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Abstract: In the Mediterranean, climate change and human pressures are expected to significantly
impact the availability of surface water resources. In order to quantify these impacts during the last
60 years (1959–2018), we examined the hydro-climatic and land use change evolution in six coastal
river basins of the Gulf of Lion in southern France. By combining observed water discharge, gridded
climate, mapped land use and agricultural censuses data, we propose a statistical regression model
which successfully reproduces the variability of annual water discharge in all basins. Our results
clearly demonstrate that, despite important anthropogenic water withdrawals for irrigation, climate
change is the major driver for the detected reduction of water discharge. The model can explain
78–88% of the variability of annual water discharge in the study catchments. It requires only two
climatic indices that are solely computed from monthly temperature (T) and precipitation (P) data,
thus allowing the estimation of the respective contributions of both parameters in the detected
changes. According to our results, the study region experienced on average a warming trend of
1.6 ◦C during the last 60 years which alone was responsible for a reduction of almost 25% of surface
water resources.

Keywords: surface water resources; climate change; anthropogenic pressure; statistical modeling

1. Introduction

The Mediterranean region is warming faster than the world average and should experience drier
conditions than today in the near future [1–5]. This region has already been submitted to large climate
shifts in the past [6] and is now widely recognized as one of the most prominent hotspot regions in
future projections [2]. Water acts here as a limiting factor for economic development and local societies
have to reconcile decreasing water resources with increasing water needs for a growing population
and for sustainable agricultural and touristic development [7]. It is hence crucial to identify ongoing
hydro-climatic trends, their processes, drivers, and their impact in order to shape adaptation strategies
for water resource management.

Many studies have analyzed hydro-climate trends in the Mediterranean Region over recent
decades (see the reviews from [8,9]). Especially in Spain and France, a series of studies have reported
seasonal and annual decreasing trends for water discharge of coastal rivers which are likely to be
linked to recent climatic evolution [10–14]. However, streamflow trends can be attributed to several
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factors other than climate including land-use change, water use and water management [8]. It therefore
remains complex to find out what proportion of the reduction is human-induced and what proportion
is climate-induced.

Our study addresses these problems. We focus on the annual evolution of water discharge of six
coastal rivers in Southern Mediterranean France during the last 60 years which were analysed together
with the corresponding evolution of climate and land use patterns. Our goal is to statistically detect
the dominant controls on water resources which can then be used for quantitative assessments of past
and future evolution in the context of global change. We used for our purpose the climate parameters
and associated model transformations that can be extracted in a gridded form from the Meteo-France
Safran-Isba-Modcou database, which allow a continuous and spatially explicit reconstruction of climate
evolution since 1959.

Previous studies have already detected a significant decline of water discharge in the rivers of
our study region [12,15], making this region particularly suitable for testing the validity of empirical
relationships under non-stationary conditions. There is increasing awareness that the ability of
hydrological models to predict water discharge under future climate conditions not only depends on
their performance in reproducing realistic seasonal or long term averages, but also on their capabilities
in faithfully reproducing the observed trends in time series which depict non-stationary conditions [16].

Despite the fact that anthropogenic water use can strongly influence water discharge in the
studied river basins, we clearly demonstrate that climate was the dominant driver for the evolution of
surface water resources during the last 60 years. For all six river basins, highly significant empirical
relationships between observed annual water discharge and two single climate indices could be
established. They explain by far the largest part of the long-term variability of water resources in the
study region. The performance of our models was tested both through the strength of correlation
between the simulated and observed water discharge and through their ability to predict the detected
trends. Temperature and precipitation are the only input parameters for the climate indices we used,
and we also discuss the potential impact of each parameter on the evolution of water resources since
the early 1960s.

2. Materials and Methods

2.1. Study Area

The study area consists of six coastal watersheds of the Gulf of Lion drainage basin which
is located in the Northwestern Mediterranean Sea (Figure 1). They are, from North to South,
the Herault, Orb, Aude, Agly, Tet and Tech river drainage basins, covering areas ranging from
729 to 4838 km2 (Table 1). Administratively, they belong to the French Herault (Herault and Orb
catchments), Aude (Aude catchment) and Pyrenees-Orientales (PO) departments (Agly, Tet and Tech
catchments) and form about 43% of the former Languedoc-Roussillon (LR) Region. In terms of climate,
all watersheds are dominated by Mediterranean climate conditions, except the upper parts of the
southern basins which drain the Pyrenees Mountains and which are characterized by a nival climate
type [12]. Water discharges in the studied rivers depict clear decreasing trends in relation to recent
climate change [12,15], which has continued and even been acerbated during the most recent years
(see Section 3. Results, Trends, Hydro-climatic parameters). This allows the study of their hydro-climatic
functioning under non-stationary conditions. Moreover, anthropogenic water use is important in some
of the watersheds (see Section 3. Results, Trends, Water and land use), making these rivers interesting
case studies for the deconvolution of anthropogenic and climate forcing on surface water resources.
Pressures might still increase in the future since the French National Institute of Statistics and Economic
Studies (INSEE) [17] reported that the study region has gained 1 inhabitant per km2 between 1982 and
2011, compared to about 0.5 inhabitant per km2 for the whole country, and anthropogenic pressures
are expected to increase
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Figure 1. Location of the six study catchments with corresponding gauging stations. 

Table 1. Average hydro-climatic characteristics of each watershed.  

