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A B S T R A C T   

Predicting water quality and quantity response to climate change in a watershed is very difficult due to the 
complexity and uncertainties in estimating and understanding future hydrological conditions. However, hy-
drological models could simplify the processes and predict future impacts of agricultural activities. This study 
aimed to evaluate the applicability of the Soil Water Assessment Tool (SWAT) model for climate change pre-
diction of streamflow and nitrate load in an agricultural Mediterranean watershed in northern Spain. The model 
was first evaluated for simulating streamflow and nitrate load under rainfed agricultural conditions in the 
Cidacos River watershed in Navarre, Spain. Then, climate change impact analysis on streamflow and nitrate load 
was conducted in the short-term (2011–2040), medium-term (2041–2070), and long-term (2071–2100) future 
projections relative to the historical baseline period (1971–2000) under the RCP4.5 and RCP8.5 CO2 emission 
scenarios. The model evaluation showed a good model performance result during calibration (2000–2010) and 
validation (2011–2020) for streamflow (NSE = 0.82/0.83) and nitrate load (NSE = 0.71/0.68), indicating its 
suitability for adoption in the watershed. The climate change projection results showed a steady decline in 
streamflow and nitrate load for RCP4.5 and RCP8.5 in all projections, with the long-term projection scenario of 
RCP8.5 greatly affected. Autumn and winter saw a considerable drop in comparison to spring and summer. The 
decline in streamflow was attributed to the projected decrease in precipitation and increase in temperatures, 
while the nitrate load decline was consistent with the projected streamflow decline. Based on these projections, 
the long-term projection scenarios of RCP8.5 indicate dire situations requiring urgent policy changes and 
management interventions to minimize and mitigate the resulting climate change effects. Therefore, adapted 
agricultural management practices are needed to ensure sustainable water resource utilization and efficient 
nitrogen fertilizer application rates in the watershed to reduce pollution.   

1. Introduction 

Agriculture is one of the most important sectors of any regional or 
national economy globally. It is the primary source of livelihood and the 
backbone of most nations’ economic systems, with more than 60% of the 
world population directly dependent on it (FAO, 2017). However, 
agricultural intensification puts great pressure on available water re-
sources and the environment, potentially causing damage. These dam-
ages could range from soil erosion, which is much more common in 
agricultural environments than in other soil uses (García-Ruiz et al., 
2015; Almagro et al., 2016; Boardman and Poesen, 2006), to water 
quality degradation caused by non-point source pollution (Chahor et al., 

2014; Giménez et al., 2012; Merchán et al., 2018; Sutton et al., 2011). 
Studies conducted within the Navarre region of northern Spain have 
identified considerable nitrate and phosphate concentrations in streams 
in cereal crop areas, where the recommended thresholds are often 
exceeded, albeit with seasonal and annual variability (Casalí et al., 
2008; Hernández-García et al., 2020; Merchán et al., 2019). 

The Cidacos River watershed in the Navarre region has diverse land 
uses, with rainfed agriculture predominating. The watershed holds de-
cades worth of nitrate concentration, discharge, and meteorological data 
collected by the Government of Navarre at various stations hence ideal 
for conducting investigations on agricultural activities’ impact on the 
quality and quantity of water resources in the area. Some of the 
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challenges associated with agricultural practices in the study area are 
nitrate pollution in surface waters, as evidenced by high nitrate con-
centration levels in the Cidacos River (Merchán et al., 2020), and 
anticipated climate change effects due to projected changes in temper-
ature and precipitation affecting the cropping system (Funes et al., 2016; 
Trnka et al., 2011). 

Climate change impacts on water resources can be quantified by 
using various Global or Regional Climate Models (GCMs or RCMs) and 
future radiative forcing scenarios, known as Representative Concentra-
tion Pathways (RCPs), to establish appropriate adaptation measures and 
policy interventions (Krysanova et al., 2017). The Mediterranean region, 
particularly Spain, is considered to be highly vulnerable to climate 
change effects due to its geographical location and the imbalance be-
tween the available water resources and the current demands (Varga-
s-Amelin and Pindado, 2014). Furthermore, most climate change model 
projections for Spain indicate an increase in temperature and a decrease 
in precipitation by the end of the 21st Century (Candela et al., 2012; 
Chirivella Osma et al., 2015; Estrela et al., 2012; Majone et al., 2012; 
Somot et al., 2008). Climate change is expected to affect all aspects of 
the environment, compounding agricultural effects on streamflow and 
nitrate exportation (Arora, 2019). For instance, a change in streamflow 
due to projected temperature and precipitation changes would result in 
extreme events such as droughts or floods. These events would, in turn, 
influence the nitrate dynamics in the watershed by changing the 
exported nitrate loads and concentration accumulated in the soils and 
water. Therefore, it is important to investigate the potential effects of 
climate change on streamflow and nitrate dynamics, as they would 
impair the current hydrological conditions and hinder the achievement 
of nitrate standards as stipulated by the European Water Framework 
Directive (European Communities, 2000). 

Nitrate pollution is a global concern that affects water quality by 
making it unsafe for human consumption (WHO, 2017) and increases 
eutrophication (Sutton et al., 2011). Nitrate pollution contributors on a 
watershed could include agriculture, livestock, and aquaculture (Casalí 
et al., 2008; FAO, IWMI, 2018; Menció et al., 2016). Whilst some level of 
nitrate exportation is inevitable in agricultural areas, improved man-
agement practices could limit its effect on streams (Beaudoin et al., 
2005; Boithias et al., 2014; Cameron et al., 2013). To address nitrate 
pollution challenge, the European Commission has established policy 
legislations such as the Nitrate Directive (ND, Directive 91/676/EEC) 
and the European Water Framework Directive (WFD, Directive 
2000/60/EEC) to protect water bodies from agricultural nitrate pollu-
tion, with a nitrate concentration threshold of 50 mg L-1 for European 
rivers (European Communities, 1991). However, more research is 
needed to understand the spatial and temporal interactions of water 
quality variables and quantify the loads to assess their climate change 
impacts. 

