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Abstract

:

The conversion of cultivated areas from rainfed to irrigated agriculture alters the watershed’s hydrology and could affect the water quality and quantity. This study examined how streamflow, nitrate load, and nitrate concentration changed after irrigation implementation in a Mediterranean watershed in Navarre, Spain. The Soil Water Assessment Tool (SWAT) model was applied in the Cidacos River watershed to simulate streamflow and nitrate load under rainfed conditions. The simulated outputs were then compared with the post-irrigation observed values from mid-2017 to 2020 at the watershed outlet in Traibuenas to determine the irrigation impact. The model calibration (2000–2010) and validation (2011–2020) results for streamflow (NSE = 0.82/0.83) and nitrate load (NSE = 0.71/0.68) were satisfactory, indicating the model’s suitability for use in the watershed. A comparison of the rainfed and post-irrigation periods showed an average annual increase in streamflow (952.33 m3 ha−1, +18.8%), nitrate load (68.17 kg ha−1, +62.3%), and nitrate concentration (0.89 mg L−1 ha−1, +79%) at the watershed outlet. Irrigation also caused seasonal changes by altering the cropping cycle and increasing the streamflow and nitrate export during the summer and autumn when irrigation was at its peak. The increases in the post-irrigation period were attributed to the added irrigation water for streamflow and increased nitrogen fertilizer application due to changes in cropping for nitrate concentration and export. These findings are useful to farmers and managers in deciding the best nitrate pollution control and management measures to implement. Furthermore, these results could guide future development and expansion of irrigated lands to improve agricultural sustainability.
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1. Introduction


Agricultural intensification and increased demand for high-value food production because of market liberalization and population growth have put a lot of pressure on the available water resources and the environment. Agriculture is the largest global freshwater consumer, accounting for more than 70% of the global freshwater resources withdrawals [1,2] and nearly 90% consumptive water use [3]. Irrigation accounts for more than 70% of the agricultural water demand [4]. In the 50 years from 1965 to 2015, the global area under irrigation farming more than doubled [5]. The need for more agricultural production, combined with the effects of climate change, pollution, population growth, and water conflicts, is expected to drive up the demand for irrigation even further [1]. On average, irrigated agricultural productivity per unit of land is more than double that of rainfed cultivation, resulting in increased production intensity and crop diversification [1]. In Spain, irrigation, which covers only 16% of the agricultural land, contributes more than 50% of total agricultural output, six times more than rainfed areas [6]. Over the ten years between 2003 and 2013, the irrigated area in Europe increased by 13.4%. In Spain, the increase was approximately 16% between 2007 and 2017 [6]. Most of the irrigable areas in Europe are mainly found within the Mediterranean region, with Italy and Spain having the largest share of irrigated agricultural lands [7].



Spain’s agricultural activities have relied on rainfed and irrigated cultivation, with more focus on irrigation in recent years. According to the Heinrich Böll Foundation [8], rainfed agricultural lands in Spain’s dry Mediterranean areas have decreased by 23% over the last 30 years, mainly due to low productivity and inadequate support from the Common Agricultural Policy (CAP). However, the Spanish Ministry of Agriculture reported an increase in irrigated acreage of more than 400,000 ha (which accounted for 16.2% of the irrigated land) over the past decade as of 2018 [6]. Navarre, located in Northern Spain and mostly in the Mediterranean region, has experienced a relatively rapid expansion of irrigated lands. The irrigated area in Navarre increased by around 25% between 2000 and 2020, with more pressurized irrigation systems installed in recent years [9]. Irrigation expansion in the Navarre region was accelerated by establishing the “Canal de Navarra” project to convert 59,160 ha into irrigation. Approximately 40% (22,363 ha) of the proposed land has been converted into irrigation within the project’s first phase, with the remainder being transformed in the second phase [10]. The lower reaches of our study area, the Cidacos River watershed, is part of the area converted from rainfed cultivation to irrigation under the project’s first phase, with approximately 7700 ha of its total cultivated area converted to irrigation.



Previous studies have shown that the conversion from rainfed to irrigated agriculture affects water quality by increasing its salinity [11,12] and nitrate pollution [13,14,15]. Nitrate pollution leads to eutrophication, which endangers water quality for human consumption and the environment [16,17]. Although factors such as cultivation, livestock farming, and aquaculture may contribute to an increase in nitrate pollution in agricultural areas [5,18,19], the introduction of irrigation through agricultural intensification would result in higher nitrate loads and yields in such areas. In Spain, for example, flood irrigated areas have reported nitrate yield values exceeding 100 N kg ha−1 yr−1 [20,21]; pressurized irrigation systems have reported values ranging from 20 to 70 N kg ha−1 yr−1 [14,22,23,24,25]; and rainfed agricultural areas tend to report lower nitrate levels with values ranging from 16 to 37 N kg ha−1 yr−1 [14,18,25]. Other European countries, such as Sweden and Estonia, have also recorded lower nitrate yields in rainfed areas, ranging from 6 to 32 N kg ha−1 yr−1 and 10 to 40 N kg ha−1 yr−1, respectively [26,27]. Irrigation is generally implemented in arid and semi-arid environments where the nitrate load under rainfed agriculture is usually lower. Hence, a change from rainfed to irrigated agriculture in these areas is likely to increase the nitrate load export from a watershed; thus, estimating their quantities is essential to determine the potential impacts. The introduction of irrigation also affects the hydrology of the irrigated areas. This includes the surface and groundwater by increasing the flows and recharging the groundwater aquifer, particularly when irrigation water is obtained outside the watershed [4].



