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Dams modify downstream hydrology because they alter natural river regimes and divert river flows. The Segre
Basin is one of the main tributaries of the Ebro River in Northeastern Spain, and has a drainage area of
13,000 km2. In this study, we used data on long-term (1951–2013) river flows and climatic series to analyze
the downstream cumulative effect of dams on natural river regimes and the disassociation between changes in
climate and runoff in the Segre Basin. The headwaters of this basin are in the Pyrenees Mountains, and water
flow has been highly regulated since the second half of the twentieth century due to the construction of numer-
ous dams.We compared long-termmonthly averages of upstream and downstream sectors, and assessed the re-
lationship between the climatic and hydrological time series. Our results show that the progressive increase of
the impounded ratio index (reservoir capacity) increased the disassociation between climate and runoff. This
markedly exacerbated the negative trend in downstream runoff, so this decline that cannot be solely explained
by climatic changes. Our results provide evidence that reservoirs can cause a significant decline in downstream
runoff and significant alterations of natural river regimes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Water is an essential resource for agriculture, urban residents, and
the natural environment of the Mediterranean region (García-Ruiz
et al., 2011). This region has strong inter-annual climatic variability
(Lionello, 2012), with a summer dry period in which there is great
water demand (Iglesias and Minguez, 1997; García-Ruiz et al., 2011).
The mismatch between water availability and demand has led to the
creation ofmanydams,which storewater during rainy periods and sup-
ply irrigated fields and urban areas during the dry season (Döll et al.,
2009; Aus Der Beek et al., 2010). Water from these dams is also used
for hydropower (López-Moreno et al., 2008).

Dams have significant effects on downstream hydrology because
they alter natural river regimes and divert river flows for different
uses (López-Moreno et al., 2004). Thus, the ability to store water in
reservoirs has strongly increased water demands in recent decades be-
cause it has led to significant increases in irrigated areas (Batalla et al.,
2004; Kilic et al., 2006). In Spain, there has been a general decrease in
streamflow in the last five decades, and this decrease has been more
no).
intense in the most regulated river basins (Lorenzo-Lacruz et al., 2012)
because they provide water to different economic sectors. Dam regula-
tion andwater transfers betweenbasins have also decreased streamflows
and exacerbated droughts in downstream regions (López-Moreno et al.,
2009; Lorenzo-Lacruz et al., 2010, 2013).

In parallel, increasing water regulation and demand in Spain during
recent decades (Duarte et al., 2014) has occurred together intense
climatic and hydrologic changes. These changes include a general
reduction of precipitation (González-Hidalgo et al., 2011), more fre-
quent and severe droughts (Hoerling et al., 2012; Vicente-Serrano
et al., 2014a), and strong increases of atmospheric water demand
(Vicente-Serrano et al., 2014b) due to higher temperatures (Brunet
et al., 2007) and decreased relative humidity (Vicente-Serrano et al.,
2014c, 2014d). This changes have been especially acute in theNortheast
Iberian Peninsula, which suffered from significant droughts in the last
decade (Lopez-Bustins et al., 2013) and experienced a general shortage
of water resources (Martin-Ortega et al., 2012; March et al., 2013).

The Segre River Basin, with a drainage area of 13,000 km2, is located
between the regions of Aragon and Catalonia, in the Northeast Iberian
Peninsula. This region is characterized by strong climatic and hydrolog-
ical diversity (Sacasas, 2007), and has been greatly affected by floods
and droughts in recent centuries (Barriendos et al., 2003; Thorndycraft
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et al., 2006). Studies of the headwaters of the Segre Basin have docu-
mented a general decline of water resources over the last five decades.
Buendía et al. (2015a) showed that the Noguera Pallaresa River (the
main tributary of the Segre River) has undergone a notable reduction
in streamflow during late spring and summer. In addition, natural veg-
etation in this region has dramatically expanded because of the aban-
donment of traditional agricultural activities and the marginal
productivity of the slopes (García-Ruiz and Lana-Renault, 2011). Affor-
estation is also linked to the declining runoff in the headwaters of the
Segre Basin (Buendía et al., 2015a, 2015b), as in other basins of the
Spanish Pyrenees (Beguería et al., 2003; Gallart and Llorens, 2003).

Although changes in climate and land covermay explainmany of the
changes in streamflow during recent decades, the increased river regu-
lation by dams in the last century has also had a major impact on the
Segre River Basin. Irrigated agriculture has significant economic impor-
tance in this region (Pascual et al., 2006; Matas, 2015), but the conse-
quences of increased irrigation and water regulation on streamflow
are unknown. Given the complex interactions of climate change, land
cover changes, and water management, it is difficult to determine the
role of agricultural water demand on changes in streamflow in the
Segre River.

In this study, we used long-term data (1951–2013) on river flows
and climatic series to analyze the cumulative downstream effects of
dams and agricultural water demands on natural river regimes and
on the disassociation of climate from runoff in the Segre Basin. The
objective is to analyze changes in the availability of water resources
throughout the Segre Basin and to identify interactions between
changes in climate and streamflow due to dams and changing
water demands.
Fig. 1. Location and topography of the Segre River Basin. The main reservoirs are in blue
2. Study area

The drainage basin covers 13,000 km2, and includes the Segre River
(8167 km2; themain tributary of the Ebro River), the Noguera Pallaresa
River (2807 km2) and the Noguera Ribagorzana River (2061 km2)
(Fig. 1). The elevation ranges from 175 m to N3200 m in the
Pyrenees. The average precipitation is approximately 814 mm year−1,
although there are large differences between the Pyrenean headwaters
(N1100 mm year−1) and the southern lowlands (b400 mm year−1).
Annual reference evapotranspiration in the headwaters is b-
600 mm year−1, but exceeds 1100 mm in the south, near the mouth
of the Ebro River (Vicente-Serrano et al., 2007). Under a natural regime,
the river has a notable seasonality, with the main flow during May and
June due to snowmelt and high precipitation during spring. Neverthe-
less, significant precipitation from storms can occur during the summer
months (De Luis et al., 2011).

