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Abstract

The Guadalquivir River is the major water source of the south of Spain. In this work, we have selected an area, about 115 km long, from Alcala
del Rio to the mouth of the river, to study the effects caused by human activities on water quality. The area under study includes several sensible
points as the town of Seville, the Guadiamar River (where an important mine spill took place on April 1998) and the Dofiana National Park.

We measured several physico-chemical variables in the 26 sampling stations located along the river, and in three different campaigns from
2001 to 2002. With the results we built the data matrix, which was analysed by factor analysis/principal components analysis (FA/PCA) and
cluster analysis (CA). This analysis allowed the identification of four different zones in the river, with different water quality. The first zone
(zone 1A) comprised from Alcala dei&to Seville. The second zone (zone 1B) was the city of Seville, and as a consequence, presented higher
concentrations of several variables such as nitrite, ammonium or manganese. The third zone (zone 2) included from Seville to the Guadiamar
River. In this area, agriculture is the main activity, and then, higher concentrations of suspended solids and phosphate were measured. In
terms of water quality, this zone was partially similar to zone 1A, and partially similar to the fourth zone, starting in the Guadiamar River and
finishing in the mouth of the Guadalquivir River. The water in this last zone (zone 3) is mainly estuarine water. Thus, its quality is influenced
by seawater input, and also by the inputs from the Guadiamar River (coming from a mining area), and presented higher copper concentration.

Three principal components were extracted, explaining the 79.1% of the data variance. PC1 (46.9% variance) was mainly associated with
nitrite, ammonium and manganese. PC2 (22.5% variance) was mainly associated with suspended solids and phosphates. PC3 (9.7% variance
was mainly correlated to nitrate and copper concentration.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction basin, between Seville and the mouth, where the most
agriculturally productive part of Andalusia is located.

The Guadalquivir River flows in a south-westerly direc- Despite its importance, no global study has been per-
tion, almost across the whole of the Spanish region of An- formed on the environmental effects caused by human activ-
dalusia, being, together with its tributaries, the main water jties in the river. Some authors have described local effects
source of this region with more than 7 millions inhabitants. caused in the rivetz] or groundwater[3,4] by nutrients
As a consequence of such a high population, the river re- and pesticides used in agriculture. Other studies have been
ceives many inputs, from both natural and anthropogenic focused on the concentration of heavy metals in the Gulf of
origin, that may cause deterioration of water quality. Be- Cadiz, where Guadalquivir River joins Atlantic Ocef.
sides, more than 700,000 has of its basin are devoted toThese studies have increased in number after the mine spill
agriculture, with very high production of rice, olives or occurred in 1998 in Aznalcdllgs,7].
fruits, with the corresponding environmental effects in the  |n the present work, we have done a complete study of
river [1]. This is especially significant in the river's lower  the water quality of Guadalquivir River, from Seville to the

mouth. Besides, we have used the power of chemometrics to
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2. Materials and methods entire estuary. For this reason, the location of stations was
variable in this zone.
2.1. Study site
2.2. Sampling

The study was done in the navigable part of the
Guadalquivir River (SW Spain), from Alcala delidRto A total of 59 water samples were collected along the river
the mouth of the riverKig. 1). At the investigated section,  during three sampling expeditions, in October 2001, March
with a length of about 115km, the river flows in direction 2002, and October 200Zable lindicates the stations sam-
Northeast-Southwest. Along its course, about 15 km down- pled in each campaign.
stream the starting point of the study, the river passes through Samples were collected using LDPE bottles, which were
the town of Seville, with a population of more than 700,000 pre-cleaned with 6N HCI, rinsed with 10% HNGand stored
inhabitants. It is the main urban and industrial centre of the in polyethylene bags until required. In each sampling sta-
zone, although both industrial and domestic wastewaterstion, three different samples were taken in duplicate, to anal-
are treated before discharging into the river. Although some yse suspended solids, nutrients (nitrate, nitrite, ammonium,
small villages (with their corresponding effects) may be and phosphate), and metals (copper and manganese), respec-
found between Seville and the estuary (beginning in sam- tively. Except of those used for suspended solids, all of them
pling station G14), agriculture and related industries are the were filtered on-line through 0.4Bm pore-size acid-washed
main activity carried out in this zone. Finally, in the estuar- polypropylene Calyx Capsule (Osmonics, USA).
ine zone the Guadalquivir River participates in the Dofiana  Samples for the analysis of suspended solids were pro-
National Park, giving an added ecological value to this cessed within 24 h of collection, while samples for nutrients
area. and metals analysis were frozen and acidified with nitric

Up to 26 sampling sites were selected to cover the study acid, respectively, until analysis.
(seeFig. 1). To select the location of the sampling stations
we used two different criteria. In the first part of the river 2.3. Analytical procedures
(stations G1-G13) we used a criterion based on geograph-
ical considerations and in the activities developed in the An electrochemical portable device (Sension 156, Hach
riversides. The location of these stations was fixed for all Co., USA) was used for in situ measurement§ opH and
the sampling campaigns. On the other hand, in the estuar-conductivity/salinity. Suspended solids (SS) were gravimet-
ine zone (stations G14-G26), we used a criterion based onrically quantified by using 0.4am nylon filters (Osmonics,
water salinity, which varies with tide situation, to cover the USA). To analyse nutrients, different spectrophotometric
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Fig. 1. Location of Guadalquivir River and water sampling stations.