Basin 
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Basin 
(km2) 
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Annual 
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Annual 
Rainfall 

(mm) 
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(%) 

PET 
(mm) 

Qobs 
(mm) 

Qs 
(mm) 

Qpike 
(mm) 

Agriculture 
(mm) * 

Drinking 
Water 
(mm) * 

Herault 59 2550 367 12.6 1103 2.4 1023 518 537 381 23 0 
Orb 53 1330 444 12.6 1013 2.4 1003 615 462 324 29 9 

Aude 50 4838 462 12.2 838 7.2 978 263 296 215 29 2 
Agly 52 903 508 12.6 802 5.5 1045 191 277 183 60 1 
Tet 49 1300 1061 10.1 802 20.7 1017 228 293 187 186 11 

Tech 43 729 778 11.7 998 9.4 1046 370 386 295 76 2 
PET = potential evapotranspiration; Qobs = observed water discharge data. * average water withdrawal 

between the years 2012 and 2018. 
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provide atmospheric forcing details in mountainous areas for avalanche hazard forecasting [18,19]. 
The system has been extended over the whole of France coupled with a land surface model (Isba) and 
a hydrological model (Modcou) in order to simulate the transfers between the atmosphere, the 
surface, and the subsurface. A detailed description of Safran and its applications over France is 
presented by Quintana-Seguí [20]. Mean daily temperature (T), precipitation (P), and potential 
evapotranspiration (PET) were extracted from Safran for the 60-year period for each grid falling into 
the respective watersheds, and then averaged for the entire watershed (Supplementary Materials 
Figure S1). Watershed contour shapefiles from the French Carthage Métropole database were used 
for this [21]. We also condensed these data to monthly and annual averages. 

In Safran, T, p and PET data are processed from automatized spatial extrapolation of all available 
station data of MF and therefore represent a realistic estimate for the spatial and temporal evolution 
of these parameters in France. However, since not all stations cover exactly the same periods, the 
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Table 1. Average hydro-climatic characteristics of each watershed.

Basin Number
of Years

Area
Basin
(km2)

Mean
Elevation

(m)

Annual
Temperature

(◦C)

Annual
Rainfall

(mm)

Snowfall
(%)

PET
(mm)

Qobs
(mm)

Qs
(mm)

Qpike
(mm)

Agriculture
(mm) *

Drinking
Water
(mm) *

Herault 59 2550 367 12.6 1103 2.4 1023 518 537 381 23 0

Orb 53 1330 444 12.6 1013 2.4 1003 615 462 324 29 9

Aude 50 4838 462 12.2 838 7.2 978 263 296 215 29 2

Agly 52 903 508 12.6 802 5.5 1045 191 277 183 60 1

Tet 49 1300 1061 10.1 802 20.7 1017 228 293 187 186 11

Tech 43 729 778 11.7 998 9.4 1046 370 386 295 76 2

PET = potential evapotranspiration; Qobs = observed water discharge data. * average water withdrawal between
the years 2012 and 2018.

2.2. Climate Data

The climatic data we used were extracted from the 8-km gridded dataset provided by the
mesoscale atmospheric system Safran hosted at Météo-France (MF). Safran was initially designed to
provide atmospheric forcing details in mountainous areas for avalanche hazard forecasting [18,19].
The system has been extended over the whole of France coupled with a land surface model (Isba)
and a hydrological model (Modcou) in order to simulate the transfers between the atmosphere,
the surface, and the subsurface. A detailed description of Safran and its applications over France
is presented by Quintana-Seguí [20]. Mean daily temperature (T), precipitation (P), and potential
evapotranspiration (PET) were extracted from Safran for the 60-year period for each grid falling into the
respective watersheds, and then averaged for the entire watershed (Supplementary Materials Figure S1).
Watershed contour shapefiles from the French Carthage Métropole database were used for this [21].
We also condensed these data to monthly and annual averages.

In Safran, T, p and PET data are processed from automatized spatial extrapolation of all available
station data of MF and therefore represent a realistic estimate for the spatial and temporal evolution
of these parameters in France. However, since not all stations cover exactly the same periods,
the extrapolation procedure can include variable time slices which might impact the resulting trend
analysis [22]. We therefore tested the consistency of the Safran data by comparing them to the values
obtained by Lespinas [12] for the period of 1965–2004. These latter data were obtained by manual
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extrapolation of a fixed number of stations in this area. The results (Supplementary Materials Figure S2)
demonstrate that both methods result in identical temperature trends (except for the Agly catchment
for which the Safran trends are significantly lower). The average T values can however be somewhat
different, in particular in the small Tech and Tet catchments with strong elevation gradients. This is
because Lespinas [12] produced their spatial interpolations at a much finer spatial grid point scale.

We further produced, with the Safran climate data, a series of climate indices which were used
for correlation statistics. Two of these express the seasonality of precipitation (the Fournier Index
(F-Index) [23], Seasonality Index (SI) [24]) and three are drought indices (the Standardized Precipitation
Index (SPI) [25], Standardized Evapotranspiration-Precipitation Index (SPEI) [26], Reconnaissance
Drought Index (RDI) [27]). Among the latter, SPEI and RDI were revealed to be particularly powerful
for the prediction of annual runoff. SPEI was calculated with the corresponding R-routines supplied
by Vicente-Serrano et al. [26] whereas RDI was calculated using three expressions. The first uses a
monthly time step and is computed over a complete hydrological or full year. It follows the equation:

α
(i)
0 =

∑12
j = 1 Pij∑12

j = 1 PETij
, i = 1 . . .n, j = 1 . . . 12 (1)

where, Pij and PETij are precipitation and potential evapotranspiration of the jth month and of the
ith year and n is the number of years in the data. The second expression is the normalized RDI
expressed as:

