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Anthropogenic activities influence past and present nitrate levels recorded in European stream waters,
posing a threat to aquatic biota and human beings. Scarce information on temporal trends of nitrate
concentration and its causes is available for Mediterranean catchments. This study presents the evolution of
nitrate concentrations over 25 years in stream waters of the Ebro River Basin (Spain), a large Mediterranean
catchment involving 85,566 km2. Nitrate concentration increased with time in 46% of the 65 sites involved in
the study. Agricultural cover of 30 hydrologically independent sub-catchments was the main land use related
to nitrate concentration (R2=0.69). Throughout the 25 year-period, the sites showing increased nitrate
concentrations with time (trend sites) also presented an enhanced influence of agricultural cover on nitrate
concentrations along the time frame of the study. As a result of these temporal changes, at the end of the
studied period nitrate concentrations in stream waters responded similarly to agricultural cover in both
trend and non-trend sites, showing non significant differences in the slope of the resultant regression
models. At this time, agricultural cover explained 82% of the variability found in nitrate levels. If these trends
remain unchanged, in 2015 many of the water bodies considered in this study would not comply with the
requirements of the European Union Water Framework Directive (WFD). Therefore management decisions,
mainly associated to agricultural practices, should be implemented as soon as possible at the catchment level
to meet WFD objectives.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Inland waters integrate terrestrial, atmospheric and aquatic
processes and can be considered as sentinels of environmental
changes (Williamson et al., 2008). Point and diffuse sources, such as
human sewage, deposition of air pollutants and agricultural practices,
induce an increase in nitrogen (N) loads in rivers, resulting in the
cultural eutrophication of the environment (Camargo and Alonso,
2006). Several studies have analyzed temporal trends in N concentra-
tions and fluxes of continental and coastal waters from North America
and Europe. Heathwaite et al. (1996) reported increases in N
concentrations in the rivers of these continents, reaching levels that
were over 20 times higher than background levels. Similarly, Green
et al. (2004) pointed out that global fluxes of dissolved inorganic
nitrogen (DIN) in river basins all over the world have increased 6-fold
since the pre-industrial time.

River catchments integrate the different factors influencing
nutrient pathways to rivers. This fact has been acknowledged by the
European Union (EU) Water Framework Directive (WFD, 60/2000/

EC), which aims to improve the ecological condition of continental
water bodies through environmental management initiatives
designed at the catchment level. The WFD promotes the analysis of
temporal trends in water quality and the identification of those
European water bodies exceeding established reference nutrient
levels. Contrasting results have been reported on the environmental
benefits derived from other EU legislation initiatives related to water
quality and the protection of continental aquatic ecosystems.
Improvement of water treatment networks has enabled the reduction
of phosphorus (P) and ammonium (NH4

+) levels in many European
river catchments. However, these initiatives have been less effective
in controlling nitrate (NO3

−) concentrations. This fact has become an
issue of concern for the management and conservation of aquatic
ecosystems (EEA, 2007a) as it could prevent achievement of the “good
ecological status” of European rivers by the year 2015, which is the
target of the WFD.

Although other chemical species associated to dissolved inorganic
nitrogen (DIN), such as ammonium, can be predominant in some
specific stream reaches, specially those near point sources, nitrate is
considered as the major constituent of the total N pool in non-pristine
rivers (Turner et al., 2003), from headwater streams (Peterson et al.,
2001) to large rivers (Bernot and Dodds, 2005). In fact, increasing
nitrate concentrations in fluvial waters is one of themain indicators of
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the final stages of N saturation processes in watersheds (Stoddard,
1994; Fenn et al., 2008). In addition to the eutrophication of
continental and coastal water bodies, nitrate can be toxic to
freshwater animals and may induce adverse effects on human health.
Camargo et al. (2005) pointed out that 44 mg/l of NO3

− can adversely
affect common freshwater species; the most sensitive ones could be
affected by concentrations exceeding 8.8 mg/l of NO3

−. International
drinking water guidelines range 40–50 mg/l of NO3

− to prevent
human metahemoglobinemia. Although cancer and adverse repro-
ductive outcomes have been associated to much lower concentra-
tions, there is not scientific consensus on a suitable threshold related
with human chronic exposure to nitrate (Ward et al., 2005).

Agricultural activities are the primary source of N pollution in
European aquatic environments (EEA, 2005; Grizzetti et al., 2005).
European agriculture has experienced a transformation from exten-
sive to intensive practices during the last fifty years (EEA, 2007b).
Although the amount of inorganic fertilisers applied per hectare has
remained constant during the 1990–2002 period, the increasing
application of organic N, with large regional variations in its
supplementation rate across Europe, may induce a significant N
export to water bodies (Oenema et al., 2007). Air pollution may also
represent another significant N input into water bodies. Although
nitrogen oxides (NOx) and ammonia (NH3) emissions and deposition
have decreased in the EU during the 1990–2005 interval (EEA, 2007c;
Fagerli and Aas, 2008), N critical loads are still exceeded in many
European forests (Lorenz et al., 2008). This general scenario is similar
in some Mediterranean countries of EU, such as Italy and Greece,
where agricultural fertilization and air pollutant emissions have been
reduced during the last decades (http://faostat.fao.org/; EEA 2007c).

Similarly to other EU countries, a progressive intensification of
agriculture has occurred in the most productive areas of Spain since
the beginning of “the Green Revolution” in 1960. As it is shown in
Table 1, the main intensification indicators, such as consumption of
fertilisers and pesticides, mechanization and irrigation, have grown
since 1961 resulting in a steady increase of crop yields. Nevertheless,
the most marginal fields have been abandoned during the same
period (Varela-Ortega and Sumpsi, 2002). In addition, air pollution
abatement policies have not been successfully implemented in Spain;
in fact, NOx and NH3 emissions have increased by 22.4% and 18% in the
1990–2005 period (EEA, 2007c), and N concentration in rainfall has
increased in northeastern Spain in the last 20 years (Ávila et al., in
press). Similarly to other EU countries, the control of point source
effluents has efficiently reduced P levels in Spanish rivers while it has
been less successful in abating the concentration of N compounds
(Ibáñez et al., 2008). These general trends together with the land use
changes occurred in Spain may have influenced the N levels,
especially nitrate concentrations, recorded in Spanish water bodies.