The population of the basin has increased 60% from 1900 to 2010.
Total population in 2010 was 422,000 inhabitants Agroindustry on irri-
gated lands and intensive livestockmanagement are themain economic
sectors. The basin has 144,000 hawith irrigation, based on the canals of
Urgell, Pinyana, Aragón y Catalunya, and Segarra-Garrigues. Currently
there are 35 reservoirs in the Segre Basin, an increase from 15 in 1951
(Fig. 2) and the total storage capacity is 2084 hm3. Despite the large
number of dams, seven reservoirs account for 94% of the total water
storage capacity.Mostwater regulation is in the headwaters andmiddle
reaches of the Noguera Ribagorzana River and the Noguera Pallaresa
River, with the reservoirs of Escales (163 hm3), Canelles (687.5 hm3),
Santa Anna (236.6 hm3), Talarn (205.1 hm3), and Camarasa
(163 hm3). The Segre River is regulated by the Oliana Reservoir
and the black squares indicate the locations of gauging stations used in this study.



Fig. 2. Changes in total reservoir capacity (red), water storage (blue), and the ratio between storage and capacity (dark red) in the Segre Basin between 1951 and 2013.
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(101 hm3) and theRialb Reservoir (402.8 hm3), established in 2000. The
ratio between water storage and capacity has not changed over time.

3. Materials and methods

3.1. Hydrologic data

The Ebro river Basin Management Authority (Confederación
Hidrográfica del Ebro) provided all data on monthly streamflow in the
Segre Basin. After checking all available gauging stations, we used
monthly streamflow data from 8 stations. The selected stations had
b15% data loss from 1951 to 2013. Gap filling was performed by linear
regression analysis. The independent series in the regression models
was in the same river or a close tributary of the river series withmissing
data and affected by similar regulation conditions (e.g., the gauging sta-
tions located in the headwaters were filled using available data in the
headwaters). The gauging stations located in the lower area of the
basin showed very few data gaps (b1.1% in all the cases). Theminimum
Pearson's correlation coefficient between the series in the model was
set at R = 0.6. Fig. 1 shows the locations of the selected stations. Four
stations are upstream of the main reservoirs (Puigcerdà, Organyà, La
Pobla de Segur, Pont de Suert) and four are downstream of the reser-
voirs (Oliana, Pinyana, Balaguer, Seròs). We also used data on monthly
total reservoir storage, inflows to the reservoirs, and releases down-
stream of the dams in each of the seven reservoirs from the beginning
of their operation dates. The average monthly water extractions for
urban and irrigation uses in the basin were also available, as well the
monthly flows into the main irrigation canal of the basin, the Canal d'
Urgell.

3.2. Climate data

Monthly total precipitation,monthly averagemaximum temperature
(Tmax), and monthly average minimum temperature (Tmin) were ob-
tained from the MOPREDAS and MOTEDAS datasets (González-Hidalgo
et al., 2011, 2015). The datasets were updated to 2013 using the raw
time series of precipitation and temperature from the Spanish Meteoro-
logical Agency (AEMET). These are dense, quality-controlled, and ho-
mogenized datasets of monthly climatic variables and are some of the
best available climate datasets for Spain.We used a subset of 243 precip-
itation and 164 temperature stations that cover the entire Segre Basin
and its surroundings. Meteorological data is unevenly distributed
and does not cover the entire Segre Basin, so the local data measured
in the meteorological stations was put into a regular 500 × 500 m grid
using a regression-based interpolation (Ninyerola et al., 2000). The
independent variables of elevation (obtained from a 100 m grid, see
below), latitude, longitude, and distance to the Mediterranean Sea were
used to predict monthly precipitation, Tmax, and Tmin. To interpolate
precipitation, we also used the mean elevation within a radius of 5 and
10 km to consider the greater influence of relief on precipitation.
MiraMon software was used to obtain the gridded climatic layers
(Pons, 2007).

Correlation between variables (collinearity) can complicate the in-
terpretation of results. To prevent this problem, a forward stepwise pro-
cedure, with ‘probability to enter’ set to 0.01, was used to select only
significant variables, as recommended by Hair et al. (1998). The results
of this method are inexact because the predicted value of a climatic
variable does not coincide with the actual data collected at weather
stations. Thus, residuals were interpolated using inverse distance-
weighting and subtracted from the simulated grids. A total of 768
monthly gridded layers for monthly precipitation, Tmax, and Tmin
were obtained (12 months × 64 years). The grid layers were validated
by a jackknife resampling procedure (Phillips et al., 1992). We calculat-
ed the mean absolute error (MAE) of each gridded data layer. For
precipitation, the average MAE for the different monthly layers is
11.04mm,which can be considered highly accurate. For Tmax, the aver-
age MAE is 0.94 °C. For Tmin, the average MAE is 1.0 °C. Agreement
Index D (Willmott, 1981), which is a relative and bounded measure of
model validity. It scales with the magnitude of the variables, retains
mean information and does not amplify outliers. A D value of 1 corre-
sponds to a perfect match of estimations to the observed data. This
statistic provides very good results for the different layers (averages of
0.95, 0.96 and 0.96 for precipitation, Tmax and Tmin, respectively).
There are not important differences between the different monthly
layers, showing the time series of the monthly D and the MAE very
few differences between 1951 and 2013 (Fig. 3). Moreover, D values
do not show noticeable differences as a function of the climate season-
ality in the region.