There has been limited research comparing the hydrological behavior and quality of return flows in agricultural areas before and after irrigation implementation. However, such information is important because shifting from rainfed to irrigated agriculture can change the water regime and increase the concentrations and exports of agrochemicals, which are very harmful to the environment. This study expands on the baseline study by Merchán et al. [14], which found an increase in the salt and nitrate concentrations in the Cidacos River’s lower reaches, where irrigation has been implemented for the past decade. However, no information was provided about the irrigation’s impact on streamflow and nitrate exportation. This was primarily due to the lack of observed streamflow data before the irrigation period (streamflow measurement in the irrigated section began in June 2017), making it impossible to understand the streamflow patterns before this period and calculate the nitrate export. This analysis is essential in the current context of the increasing scarcity of water resources and growing concern about the contamination of aquifers and surface waters with nitrates and other substances, mainly from agriculture. Furthermore, even when there are relatively long data series of the behavior before and after irrigation, the comparison is not entirely accurate because the response of the rainfed period is not compared to that of the same period and climatic conditions in irrigation. The latter can only be possible by simulating the rainfed scenario and comparing it with the same period after irrigation.



Therefore, this study aimed to use the Soil Water Assessment Tool (SWAT) model to simulate and understand the behavior of the Cidacos River in the irrigated area from mid-2017 to 2020 before irrigation implementation and then compare those simulated results (rainfed condition) with the measured values (post-irrigation). The findings from this study contribute critical information to the implementation of the European Communities’ Nitrate Directive (ND, Directive 91/676/EEC) and the Water Framework Directive (WFD, Directive 2000/60/EC), both of which are concerned with protecting water bodies against nitrate pollution from agricultural areas [28,29].




2. Materials and Methods


2.1. Study Area Description


The Cidacos River is a tributary of the Aragón River, which is one of the tributaries of the Ebro River. The study area is located between latitudes 42°69′ and 42°34′ North and longitudes 1°72′ and 1°47′ West, about 15 km south from the city of Pamplona, the capital of the Chartered Community of Navarre in Spain. The Cidacos River flows from north to south for about 44 km and drains a 477 km2 watershed area (Figure 1a). The watershed’s headwater is somewhat mountainous, with high altitudes of slightly more than 1100 m above sea level in the north, 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 with the Aragón River. The watershed’s climate is humid to dry temperate, mild Mediterranean, with cold winters (average daily temperatures of 4.7 °C to 5.4 °C in January) and high levels of summer aridity (average daily temperatures of 21.2 °C to 23.7 °C in August) that varies spatially from North to South. The annual average temperatures range from 12.2 °C to 14.2 °C (North to South). The watershed receives annual precipitation ranging from 800 mm in the north to 400 mm in the south, and it’s characterized by a strong inter-annual and seasonal irregularity. The wettest months are April and May, while the driest are July and August [14]. The annual evapotranspiration rate is approximately 1150 mm yr−1, with nearly 76% occurring between April and September.



Agriculture is the most dominant land use (Figure 1b) in the watershed, covering over 60% of the total area. The other land uses in the watershed include forests (20%), pasture, and bushlands (15%), and the remaining 5% is made up of urban land, bare land, and water bodies. Rainfed agriculture (which covers approximately 260 km2) is practiced upstream of the watershed until Olite station, whereas irrigated agriculture (which covers about 77 km2) is practiced primarily downstream of the watershed, stretching from Olite town up to the river’s mouth in Traibuenas. Before implementing the “Canal de Navarra” irrigation project, less than 5 km2 of the watershed was irrigated (traditional flood irrigation). The irrigated area obtains its water from the Navarre canal, which flows from the Itoiz Reservoir on the Irati River, located about 70 km north of the study area. The conversion from rainfed cultivation to irrigation within the study area has been gradual, with most of the changes occurring between 2009 and 2012. By 2013, approximately 90% of the current irrigated area had been converted from rainfed to irrigation. The main irrigation method used in the study area is pressurized (sprinkler) (71%) with buried fixed sprinkler systems. Drip irrigation (20.3%) and pivot/canon irrigation (8.5%) are two other types of irrigation used in the area [30].