The detection of temporal trends in nitrate concentrations in
Mediterranean rivers and their relationships with land use changes
occurring at the catchment level contributes to identify the areas and
factors adversely influencing water quality. Therefore it could be a
useful tool for environmental managers. Some efforts have beenmade
to study changes in water nutrient levels in the Mediterranean
countries; however, they have not considered the influence of land
use at catchment and sub-catchment levels. They mostly involve very
specific sites, such as main channels and mouths of large rivers or

sectors influenced by big cities or groundwater recharge (EEA, 2007a;
Torrecilla et al., 2005; Ibáñez et al., 2008; Bouza-Deaño et al., 2008).

To cover this gap, in this study we explored the temporal trends
(1981–2005) in nitrate concentrations in stream waters of the Ebro
River Basin. The following hypothesis were contrasted: 1) Nitrate
concentrations in surface waters increased over time, 2) land use,
mainly agriculture, influenced nitrate levels in this period, and 3) this
influence has changed with time. In addition, the implications of the
results in relation to the achievement of WFD goals have been
highlighted.

2. Study area

The study area involves the whole Ebro River Basin (NE Spain),
85,566 km2, discharging into the western Mediterranean Sea (Fig. 1).
It is the largest Spanish fluvial system, covering 17% of the Spanish
Iberian territory. The main channel of the Ebro River represents
910 km of the total 13,049 km fluvial network. Average discharge of
the Ebro River near its mouth was 9216 hm3/y from 1981 to 2005. The
catchment is heterogeneous in terms of geology, topography, and
climatology. In general, silicic materials are located in the uppermost
altitudes (3408 m a.s.l. is the highest altitude) while calcareous
materials are found at lower elevations (1000–3000 m). The central
part of the basin is an evaporitic Tertiary depression of marine origin
with a thick layer of gypsum, halite and other salts. Topography
modulates Mediterranean climatic patterns throughout the catch-
ment, with a distinct transition from a semiarid environment in the
centre of the catchment to humid conditions at its northern ranges,
influenced by the Pyrenees. Average annual precipitation in the 1920–
2002 period was 622 mm, varying from over 2000 mm in the
Pyrenees to less than 400 mm in the arid interior (CHE, 2005).

About 3million inhabitants live in the Ebro Basin, with a
population density of ca. 34inhabitants/km2 (less than 50% of the
Spanish mean). Around 45% of the population is concentrated in 5
towns over 100,000 inhabitants. The most populated area of the basin
includes Zaragoza City and its surroundings, with more than 700,000
inhabitants. This area has undergone a significant industrial develop-
ment during the last two decades (CHE, 2005). From 1981 to 2001, the
population in the basin grew by 1%, and migrations from the least to
the most populated towns occurred (http://www.ine.es/).

A great effort has been conducted in the catchment to control the
quality of point source effluents. For instance, the number of
wastewater treatment plants has increased from 1 to 259 from 1989
to 2005 (Oscoz et al., 2008). As a result, a drastic reduction in the
urban inputs of nutrients has been found; in fact, Bouza-Deaño et al.
(2008) and Ibáñez et al. (2008) reported reductions in phosphate
(PO4

3−) levels during that period. Torrecilla et al. (2005) estimated
that point sources in the area of Zaragoza could account for 36% of all
the nitrate inputs to the streams, while agricultural sources would
explain the remaining percentage.

As shown in Table 2, agricultural and natural areas represent 48%
and 50% of the total basin area, respectively (CORINE Land Cover
Project data, 2000 data). Around 10% of the catchment is devoted to
irrigated agriculture, demanding 6310 hm3/y in the 90s, which
represent 89% of the total water demand (CHE, 2005). Available
data for Ebro River basin indicate that a great increase in water
demand for irrigation (18%) occurred between 1961 and 1985,
followed by a lower increase (8%) from 1985 to 2005 (Pinilla, 2006;
CHE, 2005). Besides, during this last period the area devoted to maize,
one of the most water-demanding crops, increased by 34%. Addition-
ally, the yield of themain crops in the region raised substantially (17%,
21% and 25% for wheat, barley and grain maize, respectively) (http://
ec.europa.eu/).

Annual averages of discharge through the 1981–2005 period were
very variable among the Ebro tributaries in both reaches close to their
sources (17–320 hm3/y, 165 median value) and those near to their

Table 1
Agricultural intensification indicators in Spain (1961–2005).

1961–65 1981–85 2001–05

Agricultural area (103km2) 330 309 293
N fertilisers consumption (103kg) 369 863 1064
Agricultural tractors (103 units) 111 591 953
Area equipped for irrigation (%) 6 10 13
Cereal yield (kg/ha) 1219 2144 3049

Source: http://faostat.fao.org/.

6035L. Lassaletta et al. / Science of the Total Environment 407 (2009) 6034–6043



Author's personal copy

mouths (91–1258 hm3/y, 346medianvalue). Nitrate exports for thefive
Ebro sub-catchmentswhere enoughdatawere availablewere estimated
followingNégrel et al. (2007). The averagenitrate export rates for 1981–
2005, expressed as NO3

−, ranged 500–2900 kg km−2y−1. According to
worldwide study performed by Álvarez-Cobelas et al. (2008), these

estimations correspond to catchments not extremely impacted by
agriculture.