Using Tmax- and Tmin-gridded layers, we calculated the atmo-
spheric evaporative demand (AED) using the equation of Hargreaves
and Samani (1985), which only requires information on temperature
and extraterrestrial solar radiation:

ETo ¼ 0:0023� Ra� R0:5 � Tþ 17:8ð Þ

where ETo is reference evapotranspiration, R is the difference between
Tmax and Tmin (°C), T is the mean monthly temperature (°C), and
Ra is the extraterrestrial solar radiation in equivalent evaporation
(mm day−1), which depends on latitude and day of year. This method
provides reliable estimates of ETo when meteorological data are



Fig. 3. Temporal evolution of themonthly Agreement index (D) (black) andMAE (red) for
the gridded layers of precipitation, maximum andminimum temperature. These statistics
were obtained by means of cross-validation.
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unavailable for estimation of the radiative and aerodynamic compo-
nents of the atmosphere (Vicente-Serrano et al., 2014a, 2014b).

We obtained the drainage basin corresponding to each gauging sta-
tion using a digital elevation model (DEM) at a resolution of 100 m and
the Basin tool in ArcGIS 10.2. This allowed comparison of the average
climatic series (precipitation and ETo) of the drainage area at each gaug-
ing stationwith themonthly streamflowdata. The sub-basins located in
the same stream include all sub-basins upstream and not only the part
of the basin between upstream and downstream station.

3.3. Statistical analysis

We calculated the influence of the 7 reservoirs of the river regimes
by determining the averagemonthly inflow, storage, and release down-
stream into the dams. The reservoirs of Canelles and Santa Anna are
connected, so were considered as a single reservoir in this analysis.
Trends in monthly reservoir inflow, storage, and release downstream
into the dams were determined by the nonparametric Mann-Kendall
tau coefficient. This is more robust than parametric coefficients and
does not assume normality of the data series (Lanzante, 1996). Statisti-
cally significant differences were defined as those with p-values b 0.05.
To determine the magnitude of changes, a regression between time
(independent variable) and the hydrological series (dependent vari-
able) was used. The slope (m) of each model indicates the magnitude
of change. Changes in climatic variables and streamflow were assessed
using the same approach.

To determine changes in the dependence of streamflow on climate
variability, we calculated the annual runoff coefficients (ratio of
streamflow to precipitation, using hydrological years, from October to
September). The time-scale at which streamflow responds to cumula-
tive climatic conditions depends on geography and season (López-
Moreno et al., 2013). Nevertheless, we found that total annual
streamflow (October–September) in the different stations is mainly
driven by precipitation during the same period. This allows determina-
tion of possible changes in the relationship between precipitation and
streamflow during the analyzed period. This analysis was also repeated
at a monthly scale; in this case we recorded the period of n months in
which the cumulative precipitation better explained streamflow vari-
ability, as described by López-Moreno et al. (2013). The significance
and magnitude of changes in the annual and monthly ratios of precipi-
tation and streamflow were also calculated. To determine the possible
influence of ETo on change in the runoff coefficients, we detrended
the series of coefficients and correlated them with de-trended ETo
series in each basin. The series were detrended using linear regression
and residual values, being the runoff coefficients and the ETo the depen-
dent variable and the series of years the independent variable. We
used de-trended series to avoid erroneously increase the correlation
coefficients.

Finally, following Beguería et al. (2003) and López-Moreno et al.
(2011), we created monthly statistical linear models based on regres-
sion analysis. The use of linear relationships between regional climatic
variable and streamflow offered a very simple framework with the
possibility of interpreting the residuals of the model as the unknown
element in the balance approach and the possibility of studying the
changing relationship between the variables through time. We per-
formed a stepwise multiple linear regression model between the
climatic (precipitation and ETo) (independent variables) and streamflow
(dependent variable) in each sub-basin, with the form:

Si ¼ mþ aPi;n þ bEToi;n

where S is the observed streamflow in the month i, m is the constant of
the multivariate regression model, a and b are the coefficients, P is the
precipitation in the month i accumulated over a period of n months,
and ETo is the reference evapotranspiration. The models provide
streamflow predictions only based on the observed evolution of the
climate variables used.

Streamflow was predicted from precipitation and ETo series, using
periods of accumulation of these variables. We used the period that
showed the highest correlation with the monthly streamflow. This
approach takes into account that the period from the arrival of water in-
puts in the form of precipitation (and also thewater outputs in the form
of evapotranspiration) to a givenwater usable source (streamflow)may
strongly differ as a function of the basin characteristics, climate condi-
tions and river regimes (López-Moreno et al., 2013). The percent change
in predicted streamflow, based on climate changes between 1951 and
2013, was compared with observed streamflow change. Significant dif-
ferences between the magnitude of observed and predicted change of
streamflow were assessed by comparing the slopes of a linear model,
with time as the independent variable. For this purpose, a statistical
test for the equality of regression coefficients was used (Paternoster
et al., 1998).

4. Results

4.1. Alteration of streamflow regimes by reservoirs

The seven large reservoirs analyzed in this studyweremanaged sim-
ilarly (Fig. 4). These reservoirs reached maximum water storage in
May–July to satisfy the water demands for summer irrigation. Thus,
river inflows are greater than water releases from late winter to early
summer. In the biggest reservoirs (Canelles + Santa Anna and Rialb),
thefilling time is longer (October to June), butwater releases are greater
than inflows from July to September to satisfy the demands of the irriga-
tion polygons. Several reservoirs (Escales, Talarn, Camarasa, andOliana)
reduce water storage during winter months, generally to increase
hydropower production during this period of high electricity demand.

The alteration of the river regimes by dams has also led to differ-
ences in monthly changes of inflows and releases. Fig. 5 shows the
magnitude of changes in monthly water inflow, release, and storage.
In general, inflow and release had negative trends duringmost months,



Fig. 4.Averagemonthly reservoir storage (white bars), inflow (blue lines), and release (red line) in the sixmain reservoirs of the Segre Basin. The study period in 1950–2013 for Talarn and
Camarasa, 1960–2013 for Escales and Oliana, 1968–2103 for Canelles + Santa Ana and 2005–2013 for Rialb.
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but the decrease was stronger for inflow than release during summer.
Dams exacerbate the reduced streamflow during winter, but amelio-
rate the reduced streamflow during summer. The exception is
Canelles + Santa Ana, which is already affected by the alteration of
streamflow regimes from the Escales reservoir located upstream but
also by releases water for irrigation areas outside off the Segre basin,
whichwould explain the large difference between inflows and outflows
during the summer irrigation campaigns.

