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ABSTRACT
Changes in dissolved nutrients in the lower Ebro River: Causes and consequences

Water quality time series data regarding nutrient concentration and chlorophyll in the lower Ebro River and its estuary were
analyzed over an 18 year period (1987-2004). Causes and consequences of changes in nutrient concentration are discussed and
some hypotheses about it are established. A very significant decrease in the concentration of the dissolved nutrients, especially
phosphorus, was observed after the mid 90s. This decrease coincides with the improvement of urban sewage treatment in the
most important cities of the Ebro basin. There was also a significant positive correlation between the concentration of dissolved
phosphorus and the concentration of total chlorophyll. Data suggest that low flow conditions together with the lower dissolved
phosphorous and, therefore, less phytoplankton were likely the main factors causing the increase of water transparency. These
conditions propitiated the spread of macrophytes and the massive appearance of the black fly. In the lower river and its estuary,
the water undewent a decrease in phytoplankton, which improved its eutrophy condition. Results of this study suggest that the
decrease in phosphorus is the main cause of the recent changes in the lower Ebro ecosystem, but other factors can also play a
role by causing a further increase in water transparency and macrophyte spreading (positive feed-back).

Key words: Lower Ebro River, dissolved nutrients, chlorophyll, macrophyte spread, Potamogeton pectinatus, oligotrophica-
tion.

RESUMEN
Cambios en los nutrientes disueltos en el bajo rio Ebro: Causas y consecuencias

Se analizan series temporales de datos de calidad del agua en lo que concierne a nutrientes y clorofila del tramo bajo del
rio Ebro y su estuario, durante un periodo de 18 arios (1987-2004). Se discuten las causas y consecuencias de los cambios
observados en la concentracion de nutrientes, y se establecen algunas hipdtesis. Se observé una disminucion muy significativa
en la concentracion de nutrientes disueltos, especialmente del fosforo, después de mediados de los 90. Esta disminucion
coincide con una mejora del tratamiento de las aguas residuales urbanas de las ciudades mds importantes de la cuenca
del Ebro. También se encontré una correlacion positiva significativa entre la concentracion de fosforo disuelto y la clorofila
total. Los datos sugieren que condiciones de caudal bajo juntamente con la disminucion del fosforo y, consecuentemente,
del fitoplancton, fueron probablemente las principales causas del aumento de la transparencia del agua observada en estos
iltimos anos. Estas condiciones propiciaron la dispersion de macrdfitos y la aparicion masiva de la mosca negra. En el tramo
bajo de rio Ebro y su estuario, el agua sufrio una disminucion del fitoplancton, lo que mejoro su condicion de eutrofia. Los
resultados de este estudio sugieren que la disminucion del fosforo es la causa principal de los cambios recientes observados en
el ecosistema del bajo Ebro, aunque otros factores pueden jugar un papel causando un aumento adicional de la transparencia
del agua y de la dispersion de los macrdfitos (retroalimentacion positiva).

Palabras clave: Bajo Ebro, nutrientes disueltos, clorofila, dispersion de macrdfitos, Potamogeton pectinatus, eutrofizacion.
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INTRODUCTION

Nutrient content and loading of rivers has
changed in the last decades due to increasing
human population and economic activities. The
general trend has been an increase in nutrients
due to fertilizers and urban wastewater, among
other causes, but more recently some eutrophi-
cated rivers have undergone a decrease in N
and P due to an improvement in water treatment
and crop management (Kronvang et al., 2005).
In some cases, the reduction of farming activity
and fertilizer has caused a significant decrease in
the nutrient concentration of rivers (Stalnacke et
al., 2003). Water quality monitoring programmes
in many watersheds have recorded data on dis-
solved nutrients (rather than particulate) during
several decades, so it is nowadays possible to
carry out analyses of periods long enough to
show significant changes in concentration and
loading. Most of the existing studies of rivers
show an increase in nutrient loading and concen-
tration until the 80’s and an ulterior stabilization
or decrease due to an improvement in water ma-
nagement (Radach & Patsch, 2007; Littlewood &
Marsh, 2005). Although the process of eutrophi-
cation is reasonably understood in lakes, there
is currently no conceptual understanding of how
eutrophication develops in rivers (Hilton et al.,
2006). Nutrient enrichment in rivers and estua-
ries often implies an increase in algal biomass, ei-
ther phytoplankton, phytobenthos, macrophytes,
or macroalgae (Marques et al., 2003; Nijboer &
Verdonschot, 2004), depending on local condi-
tions not well understood yet. Still less studied
and understood are the effects of nutrient reduc-
tion in rivers and estuaries, a process occurring
in a growing number of watersheds in developed
countries as a consequence of recent water poli-
cies directed to reduce eutrophication (Kronvang
et al., 2005). The effects of oligotrophication are
better understood in lakes (Jeppesen et al., 2002).