Mathematical models are fundamental tools for hydrological and 
environmental planning, with their greatest potential being the ability 
to generate scenarios in the face of voluntary or imposed changes in land 
use or management. The Soil Water Assessment Tool (SWAT) model is 
one of the best available tools for simulating the response of agricultural 
(or non-agricultural) watersheds to water quality. The SWAT model has 
been widely used by water resources experts to understand the charac-
teristics of a watershed and predict its hydrological response to external 
(climate) and internal (water management, land management, etc.) 
drivers and their impacts. The SWAT model has been applied in the 
Mediterranean region and particularly Spain for streamflow analysis 
(Harraki et al., 2021; Jimeno-Sáez et al., 2018; Meaurio et al., 2015) and 
water quality assessment of nitrogen and nitrates (Epelde et al., 2015; 
Zabaleta et al., 2014; Zettam et al., 2020). The majority of nitrate studies 
conducted by the SWAT model focus on how to reduce nitrate pollution 
through land use changes (Ferrant et al., 2011; Wang et al., 2008), as 
well as regulating fertilizer application rates and other management 
practices like tillage (Boithias et al., 2014; Cerro et al., 2014; Ferrant 
et al., 2011; Liu et al., 2013). Despite several studies on streamflow and 

hydrological response to climate change, there has been very little 
research on the effects of climate change on water quality (Ficklin et al., 
2010; Luz Rodríguez-Blanco et al., 2019; Martínková et al., 2011; 
Molina-Navarro et al., 2014). Moreover, there are no long-term climate 
change assessments of the effects of agricultural activities on streamflow 
and water quality in the Navarre region. 

This study aimed to evaluate the SWAT model’s applicability for 
climate change prediction of streamflow and nitrate load in a rainfed 
agricultural Mediterranean watershed in northern Spain. The model was 
first evaluated for its capacity to simulate streamflow and nitrate export 
under rainfed agricultural conditions in the upper reaches of the Cidacos 
River watershed and then used to assess the climate change impacts by 
comparing future projections to the historical baseline under two 
emission scenarios (RCP4.5 and RCP8.5). The findings from this study 
could provide valuable information on climate change adaptation and 
mitigation measures in the future and deepen the knowledge on nitrate 
exportation and pollution in the study area. 

2. Materials and methods 

2.1. Study area 

The Cidacos River is one of the tributaries of the Aragón River, which 
is a tributary of the Ebro River. It is located approximately 15 km south 
of Pamplona, the capital of the Chartered Community of Navarre in 
Spain, at latitudes 42̊ 69’ and 42̊ 34’ North and longitudes 1̊ 72’ and 1̊
47’ West. The Cidacos River drains a watershed area of 477 km2 and 
runs north-south, with an approximate length of 44 km and width of 15 
km in its widest section (Fig. 1). The watershed’s headwater is somewhat 
mountainous in the north, with high altitudes of slightly over 1000 m 
above sea level, but then crosses down to slightly uneven to low terrain 
of approximately 300 m above sea level in the south at the river’s mouth 
in Traibuenas, where it joins the Aragón River. The watershed’s climate 
is humid to dry, temperate, mild Mediterranean, with cold winters 
(monthly average: 4.7 ⁰C to 5.4 ⁰C in January) and warm summers 
(monthly average: 21.2 ⁰C to 23.7 ⁰C in August) that vary spatially from 
North to South. The annual average temperature ranges from 12.2 ⁰C to 
14.2 ⁰C (north to south). The watershed receives annual precipitation 
from 800 mm in the north to 400 mm in the south, characterized by 
strong inter-annual variability and high summer aridity. The wettest 
months are April and May (Merchán et al., 2020). 

Agriculture is the predominant land use in the watershed, accounting 
for 53% of the total area (Fig. 2a). Other major land uses in the water-
shed include forests (25%) and pasture and bushlands (17%). The 
remaining 5% comprises urban, residential areas, built-up land, bare 
land, and water bodies. Rainfed agriculture covers 176 km2 (37% of the 
total area and 70% of cultivated land) and is primarily in the water-
shed’s upper reaches until Olite town. Irrigated land, on the other hand, 
covers 77 km2 (16% of the total area and 30% of the cultivated land) and 
is largely in the watershed’s lower reaches. The main crops grown are 
rainfed winter cereals (wheat and barley) and vineyards (orchard). 
Other crops grown in small quantities include corn, tomatoes, and po-
tatoes. The average annual fertilizer application rates range from 80 to 
130 kg N ha-1 for winter cereals and 40–50 kg N ha-1 for vineyards 
(Oduor et al., 2023). 

The most abundant soil textures in the watershed are loam and clay- 
loam, which are found in most agricultural areas, while loamy-sand and 
sandy-loam soils are found on eroded hillslopes. Red clay soils dominate 
the watershed with sandstone and mudstones. According to the FAO 
classification system (IUSS Working Group WRB, 2015), the watershed’s 
predominant soil types are Haplic Calciols soils (51.6%), Fluvic Camisols 
soils (26.1%) which are mostly found along the river network path, and 
Alaric Regosols (18%). Haplic Phaeozem (1.7%), Calcic Castanea’s 
(1.6%), Fluvic Phaeozem (0.4%), Eutric Fluvisols (0.3%), and Dystric 
Cambisols (0.2%) are among the other soils found in the watershed 
(Fig. 2b). 
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Fig. 1. The Cidacos River watershed location, elevation map, and measuring stations.  

Fig. 2. The Cidacos River watershed (a) land use land cover map and (b) soil type map.  
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2.2. Description of the SWAT model 

The SWAT model is an open-source software developed by the 
United States Department of Agriculture’s Agricultural Research Service 
(USDA-ARS) to help water resource managers, policy experts, and 
decision-makers predict and quantify the impact of land use manage-
ment on water and diffuse pollution in small and large watersheds with 
varying soil types, land use, and management practices (Neitsch et al., 
2011). SWAT is a data-driven, semi-distributed, continuous timescale, 
physical and process-based hydrological model that simulates water, 
sediments, and agricultural chemicals or pollutant yields. 