4.2. Changes in climate

Fig. 6 shows the changes of seasonal and annual precipitation and
ETo in the drainage basin of the gauging station of Seròs (1951–2013).
This gauging station has the lowest elevation, so it can be considered
to summarize the behavior of most of the Segre Basin. The Segre Basin
shows a strong decrease of summer precipitation during the study
period. It averaged about 3000 hm3 year−1 in the 1950s and about
1800 hm3 year−1 in the last decade (44.7% reduction over 63 years). In-
creased precipitation in winter (which was not statistically significant)
did not compensate for this strong reduction of summer precipitation.
Fig. 5. Changes inmonthly inflow (blue), outflow (red), and reservoir storage (bars) in thefive r
constructed after 1950 and the changes were computed from the data onset to 2013. Circles
storage).
The strong decrease in summer precipitation explains the strong reduc-
tion of annual precipitation in thewhole basin, from 10,200 hm3 year−1

in the 1950s to 8700 hm3 year−1 in the last decade (16.2% reduction
over 63 years).

ETo increased significantly over time, especially during the summer
months (8.5% increase over 53 years). The ETo changes were moderate
in other seasons, being statistically significant only in spring. As with
precipitation, the long-term change of ETowasmainly driven by changes
during the summer, which increased by 6.4% over 63 years
(12,400 hm3 year−1 to 13,100 hm3 year−1).

The changes in the whole basin were mostly observed at the differ-
ent gauging stations of the different sub-basins, from the headwaters to
the middle and lower courses of the rivers. The precipitation decrease
and ETo increase were statistically significant from June to August in
all drainage basins (Table 1). Themagnitude of the changeswere similar
for gauging stations of the headwaters (blue),whichwere unaffected by
changes in water regulation, and gauging stations downstream of the
dams (orange). This is because of the great importance of precipitation
in the headwaters and the low spatial variability of ETo changes in the
basin.
eservoirs that have long data records. The year of data onset is indicated for those reservoirs
(asterisk) indicate a statistically significant change (p b 0.05) for streamflow (reservoir



Fig. 6. Seasonal and annual precipitation (left) and ETo (right) in the drainage basin of the gauging station at Seròs (1951–2013).
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Table 1
Percent change in monthly and annual precipitation and reference evapotranspiration (ETo) from 1951 to 2013 in the eight analyzed drainage basins. Asterisk indicates statistically sig-
nificant trends (p b 0.05). Blue: non-regulated basin; orange: regulated basin.

Precipitation ETo

Pont de Suert La P. Segur Pinyana Puigcerdà Organyà Oliana Balaguer Seròs Pont de Suert La P. Segur Pinyana Puigcerdà Organyà Oliana Balaguer Seròs

Jan 33.4 37.7 44.1 41.4 38.2 38.7 38.6 44.4
7.5* 5.3 9.1* 10.3 11.5* 11.5* 8.0 8.8

Feb -41.9 -45.4 -25.7 -38.8 -43.5 -43.3 -39.9 -30.8
8.9 9.1 10.5 11.4 12.7 12.6 13.9 13.1

Mar -46.6 -45.2 -39.1 -36.5 -42.3 -42.1 -39.9 -34.8
9.6* 8.6* 10.9* 13.6* 13.3* 13.3* 11.1* 11.7*

Apr 15.1 19.7 27.3 10.8 12.6 13.2 20.8 27.5
4.6 3.9 5.3 7.6 7.2 7.1 6.8 6.7

May -25.8 -23.9 -23.9 -26.7 -25.1 -24.9 -22.5 -18.7
3.1 2.0 3.1 7.7 5.0 4.9 2.6 1.8

Jun -55.2* -52.6* -57.8* -54.7* -54.6* -54.8* -55.2* -55.7*
12.3* 12.0* 13.0* 17.7* 16.2* 16.2* 13.7* 12.8*

Jul -41.3* -41.1* -39.6* -45.4* -41.9* -41.5* -39.3* -37.2*
5.3* 5.5* 6.0* 10.5* 8.4* 8.4* 6.2* 6.2*

Aug -44.2* -42.6* -44.0* -41.8* -42.9* -42.5* -40.3* -38.0*
9.1* 8.9* 10.0* 14.8* 12.8* 12.8* 10.0* 9.4*

Sep -22.4 -22.6 -25.5 -32.2 -27.2 -27.1 -25.6 -27.1
3.4 2.8 3.9 10.0* 5.9 5.8 2.1 1.4

Oct 27.7 24.8 36.0 -12.8 4.1 5.2 15.9 21.7
4.3 3.0 4.7 11.7* 6.4 6.2 2.0 1.7

Nov -20.9 -15.3 -6.4 -7.3 -8.4 -7.3 -3.0 3.5
1.3 -0.6 2.1 0.5 2.6 2.6 -0.7 1.0

Dec -10.3 -11.3 7.3 -4.3 -9.2 -8.9 -7.2 -3.2
3.5 1.2 5.1 8.8* 7.9* 7.7* 4.9 6.5

Annual -22.7* -21.8* -16.6* -24.8* -23.7* -23.4* -20.1* -16.2*
6.5* 6.0* 7.2* 11.4* 9.6* 9.5* 7.1* 6.8*
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4.3. Changes in streamflow

Given the observed changes in climate,we expected a general reduc-
tion in streamflow in the headwaters and the lower reaches of the basin.
Nevertheless, the magnitude of this change was very different in these
two regions. Fig. 7 shows examples of changes in seasonal and annual
streamflows in the headwaters (Organyà) and lower reaches (Seròs).
At Organyà there was a general decrease of streamflow in all seasons,
but this was only significant during summer (40.6% reduction over
63 years), matching the observed changes in climate. Annual streamflow
declined by 27.6% at Organyà. In contrast, Seròs had statistically signifi-
cant declines during all 4 seasons. Although themain decrease was dur-
ing summer (66.9%), there were also differences in the other 3 seasons
(57.3%, 59.6%, and 62.6%). This explains the strong reduction in annual
streamflow (61.8%), from about 3600 hm3 year−1 in the 1950s to
about 1600 hm3 year−1 in the last decade.

