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Abstract: During the second half of the 20th century, several Spanish rivers experienced a decrease
in the availability of water resources which coincided with an increase in human water demands.
This situation is expected to be exacerbated by climate change. This study analyses the evolution of
annual streamflow in 16 sub-basins of the Tagus River basin (Spain) during the 1950-2010 period and
its relationship with selected variables. Our main objective is to characterize changes in in-stream
flows and to identify what factors could have contributed to them. First, we used non-parametric
tests to detect trends in the hydro-climatic series. Then, we analyzed changes in the runoff coefficient
and applied regression-based techniques to detect anthropic drivers that could have influenced the
observed trends. The analysis revealed a general decreasing trend in streamflow and an increasing
trend in air temperature, while trends in precipitation are less clear. Residuals from regression models
indicate that the evolution of several non-climatic factors is likely to have influenced the decline
in streamflow. Our results suggest that the combination of the expansion of forested areas (a 60%
increase from 1950 to 2010) and irrigated land (a 400% increase since 1950) could have played an
important role in the reduction of streamflow in the Tagus basin.
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1. Introduction

Many river basins in the Mediterranean region have experienced a decline in the
availability of water resources since the 1980s [1]. Several studies have reported a gener-
alized decrease in annual precipitation in this region during the second half of the last
century [2,3] while average temperatures have risen [4,5]. These climatic trends have led
to a reduction in streamflow in many river basins in the Mediterranean area over the past
decades [1,6].

In addition to the reduction in the availability of water resources as a result of climatic
changes, intensive water use has led to water stress in many regions across Europe [7]. At
least 17% of the European Union (EU) territory experiences water scarcity and countries in
the Mediterranean region are especially affected by this problem [8]. The expected rise in the
demand for water in the near future [9] will undoubtedly contribute to exacerbating water
stress in many European countries, especially in those with pre-existing water scarcity.

In Spain, the temporal evolution of climatic factors since the 1950s has varied sig-
nificantly depending on the region and the variable considered. Temperature shows a
significant increasing trend in most territories, while temporal patterns in precipitation are
less clear [10,11]. However, it is widely acknowledged that changes in climatic variables
have given rise to hydrological changes in most river basins during the second half of the
20th century [12]. Studies on a national scale have reported hydrological decline in both
highly regulated [13] and non-regulated rivers [14].
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While available water resources have decreased, water consumption to meet human
demands in Spain has increased by around 30% in the last four decades [15]. Spain is
the third country in the EU in terms of pressure on water resources [16] and its water
exploitation index (WEI+, i.e., the ratio between water use and renewable water resources)
has grown from 13.2 in 1990 to 23.7 in 2017. Within the Iberian Peninsula (IP), the most
intense water imbalance occurs mainly in the central, southern and eastern river basins [17].

Several studies have pointed out that the main anthropic activities that have influ-
enced historical streamflow changes in Spain are: (a) the increasing intensive use of water
resources for irrigation [6]; (b) inter-basin water transfers [18]; (c) overexploitation of
groundwater resources [19,20]; and (d) processes of afforestation due to the abandonment
of traditional rainfed crops [1,21-23]. Additionally, climate change scenarios foresee a gen-
eralized decrease in precipitation and an increase in temperature in the coming decades [12].
These changes are expected to result in a mean reduction of streamflow in Spanish rivers
ranging from —11% to —14% in 2040-2070 and from —13% and —24% in 2070-2100 [12].

Our study aims to characterize the historical evolution of streamflow in a large river
basin in Spain—the Tagus—and explore the role that selected climatic and anthropic factors
may have played in this evolution. Therefore, we first (a) identify trends and abrupt
changes in the historical series of streamflow and selected climatic variables (precipitation
and temperature), focusing on the detection of similarities and differences between them.
Then, (b) we analyze the relationship between streamflow and precipitation, in order to
detect whether there are other factors whose temporal evolution has influenced changes in
streamflow. When other factors are detected, we assess whether the capacity of precipitation
to generate runoff has been significantly altered. If this is the case, (c) we explore the
evolution of several anthropic factors that may have affected streamflow patterns.

Our study is focused on the Spanish part of the Tagus basin for several reasons. First,
the Tagus basin is the most populated basin in Spain [17], largely due to the presence of the
city of Madrid. Second, the Tagus basin is shared with Portugal and water management
decisions in the Spanish part of the basin greatly affect water availability in the downstream
country. Third, since 1979, this basin supplies the largest inter-basin water transfer in
Spain to the southeast of the IP, mainly for irrigation purposes. This water transfer has
given rise to a significant development of the tourist sector in the recipient region [24] and
growth of irrigated land from 166,689 ha in 1984 to over 250,000 ha in 2004 [25]. This water
infrastructure has also been a source of political and social tensions between donor and
recipient basins, which still exist today [26].

In the Tagus basin, water stress hampers the implementation of measures for fresh-
water ecosystem protection, such as environmental flows (e-flows). Spanish regulation
mandates River Basin Authorities to establish e-flows in all their river water bodies using
four variables: minimum flows, maximum flows, high flows and change rates [27]. How-
ever, the 2015-2021 Tagus River Basin Management Plan established only minimum flows
in a few river stretches [28], which led to a Supreme Court ruling in 2019 requiring the
implementation of all the e-flow variables in all the rivers of basin [29]. Given the complex
hydrological and socioeconomic context of the basin, the ultimate goal of this paper is to
provide an insight into the possible causes of streamflow changes, thus contributing to
informing future water management actions in the basin.

