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Abstract Attribution of trends in streamflow is complex, but essential, in identifying optimal
management options for water resources. Disagreement remains on the relative role of climate change
and human factors, including water abstractions and land cover change, in driving change in annual
streamflow. We construct a very dense network of gauging stations (n = 1,874) from Ireland, the United
Kingdom, France, Spain, and Portugal for the period of 1961–2012 to detect and then attribute changes in
annual streamflow. Using regression‐based techniques, we show that climate (precipitation and atmospheric
evaporative demand) explains many of the observed trends in northwest Europe, while for southwest Europe
human disturbances better explain both temporal and spatial trends. For the latter, large increases in
irrigated areas, agricultural intensification, and natural revegetation of marginal lands are inferred to be the
dominant drivers of decreases in streamflow.

Plain Language Summary Reduced water resources availability is one of the most serious
impacts of climate change since reductions in streamflow may cause noticeable ecological and
socioeconomic impacts. However, attribution of streamflow trends to climate change is complex given the
influence of other drivers of catchment change, including human and vegetation water uses, agriculture, and
land use change. We show that for northwestern Europe most observed trends in annual streamflow are
associated with climate change. However, in southwestern Europe there is a clear mismatch between
observed trends in river flows and climate, with increasing vegetation and/or irrigated agriculture better
explaining observed changes. Our results highlight the importance of human management in explaining
large‐scale hydrological trends and the need to carefully evaluate both climate and land use changes to
disentangle drivers of streamflow trends.

1. Introduction

Countries bordering the northeast Atlantic Ocean (Spain, Portugal, France, the United Kingdom, and
Ireland) are highly sensitive to changes in climate (natural and human forced) and hydrology, with the
region having a high population density and intense water use (Thober et al., 2018). In southwestern
Europe, water scarcity is frequent as a consequence of climatic drought events (González‐Hidalgo et al.,
2018), with consequences aggravated by the general reduction in streamflow recorded over recent decades
(Coch & Mediero, 2016; García‐Ruiz et al., 2011; Lorenzo‐Lacruz et al., 2012; Yeste et al., 2018). These
decreasing trends are likely to have caused more severe hydrological droughts (Vicente‐Serrano, Lopez‐
Moreno, et al., 2014). In northwestern Europe, wetter conditions and increasing trends in streamflow have
been pronounced in the last decades (Dixon et al., 2006; Hannaford, 2015; Hannaford et al., 2013;
Harrigan et al., 2018). Nonetheless, hydrologic droughts have also been frequent historically (Murphy
et al., 2017) and more recently in the United Kingdom (Folland et al., 2015).

Disentangling how both climate change and human impacts, via water management and land cover change,
are affecting river flows is an important scientific challenge with practical implications. Some studies suggest
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that human influence is the dominant driver of recent trends through dam construction, urban water
demands, and irrigation (He et al., 2017; Wada et al., 2013). Some even estimate that the frequency of low
flows has increased 20–35% globally as a consequence of urban and agricultural water consumption
(Wada et al., 2013). There are several regional examples of large river flow reductions attributed to increased
irrigation withdrawals and increased natural vegetation that have enhanced rainfall interception and leaf
transpiration (Filoso et al., 2017; Vicente‐Serrano et al., 2017). For example, in China it is suggested that a
large proportion of observed reductions in streamflow can be attributed to land use and land cover changes
(Li et al., 2007; Liu et al., 2013; Zhang et al., 2009). These effects are also observed in southwestern Australia
(Liu et al., 2019), in tropical catchments in Puerto Rico (Beck et al., 2013), and in highly modified basins of
Brazil (Chagas & Chaffe, 2018).

Other studies emphasize climate variability and change as the main driver of streamflow trends (Fenta et al.,
2017; Glas et al., 2019; Xie et al., 2015). For example, in the United States, most research stresses that climate
is the main driver of recent streamflow trends (Brauer et al., 2015; Cruise et al., 2010; Ficklin et al., 2018;
Frans et al., 2013), with the exception of small catchments characterized by large changes in the urban area
(Cuo et al., 2009). In a recent study covering more than 3,000 gauging stations over the continental United
States, Ficklin et al. (2018) indicated that natural and modified hydrological basins showed similar stream-
flow trends between 1981 and 2015, arguing that climate trends were the main driver of observed changes.

It is expected that a reduction in precipitation causes a decrease in surface water resources. Additionally,
enhanced atmospheric evaporative demand (AED) may also reduce streamflow by promoting enhanced
water fluxes to the atmosphere, predominantly via plant transpiration, but also via direct evaporation from
soils (when soil moisture is available), streams, reservoirs, and lakes (Jasechko et al., 2013). Enhanced AED
has been suggested as the main cause of streamflow reductions in near‐natural catchments of southern
Europe (Martínez‐Fernández et al., 2013).

Understanding the relative role of climate and human impacts on recent streamflow trends is a necessary
foundation for water resource adaptation and management strategies. Numerous studies have analyzed
streamflow variability and trends within our study domain; however, these have been based on a limited
number of gauging stations from near‐natural catchments (e.g., Stahl et al., 2010, 2012). Limiting analysis
to only near‐natural catchments has hampered rigorous evaluation of the relative role of climate variability,
water management, and land cover changes in explaining observed streamflow trends.

We analyze long‐term trends in annual streamflow records from a very dense network of gauges from the
region of Europe bordering the northeast Atlantic. This region offers the opportunity to identify different
mechanisms driving recent streamflow trends given its diverse climatic and environmental characteristics.
The region is also marked by different intensities of river regulation, water management, and water uses
(García‐Ruiz et al., 2011; Hannaford, 2015), while divergent climate trends have been identified in northern
and southern parts of the domain in recent decades (Stagge et al., 2017). In Spain, there is high water demand
from irrigated agriculture given strong summer dryness (Pinilla, 2006). There has also been a large increase
in natural revegetation in the mountain regions (García‐Ruiz et al., 2015) that has been associated with
reduced water yield in headwater catchments (Beguería et al., 2003; López‐Moreno et al., 2011). On the con-
trary, to the north of the region (Ireland and the United Kingdom) urban supply is the main water demand
and river regulation is not as intense (Garner et al., 2017).

Having identified trends in annual streamflow across the region, we use regression‐based techniques to
assess the drivers of detected trends. Thus, we employ a network of 1874 gauging stations (see section 2)
to identify spatially coherent streamflow trends over the period 1961–2012 and attempt to attribute the role
that climate, land use change, and water management have had on the evolution of change in streamflow
records across the region.

2. Data and Methods
2.1. Streamflow Data Set

We compiled a database of available monthly streamflow data from hydrometric and water management
agencies in Ireland, the United Kingdom, France, Spain, and Portugal (see supporting information). The
complete original database comprised 4,664 gauging stations over the region (Figures S1 and S2). Only

10.1029/2019GL084084Geophysical Research Letters

VICENTE‐SERRANO ET AL. 10,822



series with at least 75% of data available for the years 1961–2012 were retained. Within this data set the
majority of gaps were found at the beginning of the study period, predominantly for stations from France
and the United Kingdom (Figure S3). For this reason, we applied a reconstruction and data gap filling
processes using all available streamflow information (see supporting information). The final data set
corresponded to a total of 1,874 stations for the period 1961–2012 (895 in France, 474 in the United
Kingdom, 472 in Spain, 16 in Portugal, and 17 in Ireland).