Therefore, our results indicate that declines in streamflow were
much more important in the medium and lower reaches of the rivers,
after the main dams of the Segre Basin. This is further illustrated in
Fig. 8, which shows monthly streamflow changes in different gauging
stations in the headwaters (black) and lower reaches (red) of the
Noguera Ribagorzana River and the Noguera Pallaresa River (left) and
Segre River (right). In the headwaters of the Noguera Ribagorzana
River and the Noguera Pallaresa River, there are significant decreases
of streamflow during summer (May to September in Pont de Suert
and July to September in La Pobla de Segur). Nevertheless, in Pinyana
(located after the dams at Canelles and Santa Anna) there was a signif-
icant decrease during all months except August. In the Segre River, the
magnitude of streamflow decrease in the lower reaches (Balaguer and
Seròs) was much larger than that in the headwaters (Organyà and
Puigcerdà). This pattern also occurred in the other gauging stations
(Table 2). Thus, the entire Segre Basin has been affected by a strong
reduction in streamflow, with especially dramatic changes in the lower
reaches of the rivers.
4.4. Changes in the relationship between climate and streamflow

Fig. 9 shows the evolution of the annual runoff coefficient at the 8
gauging stations. For stations in the headwaters (Pont de Suert, la
Pobla de Segur, Puigcerdà, and Organyà), there were no statistically sig-
nificant changes in this ratio, but therewas a 12.2% reduction of the run-
off coefficient at the Puigcerdà station. This means that the decreased
streamflow observed in the headwaters coincided with reduced annual
precipitation. On the contrary, at gauging stations downstream of the
main dams (Pinyana, Oliana, Balaguer, and Seròs), these coefficients
showed strong decreases. In Oliana (the first gauging station that is
downstream a large reservoir in the Segre River), there was a reduction
of 14.4%. In the lower courses of the rivers (after themain dams and the
irrigated areas) the coefficients show strong and statistically significant
decreases, with reductions N 50% from 1951 to 2013.

Analysis at themonthly scale indicated similar trends. Table 3 shows
themagnitude of changes in the ratio of monthly streamflow to precip-
itation in the eight sub-basins. In this analysis, the optimum accumula-
tion period of precipitation was assessed for each month and station
(considering periods from 1 to 12 month cumulative precipitation
prior to the analyzed month), selecting those showing a higher correla-
tion coefficient. The optimum accumulation period of precipitation is
showed for eachmonth and gauging station. In general, the runoff ratios
decreased during most months at most stations upstream of the main
dams. At Puigcerdà and Organyà, there were negative trends in all
months exceptMay, August and September. At the two gauging stations
in the headwaters of the Noguera Pallaresa River and the Noguera
Ribagorzana River (La Pobla de Segur and Pont de Suert), the monthly
ratios also decreased during most months. With the exception of
Puigcerdà in August, these decreasesweremainly during in the summer
months and from October to January. These reductions were much
larger at gauging stations downstream of the main dams. At these
downstream stations, the monthly ratios between precipitation and
streamflow showed statistically significant reductions most months of



Fig. 7. Seasonal and annual streamflow in the headwaters of the Segre River at Organyà (left) and the lower reaches of the Segre River at Seròs (right).
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Fig. 8.Monthly changes in streamflow at different gauging stations in the headwaters (black lines) and the lower reaches (red lines) in the Noguera Ribagorzana River and Pallaresa River
(left panel) and the Segre River (right panel). Squares indicate statistically significant changes (p b 0.05).
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the year, in some cases N 80%. In addition, there were few seasonal dif-
ferences in the magnitude of the observed changes.

We also examined whether the observed increase of atmospheric
evaporative demand could lead to greater evapotranspiration when
water is available, thereby explaining the temporal variability in the
runoff coefficient. The correlations between the annual runoff coeffi-
cient of thedetrended series of precipitation and streamflowwith annu-
al ETo weremostly negative at the different sub-basins; this means that
a greater ETo contributed to lower annual streamflow in relation to
precipitation. Nevertheless, these correlations were not strong, and
the correlation was only statistically significant at the Balaguer basin
Table 2
Percent change in monthly and annual streamflow from 1951 to 2013 in the eight analyzed dr
regulated basin.

Pont de Suert La P. Segur Pinyana

Jan 11.8 -15.3 -75.6*

Feb 0.4 -29.8 -84.3*

Mar -22.6 -17.9 -81.6*

Apr -15.2 3.7 -66.7*

May -15.4* 1.9 -69.3*

Jun -38.5* -15.3 -63.4*

Jul -50.3* -33.0* -49.3*

Aug -45.1* -28.8* -26.4

Sep -48.3* -33.3* -42.8*

Oct -41.8 -34.5 -77.9*

Nov -33.9 -25.1 -84.6*

Dec 5.5 -23.9 -87.1*

Annual -28.2* -16.7 -67.6*
(R = −0.33, p b 0.01). In the stations of Seròs and Balaguer (in the
lower reaches of the Segre river), we found that years of low runoff
coefficient coincided with greater ETo values. This relationship is more
evident since the early 1980s (Fig. 10), a period when ETo increased
more notably. At the monthly scale, the correlation between the runoff
coefficient and the detrended ETo had notable seasonal and spatial dif-
ferences (Table 4). There were mostly negative correlations at the dif-
ferent stations, but no general pattern distinguished stations that were
upstream and downstream of the main reservoirs. Nevertheless, with
the exception of Pinyana and Oliana, in which the correlations were
positive, the different stations had negative and significant correlations
ainage basins. * indicates significant trends (p b 0.05). Blue: non-regulated basin; orange:

Puigcerdà Organyà Oliana Seròs Balaguer

-22.0* -0.4 -19.8* -51.1* -79.0*

-44.2* -38.0* -64.4* -92.0*

-27.5 -39.5* -72.0* -97.7*

-25.6 -23.6 -36.5* -60.9* -98.0*

-6.3 -6.7 -2.6 -48.5* -72.8*

-36.2* -41.2* -69.0* -87.1*

-54.3* -38.6* -73.6* -96.1*

-50.1* -33.0* -53.6* -95.3*

-63.7* -57.0* -49.8* -98.2*

-53.4* -35.7 -63.5* -73.7* -97.8*

-39.9* -26.9 -34.6* -61.6* -82.6*

-33.1* -35.3* -60.9* -78.5*

-32.8* -34.6* -61.8* -91.3*

-30.3*

-31.5*

-31.9*

-53.1*

-50.2*

-47.3*

-23.2*

-27.6*



Fig. 9. Annual runoff coefficient in the rivers at gauging stations upstream (top) and downstream (bottom) of the main reservoirs.
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during the summer months. This suggests that increased ETomay have
contributed to the reduced streamflow during these months, mainly in
stations downstream the main reservoirs.

We created monthly streamflowmodels to explain streamflow var-
iability and changes in eachmonthly series at the eight gauging stations.
Fig. 11 shows an example of the observed and predicted July streamflow
at the Seròs station. According to climate, the predicted streamflow de-
creased by 47.4%, but the observed decrease was 68.7%. This means that
observed streamflow evolution shows a decrease of 21.3 percentage
points higher than that expected by climate evolution. The predicted
streamflow based on climatic changes explains N45% of the variance
in observed streamflow during most months at most stations, in regu-
lated and non-regulated basins (Table 5). Nevertheless, a comparison
of changes in regulated and non-regulated basins shows several differ-
ences. In stations at the headwaters, although observed and predicted
streamflow mostly decreased, there were no major differences in the
magnitude of changes between observed and predicted streamflows.
This suggests that the observed changes in climate explain most of the
changes in streamflow (Fig. 12). On the contrary, at stations located
downstream of themain reservoirs, the observed changes were greater
than predicted by climate data, with the exception of the station at
Oliana. These differences were statistically significant mainly during
the spring and summer months. These results suggest that factors
other than climate affected changes in streamflow in the lower areas
of the basins during the spring and summer months.

The patterns we observed in the lower areas of the rivers are proba-
bly related to the increased irrigation demands in the basin. Thus, the
average monthly water extraction from the different rivers had a clear
seasonal pattern that resembled the divergence between observed
and predicted streamflow. On average, water extraction in the entire
basin was lower from October to March, but greater from May to July
(Fig. 13). The average magnitude of water extraction during summer
months is much greater than the maximum summer streamflow ob-
served at the Seròs station between 1951 and 2013. Therefore, the
high water demands during summer months can only be satisfied
whenwater is stored in the reservoirs from latewinter to early summer.
On the other hand, there are no complete series on the changes inwater
extractions from the basin. Nevertheless, the available series of water
diverted during the summer into the main irrigation canal of the basin
(Canal d'Urgell) clearly increased since the beginning of the 1960s.
Although there aremissing data for the period of 1992 to 2002, available
information during the last decade shows that canal flows have
increased from about 140 hm3 in the 1960s to about 250 hm3 in the
last ten years. This indicates that the canal flows were greater than
streamflow in the Segre River at the Seròs station, mainly during the
strong drought that affected the basin between 2006 and 2008.

5. Discussion and conclusions

We analyzed changes in streamflow and climate in the Segre Basin
of Northeastern Spain between 1951 and 2013. Water in this basin is
highly regulated, given the existence of seven large reservoirs. These
reservoirs have changed the river regimes downstream to compensate
for themismatch betweenwater availability (mainly from precipitation
and snowmelt during winter and spring months) and water demand
(mainly during summer months). This pattern is similar to most of the
regulated river basins in Spain, in which reservoirs supply water for ag-
riculture (López-Moreno et al., 2004). In the entire Ebro Basin, Batalla
et al. (2004) identified large modifications of the river regimes, and
identified an inversion of the seasonal pattern due to water releases
for irrigation during summer. This also occurs in the main reservoirs
of the Segre Basin, and has greatly affected the river regimes. Reservoirs
have maintained summer streamflow downstream of the main dams, a
pattern that also appears in most river basins of Spain. Lorenzo-Lacruz
et al. (2012) showed that regulated and non-regulated river basins
had very different magnitudes of streamflow changes in the Iberian
Peninsula since 1950. In particular, they showed that while non-
regulated basins had decreased streamflow during summer months,
highly regulated basins had increasing streamflow during summer
months.

We found no positive changes in summer streamflow over time in
the Segre Basin. Nevertheless, we also found that despite the increasing
aridity, the storage levels of the main reservoirs have not notably
decreased even though streamflow has declined. Dam management
seeks to ensure an adequate water supply during summer. López-
Moreno et al. (2004) showed a similar pattern in the western Spanish
Pyrenees, in that reservoir management adjusted to changes in
streamflow and hydrological regimes. These changes in the Segre Basin
also include adjustment for earlier spring peaks of flow due to the earlier
snowmelt, as reported byMorán-Tejeda et al. (2014) formost natural ba-
sins in Spain.

In the Segre Basin, and independently of the documented changes in
the seasonality of river regimes, the main consequence of increasing
river impoundment according to our results is a greater reduction of
streamflow at the lower reaches of rivers relative to the headwaters.
In the headwaters of the Segre Basin, the annual streamflow reduction
from 1951 to 2013 ranged from 16.7% at the La Pobla de Segur station
to 32.8% at the Puigcerdà station. Moreover, the reduced streamflow



Table 3
Percent change in the ratio of streamflow to monthly cumulative precipitation. Asterisk indicates significant trends (p b 0.05). In parenthesis is included the precipitation cumulative pe-
riod n that shows the highest correlations with streamflow. Blue: non-regulated basin; orange: regulated basin.

