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Abstract
Sustainable agricultural practices have been extensively used to reduce water pollution; 
however, the effectiveness of these practices may be significantly affected by climate 
change. In this study, we assess the effectiveness of sustainable agricultural practices in 
reducing sediment and nutrient export to rivers under future climate conditions, using the 
Soil & Water Assessment Tool in a Portuguese river basin exposed to high levels of agri‑
cultural pollution. In our study, filter strips demonstrated a significant mitigation effect on 
sediment and nutrient increases under simulated climate change conditions, with maximum 
sediment export depletion reaching 65% and the highest nutrient export depletion observed 
at 35%. The implementation of multiple sustainable practices resulted in the highest deple‑
tions, with a notable  71% depletion in sediment export and a 35% depletion in nutrient 
export. Additionally, our research underscores the crucial role of filter strips and multi‑
ple sustainable agricultural practices in mitigating the projected rise in nutrient concentra‑
tions during summer, given the effect of climate change on river discharge. Further studies 
exploring sustainable agricultural practices across different climates and watersheds can 
improve our understanding of their effectiveness for adaptation to climate change.
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1 Introduction

Agriculture is a major source of nutrients to water bodies that often causes water quality deg‑
radation and eutrophication of aquatic ecosystems (Evans et al. 2019). Water pollution from 
agricultural sources has worsened in many regions and some studies have pointed to agriculture 
as one of the main causes of water pollution globally, surpassing contamination from urban and 
industrial sources (FAO 2017). The contribution of agriculture to water pollution is likely to 
increase in the future due to population growth and climate change that can trigger food produc‑
tion intensification, expansion of agricultural land, and greater use of agricultural inputs (Evans 
et al. 2019). Reducing the impacts of agricultural water pollution is therefore essential to avoid 
additional environmental degradation undermining ecosystem health and human well‑being.

Sustainable agricultural practices have been increasingly explored to reduce agricultural dif‑
fuse pollution and have shown to be valuable to improve water quality in streams and rivers 
(Mancuso et al. 2021). However, the effectiveness of sustainable agricultural practices depends 
on many factors, including the amount of nutrients applied, fertilization strategy, tillage prac‑
tices, soil type, catchment topography, presence of natural or constructed buffers, and climate 
(Chaubey et al. 2010; EEA ‑ European Environment Agency 2021). Moreover, changes in pre‑
cipitation and temperature are expected to affect nutrient export by changing surface runoff and 
the rate of biological processes (Giri et al. 2020). Changes in atmospheric  CO2 concentration 
may also affect soil fixation and plant assimilation of nitrogen (N), and therefore N availability 
in soils (Ficklin et al. 2010). In this sense, climate change is likely to affect both the quantity and 
quality of inland waters, and the buffering capacity of sustainable agricultural practices.

The individual effect of climate change and sustainable agricultural practices on agricul‑
tural diffuse pollution has already been extensively studied (e.g., Malagó et al. 2019; Ock‑
enden et al. 2017; Wang et al. 2018). However, few studies have examined the effectiveness 
of sustainable agricultural practices in reducing nutrient export under climate change (e.g., 
Giri et al. 2020; Wagena & Easton 2018). On one hand, an increase in extreme precipita‑
tion events may reduce the buffering capacity of sustainable practices, but, on the other 
hand, higher temperatures may increase denitrification and nutrient uptake by plants, which 
will then reduce nutrient export (Wagena et al. 2018).

Evaluating the effectiveness of sustainable agricultural practices under future climate 
conditions is essential for developing adaptation measures that can minimize the impact of 
climate change. However, adaptation is context‑specific, and no single measure is equally 
effective across all regions and conditions (EEA ‑ European Environment Agency 2021). 
Therefore, regional and basin scale studies are crucial to improve the planning and adapta‑
tion to climate change, despite their limited spatial scope.

In this study, we aim to examine the importance of sustainable agricultural practices in reduc‑
ing sediment and nutrient export under different climate change scenarios, using the Cávado 
River basin (northwest Portugal) as a case study. This is, to the best of our knowledge, the first 
study examining the importance of sustainable agricultural practices under climate change in the 
Cávado River basin, one of the most important basins for dairy and corn production in Portugal. 
Additionally, this is one of the few studies exploring the combined effect of sustainable agri‑
cultural practices and climate change on sediment and nutrient export at a river basin scale. We 
hypothesize that sustainable agricultural practices will be critical to offset high surface runoff 
and nutrient export during winter, and low surface runoff associated with low discharge and high 
nutrient concentration during summer under climate change. This study is relevant for environ‑
mental and water managers to anticipate the impact that climate change can have on water qual‑
ity, and to implement effective adaptation measures.
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2  Materials and methods

2.1  Study area

The study was conducted in the Cávado River basin, in the northwest of Portugal, which 
covers an area of 1581  km2. The region has a Mediterranean climate with Atlantic influ‑
ence, and an average annual precipitation of 1300 mm. The minimum and maximum tem‑
peratures are 3  °C and 29  °C, respectively, the highest temperatures occur from June to 
September, while the highest precipitation values are registered from October to April.