2.2. Climate, Environmental, and Terrain Data

A metadata entry was created for each hydrological station, providing a range of catchment characteristics.
The drainage area of each gauging station was obtained using a digital elevation model (EU Copernicus data
and information program, https://www.eea.europa.eu/data‐and‐maps/data/copernicus‐land‐monitoring‐
service‐eu‐dem) at a spatial resolution of 25 m and ArcHydro tools in ArcGIS 10.2©. We also obtained
characteristics of the drainage basins, including the mean elevation, total forest coverage, and the surface
area of irrigated crops. Land cover information was obtained from EU‐CORINE Land Cover (https://land.
copernicus.eu/pan‐european/corine‐land‐cover). In addition, we obtained normalized difference vegetation
index (NDVI) data at the spatial resolution of 0.01° from the Global Inventory Modelling and Mapping
Studies (GIMMS3g) data set (Pinzon & Tucker, 2014), for the period 1981 to 2012. The GIMMS3g were sum-
marized annually, and the mean NDVI for each year was quantified for the 1,874 drainage basins. Climatic
information was also obtained for each drainage basin. Monthly precipitation, together with maximum and
minimum temperature were obtained from the 0.25° ECA&D gridded data set (Haylock et al., 2008) from
1961 to 2012. The other variables necessary to calculate the radiative and aerodynamic terms of the AED
(solar radiation, wind speed, and relative humidity) were obtained from the European Centre for
Medium‐Range Weather Forecasts Re‐Analysis (ERA)‐Interim data set for 1979 to 2012 (Dee et al., 2011),
from the ERA‐20C Reanalysis for 1961–1978 (Poli et al., 2016; for relative humidity and wind speed) and
from the ERA‐20CM Reanalysis (Hersbach et al., 2015; for solar radiation). ERA reanalysis products have
shown good performance in identifying recent temporal variability and trends in relative humidity
(Vicente‐Serrano et al., 2018), solar radiation, and wind speed (Szczypta et al., 2011) for the region of interest.
Monthly series of AED were obtained using the FAO56‐Penman Monteith equation (Allen et al., 1998).
Finally, mean annual series of total precipitation and AED were calculated for each of the 1,874 drainage
basins. The AED series were not affected by possible temporal inhomogeneities in the data sets given the
use of ERA‐Interim, ERA‐20C, and ERA‐20CM for different periods (results not shown).

2.3. Methods

First, we analyzed the significance and magnitude of trends in annual streamflow, precipitation, and AED.
For this purpose we used water years (starting in October). To determine the significance of trends, we used
the nonparametric Mann‐Kendall statistic that measures the degree to which a trend is monotonically
increasing or decreasing (Kendall et al., 1987; Mann, 1945). Nonparametric tests were preferred as they
are less affected by the presence of outliers and nonnormality of the series (Lanzante, 1996).
Autocorrelation was considered in the trend analysis of the annual series through use of the modified
Mann‐Kendall trend test, which returns the corrected probability values (p values) after accounting for
temporal pseudo‐replication (Hamed & Ramachandra Rao, 1998). The statistical significance level was set
at 5%. To assess the magnitude of change in the annual series, we used a linear regression analysis between
the series of time (independent variable) and the annual streamflow series (dependent variable).

We calculated the magnitude of change of the different variables between 1961 and 2012 based on the raw
values (i.e., millimeters for precipitation and AED, and cubic hectometers per basin area as well as total cubic
hectometers for the annual streamflow). However, the main analysis is based on percentage changes, thereby
removing the influence of the large range of streamflow magnitudes across the rivers analyzed. To calculate
the percentage change in streamflow for each basin between 1961 and 2012, we considered the predicted
value of the variable (precipitation, AED, and streamflow) for the years 1961 and 2012 using the coefficients
obtained from the linear regression analysis described above. Specifically, the predicted values for 1961
(P1961) and 2012 (P2012) were obtained as

10.1029/2019GL084084Geophysical Research Letters

VICENTE‐SERRANO ET AL. 10,823

https://www.eea.europa.eu/data-and-maps/data/copernicus-land-monitoring-service-eu-dem
https://www.eea.europa.eu/data-and-maps/data/copernicus-land-monitoring-service-eu-dem
https://land.copernicus.eu/pan-european/corine-land-cover
https://land.copernicus.eu/pan-european/corine-land-cover


P1961 ¼ ∝þ β·1961; (1)

P2012 ¼ ∝þ β·2012; (2)

where α and β are the y intercept and slope coefficients, respectively. Using the P1961 and P2012 values, the
percentage increase or decrease between 1961 and 2012 (C1961–2012) in comparison to the initial value was
obtained according to

C1961−2012 ¼ 100P2012

P1961
−100: (3)

The spatial relationship in the sign and significance of trends was calculated by means of the coefficient of
contingency, which measures the degree of association between categorical variables (Clark & Hosking,
1986). This coefficient varies between −1 and +1 with qualitative interpretation identical to that of
Pearson's correlation coefficient.

To determine the influence of the annual climate trends on annual streamflow trends, we used multiple
regression in which precipitation and AEDwere the predictive variables. First, we performed a spatial regres-
sion analysis to determine if the spatial distribution of observed changes in the dependent variable (percen-
tage change in annual streamflow) is explained by the percentage change in annual precipitation and AED
(independent variables). Second, we developed a temporal stepwise multiple regression analysis for each
gauging station to determine how temporal variability and trend in the annual streamflow series (dependent
variable) are explained by the evolution of both annual precipitation and AED (independent variables) in
each basin. Specifically, stepwise regression is an automatic procedure that prevents model overfitting
(Hair et al., 1995). In each step, variables (in this case precipitation and AED) are considered for addition
to, or subtraction from, the model based on the Fisher (F) test probability. If the probability is sufficiently
small (p < 0.05), the variable enters in the model; if not, the method considers that the inclusion of the vari-
able would overfit the model without adding additional explanatory capacity, and the variable is excluded.

We applied independent multiple regression models for each basin of the form:

S ¼ aþ b·P þ c·AED; (4)

where S, P, and AED are the annual streamflow, precipitation, and AED (in cubic hectometers), respectively,
and a, b, and c are the coefficients of the regression model obtained by means of least squares.

In each basin we obtained a series of regression residuals by differencing observed and predicted annual
streamflow, obtained from the regression coefficients (a, b, and c) and the P andAED series (see equation (4)).
The series of regression residuals are obtained by

Ri ¼ Si− aþ b·Pi þ c·AEDi½ �; (5)

where R is the value of the residual series for the year i. S, P, and AED are the values of annual streamflow,
precipitation, and AED, respectively, for the year i and a, b, and c are the coefficients of the regression model
obtained from equation (4). The temporal series of regression residuals allowed us to assess possible changes
in the role of the climate variables on the streamflow variability and trends (Figure S9). Trend in the resulting
residual series was also assessed with the modified Mann‐Kendall statistic and the slope of the regression
line, described above.

Possible nonlinear associations between streamflow and climate were assessed. We focused on precipitation
given possible nonlinear relationships with the runoff coefficient (Kachroo & Natale, 1992; Figures S10 and
S11). The results showed a predominant linear relationship between precipitation and streamflow in the
region and support the use of linear regression in each basin.

3. Results and Discussion
3.1. Trends in Annual Streamflow and Climate

Trends in annual streamflow for each of the countries bordering the Northeast Atlantic exhibit a strong spa-
tial gradient, characterized by predominantly increasing trends across much of the British and Irish Isles,
with decreasing trends in the Mediterranean basins of Spain and Southern France (Figure 1a), consistent
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with previous studies in the Mediterranean region (García‐Ruiz et al., 2011; Lorenzo‐Lacruz et al., 2012) and
in northern Europe (Giuntoli et al., 2013; Harrigan et al., 2018). Over the period 1961–2012 reductions of more
than 40% in annual streamflow are evident formany gauging stations in Spain, with some showing reductions
of >80%. Formost stations across the Iberian Peninsula (IP) and southern France, the reduction in the annual
streamflow is statistically significant (Figure 1b). Similarly, the increase in the annual streamflow was
statistically significant in the north of the British and Irish Isles. Northern France and central and southern
Great Britain are transitional, with few significant trends. These findings have noticeable implications for
water availability and management, particularly in regions where runoff production is low (e.g., the south
and east of Spain [Figure S12]), and where the magnitude of change in both runoff (mm/m2) and absolute
streamflow production (total annual cubic hectometers) is large (Figure S13).