RDI(i)n =
α
(i)
0

α0
− 1 (2)

where, α0 is the arithmetic mean of α0 values, calculated for the n years of data. Finally, the third
expression is the standardization of RDI, following the equation:

RDI(i)
st(k)

=
y(i)

k − yk

σyk
(3)

where y(i)
k is the natural logarithm of α(i)

0 , yk the arithmetic mean of yk and σyk the standard derivation

of yk. Finally, apositive/negative RDI(i)
st(k)

renders dry/wet conditions
In Safran, PET is determined according to the Food and Agriculture Organization of the United

Nations (FAO) Penman-Monteith equation [28] which requires, beside temperature, data on wind
speed, air humidity, radiation and albedo. The availability of all these parameters is often limited and
many approaches often refer to estimates of PET which is derived from temperature data alone [29,30].
In our study, we therefore also tested whether T-derived PET estimates (PETt) can be used for the
prediction of annual runoff. We retained for this the approach of Folton and Lavabre [31] which has
been demonstrated to successfully produce PET estimates in the South of France and which was
therefore used for the modelling of water discharge in the studied river basins [15].

2.3. Hydrological Data

Observed water discharge data (Qobs) were taken as daily values from the HYDRO database
hosted by the French Ministry of the Ecology, Sustainable development and Energy [32]. For each
river, we selected the most downstream gauging station (Figure 1). Certain short time periods could be
missing. We filled these gaps by interpolating them with records from previous and next days of the
same station (see Supplementary Materials Table S1). Nevertheless, length of series differs from one
river to another. The Herault is the river with the longest time series of 59 years (1959–2018 except
1986), whereas the Tech River presents the shortest time series with 43 years (1976 to 2018).

The Safran-Isba-Modcou database also provides data which are derived from modelling alone.
Among the hydrological parameters, basin runoff can be estimated as the sum of surface runoff and
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soil drainage [33,34] and we also included this parameter (Qs) in our study for comparison with
modelling (Table 1). It should however be noticed that Qs has been calibrated with observed discharge
values from station data in the study region and Qs is therefore not completely independent from
Qobs [34]. We finally also included a simple climatic index which can be used as an estimator of water
runoff. This parameter (Qpike) is calculated on the basis of annual P and PET data alone and has been
successfully applied to predict average water runoff in Mediterranean rivers [35,36]. The parameter is
given following the equation:

Qpike =

1−
1(

1 +
(

P
PET

)2
)0.5

× P (4)

where P is the annual rainfall and PET the annual potential evapotranspiration.

2.4. Land Use Data and Anthropogenic Water Extractions

Data on the evolution of anthropogenic land use and water extractions are more difficult to
assemble than climate and water discharge data. They are normally collected at coarse temporal time
scales, do not go as far back in time as climate data and often need the combination of different sources,
including reports and web-sites from non-scientific publications and organisations. A very general
evolution of land use can be obtained from the CORINE Land Cover data base [37] which allows
quantification of the major agricultural land use types for the years 1990, 2006, 2012, and 2018 at a
spatial grid point resolution of about 100 m. Average land use characteristics in the study catchments
are summarized in Table 2.

Table 2. (a) Percentage (1990–2018 average) of major land use categories for each watershed. Note
that “Other” refers to the open spaces, wetlands and water bodies, which correspond to the CORINE
subclasses 3.3, 4.1, 4.2, 5.1, and 5.2 (b) Percentage of agricultural land use types for each watershed.

Basin Artificial Area Forest Agricultural
Lands

Herbaceous
Vegetation Other

Tech 3.25 60 18.5 15.8 2.5
Tet 3.05 37 20 33.7 6.3

Agly 1.7 34.35 27 35.4 1.6
Aude 2.75 32.5 48.5 15.4 0.9
Orb 4 48.8 30.5 14.85 1.85

Herault 2.8 30.8 31.5 33.4 1.5
(a)

Basin Arable Land Vineyards Fruit and
Olive Trees Pastures Heterogeneous

Areas
Tech 1.1 37.3 8.3 6.5 46.9
Tet 0.4 31.8 24.5 6.1 37.3

Agly 0 71.2 0.1 3.9 24.8
Aude 16.2 53.4 0.2 6.2 23.5
Orb 1.2 58.9 0.4 4.4 35.1

Herault 2.5 64.8 0.3 6.3 26.2
(b)

Recent data on quantitative surface water withdrawals were retrieved from the French online
database Banque Nationale des Prélèvements quantitatifs en Eau (BNPE) [38]. They are available per
administrative area, and we used the basin outline shapefiles to filter only the areas that fall within the
basin limits. The data exist at annual time scales from 2012 to 2018, and average values are summarized
in Table 1 for comparison with surface water runoff in the basins. For longer time scales, one can only
refer to agricultural census data which are based on queries and centralized at the French Agricultural
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Ministry. Reconstruction of the evolution of irrigated areas in the former LR area between 1970 and 2010
can be obtained from the statistical service of the French Ministry of Agricultural Ministry (AGRESTE)
for the years 1970, 1979, 1988, 2000 and 2010 [39]. Data on agricultural land use changes were also
obtained at the department scale from AGRESTE for the years 1988, 2000 and 2010.

We further also considered remote sensing data which allow more continuous reconstruction of
the evolution of land surface patterns and which are therefore more suitable for statistical analyses
together with climate data. We considered in particular the so-called Normalized Difference Vegetation
Index (NDVI) which is an index ranging between 0 and 1 of the absorptive and reflective characteristics
of vegetation in the red and near-infrared of the electromagnetic spectrum. It is hence an indicator of
the productivity, density, and/or health of the vegetation cover. The data we used exist at a resolution
of 8 km and were extracted from the National Centre for Atmospheric Research [40] for the years 1982
to 2015.