Winter cereals (mainly wheat and barley) and vineyards (orchards) are the main crops grown in the rainfed cultivated area. Corn, tomatoes, and potatoes are among the crops grown in the irrigated area. The annual average fertilization rates in the rainfed area range from 80 to 130 kg N ha−1 for winter cereals and 40 to 50 kg N ha−1 for vineyards. Crop diversity is greater in the irrigated area, with crops such as corn, peas, grasses, and vegetables. Consequently, fertilizer applications have increased to meet the increased production expectations. The annual average fertilization rates in the irrigated region are 260 kg N ha−1 for corn and 120 kg N ha−1 for tomatoes and potatoes. Table 1 shows the annual fertilization rates and cropping cycle for each crop in the study area. Details about the area of cultivated crops, irrigation water consumption, and crop yield are shown in the supplementary material (Table S1).



The watershed is mainly covered by red mudstone and sandstone clays. The most common soil textures in the watershed are loam and clay-loam soils, which are found in most agricultural areas, whereas loamy-sand and sandy-loam soils are commonly found on eroded hillslopes. The soil types in the watershed were classified using the FAO classification system (Figure 1c). The watershed’s predominant soils are Haplic Calcisols (51.6%), Fluvic Cambisols (26.1%), which are mostly found along the river network path, and Calcaric Regosols (18%). Other soils found in the watershed are Haplic Phaeozem (1.7%), Calcic Kastanozems (1.6%), Fluvic Phaeozem (0.4%), Eutric Fluvisols (0.3%), and Dystric Cambisols (0.2%).




2.2. Data Acquisition and Processing


Most of the data used in this study were obtained from the Government of Navarre agencies and websites, as shown in Table 2. The spatial data were projected to the ETRS89 UTM Zone 30N coordinate reference system. The geospatial dataset used for the study included a 25 m resolution Digital Elevation Map (DEM) (Figure 1a), the 2019 Land Use Land Cover (LULC) map (Figure 1b), and the soil type map (1:25,000 scale) (Figure 1c). The climate data were obtained at a daily timestep from 25 meteorological stations located within and around the study area from 1990 to 2020. The high number of weather stations were used to adequately represent the spatial variability of the region’s climate and to improve the model’s accuracy. The meteorological data included precipitation, maximum and minimum daily temperatures, solar radiation, wind speed, and relative humidity.



Monitoring water quality, specifically nitrate concentration levels, has been ongoing in the watershed since 2000 at various locations (Barasoain, Pueyo, Tafalla, Olite, Beire, and Traibuenas). The nitrate concentration data are collected through a highly scattered sampling frequency once per month on random dates, with some months skipped. The monthly streamflow and nitrate data at the Olite gauging station from 2000 to 2020 were used in the model evaluation. However, streamflow data at the outlet in Traibuenas has only been measured since June 2017. Hence, the observed nitrate load at Traibuenas could only be calculated from mid-2017 to 2020.



The Olite gauging station covers the watershed area under rainfed agriculture, and thus, it was used for the model calibration and validation, whereas the Traibuenas gauging station covers the watershed area under irrigated agriculture. The streamflow, irrigation, and nitrate concentration data at the watershed’s outlet in Traibuenas were obtained from the Navarre Institute of Agri-food Technologies and Infrastructures (INTIA). INTIA is the government agency operating and managing all irrigated areas in Navarre. Field interviews and consultation with key informants who are farmers in the watershed were used to obtain agricultural management information (Table 1). The contribution of nitrate pollution from point sources in the study area is negligible, accounting for only about 1.5% of the N loads [14], thus, it was not considered in the modeling.




2.3. The SWAT Model Description


The SWAT model is a freely available open-source software developed by the United States Department of Agriculture’s Agricultural Research Service (USDA-ARS). The model assists water resources managers, policy experts, and decision makers in predicting and quantifying land use management’s impact on water and diffuse pollution in small and large watersheds with different soil types, land use, and management practices [31]. SWAT is a data-driven, semi-distributed, continuous timescale, physical and process-based hydrological model that simulates water flow, sediments, agricultural chemicals, and pollutant yields.



The SWAT model simulation process divides the watershed into multiple sub-basins, which are sub-divided further into smaller unique homogeneous combinations of similar land use, soil type, and topography characteristics known as the Hydrological Response Units (HRUs) [31]. The model uses HRUs to describe the watershed’s spatial heterogeneity and to represent its basic computational unit. The water balance equation is used to simulate the hydrological components of the watershed [31,32]. The Soil Conservation Service (SCS) curve number method [33] is used to estimate surface runoff, while the Muskingum routing method [34] is used to simulate flow routing into the channels. The FAO’s Penman-Monteith method is used to calculate the potential evapotranspiration.