The SWAT simulation process divides the watershed’s hydrology into 
land and routing phases. In the land phase, the water, sediment, and 
nutrient balances are calculated for each Hydrological Response Unit 
(HRU), whereas in the routing phase, the HRU outputs are aggregated 
and routed through the channel network to the outlet of the watershed 
(Arnold et al., 2012). The HRU consists of a unique homogeneous 
combination of similar land use, soil type, and topography characteris-
tics (Neitsch et al., 2011). The water balance equation simulates the 
watershed’s hydrological component (Arnold et al., 2012; Neitsch et al., 
2011). 

The organic and mineral nitrogen cycles are simulated in SWAT by 
dividing the nutrients in the soil into organic and inorganic parts and 
component pools, which can increase or decrease depending on the 
transformation and additions or losses occurring within each pool 
(Green and van Griensven, 2008). The movement and transformation of 
various forms of nitrogen within a watershed are introduced into the 
main channel through surface runoff and lateral subsurface flow and 
transported downstream with the flow (Arabi et al., 2008). 

2.3. Data acquisition 

The SWAT model requires geospatial and hydrometeorological input 
data variables. The data for this study were primarily obtained from the 
Government of Navarre agencies and websites, as shown in Table 1. The 
climate data were obtained at a daily time-step from 12 weather stations 
(both manual and automatic) located within and near the watershed 
from 1990 to 2020. The selected stations represented the spatial het-
erogeneity of the watershed’s climate. The meteorological data included 
daily data of precipitation (mm), maximum and minimum daily tem-
peratures (̊C), solar radiation (MJ m-2 s-2), wind speed (m s-1), and 
relative humidity (%) data. The agricultural management information, 
which included planting and harvesting dates, the average annual fer-
tilizer application rates, and the main crops cultivated in the watershed, 
were obtained from INTIA’s technical team and extension advisors who 
conduct field interviews in consultation with key informants such as 
farmers within the watershed (see Table S1). The monthly observed 
streamflow data and nitrate loads from 2000 to 2020 were used for the 
model evaluation. The data used were obtained from the Olite gauging 
station since it was the only station in the watershed with consistent and 
extensive long-term data of observed discharge and nitrate concentra-
tion data, as it has been operational since 1988 and covers the watershed 
area under rainfed agriculture. 

2.4. The SWAT model set-up and run 

The model set-up was preceded by preparing and processing the 
necessary spatial datasets such as DEM, soil and land use grid maps, and 
discharge outlet points on the QGIS 3.18 interphase. The model was set 
up in the QSWAT3 1.1.1 interphase by performing watershed delinea-
tion, HRU creation, input editing, and running the SWAT model. The 
watershed was delineated using the DEM and the Cidacos River shape-
file until the outlet at Traibuenas. Discretization was done using a 
minimum area threshold of 10 km2 required to create streams, resulting 
in a watershed area of 477.02 km2 with 23 sub-watersheds. A slope 
elevation band of 0–5%, 5–10%, and 10% and above was provided to the 

model. The watershed’s overall elevation ranged from 315 m to 1150 m, 
with an average elevation of 560 m. By overlaying the LULC and soil 
grid maps and using a 5% threshold for land uses, soil type, and slope 
values, 1404 HRUs were generated. This threshold was chosen to 
eliminate minor land uses, soils, and slopes in each sub-watershed, 
facilitating model processing by improving its performance, speed, 
and efficiency. Using the SWAT editor, the weather data and agricultural 
management information were added to the model. 

2.5. Sensitivity analysis, calibration, and validation 

The SWAT Calibration and Uncertainty Procedures (SWATCUP) 
version 5.1.6, a standalone software, was used to perform sensitivity 
analysis, calibration, and validation of the model. The multi-site 
Sequential Uncertainty Fitting, version 2 (SUFI-2), a semi-automated 
inverse modeling routine procedure of SWATCUP, was used in this 
study. The model was run 500 times for each iteration, and the 
parameter sensitivity was determined by performing a global sensitivity 
analysis in which all parameters changed simultaneously. Multiple 
regression computations were used to identify the most sensitive pa-
rameters. The Latin hypercube-generated parameters are regressed 
against the objective function values in this system (Abbaspour, 2015). 
The t-test was used to determine the relative significance of each 
parameter. 

The p-values and t-stat indices were used to assess the sensitivity of 
the parameters. The parameter was more sensitive when the p-value was 
lower, and vice versa. The best combination for obtaining the most 
sensitive parameter is a very small p-value and a large t-value (absolute). 

Table 1 
The SWAT model input data requirement and their sources.  

Dataset Resolution Source 

Digital Elevation 
Model (DEM) 

25 m, ETRS89 UTM 
Zone 30 N 
projection 

Government of Navarre, Spatial Data 
Infrastructure of Navarre (IDENA), 
Digital Elevation Model data 
(https://sitna.navarra.es/geoportal/ 
geop_sitna/geoportal.aspx) 

Land Use Map 25 m, 2019 LULC 
map 

Government of Navarre, Spatial Data 
Infrastructure of Navarre (IDENA), 
Land Use/Cover data 
(https://sitna.navarra.es/geoportal/ 
geop_sitna/geoportal.aspx) 

Soil Type Map 1:25000 Government of Navarre, Navarre 
Spatial Data Infrastructure (IDENA), 
Soil type data (https://sitna.navarra. 
es/geoportal/geop_sitna/geoportal. 
aspx) 

Meteorological 
Data 

Daily (1990–2020) Government of Navarre, 
Meteorology, and climatology of 
Navarra website (http://meteo. 
navarra.es/estaciones/ 
mapadeestaciones.cfm) 

Streamflow Daily (2000–2020) Government of Navarre, Water in 
Navarre website 
(http://www.navarra.es/home_es/ 
Temas/Medio+Ambiente/Agua/ 
Documentacion/DatosHistoricos/) & 
INTIA (https://www.intiasa.es/) 