2.5. Statistics and Data Treatment

We used the freely available R software for the extraction and arrangement of data as well as for
the computation of statistical tests. For trend analysis in hydro-climatic time series, we performed a
Mann-Kendall test [41,42] together with the calculation of the Sen slope [43] to detect and to quantify
linear trends (see Supplementary Materials Table S2). We chose this test for its robustness with
regard to outliers and skewed data. The Mann-Kendall test is an efficient tool in hydro-climatic
studies [44] and still widely used for trend detection (e.g., [45,46]). Single and multiple regression
analysis were performed on the basis of the squared Pearson correlation coefficient [47] which allows
quantification of the strength of linear relationships. In multiple regression analyses, only parameter
combinations were allowed which significantly increased correlation in all of the study catchments.
The accuracy of each hydrological model was tested both by calculating the strength of the relationship
between the simulated variable and the observed water discharge, and by comparing the linear trends
obtained over the observed period of each river. Combination of climatic, land use change and water
management parameters in the multiple correlation analyses suffered from the different spatial and
temporal resolutions in which these parameters exist. The land use change and water management
parameters often only exist at regional scales (irrigation) and/or represent average long term trends
over decades (land use changes). We therefore also created subsets of data over shorter time periods
for which all parameters exist and linearly interpolated decadal trends to finer annual time steps in
order to test the potential impact of these latter parameters on the evolution of water discharge in the
study rivers.

3. Results

3.1. Average Basin Characteristics

3.1.1. Hydro-Climatic Parameters

Table 1 summarizes the average hydro-climatic characteristics of the studied river catchments.
Observed water discharge (Qobs) varies between 191 mm (Agly) and 615 mm (Orb) and represents
respectively 24% and 61% of mean annual precipitation (P) in these basins. Such large variability is
only partly related to the prevailing climate conditions. For example, the relatively high Qobs value
for the Orb catchment is related to water importation from a neighboring catchment [15] whereas the
relative low values for the Tet and Agly catchment can be explained by water withdrawal by irrigation
channels (Tet River) and/or water losses through karstic geological formations (Agly River). In the case
of the Tet, the water loss represents approximately one third of the natural water discharge close to the
river mouth [48].

Modelled water discharge (Qs) extracted from the Safran-Isba database fits within a range of
+50% and −20% of the observed water discharge values. It overestimates the observed values, except
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for the Orb catchment. However, as the model is purely driven by climatic parameters, other factors
such as anthropogenic water extractions (see above) cannot be taken into account, and discrepancies
between the modelled and the observed average values should not necessarily be interpreted as failure
of the model performance.

Average annual precipitation totals in the catchments vary between 802 mm (Tet and Agly) and
1103 mm (Herault). They are generally more elevated in the northern compared to the southern
catchments, but slightly increase again in the Tech catchment towards the Spanish border. Average
temperatures are naturally lowest in the catchments with the greatest average elevation, which are
the Tet and Tech catchments. The climate values we found generally fit well with the ones produced
by Lespinas [12,15], but small differences can appear especially in the smaller southern catchments
because of the relative coarse grid point resolution of the Safran data of differences in the consideration
of snowfall and of differences in the spatial interpolation techniques at the border with Spain.

3.1.2. Water and Land Use

Table 1 also allows an overview of the potential impact of anthropogenic water use on the water
discharge of the investigated rivers. Superficial water extraction for drinking water are almost negligible
and clearly less important than water extraction for irrigation. The latter, however, can represent a
considerable fraction of average water discharge. It is more important for the southern catchments
compared to the northern ones. Water withdrawal for irrigation is particularly elevated for the Tet
River (>80% of Qobs), underlining its outstanding role in terms of water use. Because of the steep
elevation gradient and an important share of snowfall in total precipitation (Table 1), supporting
water discharge during the snowmelt period in spring, a dense network of irrigation channels has
been developed here since the Middle Ages [49]. It still supports gravitational irrigation techniques,
which are highly water consuming. However, most of the extracted water naturally returns to the river
and bulk water extractions should not be considered as net water losses in the annual river discharge.

Average vegetation and land use characteristics in the studied catchments are summarized in
Table 2a. Natural vegetation dominates in all catchments and is particularly abundant in the Tech and
Tet catchments. Forests dominate in the Tech and Orb catchments, whereas scrubs and herbaceous
vegetation also significantly contribute to natural vegetation in the Tet, Agly and Herault catchments.
The Aude River has the catchment with the greatest share of cultivated areas. Agricultural land use in
all catchments (Table 2b) is generally controlled by vineyards, except in the Tet catchment where fruit
tree cultures occupy about the same area. This is directly related to the outstanding irrigation activity
in this catchment (see above). Other land use types are mixtures of agriculture and natural vegetation
and pasture. Arable land (corn and legumes) is only important in the Aude catchment.