3. Materials and methods

3.1. Nitrate concentration data

The Ebro Basin Confederation (Confederación Hidrográfica del Ebro:
CHE)—the first water authority ever created and the first basin
organization in the world—is, since its foundation in 1926, the
institution in charge of the integrated basin-basedwatermanagement
of the Ebro River Basin (CHE, 2008a). Its Water Quality Control
Network was progressively developed since the early 1960s. The
Water Quality Department of CHE provided us a raw data-set of
nitrate concentrations recorded from 1981 to 2005 at 65 sampling
sites distributed all over the Ebro River Basin (Fig. 1). Nitrate was
determined by UV–Visible Spectrophotometry until 1992 and by Ion
Chromatography from then on. The detection limit for both methods
was 0.1 mg/l of NO3

−. Consistence of the data-set was tested and no
biases in concentration data caused by this change were detected.
These data correspond to surface water samples obtained periodically
at fixed sites: 13 are situated in the main channel (Ebro River), 31 in
the upper reaches of its tributaries (at a varying distance of 28–
100 km from the tributary source), and 21 in the lower reaches (at a
distance ranging 100–236 km from the tributary source). Sample
collection, preservation and transportation were performed in
accordance with the Standard Methods for the Examination of
Water and Wastewater (APHA, American Public Health Association,
1992). The determination of nitrate concentrations was performed by
the Water Quality Laboratory of the CHE always following good
laboratory practices such as standard protocols, blank measurements,
spiked and duplicated samples (APHA, 1992), and in accordance with
the European EN 45001 Norm. The laboratory regularly participates in

Fig. 1. Study area and location of the sites of the Ebro River catchment where nitrate concentrations were monitored.

Table 2
CORINE Land Cover (CLC) classes and codes at the first and second levels, and their
corresponding cover in the Ebro River catchment in 2000.

Code Class Cover in the Ebro Basina

First level 1 Artificial surface 1.09
2 Agricultural areas 47.98
3 Natural areasb 50.20
4 Wetlands 0.09
5 Water bodies 0.64

Second level 1.1 Urban 0.61
1.2 Industrial/commercialc 0.34
1.3 Mine/dump/construction 0.13
1.4 Artificial greend 0.02
2.1 Arable land 29.44
2.2 Permanent crops 3.39
2.3 Pastures 0.99
2.4 Heterogeneous areas 14.16
3.1 Forests 22.31
3.2 Scrub/grasslandse 25.41
3.3 Open spacesf 2.49
4.1 Inland wetlands 0.05
4.2 Maritime wetlands 0.04
5.1 Inland waters 0.62
5.2 Marine waters 0.02

a Expressed as percentage (%) of the whole catchment.
b Natural areas: Forest and semi-natural areas.
c Industrial/commercial: Industrial, commercial and transport units.
d Artificial green: Artificial, non-agricultural vegetated areas; this category involves

recreational areas such as urban parks.
e Scrub/grasslands: Scrub and/or herbaceous vegetation associations.
f Open spaces: Open spaces with little or no vegetation.
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international programmes on quality control and it is currently
accredited by UNE EN ISO/IEC 17025 Norm. In this work, nitrate values
are expressed as mg/l of NO3

−.
As varying sampling frequencies across sites and years were found

in the raw data-set, periods with a more regular sampling were
selected for consistency, following Helsel and Hirsch (2002).
Therefore, the analyzed data-set involved the closest observations to
January 15th and to July 15th, respectively labelled as “winter” and
“summer” data.

3.2. Temporal trend analysis of nitrate concentrations

The non-parametric Seasonal Kendall test (SK test) (Hirsch et al.,
1982) was performed to detect significant site-specific monotonic
trends. The SK test can be used for time series of data with seasonal
variations, missing values, tied values, or values below the limit of
detection, and do not require data normality (Yu et al., 1993). The SK
test applies the Mann–Kendall test (MK test) to each season
separately, and then combines these results in an overall statistic.
The slope of the significant summer and winter trends was estimated
by using the Sen's slope procedure (Sen, 1968), while the slope of the
overall significant trends was determined using the Seasonal Kendall
trend slope method (SKT slope) (Helsel and Hirsch, 2002). Sen's slope
is the median value of all slopes between every pair of data (in this
case, winter or summer data) and SKT slope is a generalization of Sen's
slope procedure, which avoids between-seasons biases. In summary,
one “overall” and two “seasonal” site-specific trend analyses were
considered, and the slope of the regression was estimated for every
significant trend. The sites showing at least one significant trend were
labelled as “trend sites”; those not showing any significant trend were
labelled as “non-trend sites”. We used anMS Excel® tool developed by
Libiseller (2004) to perform the SK test; a similar tool was developed
to estimate the slopes.

River flows in the Ebro Basin are regulated by reservoirs,
diversions and consumptive uses, according to the management
performed by local to national administrative agencies (Comín, 1999;

Batalla et al., 2004). Therefore, following Hirsch et al. (1991) and Yu
et al. (1993), nitrate concentrations were not flow-adjusted in our
study because human activity has altered the probability distribution
of discharge, through changes in regulation, diversion, or consump-
tion during the period of the trend analysis.

Mean nitrate concentration for the overall studied period (1981–
2005) was calculated for each site. In addition, average nitrate
concentration values corresponding to the initial- (1981–1985) and
final (2001–2005) periods were calculated and labelled as “initial
concentration” and “final concentration”, respectively. Comparison of
these values between trend- and non-trend sites was carried out
using the Student t-test; before performing the tests data were log-
transformed to normalize data, normality was verified with the
Shapiro–WilkW test. For the trend sites, the relationship between the
initial concentration (log-transformed) and the estimated SKT slope
of the trend was analyzed using a General Linear Model (GLM) fitting.

3.3. Influence of land use on nitrate concentrations

The influence of land use on nitrate concentrations and trends was
assessedonly inhydrologically independent sub-catchments. Therefore,
the closest sampling sites to the source of each tributary were selected,
involving a total of 30 sites. The drainage areas upstream the sampling
sites were delimited using spatial data layers (scale 1:50,000) provided
by the CHE database (http://oph.chebro.es) and a GIS software (ArcGis
9.2). Fig. 2 shows the 30 resultant sub-catchments, with areas ranging
from 223 km2 to 3113 km2 (1096 km2, median value).