Trends in annual precipitation totals also show a north‐south gradient, characterized by significant increas-
ing trends in the north of the British and Irish Isles, and predominantly significant decreasing trends in
northern parts of the IP and southern France (Figure 2). Notably, northern IP and southern France are
regions that record high precipitation totals, with a large decline in the annual precipitation (>300 mm) over
the 51 years analyzed (see changes in absolute magnitudes in Figure S14). In southern Spain, although
precipitation trends tend to be negative, they are not statistically significant. Consistent with previous studies
(Robinson et al., 2017; Vicente‐Serrano, Azorin‐Molina, et al., 2014), trends in AED (see section 2) are
predominantly positive and statistically significant, with the exception of some areas of the British and
Irish Isles and southern Spain. Over the whole region the magnitude of change in AED is lower than that
observed for precipitation and the magnitude of change in absolute values is smaller than that observed
for precipitation (Figure S15).

There is strong spatial coherence between changes in precipitation and streamflow but less so between
changes in streamflow and AED (Figure 2e). The coefficient of contingency between streamflow and preci-
pitation trends (four spatial categories according to the sign and significance of the trend as shown in
Figure 1) is 0.59 (p < 0.001), and between streamflow and AED trends, −0.26 (p = 0.001). However, the

Figure 1. Trends in annual streamflow from 1961 to 2012. (a) Spatial distribution of the magnitude of change in annual streamflow and (b) the corresponding
significance of trends (at p < 0.05) over the same period. Each circle represents one gauge station.
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Figure 2. Trends in climate variables and their consistency with the observed trends in streamflow. (a) Spatial distribution
of the magnitude of change in annual precipitation (1961–2012) and (b) their statistical significance (at p < 0.05).
(c) Spatial distribution of the magnitude of change in annual atmospheric evaporative demand (AED; 1961–2012) and
(d) their corresponding significance (at p < 0.05). Each point represents an individual gauging station at which the annual
AED is integrated throughout the entire drainage basin. Note the different scale of the legends in panels (a) and (c).
(e) Spatial relationship between the percentage changes in annual streamflow, annual precipitation, and AED. Solid line
represents the least square regression line, and dotted line denotes the 1:1 line.
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spatial patterns in the magnitude of precipitation trends accounts for 35% of the spatial variability of the
streamflow trends. The spatial patterns of AED explain a smaller proportion (6%), which is consistent with
recent findings at the global scale that suggest a small response in streamflow to changes in AED, in compar-
ison to precipitation (Yang et al., 2018).

The spatial distribution of changes in annual streamflow shows notable differences relative to the climate
variables (Figure S16). In southern France and most of the IP streamflow reductions are greater than
expected according to the trend in the climate variables alone. This implies that nonclimatic factors are
responsible for this spatial dissociation. Temporal correlation between annual precipitation and streamflow
is positive for themajority of basins, although the correlation is stronger in the north than in the south. In the
same context, correlations between streamflow and AED are predominantly negative, particularly in south-
ern France, northwest IP, and northern England (Figure S17).

3.2. Where Are Trends Explained by Climate?

Linear regression models using annual streamflow as the dependent and annual precipitation and AED as
independent variables were developed for each gauging station (see section 2). These models allow for the
prediction of the temporal variability and trends in annual streamflow, as a function of the climate evolution.
Importantly, the resulting residuals enable identification of possible temporal changes in the drivers of
trends in annual streamflow (Beguería et al., 2003). This procedure implies that a significant decrease in
model residuals for a gauging station reveals a decreased in the contribution of the climate variables to
streamflow variability and trend (Figure S9).

There are important spatial differences in the trends of regression residuals across the study area (Figures 3a
and 3b). Our regression models are better at simulating the temporal variability and trends of annual stream-
flow for basins in eastern France and the British and Irish Isles than the IP. In the north of our domain the
trend of the residual series is predominantly nonsignificant, meaning that observed annual streamflow
trends are mostly driven by recent climate trends, as already stressed by previous studies (Hannaford,
2015; Hannaford & Marsh, 2008; Harrigan et al., 2018; Murphy et al., 2013). In the United Kingdom and
Ireland, some differences between neighboring stations are evident which may reflect well‐known human
influences (e.g., reservoirs and abstractions) in individual basins (Tijdeman et al., 2018) but also possible
effects of arterial drainage (i.e., artificial widening and deepening of the river channels to improve discharge
conveyance), which affects many large basins in Ireland and the United Kingdom (Harrigan et al., 2014). In
France, model residuals are dominated by nonsignificant trends, indicating that observed trends in annual
streamflow are explained by climate.

For the IP, climate explains a lower percentage of the variance of annual streamflow (Figure S18). This is par-
ticularly evident in the basins of southern IP, where the model residuals show a predominant negative trend.
These changes were statistically significant for a high percentage of the basins (Table S1). For these basins,
streamflow volume has decreased more than expected, given annual precipitation, and AED. In the north
and west IP the pattern is opposite, with model residuals exhibiting a predominantly positive trend, indicat-
ing that streamflow has increased more than expected from climate alone. This region has been frequently
impacted by forest fires in past decades (Martínez‐Fernández et al., 2013; Moreno et al., 2014). Herein, it is
noteworthy to indicate that water yield after any wildfire depends largely on the scale and the type of vegeta-
tion (Wine & Cadol, 2016). Accordingly, streamflow can be increased after fire events when a substantial per-
centage of the basin is burned (Hallema et al., 2018). In this context, the frequent forest fires and the
subsequent reduction in tree coverage may explain the streamflow pattern in this region. However, further
work is needed to verify this assertion.

3.3. The Influence of Irrigation and Land Cover Change

To investigate alternative drivers of change, we examined how irrigation and changes in vegetation coverage
may have impacted trends in annual streamflow. We find that the area covered by irrigated lands, together
with areas of increased satellite vegetation activity (closely related to vegetation coverage and density (Cihlar
et al., 1991); see section 2) in recent decades, show strong spatial covariation with observed trends from sta-
tion based regression residuals (Figure 3). Basins that show significant decreasing trends in residuals are
characterized by a large surface cover of irrigated crops and are heavily concentrated in southwest Europe.
Irrigation represents around 80% of total water use in southwest Europe (Rojas, 2018), having increased in
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Figure 3. Understanding drivers of change in detected trends. (a) Spatial distribution of the magnitude of the trend of the
standardized residuals resulting from the regression models and (b) the corresponding significance of these trends.
(c) Boxplots showing the percentage (%) of irrigated lands and the percentage change in the normalized difference
vegetation index from 1981 to 2012, as a function of the sign and significance of the trends in the series of residuals. The
line in the box represents themedian, the upper and lower parts of the box denote the interquartile range, and the whiskers
show the 95% and 5% confidence levels. Dots represent the cases that are above or below the 95% and 5% levels.
(d) Percentage of surface covered by irrigated lands in each basin and (e) magnitude of change in the annual normalized
difference vegetation index (in percentage) from 1981 to 2012.
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areal extent from approximately 2 million hectares in the 1960s to more than 3.5 million hectares in 2012
(Tamames & Rueda, 2014). The increase in irrigated lands has coincided with an increase in AED in
southern Europe (Vicente‐Serrano, Azorin‐Molina, et al., 2014). This situation may induce an additional
decrease in annual streamflow, as AED enhances crop water demand, with subsequent reductions in
water returns from irrigation polygons to watercourses (Vicente‐Serrano et al., 2017).