3.1.3. Parameter Relationships and Models

Relationships between individual parameters can be illustrated in the form of correlation matrices.
We present this in Figure 2 only for the Herault catchment as an example, but for the other catchments
the results are similar (see Supplementary Materials Figure S3). Only relationships between mean
annual hydro-climatic parameters were included in Figure 2, since the evolution of land use patterns
cannot be reconstructed in the same temporal resolution historically (see below). Correlation with
observed annual water discharge (Qobs) is highest with the Safran-based modelled water discharge
(Qs), with r2 = 0.85 for n = 59 data points. The Safran-Isba model is hence a powerful tool to predict
the long-term evolution of water discharge in this catchment. Qpike also depicts close correlation
with Qobs (r2 = 0.79), followed by P, RDI, SPEI and SPI (r2 = 0.70, 0.61, 0.57, and 0.51, respectively).
Negative correlation is observed for PET (r2 = 0.29), PETt (r2 = 0.21) and T (r2 = 0.19). All parameters
expressing drought indices are highly intercorrelated (RDI, SPEI, SPI), as this is also the case for PET
and PETt. Indices which were selected to characterize seasonality of p (WI, SI and Fournier) only
depict weak correlations with Qobs.
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3.1.4. Multiple Parameter Relationships

Combination of the above-discussed parameters significantly improve the prediction performance
of empirical models for Qobs. Multi-regression statistics reveal that in particular the combination of
Qpike and RDI yields the most powerful regression models in all study catchments (in the following
Qmod). Figure 3 shows that r2 continuously increase when using P, p combined with T, Qpike and
Qpike combined with RDI as input parameters in the regressions. In the case of the p—T models, T is
however only significant (p < 0.1) in the Herault, Orb, Agly and Tech catchments. In the case of the
Qpike—RDI models, both input parameters are highly significant (p < 0.01) and the resulting r2 values
(Table 3a) are comparable to the r2 values which are obtained when correlating Qobs with Qs (r2 = 0.77,
0.88, 0.89, 0.87, 0.87, 0.85 for the Tech, Tet, Agly, Aude, Orb and Herault catchments, respectively).
Adding RDI to Qpike always provokes a significant increase of r2 compared to Qpike alone and the
model hence explains between 78% (Tech) and 88% (Agly) of the variability of observed annual water
discharge during the documented study years (n = 43–59).

All the tests we performed in order to combine our climate data and indices with data on land use
changes and water management practices in time sub-series for which all parameters could be combined
did not result in significant improvement of the prediction performance of our empirical models.

Table 3a also depicts the corresponding regression coefficients for Qpike and RDI for the studied
river basins, as well as the associated intercept values (which are all also significant at the p < 0.01
level). Between catchments, the variability of the Qpike coefficients is lowest (about +/− 20% around
the average) and slightly more elevated for the RDI coefficients (about +/− 33% around the average).
For the corresponding intercept values, variability is greatest (about +/− 100% around the average).
The intercept is greatest for the Orb which imports water from outside the catchment, and lowest for
the Agly catchment which loses water to the karst groundwaters (see above). Interestingly, Table 3b
also demonstrates that replacement of PET by PETt in our regressions does not significantly impact
the predictive performance of the models. In four of the six catchments, r2 even increases slightly.
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This means that between 78% and 88% of the variability of observed annual water discharge in the
study catchments can be explained by two single climatic parameters, which are monthly T and
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Figure 3. Performance of regression models for observed annual water discharge (Qobs) and
(a) precipitation, (b) precipitation and temperature, (c) Qpike and (d) Qpike and Reconnaissance
Drought Index (RDI) for the six study catchments.

Table 3. Correlation and regression coefficients for the multiple regression models of Qobs as a function
of Qpike and of RDI for the six study catchments: (a) potential evapotranspiration taken from Safran
(PET) and (b) potential evapotranspiration derived from temperature (PETt).

Basin Qpike RDI Intercept r2 n

Herault 0.7183 96.9 244 0.85 59
Orb 0.8531 95.5 346 0.84 53

Aude 0.6041 55.1 135 0.81 50
Agly 0.7829 50.4 51 0.88 52
Tet 0.6930 66.1 104 0.85 49

Tech 0.6847 104.0 179 0.76 43
(a)

Basin Qpike RDI Intercept r2 n
Herault 0.7173 95.6 243 0.84 59

Orb 0.8184 109.9 356 0.85 53
Aude 0.5613 63.6 143 0.83 50
Agly 0.7723 54.0 53 0.88 52
Tet 0.6644 72.1 111 0.86 49

Tech 0.6354 121.4 198 0.78 43
(b)
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3.2. Trends

3.2.1. Hydro-Climatic Parameters

All hydro-climatic parameters were submitted to trend analysis in order to catch their long-term
evolution. Mean annual temperature increased on average between 1.2 ◦C (Agly) and 2.1 ◦C (Herault)
during the study period (Figure 4a), which corresponds to a warming trend of 0.23–0.35 ◦C/decade.
This is less than reported by Lespinas [12], who found an average warming of about 0.38 ◦C/decade for
the entire study region. Discrepancies are related to the longer time period we considered, as well as
to a slight flattening of the warming trend during recent years (Supplementary Materials Figure S1).
This illustrates the strong dependency of trend analyses on the time slices which are selected to run
these analyses. The detected trends were nevertheless highly significant in all catchments (p < 0.01),
confirming that global warming affected the study region. Trends for the evolution of PETt (Figure 4b)
closely match the evolution of T, illustrating the strong relationships between both parameters.
PET, however, depicts a stronger increase in the Orb and Herault catchments compared to the other
catchments further south.
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The evolution of annual precipitation was highly variable (Supplementary Materials Figure S1)
and trends can only be detected at weak significance levels (Figure 4c). All have negative signs.
The strongest trend (p < 0.1) appears for the Tet catchment, where p decreased by about 18% In the
Tech, Agly and Aude catchments also, slightly negative trends of about 13–15% are indicated (p < 0.2).
Such an evolution towards lower p values is in agreement with future climate predictions [50], although
the study region is situated on the limit between predicted p increases further North and predicted p
decreases further South.