The land usemaps from the CORINE Land Cover (CLC) Project were
used to calculate the cover (%) of every land use class (first and second
levels of CLC classification) in each sub-catchment for the years 1987
and 2000 (Table 2). Average value for these two years was calculated.
Finally, net change in the cover of every CLC class during the 1987–
2000 periodwas estimated by subtracting the percentage of expanded
area from the percentage of lost area during that particular time span.

In order to evaluate whether differences in land uses existed
between trend- and non-trend sites, mean contrasting tests (Student

Fig. 2. Drainage areas of the 30 sites selected for the assessment of the influence of land uses on nitrate concentrations. Agricultural cover was obtained from CORINE Land Cover
database (CLC, 2000).
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t and Mann–Whitney U tests for normal and non-normal distribu-
tions, respectively) were performed for every CLC class at both 1st and
2nd levels. The variables involved in this comparison were average
area between 1987 and 2000, and net change in the cover of the
different CLC classes.

Two forward stepwise regressions were performed at each CLC
level to obtain the CLC classes explaining the mean nitrate
concentration for the overall period. Only “Agricultural areas” and
its sub-classes were selected by the models. Nitrate concentration
response to agricultural cover was studied by constructing five
General Linear Models (GLM). The first GLM described the overall
response of the mean nitrate concentration related to average
agricultural cover throughout the studied period. Similarly, four
additional GLM were constructed for each combination of trend- or
non-trend sites and the initial or final nitrate concentrations. A
parallelism test was performed in both pairs of models to test the
homogeneity of their slopes. Nitrate concentration and percentage of
agricultural land use areas were normalized by using log(x) and arcsin
[(y/100)1/2] transformations, respectively.

The relationship between Sen's slope and the cover of the different
CLC classes was studied by constructing new GLM.With the exception
of trend analyses, all statistical analyses were performed using the
computer programme STATISTICA 6.0 (StatSoft Inc., 2001), establish-
ing 0.05 as the critical significance level.

3.4. Estimation of the compliance with the water framework directive

To place the results of our study in the context of the WFD and to
assess whether the resulting data would comply with the WFD
objectives, the initial, final, and estimated nitrate concentrations for
2015 were compared with two types of reference levels of NO3

−: 1)
20 mg/l, which is a general threshold currently adopted by CHE
(2008b) to achieve the Good Ecological Status of all the water body-
types of the Ebro catchment (unspecific-water body type threshold),
and 2) the maximum level of NO3

− recorded at reference stations of
each water body type of the Ebro catchment (Prat and Munné, 1999)
(specific-water body type threshold). For trend sites, SKT slope was
used to estimate future (2015) nitrate concentrations, whereas for
non-trend sites, the mean nitrate concentration in the 1981–2005
period was used as the 2015 nitrate concentration value. This
assessment involved the 52 sites that can be grouped according to
the water body-types adopted by CHE (2005).

4. Results

4.1. Evolution of nitrate concentration

Nitrate was the dominant form of DIN, none of the sites presented
an average molar ratio of nitrate/ammonium lower than 3.7, being
20.4 the median molar ratio for the 65 sites (Table 3). The average
values of nitrate concentrations (1981–2005 period) were very
variable among the 65 sites of the Ebro River Basin (1.3–40.3 mg/l;
median=9.4 mg/l; Table 3). All site-specific mean concentrations
exceeded 0.44 mg/l of NO3

−, the background concentration proposed
by Meybeck (1982) for the major unpolluted rivers. Furthermore, 50%

of them were greater than this background value by more than 21-
fold. In addition, 58% of the sites overreached 8.8 mg/l, which is the
threshold proposed by Camargo et al. (2005) for protecting the most
sensitive freshwater species. The maximum allowable concentration
established by the Nitrates Directive (1991/696/EC), 50 mg/l, was
occasionally exceeded at some sites, but it was not exceeded when
mean site values were considered.

In 48% of the sites (n=31), a significant temporal trend was
detected in at least one out of the three trend analyses performed:
overall, winter or summer periods. Table 4 presents the number of
sites showing a temporal trend in nitrate concentrations. 19 and 26
sites exhibited significant increases in winter and summer, respec-
tively. Only one site exhibited a significant decrease (in summer). The
trend sites are spread all over the Ebro catchment, mainly in the
tributaries. Five sites located at the main channel of the Ebro River
presented a significant increase in their nitrate concentrations
(mainly in the seasonal periods). These sites were situated in the
upper and lower sectors of the Ebro River but not in the mid-sector of
the river. The correlation (Spearman test) between annual-averaged
flow and time at the 39 sites where records of more than 15 complete
years were available resulted in a significant (p<0.05) flow decrease
with time in 5 sites, 4 of themwere non-trend sites and only onewas a
trend site.

When nitrate concentrations of the initial and final periods were
compared, the non-outlier range (±1.5 SD) increased from 1.2–
22.6 mg/l to 1.7–28.7 mg/l in the non-trend sites, and from 1.1–18.5 to
1.7–25.8 mg/l in the trend sites. In the initial period, summer mean
nitrate concentrations were significantly higher in the non-trend sites
than in the trend sites, whereas it did not differ between both site
groups in the final period. Non significant differences were found
between both types of sites in winter.

A significant linear relationship (R2=0.37; p<0.01) was found
between the initial nitrate concentration and the SKT slope of the
trend sites (Fig. 3). Similar results were observed in the relationships
between the initial concentration and Sen's slope for seasonal data
(R2=0.38, p<0.01 for winter values; R2=0.29, p<0.01 for summer
values). Therefore, the trend sites with a higher initial concentration
also had a higher estimated slope. Consequently, the increase in their
nitrate concentration was faster with time.