2. Data and Methods
2.1. Study Area

The Tagus River basin stretches over 81,447 km? across Spain (68%) and Portugal (32%)
(Figure 1). Climate conditions follow a Mediterranean—continental pattern with two clearly
different periods: a dry season during the summer and a wet season during winter and
early spring. The altitude gradient along the east-west axis of the basin leads to marked
differences in precipitation and temperature. The mean annual temperature ranges from
8 °C in the mountain peaks in the north to 17 °C in the west. The mean annual precipitation
ranges from 1800 mm to less than 400 mm [30].
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The Spanish part of the Tagus basin is home to more than 7.7 million people [24],
which generates significant pressure on its water resources [31]. The upper part is the less
populated part of the basin and is the source area of a major water transfer that diverts
an average of 360 Hm? -year~! to the Mediterranean coast [32]. Water is diverted from the
Entrepefias and Buendia reservoirs, with a total storage capacity of 2518 Hm? (23% of the
total reservoir capacity in the basin). The urban areas of Madrid and Toledo are located
in the middle part of the basin (see Figure 1) and host 5.1 and 0.6 million inhabitants,
respectively. The water demand of the capital city—about 500 Hm?-year~!—is met mainly
from reservoirs in the Lozoya river [33] (see location in Figure 1) and is returned mostly to
the Manzanares river, which is under pressure from the domestic pollution load [34,35].

Forested areas cover 25% of the basin and are located mainly in the highlands. Crop-
land, found mainly on the plains close to the Tagus River, is the second most significant
land use in terms of surface area (32% of the basin). Urban areas and bare soil account for
less than 2%, while grassland (including natural grassland, pasture and Mediterranean
shrub vegetation) covers 39% of the territory, this being the predominant land cover in
the basin.
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Figure 1. Above: The spatial distribution of the studied sub-basins (see Table 1 for gauging station
identification by river code). Below: Location of the Tagus basin in the Iberian Peninsula (black
boundaries) and the main provinces in the basin (in dark grey: AV: Avila; CA: Céceres; CU: Cuenca;
GU: Guadalajara; MA: Madrid; TO: Toledo). The blue arrow shows the Tagus-Segura water transfer.

2.2. Data Collection
2.2.1. Hydrological Data

We used discharge data from 16 gauging stations along 9 different rivers (Figure 1)
that were selected from an original set of 187 stations using the following criteria: (a) they
should have a record of at least 45 consecutive years of streamflow data in the period
1950-2010; and (b) missing data should account for less than 10% of the total data series.
Streamflow data were obtained on a monthly scale and gaps were filled by linear regression
(Pearson’s correlation threshold set to 0.8) using data from the same river or from nearby
tributaries. Hydrological data were aggregated into the annual flow series (Hm3-year 1)
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following the hydrological year (1 October-30 September). More than one station was
retained in the Tagus River, as were two of its tributaries (Jarama and Alberche) (Table 1).

Table 1. Main characteristics of the studied sub-basins. IR represents the accumulated impoundment
ratio (i.e., regulatory capacity upstream divided by mean annual runoff).

River Code ? Code Data Period AD::;H(;;(g;Z) b Fr:f:ast;){’l ruer?:f?(?-lllrl:lgi ¢ IR

Tagus_1 3001 1950-2010 410 1143 154 0.00
Tagus_2 3005 1950-2010 3253 720 556 0.00
Tagus_3 3006 1954-2010 3853 697 556 1.47
Tagus_4 3012 1965-2010 27,159 430 2026 1.93
Tagus_5 3017 1950-2010 41,610 186 5412 1.16
Tagus_6 3019 1950-2010 51,958 110 7231 1.50
Gallo 3030 1950-2010 944 1016 57 0.00
Guadiela 3043 1955-2010 3300 761 508 3.41
Jarama_1 3050 1950-2010 381 891 172 0.33
Jarama_2 3052 1950-2010 7005 550 777 1.30
Henares 3062 1950-2010 4031 565 347 0.88
Manzanares 3070 1950-2010 710 588 94 1.56
Tajufia 3082 1950-2010 2029 615 144 0.44
Alberche_1 3111 1950-2010 1045 719 403 0.51
Alberche_2 3112 1955-2010 1919 557 548 0.62
Alagon 3142 1955-2010 1814 329 885 1.03

2 Code number shown in Figure 1. ® Drainage area and elevation referred to the gauging station [36]. < Mean
annual runoff corresponding to the data period.

2.2.2. Climatic Data

Climatic data on a monthly scale were obtained from a countrywide database de-
veloped by Gonzalez-Hidalgo et al. [10,11]. They carried out a process of reconstruction,
deletion of incorrect data, gap filling, statistical analysis to detect inhomogeneity and
interpolation to a 0.1° x 0.1° grid of historic records (1950-2010) of monthly precipitation
(in mm) and average monthly temperature (in °C) from 2670 and 1358 weather stations,
respectively. More information about the process followed to build the database can be
found in [10,11]. For our study, we retrieved the complete (1950-2010) precipitation and
temperature data series for the Tagus basin and aggregated them into annual values and
by sub-basin.

2.2.3. Land Cover Data
We retrieved data on the evolution of land cover from the following sources:

1.  Historical dataset of land cover for Europe spanning from 1900 to 2010 developed by
Fuchs et al. [37-39]. This database, available in raster maps of 1 km x 1 km resolution
at a decadal scale, clusters land cover into six groups: forest, grassland, cropland,
urban areas, water and other (including bare soil and sparsely vegetated areas).

2. Data on the extension of irrigated land at a provincial level (the Tagus basin includes
territories of 12 different provinces) from 1950 to 2010 with a 10-year temporal resolu-
tion, obtained from the National Institute of Statistics [40]. We considered only the
provinces that cover more than 2% of the Tagus basin and that cumulatively represent
over 97% of its territory (Avila, Céceres, Cuenca, Guadalajara, Madrid and Toledo).