The basin’s geology is mainly composed of granite, and the dominant soil types are Umbric 
Leptosols and Dydtric Antrosols (Leitão et al. 2013). In the upstream lands of the basin, there 
is a distinctive agricultural system known as the Barroso Agro‑Sylvo‑Pastoral System, which 
was recently acknowledged by the Food and Agriculture Organization of the United Nations 
as a Globally Important Agricultural Heritage System (FAO ‑ Food and Agriculture Organiza‑
tion of the United Nations 2018). Livestock farming is the major agricultural activity, and crops 
such as rye, potato, and maize are cultivated in rotation with set‑aside. In the downstream lands 
of the Cávado River basin, intensive farming systems of maize for the dairy industry are domi‑
nant (DRAEDM – Direção Geral de Agricultura do Entre Douro e Minho (General Directorate 
of Agriculture of Entre Douro e Minho), 2007). This system involves extensive maize fields 
and the production of large amounts of slurry and manure, which are used as organic fertilizers 
on arable lands (DRAEDM – Direção Geral de Agricultura do Entre Douro e Minho (General 
Directorate of Agriculture of Entre Douro e Minho), 2007). This agricultural practice has con‑
tributed to diffuse pollution in the basin and has led to the degradation of river water bodies, 
with 45% of water bodies having a lower than good ecological status under the Water Frame‑
work Directive (APA – Portuguese Environment Agency 2016). The water bodies’ degradation 
is also caused by point discharges from urban and industrial activities and hydromorphological 
alterations from 9 dams present in the basin (APA – Portuguese Environment Agency 2016).

2.2  Hydrological and water quality modeling

The hydrological and water quality parameters analyzed include river discharge, sediment, phos‑
phorous, and nitrate export. The selection of sediments, nitrate, and phosphorus as primary indi‑
cators in our study stems from several key justifications. Firstly, the choice is grounded in the 
availability of comprehensive observed data specifically for these water quality parameters within 
the Cávado River basin. These datasets not only facilitate robust model calibration and validation 
but also align with the practical constraints of data availability. Furthermore, sediments, nitrate, 
and phosphorus are identified as critical contributors to water pollution from agricultural sources 
in the study region (APA ‑ Portuguese Environment Agency 2012). Nitrate and phosphorus, 
being essential nutrients in agriculture, are commonly associated with fertilizers and are pivotal 
for crop growth (Evans et al. 2019). Simultaneously, sediments, primarily arising from soil ero‑
sion, are intimately linked to agricultural land management practices (Evans et al. 2019). Focus‑
ing on these indicators enables a targeted assessment of the impact of sustainable agricultural 
practices on the most significant sources of water pollution in the watershed.

To simulate river discharge, sediment, phosphorous, and nitrate export, we employed 
the Soil & Water Assessment Tool (SWAT). SWAT is a hydrological model that operates 
on a daily time step, which is physically based, semi‑distributed, and operates on a contin‑
uous time scale (Arnold et al. 2013). The SWAT model was set up using SWAT2012 (rev. 
670) in ArcSWAT 2012.10_5.21 interface for ArcGis (Winchell et al. 2013).
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The watershed was delineated by using the Shuttle Radar Topography Mission (SRTM) 
1 Arc‑Second Global (USGS ‑ United States Geological Survey 2018) and the stream net‑
work shapefile of the Water Framework Directive (WFD) (SNIAmb – National Environ‑
mental Information System 2018) (Table 1). We used this to ensure that the model created 
sub‑basins that were consistent with the ones defined in the WFD. The outlets of these 
sub‑basins were further adjusted to account for the calibration sites and avoid the reservoirs 
occupying more than one sub‑basin.

To create the hydrological response units (HRUs), we utilized a land cover map for 
mainland Portugal of 2010 (DGT – National Territory Directorate, 2010), a soil map 
(Leitão et al. 2013), and three slope classes (i.e., 0–10%, 10–25%, and > 25%) (Table 1). 
The vegetation and soil parameters were based on a prior study that employed SWAT in 
northwest Portugal (Carvalho‑Santos et  al. 2016). The management operations for each 
land cover were designed based on the literature (APA – Portuguese Environment Agency 
2016;  DRAEDM – Direção Geral de Agricultura do Entre Douro e Minho (General Direc‑
torate of Agriculture of Entre Douro e Minho), 2007; FAO ‑ Food and Agriculture Organi‑
zation of the United Nations 2018).