Quantification of the associated discharge trends is more complicated since the time series for
Qobs in the study catchments does not exactly cover the same periods, and trend analyses are impacted
by differences in the years when the trends start and end. However, both the annual evolutions of
Qmod and Qs closely match the evolution of Qobs (Figure 5), which suggests that trend analyses can be
performed on the basis of these parameters. Comparison of trends which are restricted to the years for
which Qobs exist reveal that both Qmod and Qs reasonably fit with Qobs (Figure 6). Extrapolating the
trends to the entire study period (Figure 4d) on the basis of Qmod and Qs therefore suggest that water
discharge might have significantly decreased by about 30% (Orb)–45% (Agly) on average. Figure 6
also demonstrates that precipitation alone, although this parameter explains the largest part of the
variability of Qobs in the study catchments, is not suitable for the prediction of trends.
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3.2.2. Water and Land Use

The discontinuous information on land and water use we could assemble does not allow running
trend analyses of these parameters. Exploitation of the periodical assessments of the major land
use patterns done by CORINE nevertheless allows a general view of major changes during the last
30 years (Supplementary Materials Figure S4). According to CORINE, total agricultural area in all
catchments decreased between 1990 and 2018, but only by less than −2% (from −0.8% to −1.6% in the
Orb and Tech catchments, respectively). Forests significantly increased especially in the Tech (+3.4%),
Orb (+2.0%) and Herault (+4.8%) catchments in which scrub and herbaceous vegetation significantly
decreased (−3.3%, −4.1% and −5.2%, respectively). Artificial areas also increased in all catchments
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(from +0.4 to +1.2% in the Agly and Orb catchments, respectively). Within agricultural land use types
(all types = 100%), the strongest decreases are documented for vineyards (from −2.7% to −6.8% in the
Herault and Orb catchments, respectively). Heterogeneous crops are the agricultural land use type
which increased most (from +1.3% to +12.2% in the Herault and Tech catchments, respectively).
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The CORINE data therefore suggest that agricultural land use was only moderately impacted
by recent change. This contrasts with information that can be obtained from queries. Based on
agricultural census data in France (AGRESTE [39] and on the website of the decentralized service
of the French Agricultural Ministry called Direction régionale de l’Alimentation, de l’Agriculture et de
la Forêt (DRAAF) [51]), the utilized agricultural area (UAA) has reduced by −13.3% between 1988
and 2018 in the entire studied area, with greatest reductions (−24.3%) in the Pyrenees-Orientales (PO)
department, moderate reductions (−13.5%) in the Herault department, and lowest reductions (−8.4%)
in the Aude department. This is about 3–3.5 times more than data obtained from CORINE on the basis
of the respective catchment data. This indicates that mapping of land use types as done by CORINE
is not necessarily a precise indicator of agricultural land use changes. Abandoned land may not be
recognized as such when integrated in mixed land use types such as heterogeneous crops. Qualitatively
the CORINE data are nevertheless in agreement with the census data in the sense that they confirm
that permanent crops (mainly vineyards) are the agricultural land use type which decreased most
in the study region. According to AGRESTE, this land use type decreased within UAA in the PO
department by −46% and in the Herault and Aude departments by −33% within UAA. Increasing land
use types where, on the other hand, pastures (+36% and +20% in the PO and Aude departments) and
arable land (+42% in the Herault department).

The agricultural census data also allow the evaluation of the evolution of irrigation over the study
area. According to AGRESTE, UUA decreased continuously between 1970 and 2010 with −21% in the
LR region. Irrigated areas decreased in parallel but by −28%. This decrease was hence stronger than
the decrease in UAA in general. Between 2000 and 2010, the AGRESTE data also allow a breakdown
of the evolution of irrigated areas at the department scale and reveal a −23% decrease in the PO
department. It is here where surface water extraction for irrigation is greatest on average (Table 1).
In the Aude and Herault departments, however, irrigated areas increased again (by +19% and +18%,
respectively), and irrigated areas in the entire study region (PO, Aude and Herault departments)
remained almost stationary (+1.8%) between 2000 and 2010 (−5.3% for the LR region). All these data
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nevertheless indicate a general trend of reduced agricultural water use in relation with the general
decline of agricultural land use since 1970.

One might finally look at the evolution of NDVI in the study catchments (Supplementary Materials
Figure S5). This index is often used to track the changes of forest cover [52,53], a land use type with
relatively high NDVI values, and reforestation or deforestation trends in drainage basins can impact
the hydrology of rivers [53–55]. Average annual NDVI values follow a weak trend towards increasing
values. However, changes are minimal and mainly restricted to the beginning of the study period.
This is consistent with the forest cover changes documented in CORINE (see above). Significant
reforestation trends have been detected in the study region (see [12]), but they mainly occurred before
1990 and should have considerably flattened since then.

We further included the NDVI data in our multi-regression statistics in order to test whether
this parameter could improve the accuracy of our models since the 1980s. However, no significant
improvements could be detected.

4. Discussion

4.1. Hydro-Climatic Trends

During the last 60 years, the hydro-climatic conditions in the study region have clearly evolved
towards warmer and dryer conditions. Based on trend analyses, it can be estimated that average
annual temperature increased by about 1.6 ◦C in the entire study region (discharge-weighted average
over all catchments), with maximum increases in the northern catchments (1.7 ◦C and 2.1 ◦C in the
Orb and Herault catchments, respectively). The onset of this increase started in the early 1980s,
in agreement with the onset of global warming in general [56]. Precipitation followed less marked
trends, but generally decreased with weak to moderate significance in the middle and southern part of
the study region (13–18%). The most striking trends were, however, encountered for surface water
discharge, which throughout decreased by about 30–45% in the study catchments. Similar trends were
also reported from other Mediterranean areas. For example, Piervitali et al. [57] already reported in
1998 a 20% decrease in precipitation during the period 1951–1995 in the Central-Western Mediterranean.
More recently, Valdes-Abellan [58] indicated a decrease of 15% in the annual rainfall in the south-east
of Spain over 30 years. The reduction of water discharge has also been documented across various
Mediterranean sites and time scales. Romano et al. [59] reported a decrease in the Tiber discharge
between 1952 and 2008, associated with a reduction of rainfall and an increase inv temperature. In the
Iberian peninsula, several studies identified reductions of river discharge for the periods 1950–1999,
1945–2005, and 1966–2005 [60–62]. The evolution we document therefore fits well in the general picture
of the Mediterranean as one of the hot spot regions for the decrease of future water resources in relation
to climate change.