Table 1

Sampling stations studied during each sampling campaign in the Guadalquivir River

Sampling campaigh Sampling statioh

G22 G23 G24 G25 G26

G18 G19 G20 G21

G13 Gl14 G15 Gl16 G17

G12

G8 G9 Gi10 G611

G2 G3 G4 G5 G6 G7

Gl
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Table 2

Methodology applied to the quantification of nutrients

Nutrient Method

N-NH4* Spectrophotometry (indophenol blue)

N-NO2~ Spectrophotometry (sulphanilamitie(1-naphthyl)-
ethylenediamine dihydrochloride)

N-NOs~ Spectrophotometry (reduction in a Cd column and ni-
trite method)

P-PQ3- Spectrophotometry (ammonium molybdate/ascorbic acid)

@ |: October 2001 (19 samples collected), 1I: April 2002 (18 samples collected), Ill: October 2002 (22 samples collected).

b X: Sample collected, —: sample not collected.

standard methods were applied (3able 2 [8—11] Copper

and manganese concentrations were determined by the stan-
dard addition method in a flameless atomic absorption spec-
trometer (Model SolaarM, Thermo Electron, USA).

2.4. Statistical procedures

In principal components analysis (PCA), eigenanalysis
of the experimental data was performed to extract principal
components (PCs), using two selection criteria: the scree
plot test and corrected average eigenvalue. For hierarchi-
cal cluster analysis (CA), the squared Euclidean distance
between normalised data was used to measure similarity
between samples. Both average linkage between groups
and Ward’'s method were applied to standardised data and
the results obtained were represented in a dendrogram
[12].

Statistical treatments were performed by using both
Statistica for Windows 5.1 (StatSoft, Inc., USA) and SPSS
for Windows 11.0.1 (SPSS Inc., USA) software packages.

3. Results and discussion
3.1. Spatial variations

The results obtained for the spatial variation of the stud-
ied variables are shown iRigs. 2 and 3in the form of
box-whiskers plots. The results for each station include all
the data collected for the three sampling expeditions, since
the absence of significant temporal variation was confirmed
by analysis of variance (ANOVA). Salinity and temperature
of each sample were also measured, but they were not plot-
ted since they did not provide any relevant information to
this study. For the same reason they were not included in
the data treatments reported below.

As observed, there are several variables 3VMMN-NO,~
and N-NH;*) that present a maximum between sampling
stations G5 and G8, where the town of Seville was located.
Similar behaviour was observed for N-NO, but it also
presents very high concentrations in the initial part of the
study site (sampling stations G1-G3). In the case of R2PO
and SS, maximum concentrations were measured in the cen-
tral part of the river, between stations G9 and G15, where
agriculture is the main activity carried out.
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Fig. 2. Spatia variations of ammonium, nitrite, nitrate, and manganese in the sampling stations of Guadalquivir River.

Particular behaviours were observed for pH and Cu?t.
Theformer exhibited an increase starting about sampling sta-
tions G13—-G14, which was mainly caused by theinfluence of
the seawater input in the estuarine zone. Maximum concen-
trations of copper were measured between sampling stations
G14-G16, were Guadiamar River joins Guadalquivir River.
Guadiamar River comes from the area of Riotinto, were sev-
eral mines are located, and its water typically contents high
concentration of several heavy metal such as copper.

3.2. Principal components analysis

To select the number of components to be extracted we
used both Jolliffe’s method of corrected average eigenvalue
[13] and Cattel’s Scree plot test (see Fig. 4) [14]. In both
cases we retained three PCs and, as a consequence, 79.1%
of the variance of the original data may be explained.

In Fig. 5 we have represented both the scores of samples
and loadings of variables, corresponding to PC1 and PC2.
Each sample is identified by the name of the corresponding
sampling station plus a superscript (I, 11 or 111) indicating
the sampling campaign. As can be observed, samples sites

are classified in three different groups. First group corre-
sponds to the zone with higher urban influence (zone 1).
This zone can be divided in two sub-zones. On the one
hand, zone 1A comprises from the town to Alcala del Rio
to Seville (sampling stations G1-G5) and its water quality
is controlled by the concentrations of nitrogen-related nutri-
ents and manganese. On the other hand, zone 1B includes
the two sampling stations located closest to Seville (G6
and G7) and present very high concentrations of the same
chemical species.