2.3. Data Analysis

Figure 2 shows the steps followed in the study, specifying the type of analysis carried
out and the methods used.
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Figure 2. Flowchart: Steps followed in the study (large circles) and the type of analysis carried out in
each step (small circles). Dashed boxes represent the methods used in each analysis.

2.3.1. Analysis of Streamflow and Climatic Variables
Detection of Trends

In order to analyze trends in annual accumulated streamflow (Hm3 year—!), mean
annual precipitation (mm year ') and mean annual temperature (°C year~!) in each of the
selected sub-basins, we applied the non-parametric Mann-Kendall (MK) test [41,42], which
has been widely used to assess the evolution of hydroclimatic series [6,10,11,13,43-45]. As
a result of potential serial correlation in raw data series, we first applied the trend-free pre-
whitening procedure described by Yue et al. [46]. Once the serial correlation was removed,
the z-statistic obtained from the MK test was used to establish the sign, strength and signif-
icance of the trend. Positive and negative z-values indicate an increasing and decreasing
trend, respectively. Following the criteria proposed by Gao et al. [43], 1.97 < |Z| < 2.57
implies that the observed trend is significant (p-value < 0.05), while |Z| > 2.567 indicates a
highly significant trend (p-value < 0.01). Absolute z-values |Z| < 1.97 indicate no signifi-
cant trend (p-value > 0.05). The z-statistic was calculated using the R-package modifiedmk
Version 1.5.0.

Identification of Sub-Periods

In order to analyze the existence of different sub-periods within the hydroclimatic
time series, we used the Pettitt non-parametric test [47]. This test identifies significant break
points and was used to assess the null hypothesis that when iteratively and randomly
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splitting the time data series into two time periods, there is no change in the mean value
of each period. If p-value < 0.05, the null hypothesis can be rejected and therefore a
significant break point be identified at t;. Based on the results of the Pettitt test, the
climatic and hydrological series were divided into sub-periods, using the year of f; as an
inflection point.

In order to remove the effect of the Tagus—Segura water transfer in streamflow trends
and break points in those river stretches affected by this transfer scheme (Tagus_4, Tagus_5
and Tagus_6), we added the total amount of water diverted each year [32] to the corre-
sponding streamflow data series.

Changes between Sub-Periods

Changes between the sub-periods were quantified by applying the Kruskall-Wallis
(KW) test. The null hypothesis of this non-parametric test evaluates whether the median
value in each sub-period is similar. Then, we assessed the changes between the two sub-
periods using the ratio of change (dV), which quantifies the deviation of the mean value of
each variable after the break point:

Xpost—hp - Xpre—hp
dvpre—bp/post—bp = X

% 100 (%) 1)
pre—bp

where X,r.g.cn and Xposi—q.cn are the mean values of the pre- and post-break points.

2.3.2. Analysis of Streamflow—Precipitation Relationships
Trends in Residuals of Linear Regression Models

In order to explore the influence of precipitation on the evolution of streamflow, we
developed a regression model for each sub-basin in which the annual precipitation was
set as the explanatory variable and annual streamflow as the dependent variable. The
mean annual temperature was not considered as an explanatory variable because previous
work focused on the IP has been inconclusive as to whether the inclusion of temperature in
regression models to explain streamflow evolution is significant (see [6,20,48]).

Input variables were normalized by subtracting the mean value of the period and
dividing it by the standard deviation. Possible trends were removed prior to normalization
to avoid their effect on the correlation between streamflow and precipitation. Once the
models were adjusted, the trends in their residuals were explored using the MK test.
The existence of these trends suggests that there are time-dependent variables different
from precipitation that had an influence on streamflow evolution during the studied
period [6,20,48].

Changes in Runoff Coefficients

We explored potential changes in the streamflow-precipitation relationship between
sub-periods. For this purpose, we calculated the runoff coefficient (i.e., ratio between
annual streamflow and precipitation) for each sub-period and ran the KW test to detect
statistically significant differences.

2.3.3. Evolution of Anthropic Factors

Finally, we explored the temporal evolution of several anthropic factors that may have
contributed to altering the relationships between precipitation and streamflow over time.
These factors could partially explain the existence of trends in the residuals of the models
and significant changes in runoff coefficients mainly referred to: (a) changes in land cover
and, specifically, (b) changes in irrigated land. Land cover changes were detected by means
of a landscape transition matrix detailed in the Appendix A (Table A1).
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3. Results
3.1. Streamflow Analysis
3.1.1. Historical Trends, Break Points and the Influence of Regulation

All of the sub-basins exhibited negative trends in streamflow (z-value < 0 in all cases)
(Table 2) with a mean annual decrease for the entire basin of —1.38% (ranging from —0.44%
to —3.54%). Decreases were statistically significant or highly significant in 2 and 12 gauging
stations out of 16, respectively. Significant break points between 1979 and 1982 were
detected in most of the cases (13 out of 16). Almost 85% of the significant break points were
found in 1979 and 1980.

Table 2. Results of the Mann-Kendall Test (expressed as z-values and mean increase/decrease) and
the Pettitt test (expressed as year of change) for streamflow, precipitation and temperature in selected
sub-basins of the Spanish part of the Tagus basin (1950-2010).