4.2. Relationships between nitrate concentrations and land use

A significant trend in nitrate concentration was detected in 11 of
the 30 hydrologically independent sites in at least one of the
considered time frames (i.e., winter, summer or overall period). The
only decreasing trend was found at a site belonging to the sub-
catchment showing the highest and the lowest cover by the CLC
“Natural areas” and “Agricultural areas”, 97% and 2% respectively.

Small changes were found in the cover of the different CLC classes
from 1987 to 2000 in the 30 sub-catchments (Table 5). The greatest
average net change was 0.6% (n=30) and none of the CLC classes
experienced a net change over 5% of the area of any sub-catchment.
Mean net change of agricultural land was ca.−0.1%, which suggests
an agricultural abandonmentmuch lower than for other regions of the
Iberian Peninsula (Table 1). Significant differences (p<0.05) in mean

Table 3
Averages of nitrate concentrations (expressed asmg/l of NO3

−) andmolar ratio of nitrate/ammonium recorded during 1981–2005 at the 65 sites of the Ebro River catchment involved
in the study.

Mean Minimum 1st quartile Median 3rd quartile Maximum Std. Dev Abs. max.a

Winter 11.4 1.5 5.3 11 15.3 41.6 7.3 65.1
Summer 9.6 1.2 3.9 8.2 12.4 39.1 7.1 64.6
Overall 10.5 1.3 4.5 9.4 14.5 40.3 6.9 65.1
NO3

−/NH4
+ molar ratio 22.6 3.7 8.8 20.4 32.0 60.6 15.4 249.1

a Absolute maximum value for the raw data-set. Number of observations (n): nsummer=1560; nwinter=1503; ntotal=3063.
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net changes between trend sites sub-catchments and non-trend sites
ones were found only for two classes: 1.2 class “Industrial/commer-
cial” and 1.4 class “Artificial green”. Low increases in the cover of these
two classes occurred in the sub-catchments of non-trend sites
whereas no changes were found in the sub-catchments of trend
sites. Conversion from dry to irrigated arable land occurred in 10 of
the 30 sub-catchments, involving 4 trend sites and 6 non-trend sites.
These changes in sub-catchment area averaged ca. 1.4% for both types
of sub-catchments.

As shown in Table 6, hardly any significant difference was found in
the average area (1987 and 2000) between trend- and non-trend
sites. Only “Artificial green” and “Scrub/grasslands” classes were
significantly lower (p<0.05) in the trend sites when compared to the
non-trend sites: 0% vs. 0.02% for “Artificial green”, and 24% vs. 33% for
“Scrub/grasslands”, respectively.

Nitrate mean concentration (1981–2005 period) was strongly
related to the average cover of “Agricultural areas” (R2=0.69;
p<0.001) (Fig. 4). This relationship was also evaluated for trend-
and non-trend sites using the nitrate average concentrations recorded

at the initial and final intervals, resulting in statistically significant
relationships (Fig. 5). For the initial period, the regression involving
the non-trend sites explained more variance and its slope was higher
than for the trend sites. However, for the final period, there was no
difference in R2 or in the slope between these two groups. This result
was confirmed by the parallelism test of those regression models,
which identified significant heterogeneous slopes in the initial period

Fig. 3. Relationship between the initial concentration of nitrate (expressed as mg/l of
NO3

−) in the Ebro River catchment (1981–1985 period) and the estimated slope of the
temporal trend. To improve the understanding of the figure, the log-transformed data
of nitrate concentrations (x-axis) are shown in their original units.

Table 5
Net changes in the area covered by each CORINE Land Cover class at 30 hydrologically
independent sub-catchments of the Ebro River Basin occurring between 1987 and 2000.

CLC class Net changesa

Mean Range Trend- vs
non-trend sitesb

First level 1 Artificial surface 0.14 −0.05 1.01 n.s.
2 Agricultural areas −0.08 −0.84 0.61 n.s.
3 Natural areas −0.08 −0.72 0.17 n.s.
4 Wetlands 0.00 −0.01 0.00 n.s.
5 Water bodies 0.02 0.00 0.28 n.s.

Second level 1.1 Urban 0.04 0.00 0.51 n.s.
1.2 Industrial/
commercial

0.07 0.00 0.87 *

1.3 Mine/dump/
construction

0.02 −0.32 0.31 n.s.

1.4 Artificial green 0.01 0.00 0.10 *
2.1 Arable land −0.14 −1.28 0.43 n.s.
2.2 Permanent crops 0.07 −0.59 1.48 n.s.
2.3 Pastures −0.01 −0.39 0.10 n.s.
2.4 Heterogeneous areas 0.00 −1.13 0.60 n.s.
3.1 Forests 0.61 −2.95 4.21 n.s.
3.2 Scrub/grasslands −0.42 −4.59 3.78 n.s.
3.3 Open spaces −0.27 −2.04 0.03 n.s.

The second level classes corresponding to first level classes Wetlands surfaces and
Water surfaces are not further displayed, as they are conformed by only one subclass
each: Inland wetlands and Inland waters, respectively.

a Numeric values are expressed as percentage of sub-catchment area; negative
values correspond to net losses and positives ones to net gains.

b Mean comparison between trend sites (n=11) and non-trend sites (n =19). *p<0.05;
n.s. non significant differences.

Table 6
Comparison of the surface area covered by each CORINE Land Cover classa (1987–2000
average) at trend- and non-trend sites from the 30 hydrologically independent sub-
catchments of the Ebro River Basin.

CLC class Trend-sites Non-trend sites Differencesb

Mean Min. Max. Mean Min. Max.