However, in agreement with the conclusions of many of the studies cited above, two major
questions arise from these findings. On the one hand, it is not clear whether the water discharge trends
are purely climate driven or whether anthropogenic land use and water use changes may also have
contributed. In our study region, the strong decline of surface water resources in combination with
only weak negative precipitation trends may be surprising and point to additional drivers such as
water extraction for agriculture. On the other hand, it is not clear whether the detected hydro-climatic
trends are representative of long term evolution, or whether they are also impacted by other factors
such as the cyclicity of atmospheric circulation patterns [63]. Results of trend analyses strongly depend
on whether they start (end) with relatively humid (dry) conditions and projecting them beyond the
documented time series should naturally be performed with caution.

4.2. Drivers of Water Discharge

Both questions can be addressed with our data. Anthropogenic water extraction is indeed
significant in the studied catchments, especially in the southern part of the study region, with an
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irrigation hot spot in the Tet catchment. Agricultural land use is however declining, and this decline
is particularly important in the PO department where agricultural water use is greatest on average.
Moreover, the decrease in irrigated areas is generally stronger than the decrease in agricultural
areas in general, which supports the idea of an antagonistic impact of land use changes on surface
water resources.

Another candidate for land use changes as driver for the detected water discharge trends is
forest cover. Forests can intercept rainfall and hence decrease surface runoff through enhanced
evapotranspiration [64]. Forest cover did indeed significantly increase in the study region [12],
but this mainly happened during 1950–1970. The more recent evolution during the last 30 years
is rather characterized by stationary evolutions, along with some slight increases in the Tech, Orb
and Herault catchments. This is also contrary to the idea of water discharge trends being driven by
anthropogenic factors.

Finally, the strongest argument for a dominant climate control of the evolution of surface water
resources is that, in all catchments, climate parameters alone can statistically explain between 78% and
88% of the observed variability of annual water discharge. These parameters are, on the one hand,
the hydrological index Qpike and, on the other hand, the drought index RDI. The former has been
shown to represent a realistic estimator of specific average water discharge in Mediterranean rivers in
general [35,65], whereas the latter takes into account the climatic conditions prior to the study year and
therefore may represent the conditioning of the basin’s internal water resources, such as groundwaters
in the catchments. Among the different drought indexes we tested, which were also used in other
studies for hydrological modelling purposes [66,67], RDI produced the best model performance,
although the SPEI index performed almost as well as RDI. Combined in a simple multi-parameter
regression model (Qmod), both indexes do not only well reproduce the average water discharges
in all study catchments, but also the associated trends. Interestingly, correlation and trend analysis
with Qobs yield similar performances as Qs, which is based on the modelling algorithms for water
discharge integrated in Safran-Isba. Compared to Qobs, Qs nevertheless tends to overestimate average
discharge (except in the Orb catchments), as it ignores general water use in the catchments.

4.3. Model Applications

The simple statistical model we propose can also be easily adjusted to other catchments to
reconstruct long-term evolution of average water discharge during the recent past, or to produce
projections for the near future in combination with climate scenarios based on models. It should therefore
be considered as a valuable decision making tool for water management purposes. Sophisticated
hydrological models generally require many parameters and are often subject to large uncertainties [68],
reducing both their usability and reliability for decision makers. When relating PET exclusively to
temperature, as is often done in hydrological modelling studies [30,69], our statistical models require
only two single input parameters, i.e., monthly P and monthly T. The model therefore easily allows
quantification of the role of each parameter in long-term trends in order to address the question of
the representativeness of our discharge trends in the context of climate change. We consequently
performed sensitivity tests by running our models with modified P and T time series during the study
period. In these tests, T and P changes were uniformly applied to all months and therefore do not take
into account possible changes of seasonality in the time series. RDI was calculated by normalization
with the means and standard deviations of the non-modified time series, hence allowing RDI to evolve
towards generally more humid or dryer conditions compared to the reference period.

These tests indicate that average water discharge in the study catchments is significantly reacting
to temperature changes (Figure 7). According to our results, the temperature trends we detected
during the study period (Figure 4a) could account for a −18% (Orb) to −27% (Tech) decrease of annual
water discharge. This is in the same order as a generalized precipitation decrease by −10% (which
would provoke a −17% (Orb) to −29% (Agly) decrease in water discharge). When averaged over all
study catchments, the detected temperature increases could account for a water discharge decrease of
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almost 25%. Figure 7 also illustrates that both the larger Orb and Herault catchments in the North
are obviously less reactive to P and T changes, whereas reactivity is greatest in the catchment of the
Agly River. This river can have intermittent water flow in relation to water filtration to the karst
groundwaters [70]. When averaged over all catchments, and weighted by the respective average
discharge volumes, temperature alone could consequently be responsible for a decrease in surface
water resources in the study region of −23%.Water 2020, 12, x FOR PEER REVIEW 16 of 21 
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The sensitivity tests we performed could also be used in order to project the evolution of surface
water resources under future climate conditions. When combining a hydrological model (GR2M) with
climatic simulations for the end of the 21st century from a series of Regional Climate Models, Lespinas
et al. [15] concluded that in a worst case scenario (a 4.3–4.5 ◦C warming together with a 10–16%
precipitation decrease), average water discharge in the Tet, Orb and Herault rivers could decrease by
about 85%, 83% and 71%, respectively. According to our sensitivity tests, the corresponding values
are 83%, 63% and 71%. In agreement with our findings, the authors also concluded that temperature
increase should have an important impact on water discharge, a fact that might have been overlooked
in the parametrizations of hydrological models and earlier climate change impact studies.