Nitrate and nitrogen transportation and transformation are simulated at the HRU level through denitrification, nitrification, mineralization, plant uptake, decay, fertilization, and volatilization processes. 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 [35]. The movement and transformation of various forms of nitrogen within a watershed are introduced into the main channel via surface runoff and lateral subsurface flow and transported downstream with the flow [36].




2.4. The SWAT Model Set-Up, Calibration, and Validation


The SWAT model was set up by delineating the watershed, creating HRUs, editing inputs, and running the model. First, the watershed was delineated using a minimum area threshold of 10 km2 required to create streams, resulting in a 477.02 km2 watershed area with 23 sub-watersheds. After overlaying the land use and soil type maps with the slope bands, the sub-watersheds were further subdivided into 1404 HRUs. A 5% threshold for land use, soil type, and slope was used to eliminate smaller HRUs that did not meet this threshold, thus improving the model performance. The SWAT editor was then updated with meteorological data and agricultural management information (fertilizer application). Finally, the model was run at daily timesteps with simulations from 1990 to 2020, with the first 10 years (1990–1999) serving as the model warm-up period and the remaining 21 years (2000–2020) for the model evaluation, divided into calibration (2000–2010) and validation (2011–2020). The simulation outputs were extracted at a monthly timestep.



After the initial model run, the outputs were transferred to the SWAT Calibration and Uncertainty Programs (SWATCUP), where parameterization, sensitivity analysis, calibration, and validation were performed using the multi-site Sequential Uncertainty Fitting, version 2 (SUFI-2) [37]. The sensitivity of the parameters was established through the global sensitivity analysis after initially running the model 500 times. The most sensitive streamflow and nitrate load parameters were identified and used for the model calibration and validation. The parameter ranges were adjusted after each calibration iteration until most of the observed data were bracketed within the 95 Percent Prediction Uncertainty (95PPU) band [38]. The streamflow parameters were first calibrated and then set constant before calibrating the nitrate load parameters.



The model was calibrated and validated using monthly streamflow and nitrate load observations at the Olite gauging station. The statistical model evaluation techniques recommended by Moriasi et al. (2007) were used to compare the observed and simulated results. The four statistical indicators used to evaluate the model in this study were the Coefficient of Determination (R2), Nash–Sutcliffe Efficiency (NSE), Root Mean Square Error (RMSE) to Observations Standard Deviation Ratio (RSR), and Percent Bias (PBIAS). The model was considered calibrated satisfactorily when the values of R2 > 0.5, NSE > 0.5, RSR ≤ 0.7, and PBIAS ± 25% for streamflow and PBIAS ± 55% for nitrate loads [38,39,40,41]. After evaluating the model performance satisfactorily, the simulations at the watershed’s outlet in Traibuenas under rainfed conditions were extracted from mid-2017 to 2020. These simulated results (rainfed) were compared to the measured observation (irrigated) at Traibuenas to determine the impact of irrigation implementation. The Wilcoxon–Mann–Whitney Rank-Sum Test [42] was used to test the statistical significance of the medians for the different periods.




2.5. Irrigation Impact Assessment


The impact of the change from rainfed to irrigated agriculture for the watershed was assessed at the outlet in Traibuenas using an irrigation impact index that was established by calculating the ratio of the change (in streamflow, nitrate load, and nitrate concentration) in the post-irrigation (observed/irrigated) and pre-irrigation (simulated/rainfed) for the downstream and upstream sections located at Traibuenas and Olite, respectively to the area converted to irrigation as follows:


    III  i  =   Δ   Post    (  ds − us  )  i   − Δ   Pre    (  ds − us  )  i     Δ IA    



(1)




where     III  i    represents the irrigation impact indices for streamflow (m3 ha−1), nitrate load (kg ha−1), and nitrate concentration (mg L−1 ha−1) for the period considered;   Δ   Post    (  ds − us  )  i     represents the change in the post-irrigation values between downstream (Traibuenas) and upstream (Olite) sections for each of the variables;   Δ   Pre    (  ds − us  )  i     represents the change in the pre-irrigation values between downstream (Traibuenas) and upstream (Olite) sections for each variable;   Δ IA   is the change in the irrigated area in hectares.



These indices helped calculate the annual rate of change per unit area, which could be used to estimate similar changes in the watershed as well as compare different watersheds. The variation was computed as the percentage of the average annual change for each variable at the watershed outlet.