There is no data on nutrient concentrations
and primary producers for the original reference
conditions in the lower Ebro River and its es-
tuary. However, it is known that, prior to river
regulation, big floods and high concentrations of
inorganic suspended sediments (caused by fre-

quent floods) were common in the lower Ebro
(Ibafiez et al., 1996), preventing a significant
development of both phytoplankton and macro-
phytes. Existing data from the last decades show
that the eutrophication process started about 30-
40 years ago (Bouza et al., 2006; Ibafiez et al.,
1995; Muifioz & Prat, 1990; Prat er al., 1988),
preceded by the development of a high number
of dams and irrigation projects. The increasing
population, economic activity and per capita wa-
ter consumption during this period has also con-
tributed to the nutrient enrichment of the lower
Ebro River and delta. Recently, there is a trend of
reduced nutrient loading likely due to improved
water treatment and land management (Torrecilla
et al., 2005), but the possible response of the
lower Ebro River and its estuary to nutrient re-
duction (higher water transparency, macrophyte
spreading, etc.) has not yet been established.
The main objectives of this paper are:

e To analyse changes in dissolved nutrients
and eutrophication status of the lower Ebro
river during the last 20 years.

e To establish and discuss some hypotheses
about the possible causes and consequences
of these changes.

e To establish and discuss some hypotheses
about the role of nutrient reduction in the
ecosystem changes recently observed in the
lower Ebro River.

METHODS

Study area

The Ebro basin is located in the NE of the
Iberian Peninsula, with a surface of 85 550 km?
(Fig. 1). The climate is continental in most of the
basin with a transition to mountain climate at the
north (Pyrenees), and to Mediterranean climate
at the lower area and the coast. The main river
is 928 km long and its main tributaries are the
Segre, Aragén, Cinca, and Gallego rivers. The
mean annual flow near the mouth (Tortosa) was
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Figure 1.

592 m¥/s at the beginning of the century. How-
ever, there is a continuous decreasing tendency
since the 70’s (down to about 400 m3/s) due to
increasing water usage (Ibafiez et al., 1996).The
population in the basin is about 3 million peo-
ple, with a density of 33 hab/km?. The main
land use is agriculture, with more than 1 mil-
lion hectares of irrigation (90 % of water usage
in the basin). The basin has been strongly re-
gulated by the construction of many dams (near
200), most of them built between 1940 and 1970.
There are two large reservoirs (Mequinensa and
Ribarroja) in the lower Ebro River (100 km up-
stream the mouth), built in 1964 and 1969 re-
spectively for hydropower purposes. The lower
Ebro hydrology, geomorphology and ecology are
strongly impacted by the existence, features and
operation of these reservoirs.

The estuary is highly stratified, it is 30 km
long, has a mean depth of 6.8 m and a width
of about 240 m. The low tidal range (20 cm)
causes the existence of a salt wedge with a maxi-
mum intrusion of 32 km, more evident during the
summer or during dry periods.
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Data analysis

Three sources of data were used to collect
time series of different sites from the lower
Ebro River: i) The Ebro Water Authority (CHE)
database for river flow in Tortosa, and dissolved
nutrient concentrations in Ascé and Tortosa;
ii) The Water Consortium of Tarragona (CAT)
for total chlorophyll concentration in the lower
Ebro (irrigation canal); and iii) Literature on pa-
rameters such as conductivity and concentration
of dissolved nutrients, dissolved oxygen, total
chlorophyll, and total suspended solids from the
Ebro River estuary, published between 1990 and
2002. The sampling points are shown in figure
1. Methods of dissolved nutrient and chlorophyll
analysis are described in Clesceri et al., 1998.
Data from the CHE database was used to ana-
lyse changes in dissolved nutrient concentration
and loading in the lower Ebro River over a period
of 18 years, from 1987 to 2004. The CAT data
on total chlorophyll concentration was used to in-
vestigate the relation between this parameter and
the concentration of phosphate in Tortosa (from
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Figure 2. Annual concentrations (mean and standard devia-
tion) of phosphate (a), ammonium (b), and nitrate (c) at Asco
(white bars) and Tortosa (black bars) monitoring stations. Data
from CHE. Concentracion anuales (media y desviacion tipica)
de fosfatos (a), amonio (b) y nitratos (c) en las estaciones de
monitoreo de Asco (barras blancas) y Tortosa (barras negras).
Datos de la CHE.