1 Artificial surface 0.7 0.1 2.7 0.8 0.2 1.9 n.s.
2 Agricultural areas 37.6 2.2 91.2 32.7 9.2 74.4 n.s.
3 Natural areas 61.5 7.7 97.1 65.7 24.3 89.3 n.s.
4 Wetlands <0.1c 0.0 0.2 <0.1 0.0 0.2 n.s.
5 Water bodies 0.1 0.0 0.4 0.8 0.0 5.4 n.s.
1.1 Urban 0.4 0.1 0.7 0.5 0.1 1.5 n.s.
1.2 Industrial/
commercial

0.2 0.0 2.0 0.1 0.0 0.5 n.s.

1.3 Mine/dump/
construction

0.1 0.0 0.3 0.2 0.0 1.3 n.s.

1.4 Artificial green 0.0c 0.0 0.0 <0.1 0.0 0.1 *
2.1 Arable land 25.3 0.6 73.9 22.2 3.7 70.6 n.s.
2.2 Permanent crops 0.8 0.0 4.0 1.1 0.0 12.7 n.s.
2.3 Pastures 1.4 0.0 7.9 2.0 0.0 7.9 n.s.
2.4 Heterogeneous areas 10.1 1.5 34.6 7.4 0.0 21.6 n.s.
3.1 Forests 34.4 2.1 65.0 29.20 8.7 63.5 n.s.
3.2 Scrub/grasslands 23.6 5.5 39.1 33.1 15.3 49.1 *
3.3 Open spaces 3.5 0.0 18.4 3.4 0.0 16.1 n.s.

The second level classes corresponding to first level classes Wetlands surfaces and
Water surfaces are not further displayed, as they are conformed by only one subclass
each: Inland wetlands and Inland waters, respectively.

a Expressed as percentage of sub-catchment area.
b Comparison between trend sites (n=11) and non-trend sites (n=19). * p<0.05;

n.s. non significant differences.
c 0.0 means no presence of this use in the catchment, <0.1 means a percentage

between 0 and 0.1.

Table 4
Number of sites within the Ebro catchment experiencing significant changes in nitrate
concentration with time (1981–2005), classified according to their location and their
type of trend.

Trend Tributaries Main
channelc

Total

Upper reachesa Lower reachesb

Winter No trendd 21 14 11 46
Increase 10 7 2 19
Decrease 0 0 0 0

Summer No trend 17 11 10 38
Increase 13 10 3 26
Decrease 1 0 0 1

Overall No trend 19 11 12 42
Increase 12 10 1 23
Decrease 0 0 0 0

Groups Non-trend sitese 15 11 8 34
Trend sitesf 16 10 5 31
Total 31 21 13 65

a Upper reaches: sites located at a distance of 28–100 km from the tributary source.
b Lower reaches: sites located at a distance of 100–236 km from the tributary source.
c Main channel: sites located in the Ebro River.
d No trend: sites not presenting significant temporal trends in nitrate concentrations.
e Non-trend sites: sites where no significant trends were found at any time frame

(winter, summer or overall).
f Trend sites: sites exhibiting significant temporal trends for nitrate concentrations at

any time frame (winter, summer or overall).
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(p<0.01) and homogeneous slopes in the final period. Consequently,
at the end of the studied period the relationship between “Agricul-
tural areas” and nitrate concentration in trend sites sub-catchments

became similar to the corresponding relationship for non-trend sites
sub-catchments, as their regression models had a similar explicative
value and a similar slope.

In bothwinter and summer, Sen's slopewas positively relatedwith
“Agricultural areas” cover, and negatively with “Natural areas”
(Table 7). Thus, sub-catchments with higher agricultural cover, and
consequently with lower natural cover, experienced a faster increase
in their nitrate concentrations during the last 25 years. When
considering the second level of CLC, it became apparent that the
relationships found in winter and summer for the first level of CLC
were related to the “Arable land” category. Additionally, negative
relationships were found in summer between “Forests” or “Open
spaces” and Sen's slope.

4.3. Analysis of compliance with the water framework directive

In the initial period, the unspecific-water body type nitrate
concentration threshold (20 mg/l) was exceeded in 12% of the sites,
while the specific-water body type thresholds were overreached in
35% of the sites (Table 8). In the final period, non-compliance with
these thresholds raised to 17% and 52% of the sites, respectively. If the
trend sites steadily increase their nitrate concentrations at the rate
estimated in this study, 23% of the sites will exceed the unspecific-
water body type threshold in 2015 and 56% will overreach the
specific-water body type thresholds.

Fig. 4. Relationship between agricultural cover (%) in each sub-catchment and nitrate
mean concentration (expressed as mg/l of NO3

−) for the period 1981–2005. The analysis
involved the 30 sites from the hydrologically independent sub-catchments. Data
related with agricultural cover and nitrate concentrations were transformed, as arcsin
[(x/100)1/2] and log(y), respectively. Data are shown in their original units to improve
the understanding of the figure.

Fig. 5. Relationship between agricultural cover (%) in each sub-catchment and nitrate mean concentration (expressed as mg/l of NO3
−) at the initial (1981–1985) and final (2001–

2005) periods. The analysis involved the 30 sites from the hydrologically independent sub-catchments, grouped in trend- and non-trend sites (n=11 and n=19, respectively). Data
related with agricultural cover and nitrate concentrations were transformed, as arcsin[(x/100)1/2] and log(y), respectively. Data are shown in their original units to improve the
understanding of the figure.
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5. Discussion

5.1. Nitrate concentrations, temporal trends and agricultural practices

The increase in nitrate concentrations found in 46% of the sites
involved in this study during the 1981–2005 period contrasts with the
trends recorded in the fluvial waters of other European catchments
where stabilization or reductions in nitrate concentration have been
reported (EEA, 2003). Stabilization of nitrate concentrations has been
observed in forested sites (Skjelkvåle et al., 2005) and agricultural
catchments (Bechmann et al., 2008) of northern Europe. Reductions in
other catchments have been attributed to the improvements in
agricultural practices and to the reduction of fertiliser application or
the abandonment of agricultural areas in Estonia (Iital et al., 2005, Järvet
et al., 2002), the implementation and improvements of wastewater
treatments in Poland and France (Eriksson et al., 2007; Tudesque et al.,
2008), or the reduction of acid deposition in Czech Republic (Oulehle et
al., 2008). There are exceptions to this general scenario in some Italian
forests (Rogora, 2007) or agricultural catchments from northern Europe
and France (Räike et al., 2003; Sileika et al., 2006; EEA, 2007a), inwhichN
inputs have an atmospheric or fertiliser origin,where increasing trends of
nitrate concentrations with time have been reported.