Water Quality Monthly 
(2000–2020) 

Government of Navarre through 
Environmental Management of 
Navarre GAN-NIK (https://gan-nik. 
es/) & INTIA (https://www.intiasa. 
es/) 

Agricultural 
Management 

Annual Consultation with the farmers & key 
stakeholders (INTIA) 

Climate Change Daily (1961–2100) Platform on Adaptation to Climate 
Change in Spain (AdapteCCa) 
(https://escenarios.adaptecca.es/) & 
AEMET 
(http://www.aemet.es/en/ 
serviciosclimaticos/cambio_climat/)  
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Parameters that had p-values less than 0.05 were deemed highly sensi-
tive. The parameter sensitivity was ranked using the t-stat index and the 
p-value to identify the most sensitive parameters that had the greatest 
impact on the model outputs (Arnold et al., 2012). Larger parameter 
uncertainties were initially assumed to ensure that most observed data 
fell within the 95% Prediction Uncertainty (95PPU) band (Abbaspour 
et al., 2018). 95PPU accounts for all the uncertainties within the model 
combined. The parameter ranges were adjusted after every iteration run 
during the calibration phase until most of the observed data were 
bracketed in the 95PPU band. The model was deemed satisfactory when 
more than 50% of the observed flow data were bracketed within the 
95PPU. 

The model was run from 1990 to 2020, with the first ten years 
(1990–1999) serving as the warm-up period to allow the model to reach 
an optimal state before reading the outputs. The model was then eval-
uated over the remaining period (2000–2020), which was divided into 
calibration (2000–2010) and validation (2011–2020) phases. The 
streamflow parameters were first satisfactorily calibrated and fixed 
before calibrating the nitrate parameters. The calibration parameters 
were chosen from the abundant existing literature on streamflow and 
nitrate calibration using the SWAT model in the Mediterranean region 
(Abbaspour, 2015; Abbaspour et al., 2018, 2015; Kamali et al., 2017; 
Kouchi et al., 2017; Rouholahnejad et al., 2014). To change the 
parameter values in SWAT, three methods (parameter qualifiers) are 
used: "R" which refers to a relative change of the specified parameter 
that increases or decreases the existing SWAT parameter value by 
multiplying it by (1 + fitted value) to obtain the new parameter value; 
"V" which refers to value change or replacement which means that the 
initial SWAT parameter value is to be directly replaced by the fitted 
value; and "A" which refers to addition and means that the fitted value is 
added to the initial SWAT parameter value. After the sensitivity analysis, 
the final streamflow and nitrate load calibration parameters were 
chosen. 

The model results were presented graphically on the hydrograph 
plots for the simulated and observed values during the calibration and 
validation periods. The model’s performance was evaluated using the 
commonly used statistical performance indicator techniques for hydro-
logical modeling. Moriasi et al. (2007) have recommended the 
Nash-Sutcliffe efficiency (NSE), the Coefficient of Determination (R2), 
the root mean square error to the standard deviation of observed data 
ratio (RSR), and the percent bias (PBIAS) as the most suitable quanti-
tative statistical techniques for the SWAT model evaluation. The model 
performance was deemed satisfactory, provided the values of the NSE 
> 0.5, RSR ≤ 0.7, R2 > 0.5, and PBIAS ± 25% for streamflow and PBIAS 
± 55% for nitrate loads (Abbaspour et al., 2018). 

2.6. Climate change scenario development 

The climate change impact in the study area was analyzed using an 
ensemble of six Global Climate Models (ACCESS1–0, BCC-CSM1–1, 
CMCC-CM, GDFL-ESM2G, IPSL-CM5A-LR, and MPI-ESM-MR) from bias- 
corrected Coupled Model Intercomparison Project (CMIP) climate forc-
ing data statistically downscaled on a 5 km grid for the Navarre region 
for historical and future data of RCP4.5 and RCP8.5 emission scenarios. 
This data was developed by the Spanish National Agency for Meteo-
rology (AEMET) and was downloaded from the Platform on Adaptation 
to Climate Change in Spain (AdapteCCa) portal (AdapteCCa, 2021). 
These two projected radiative forcing scenarios represent the potential 
moderate (RCP4.5) and more aggressive (RCP8.5) climate change 
impact scenarios, with RCP4.5 assuming that greenhouse gas emissions 
will be gradually reduced in the coming years to achieve stability by 
2100 and RCP8.5 assuming that greenhouse gas (GHG) emissions will 
continue to rise at current levels throughout the 21st century (IPCC 
2014). Only the precipitation and temperature (maximum and mini-
mum) datasets were used for the climate change simulation. 

The calibrated SWAT model was used to simulate projected 

streamflow and nitrate load trends using climate change data (precipi-
tation and temperature) as inputs while assuming all other variables to 
be constant. Crop heat units were used in the simulation to automati-
cally assign agricultural management operations such as planting, har-
vesting, and fertilization periods. The simulation was run for each GCM 
from 1971 to 2000 for historical reference and 2011–2100 for the 
RCP4.5 and RCP8.5 future projection scenarios. In total, 18 simulations 
with six historical and 12 future projections were run (6 for each 
emission scenario). The future projection scenarios of streamflow and 
nitrate export were analyzed for three distinct periods categorized into 
short-term (2011–2040), medium-term (2041–2070), and long-term 
(2071–2100) by comparing each model to its historical period 
(1971–2000). Finally, the models’ results were combined and averaged 
to obtain an ensemble for the climate change analysis. 