Pont de Suert La P. Segur Pinyana Puigcerdà Organyà Oliana Balaguer Seròs

Jan

-41.7 (2) -17.05 (2) -69.24* (10) -18.84 (1) -10.32 (2) -36.9* (4) -89.47* (4) -49.62* (5)

Feb

19.73* (3) -16.77 (3) -78.27* (10) -28.05 (3) -20.15 (3) -28.68* (3) -94.28* (3) -58.66* (5)

Mar

-14.29 (3) 2.71 (5) -71.68* (11) -5.65 (5) -15.46 (5) -27.14* (5) -97.5* (5) -66.52* (8)

Apr

11.85 (1) 20.66 (5) -57.18* (12) -10.17 (6) -10.45 (3) -27.22* (3) -93.4* (6) -58.68* (8)

May

-2.84 (7) 16.63 (7) -57.37* (12) 7.83 (12) 5.96 (7) 15.42 (7) -63.11* (7) -43.34* (12)

Jun

-18.04* (6) 11.73 (8) -38.06* (11) -24.7 (12) -13.75 (5) -26.81* (8) -83.17* (8) -59.72* (12)

Jul

-31.51* (6) -7.06 (8) -15.94 (12) -42.74* (7) -36.06* (7) -15.73 (7) -96.2* (3) -63.78* (6)

Aug

5.75 (5) -1.52 (8) 23.13 (4) 70.3 (5) -26.6* (5) -6.96 (5) -93.8* (4) -43.94* (5)

Sep

5.44 (6) 72.85 (6) -21.7 (5) -27.43 (6) 4.77 (6) -39.66* (6) -99.47* (6) -28.28* (6)

Oct

-26.51* (7) -16.66 (7) -65.24* (6) -48.24* (7) -20.36 (7) -38.39* (7) -94.23* (6) -57.1* (7)

Nov

-18.57 (5) -6.37 (10) -71.73* (7) -27.17* (1) -12 (8) -27.45* (8) -89.49* (7) -57.46* (12)

Dec

-1.23 (3) -80.25* (11) -24.29* (2) -12.3 (2) -25.17* (11) -85.01* (8) -53.51* (8)-5.11 (2) 
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in the headwaters is more important during the summer months. In
contrasts, in the lower reaches of the Segre Basin, the reductions ranged
from 61.8% at the Seròs station to 91.3% at the Balaguer station during
the same period, and there were no notable seasonal differences.

The spatial variability of climate changes in the basin cannot explain
the different changes in streamflow at the headwaters and the lower
reaches. Thus, runoff in the basin is mainly recorded in the Pyrenean
headwaters (López-Moreno et al., 2011; Buendía et al., 2015b), a com-
mon pattern in Mediterranean regions (Viviroli and Weingartner,
2004; Viviroli et al., 2007). There was a strong decrease of precipitation
in the headwaters of the Segre Basin, and this was more pronounced
than in other areas of the Pyrenees (López-Moreno et al., 2011) and
the Iberian Peninsula in general (González-Hidalgo et al., 2011).
The dramatic reduction of summer precipitation from 1951 to 2013
(44.7%) was responsible for significant droughts at the end of the
2000s (Lopez-Bustins et al., 2013). Although we estimated changes in
atmospheric evaporative demand based on temperature data (because
time series of othermeteorological variables necessary for an estimation
of the aerodynamic and radiative components were unavailable), the
increase of reference evapotranspiration was similar to that reported
by other recent studies in the Iberian Peninsula (Vicente-Serrano
et al., 2014b; Azorin-Molina et al., 2015), which considered more vari-
ables for more accurate quantification. As with precipitation, the main
changes in ETo were during summer, with an increase of 8.5% from
1951 to 2013. This indicates that increased climate stress, mainly during
summer months, has affected the Segre Basin. The seasonal streamflow
changes in the headwaters seem to be related to climate changes, but
the changes in the lower reaches are also due to increased water use
for agriculture and for the local residents.

The seasonal patterns and the magnitude of changes in streamflow
at gauging stations in the lower reaches of the basin differ from those
observed from water releases in the main reservoirs. The later have
tended to ameliorate the large reduction of summer releases relative
to summer inflows. On the contrary, at gauging stations in the lower
reaches, therewas no clear seasonality in streamflow reduction. The dif-
ferent seasonal patterns observed for reservoir releases (river and canal



Fig. 10. Detrended ETo (red) and in the detrended annual runoff coefficient (blue) in the Seròs and Balaguer stations.
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flows) and streamflows recorded at gauging stations in the lower
reaches may be explained by two factors: (i) water storage during
winter and spring months and (ii) flow diversion from the dams to
the canals and significant water consumption by irrigated lands during
summer. As an example of this pattern, the Canal d'Urgell has not
changed thewater concession by the Ebro Basinmanagement authority
in the last six decades (33 m3 s−1, corresponding to a total of 262 hm3

during summer months), but summer canal flow since the beginning
of the 1960s has increased and reached themaximum of the concession
each year during the last decade. Some of the water is returned to the
Segre River after crossing the irrigation districts, explaining why the
streamflow decrease at Balaguer (upstream of the water returns) is
greater than at Seròs (downstream of the water returns). Nevertheless,
water returns have declined in recent decades, even though irrigated
lands have not noticeably increased (only 5000 ha are currently irrigat-
ed by the Canal Segarra-Garrigues), because of the trend toward more
intensive irrigation (Pinilla, 2006; Clop et al., 2009). In addition, the in-
creased atmospheric evaporative demand has probably increasedwater
consumption in cultivated regions, as observed in other regions of
Northeastern Spain (García-Garizábal et al., 2014), thereby reducing
water returns to the river. Thus, we found that temporal variability of
able 4
orrelations between de-trended monthly ratios of streamflow to precipitation with de-
ended ETo in each basin. * indicates significant trends (p b 0.05). Blue: non-regulated
asin; orange: regulated basin.

