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INTRODUCTION

Anthropogenic activities such as intensive agri-

(Döll and 
Zhang, 2010; MedECC, 2020), a phenomenon that 

or semiarid basins (Cramer et al., 2018; Giorgi, 
2006)
in the northern Mediterranean and associated to a 
progressive conversion to forest (García-Ruiz et 
al., 2011) -

-
spiration and vegetation interception processes 
(Buendia et al., 2016; Delgado et al., 2010). Con-

-
-

gated lands, crop productivity and livestock pro-
duction (Lassaletta et al., 2021). As said, climate 

of enhanced evapotranspiration and reduced rain-

drought episodes (Cramer et al., 2018)
Because of the reasons above, many river sys-

(García-Ruiz 
et al., 2011)
permanent to intermittent having an increasing 

(Cramer et al., 2018; García et al., 
2017; Pachauri et al., 2014) -
teration may cause changes in the concentrations 

of nutrients and contaminants, and the dilution 
capacity of the systems is compromised (Abily et 
al., 2021)
to river habitat availability , and 
interfere in the capacity of the biological commu-
nities to adjust and respond to disturbances 
et al., 2007). Altogether, climatological and land 

-
city (Barceló and Sabater, 2010) -

quality (van Vliet et al., 2017). 
Regardless of the general causes associated 

-

-
cerned drivers and stressors, managers and deci-
sion-makers may propose misdirected or coun-
ter-productive policies (Srinivasan et al., 2015). 
Unravelling these important factors requires the 
analysis of the long-term hydrological patterns, 

and the analysis of the main contributors involved 
in the observed trends (Bulteau et al., 2022). As-
sessing the consistency in the patterns of drivers 

contaminants loads), and their relation to the hy-
drological regimes, provides the ground for de-
veloping a proper interpretation of the hydrologi-
cal dynamics of the basin. 

As a matter of fact, understanding the hydro-
logical dynamics requires of the elaboration of 

-

-
-

-

-

https://creativecommons.org/licenses/by-nc/4.0/
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tool for identifying and managing the relationship 
-

es, both in quantity and quality (Mas-Pla and 
Menció, 2019; Menció et al., 2010) -

-

-
es progressively compromised (Sabater et al., 
2022) -

-

-
ed to land use and climatological changes? and 

hydrological stress associated to the rising envi-
ronmental pressures and climatological changes. 
Since these are not uniform along the year or be-

-
-

perform distinct roles.

2

th

order in the basin’s outlet (Mas-Pla et al., 1985). 

thick) overlying a multilayer leaky aquifer of Ne-
ogene sedimentary material, mostly sand and silt 
(Folch et al., 2011; Menció et al., 2014; Menció 
and Mas-Pla, 2008).

. Study area. 
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-
-

tion. Winter and summer mean monthly temper-

from 1960-2020, respectively), yet rainfall is 

summer and higher in autumn (51.3 mm/month vs 
79.9 mm/month, average from 1960-2020). Aver-

3/s (average 

3 -
3/s).

-

large areas dedicated to crops and pastures in the 
foothills and plains in the central part of the basin. 

consisting of scattered villages. Although there is 
no relevant irrigation or hydraulic infrastructure 
in the basin (reservoirs, dams, canals, or others), it 

functions (Menció and Mas-Pla, 2010) -

-
tion for agricultural supply, mostly from May to 

nitrate pollution originates from fertilization prac-

(Menció et 
al., 2014). Indeed, pig and cattle farming are im-
portant economic activities at the middle areas of 
the basin. A total of 15 761 heads of cattle and 

census (2020). Finally, ca. 7600 ha are dedicated 
to herbaceous crops for animal fodder and indus-

 
We used the Catalan Water Agency (ACA, 2022a) 

-

cords at the basin’s outlet (485781, 4646867 

-
cal year of 1965 and the period 1972-1975. We 

year 1971 had a continuous gap of 52 days that 

-
pleted by using the mean obtained after the daily 

-
ble S1, supplementary information, available at 

).

-

from the Integrated System for Rainfall–Run-
-

sources in a natural regime (data accessible in: 
-

acion-de-los-recursos-hidricos/evaluacion-recur-
sos-hidricos-regimen-natural/) -
tas, 1996). It includes all the meteorological data 
available in the Iberian Peninsula and interpolates 
it to generate raster-type data (i.e., 1 km2 resolu-

-

and Penman–Monteith methods and uses a fac-

(CEDEX, 
2020)(CEDEX, 2020)
clipped to the study area boundaries to obtain me-
dian values.