Mann-Kendall Test (z-Value) Mean Increase/Decrease Pettitt Test (Year)
River Code S (% P (mm T(C
s P T Year—1) Decade—1) Decade1) 5 P T

Tagus_1 —1.15 —1.65 4.81 ** —0.55 —28.01 0.25 1988 1979 1981 *
Tagus_2 —2.81* —1.49 4.44 ** —1.15 —20.01 0.22 1980 * 1979 1984 *
Tagus_3 —5.00 ** —-1.97* 4.66 ** —1.34 —23.91 0.23 1980 * 1979 * 1985 *
Tagus_4 —5.16 ** —1.18 5.02 ** —3.01 —16.70 0.34 1981 * 1979 1984 *
Tagus_5 —2.60 ** —-1.85 443 ** —1.04 —18.82 0.20 1979 * 1979 * 1984 *
Tagus_6 —3.21* —1.55 4.40 ** —141 —19.00 0.19 1979 * 1979 1984 *
Gallo —3.53 ** —1.34 4.61** —1.06 —14.15 0.23 1980 * 1979 1981 *
Guadiela —6.31** —2.71* 4.60 ** —1.80 —34.97 0.22 1982 * 1980 * 1984 *
Jarama_1 —2.44* —2.31*% 4.52 ** —0.86 —21.90 0.19 1979 * 1980 * 1981 *
Jarama_2 —3.12** -1.79 4.35** —1.42 —15.42 0.19 1979 * 1979 1981 *
Henares —0.45 —1.38 4.26 ** —0.44 —11.17 0.21 1958 1979 1981 *
Manzanares —2.78** —231* 4.52 ** —1.52 —23.04 0.20 1979 * 1979 * 1981 *
Tajufia —6.08 ** -1.73 4.28 ** —3.54 —19.89 0.23 1979 * 1979 1984 *
Alberche_1 —2.65** —1.62 4.44 ** —0.76 —-17.33 0.23 1979 * 1979 1984 *
Alberche_2 —2.61** —1.35 4.59 ** —-1.19 —20.44 0.27 1979 * 1979 1984 *
Alagon —2.18* —2.17* 3.43 ** —-1.07 —39.35 0.17 1970 1979 1986 *

Note: S: Streamflow; P: Precipitation; T: Temperature. * p-value < 0.05. ** p-value < 0.01.

The strength of the negative trends observed in the streamflow did not show any
geographic pattern in terms of altitude, location or drainage area. However, we found a
relationship between the magnitude of trends (i.e., z-value) and the degree of impoundment
of each sub-basin (Figure 3a), expressed as the ratio between upstream regulatory capacity
and mean annual runoff (IR values in Table 1). Negative trends in free-flowing (IR = 0) and
regulated (0 < IR <1) rivers were similar in magnitude and range of variability, whereas the
decline in streamflow was sharper and more variable in highly regulated rivers (IR > 1).
These results suggest that river damming exacerbated the observed hydrological decline in
terms of magnitude and variability.

3.1.2. Magnitude of Changes in Streamflow between Sub-Periods

Based on the most frequent dates of the break points, we selected the year 1979-1980
as the limit between two distinct sub-periods (1950-1979 and 1980-2010). Table 3 details the
magnitude of changes between periods using the ratio of change (dV) and the significant
differences as determined by the KW test.
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Figure 3. Box-plots showing the relationship between: (a) the magnitude of trends (z-value); and
(b) the magnitude changes in streamflow (dV) with the degree of impoundment of each sub-basin
(i.e., impoundment ratio, IR = accumulated storage capacity in the sub-basins/mean annual runoff).
“N” indicates the number of sub-basins in each group.

Table 3. Magnitude (dV) and significance of changes in streamflow, precipitation, temperature
and runoff coefficient between 1950-1979 and 1980-2010. Asterisks indicate that changes in the
median values of each sub-period were statistically significant. Note: S: Streamflow; P: Precipitation;
T: Temperature; RC: Runoff coefficient.

River Code S dV (%) P dV (%) T dV (%) RC dV (%)
Tagus_1 —23.7*% —15.6** 9.8 ** —10.1
Tagus_2 —37.9 ** —14.0 ** 7.9 ** —27.3**
Tagus_3 —39.6 ** —15.0** 7.4 % —29.4 **
Tagus_4 —b55.5** —14.3* 7.7 ** —48.0 **
Tagus_5 —36.9 ** —14.1** 5.8 ** —28.6 **
Tagus_6 —45.1 ** —13.6* 6.1 ** —38.8 **
Gallo —33.8** —125* 8.4 ** —25.4 **
Guadiela —432** —18.3 ** 6.4 ** —29.1 **
Jarama_1 —30.0 ** —14.7 ** 6.8 ** —19.9 **
Jarama_2 —47.4** —12.7 ** 6.2 ** —41.5**
Henares —32.6 —11.0* 6.0 ** —23.0
Manzanares —455 ** —14.9 ** 6.5 ** —41.9 **
Tajufia —70.1** —14.2** 6.5 ** —65.3 **
Alberche_1 —24.6 ** —11.0* 7.2%* —20.1 **
Alberche_2 —35.1** —-11.3* 7.4 % —30.4 **
Alagon —26.3* —15.7* 4.6 ** —10.6
Mean —39.2 —13.9 6.9 —30.6
Maximum —70.1 —18.3 9.8 —65.3
Minimum —23.7 —11.0 4.6 —10.1

* p-value < 0.05; ** p-value < 0.01.

Most sub-basins (15 out of 16) experienced significant changes in streamflow between
sub-periods, with a —39% mean reduction across the considered gauging sites. No clear
spatial patterns could be identified, but a similar trend was found when comparing the
degree of impoundment with the magnitude of streamflow reductions between periods
(Figure 3b). For free-flowing and regulated rivers (IR = 0 and 0 < IR < 1 respectively), the
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annual streamflow during the first sub-period was around 30% lower than in the second
one. This percentage exceeds the 40% reduction in highly regulated rivers (IR > 1), which
confirms that when regulation capacity exceeds the mean annual runoff, streamflow decline
is exacerbated.