the CHE database) during the period 1990-2004.
Owing to the non-normality of the data, even af-

ter various transformations, a non-parametric test
(Mann-Whitney U-test) was deemed appropriate
to look for statistical differences between sites
and time series, with statistical significance set
at @ = 0.05 (Sokal & Rohlf, 1995). There are no
permanent monitoring stations in the Ebro estu-
ary. Existing data sources come from a few re-
search projects (Mufioz & Prat 1990; Ibafiez et
al., 1995; Sierra et al., 2002). The data drawn
from the literature was used to analyse changes
in dissolved nutrients, chlorophyll, and other pa-
rameters in the estuary.

RESULTS

The evolution of dissolved nutrient concentration
for the period 1987-2004 is shown in figure 2.
This is the period for which a significant amount
of data (on a monthly basis) is available. Data
shows a period of maximum phosphate content
at the beginning of the 90’s (mean annual maxi-
mum of about 0.8 mg/L), with an ulterior steady
decrease until 1996, followed by a rather stable
period of lower values until the present (mean an-
nual values about 0.2 mg/L). The mean annual
phosphate value of the period 1987-1995 was
significantly higher than the value of the period
1996-2004 (Mann-Whitney U, P < 0.01).

Nitrate values did not show a significant trend
along the study period; a maximum annual value
of 12.3 mg/L and a minimum annual value of
8.1 mg/L occurred in 1991 and 1994, respec-
tively. The mean annual nitrate value for the pe-
riod 1987-1995 was not significantly different
from the value for the period 1996-2004 (Mann-
Whitney U, P > 0.05). In contrast, ammonium
(like phosphorus) also showed increasing va-
lues until the beginning of the 90’s and a sta-
tistically significant decrease since 1996, with a
maximum annual value of 0.5 mg/L. and a mi-
nimum annual value of 0.06 mg/L in 1993 and
1999, respectively. The mean annual ammonia
value for the period 1987-1995 was significantly
higher than the value for the period 1996-2004
(Mann-Whitney U, P < 0.01).

Changes in nutrient loading over the study pe-
riod show a similar pattern (Fig. 3). Dissolved
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Figure 3. Total DIP (a) and DIN (b) loading at Ascé (white
bars) and Tortosa (black bars) monitoring stations. Values cal-
culated from CHE data. Carga total de fosforo y nitrégeno in-
orgdnicos (DIP (a)y DIN (b)) en las estaciones de monitoreo de
Ascé (barras blancas) y Tortosa (barras negras). Valores calcu-
lados a partir de datos de la CHE.

inorganic phosphorus (DIP) loading decreased
along the study period, from a maximum value of
2.84 kt yr~! in 1988 to a minimum of 0.34 kt yr~!
in 2002. The mean annual phosphate loading
value for the period 1987-1995 was significantly
higher than the value for the period 1996-2004
(Mann-Whitney U, P < 0.01). Dissolved inor-
ganic nitrogen (DIN) loading did not show signi-
ficant differences between the periods 1987-1995
and 1996-2004 (Mann-Whitney U, P < 0.01),
with changes in annual river runoff likely be-
ing the main cause for inter-annual variation.
A maximum DIN loading value of 38.61 kt yr~!

380 — - -

300

200

DiNDIP

150

100

=

Figure 4. Mean annual values of the DIN/DIP ratio at Asco
(white bars) and Tortosa (black bars) monitoring stations. Val-
ues calculated from CHE data. Valores medios anuales del co-
ciente DIN/DIP en Ascé (barras blancas) y Tortosa (barras ne-
gras). Valores calculados a partir de datos de la CHE.

occurred in 1997, whereas a minimum of
10.88 kt yr™! occurred in 1989. The mean annual
DIN value for the period 1987-1995 was not sig-
nificantly different from the value for the period
1996-2004 (Mann-Whitney U, P > 0.05).