3. Results and discussions 

3.1. Model evaluation 

3.1.1. Parameterization and sensitivity analysis 
The most sensitive streamflow and nitrate load parameters, along 

with their calibrated values are shown in Table 2. The GW_DELAY 
parameter regulates the rate and duration of groundwater recharge. It 
estimates the time required for baseflow recharge. The ESCO parameter 
influences the watershed’s evapotranspiration. The ESCO value was 
lower, indicating that most of the model’s evaporative demands were 
extracted from deeper soil layers because the shallow layers could not 
meet them (Niraula et al., 2015; Qi et al., 2019). The CN2 is the curve 
number parameter typically affected by land use, soil permeability, and 
antecedent soil water conditions. The higher the CN2 value, the greater 
the surface runoff and the lower the infiltration and, thus, baseflow, and 
vice versa. The CDN parameter controls the amount of nitrate fertilizer 
lost due to denitrification. Denitrification losses are greater in areas with 
high moisture content than in areas with low moisture content. The 
ANION_EXCL parameter estimates the amount of nitrate exported by 
water. The FIXCO parameter regulates the amount of additional nitro-
gen provided to the plant to meet the legume demand when insufficient 
nitrate is in the root zone (Neitsch et al., 2011). The greater the FIXCO 
value, the more fixed the nitrogen demand, and vice versa. 

Table 2 
Selected sensitive streamflow and nitrate load parameters and their calibrated 
values.  

Parameter Description Change 
Methoda 

Parameter Adjustment 
Values 

Min. 
Value 

Max. 
Value 

Fitted 
Value 

GW_DELAY. 
gw 

Groundwater delay 
time (days) 

V 20 80 53.54 

ESCO.hru Soil Evaporation 
compensation factor 

R -0.45 -0.28 -0.31 

CN2.mgt Initial SCS runoff CN 
number for moisture 
condition II 

R -0.20 0.20 -0.12 

CDN.bsn Denitrification 
exponential rate 
coefficient 

V 0 1.62 0.04 

ANION_EXCL. 
sol 

Fraction of porosity 
(void space) from 
which anions are 
excluded 

R -0.15 0.53 -0.05 

FIXCO.bsn Nitrogen fixation 
coefficient 

V 0.45 1.4 1.16  

a The change method R multiplies the existing value with (1 +fitted value), 
indicating a relative change, whereas V replaces the existing value with the 
fitted value, indicating a value change 
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3.1.2. Streamflow calibration and validation 
The maximum and minimum parameter values were used to account 

for the uncertainty for each parameter, with the fitted value providing 
the best simulation. The 95PPU was used to quantify model un-
certainties, such as those related to parameters, input data, and struc-
ture. During the calibration and validation periods, the 95PPU results 
were represented by p-factor (0.56 and 0.65) and r-factor (0.70 and 
0.67) values, respectively. These uncertainties may result in over-
estimation or underestimation by the model, often due to the model not 
fully capturing all the hydrologic components in the watershed because 
of the model’s conceptual simplifications (Ficklin et al., 2013; Meaurio 
et al., 2015; Rostamian et al., 2008; Tolson and Shoemaker, 2007). 

The model produced good results for streamflow prediction during 
calibration and validation, reproducing most of the observed discharge 
and its tendency over time (Fig. 3). The NSE values (0.82 and 0.83) and 
R2 (0.83 and 0.84) during calibration and validation periods indicate a 
strong relationship between the observed and simulated values, indi-
cating a ’good’ fit. The negative PBIAS values (− 8.7% and − 5.6%) 
showed a slight but reasonable overestimation of the average flows by 
the model during the simulation periods. The RSR value of 0.42 was 
satisfactory because it was below the recommended threshold of less 
than 0.7, indicating a good model performance. The results of the four 
statistical performance indicators deemed the model to be ’very good’ 
and capable of simulating monthly streamflow in the study area as per 
the Moriasi et al. (2007) recommendations. The validation period 
resulted in better model performance compared to the calibration 
period. This could be due to improved input data, such as precipitation 
and land use during the validation period. The validation period’s input 
data was more accurate, such as precipitation with few to no missing 
gaps and using the most recent land use map from 2019. However, there 
were a few meteorological data inconsistencies before 2004, particularly 
for the automatic stations, as most were only operational after March 
2004. 

3.1.3. Nitrate load calibration and validation 
The nitrate load parameters were calibrated after successfully cali-

brating and fixing the streamflow parameters. Comparisons between the 
observed and simulated monthly nitrate loads hydrographs (Fig. 4) 
indicated a good model performance. The uncertainties in nitrate load 
simulation were accounted for using the 95PPU represented by the p- 
factor (0.72 and 0.63) and r-factor (0.92 and 0.98) during calibration 
and validation periods, respectively. Some of the model weaknesses 
could have resulted from errors in the input data. These include esti-
mations of missing precipitation data used to generate the discharge 
(Boithias et al., 2014); insufficient observed nitrate load data available 
since the concentration data were obtained from a highly scattered 
sampling frequency (in most cases collected only once per month at 

random dates and with several months having missing data) (Epelde 
et al., 2015); and information related to the agricultural management 
operations and practices such as fertilizer application or planting and 
harvesting dates (Zettam et al., 2020). The model simulation results 
were in good agreement with the observed data, indicating good 
accountability of the model’s various agricultural inputs. The model’s 
statistical performance was adequate, with acceptable NSE values (0.71 
and 0.68) and R2 values (0.72 and 0.79) during the calibration and 
validation periods, respectively. The PBIAS results show that the model 
underestimates the nitrate loads by − 9.2% and − 7% during the cali-
bration and validation periods, respectively. These results are within the 
acceptable thresholds recommended by Moriasi et al. (2007), indicating 
a good model performance. 