3. Results and Discussion


3.1. Model Evaluation


3.1.1. Sensitivity Analysis


The most influential parameters for the model’s calibration and validation were identified using a global sensitivity analysis. The curve number, soil evaporation factor, and groundwater delay time were the most sensitive streamflow calibration parameters, while the denitrification factor and nitrate percolation coefficient were the most sensitive nitrate calibration parameters. Table 3 shows the ranges of selected sensitive parameters during streamflow and nitrate load calibration. The curve number is an important parameter for the watershed’s hydrology because it directly influences the surface runoff and infiltration rate. Since the initial model underestimated the baseflow and overestimated runoff, the default curve number parameter values in each HRU were reduced by 12%, resulting in slightly reduced surface runoff and increased infiltration. The evaporation factor was sensitive because agricultural areas in the Mediterranean regions have high evapotranspiration rates. The model’s evaporation generation capacity increased by lowering the default parameter value, thus appropriately representing the watershed’s evaporative demand [43]. Similar sensitivity analysis findings have been obtained by other researchers in the Mediterranean catchments [43,44,45,46]. The greatest influence on nitrate load was the amount of fertilizer lost to denitrification. Denitrification losses are higher in areas with high moisture content than in dry regions; thus, its parameter value was set very low due to the watershed’s Mediterranean climatic conditions. The nitrate percolation parameter governs how much nitrate is removed by surface runoff relative to the amount percolated. Typically, the default value ranges from 0.01 to 1; a lower value closer to 0 means that all of the nitrate is percolated and not in the surface runoff, while a percolation coefficient of 1 indicates that the surface runoff has the same nitrate content as percolation [32]. Because of the high nitrate concentration levels in the groundwater measurements, which indicate a high watershed nitrate percolation rate, this parameter was set relatively low in the model.




3.1.2. Calibration and Validation


The model simulation results at monthly timestep during the calibration and validation of streamflow and nitrate loads are shown in Figure 2 and Figure 3. The magnitude and temporal dynamics of the discharge and nitrate load peaks and lows were captured satisfactorily, as evidenced by their hydrographs. Furthermore, the statistical evaluation results for streamflow and nitrate load were very good during the calibration and validation, respectively, as detailed in Table 4. Given the numerous uncertainties associated with modeling, these findings demonstrated good accountability of the various model input data and agricultural management practices used.



The model uncertainties were accounted for by 95PPU, represented by the r-factor and p-factor. The r-factor represents the ratio of the average distance between the 95PPU band by the standard deviation of the observed data whereas the p-factor represents the percentage of observed data bracketed within the 95PPU band [38]. More than 60% of the streamflow and nitrate load data for the entire simulation period were bracketed within the 95PPU band. Therefore, these results were acceptable as they fell within the normal range suggested by Abbaspour et al. [38]. The negative PBIAS values indicated an overall slight overestimation of the streamflow and nitrate load, although the values were within the acceptable range. Uncertainties in the model output may be caused by uncertainties in the input, measured data, or the model itself. As reported by other similar studies [47,48,49,50,51], these uncertainties could range from missing precipitation data, reclassification of the soil and land use maps, and insufficient measured data used for calibration.



The streamflow and nitrate export distribution patterns over the simulation period (2000–2020) were characterized by interannual and seasonal variability (Figure 2 and Figure 3). Wetter years with more precipitation had higher streamflow and, consequently, nitrate export, and vice versa. The seasonal distribution followed a similar pattern, with higher streamflow and nitrate export in winter and spring than in summer and autumn. Summer had the lowest streamflow due to high evapotranspiration and little or no precipitation, limiting cultivation to almost zero. As a result, the nitrate inputs (fertilizer) were reduced, as were the loads. Nitrate dynamics in agricultural watersheds are primarily governed by the fate and transportation of fertilizer in the soil, organic matter decomposition, and the prevailing climate [40,52].





3.2. Irrigation Dynamics in the Watershed


The conversion of agricultural land from rainfed to irrigation in the study area began in late 2006, with nearly 70% of the changes occurring between 2009 and 2012. By 2020, at least 16% of the watershed had been converted into irrigated land. This study evaluated the conversion from rainfed to irrigation using the available data (mid-2017 to 2020). The seasonal irrigation patterns show that in winter, irrigation is minimal (only 1%), while in the summer, irrigation water applications are high (57%) (Figure 4). Irrigation was mostly carried out during periods of low precipitation, especially from July to September (Figure 4a). Similar seasonal irrigation patterns have been observed in other semi-arid irrigated watersheds within the Ebro basin [24,53,54,55] and around the world [56].



According to the most recent INTIA reports [30,57,58], the average water inflow into the irrigated section of the watershed was 51% precipitation, 31% river inflow from the Olite gauging station, and 17% irrigation water from the Navarre canal. In 2020, evapotranspiration accounted for 33.5% of output, groundwater storage accounted for 3.5%, and the outflow at the Traibuenas gauging station accounted for 42%. The irrigation performance efficiency in the study area was relatively high (84.6%), indicating a well-managed irrigation system. However, there is a spatial variation, with some irrigated plots having lower efficiencies than others, which are compensated for by the higher ones. The irrigation efficiency value was slightly higher than the figures reported by other researchers in the Ebro basin, such as 76% [53] and 72% [59] in watersheds with predominantly sprinkler irrigation.




