni-
trate concentrations exceeding 50 mg L−1, while the others presented
areas at risk or were free of pollution. Nitrate pollution in the non–
alluvial groundwater bodies of the study area was barely represented.

The role of the catchment size was revealed as a key factor in the
emergence of groundwater areas affected by nitrate pollution. It was
shown that the largest catchments (having mountain headwater sys-
tems associated with high precipitations) are able to provide greater
eme risk (estimated frommodels A to F; Fig. 7) and the area of groundwatera that was al-
ents under study (n=12). The Kolmogorov–Smirnov normal distribution test was applied

Area of groundwatera polluted or at risk
([NO3

−] ≥ 25 mg L−1; km2)

anish crops (NEW) r = 0.91 P–value =0.00002
sh crops (NEW) r = 0.82 P–value = 0. 0005
ferences (Arauzo, 2017) r = 0.70 P–value =0.01

r = 0.70 P–value =0.01
rho =0.60 P–value =0.02
rho =0.45 P–value =0.07



Table 7
One–tailed Pearson (r) and Spearman correlations (rho) between the relative area of NVZ at high–extreme risk (estimated frommodels A to F; Fig. 7) and the areas of alluvial groundwater
with over 25 mg L−1 of nitrate (including zones that were polluted and at risk of being polluted) and over 50mg L−1(only polluted zones) in each of the 12 alluvial catchments (n= 12).
The relative areas of NVZwere expressed as a percentage of the total catchment area (% of the TCA). TheKolmogorov–Smirnov normal distribution testwas applied to determinewhether a
parametric or a non–parametric test should be employed.

Relative area of NVZ (% of the TCA) vs. Area of alluvial groundwater (km2)

Polluted or at risk
[NO3

−] ≥ 25 mg L−1
Polluted
[NO3

−] ≥ 50 mg L−1

MODEL (A): LU–IV procedure based on MCAE 2000–09;
LU ratings from N–surpluses in Spanish crops (NEW)

r = 0.63 P–value = 0. 01 r = 0.47 P–value =0.06

MODEL (B): LU–IV procedure based on SIOSE, 2011;
LU ratings from N–surpluses in Spanish crops (NEW)

r = 0.69 P–value =0.01 r = 0.46 P–value =0.06

MODEL (C): LU–IV procedure based on MCAE 2000–09;
LU ratings from bibliographical references (Arauzo, 2017)

r = 0.52 P–value =0.04 r = 0.38 P–value =0.11

MODEL (D): IV index r = 0.48 P–value =0.05 r = 0.01 P–value =0.40
MODEL (E): DRASTIC index (extracted from IGME, 2009a,b) rho =0.18 P–value =0.29 rho = −0.28 P–value =0.18
MODEL (F): GOD index (extracted from Arauzo, 2014) rho =0.43 P–value =0.08 rho =0.34 P–value =0.14
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water availability and, therefore, a greater dilution capacity of the dis-
solved pollutants.

The map of intrinsic vulnerability (IV index) showed that all the al-
luvial aquifers were at a high–extreme risk level, coinciding with the
high nitrate levels in alluvial groundwater in most of the catchments.
Carbonate aquifer systems also showed large areas of high–extreme in-
trinsic vulnerability which, however, did not coincide with high nitrate
concentrations in the groundwater. This discrepancy can be explained
by two non–exclusive factors: (1) forests and natural areas inmountain
headwaters are protecting land uses that do not generate contamina-
tion, despite the high intrinsic vulnerability; and (2) limited informa-
tion on the degree of karstification of carbonate rocks might have
eventually led to overestimation of the ratings assigned to parameters
L and D.

The maps of LU from two different base maps (MCAE 2000–09 and
SIOSE 2011 ) were used to generate the respective versions of the
map of vulnerability to nitrate pollution using the LU–IV procedure,
with reasonably close results. Subsequently, potential NVZ were ex-
tracted from different models of vulnerability and compared with the
map of nitrate content in groundwater. The models compared were
the following: model A (LU–IV procedure, based on MCAE 2000–09
and using LU ratings from N–surpluses in Spanish crops), model B
(LU–IV procedure, based on SIOSE 2011 and using LU ratings from N–
surpluses in Spanish crops), model C (LU–IV procedure, based on
MCAE 2000–09 and using LU ratings from bibliographical references;
Arauzo, 2017), model D (IV index), model E (DRASTIC index) and
model F (GOD index). After three different validations (at regional and
catchment scales) the results confirmed, as expected, that models A
and B (which used the LU–IV procedure with the new LU ratings from
N–surpluses) proved to be the best predictors, both for at risk and pol-
luted groundwater areas. These results support the high level of reliabil-
ity of the LU–IV procedure when applying the LU ratings obtained
empirically from the N–surpluses. Our best estimation of NVZ (based
on Model A) covered a surface area of 2454 km2 (15% of the study
area). These results differ considerably from the 354 km2 officially des-
ignated as NVZ (2% of the study area).

The proposed risk rating system, based on N–surpluses in Spanish
crops which represent the potential risks of N–loss to groundwater
from agricultural diffuse sources, could be exportable to other countries
of theMediterranean area of similar climatic and agricultural conditions
to those of Spain.
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