The ratio of nitrogen to phosphorus (DIN/DIP)
showed an increasing trend along the period, from
mean values of 11.8 (Asc6) and 14.6 (Tortosa) in
1987 to 283.0 (Ascd) and 292.2 (Tortosa) in 2004
(Fig.4). The DIN/DIP ratio showed significant
differences between the periods 1987-1995 and
1996-2004 (Mann-Whitney U, P < 0.01).
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Figure 5. Mean annual values of total chlorophylls at Tor-
tosa. Values calculated from CAT data. Valores medios anuales
de clorofilas totales en Tortosa. Valores calculados a partir de
datos del CAT.
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Data on total chlorophyll concentration showed a
decreasing trend (Fig. 5), in parallel to the decrease
in dissolved phosphorus, from a maximum
mean annual value of 41.08 ug/L in 1990 to a
minimum mean annual value of 2.91 ng/L in 2004.
Total chlorophyll showed significant differences
between the periods 1990-1995 and 1996-2005
(Mann-Whitney U, P < 0.01). Figure 6 shows
a highly significant correlation between total
chlorophyll (CAT data) and dissolved phosphorus
in the lower Ebro River (CHE data).

DISCUSSION

Nutrient values and trends

There is little information on nutrients in the
lower Ebro River before the study period. Phos-
phate concentration in the 70’s ranged from 0.1
to 0.4 mg/L, and nitrate concentration ranged
from 3 to 4 mg/L (Ibafiez et al., 1995). These
values largely increased along the 80’s, and
reached a maximum at the beginning of the
90’s, followed by an ulterior decrease (phos-
phorus and ammonia) or stabilization (nitrate)
during the last decade. The decreasing trend
of the dissolved phosphorus during the 90’s is
a general trend in the Ebro basin. A recent
study (Bouza et al., 2006) found that phos-
phate concentration decreased by 89 % for a total
of 36 analysed stations.

Nutrient loading estimates in the lower Ebro
River and estuary from other studies give relatively
similar values to those in the present study,
taking into account the high uncertainty when
estimating nutrient fluxes on a large scale. Mufioz
and Prat (1990) obtained values of 17.07 kt N yr~!
(1986) and 14.33ktNyr~!' (1987) for DIN, and
0.91ktPyr~! (1986) and 0.88ktPyr~! (1987) for
DIP. Our study gives a value (in 1987) of
18.52ktNyr~! for DIN and 2.10ktPyr~! for DIP.
In the Ebro estuary Rasmussen et al. (2002)
obtained a net annual transport to the sea of
17.95ktNyr! for DIN (19.99 for TN) and
0.61ktPyr~! for DIP (1.00 for TP). For the same
period, our study gives a value of 19.91 kt N yr~! for
DIN and 0.49 kt P yr~! for DIP.
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Figure 6. Linear regression (best fit line and 95 % confidence
interval) between the concentration values of dissolved phos-
phates and total chlorophyll values in the lower Ebro River.
Data on phosphorus are from CHE and data on chlorophyll are
from CAT. Regresion lineal (mejor ajuste e intervalo de confi-
anza de 95 %) entre los valores de las concentraciones de fos-

fatos disueltos y clorofila total en el tramo bajo de rio Ebro. Los

datos de fosfatos son de la CHE y los de clorofila total son del
CAT.

The observed pattern of increasing eutrophica-
tion followed by a decrease in the 80’s or 90’s
has also been reported for other rivers, mostly
for phosphorus. A study on riverine nutrient in-
puts to the North Sea (Radach & Patsch, 2007)
concluded that annual N loads decreased by
about 17 kt N yr~! from 1977 to 2000, and total
phosphorus and phosphate loads decreased from
about 80 and 50 kt N yr™! in the 80’s to 25 and
12 kt N yr~!, respectively, in the 90’s. The de-
creasing trend in the 90’s was also reported for
the Danube River (Zessner & Gils, 2002) and
some Latvian and Danish rivers (Stalnacke et al.,
2003; Kronvang et al., 2005).