The inter-annual and seasonal variability of nitrate load was very 
high throughout the simulation period. Loads were higher in wetter 
years than in dry years, and vice versa. Nitrate loads in the watershed 
increased from mid-autumn and peaked during winter, when precipi-
tation was abundant, and thus streamflow, but gradually decreased from 
spring to summer, when precipitation was scarce. This could be attrib-
uted to increased streamflow and, to some extent, the nitrogen fertilizer 
application on agricultural fields because the planting season begins in 
October/November, increasing soil nitrogen levels, nitrate concentra-
tion, and, subsequently, nitrate loads in the watershed. Because nitrate 
load is a function of discharge used to transport it downstream, higher 
precipitation in the watershed during the winter and spring months will 
inevitably increase nitrate load exportation in the river. However, dur-
ing the summer, when precipitation is scarce, resulting in limited 
streamflow, and there are almost no agricultural activities in the wa-
tershed’s upper reaches, which rely primarily on rainfed farming, fewer 
nitrate loads are exported. These results are consistent with those ob-
tained by Lam et al. (2009) when modeling agricultural catchments in 
Europe, where they reported that these patterns could be attributed to 
higher nitrogen concentrations in the winter due to nitrogen mobiliza-
tion in the watershed and a lack of plant uptake, resulting in the accu-
mulation of leachable nitrates and thus an increase in nitrogen 
concentration in streamflow during winter. Similar findings have also 
been reported by Donmez et al. (2020), who inferred that an increase in 
fertilization would lead to an increase in the amount of nitrate in the 
soil, which would be directly related to plant growth and agricultural 
production and management. According to Abbaspour et al. (2015), 
nitrate dynamics in agricultural watersheds are governed mainly by the 
fate and transportation of fertilizer in the soil, the rate of organic matter 
decomposition, and the prevailing climate. 

3.2. Climate change impact analysis 

3.2.1. Projected precipitation and temperature 
Analysis of the future climate projection compared to the historical 

Fig. 3. Observed (dotted blue line) and simulated (solid red line) monthly 
discharge hydrographs and precipitation (grey bars) during the calibration 
(2000–2010) and validation (2011–2020) periods at the Olite gauging station 
in the Cidacos River. 

Fig. 4. Plot of observed (dotted green line) and simulated (solid red line) 
monthly nitrate load and measured streamflow (blue bars) during calibration 
and validation periods at the Olite gauging station in the Cidacos River. 
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reference depicts a general decrease in precipitation and an increase in 
temperature. Fig. 5 illustrates the percent decrease in mean annual 
precipitation and increase in average temperature for all six climate 
models under RCP4.5 and RCP8.5 emission scenarios over the three 
projected periods relative to the historical period. The average decline in 
precipitation in the short-, medium-, and long-term projections were 
− 3.5%, − 6.9%, and − 7.6% for RCP4.5, and − 3.1%, − 7.9%, and 
− 14.8% for RCP8.5, respectively. The average temperature projections, 
on the other hand, increased progressively over the three periods, by 1.2 
⁰C, 1.9 ⁰C, and 2.2 ⁰C for RCP4.5, and 1.4 ⁰C, 2.0 ⁰C, and 4.3 ⁰C for 
RCP8.5. The projected precipitation data varied more among the 
selected models than the projected temperature, which was closely 
comparable across the models. These projections are similar to those 
reported by the European Environment Agency (EEA) (2017) for the 
Mediterranean region, indicating a significant increase in warming of 2 
⁰C to 5⁰C from the 2050 s to the end of the 21st century, while the mean 
annual precipitation could decrease by − 5% to − 15%, and in the worst 
case scenario, up to − 25%, with an acceleration expected at the end of 
the century. Furthermore, winter and autumn project a higher decrease 
in precipitation than summer and spring, while summer temperature 
increases are greater than winter. Projected precipitation decline and 
temperature increase over the three time periods of 2040, 2070, and 
2100 have also been reported for other studies within the Mediterranean 
region (Abd-Elmabod et al., 2020; Al-Mukhtar and Qasim, 2019; Fon-
seca and Santos, 2019). These projected climate changes are expected to 
alter the watershed’s hydrological cycle by increasing the air tempera-
ture and, thus, evapotranspiration. A warmer atmosphere is expected to 
hold more water vapor, causing precipitation concentrations to rise, 
resulting in more frequent and intense extreme events (Abd-Elmabod 
et al., 2020; Navarra and Tubiana, 2013). However, greater losses in 
open surface waters and soils are also expected with the projected high 
evapotranspiration rates. 

3.2.2. Effects of climate change on streamflow 
The simulated climate change projections showed a declining effect 

on streamflow for both emission scenarios over all the projected periods 
analyzed with high interannual fluctuations (Fig. 6). The average annual 
streamflow decreased by − 11.5%, − 27.4%, and − 28.5% for RCP4.5 
and − 8.5%, − 27.5%, and − 52.4% for RCP8.5 during the short-, me-
dium-, and long-term future climate projections, respectively, compared 
to the historical reference period. This decline was mainly attributed to 
the projected decrease in precipitation and increasing temperatures for 

all the climate models used in the study (Fig. 5), leading to a rise in the 
watershed’s evapotranspiration. Higher evapotranspiration rates and 
lower precipitation would result in declining discharge, unless there is a 
significant shift in the seasonal pattern with more precipitation occur-
ring during colder seasons (Anand and Oinam, 2019; Molina-Navarro 
et al., 2016, 2014). 

The long-term climate projection had the highest streamflow re-
ductions for RCP4.5 (− 28.5%) and RCP8.5 (− 52.4%). The considerable 
streamflow reduction in RCP8.5 long-term projection compared to 
RCP4.5 was due to the continuous increase in temperature and 
decreasing precipitation caused by the lack of climate change mitigation 
measures to reduce the GHG emissions for this scenario. However, for 
RCP4.5, some mitigation measures to reduce GHG emissions are ex-
pected to be implemented gradually from the mid-term projection on-
wards. The RCP4.5 long-term projection showed greater extreme 
streamflow occurrences than the RCP8.5, which could be attributed to 
variations in precipitation and temperature intensity, timing, and fre-
quency. This could potentially result in more frequent and severe floods 
and streamflow under RCP4.5, as well as drought and drier conditions 
under the RCP8.5 scenario, lowering the streamflow. 