4.4. Model Limitations

Empirical models depend on the quality of the input data used to fit the models. Based on the
correlations between water discharge and climate indices, our results clearly suggest that climate is
the major driver of the long term evolution of water discharge in the study region. Land use and
water management patterns are characterized by abandonment of agricultural activities and, rather,
show antagonistic trends in terms of anthropogenic water withdrawal. However, these latter data
only exist in coarser spatial and shorter temporal resolutions compared to climate data, which reduces
their usability in statistical analyses. Further collection of more detailed data as well as continuous
acquisition of appropriate remote sensing data are therefore still necessary in order to investigate
anthropogenic impacts on water resources.

Another major outcome of our analysis is the significant influence of temperature on the evolution
of surface water resources in the study catchments. Statistical fits of the evolution of a few key
parameters to the evolution of annual water discharge have the advantage that they easily allows
testing of the relative importance of each of these parameters in the detected changes. This is difficult
with sophisticated hydrological models for which the deconvolution of the respective impacts of each
of the input parameters is often complicated. However, also here it has to be kept in mind that the
sensitivity tests we performed are based on simplifications which ignore parameter interactions that
can exist in reality. Connection of potential evaporation to temperature data alone may be considered
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as one of these simplifications. Another inconvenience of our sensitivity tests is that they do not take
into account seasonal modifications in the evolution of climate, which are expected to occur in the
future and which were already observed in the past. Moreover, projecting these changes to extreme
values such as temperature increases of several degrees may also ignore profound modifications in
terms of vegetation cover and/or other land use patterns which may accompany future climate change
and which may also alter the general hydrological functioning of drainage basins.

5. Conclusions

Analysis of trends in hydrological time series during recent decades indicates a strong decrease in
water discharge of about 30–45% in the studied river catchments. In the context of climate change,
which is expected to severely impact surface water resources in the Mediterranean area, such large
numbers naturally raise the question of whether these trends are representative also for future evolution,
and whether they are dominated by climate change and/or by anthropogenic activities in the drainage
basins. Statistical analyses of hydrological, climate, land use and water management data allowed us to
respond to both questions. Although the natural and anthropogenic drainage basin characteristics of the
six coastal rivers we studied can be significantly different, all rivers have in common that their annual
water discharge values can be predicted with high confidence by only two climate indices, exclusively
calculated from monthly precipitation and temperature data. This is a strong argument that climate is
clearly the dominant driver of water discharge trends in the study region. It is also corroborated by
the fact that land use changes are dominated by a general evolution towards less irrigation and the
abandonment of agricultural activities, which decrease anthropogenic water withdrawal.

However, simple projection of the detected water discharge trends to future climate conditions
should naturally be done with caution. Trends are influenced by natural and man-induced variability
of climate and, without unravelling the influence of both, it is difficult to project the expected changes
in future warming scenarios. Our simple statistical models also have an advantage over more
sophisticated hydrological models, since they easily allow individual testing of the potential role of
T and P in the detected changes. With respect to future changes of P, there still exists considerable
uncertainty in future climate modelling scenarios. Our hindcasting analysis of P also revealed that
the evolution of P is generally characterized by large variability, and trends which are only weakly
significant. However, there is little doubt that the warming trend we detected in the study region is
related to ongoing climate change, characterized by a marked onset in the temperature evolution since
the early 1980s, in agreement with what has also occurred in many other places in the world. Probably
for the first time, we have clearly demonstrated that this warming trend alone should have reduced
the surface water resources in the study region by almost 25%.

It therefore becomes evident that the ongoing warming trends might rapidly conflict with
sustainable water use in the study catchments. Although during the last 30 years agricultural water
use decreased, it is likely that sustainable agricultural land use in the future is not possible without
further access to surface water resources. This is particularly true for vineyards, the land use type
which actually shows the strongest decline. This might only be stopped by irrigation. On the other
hand, surface water extractions for drinking water could also increase in response to an increasing
demand and the over-exploitation of groundwater reservoirs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/12/3581/s1,
Table S1: Hydrological station data considered in this study. Table S2: Results of Sen’s slope and Mann-Kendall
test p-value for each hydro-climatic parameter whenever they are non-significant (normal format) or significant
(underlined: p-value < 0.1, and bold: p-value < 0.05). Figure S1. Evolution of annual temperatures (a), potential
evapotranspiration (b), and annual precipitations (c). Figure S2. Comparison between the Safran climate data
considered in this study and the climate station data processed by Lespinas et al., 2009: (a) evolution of precipitation,
(b) evolution of temperatures, (c) linear temperature trends for the period 1965–2004. Figure S3. Correlation
matrixes of hydro-climatic parameters for the six study catchments. Figure S4. (a) Evolution of major land use
types between 1990 and 2018; (b) evolution of agricultural land use types between 1990 and 2018. Figure S5.
Evolution of average NDVI values in each basin from 1982 to 2015.
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