Pont de Suert La P. Segur Pinyana Puigcerdà Organyà Oliana Balaguer Seròs

an 0.14 0.21 -0.23 -0.33* -0.48* -0.40* -0.31* -0.19

eb 0.21 -0.18 -0.33* -0.33* -0.31* -0.26* -0.27* -0.21

ar 0.10 0.31* -0.12 0.29* 0.29* 0.11 -0.21 -0.22

pr 0.16 0.30* -0.11 -0.15 -0.23 -0.31* -0.08 -0.27*

ay 0.38* 0.25 0.24 -0.37* 0.33* -0.32* -0.32* -0.29*

un -0.32* -0.36* 0.35* -0.48* -0.65* -0.62* -0.57* -0.53*

ul -0.27* -0.35* 0.23 -0.24 -0.41* 0.12 -0.46* -0.40*

ug -0.11 -0.49* 0.15 -0.17 -0.51* 0.20 -0.33* -0.33*

ep -0.20 -0.18 0.24 -0.41* -0.30* -0.35* -0.45* -0.33*

ct 0.21 -0.21 -0.20 -0.08 0.08 -0.30* -0.38* -0.17

ov -0.10 -0.26* -0.21 -0.45* -0.26* -0.25* -0.34* -0.20

ec -0.29* -0.40* -0.21 -0.29* -0.33* -0.21 -0.39* -0.30*
Fig. 11. Observed streamflow during July in the Segre River at the station of Seròs and
predicted streamflow based on the climatic data.
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the ETo in the basin has a clear influence on the annual imbalance be-
tween precipitation and streamflow, and this pattern ismost prominent
in the lower reaches of the rivers during summermonths, when there is
greater water consumption by crops.

Therefore, dam operations and the use ofwater for irrigation explain
most of the observed changes in the lower reaches of the Segre Basin,
and climate has had a decreasing influence on streamflow during
the study period. Based on changes in climate alone, we showed that
streamflow should have decreased b40% in the lower areas of the
basin, but the actual decrease averaged N60%.

Estimation of the percentage of streamflow reduction due to climate
change is difficult because climate interacts with land cover and land
use (i.e. the effect of climate warming on water generation depends
on the amount of surface covered by natural vegetation and crops)
and with population needs, and these have also changed over time.
Nevertheless, in the lower areas of the rivers, water management and
demand complement the observed changes in climate, but in the
headwaters climatic changes have had the most significant effect
on streamflow reduction between 1950 and 2013. Different studies sug-
gested that a general revegetation in the Pyrenees (Lasanta and
Vicente-Serrano, 2007; García-Ruiz and Lana-Renault, 2011) could
be reducing runoff due to the increased evaporation and interception
of precipitation (Llorens and Domingo, 2007). Thus, Beguería et al.



Table 5
Percentage of variance in monthly streamflow explained by climatic variables. Blue: non-
regulated basin; orange: regulated basin.

Pont de Suert La P. Segur Pinyana Puigcerdà Organyà Oliana Balaguer Seròs

1 51 66 36 49 58 63 48 53

2 55 54 42 48 58 47 39 48

3 50 48 34 29 47 46 43 48

4 29 29 26 36 51 52 48 56

5 45 30 20 35 44 50 50 51

6 54 42 24 46 70 63 67 68

7 43 47 37 36 54 29 53 50

8 37 62 38 29 70 31 36 57

9 48 45 37 55 55 53 45 57

10 58 62 39 58 68 59 47 61

11 65 66 38 65 69 70 50 51

12 58 64 29 54 63 60 48 52

Fig. 13. Average monthly water extraction for irrigation in the basin (top) and changes in
total summer flows in the d'Urgell canal (bottom) from 1958 to 2012.
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(2003) estimated that the reduction of streamflow caused by the
expansion of forested areas was 25% for the period of 1955 to 2000
in the central Spanish Pyrenees. In the headwaters of the Noguera
Pallaresa River, Buendía et al. (2015a) estimated a decrease in
streamflow of 7% to 36% from 1965 to 2009 due to changes in land use.
Our application of two different methodologies (annual and monthly
runoff coefficients and calculation of empirical models to predict
streamflow based on climate data), indicated that climate was the main
driver of streamflow changes during the study period in the headwaters.
Fig. 12. Observed percentage change in monthly streamflow from 1951 to 2013, and predicte
significant difference (p b 0.05) between observed and predicted changes.
Nevertheless, the negative evolution of the runoff coefficient, mainly
during summer months, suggests that increased vegetation coverage
also contributed to the reduced streamflow. In any case, as with irrigated
lands, the influence of changes in land cover are difficult to separate from
changes in climate given the concurrent evolution towardwarmer condi-
tions and denser forest coverage, both of which lead to increased
evapotranspiration.

The current water management scheme in the Segre Basin employs
significant interventions to cope with the strong water demands from
agriculture, but there are clearly uncertainties regarding the future. In
particular, the observed climate changes in the basin have already com-
promised the model used for water management in this region. More-
over, the current pattern of water use is not sustainable for the near
future because climate change scenarios forecast reduced precipitation
and a large increase in atmospheric evaporative demand during the
coming decades in the western Mediterranean region (Giorgi and
Lionello, 2008), including the Segre Basin (Calbó et al., 2012). These
changeswill lead tomore severe andmore frequent climatic and hydro-
logical droughts (Blenkinsop and Fowler, 2007; Forzieri et al., 2014).
d percentage change according to climatic changes alone. Asterisk indicates a statistically
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Other forecasts indicate that afforestation of the slopes will continue in
the future (Lasanta et al., 2015). Therefore, given themost plausible sce-
narios, we expect that water availability will decline in the near future.
Thus, it will be increasingly difficult or impossible to satisfy water de-
mands using the current management strategy, making practically im-
possible the development of projects to transfer water from the Ebro
basin to other regions of Southeast Spain (Albiac et al., 2006), and it
will soon be necessary to adopt new water consumption and manage-
ment strategies.
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