The projected long-term streamflow reductions were slightly higher 
in summer and autumn than in winter and spring for both emission 
scenarios (Fig. 7a). The long-term projection showed the greatest 
decrease, with a − 66.4% (RCP8.5) and − 42.0% (RCP4.5) reduction in 
streamflow during autumn. The declining patterns of the seasonal pro-
jections correspond to changes in precipitation and temperature. These 
findings are consistent with other studies in the Mediterranean climate 
that have found that annual streamflow in a watershed or on a regional 
scale is extremely sensitive to changes in precipitation, such that a slight 
decrease in precipitation in regions with high temperatures and conse-
quently higher evapotranspiration rates would likely result in a signifi-
cant reduction in runoff (Ficklin et al., 2013; Molina-Navarro et al., 
2016, 2014). The results, especially the RCP8.5 long-term projection, 
have very strong implications for the water available in the river by the 
end of the century if the current global warming trends continue. A 
decline of more than 50% of the currently available streamflow would 
seriously affect the available water resources for the aquatic ecosystem, 
domestic consumption, and agricultural use. 

3.2.3. Effects of climate change on nitrate load 
The simulated future annual nitrate load decreased by − 21.7%, 

− 17.7%, and − 12.8% for RCP4.5 and − 20.5%, − 16.6%, and − 43.6% 

Fig. 5. Variation in average precipitation (%) and temperature changes (⁰C) for the six climate change models under RCP4.5 and RCP8.5 for short-, medium-, and 
long-term projections relative to historical reference. 
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for RCP 8.5 in the short-, medium-, and long- projections, respectively, 
compared to the historical reference period with very high interannual 
variability (Fig. 8). The short-term and medium-term nitrate load pro-
jections under RCP4.5 and RCP8.5 were quite similar. However, there 
was a considerable difference in the long-term projection, with RCP8.5 
experiencing the greatest decline of − 43.6% compared to − 12.8 for 
RCP4.5. The decrease in projected nitrate load was primarily due to the 
reduction in projected streamflow. The statistical relationship between 
streamflow and nitrate load showed a good correlation (p-value <0.05) 
for RCP4.5 and RCP8.5 over the entire future projection period. This 
relationship indicates that streamflow, mainly driven by precipitation 
and temperature, would play an essential and critical role in 

determining the future nitrate export since it is the primary driving 
mechanism. However, the relationship between streamflow and nitrate 
load is not always linear, despite streamflow having the greatest influ-
ence. Other factors that could play a critical role in determining the 
sources, amounts, mobilization and transport pathways of nitrate in an 
agricultural watershed include precipitation amount and intensity, land 
cover type and practices, fertilization quantity and type, as well as 
cropping pattern and schedule (Boithias et al., 2014; Cameron et al., 
2013; Parajuli and Risal, 2021). Additionally, the presence of buffer 
zones and riparian vegetation could help in minimizing nitrate mobili-
zation and transport to surface waterways (Beaudoin et al., 2005). These 
results are consistent with other studies within the Mediterranean region 

Fig. 6. Average annual streamflow evolution over historical (1971–2000), short-term (2011–2040), medium-term (2041–2070), and long-term (2071–2100) periods 
under RCP4.5 and RCP8.5 climate change projections. 

Fig. 7. Seasonal percent changes in projected future (a) streamflow and (b) nitrate load over the short-, medium-, and long-term periods under RCP4.5 and RCP8.5 
emission scenarios relative to the historical reference. 
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(Molina-Navarro et al., 2014) and the Iberian Peninsula (Carvalho--
Santos et al., 2016) that have reported a decrease in nitrogen exporta-
tion due to the reduced streamflow. Mander et al. (2000) also found that 
reducing surface water runoff considerably reduced nitrate load expor-
tation in cultivated areas. 

The magnitude and frequency of nitrate load occurrence were 
greater in the long-term projection scenario of RCP4.5 than RCP8.5, 
similar to the streamflow results. This pattern could be due to the timing 
of agricultural management operations, such as fertilization, which 
could have coincided with heavy rainfall as well as more available water 
to transport the nitrates. The increase in frequency and severity of 
extreme precipitation events under RCP4.5 after the 2070 s in the 
Mediterranean region have been reported to result in increased 
streamflow and nitrate export (Almeida et al., 2022; Barredo et al., 
2017; Giorgi and Lionello, 2008; Todaro et al., 2022). 

Nitrate load decreased in all seasons and projected periods for both 
emission scenarios, with the greatest decrease occurring in summer for 
the RCP8.5 long-term projection (− 50.2%) and autumn for the RCP4.5 
medium-term projection (− 22.6%) (Fig. 7b). This could be due to higher 
streamflow reduction and the aforementioned factors during the same 
period. However, the nitrate concentration is projected to rise by 4.1%, 
34.8%, and 45.1% for RCP4.5% and 5.2%, 36.8%, 54.1% for RCP 8.5 in 
the short-, medium-, and long-term projections, respectively due to the 
faster streamflow decline than the nitrate exportation rate. This would 
result in the accumulation of more nitrates in the riverbed and soil, 
resulting in soil and groundwater pollution. Carvalho-Santos et al. 
(2016) observed an increasing trend in future nitrate concentration 
despite the declining nitrate loads attributed to declining streamflow. 
The projected increase in nitrate concentration at the end of the century 
will be of great concern as the current figures within the watershed 
already indicate a higher nitrate concentration. Findings by Merchán 
et al. (2020) have categorized the watershed as a "Nitrate Vulnerable 
Zone"; hence any increase in concentration is likely to exacerbate the 
problem further. Furthermore, increased nitrate concentration would 
increase eutrophication in the river, thus enhancing algae bloom and 
consequently degrading the water quality and resulting in higher water 
treatment costs (Tong et al., 2012). Table S2 in the supplementary 
materials summarizes all the climate change projection findings in terms 
of annual area-specific averages. 