The results of this study indicate that agricultural cover strongly
influences the average level of nitrate in the streamwaters of the Ebro
River catchment, explaining 69% of the variance over the 25-year
period. A strong association between nitrate concentration and
agricultural cover also has been found in other European catchments,
accounting for a significative percentage (40%–90%) of the variance
(Moreno et al., 2006; Skoulikidis et al., 2006; García-Pintado et al.,
2007; Lassaletta, 2007; Tisseuil et al., 2008). Moreover, a convergence
with time was found in the relationship between agricultural cover
and nitrate concentrations in trend- and non-trend sites of the Ebro
catchment over the 25-year period. The components explaining this
convergence were: 1) the explained variance of the regression model
of the trend sites converged with the corresponding value of the non-
trend sites model, accounting for 82% of the total variance in the final
period, and 2) the resulting slopes of the models constructed for the
trend- and the non-trend sites were different at the initial period,
becoming similar at the final period. This convergence was caused by
the faster increase in nitrate concentration in those trend sub-
catchments having a higher agricultural cover, as shown by the
significant relationship between the Sen's slope and the latter variable.

As it is shown in Table 1, intensification of agriculture in Spain
began before 1981, and it continued throughout the study period
(1981–2005). The strong relationship between agricultural cover and
nitrate concentration in non-trend sites in the initial period (1981–
1985) suggests that the response to intensification probably started
before 1981. Changes in nitrate concentration since the 1950s have
been described in studies conducted in other European catchments
(EEA, 2003; Radach and Patsch, 2007; Howden and Burt, 2008).
Moreover, Billen et al. (2007) suggested that divergence from pristine
conditions would have started several centuries ago.

As agricultural cover was similar in trend- and non-trend sites and
it showed no significant changes with time, the temporal increase of
nitrate levels could be associated to a delayed response of trend sub-
basins to the general process of agricultural intensification that
occurred in the Ebro basin. The different response velocities between
sites might be explained by longer water-transit times, different
stages of the saturation processes or differences in the implementa-
tion of newer agricultural practices in trend sites. Differences in time
lag between N input and output has been observed in other European
catchments (Sileika et al., 2006; Howden and Burt, 2008).

In non-trend sites nitrate levels remained unchanged over time
and showed the same response to agricultural cover during the
studied period. This fact could indicate that the response of their
surface waters to agriculture reached a steady-state, which induces a
stabilization in nitrate concentrations as has been found by Howden
and Burt (2008) in other agricultural catchments. However, this could

Table 7
Results of the regression analysis relating the area covered by a given CLC class (1987–
2000 average) and the estimated Sen's slope of the trend analysis involving the 30
hydrologically independent sub-catchments.

Code Class Winter Summer

p-value R2 Δa p-value R2 Δ

Level
1

1 Artificial surface n.s. n.s.
2 Agricultural areas 0.020 0.56 + 0.007 0.67 +
3 Natural areas 0.021 0.55 − 0.008 0.66 −
4 Wetlands n.s. n.s.
5 Water bodies n.s. n.s.

Level
2

1.1 Urban n.s. n.s.
1.2 Industrial/

commercial
n.s. n.s.

1.3 Mine/dump/
construction

n.s. n.s.

1.4 Artificial green n.s. n.s.
2.1 Arable land 0.034 0.49 + 0.010 0.63 +
2.2 Permanent crops n.s. n.s.
2.3 Pastures n.s. n.s.
2.4 Heterogeneous areas n.s. n.s.
3.1 Forests n.s. 0.010 0.59 −
3.2 Scrub/grasslands n.s. n.s.
3.3 Open spaces n.s. 0.009 0.64 −

a Sign of the relation.

Table 8
Percentage of water bodies exceeding the thresholds of nitrate concentration (expressed as mg/l of NO3

−) for good ecological status in 1981–1985, 2001–2005 and 2015.

Type of water bodya Nitrate thresholdsb

(mg/l)
No. of
sites

Sites at risk (%)c

1981–1985 (average) 2001–2005 (average) 2015d (estimated)

Mediterranean mineralized mountain streams at low altitude 10.5 8 63 100 100
Mediterranean mountain streams in calcareous terrains 21 11 0 9 9
Low-mineralized continental Mediterranean rivers 9 15 47 73 73
High-mineralized continental Mediterranean rivers 10.5 2 100 100 100
Large Mediterranean watercourses 19 6 17 17 17
Humid mountain streams in calcareous terrains 5.5 10 30 40 60
Total 52 35 52 56
All types 20e 52 12 17 23

Sites located in artificial or heavily modified water bodies (substantially changed as a result of physical alterations by human activity) were not considered in this part of the study
(n=13).

a Types according to CHE (2005).
b Specific-water body type thresholds, based on Prat and Munné (1999).
c Percentage of water bodies in which nitrate levels are above the indicated threshold.
d The estimation for 2015 was obtained through the SKT slope for the 21 sites with a significant overall trend, and whole-period means were used as estimators for the other 31

sites.
e Unspecific-water body type threshold: currently adopted by CHE (2008b); it is independent from typology.
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be a transient stage as changes in factors mainly related with basin
management could occur in the future. The convergence with time of
trend sites to non-trend sites in the response to agriculture could not
necessarily indicate that a steady-state has been also reached.