Changing vegetation cover also plays an important role in explaining the differential strength of climate in
driving annual streamflow trends. The magnitude of change of the NDVI (see section 2) since 1981 varies
with the sign and significance of the annual streamflow trends across basins. Those that show significant
decreasing trends in model residuals are typically characterized by larger increases in NDVI than basins that
show nonsignificant or positive trends. Increased NDVI in recent decades is associated with warmer tem-
peratures, the absence of water limitations for leaf activity and vegetation growth, and a likely role of CO2

fertilization (Donohue et al., 2013). Additionally, large increases in NDVI for the IP (Figure 3e) have been
attributed to abrupt socioeconomic changes in mountain areas, whereby depopulation has led to the aban-
donment of agriculture and grazing lands (Lasanta‐Martínez et al., 2005), with a subsequent and rapid reve-
getation process by shrubs and forests (Lasanta & Vicente‐Serrano, 2007). The headwaters of major rivers,
where the largest runoff coefficients are typically found, have been the most affected by afforestation. The
general transformation of grasses and crop lands to forests has increased water consumption by vegetation
to the detriment of surface runoff production (Robinson et al., 2003).

Figure 4 maps basins with significant annual streamflow trends together with the sign and significance of
trends from basin regression residuals. Results reveal a dominance of negative annual streamflow trends,
which are not explained by climate, in the southern IP (Figure 4 and Table S2). On the contrary, in southern
France, although significant negative trends are also dominant, trends in the regression residuals are predo-
minantly nonsignificant, suggesting that streamflow trends are mostly driven by climate.

In southern France vegetation cover has not increased as much as in Spain since land abandonment and nat-
ural revegetation processes have been modest (Mottet et al., 2006), while crop irrigated areas represent a

Figure 4. Gauging stations showing significant annual streamflow trends together with the trend in the residuals of the
model for each station. The symbols (triangles) represent positive and negative significant trends in the annual stream-
flow and colors represent the trend in model residuals.
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small and stationary percentage of basin land cover (Campardon et al., 2012). In the northern portion of
our study domain, patterns in annual streamflow and regression residuals trends are more heterogeneous,
due to variations in arterial drainage, groundwater extraction, and interbasin water transfers (Harrigan
et al., 2014; Tijdeman et al., 2018). However, the number of basins with trends that cannot be attributed to
climate is small.

It could be argued that the physiographic characteristics of the hydrological basins could have a role in influ-
encing the results. In specific, basins in Spain and France, relative to the British and Irish Isles, are charac-
terized by larger drainage areas, with more nested catchments and multiple stations along the main river
channels. However, when catchments of comparable size are analyzed together, the results are not affected.
Both the magnitude of the streamflow trends (Figure S19) and the trend in the model residuals (Figure S20)
show clear differences in observed behavior between catchments located in the north and south of the study
area. Independent of basin area, annual streamflow series in Spain are dominated by decreasing trends, in
contrast to the predominantly increasing trends in the United Kingdom. At the same time, the trend in
the model residuals is predominantly negative in Spain and close to 0 in the U.K. catchments of similar size.
It is necessary to note that in Spain, even in small basins with near‐natural flow regimes, a general
streamflow reduction is recorded. This might be explained by the increased AED, combined with an expan-
sion of the forest cover (Martínez‐Fernández et al., 2013). In contrast, a benchmark network characterized by
near‐natural conditions in the United Kingdom shows general increasing trends (Harrigan et al., 2018).

Finally, other factors may also play an important role in explaining streamflow changes in southwest
Europe. For example, groundwater and base flow are strongly controlled by climate variability in the
IP (Lorenzo‐Lacruz et al., 2017; Neves et al., 2019; Sapriza‐Azuri et al., 2015). There are numerous examples
that illustrate aquifer overexploitation in regions of the IP to meet irrigated agriculture needs (Díaz‐Paniagua
& Aragonés, 2015; Dimitriou et al., 2017; Pulido‐Velazquez et al., 2015; Rupérez‐Moreno et al., 2017).
Therefore, it is reasonable to consider that given observed trends in streamflow, groundwater resources
may have also declined, producing feedbacks that finally contribute to the strong observed decline
of streamflow.

4. Concluding Remarks

By employing a high density network of river flow gauges from countries bordering the northeastern
Atlantic, we show that the influence of climate variability and change on annual streamflow can be
obscured, or even reversed, due to complex irrigation and land cover changes. The impact of the latter is most
pronounced in southern Spain. This suggests that human factors are sometimesmore important than climate
in understanding changes in annual streamflow trends. Furthermore, while recent studies have concluded
that anthropogenic climate change explains declining streamflow trends in the Mediterranean region (e.g.,
Gudmundsson et al., 2017), we infer that the climate signal is relatively small in comparison to nonclimatic
factors in southwest Europe. Increases in irrigated areas, agricultural intensification, and natural
revegetation of marginal lands of Mediterranean mountain regions are the main drivers of decreases in
streamflow in southwestern Europe.

References
Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). No Title. Crop evapotranspiration: Guidelines for computing crop water

requirements.
Beck, H. E., Bruijnzeel, L. A., Van Dijk, M., J, A. I., McVicar, T. R., Scatena, F. N., & Schellekens, J. (2013). The impact of forest regeneration

on streamflow in 12 mesoscale humid tropical catchments. Hydrology and Earth System Sciences, 17(7), 2613–2635. https://doi.org/
10.5194/hess‐17‐2613‐2013

Beguería, S., López‐Moreno, J. I., Lorente, A., Seeger, M., & García‐Ruiz, J. M. (2003). Assessing the effect of climate oscillations and land‐
use changes on streamflow in the Central Spanish Pyrenees. Ambio, 32(4), 283–286. https://doi.org/10.1579/0044‐7447‐32.4.283

Brauer, D., Baumhardt, R. L., Gitz, D., Gowda, P., & Mahan, J. (2015). Characterization of trends in reservoir storage, streamflow, and
precipitation in the Canadian River watershed in NewMexico and Texas. Lake and Reservoir Management, 31(1), 64–79. https://doi.org/
10.1080/10402381.2015.1006348

Campardon, M., Loubier, S., &Morardet, S. (2012). L'irrigation en France. Etat des lieux 2010 et évolution. Retrieved from https://irsteadoc.
irstea.fr/exl‐php/docs/PUB_DOC/30702/2012/ly2012‐pub00037209__PDF.txt

Chagas, V. B. P., & Chaffe, P. L. B. (2018). The role of land cover in the propagation of rainfall into streamflow trends. Water Resources
Research, 54, 5986–6004. https://doi.org/10.1029/2018WR022947

Cihlar, J., St.‐Laurent, L., & Dyer, J. A. (1991). Relation between the normalized difference vegetation index and ecological variables. Remote
Sensing of Environment, 35(2–3), 279–298. https://doi.org/10.1016/0034‐4257(91)90018‐2

10.1029/2019GL084084Geophysical Research Letters

VICENTE‐SERRANO ET AL.