3.3. Observed Nitrate Concentration Dynamics


Nitrate concentrations at the watershed outlet in Traibuenas have been monitored since 2000. The average annual nitrate concentration distribution pattern from 2000 to 2020 is depicted in Figure 5. During the pre-irrigation period (2000–2008), the average nitrate concentration at the Traibuenas gauging station was 27.72 mg L−1 (median value of 27.49 mg L−1; interquartile range (IQR): 34.77 mg L−1 to 23.77 mg L−1) with maximum and minimum concentrations of 57.20 mg L−1 and 4 mg L−1, respectively. The monthly median values ranged from 45.64 mg L−1 in January to 11.33 mg L−1 in September. For the pre-irrigation period, 80 nitrate concentration samples were analyzed, with only 6.3% (5 samples) exceeding the 50 mg L−1 threshold recommended by Nitrate Directives and 45% (36 samples) falling below the 25 mg L−1 for unaffected waters. The nitrate concentration varied between the years, with the lowest value recorded in 2002 due to a severe drought, resulting in limited cultivation, and the highest in 2007, due to abundant precipitation and, thus, increased cultivation. The seasonal cycles were not consistent for all the years during the pre-irrigation period, with high nitrate concentrations in winter and spring and low concentrations in summer and autumn. The temporal fluctuation in nitrate concentration before the irrigation implementation was related to the precipitation distribution pattern for each season in a specific year. These findings are consistent with those made by Orellana-Macías et al. [60] in a study of nitrate vulnerable zones evolution in the north-east of Spain and Hernández-García et al. [61] in a small rainfed experimental watershed in Navarre, where they both observed an increase in nitrate concentration during the years with more precipitation compared to years with less due to increased cultivation and subsequent crop fertilization. During the transition period (2009–2012), the nitrate concentration significantly declined because this was when the irrigation infrastructure was being constructed; thus, most of the agricultural land was left uncultivated except for the upstream area which was unaffected by this development.



During the post-irrigation period (2013–2020), 71 nitrate concentration samples were analyzed. The nitrate concentration in the post-irrigation period was twice as high as in the pre-irrigation period (Figure 5), with a mean of 53.14 mg L−1 (median value of 54.99 mg L−1; IQR: 57.95 mg L−1 to 47.83 mg L−1) and maximum and minimum concentrations of 97.10 mg L−1 and 16.04 mg L−1, respectively. The monthly median concentration values ranged from 73.70 mg L−1 in September to 31.9 mg L−1 in March. Hernández-García et al. [61] obtained similar results when comparing the nitrate concentration levels in rainfed and irrigated experimental watersheds in Navarre, with the findings indicating a threefold higher nitrate concentration in the irrigated watershed than in the rainfed one. The collected samples exceeded the recommended Nitrate Directive threshold of 50 mg L−1 in 56.3% (40 samples), indicating that the river was contaminated with nitrate, while only 2.8% (2 samples) fell below the 25 mg L−1 level (unaffected waters). The nitrate concentration was significantly higher (p < 0.01) during the post-irrigation period than during the pre-irrigation period from May to December. Following the irrigation implementation, the seasonal cycle of nitrate concentrations was substantially altered; the peak concentration shifted from January–February to August–September, and the lowest concentration shifted from September–October to March–April.



The nitrate concentration patterns in the watershed may be related to the cropping practices before and after irrigation. Before irrigation, the main crops grown in the watershed were mostly rainfed winter cereals (wheat and barley), which required less nitrate fertilization. However, following the implementation of irrigation, high-value crops such as tomatoes and corn, which require more nitrogen fertilization, were introduced into the watershed, increasing nitrate concentration levels, particularly during the summer and autumn. Lower nitrate concentration and export levels from rainfed cultivated areas in Navarre have also been reported by other studies [18,61,62]. During the pre-irrigation period, cultivation was mostly carried out during the winter and spring when there was enough precipitation. However, this decreased during the summer and autumn when productivity was low due to lack of precipitation, resulting in lower nitrate concentration. Hernández-García et al. [61] obtained similar seasonal patterns during rainfed conditions in their studies of small experimental watersheds within Navarre with similar characteristics to the Cidacos River watershed. The post-irrigation phase, however, sees year-round cultivation with irrigation supporting farming during the summer and autumn, a period when productivity was previously low.