3.2. Analysis of Climatic Variables: Precipitation and Temperature
3.2.1. Historical Trends and Break Points

Precipitation presented a generalized negative trend over time (Table 2) but decreasing
trends (a mean decrease of —22 mm per decade) were significant or highly significant
in only five sub-basins. These include the two sub-basins draining to the reservoirs that
supply the Tagus—Segura water transfer (i.e., Tagus_3 and Guadiela) and the Jarama_1,
Manzanares and Alagoén rivers. All the break points emerged in 1979 or 1980 but, in contrast
to streamflow results, they were significant (p-value < 0.05) in only 5 out of 16 cases.

The application of the MK test (Table 2) to temperature data revealed highly significant
increasing trends in all the sub-basins, with the z-statistic values ranging between 4 and
5 for almost all the stations. Average annual increase was 0.22 °C per decade and the
magnitude of temperature trends was quite uniform across the basin, as shown by the
relatively narrow range of z-values. According to the Pettitt test, all the data series exhibited
significant break points between 1981 and 1986.

3.2.2. Magnitude of Changes in Climatic Variables between Sub-Periods

All the sub-basins experienced significant reductions in precipitation between sub-
periods, with a mean reduction of —14% (Table 3), ranging from —11% to —18%. Tempera-
ture on average increased by 7%, with variations ranging between 5% and 10%. No spatial
pattern could be detected in the case of precipitation, but we found a positive correlation
between changes in temperature and the altitude of each gauging station (Pearson’s r = 0.78;
p-value < 0.05). Although the increase in mean annual temperature occurred throughout
the basin, altitudes above 500 m.a.s.l. and especially those above 1000 m.a.s.l. experienced
larger increases.

3.3. Analysis of Streamflow—Precipitation Relationships
3.3.1. Trends in Residuals of Linear Regression Models

The results presented in the previous sections indicate that the evolution of streamflow
did not follow the same pattern as was observed for precipitation. Thus, we explored the
extent to which this divergence could be related to other factors.

Table 4 shows the results of linear regression models built to predict annual streamflow
from precipitation in each sub-basin. R? ranged between 0.06 and 0.78, pointing to an
uneven influence of precipitation on the evolution of the streamflow across sub-basins.
In general, gauging stations with larger percentages of explained variance are located
mostly in non-regulated rivers or where accumulated storage capacity is close to 1 or lower.
In these sub-basins, the annual pattern of flow regime mimics the annual precipitation
regime better. Gauging stations that displayed the lowest percentages of explained variance
in the models (R? < 0.20) are located immediately downstream of the reservoirs of the
Tagus—-Segura water transfer (Tagus_3 and Guadiela). In those stations, upstream storage
capacity exceeds by far the mean annual streamflow, which seems to be the main factor
in explaining the low correlation between precipitation and streamflow. We detected a
significant negative correlation between IR and the R2 (Pearson’s r = —0.52; p-value < 0.05),
suggesting that the efficiency of the models was related to the level of impoundment of
each sub-basin.
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Table 4. Coefficients of regression for predicting streamflow (S) from precipitation (P). R? indicates
the efficiency of each model. Z egiquals represent the sign and strength of trends in the residuals of
the models. The intercept was omitted since it was not significant in the models. In the first column,
asterisks indicate whether the variable was significant in the models. In the last column, they indicate
whether the trends in residuals were significant.

Dependent Variable: S (Streamflow)

River Code

P R2 Zresiduals
Tagus_1 0.772 *** 0.60 —0.44
Tagus_2 0.839 *** 0.70 —2.87 ***
Tagus_3 0.419 ** 0.18 —4.16 ***
Tagus_4 0.589 *** 0.35 —4.11 ***
Tagus_5 0.876 *** 0.78 —2.02 ¥+
Tagus_6 0.879 *** 0.77 —2.96 ***
Gallo 0.65 *** 0.42 —3.43 ***
Guadiela 0.241 * 0.06 —5.43 ***
Jarama_1 0.833 *** 0.69 —2.35 ***
Jarama_2 0.74 *** 0.55 —2.52 ***
Henares 0.618 *** 0.38 —0.15
Manzanares (0.755 *** 0.57 —0.27
Tajuiia 0.576 *** 0.33 —5.37 ***
Alberche_1 0.739 *** 0.55 —2.00 ***
Alberche_2 0.826 *** 0.69 —2.07 ***
Alagon 0.796 *** 0.63 0.30

* p-value < 0.1; ** p-value < 0.05; *** p-value < 0.01.

This is even more evident in the Tagus River. The lowest percentages of R? are
found for the gauging sites along the medium stretches of the river (i.e., Tagus_3 and
Tagus_4, with IR values of 1.47 and 1.93, respectively), while linear models exhibited higher
efficiency for the other gauging sites (e.g., Tagus_2 and Tagus_5, with IR values of 0 and
1.16, respectively). Possibly, the absence of large water withdrawals in the upper parts
of the basin and returns from water uses in lower parts contribute to an explanation of
this finding.

The residuals of the models exhibited a significant negative trend over time in 12 out
of 16 sub-basins. Downward trends were observed for both regulated and non-regulated
rivers with no clear spatial pattern. This circumstance indicates that the evolution of time-
dependent variables different from precipitation has influenced the observed decline in
streamflow trends during the period studied.

3.3.2. Changes in the Runoff Coefficient

As expected from previous results, the runoff coefficient decreased between sub-
periods in all of the sub-basins, and differences were statistically significant in most of the
cases (13 out of 16) (Table 3). The mean reduction was —31%, ranging from —10% to —65%.
Runoff reductions correlated significantly with the strength of the negative trends in the
residuals of the model (Pearson’s r = 0.58; p-value < 0.05), suggesting that the temporal
evolution of non-rainfall-related factors have altered the relationship between streamflow
and precipitation. These changes meant that the capacity of rainfall to generate runoff
significantly decreased in the Tagus basin after 1980.