Acknowledgments
This work was supported by the
research projects PCIN‐2015‐220,
PCIN‐2017‐020, CGL2014‐52135‐C03‐
01, CGL2017‐83866‐C3‐3‐R, and
CGL2017‐82216‐R financed by the
Spanish Commission of Science and
Technology and FEDER, CROSSDRO
financed by the AXIS (Assessment of
Cross(X)—sectorial climate Impacts
and pathways for Sustainable
transformation) JPI‐Climate co‐funded
call of the European Commission,
IMDROFLOOD financed by the
WaterWorks 2014 cofunded call of the
European Commission and INDECIS,
which is part of ERA4CS, an ERA‐NET
initiated by JPI Climate, and funded by
FORMAS (SE), DLR (DE), BMWFW
(AT), IFD (DK), MINECO (ES), and
ANR (FR) with cofunding by the
European Union (Grant 690462). J. H.'s
contribution was supported by the
Natural Environment Research Council
Grant “Historic Droughts,” Grant NE/
L01016X/1. C. M. was funded by a
Science Foundation Ireland Career
Development Award (SFI/17/CDA/
4783). I. N. is beneficiary of a
predoctoral fellowship awarded by the
Government of Aragón (Spain). S. B.
and J.‐P. V.'s contribution was supported
by the project EFA210/16 PIRAGUA,
cofounded by the European Regional
Development Fund (ERDF) through the
Interreg V Spain‐France‐Andorre
Programme (POCTEFA 2014‐2020) of
the European Union. The work
contributes to the UNESCO‐IHP‐VIII
EURO FRIEND‐Water Programme and
to the IAHS Panta Rhei initiative and the
Drought in the Anthropocene Working
Group. The raw streamflow data used in
this study can be obtained from the web
sites of the different water management
agencies of Western Europe. In France
from the Ministère de la Transition
écologique et solidaire (http://www.
hydro.eaufrance.fr/). In the United
Kingdom, from the National River Flow
Archive (https://nrfa.ceh.ac.uk/). In
Ireland from the Office of Public Works
(http://waterlevel.ie/hydro‐data/home.
html) and the Environmental Protection
Agency (http://www.epa.ie/hydronet/).
In Portugal from the SistemaNacional de
Informaçao de Recursos Hídricos
(https://snirh.apambiente.pt/). In Spain
from the Ministry of Agriculture's
CEDEX (http://ceh‐flumen64.cedex.es/
anuarioaforos/default.asp) and the
Catalan (http://aca.gencat.cat/ca/inici),
Basque (http://www.uragentzia.euskadi.
eus/u81‐0002/es/), and Andalusian
(https://www.agenciamedioam
bienteyagua.es/) agencies. The
temperature and precipitation gridded
data can be obtained from the ECA&D
site (https://www.ecad.eu/). The ERA
climate data is available in the European

10,830

https://doi.org/10.5194/hess-17-2613-2013
https://doi.org/10.5194/hess-17-2613-2013
https://doi.org/10.1579/0044-7447-32.4.283
https://doi.org/10.1080/10402381.2015.1006348
https://doi.org/10.1080/10402381.2015.1006348
https://irsteadoc.irstea.fr/exl-php/docs/PUB_DOC/30702/2012/ly2012-pub00037209__PDF.txt
https://irsteadoc.irstea.fr/exl-php/docs/PUB_DOC/30702/2012/ly2012-pub00037209__PDF.txt
https://doi.org/10.1029/2018WR022947
https://doi.org/10.1016/0034-4257(91)90018-2
http://www.hydro.eaufrance.fr/
http://www.hydro.eaufrance.fr/
https://nrfa.ceh.ac.uk/
http://waterlevel.ie/hydro-data/home.html
http://waterlevel.ie/hydro-data/home.html
http://www.epa.ie/hydronet/
https://snirh.apambiente.pt/
http://ceh-flumen64.cedex.es/anuarioaforos/default.asp
http://ceh-flumen64.cedex.es/anuarioaforos/default.asp
http://aca.gencat.cat/ca/inici
http://www.uragentzia.euskadi.eus/u81-0002/es/
http://www.uragentzia.euskadi.eus/u81-0002/es/
https://www.agenciamedioambienteyagua.es/
https://www.agenciamedioambienteyagua.es/
https://www.ecad.eu/


Clark, W. A. V., & Hosking, P. L. (1986). Statistical methods for geographers. Wiley.
Coch, A., &Mediero, L. (2016). Trends in low flows in Spain in the period 1949–2009.Hydrological Sciences Journal, 61(3), 568–584. https://

doi.org/10.1080/02626667.2015.1081202
Cruise, J. F., Laymon, C. A., & Al‐Hamdan, O. Z. (2010). Impact of 20 years of land‐cover change on the hydrology of streams in the

Southeastern United States. Journal of the American Water Resources Association, 46(6), 1159–1170. https://doi.org/10.1111/j.1752‐
1688.2010.00483.x

Cuo, L., Lettenmaier, D. P., Alberti, M., & Richey, J. E. (2009). Effects of a century of land cover and climate change on the hydrology of the
Puget Sound basin. Hydrological Processes, 23(6), 907–933. https://doi.org/10.1002/hyp.7228

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., et al. (2011). The ERA‐Interim reanalysis: Configuration and
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656), 553–597. https://doi.org/
10.1002/qj.828

Díaz‐Paniagua, C., & Aragonés, D. (2015). Permanent and temporary ponds in Doñana National Park (SW Spain) are threatened by
desiccation. Limnetica, 34(2), 407–424. Retrieved from. https://www.scopus.com/inward/record.uri?eid=2‐s2.0‐
84978715281&partnerID=40&md5=3ffee84ba634bb3265994e7a0c4936a3

Dimitriou, E., Moussoulis, E., Díaz‐Paniagua, C., & Serrano, L. (2017). Hydrodynamic numerical modelling of the water level decline in four
temporary ponds of the Doñana National Park (SW Spain). Journal of Arid Environments, 147, 90–102. https://doi.org/10.1016/j.
jaridenv.2017.09.004

Dixon, H., Lawler, D. M., & Shamseldin, A. Y. (2006). Streamflow trends in western Britain. Geophysical Research Letters, 33, L19406.
https://doi.org/10.1029/2006GL027325

Donohue, R. J., Roderick, M. L., McVicar, T. R., & Farquhar, G. D. (2013). Impact of CO2 fertilization on maximum foliage cover across the
globe's warm, arid environments. Geophysical Research Letters, 40, 3031–3035. https://doi.org/10.1002/grl.50563

Fenta, A. A., Yasuda, H., Shimizu, K., & Haregeweyn, N. (2017). Response of streamflow to climate variability and changes in human
activities in the semiarid highlands of northern Ethiopia. Regional Environmental Change, 17(4), 1229–1240. https://doi.org/10.1007/
s10113‐017‐1103‐y

Ficklin, D. L., Abatzoglou, J. T., Robeson, S. M., Null, S. E., & Knouft, J. H. (2018). Natural andmanaged watersheds show similar responses to
recent climate change. Proceedings of the National Academy of Sciences, 115(34), 8553–8557. https://doi.org/10.1073/PNAS.1801026115

Filoso, S., Bezerra, M. O., Weiss, K. C. B., & Palmer, M. A. (2017). Impacts of forest restoration on water yield: A systematic review. PLoS
ONE, 12(8). https://doi.org/10.1371/journal.pone.0183210

Folland, C. K., Hannaford, J., Bloomfield, J. P., Kendon, M., Svensson, C., Marchant, B. P., et al. (2015). Multi‐annual droughts in the
English Lowlands: A review of their characteristics and climate drivers in the winter half‐year. Hydrology and Earth System Sciences, 19
(5), 2353–2375. https://doi.org/10.5194/hess‐19‐2353‐2015

Frans, C., Istanbulluoglu, E., Mishra, V., Munoz‐Arriola, F., & Lettenmaier, D. P. (2013). Are climatic or land cover changes the dominant
cause of runoff trends in the Upper Mississippi River Basin? Geophysical Research Letters, 40, 1104–1110. https://doi.org/10.1002/
grl.50262

García‐Ruiz, J. M., López‐Moreno, J. I., Lasanta, T., Vicente‐Serrano, S. M., González‐Sampériz, P., Valero‐Garcés, B. L., et al. (2015).
Geo‐ecological effects of global change in the Central Spanish Pyrenees: A review at different spatial and temporal scales. Pirineos, 170,
e012. https://doi.org/10.3989/Pirineos.2015.170005

García‐Ruiz, J. M., López‐Moreno, J. I., Vicente‐Serrano, S. M., Lasanta‐Martínez, T., & Beguería, S. (2011). Mediterranean water resources
in a global change scenario. Earth‐Science Reviews, 105(3–4), 121–139. https://doi.org/10.1016/j.earscirev.2011.01.006

Garner, G., Hannah, D. M., & Watts, G. (2017). Climate change and water in the UK: Recent scientific evidence for past and future change.
Progress in Physical Geography, 41(2), 154–170. https://doi.org/10.1177/0309133316679082