The increases in summerandwinter nitrate concentrationswith time
observed at the catchment level could be explained by the type of
agricultural practices performed in the sub-catchments. On the one
hand, non-irrigated fields could produce the maximum export and
concentrationof thismolecule inwinter,when fertilization is carriedout,
precipitation is higher and plant nitrogen uptake is lower (Lassaletta,
2007; Tisseuil et al., 2008). On the other hand, irrigated agriculture
induces nitrate inputs to stream waters through the irrigation return
flows in summer (Torrecilla et al., 2005; Causapé et al., 2004).

The remaining unexplained 18% of the variance of nitrate
concentrations recorded in the catchment in the final period may be
attributable to other factors such us atmospheric N deposition, point
sources or local environmental features of sub-catchments. In Spain,
NOx and NH3 emissions have increased during the last years. In fact, if
the present trend is maintained, by the year 2010 NOx emissions will
exceed by 50% the Spanish ceiling established by the EU National
Emission Ceilings Directive (NECDirective) (EEA, 2008). However, the
high nitrate levels in aquatic systems associated with agricultural
practices will probably mask the effects of atmospheric N deposition.
In European forested catchments where the responses to N deposition
have been studied (Rogora, 2007; Oulehle et al., 2008), the nitrate
concentrations in stream waters (0.13–7.9 mg/l of nitrate) were
generally lower than those measured in the Ebro sites (1.3–41.4 mg/l
of nitrate, 9.2 median value). In the specific sub-catchment where a
decreasing trend in nitrate concentration with time was found,
agricultural land cover class was hardly represented, as 97% of its area
was covered by the “Natural areas” CLC class. Therefore, it can be
concluded that N deposition has not induced a clear increase in nitrate
stream concentrations. Total atmospheric N deposition recorded at
the nearest EMEP station (EMEP-Logroño 42º 27′N; 02º 21′W)
remained in the range of 5–13 kg Nha−1y−1 in the 1988–2000.
According to Dise et al. (2009), it is unlikely that N values within this
range could result in a relevant increase in nitrate concentrations in
stream waters, especially when they are compared with agricultural
inputs. However, N deposition may contribute to an acceleration of N
saturation symptoms in those sub-catchments already impacted by
large inputs from agricultural activities.

Population has hardly changed during the studied period and
wastewater treatment has been improved. The only significant decreas-
ing trend in nitrate was observed in summer in a sub-catchment with a
very low agricultural influence (2%), which did not show any changes in
N atmospheric deposition, in population, or in land uses. Impact of N
point sources on riverwater quality is frequently higher during summer,
influenced by lower stream flows. The improvement of depuration
systems throughout the studied period can explain this decline in nitrate
levels. However, the European objectives related with water depuration
have not been achieved yet. This situation could aggravate the effects
derived fromagricultural pollution as thesummationof pointanddiffuse
source pollution may overwhelm stream capacity to retain and
transform nutrients (Merseburger et al., 2005).

5.2. Ecological status of the stream water bodies and compliance with
the WFD

The results of our study indicate that if control policies are not
implemented, a substantial fraction of the stream water bodies of the
Ebro River Basin will not achieve the WFD objectives in 2015,
especially in those areas presenting a high agricultural cover. The
positive relationship found between the increasing trend slope and
the initial nitrate concentration suggests the need in prioritizing the
control over the most impacted sub-catchments, not only because of
their lower water quality, but also due to their faster deterioration.

Codes of good agricultural practices must be applied at the
catchment level. Other approaches, such as stream and riparian
restoration strategies, should be promoted as well (Cherry et al.,
2008). Some programmes have been successful in minimizing the
agricultural impacts on stream nitrate levels in Estonia (Iital et al.,
2005) or Denmark (Kronvang et al., 2008). These programmes include
reductions or control of fertiliser applications, improvements in farm
management practices or regulations on point source discharges from
wastewater treatment plants. In other cases, only small improve-
ments have been observed in The Netherlands (Oenema et al, 2005),
Poland (Eriksson et al., 2007) or Norway (Bechmann et al., 2008). The
lack of an immediate response to the implementation of mitigation
methods could be caused by the chronic accumulation of N in soils,
implying that N surpluses would be continuously exported for years
(Sileika et al., 2006; Cherry et al., 2008; Tisseuil et al., 2008).
Therefore, control policies should be implemented as soon as possible
in the Ebro River Basin in order to achieve the WFD objectives by
2015. Furthermore, new studies should be performed in the future to
assess the evolution of nitrate concentration in this basin once
mitigation policies have been implemented.

6. Conclusions

During the studied period (1981–2005), 46% of the monitored
sites of the Ebro River Basin experienced increases in nitrate
concentrations. Agricultural practices were the main factor explaining
the observed patterns of nitrate concentrations. Agricultural cover
explained 69% of the variability of nitrate concentration throughout
the sub-catchments and the studied period. However two types of
responses with time were found. Most sub-catchments showed an
unchanged relationship, while those presenting temporal trends
showed an increased response of nitrate concentrations to agricul-
tural cover. As a result, a convergence towards a homogenization of
the response of nitrate concentration to agricultural cover was found
for the overall catchment. Thus, agricultural cover explained 82% of
the variance of nitrate concentrations at the beginning of the 21st
century. As the cover of the different land use types remained almost
constant throughout the studied period, agriculture intensification is
the most likely factor explaining the observed temporal patterns. The
response of nitrate to this intensification probably occurred prior to
1981 in non-trend sites.

If present trends remain unchanged until 2015, 23% of the sites
involved in this study would exceed the unspecific CHE threshold of
20 mg/l of NO3

−, and 56% of them would overreach the specific-water
body type thresholds considered in this work. Because it is likely that
there will be a delay in the response of water quality to the
management actions that could be implemented, the immediate
control of agricultural non-point pollution is an urgent task in order to
achieve the WFD goals in the Ebro River Basin.
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