3.4. Variations in Streamflow and Nitrate (Load and Concentration) due to Irrigation


The irrigation impact index and the average annual variation after irrigation implementation showed a positive response in streamflow, nitrate load, and nitrate concentration. The annual irrigation impact index per unit irrigated area (Equation (1)) shows that irrigation increased the streamflow (952.33 m3 ha−1, +18.8%), nitrate load (68.17 kg ha−1, +62.3%), and nitrate concentration (0.89 mg L−1 ha−1, +79%) at the watershed outlet (Figure 6). These findings are comparable to those obtained by Merchán et al. [63] who reported an increase in streamflow, nitrate load, and nitrate concentration by 23%, 27%, and 8%, respectively in the Lerma catchment within the Ebro basin in Spain after irrigation implementation. However, the variation in exported nitrate load and concentration was slightly higher in this study than in Merchán et al. [63] because the Lerma catchment had higher nitrogen concentration levels before irrigation implementation than the Cidacos River watershed due to different fertilization management practices. Similar annual nitrate exportation rates after irrigation implementation have been reported in Monegros within the Ebro basin at 49 kg ha−1 [23] and in La Violada irrigation district in north-east Spain at 66 kg ha−1 [20]. Likewise, the reported increases in nitrate concentration values after irrigation of 0.7 to 0.8 mg L−1 ha−1 in the middle Ebro River basin [64] and 0.91 mg L−1 ha−1 in the Arba River basin [65] are in close agreement with our findings.



The increased streamflow in the post-irrigation period was consistent with the addition of irrigation water from outside the watershed via the Navarre canal. The irrigation impact on streamflow was more pronounced in the summer and autumn compared to winter and spring, resulting in changes in the watershed’s hydrological behavior (Figure 7). More research into the effects of these changes on flora and fauna is needed in the future to understand their impacts.



The changes in nitrate (load and concentration) in the post-irrigation period were attributed to increased nitrogen fertilizer application resulting from cultivating high-value crops (with high nitrogen fertilizer demand) to boost productivity due to irrigation. Furthermore, the introduction of irrigation has resulted in a shift in cropping cycles because crops can now receive water throughout the year, with rainfall primarily supporting agriculture in the winter and spring and irrigation in the summer and autumn. The concentration and exported nitrate were comparatively higher in the summer and autumn (from May to October) due to nitrate mobilization resulting from irrigation, increased fertilizer application during that period, and low streamflow despite the irrigation water contributions. The highest nitrate concentration in the post-irrigation period was observed from August to October, which could be influenced by the top-dressing fertilization [24,63,64].



The increase in exported nitrate load during the summer was very high (243%) due to increases in both streamflow (70%) and nitrate concentration (124%) in the same period (Figure 7). The exported nitrate load is directly influenced by streamflow and nitrate concentration, whereby a slight increase in streamflow produces a greater change in the exported nitrate load than a slight increase in the nitrate concentration. This effect of increased flow on the exported nitrate loads has been reported in other studies in irrigated areas [20,63]. Given the importance of nitrate exportation, some studies [24,63,64,66] have proposed its adoption in agricultural management decisions for nitrogen impact assessment rather than relying solely on the Nitrate Directive’s nitrate concentration thresholds.





4. Conclusions


This paper examined the impact of changing from rainfed to irrigated agriculture on streamflow, nitrate load, and nitrate concentration in a Mediterranean watershed in northern Spain by simulating the rainfed conditions using the SWAT model and compared them to the current post-irrigation period. The results indicate a significant increase in the annual streamflow, nitrate load, and nitrate concentration at the watershed outlet in the post-irrigation period. Higher irrigation impact was observed during summer and autumn when irrigation was at its peak than in winter and spring. The increase in streamflow was explained by additional water coming from irrigation, whereas the increase in nitrate export and concentration was attributed to increased fertilization from the cultivation of high nitrogen consuming crops. The implementation of irrigation and subsequent agricultural intensification resulted in changing cropping patterns and doubling of nitrate concentrations at the outlet, exceeding the Nitrate Directive thresholds recommended by the European Commission. Therefore, nitrate minimization practices such as efficient nitrogen fertilizer application and the creation of nitrogen buffer zones along the river’s riparian zone should be considered to control nitrate exportation and pollution from cultivated lands into the river. Despite this study’s valuable and significant findings, more data are needed to further analyze and assess the impact of irrigation especially during summer and autumn, which was modified following irrigation. The methodology and findings from this study can be applied to other areas with similar conditions, allowing a more comprehensive assessment of the effect of changing from rainfed to irrigated agriculture on streamflow and nitrate pollution. These findings could assist farmers, water experts, and policy/decision makers in improving water resources management at the watershed level and be useful in guiding the development of new irrigation systems, thereby improving sustainable agriculture.
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Figure 1. The Cidacos River watershed (a) location, elevation, and stations; (b) land use map, and (c) soil map. 
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Figure 2. Observed and simulated average monthly streamflow and precipitation at the Olite gauging station from 2000 to 2020. 
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Figure 3. Observed and simulated average monthly nitrate load and streamflow at the Olite gauging station from 2000 to 2020. 
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Figure 4. (a) Monthly average precipitation, irrigation, and streamflow distribution at the watershed outlet in Traibuenas from mid-2017 to 2020, (b) seasonal precipitation and irrigation distribution pattern, and (c) the percentage of irrigation water applied each season. 
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Figure 5. The average annual nitrate concentration distribution pattern at the watershed outlet in Traibuenas before and after irrigation implementation from 2000 to 2020. 
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Figure 6. Comparison of average annual changes in (a) streamflow, (b) nitrate load, and (c) nitrate concentration before and after irrigation at Olite and Traibuenas stations from mid-2017 to 2020. 
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Figure 7. Seasonal comparison of (a) pre-irrigation and post-irrigation results and (b) the percentage changes after irrigation implementation for streamflow, nitrate load, and concentration at the Traibuenas gauging stations from mid-2017 to 2020. 
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Table 1. Crop types, cropping cycle, and fertilization schedules in the Cidacos River watershed.
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Type of Crop