 
We estimated the land use and land cover (LULC) 

the “Land Use/Land Cover Maps of Catalonia” 
(MUCSC) (ICGC and Grumets CREAF-UAB, 
2020)
m × 30 m) that accounts for the main types of land 

https://www.limnetica.net/en/limnetica
https://www.miteco.gob.es/es/agua/temas/evaluacion-de-los-recursos-hidricos/evaluacion-recursos-hidricos-regimen-natural/
https://www.miteco.gob.es/es/agua/temas/evaluacion-de-los-recursos-hidricos/evaluacion-recursos-hidricos-regimen-natural/
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1987, 1992, 1997, 2002, 2007, 2012 and 2017 
(González-Guerrero & Pons, 2020).  Although 

distinct categories: 1) “Irrigated crops” encom-
passing both irrigated herb crops and fruit trees; 

sclerophyll, deciduous, and coniferous forest; 4) 
-

5) “Urban zones” encompassing urbanization, ur-

-
ent map editions. Additionally, to determine the 

-
mentary information, available at 
limnetica.net/en/limnetica). 

Water use and demand 

-
mated after historical population records from the 
National Institute of Statistics (INE, 2022), after 
assuming an urban consumption per person of 

-1 day-1

-

the irrigated crop area obtained from the LULC 
-

ply reported by the ACA for each municipality 

-
tion, transfer, and irrigation practices in the ba-

-
es and the assumed consumption of each type of 
livestock according to the Management plan for 

the river basin district of Catalonia for the period 
2022–2027 (ACA, 2022b)

sheep, and goats of 10, 40, 4.5 and 3.45 l head-1day-1, 
respectively.

 

(ACA, 2022a). We used monthly 

(NH4
+

3
-

4
3-) con-

centrations from 2007 to 2022 (data, n=174). We 
computed loads (kg/day) of each nutrient form by 
multiplying the concentration value (kg/l) by the 

-
-
-

-

achieved using Sen’s slope method (Sen, 1968). 

series (Pettitt, 1979) -

that estimates the Kendall statistic as a summa-
Hirsch et 

al., 1982)
(NH4

+
3

-
4
3- -

4.1.1 environment (R©

2021), using the packages EnvStats© (Millard, 
2013), lfstat©  and the 
tidyverse© library (Wickham et al., 2019).

track changes in the stream discharge magnitude 
and frequency for each decade. FDC is a cumu-

https://www.limnetica.net/en/limnetica
https://www.limnetica.net/en/limnetica
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a stream are integrated into a single curve, regard-

-
sonality. 

Standard Deviation (FSD), as

i corresponds to the i-th percentile 

time (Batalla et al., 2004). We calculated the in-

the measures of variability calculated are includ-
-

able at ).
-

volume, R, and precipitation (P) for each 5-year 

-

sin. Because just a fraction of rainfall becomes 
-
-

areas that feeds the regional aquifer system in ig-

-

the SIMPA gridded datasets to analyse the chang-

GW/P) over time.

-

a change point at the beginning of the hydrologi-
cal year of 2000 (U=24556, p

decreasing from 1.99 to 1.03 m3/s. Similarly, 

3/s; Fig. 2b). Besides 

3

periods. 

 

https://www.limnetica.net/en/limnetica
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this decrease in the central tendency measures, 

-
2=10.5 m3/s), also became less frequent 

2 

5 since 2000 indicates a 

-

-

-

as evident from the seasonal FDCs (Fig.3b). Dai-
-
-

and 1990, summer and autumn recorded zero dis-

-
bles S1 and S2).

 

-

-

-
creased after the mid-90s by an average rate of 

-

-

-
ing trend over the study period, reaching its min-

-

-

-

p Sen’s slope

3/s)

0.45 0.65 0.01 0.01 -29.99

-1.56 0.11 -0.14 -<0.01 2.69

a Statistically significant results <0.05) are highlighted in italics. p
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state of the basin, a central element of this dy-

-
-

discharge events are commonly linked to single 

especially in the summer months, masking the 
average response of the basin represented by the 

Although the overall decreasing trend of R/P 

-

-

for annual rainfall values around 300-400 mm 

the proportion of precipitation that is converted 

a larger fraction being lost to evapotranspiration. 
Additionally, this change might be accompanied 

ratio using the mean monthly values of each vari-
able are R/P = 0.19 0.16

-
cept for a momentary decrease observed in 2012. 
Additionally, both the area of irrigated crops and 

-
ized areas have stabilized since then. Non-irrigat-

-
ited a decreasing pattern.