Giuntoli, I., Renard, B., Vidal, J.‐P., & Bard, A. (2013). Low flows in France and their relationship to large‐scale climate indices. Journal of
Hydrology, 482, 105–118. https://doi.org/10.1016/j.jhydrol.2012.12.038

Glas, R., Burns, D., & Lautz, L. (2019). Historical changes in New York State streamflow: Attribution of temporal shifts and spatial patterns
from 1961 to 2016. Journal of Hydrology, 574, 308–323. https://doi.org/10.1016/j.jhydrol.2019.04.060

González‐Hidalgo, J. C., Vicente‐Serrano, S. M., Peña‐Angulo, D., Salinas, C., Tomas‐Burguera, M., & Beguería, S. (2018). High‐resolution
spatio‐temporal analyses of drought episodes in the western Mediterranean basin (Spanish mainland, Iberian Peninsula). Acta
Geophysica, 66(3), 381–392. https://doi.org/10.1007/s11600‐018‐0138‐x

Gudmundsson, L., Seneviratne, S. I., & Zhang, X. (2017). Anthropogenic climate change detected in European renewable freshwater
resources. Nature Climate Change, 7(11), 813–816. https://doi.org/10.1038/nclimate3416

Hair, J. F., Anderson, R. E., Tatham, R. L., & Black, W. C. (1995). No title. Multivariate Data Analysis.
Hallema, D. W., Sun, G., Caldwell, P. V., Norman, S. P., Cohen, E. C., Liu, Y., et al. (2018). Burned forests impact water supplies. Nature

Communications, 9(1), 4083–4097. https://doi.org/10.1038/s41467-018-03735-6
Hamed, K. H., & Ramachandra Rao, A. (1998). A modifiedMann‐Kendall trend test for autocorrelated data. Journal of Hydrology, 204(1–4),

182–196. https://doi.org/10.1016/S0022‐1694(97)00125‐X
Hannaford, J. (2015). Climate‐driven changes in UK river flows: A review of the evidence. Progress in Physical Geography, 39(1), 29–48.

https://doi.org/10.1177/0309133314536755
Hannaford, J., Buys, G., Stahl, K., & Tallaksen, L. M. (2013). The influence of decadal‐scale variability on trends in long European

streamflow records. Hydrology and Earth System Sciences, 17(7), 2717–2733. https://doi.org/10.5194/hess‐17‐2717‐2013
Hannaford, J., &Marsh, T. J. (2008). High‐flow and flood trends in a network of undisturbed catchments in the UK. International Journal of

Climatology, 28(10), 1325–1338. https://doi.org/10.1002/joc.1643
Harrigan, S., Hannaford, J., Muchan, K., & Marsh, T. J. (2018). Designation and trend analysis of the updated UK Benchmark Network of

river flow stations: The UKBN2 dataset. Hydrology Research, 49(2), 552–567. https://doi.org/10.2166/nh.2017.058
Harrigan, S., Murphy, C., Hall, J., Wilby, R. L., & Sweeney, J. (2014). Attribution of detected changes in streamflow using multiple working

hypotheses. Hydrology and Earth System Sciences, 18(5), 1935–1952. https://doi.org/10.5194/hess‐18‐1935‐2014
Haylock, M. R., Hofstra, N., Klein Tank, A. M. G., Klok, E. J., Jones, P. D., & New, M. (2008). A European daily high‐resolution gridded data

set of surface temperature and precipitation for 1950‐2006. Journal of Geophysical Research, 113, D20119. https://doi.org/10.1029/
2008JD010201

He, X., Wada, Y., Wanders, N., & Sheffield, J. (2017). Intensification of hydrological drought in California by human water management.
Geophysical Research Letters, 44, 1777–1785. https://doi.org/10.1002/2016GL071665

Hersbach, H., Peubey, C., Simmons, A., Berrisford, P., Poli, P., & Dee, D. (2015). ERA‐20CM: A twentieth‐century atmospheric model
ensemble. Quarterly Journal of the Royal Meteorological Society, 141(691), 2350–2375. https://doi.org/10.1002/qj.2528

10.1029/2019GL084084Geophysical Research Letters

VICENTE‐SERRANO ET AL.

Centre for Medium‐Range Weather
Forecasts (https://www.ecmwf.int/en/
forecasts/datasets/browse‐reanalysis‐
datasets). Land cover data and NDVI
were available from the European Union
(https://land.copernicus.eu/pan‐
european/corine‐land‐cover) and NASA
(https://ecocast.arc.nasa.gov/data/pub/
gimms/3g.v1/), respectively.

10,831

https://doi.org/10.1080/02626667.2015.1081202
https://doi.org/10.1080/02626667.2015.1081202
https://doi.org/10.1111/j.1752-1688.2010.00483.x
https://doi.org/10.1111/j.1752-1688.2010.00483.x
https://doi.org/10.1002/hyp.7228
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84978715281&partnerID=40&md5=3ffee84ba634bb3265994e7a0c4936a3
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84978715281&partnerID=40&md5=3ffee84ba634bb3265994e7a0c4936a3
https://doi.org/10.1016/j.jaridenv.2017.09.004
https://doi.org/10.1016/j.jaridenv.2017.09.004
https://doi.org/10.1029/2006GL027325
https://doi.org/10.1002/grl.50563
https://doi.org/10.1007/s10113-017-1103-y
https://doi.org/10.1007/s10113-017-1103-y
https://doi.org/10.1073/PNAS.1801026115
https://doi.org/10.1371/journal.pone.0183210
https://doi.org/10.5194/hess-19-2353-2015
https://doi.org/10.1002/grl.50262
https://doi.org/10.1002/grl.50262
https://doi.org/10.3989/Pirineos.2015.170005
https://doi.org/10.1016/j.earscirev.2011.01.006
https://doi.org/10.1177/0309133316679082
https://doi.org/10.1016/j.jhydrol.2012.12.038
https://doi.org/10.1016/j.jhydrol.2019.04.060
https://doi.org/10.1007/s11600-018-0138-x
https://doi.org/10.1038/nclimate3416
https://doi.org/10.1038/s41467-018-03735-6
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1177/0309133314536755
https://doi.org/10.5194/hess-17-2717-2013
https://doi.org/10.1002/joc.1643
https://doi.org/10.2166/nh.2017.058
https://doi.org/10.5194/hess-18-1935-2014
https://doi.org/10.1029/2008JD010201
https://doi.org/10.1029/2008JD010201
https://doi.org/10.1002/2016GL071665
https://doi.org/10.1002/qj.2528
https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets
https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets
https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets
https://land.copernicus.eu/pan-european/corine-land-cover
https://land.copernicus.eu/pan-european/corine-land-cover
https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/
https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/


Jasechko, S., Sharp, Z. D., Gibson, J. J., Birks, S. J., Yi, Y., & Fawcett, P. J. (2013). Terrestrial water fluxes dominated by transpiration.Nature,
496(7445), 347–350. https://doi.org/10.1038/nature11983

Kachroo, R. K., & Natale, L. (1992). Non‐linear modelling of the rainfall‐runoff transformation. Journal of Hydrology, 135(1‐4), 341–369.
https://doi.org/https://doi.org/10.1016/0022‐1694(92)90095‐D

Kendall, M. G., Stuart, A., & Ord, J. K. (Eds) (1987). Kendall's advanced theory of statistics. New York, NY, USA: Oxford University Press, Inc.
Lanzante, J. R. (1996). Resistant, robust and non‐parametric techniques for the analysis of climate data: Theory and examples, including

applications to historical radiosonde station data. International Journal of Climatology, 16(11), 1197–1226. https://doi.org/10.1002/(SICI)
1097‐0088(199611)16:11<1197::AID‐JOC89>3.0.CO;2‐L

Lasanta, T., & Vicente‐Serrano, S. M. (2007). Cambios en la cubierta vegetal en el pirineo aragonés en los últimos 50 años. Pirineos, (162).
Lasanta‐Martínez, T., Vicente‐Serrano, S. M., & Cuadrat‐Prats, J. M. (2005). Mountain Mediterranean landscape evolution caused by the

abandonment of traditional primary activities: A study of the Spanish Central Pyrenees.Applied Geography, 25(1), 47–65. https://doi.org/
10.1016/j.apgeog.2004.11.001