	
Cropping Cycle

	
Tillage Date

	
Fertilization Dates

	
Annual Fertilization

(N kg yr−1 ha−1)

	
Type of Fertilizer Applied *






	
Wheat

	
1 Nov–1 Jul

	
01 Oct

	
1 Oct

	
40

	
9-23-30




	
01 Jan

	
60

	
Urea + Ammonium sulfate




	
01 Mar

	
100

	
Urea




	
Winter barley

	
1 Nov–1 Jul

	
01 Oct

	
01 Oct

	
40

	
9-23-30




	
01 Jan

	
60

	
Urea + Ammonium sulfate




	
01 Mar

	
100

	
Urea




	
Corn

	
1 May–1 Nov

	
01 Apr

	
15 Apr

	
40

	
9-23-30




	
15 Jun

	
260

	
Urea




	
Tomato

	
10 May–15 Sept

	
01 Apr

	
15 Apr

	
60

	
9-23-30




	
15 Jun

	
120

	
8-4-10




	
Potato

	
1 May–15 Sept

	
01 Apr

	
15 Apr

	
60

	
9-23-30




	
15 Jun

	
120

	
NAC 27%








* 9-23-30 contains 9% nitrogen (N), 23% phosphorous (P), and 30% potassium (K) (typically used for plants with high P and K requirements); Urea + ammonium sulfate fertilizer has a nitrogen content of 38% and a sulfate content of 18.75%; urea has a nitrogen content of 46%; 8-4-10 is composed of 8% nitrogen, 4% phosphorous, and 10% potassium (commonly used as a top dressing in crops that require an additional boost of N and K, and in soils with minor P deficiencies); NAC 27% is composed of calcium ammonium nitrate, which contains 27% nitrogen.
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Table 2. The SWAT model input data requirement and their sources.
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	Dataset
	Resolution
	Source





	Digital Elevation Model (DEM)
	25 m, ETRS89 UTM Zone 30N 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
	1:25,000
	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 Navarre 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/) and INTIA (https://www.intiasa.es/)



	Water Quality (Nitrate)
	Monthly (2000–2020)
	Government of Navarre through, Environmental Management of Navarre GAN-NIK (https://gan-nik.es/) and INTIA (https://www.intiasa.es/)



	Agricultural Management
	Annual
	Consultation with the farmers and key stakeholders (INTIA)



	Irrigation Data
	Monthly (2017–2020)
	INTIA reports (https://www.intiasa.es/) and Aguacanal (https://www.aguacanal.es/en/)
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Table 3. The most sensitive parameters during streamflow and nitrate load calibration.






Table 3. The most sensitive parameters during streamflow and nitrate load calibration.





	
Parameter

	
Description

	
Change Method *

	
Parameter Adjustment Values




	
Min. Value

	
Max. Value

	
Fitted Value






	
CN2.mgt

	
Initial SCS runoff CN number for moisture condition II

	
R

	
−0.2

	
0.20

	
−0.12




	
ESCO.hru

	
Soil Evaporation compensation factor

	
R

	
−0.40

	
−0.28

	
−0.31




	
GW_DELAY.gw

	
Groundwater delays (days)

	
V

	
20

	
80

	
53.54




	
CDN.bsn

	
Denitrification exponential rate coefficient

	
V

	
0

	
1.62

	
0.04




	
NPERCO

	
Nitrate Percolation coefficient

	
V

	
0.01

	
1

	
0.17








* R is a relative change method that multiplies the existing value with (1 + fitted value), whereas V replaces the existing value with the fitted value.
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Table 4. The SWAT model performance metrics during the calibration and validation of streamflow and nitrate loads.






Table 4. The SWAT model performance metrics during the calibration and validation of streamflow and nitrate loads.





	
Performance Indicator

	
Streamflow

	
Nitrate Load




	
Calibration

	
Validation

	
Calibration

	
Validation






	
p-factor

	
0.56

	
0.65

	
0.72

	
0.63




	
r-factor

	
0.70

	
0.67

	
0.92

	
0.98




	
NSE

	
0.82

	
0.83

	
0.71

	
0.68




	
R2

	
0.83

	
0.84

	
0.72

	
0.79




	
PBIAS

	
−8.7%

	
−5.6%

	
−9.2%

	
−7%




	
RSR

	
0.42

	
0.42

	
0.54

	
0.56
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