3.2.4. Effect of climate change on agriculture 
Projected climate change is expected to heavily impact agricultural 

activities through changes in phenology and cropping cycle (Funes et al., 
2016; Trnka et al., 2011), as well as higher water demands due to 
increased evapotranspiration (Saadi et al., 2015; Valverde et al., 2015). 
Consequently, crop yields are expected to decline, especially under the 
RCP8.5 long-term projection with no adaptation measures (Feyen et al., 
2020), in addition to higher inter-annual variability and decreased 
production resilience (Zampieri et al., 2020). Reduced streamflow 
would greatly affect irrigation, particularly for corn and tomatoes grown 
in the study area, which relies heavily on irrigation. Extreme warming, 
as projected in the medium and long term, will shorten the growing 
seasons for most crops. According to Mougou et al. (2011), a tempera-
ture increase of 2.5 ⁰C to 4 ⁰C would shorten the growing period of wheat 
in the Mediterranean region by 16–30 days. Recurrent drought events 
could result in heavy agricultural losses of more than − 50% in irrigated 
areas and − 15% in rain-fed cereal production (Mougou et al., 2011). 
Other negative climate change impacts on agriculture in the region 
include the emergence of new and re-emerging crop pests and diseases, 
which would increase production losses, as well as increased wildfire 
incidences caused by the projected extreme weather. These factors 
would result in food insecurity and increased economic losses in the 
region and should thus be mitigated to limit the potential negative 
consequences. 

3.2.5. Climate change adaptation and mitigation measures 
Based on this study’s findings, it’s evident that climate change would 

negatively affect the agricultural areas in northern Spain and the Med-
iterranean region since water resources will be under great pressure and 
nitrate pollution of surface and groundwater will increase. As a result, 
robust agricultural policies, regulatory frameworks, and legislation 
aimed at climate change adaptation and mitigation would be required to 
minimize the potential negative impacts. The projected water scarcity 
and increased drought events would limit irrigation-based adaptation 
actions. However, agricultural management practices such as crop dis-
tribution, schedules, diversification, and rotation would be central to the 
adaptation strategy at the farm scale. Land use change by introducing 
drought-resistant crops could also improve climate change resilience. An 
effective adaptation and mitigation strategy would prioritize the 
following actions: (i) farming practices, which would include crop 
diversification, changing crop type and land use, and adjusting rotation 
patterns; (ii) water management practices, which would emphasize the 
need for technological development and innovation for crops and agri-
cultural practices such as precision agriculture and modifying irrigation; 

Fig. 8. Average annual nitrate load evolution over historical (1971–2000), short-term (2011–2040), medium-term (2041–2070), and long-term (2071–2100) periods 
under RCP4.5 and RCP8.5 climate change projections. 
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(iii) farm management practices that focus on diversifying income 
sources, such as the government establishing programs to ensure agri-
cultural subsidies, the provision of insurance to farmers to stabilize their 
income, and agricultural financial assistance; (iv) agricultural manage-
ment practices that focus on optimal nitrogen fertilization, the use of 
organic fertilizers, and soil health improvement. Nitrogen surplus in the 
soil can be reduced through efficient application according to the soil 
nitrogen availability and potential crop yield. Combining these adap-
tation and mitigation strategies would improve the potential for 
increasing or at least maintaining crop yield. 

4. Conclusion 

The effect of climate change on water resources and nitrate export is 
of major concern in the Mediterranean region and northern Spain due to 
its arid and semi-arid climatic conditions. This paper evaluated the 
adoption of the SWAT model for simulating current and future stream-
flow and nitrate loads under rainfed conditions in a Mediterranean 
agricultural area in northern Spain. The projected decline in precipita-
tion and rise in temperature negatively impact both the streamflow and 
nitrate export on spatial and temporal scales. Reduced streamflow 
would reduce available water resources for agricultural and domestic 
use, resulting in lower agricultural yield, limited productivity, and 
conflicts over scarce water resources. Although the projected nitrate 
load would also decrease due to declining streamflow, the nitrate con-
centration levels are expected to rise due to the faster streamflow 
reduction rate than the nitrate load exportation rate, resulting in nitrate 
pollution by accumulation in the soil and riverbed as well as ground-
water pollution through percolation. 

This study’s findings could help understand the scope of the climate 
change problem in northern Spain and develop appropriate adaptation 
and mitigation measures to help minimize the expected adverse effects. 
These measures could include more sustainable water resource man-
agement and better land management policies such as efficient nitrogen 
fertilization. These initiatives would be critical to adhere to the Euro-
pean Union’s nitrate policies and legislation, as outlined in the Water 
Framework Directive and the Nitrate Directive. Despite this study’s 
valuable findings, further research using a variety of climate models, 
ensembles, and other emission scenarios is needed to fully evaluate 
these impacts. More research could be done to help understand the scope 
and magnitude of the uncertainties by combining future climate, pro-
jected land uses, and population changes. 
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Epelde, A.M., Cerro, I., Sánchez-Pérez, J.M., Sauvage, S., Srinivasan, R., Antigüedad, I., 
2015. Application of the SWAT model to assess the impact of changes in agricultural 
management practices on water quality. Hydrol. Sci. J. 60, 825–843. https://doi. 
org/10.1080/02626667.2014.967692. 

Estrela, T., Perez-Martin, M. a, Vargas, E., 2012. Impacts of climate change on water 
resources in Spain. Hydrol. Sci. J. -J. Des. Sci. Hydrol. 57, 1154–1167. https://doi. 
org/10.1080/02626667.2012.702213. 

European Communities, 1991, Council Directive of 12 December 1991 concerning the 
protection of waters against pollution caused by nitrate from agricultural sources 
(91/676/EEC) (No. 91/676/EEC), Official Journal of the European Communities. 
European Communities. 

European Communities, 2000, Directive 2000/60/EC of the European Parliament and 
the Council of 23 October 2000 establishing a framework for community action in 
the field of water policy (No. 2000/60/EC), Official Journal of the European 
Commission. European Communities. 

Harraki, W.El, Ouazar, D., Bouziane, A., Harraki, I.El, 2021. Streamflow prediction 
upstream of a dam using SWAT and assessment of the impact of land use spatial 
resolution on model performance. Environ. Process. 8, 1165–1186. https://doi.org/ 
10.1007/s40710-021-00532-0. 

Hernández-García, I., Merchán, D., Aranguren, I., Casalí, J., Giménez, R., Campo- 
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