-
ricultural practices (increase in irrigated crops), 
and the increase in urban and industrial areas 

-
ble S3 (supplementary information, available at 

-

massif, Fig. 1). Agricultural land has evolved from 
rainfed crops into forests or scrubland or become 

-
es has taken the reverse path, transformed into ir-

has occurred mostly in the alluvial areas along the 

the basin has increased from 17.58 hm3 in 1980 
to 20.71 hm3

9887 10 256 11 126 11 382 11 826 10 361 12 599

2508 1627 2586 2642 4427 3483 3003

11 523 12 781 10 840 10 198 7197 8735 9118

4822 3965 3583 3628 3893 4875 2728

1134 1394 1758 1921 2619 2614 2526

a Data available at https://agricultura.gencat.cat/ca/detalls/Article/Usos-i-cobertes-del-sol-de-Catalunya (ICGC and Grumets CREAF-UAB, 2020)

https://www.limnetica.net/en/limnetica
https://agricultura.gencat.cat/ca/detalls/Article/Usos-i-cobertes-del-sol-de-Catalunya
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2020, yet this percentage has been quite steady 
-

irrigation season (Fig. S2, supplementary infor-
mation, available at 
en/limnetica; (ACA, 2022b) and the river channel 

-
sent periods before 2000, and triangles periods after 2000. Error bars correspond to the standard error. c) Evolution of the different 

a) 

https://www.limnetica.net/en/limnetica
https://www.limnetica.net/en/limnetica
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turns to be a losing stream, mostly in the central 
part of the basin.

throughout the study period (Fig. 7). Both nitrate 

-
trate concentrations have progressively increased, 
even though that change does not correspond to 

-
-
-

-

-

-

and higher consistency among seasons. Most of 
-

mer, especially before 2015. Scattered high val-

-

DISCUSSION

hydrological changes in recent times, and there 
is evidence of the unequal alteration of discharge 

-

the main uses (in hm3; i.e. 1×106 m3). Urban consumption 
refers to the amount of local resources, plus the contribution 

-

3

 

1.68 1.82 1.60 (0.36) 2.13 (0.59) 1.74 (1.16)

15.53 10.07 16.18 24.49 18.59

0.37 0.40 0.46 0.45 0.38

17.58 12.29 18.24 27.07 20.71

. Seasonal Mann-Kendall results for the chemistry concentrations and loads. 

Z-trend p-valuea Sen’s slope Intercept

NH + 5.16 <0.01 0.27 0.04 -95.23

- 3.62 <0.01 0.19 0.40 -784.93

3- -1.37 0.17 -0.08 -0.08 204.73

0.87 0.39 0.05 0.02 6.30

NH +

-

3- 0.37 0.71 0.02 0.92 -593.48

1.53 0.13 0.08 2.75 -7685.71

a p<0.05) are highlight in italics. p
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. Concentrations (a) and loads (b) of NH4
+, 3

-, 4
3-

2020. 4
+

3
-

4
3-
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frequency and a general decrease of the high 

-
iterranean region (García-Ruiz et al., 2011; 
Lorenzo-Lacruz et al., 2012). Despite the dif-
ferences in basin sizes, the decrease in mean 

various Iberian rivers (e.g. the Duero tribu-
taries 
(Mezger et al., 2022), and the Ebro (Gallart 
et al., 2011), etc) 
changes observed in other basins through-
out southern Europe (e.g. Croatia (Lutz et 
al., 2016), France (Folton et al., 2019), Italy 
(Darvini & Memmola, 2020), and across the 
entire Mediterranean basin (Masseroni et al., 
2021))
decreased by nearly half from 1961-1965 to 

to occur under aridity conditions, or in basins 

(Romero et al. 2021). In this study case, hu-
man stressors, as stream discharge capture by 

-

-

presently concentrated in a shorter number of 
days (Alpert et al., 2002) -

intensity has been reported across the entire Med-
iterranean basin (García-Ruiz et al., 2011).  All 

in outliers and may account for the apparent mo-

from abrupt hydrological changes, the analysis of 
patterns may help to attribute causes and shape 
management actions (Rougé et al., 2013). We 

-

reduction has been especially acute in the last 
-

-

and 1982 (Mezger et al., 2022)
Noguera Pallaresa (Ebro basin) declined in the 
1980s (Buendia et al., 2016) -
drological shifts are idiosyncratic, likely related 

-

-
nean character of our study basin, is that shifts 

-

spring discharge has not substantially varied 

river systems (García-Ruiz et al., 2011), this has 

-
-

ter from reservoirs; Lorenzo-Lacruz et al., 2012), 

-
charge all over the summer season as indicated 
by Menció et al. (2014) -

convective origin are of common occurrence, and 
may turn into some abnormal increases of sum-

mid-August to early September. 
-

the middle or upper reaches of the basin. Middle 
reaches usually get dry during summer, perform-