3.4. Evolution of Anthropic Factors
3.4.1. Changes in Land Cover

We analyzed land cover changes in the Tagus basin between the sub-periods 1950-1979
and 1980-2010 (Figure 4; see numerical values in Tables A2 and A3).
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a) Land Cover in 1950

- Grassland
I: Other land
- Water

b) Land Cover Changes 1950-1979

c) Land Cover Changes 1980-2010

[ ] sub-basinboundaries

e Tagus river (main stream)

Tributaries
Main Land Use Changes
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0 20 40 80 120 160 - Shrubland expansion
Km ~ Nochange

Figure 4. Land cover in 1950 (a) and land cover changes in the Tagus basin from (b) 1950-1979
to (c) 1980-2010. Only land cover changes that comprise more than 1% of the total basin area
are represented.
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In the 1950s, approximately 80% of the basin was covered by pastures, Mediterranean
shrub and crops. Only 16% of the surface was occupied by forests, mostly located in
the headwaters. Urban use represented only 1.5% of the area (Figure 4a). Three decades
later, in 1980, the land cover had experienced marked changes (Figure 4b). The surface of
arable land had remained nearly constant, while the forested area had registered a relative
increase of +40%. This expansion was especially evident in the headwaters of the Tagus
River and the highlands of the north and northwest of the basin. In absolute terms, the
forested area gained 3400 km? between 1950 and 1979. This growth was mainly due to the
replacement of natural pastures, which were reduced by —20% (—4420 km?). In parallel,
during this period there was a significant increase in urban areas (+52% or +341 km? in
absolute values), especially due to the growth of the city of Madrid.

Between 1980 and 2010 (Figure 4c), the most remarkable change in land cover was the
decrease of cropland (—25% or —6020 km?), accompanied by an increase in both forest and
Mediterranean shrubland (+15% and +23%, respectively; 5878 km? in total). During this
period, forest expansion was more intense in areas at medium or high altitudes in the north
and south of the basin whereas the expansion of Mediterranean shrub and pastures was
more intense in the lower lands, located in the western part of the basin.

Considering changes during the whole period studied (i.e., from 1950 to 2010), our
results reveal that the main land cover changes in the basin consisted of marked forest
expansion (relative growth of 60%, which represents an increase of +5145 km?) at the
expense, mainly, of cropland areas (relative decrease of —23%, —5352 kmz).

3.4.2. Evolution of the Irrigated Area

The irrigated area experienced an increase from less than 400 km? in 1950 to almost
2000 km? in 2010 (+400%) (Figure 5a). The ratio between irrigated land and cropland
increased from less than 2% in 1950 to more than 10% in the year 2010. The relative growth
in irrigated land was more intense from 1950 to 1980 (+376%) than from 1980 to 2010 (+8%).

b) Evolution of irrigated land by provinces
12.0 1000
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)
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8.0
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Irrigated land (km?)
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: T 300
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Figure 5. Overall evolution of irrigated land in the Tagus Basin (a) and by provinces (b) (1950-2010).

The expansion of irrigated land in the last 60 years has been uneven across the Tagus
provinces (Figure 5b). In the provinces located in the central and eastern part of the basin
(Cuenca, Guadalajara, Madrid and Avila) the growth was moderate throughout the period
studied, while in the central and western part of the basin (Toledo and Céceres) the surface
of irrigated land experienced a sharp increase, especially from 1970 to 2000.
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4. Discussion
4.1. Streamflow Changes vs. Changes in Climatic Variables

The evolution of streamflow followed a generalized downward trend in most of the
sub-basins, with a significant break point around 1980. The observed mean streamflow
decline (annual decrease of —1.38%) was similar to those reported in other basins in central
Spain (i.e., Guadiana and Guadalquivir, between —1% and —3% for the period 1945-2005),
but it was slightly higher than for the rest of the IP (below 1% per year) [13]. A decrease in
annual streamflow around 1980 has also been reported in other Southern European rivers
in Rumania, Bulgaria, Slovenia, Croatia and Turkey [49-52].

In contrast, precipitation trends were not significant in most of the cases. This is in line
with findings by De Castro et al. [53], who studied the evolution of rainfall in Spain and
concluded that the identification of trends on a large scale is complex due to high temporal,
seasonal and spatial variability. Indeed, the study of the longest rainfall series (more than a
century) [54,55] and data series similar to those used in the present study did not detect
clear trends in annual precipitation in central Spain [10].

The z-statistics were negative in all the sub-basins studied and the mean reduction of
precipitation was —22 mm per decade (Table 2). This result is consistent with generalized
reductions detected in the Mediterranean region for similar time periods. However, reduc-
tions in the Tagus basin were slightly less pronounced than those reported by Philandras
etal. [3] for western Europe (—36 mm per decade in the period 1951-2010) or those reported
by the European Environmental Agency [2] for the IP (ranging from 0 to —60 mm per
decade over the 1961-2006 period).

Interesting trends were identified in some of the sub-basins studied. Precipitation
in the sub-basins draining into the reservoirs that feed the Tagus-Segura water transfer
exhibited significant downward trends (Tagus_3 and Guadiela; see Table 2). This was
also found by Lorenzo-Lacruz et al. [56] using data from 1961-2006 obtained from nine
weather stations. Despite the observed negative trends in precipitation, the volume of
water diverted by the Tagus—Segura transfer has followed an increasing trend since its
inauguration in 1979 [26].