Data on particulate nutrients are scarce in
the lower Ebro River and the estuary. A study
carried out in 1985-86 (Prat et al., 1988)
showed that POC and PON concentrations in
the lower Ebro River were relatively low (POC
from 0.71 to 3.16 mg/L. and PON from 0.05 to
0.49 mg/L) and much of the particulate material
was in the ultrafine fraction. Particulate N and P
loads to the Mediterranean sea (Munoz & Prat,
1990) were estimated to be 1.21 kt N yr~! (1986)
and 1.36 kt Nyr! (1987), and 0.30ktP yr!
(1986) and 0.96 kt P yr~! (1987), respectively. A
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recent study (Roura, 2004) carried out in the
Mequinensa Reservoir (located upstream from
the lower Ebro reach) shows that a significant re-
tention of particulate material takes place in this
large reservoir. Data show a 45 % retention of
POM and a 97 % retention of PIM. Particulate
phosphorus shows a significant retention, with a
mean POP input value of 124 pgP/L and a mean
output value of 56 pgP/L.

Data on freshwater nutrient loading to the
Mediterranean basin are also scarce. The highest
computed TN load (about 3600 kg N km™2 yr!)
was discharged by the Po River (EEA, 2005).

Causes of nutrient changes

Torrecilla et al., 2005 found a similar pattern of
dissolved nutrient changes in the middle Ebro
(near Zaragoza), where phosphate concentration
increased until the beginning of the 90’s (up to
0.5 mg/L) and dropped drastically since 1993
(down to 0.1 mg/L). The historical evolution of
nutrient contents in this area shows how the con-
struction of treatment facilities in the main lo-
calities in the early 90’s, particularly Tudela and
Zaragoza, caused a very clear decrease in PO4-P
content. Point sources were the main PO,4-P load
(88 %) in this area. In contrast, there was no clear
decrease in NOj content, even though the treat-
ment facilities of Zaragoza wastewater showed
a 30 % in total N removal efficiency. Nitrate re-
mained rather constant (15-20 mg 17!), since the
sources are mostly non-point sources from agri-
culture (64 %), which are very difficult to con-
trol. Contents of NH, and NO, were very low,
not contributing significantly to total N loads.

In the Danube basin, the reduction of manure
discharges after the economic breakdown in many
countries was considered to be the main reason for
the nutrient loading decrease (non-point sources)
beginning in the 90’s. A further reduction of
emission values resulted from the improvement
of wastewater treatment mainly in Germany and
Austria (Zessner & van Gils, 2002). In Denmark,
discharges of TN and TP from point sources have
been reduced by 69% and 82% respectively,
during the period 1989-2002. Consequently, the
P concentration has decreased markedly in most

Danish lakes and estuaries; but not the riverine
nutrient loading, despite the decrease in point
sources (Kronvang et al., 2005).

The observed higher relative reduction in P
compared to N in the present study and in most of
the reviewed studies implies an increase in the N/P
ratio that in the lower Ebro has been of one order
of magnitude (from about 20 to 200). Similarly,
the N/P ratio (dissolved inorganic fraction) of rivers
draining to the North Sea ranged from 10 to 40
in the period 1977-1986, but the range more than
doubled in the period 1987-2000 (Radach & Patsch,
2007). Thus, measures taken to combat nutrient
pollution will alter the nutrient stoichiometry with
potential seasonal changes in nutrient limitation in
aquatic environments (Conley, 1999).

Consequences of nutrient changes

In contrast to standing waters, the effects of eu-
trophication on running water ecosystems have
not been given much attention (Nijboer & Ver-
donschot, 2004). The lower reaches of long
rivers, slow flowing impounded rivers, and rivers
located downstream from lakes should move
towards phytoplankton domination in nutrient-
enriched conditions, whereas short-retention-
time rivers will tend towards dominance by ben-
thic algae (Hilton et al., 2006).

Even less studied and clear are the effects of
the observed reduction of eutrophication in many
freshwater ecosystems, and the existing studies
have been focused on lakes rather than in rivers.
During the period 1989-2002, twenty-seven Danish
lakes responded to the nutrient loading reduction
by significant reductions in TP, TN, phytoplankton
biomass and increased water transparency (Kron-
vang et al., 2005). The lower phytoplankton
biomass can be attributed to lower nutrient input
and reduced internal loading (Sondergaard et al.,
2002), which could be the case in the lower Ebro
River and its reservoirs (Ribaroja and Mequinen-
sa) after the observed reduction in phosphorus.