Li, L.‐J., Zhang, L., Wang, H., Wang, J., Yang, J.‐W., Jiang, D.‐J., et al. (2007). Assessing the impact of climate variability and human
activities on streamflow from the Wuding River basin in China. Hydrological Processes, 21(25), 3485–3491. https://doi.org/10.1002/
hyp.6485

Liu, N., Harper, R. J., Smettem, K. R. J., Dell, B., & Liu, S. (2019). Responses of streamflow to vegetation and climate change in southwestern
Australia. Journal of Hydrology, 572, 761–770. https://doi.org/10.1016/j.jhydrol.2019.03.005

Liu, X., Dai, X., Zhong, Y., Li, J., & Wang, P. (2013). Analysis of changes in the relationship between precipitation and streamflow in the
Yiluo River, China. Theoretical and Applied Climatology, 114(1–2), 183–191. https://doi.org/10.1007/s00704‐013‐0833‐0

López‐Moreno, J. I., Vicente‐Serrano, S. M., Moran‐Tejeda, E., Zabalza, J., Lorenzo‐Lacruz, J., & García‐Ruiz, J. M. (2011). Impact of climate
evolution and land use changes on water yield in the ebro basin. Hydrology and Earth System Sciences, 15(1), 311–322. https://doi.org/
10.5194/hess‐15‐311‐2011

Lorenzo‐Lacruz, J., Vicente‐Serrano, S. M., López‐Moreno, J. I., Morán‐Tejeda, E., & Zabalza, J. (2012). Recent trends in Iberian stream-
flows (1945‐2005). Journal of Hydrology, 414‐415, 463–475. https://doi.org/10.1016/j.jhydrol.2011.11.023

Lorenzo‐Lacruz, J., Garcia, C., & Morán‐Tejeda, E. (2017). Groundwater level responses to precipitation variability in Mediterranean
insular aquifers. Journal of Hydrology, 552, 516–531. https://doi.org/10.1016/J.JHYDROL.2017.07.011

Mann, H. B. (1945). Nonparametric tests against trend. Econometrica, 13(3), 245–259. https://doi.org/10.2307/1907187
Martínez‐Fernández, J., Sánchez, N., & Herrero‐Jiménez, C. M. (2013). Recent trends in rivers with near‐natural flow regime: The case of

the river headwaters in Spain. Progress in Physical Geography, 37(5), 685–700. https://doi.org/10.1177/0309133313496834
Moreno, M. V., Conedera, M., Chuvieco, E., & Pezzatti, G. B. (2014). Fire regime changes and major driving forces in Spain from 1968 to

2010. Environmental Science and Policy, 37, 11–22. https://doi.org/10.1016/j.envsci.2013.08.005
Mottet, A., Ladet, S., Coqué, N., & Gibon, A. (2006). Agricultural land‐use change and its drivers in mountain landscapes: A case study in the

Pyrenees. Agriculture, Ecosystems and Environment, 114(2–4), 296–310. https://doi.org/10.1016/j.agee.2005.11.017
Murphy, C., Harrigan, S., Hall, J., &Wilby, R. L. (2013). Climate‐driven trends in mean and high flows from a network of reference stations

in Ireland|Tendances induites par le climat dans les séries de débits moyens et élevés à partir d'un réseau de stations de référence en
Irlande. Hydrological Sciences Journal, 58(4), 755–772. https://doi.org/10.1080/02626667.2013.782407

Murphy, C., Noone, S., Duffy, C., Broderick, C., Matthews, T., & Wilby, R. L. (2017). Irish droughts in newspaper archives: Rediscovering
forgotten hazards? Weather, 72(6), 151–155. https://doi.org/10.1002/wea.2904

Neves, M. C., Jerez, S., & Trigo, R. M. (2019). The response of piezometric levels in Portugal to NAO, EA, and SCAND climate patterns.
Journal of Hydrology, 568, 1105–1117. https://doi.org/10.1016/j.jhydrol.2018.11.054

Pinilla, V. (2006). The development of irrigated agriculture in twentieth‐century Spain: A case study of the Ebro basin. Agricultural History
Review, 54(1), 122–141.

Pinzon, J. E., & Tucker, C. J. (2014). A non‐stationary 1981‐2012 AVHRRNDVI<inf>3g</inf>time series. Remote Sensing, 6(8), 6929–6960.
https://doi.org/10.3390/rs6086929

Poli, P., Hersbach, H., Dee, D. P., Berrisford, P., Simmons, A. J., Vitart, F., et al. (2016). ERA‐20C: An atmospheric reanalysis of the twentieth
century. Journal of Climate, 29(11), 4083–4097. https://doi.org/10.1175/JCLI‐D‐15‐0556.1

Pulido‐Velazquez, M., Peña‐Haro, S., García‐Prats, A., Mocholi‐Almudever, A. F., Henriquez‐Dole, L., Macian‐Sorribes, H., &
Lopez‐Nicolas, A. (2015). Integrated assessment of the impact of climate and land use changes on groundwater quantity and quality in
the Mancha Oriental system (Spain). Hydrology and Earth System Sciences, 19(4), 1677–1693. https://doi.org/10.5194/hess‐19‐1677‐2015

Robinson, E. L., Blyth, E. M., Clark, D. B., Finch, J., & Rudd, A. C. (2017). Trends in atmospheric evaporative demand in Great Britain using
high‐resolution meteorological data. Hydrology and Earth System Sciences, 21(2), 1189–1224. https://doi.org/10.5194/hess‐21‐1189‐2017

Robinson, M., Cognard‐Plancq, A.‐L., Cosandey, C., David, J., Durand, P., Führer, H.‐W., et al. (2003). Studies of the impact of forests on
peak flows and baseflows: A European perspective. Forest Ecology and Management, 186(1–3), 85–97. https://doi.org/10.1016/S0378‐
1127(03)00238‐X

Rojas, D. G. (2018). La gestión de las cuencas hidrográficas en España: Avances y carencias del segundo ciclo de planificación. Agua y
Territorio, 11, 123–136. https://doi.org/10.17561/at.11.3027

Rupérez‐Moreno, C., Senent‐Aparicio, J., Martinez‐Vicente, D., García‐Aróstegui, J. L., Calvo‐Rubio, F. C., & Pérez‐Sánchez, J. (2017).
Sustainability of irrigated agriculture with overexploited aquifers: The case of Segura basin (SE, Spain). Agricultural Water Management,
182, 67–76. https://doi.org/10.1016/j.agwat.2016.12.008

Sapriza‐Azuri, G., Jõdar, J., Navarro, V., Slooten, L. J., Carrera, J., & Gupta, H. V. (2015). Impacts of rainfall spatial variability on hydro-
geological response. Water Resources Research, 51, 1300–1314. https://doi.org/10.1002/2014WR016168

Stagge, J. H., Kingston, D. G., Tallaksen, L. M., & Hannah, D. M. (2017). Observed drought indices show increasing divergence across
Europe. Scientific Reports, 7(1), 14045. https://doi.org/10.1038/s41598‐017‐14283‐2

Stahl, K., Hisdal, H., Hannaford, J., Tallaksen, L. M., van Lanen, H. A. J., Sauquet, E., et al. (2010). Streamflow trends in Europe: Evidence
from a dataset of near‐natural catchments. Hydrology and Earth System Sciences, 14(12), 2367–2382. https://doi.org/10.5194/hess‐14‐
2367‐2010

Stahl, K., Tallaksen, L. M., Hannaford, J., & Van Lanen, H. A. J. (2012). Filling the white space on maps of European runoff trends:
Estimates from a multi‐model ensemble. Hydrology and Earth System Sciences, 16(7), 2035–2047. https://doi.org/10.5194/hess‐16‐
2035‐2012

Szczypta, C., Calvet, J.‐C., Albergel, C., Balsamo, G., Boussetta, S., Carrer, D., et al. (2011). Verification of the new ECMWF ERA‐Interim
reanalysis over France. Hydrology and Earth System Sciences, 15(2), 647–666. https://doi.org/10.5194/hess‐15‐647‐2011

Tamames, R., & Rueda, A. (2014). Estructura económica de España. Alianza editorial.