-
ploitation of the alluvial aquifer (Menció et al., 
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hundred meters from the input location during the 
summer months, contributing to the hydrological 
discontinuity of the river (Menció et al., 2014). 

is an integrated portrayal of the hydrological re-

the need of appropriate scales of study to cope 

basin, as some drivers act locally producing ef-

  

observed in the main analysed drivers, the rela-

outlined. In this sense, both the change of scrub-

-

is related to intensive agricultural practices, es-
pecially summer crops irrigation, and livestock 

-
itation (i.e., R/P and GW/P).

decrease and the R/P decline from 1960 to 2020. 

-
est cover accounts for increased evapotranspira-
tion (Fig. 5). 

forest cover have also been observed in moun-
tain and hilly areas all around the north of the 
Mediterranean region, particularly during the 
second half of the 20th century. Land abandon-
ment and reduced traditional forest activities and 
subsistence agriculture have occurred during this 
period 
et al., 2019). A large forest cover increases not 

only evapotranspiration, but rainfall interception 
(Peña-Angulo 

et al., 2021)

for the decrease of discharge and hydrological 

catchments in the Iberian Peninsula (Beguería et 
al., 2003; Gallart et al., 2011; García-Ruiz et al., 
2011; Lorenzo-Lacruz et al., 2012; Peña-Angulo 
et al., 2021; Salmoral et al., 2015), and so can be 

Mediterranean basins, there has been an increase 
-

livestock have stabilized or slightly decreased in 

resources in the basin has reached a concerning 
-

stractions to resources) is about 0.89 in an aver-
age year and 1.1 in a dry year (ACA, 2022c). Al-

(Menció et al., 2010), our estimates suggest that 

to be unsustainable in the mid to long term.
 

Increasing trends in NH4
+

3
- loads and 

-

quality is the most detrimental. Conversely, the 
4

3-, NH4
+

3
- -

ed in summer. Similar shifts in long-term trends 
regarding nutrient concentrations have been re-
ported in European rivers (Vigiak et al., 2023). 

4
-3 concentra-

4
-3 reduction (Aguilera et al., 2015). Moreover, 
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3
- and NH4

+

because of the increase in the use of N fertilizers 

productivity, and livestock production (Einarsson 
et al., 2021; Lassaletta et al., 2021).

values of ammonium (Fig. 7) could be attributed 

-

alluvial aquifer, indicating a nitrate contribution 

as a gaining stream. Mean nitrate concentrations 
of 114 and 116 mg/l in the alluvial aquifer have 
been reported (Menció et al., 2012; Menció and 

3
- and NH4

+

-
ed crops (Lassaletta et al., 2012). High concen-

-

-

suggest that phosphorus inputs mainly originate 
from other local sources (i.e., industrial activity 

events and sediment transport (Aguilera et al., 
2015).

-

regarding the current and prospected future uses. 
-

-

likely increase  (ACA, 2022c). Precipitation pre-
-

rise (MedECC, 2020). 
Water quality (particularly nitrates) remains 

threatened due to human activities that act as 
stressors of the basin hydrological regime. Inputs 

-
charge of streams are the origin of the occurrence 
of these nutrients, pointing out that a recurring in-
crease in discharge correspond to a loss of stream 

-
-
-

agement purposes requires understanding critical 

-

quality, and 3) the consideration of the positive 
contribution of large regional hydrogeological 

long-term strategies can be adopted to overcome 

-

basin that fails to provide local information of 
each of the hydrological impacts, a future basin 
instrumentation and models that reproduce the 

capability and the success on adapting to future 
hydrological scenarios.

 

• 

the Mediterranean region, has been particu-
-

indicative of these hydrological alterations.
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• -

precipitation and increased evaporation, as 
-

  
• -

garding nutrient loads, indicate a deteriora-

-

to understanding these trends.

-
ter Agency, particularly Mr. X. Carreras-Ibañez, 

-
fer system from 1994 to 2020. Special thanks to 
Mr. F. Camps-Sagué, Researcher-specialist in 

-

(ACA), National Institute of Statistics (INE), and 
the Cartographic and Geological Institute of Cat-
alonia (ICGC) for providing public data. G. Cór-

of Universities and Research from Generalitat 
de Catalunya and the European Social Fund for 

the Generalitat de Catalunya for support through 
Consolidated Research Groups: 

-
-

and
. 
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