The results of this study suggest that the ob-
served changes in chlorophyll (first increasing
and then decreasing) in the lower Ebro River
are a direct consequence of the changes in phos-
phorus and the DIN/DIP ratio. A study com-
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paring 292 rivers (Van Nieuwenhuyse & Jones,
1996) confirms that there is a general positive
relationship between Chl and TP in temperate
streams and that this relationship is curvilinear.
These results support the view that lotic and
lentic ecosystems respond similarly to P enrich-
ment, and also confirm previous studies indicat-
ing that the average abundance of sestonic al-
gae per unit of TP is generally lower in streams
than in lakes (Soballe & Kimmel, 1987), due in
part to streams imposing a more rapid average
loss rate on sestonic algal biomass than lakes do.
Mean hydraulic flushing rate is perhaps the most
important factor in determining sestonic algal
abundance (Soballe & Kimmel, 1987).

Water transparency has dramatically in-
creased during the study period in the lower Ebro
River, especially during the last years (from the
year 2000). The suspended sediment retention,
due to the construction of large dams in the
lower Ebro in the 60’ (Ibaiez et al., 1996), to-
gether with a nutrient increase (due to the in-
tensification of human activities) lead to an in-
crease of phytoplankton and chlorophyll concen-
trations until the beginning of the 90’s. How-
ever, during the last ten years, the significant
decrease in dissolved phosphorus is thought to
be the main cause of the decrease in phyto-
plankton and the subsequent spread of macro-
phytes (mainly Potamogeton pectinatus) along
and across the river bed of the lower Ebro. In
agreement with the observed decrease in chloro-
phyll, phytoplankton abundance also decreased

Table 1.

from a mean value of 8705 cells/mL in 1987
(Muiioz, 1990) to 2185 cells/mL in 1997 (Ve-
lasquez et al., 1997), and 337 cells/mL in 2004
(CAT data of this study). Dominant taxa were di-
atoms in winter and spring and chlorophycea in
summer and autumn. Cyanobacteria were present
but they were not abundant and no toxic algal
blooms were reported.

Recent changes in biomass and composition
of the invertebrate community have been re-
ported but not yet quantified. These changes may
be mostly associated to the spread of macro-
phytes, where a specific invertebrate community
is present. The appearance of a new species of
black fly larvae (Simulium erythrocephalum) in
the lower Ebro, a filter feeding organism mostly
associated to P. pectinatus whose dynamics is
currently being studied, is remarkable. A decline
in the number of the filter feeding mayfly larvae
of Ephoron virgo, abundant in the 80’s (Ibafez et
al., 1991), has also been observed during the last
years, likely due to the decrease in organic par-
ticulate matter and the spread of macrophytes in
the substrate occupied by this species.

Impacts on amenity values and water usage
are presently associated to the spread of macro-
phytes. This phenomenon is causing problems
to river navigation and the operation of nuclear
and hydropower infrastructures. The spread of
the black fly associated to the macrophytes is also
causing severe problems to the towns living near
the river, since the biting of this species causes
problems to local people and tourists.

Mean values of conductivity, dissolved nutrients, oxygen, chlorophylls, and TSS obtained from different studies of the

Ebro estuary during periods of salt wedge (Mufloz, 1990; Ibanez et al., 1995; Sierra et al., 2002). Valores medios de conductividad,
nutrientes disueltos, oxigeno, clorofilas y TSS obtenidos en diferentes estudios del estuario del Ebro durante periodos de cuiia salina

(Murioz, 1990; Ibdriez et al. 1995, Sierra et al., 2002).

1986-87 1988 1997
salt wedge upper layer salt wedge upper layer salt wedge upper layer

Cond. (uS/cm) 46.0 1.2 51.8 1.6 50.0 2.0
Nitrate (WM/L) 1.4 140.0 25.0 138.0 16.6 155.0
Nitrite (WM/L) 0.3 2.7 1.6 1.9 0.9 0.8
PRS (uM/L) 134 4.0 2.7 1.8 1.1 0.3
Ammonium(uM/L) 80.0 11.0 93.3 7.6