10.1029/2019GL084084Geophysical Research Letters

VICENTE‐SERRANO ET AL. 10,832

https://doi.org/10.1038/nature11983
https://doi.org/https://doi.org/10.1016/0022-1694(92)90095-D
https://doi.org/10.1002/(SICI)1097-0088(199611)16:11%3c1197::AID-JOC89%3e3.0.CO;2-L
https://doi.org/10.1002/(SICI)1097-0088(199611)16:11%3c1197::AID-JOC89%3e3.0.CO;2-L
https://doi.org/10.1016/j.apgeog.2004.11.001
https://doi.org/10.1016/j.apgeog.2004.11.001
https://doi.org/10.1002/hyp.6485
https://doi.org/10.1002/hyp.6485
https://doi.org/10.1016/j.jhydrol.2019.03.005
https://doi.org/10.1007/s00704-013-0833-0
https://doi.org/10.5194/hess-15-311-2011
https://doi.org/10.5194/hess-15-311-2011
https://doi.org/10.1016/j.jhydrol.2011.11.023
https://doi.org/10.1016/J.JHYDROL.2017.07.011
https://doi.org/10.2307/1907187
https://doi.org/10.1177/0309133313496834
https://doi.org/10.1016/j.envsci.2013.08.005
https://doi.org/10.1016/j.agee.2005.11.017
https://doi.org/10.1080/02626667.2013.782407
https://doi.org/10.1002/wea.2904
https://doi.org/10.1016/j.jhydrol.2018.11.054
https://doi.org/10.3390/rs6086929
https://doi.org/10.1175/JCLI-D-15-0556.1
https://doi.org/10.5194/hess-19-1677-2015
https://doi.org/10.5194/hess-21-1189-2017
https://doi.org/10.1016/S0378-1127(03)00238-X
https://doi.org/10.1016/S0378-1127(03)00238-X
https://doi.org/10.17561/at.11.3027
https://doi.org/10.1016/j.agwat.2016.12.008
https://doi.org/10.1002/2014WR016168
https://doi.org/10.1038/s41598-017-14283-2
https://doi.org/10.5194/hess-14-2367-2010
https://doi.org/10.5194/hess-14-2367-2010
https://doi.org/10.5194/hess-16-2035-2012
https://doi.org/10.5194/hess-16-2035-2012
https://doi.org/10.5194/hess-15-647-2011


Thober, S., Kumar, R., Wanders, N., Marx, A., Pan, M., Rakovec, O., et al. (2018). Multi‐model ensemble projections of European river floods
and high flows at 1.5, 2, and 3 degrees global warming. Environmental Research Letters, 13(1). https://doi.org/10.1088/1748‐9326/aa9e35

Tijdeman, E., Hannaford, J., & Stahl, K. (2018). Human influences on streamflow drought characteristics in England and Wales. Hydrology
and Earth System Sciences, 22(2), 1051–1064. https://doi.org/10.5194/hess‐22‐1051‐2018

Vicente‐Serrano, S. M., Lopez‐Moreno, J.‐I., Beguería, S., Lorenzo‐Lacruz, J., Sanchez‐Lorenzo, A., García‐Ruiz, J. M., et al. (2014).
Evidence of increasing drought severity caused by temperature rise in southern Europe. Environmental Research Letters, 9(4). https://doi.
org/10.1088/1748‐9326/9/4/044001

Vicente‐Serrano, S. M., Nieto, R., Gimeno, L., Azorin‐Molina, C., Drumond, A., el Kenawy, A., et al. (2018). Recent changes of relative
humidity: Regional connections with land and ocean processes. Earth System Dynamics, 9(2), 915–937. https://doi.org/10.5194/esd‐9‐
915‐2018

Vicente‐Serrano, S. M., Zabalza‐Martínez, J., Borràs, G., López‐Moreno, J. I., Pla, E., Pascual, D., et al. (2017). Effect of reservoirs on
streamflow and river regimes in a heavily regulated river basin of Northeast Spain. Catena, 149, 727–741. https://doi.org/10.1016/j.
catena.2016.03.042

Vicente‐Serrano, S. M., Azorin‐Molina, C., Sanchez‐Lorenzo, A., Revuelto, J., López‐Moreno, J. I., González‐Hidalgo, J. C., et al. (2014).
Reference evapotranspiration variability and trends in Spain, 1961‐2011. Global and Planetary Change, 121, 26–40. https://doi.org/
10.1016/j.gloplacha.2014.06.005

Wada, Y., Van Beek, L. P. H., Wanders, N., & Bierkens, M. F. P. (2013). Human water consumption intensifies hydrological drought
worldwide. Environmental Research Letters, 8(3). https://doi.org/10.1088/1748‐9326/8/3/034036

Wine, M. L., & Cadol, D. (2016). Hydrologic effects of large southwestern USA wildfires significantly increase regional water supply: Fact or
fiction? Environmental Research Letters, 11(8). https://doi.org/10.1088/1748-9326/11/8/085006

Xie, X., Liang, S., Yao, Y., Jia, K., Meng, S., & Li, J. (2015). Detection and attribution of changes in hydrological cycle over the Three‐North
region of China: Climate change versus afforestation effect. Agricultural and Forest Meteorology, 203, 74–87. https://doi.org/10.1016/j.
agrformet.2015.01.003

Yang, Y., Zhang, S., McVicar, T. R., Beck, H. E., Zhang, Y., & Liu, B. (2018). Disconnection between trends of atmospheric drying and
continental runoff. Water Resources Research, 54, 4700–4713. https://doi.org/10.1029/2018WR022593

Yeste, P., Dorador, J., Martin‐Rosales, W., Molero, E., Esteban‐Parra, M. J., & Rueda, F. J. (2018). Climate‐driven trends in the streamflow
records of a reference hydrologic network in Southern Spain. Journal of Hydrology, 566, 55–72. https://doi.org/10.1016/j.
jhydrol.2018.08.063

Zhang, X., Zhang, L., Zhao, J., Rustomji, P., & Hairsine, P. (2009). Responses of streamflow to changes in climate and land use/cover in the
Loess Plateau China. Water Resources Research, 44, WO0A07. https://doi.org/10.1029/2007WR006711

10.1029/2019GL084084Geophysical Research Letters

VICENTE‐SERRANO ET AL. 10,833

https://doi.org/10.1088/1748-9326/aa9e35
https://doi.org/10.5194/hess-22-1051-2018
https://doi.org/10.1088/1748-9326/9/4/044001
https://doi.org/10.1088/1748-9326/9/4/044001
https://doi.org/10.5194/esd-9-915-2018
https://doi.org/10.5194/esd-9-915-2018
https://doi.org/10.1016/j.catena.2016.03.042
https://doi.org/10.1016/j.catena.2016.03.042
https://doi.org/10.1016/j.gloplacha.2014.06.005
https://doi.org/10.1016/j.gloplacha.2014.06.005
https://doi.org/10.1088/1748-9326/8/3/034036
https://doi.org/10.1088/1748-9326/11/8/085006
https://doi.org/10.1016/j.agrformet.2015.01.003
https://doi.org/10.1016/j.agrformet.2015.01.003
https://doi.org/10.1029/2018WR022593
https://doi.org/10.1016/j.jhydrol.2018.08.063
https://doi.org/10.1016/j.jhydrol.2018.08.063
https://doi.org/10.1029/2007WR006711


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