The reservoirs were added to SWAT using data from SNIRH (National Water Resources 
Information System) and the Portuguese power company EDP (EDP ‑ Portuguese Power 
Company 2019) (Table 1). The point sources of pollution were located in the Cávado River 
basin using the shapefile of the wastewater treatment plants provided by the Portuguese 
Environment Agency (APA) and SNIAmb (Table  1). The data on nitrogen (NO3CNST 
and NH3CNST), phosphorous (MINPCNST), and volume discharged (FLOCNST) by the 
point sources were obtained from the shapefile of the wastewater treatment plants and from 
INSAAR (National Inventory of Water Supply and Wastewater Systems). To locate the sur‑
face water abstractions, a shapefile from SNIG (National Geographic Information System) 
was employed, while the APA ‑ Portuguese Environment Agency (2012) was consulted to 
obtain the volume of water abstracted (Table 1).

To improve the spatial representation of precipitation and temperature in mountainous 
areas, we used ten elevation bands with a precipitation lapse rate of 1100 mm/km and a 
temperature lapse rate of − 5 °C/km, according to Carvalho‑Santos et al. (2016).

The curve number equation method (CN) was employed to simulate surface runoff. The 
Hargreaves equation was used to simulate evapotranspiration, since the Pennan–Monteith 
equation was found to provide unsatisfactory results, most likely because of the low qual‑
ity of wind‑speed data. To mitigate the impacts of uncertain initial conditions, a warm‑up 
period of 3 years was used.

SWAT has already been applied in the Cávado River basin to assess the effect of cli‑
mate change on hydropower generation (Ramião et al. 2023), and the effect of sustainable 
agricultural practices on sediment, phosphorous, and nitrate export (Ramião et al. 2022). 
Additional methodological details on the SWAT setup are available in Ramião et al. (2023) 
and Ramião et al. (2022).

2.3  Model calibration and validation

SWAT outputs by land cover for leaf area index (LAI), evapotranspiration (ET), and total 
biomass (BIOM) were first compared with values from the literature (ICNF – National 
Institute for Nature Conservation and Forests 2015; Tereso et  al. 2011), to calibrate the 
model by changing sensitive parameters in the soil (.sol), vegetation (.crop), and manage‑
ment databases (.mgt). The SWAT parameters USLE_K, USLE_P, and USLE_C were 
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also changed according to Panagos et al. (2014), Panagos et al. (2015a), and Panagos et al. 
(2015b), respectively, to calibrate land cover exports of sediments and nutrients.

To enhance sediment calibration at the outlet of the basin, and to set the dam trapping 
efficiency between 60 and 95%, the grain size of sediments (RES_D50) of Salamonde, 
Ponte do Bico, and Penide was increased to 20, 30, and 30, respectively, and the equilib‑
rium sediment concentration (RES_NSED) was decreased from 1 to 0.9 in Ponte do Bico 
and Penide. To improve phosphorous and nitrate calibration, the nutrient settling rates in 
reservoirs (NSETLR, PSETLR) were changed in two reservoirs.

A semi‑automated model calibration and validation were then performed using SWAT‑
CUP software version 5.2.1 (Abbaspour et al. 2015), with the Sequential Uncertainty Fit‑
ting (SUFI‑2) algorithm (Abbaspour et al. 2004). The semi‑automated calibration was per‑
formed using up to three iterations, with 200 simulations each, and the Nash–Sutcliffe (NS) 
as the objective function. The SWAT executable was previously updated to rev. 670.

A global sensitivity analysis was used to select the most sensitive parameters from those 
previously chosen in the literature (Abbaspour et al. 2015, 2007; Molina‑Navarro et al. 2017; 
Shrestha et al. 2016). The model was calibrated from 1995 to 1997 at the outlet of the river 
basin, and then validated from 1998 to 2000, to establish trust in the accuracy of the calibrated 
parameters (i.e., validation). The output parameters were calibrated sequentially (Shrestha et al. 
2016), starting by stream discharge, followed by sediments, total phosphorous, and nitrate.

SWAT had already been calibrated and validated in the Cávado River basin for river dis‑
charge, sediment, phosphorous, and nitrate export (Ramião et al. 2022). Additional calibra‑
tion details are available in Ramião et al. (2022).