Oxygen (mg/L) 1.8 8.5 3.1 8.2

Chloroph. (ug/L) 7.95 28.1 49 18.2 59 9.2
TSS (mg/L) 67.0 15.0 45.5 12.0 10.0 7.0
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Nutrient changes in the lower Ebro may also have
had effects in its salt wedge estuary, but they
are poorly understood. The salt wedge is present
when the river flow is below its mean annual
value (Ibafiez et al., 1997), and then two differ-
ent layers are established; the upper layer (fresh
water) shows similar nutrient values as the river
water, whereas the lower layer (salt water) shows
quite different values of dissolved nitrogen, phos-
phorus, and other parameters (Table 1). At the
salt wedge, the lack of mixing and renovation
causes water to accumulate organic matter from
the upper layer, leading to significant oxygen de-
pletion and sulphide release during warm months
(April to October). This situation was thought
to be accentuated by increasing eutrophication
during the last decades (Ibanez et al., 1995).
The oxygen concentration in the salt wedge ap-
proaches zero in the upper estuary during the
summer. A recent decrease in nutrients in the
lower Ebro River has also occurred in the estuary
(Sierra et al., 2002) and this can indicate an im-
provement in its eutrophication status, but more
research is needed to understand the extent of the
changes in the estuarine ecosystem.

Other causes of ecosystem changes in the
lower Ebro

The results of this study suggest that the de-
crease in phosphorus is the main cause of the
mentioned changes in the lower Ebro ecosys-
tem, but other factors can also play a role by
causing a further increase in water transparency
and macrophyte spreading (positive feed-backs).
River regulation, occurred in the last decades,
may also have contributed to the spread of macro-
phytes through the decrease of river flow and
river floods. A study in New Zealand streams
(Riis & Biggs, 2003) found that the abundance
and diversity of macrophytes decreased as flood
disturbance frequency increased and that vege-
tation was absent in streams with more than 13
high-flow disturbances per year. The spread of
macrophytes can also cause a decrease in phy-
toplankton through several mechanisms, such as
allelopathic effects, increased grazing and nutri-
ent uptake (Hilt er al., 2006; Korner & Nick-

lisch, 2002; Lurling et al., 2006; Rooney &
Kalff, 2003; Scheffer, 1999). The large number
of black fly larvae associated with the macro-
phyte spreading can also contribute to a decrease
in phytoplankton through grazing. A study car-
ried out in three oligotrophic lake-outlet streams
in southern Quebec showed that black fly lar-
vae significantly reduced phytoplankton biomass
(Parkes et al., 2004). Moreover, the introduc-
tion and spread of invasive species of bivalves
(Dreissena polimorpha, Corbicula fluminea) af-
ter 2001 and 1997 in the lower Ebro River and
reservoirs (Araujo et al., in press, Lopez & Al-
taba, 1998) can also cause a further decrease in
phytoplankton through the filtration of particu-
late organic matter (Caraco et al., 1997; Phelps,
1994). Further research is needed to know the
contribution of these factors to the recent changes
in the ecology of the lower Ebro River.

Conclusions and recommendations

The results of this study suggest that the decrease in
phosphorus is the main cause of the recent changes
in the lower Ebro ecosystem, but other factors
can also play a role by causing a further increase
in water transparency and macrophyte spreading
(positive feed-backs). The eutrophication of the
lower Ebro River is mainly due to the nutrients
coming from the rest of the basin. However
the presence of two big reservoirs (Mequinensa
and Ribarroja) causes the eutrophication of the
downstream river to be partly controlled by
processes taking place in these two water bodies.
Most of the nitrogen comes from the irrigation
of fields of the middle Ebro basin, while the
phosphorous has its main origin in the urban
sewage from Zaragoza and other towns. As cities
built up large sewage plants in the 90’s, though
no tertiary treatment was built, the main cause
for the decrease of phosphorus in the last decade
could be originated from these measures, leading
to the phytoplankton decrease and the subsequent
increase of macrophytes and black fly larvae.

The abundance of macrophytes is also en-
hanced because of the lack of floods, due to
the river regulation by the two dams. In or-
der to maintain the river free from large quan-
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tities of macrophytes, the best option, even bet-
ter than further reductions of nutrients, would
be the restoration of large floods with adequate
timing. Further reductions of phosphorous con-
tent in the waters may be obtained from the
improvement of (tertiary) sewage treatment in
towns. Unfortunately, as the nitrogen is mainly
produced from agricultural activities, it will be
difficult to expect decreases in this nutrient in
the near future. These measures should be in-
corporated into the program of measures to be
elaborated by the Water District authorities dur-
ing the revision of the Ebro Basin Management
Plan to be elaborated in the next years (2006-
2009) according to the timetable established
by the Water Framework Directive.
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