The generalized increasing trend of annual temperature that has accelerated since the
1980s could largely explain the divergence between precipitation and streamflow patterns.
The observed rate of increase in temperature was homogeneous across the basin, reaching
0.22 °C per decade, slightly less pronounced than that observed in nine weather stations in
southern Spain for the period 1960-2005 (0.28 °C per decade [57]) but higher than increases
reported globally (0.20 °C per decade since 1975 [58]).

Although increasing temperature was recorded throughout the basin, we found a
positive correlation between the magnitude of change (dV values) and the elevation of the
sub-basin. One of the reasons that could explain this finding lies in the snow /ice-albedo
relationship [59,60], as the reduction in snow cover duration decreases local albedo, which
in turn leads to an increased absorption of solar radiation.

It is widely acknowledged that global warming affects the availability of water re-
sources [61]. Increasing temperatures, combined with changes in other parameters, such
as wind speed or humidity, affect evapotranspiration rates and the proportion of precipi-
tation that turns into surface runoff and groundwater flow [62]. Therefore, the trends in
temperature observed in this study are likely to have influenced the relationship between
precipitation and surface runoff.

The analysis of the residuals left by the regression models (with highly significant
downward trends in 12 out of 16 cases; see Table 4) confirms the existence of time-dependent
variables influencing the streamflow decline in most areas of the Tagus basin. Our results
reinforce similar findings in other parts of Spain. In the Ebro basin, Lopez-Moreno et al. [44]
found that 70 out of 88 sub-basins (i.e., 80%) displayed strong (p-value < 0.05) or moderate
(p-value < 0.10) negative trends in residuals for the period 1950-2006 using linear regression
models. With the same type of models, Vicente-Serrano et al. [6] found that 78% of
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1204 gauging stations analyzed in Spain exhibited a negative residual trend, significant
in 35%.

4.2. Streamflow Changes vs. Anthropic Factors
4.2.1. Degree of Flow Regulation

Our study suggests that high degrees of regulation exacerbated both the magnitude of
trends and the reductions in streamflow observed between sub-periods (Figure 3). Whereas
rivers with IR < 1 exhibited similar z-statistic and dV values, a difference occurs when
the accumulated reservoir capacity exceeds the mean annual runoff (i.e.,, IR > 1). This
finding is consistent with previous studies, in which direct links between the reduction in
streamflow and the degree of flow regulation were found in several rivers in the northeast
of the IP [63,64]. The large amount of resources derived to meet water demands in highly
regulated basins and the larger areas exposed to the effects of temperature after dam
construction could explain this finding.

Other circumstances, such as intense groundwater exploitation, could have played an
important role in the reduction in streamflow [1]. As an illustrative example in Spain, the
intensive use of groundwater in the Mancha Oriental aquifer since the 1980s has greatly
contributed to the reduction in annual streamflow in the Jucar river [20].

4.2.2. Forest Expansion

As explained earlier, land cover changes between the periods 1950-1979 and 1980-2010
were mainly the result of an increase in forested areas at the expenses of cropland. In
the period 1950-1980, forest expansion occurred in parallel with the loss of pasture and
Mediterranean shrubland. This trend could be related to national policies promoted by
the Spanish government at the end of the 1940s and in the 1950s. In 1939, the National
Reforestation Plan foresaw the afforestation of 60,000 km? of non-agricultural lands (mainly
with coniferous species) over a period of 100 years [65]. In the Tagus basin, this plan
meant the afforestation of 3000 km?, which is very similar to the expansion in forested area
observed in the present study between 1950 and 1980 (3400 km?).

The observed expansion of both forest and shrubland in the Tagus basin (5878 km?
between 1980 and 2010) occurred in parallel with cropland reduction (—6020 km?). This
trend is compatible with the progressive farmland abandonment due to migration from
rural to urban areas that occurred throughout the whole of the 20th century in many
Mediterranean regions. This demographic shift is considered to be a driver of forest
expansion in Spain between 1970 and 2000 [66].

The expansion of forests has important hydrological implications that mainly de-
pend on the size of the basin, the type of forest and predominant climatic conditions [67].
However, it is widely acknowledged that afforestation processes increase evapotranspira-
tion [68] and rainfall interception rates [69] and affect soil moisture [70], thus modifying
precipitation-runoff dynamics [64]. The mean evapotranspiration associated with conifer-
ous forest is around 1.3 and 1.4 times higher than the mean evapotranspiration values for
rainfed traditional cropland and Mediterranean pasture-shrubland calculated for a region
of central Spain [71]. Accordingly, several authors have suggested that runoff changes in
high altitude non-regulated basins can only be explained by the modification of evapo-
transpiration rates produced by changes in land cover [20,44,48]. In our study, two high
altitude, non-regulated sub-basins that experienced an expansion of their forested areas
(i.e., Tagus_2 and Gallo) exhibited significant trends in model residuals and changes in
runoff coefficients in the periods 1950-1979 and 1980-2010. Afforestation can explain these
changes in the first study period while in the second one they could be the result of the
combination of forest expansion and the significant acceleration in temperature increase
that began in the early 80s.

In sub-basins located at lower altitudes, streamflow decline and changes in runoff coeffi-
cients cannot be explained solely by the combination of changes in climatic factors and land
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cover. In these cases, water withdrawals to meet irrigation and domestic demands may have
played an important role in the modification of the precipitation—streamflow relationships.

4.2.3. The Development of Irrigated Agriculture and Other Local Factors

In parallel with farmland abandonment, traditional rainfed crops were gradually
substituted by irrigated crops, the area of cultivation increasing from less than 400 km? in
1950 to almost 2000 km? in 2010, especially in the central and western parts of the Tagus
basin. In relative terms, this growth in the Tagus basin was almost four times larger than
that experienced in the whole country from 1950 to 1996 (a relative increase of 127%) [72].