The sampling stationsincluded in zone 2 are those located
from Seville to the beginning of the estuary (G8-G13). In
this area, the margins of the river are used mainly for agri-
culture, and this fact probably conditions that water qual-
ity is mainly controlled by concentration of phosphates and
suspended solids.

The zone 3 includes al the sites sampled in the estuary
of the river, which begins in the mouth of Guadiamar River
(G14) that, as mentioned before, has typically high copper
concentrations. Thus, the water characteristics of this zone
aremainly controlled by copper concentration and by pH, as
a consequence of the decreasing acidity caused by seawater
input.



Note that the borders of the different zones are not
clearly marked and then, some small alterations may appear,
probably as a consequence of tidal influences, e.g. in the
first sample campaign, an upstream shift was observed in
the first sample campaign, and then, samples collected in
stations G6-G10 presented characteristics similar to those
found in zone 1A. Similar effect may be observed in the sep-
aration of zones 2 and 3, which may be established between
stations G13 and G14. Thus, while G13 was located in zone
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Fig. 3. Spatia variations of suspended solids, phosphates, copper, and pH in the sampling stations of Guadalquivir River.
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Fig. 4. Scree plot of the eigenvalues of principal components.
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Theseresults may be complemented by examination of the
loadings of the three retained PCs (see Table 3). PC1 (46.9%
of the variance) is highly and positively contributed by the
variables related to urban activities (NO,~, Mn?t, NH4+
and NO3 ™), and negatively by Cu?t and pH. PC2 (22.5% of
the variance) is mainly contributed by the variables affected
by agriculture activities (PO43~ and SS), while PC3, that
explains only 9.7% of the variance, is participated mainly
by NO3~ and other variables like Mn?t, PO43~ and Cu?t.

Table 3
Loadings of experimental variables on the first three principal components
PC1 PC2 PC3

Ccu?t —0.724 —0.317 0.359
Mn2+ 0.810 0.219 0.401
SS 0.190 —0.800 —0.296
NO3~ 0.738 —0.137 —0.470
NO,~ 0.866 0.160 0.133
NH4+ 0.781 0.302 0.126
PO43- 0.233 —0.825 0.379
pH —-0.757 0.444 —0.048
Eigenvalue 3.749 1.801 0.778
Variance (%) 46.9 225 9.7
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Fig. 6. Dendrogram of the 26 sampling stations studied in the Guadalquivir River.
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Table 4
Loadings of experimental variables on the first three rotated principal
components

Varifactor 1 Varifactor 2 Varifactor 3

Cu?t —0.495 0.199 —0.685
Mn2+ 0.920 0.083 0.106
SS —0.263 0.736 0.390
NO3~ 0.300 0.210 0.806
NO, ™ 0.808 0.094 0.363
NH4* 0.784 —0.063 0.314
PO43~ 0.108 0.920 —0.145
pH —0.479 -0.617 —0.403
Eigenvalue 2.761 1.870 1.696
Variance (%) 345 234 21.2

A varimax rotation allows a better and more explicit
assignment of experimental variables to PCs. As seen is
Table 4, varifactor 1 is mainly contributed by Mn?*, NO,~,
and NH4™*, and then, may be related to urban pollution.
Varifactor 2 is mainly contributed by PO,3~ and SS and
then, may be related to the effects caused in the river by
agriculture activities. Finaly, varifactor 3 is participated
by 2variables originated from different sources, as NOs~ or
Cu-t.

3.3. Cluster analysis

Hierarchical cluster analysis was used to group sampling
stations based on the similarity of the water chemical com-
position. Both average linkage between groups and Ward's
method were applied to normalised data using squared Eu-
clidean distance to quantify similarity between stations. The
classification patterns obtained by both methods were very
similar. Fig. 6 shows the dendrogram obtained by average
linkage between groups method. Three very well differenti-
ated clusters can be observed. The one placed on the right
groups sampling stations G6 and G7, corresponding to the
town of Seville, which are clearly differentiated from the
rest or the river. The second cluster contents the stations lo-
cated in the vicinity of Seville, and dlightly differentiates
the stations locates upstream (G1-G5) and downstream (G8)
Seville. These two clusters correspond to the zones of the
river denoted as 1B and 1A, respectively.

The third cluster (Ieft in Fig. 6) includes most of the sam-
ples taken between Seville and the mouth, and also differen-
tiatesin different sub-clustersthe estuary (G13-G26, zone 3)
and the sampling stations of zone 2 located close to estuar-
ine area (G9-G12).

4, Conclusions

The water quality of Guadalquivir River has been estab-
lished from Seville to the mouth. PCA and CA reinforced
the results obtained by each other, confirming the existence
of three zones clearly separated (zones 1A, 1B and 3), and a
transition zone (zone 2), with water characteristics between
those obtained in zones 1A and 3. The human activities
mainly affecting the river are urban and industrial wastew-
aters, especially in zones 1A and 1B, and agriculture,
especially in zone 2.
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