Irrigated agriculture may affect water availability in rivers through two mechanisms.
First, as a result of water withdrawals from surface and groundwater bodies. Using the
average theoretical net water demand for irrigated crops as stated in the National Irrigation
Plan for the Tagus basin (4905 m>-ha~! year~!) [73], the expansion of irrigated areas led
to an increase in water demand from 196 Hm? -year~! to 1177 Hm?-year ! between 1950
and 2010. This increase was accompanied by an unprecedented growth in the number of
reservoirs in Spain [72], and the Tagus basin became the largest basin in Spain in terms of
storage capacity [74].

The second mechanism is related to the evapotranspiration rates of irrigated land
compared to other land uses. For instance, evapotranspiration rates in irrigated crops
are 2.2 and 2.0 times higher than those of pasture—shrubland and rainfed annual crops,
respectively [71]. Therefore, the growth of irrigated land combined with the increase in
temperature in the basin is very likely to have contributed to the observed changes in the
runoff coefficient. Vicente-Serrano et al. [6] suggested that the expansion of the irrigation
surface in southwest Europe since the 1960s and the increase in atmospheric evaporative
demand are among the main drivers explaining the reduction in streamflow in this region.

Finally, it is important to note that other water uses may explain specific observed
trends. For instance, the Jarama_2 gauging station is located downstream from the main
reservoirs that supply water to the city of Madrid, whose treated wastewater is returned
into a different river. Therefore, the evolution of water diverted for domestic supply has
played a major role in streamflow evolution in this sub-basin. Demographic evolution in
the metropolitan area of Madrid (from 1.82 Mhab in 1950 to 6.57 Mhab in 2010; [75]) implies
that urban water supply in this region has increased from about 100 Hm3-year~! in 1950 to
more than 500 HmB'-year’1 in 2010 [33].

4.2.4. Hydrological Decline Implications for Sustainable Water Management

Future scenarios of climate change have foreseen a generalized decrease in water
availability in the region ranging from —4.2% to —11.0% for the period 2010-2040 and from
—13.0% to —19.0% until 2070, depending on the greenhouse emission scenario considered
(RCP 4.5 and 8.5, respectively) [12]. Therefore, if current water demands remain unchanged,
water stress in the basin is likely to increase in the coming decades. This circumstance will
complicate the operations of the Tagus-Segura water transfer, exacerbating existing tensions
between water users in both basins. Moreover, the Tagus River Basin Authority will need
to manage this likely decrease in water availability carefully in order to meet the water
delivery obligations to Portugal and avoid additional degradation of river ecosystems.

Under this complex scenario, the implementation of e-flows is considered as one of the
main actions that should be taken to maintain and improve the river’s resilience to climate
change [76]. Since the pre-existing uses of water greatly affect the capability of River Basin
Authorities to implement e-flows [77], an improvement in the river ecosystem will require
revisiting and renegotiating current water allocation in the light of climate change and the
pressing need to reverse the degradation of aquatic ecosystems.

5. Conclusions

The present study has found a generalized decrease in annual streamflow in the Tagus
River basin since 1950 that cannot be explained solely by changes in precipitation patterns.
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This has been observed in terms of magnitude of trends, break points and magnitude of
changes between the two periods established before and after 1980 (i.e., 1950-1979 and
1980-2010). The increase in temperature and the expansion of forest and irrigated land were
identified as significant drivers of the observed hydrological changes in the basin. Other
factors, such as water diversion to supply domestic needs, may have played an important
role at a local level. Thus, the decline in streamflow in the Tagus basin can be linked
to management decisions related to different sector policies, such as forest management,
irrigation development and urban planning. Under future scenarios of increasing water
scarcity and high competition for water resources, water management strategies should be
based on effective inter-sector and inter-administrative cooperation seeking the resilience
of the water system as a whole.
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Appendix A

The land cover dynamic between two time periods was analyzed with a transition
matrix using ArcGIS v.10.6.1. This matrix refers to the changes occurring from one decade
(land uses before) to another (land uses after). Table Al presents the legend classification
and summarizes how the main land cover change processes are quantified. The main
change processes comprise conversions to agricultural areas, pasture and shrubland land
expansion, cropland abandonment and the growth of forested areas, among others.

Table Al. Transition matrix to classify land cover changes in the Tagus basin.

Land Uses Land Uses After
Before

Forest Grassland Crop Urban Other land Water

Grassland

Other land

No change

Forest expansion

Forest degradation
Cropland abandonment
Conversion to agricultural land
Pasture and shrubland expansion

Urban and unproductive land expansion
New water bodies

The following tables summarize land cover changes reported between 1950-1980
(Table A2) and 1980-2010 (Table A3) in the Spanish part of the Tagus River basin.
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Table A2. Transition matrix of land cover changes between 1950-1980.

Land Cover Land Cover 1980

1950 Total 1950

Forest Grassland Cropland Urban Other Land Water

Forest
Grassland

Other land 12

Total 1980 11,883
No change
Forest expansion
Forest degradation

17,595 24,277

688 Cropland abandonment
1980 Conversion to agricultural land
25 Pasture and shrubland expansion

Urban and unproductive land expansion
New water bodies

Table A3. Transition matrix of land cover changes between 1980-2010.

Land Cover Land Cover 2010

1980 Total 1980

Forest Grassland Cropland Urban Other Land Water

Grassland

Other land

Total 2010 13,628
No change
Forest expansion

21,728

18,257

631 Forest degradation

5764 Cropland abandonment

273 Conversion to agricultural land
29 Pasture and shrubland expansion

Urband and unproductive land expansion
New water bodies
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