2.4  Climate projections

In this study, we used the same methodology applied by Ramião et al. (2023) to assess the 
climate change impacts on the Cávado River basin using SWAT. The climate projections 
were based on daily data of precipitation (pr), minimum and maximum 2‑m air tempera‑
ture (tasmin, tasmax), near‑surface relative humidity (hurs), surface downwelling short‑
wave radiation (rsds), and near‑surface wind speed (sfcWind). These data were obtained 
from the EUROCORDEX project at a resolution of 0.11° for two time periods, 1976–2005 
and 2031–2060, under two different Representative Concentration Pathways (RCP4.5 and 
RCP8.5) scenarios. The decision to include these scenarios was driven by a strategic con‑
sideration of both worst‑case and more plausible future conditions. Four regional climate 
models (RCMs) were used to simulate these variables, and their performance was evalu‑
ated based on statistical measures of goodness‑of‑fit between the simulated and observed 
data in the Cávado River basin. Statistical goodness‑of‑fit measures were calculated in 
R using the hydroGOF package (Zambrano‑Bigiarini 2014), while EURO‑CORDEX and 
E‑OBS data were analyzed in R using climate4R packages (Iturbide et al. 2019).

A bias correction method was applied to the simulated data using E‑OBS as a reference 
dataset. This was done using the linear scaling method, where the difference between the 
observed and simulated means was considered for temperature, and the quotient between the 
observed and simulated means was considered for precipitation. The carbon dioxide con‑
centrations used in the simulations were based on the IPCC – Intergovernmental Panel on 
Climate Change (2013) values for historical and future periods under different scenarios.

The maximum consecutive 5‑day precipitation (Rx5day) was calculated in R using the 
climate4R.climdex package (Iturbide et al. 2019). Rx5day is one of the climate extremes 
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indices defined by the Expert Team on Climate Change Detection and Indices (Karl et al. 
1999), used to examine changes in extreme precipitation under climate change.

2.5  Sustainable agricultural practices

The importance of sustainable agricultural practices (SAPs) in reducing sediment and nutri‑
ent export under climate change was examined considering two fertilizer application methods 
(broadcast application and fertilizer incorporation), along with two tillage operations (con‑
ventional and conservation) and the implementation of filter strips. Fertilizer incorporation, 
conservation tillage, and the implementation of filter strips were considered sustainable agri‑
cultural practices, while the current management practices in the basin comprise broadcast 
application of manure, conventional tillage, and no filter strips. We selected sustainable agri‑
cultural practices (SAPs) that have been shown in the literature to be effective in reducing 
sediment and nutrient export in agricultural basins, and based on a previous study assessing 
the effectiveness of SAPs in the Cávado River basin (Ramião et al. 2022). The effect of each 
SAP was examined individually, and with all SAPs implemented simultaneously, since it has 
been found that the highest average combined depletion of sediment, phosphorus, and nitrate 
export was achieved when fertilizer incorporation, conservation tillage, and filter strips were 
implemented simultaneously (Ramião et al. 2022). The simulations were conducted by inte‑
grating the specified climate change scenarios (1976–2005 and 2031–2060 under RCP4.5 
and RCP8.5) with the sustainable agricultural practices examined. This integrated approach 
allowed us to assess the combined effects of changing climatic conditions and sustainable 
agricultural practices on sediment and nutrient export dynamics.

The FRT_SURFACE parameter in SWAT was used to simulate the different fertilizer appli‑
cation methods, while the mixing efficiency of the tillage operation (EFFMIX) and depth of 
mixing (DEPTIL) was used to simulate the different tillage operations (Dechmi and Skhiri 
2013; Tuppad et al. 2010). Filter strips were implemented in all agricultural areas within the 
riparian zone, which was defined by applying the riparian zones from the Copernicus pro‑
gramme (Copernicus programme, 2015). The width of the filter strips was defined according 
to the Portuguese plan for the Common Agricultural Policy 2023–2027 of the European Com‑
mission that involves installing filter strips of different widths in agricultural areas near water 
bodies, depending on the land slope (GPP – Planning Policy and General Administration Office 
2021). When the slope was lower than 10% the filter strips should have 3‑m width, when the 
slope was between 11 and 25% the filter strips should have 10‑m width, and when the slope was 
equal or higher than 25% the filter strips should have 15‑m width. Additional methodological 
details regarding SAP implementation in SWAT can be found in (Ramião et al. 2022).

3  Results and discussion

3.1  SWAT calibration and validation

SWAT has already been calibrated and validated for river discharge, sediment, phosphorous, 
and nitrate export in the Cávado River basin (Ramião et al. 2022), with an overall good perfor‑
mance of the model for all variables, considering both the Nash Sutcliffe efficiency (NSE) and 
the coefficient of determination (R2) (Moriasi et al. 2015) (Table 2). To address uncertainties, 
we considered the 95% prediction uncertainty (95PPU) band. Over 50% of observed data fell 
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within this band for most variables and temporal periods (Table 2, P‑factor). The R‑factor, 
indicating the width of the uncertainty band, consistently remained below 1.5, underlining the 
precision of our model predictions. The P‑factor and R‑factor, representing the percentage of 
observed data within the 95PPU and the average width of the 95PPU relative to observed data 
standard deviation, respectively, aligned with findings in the literature (Nkiaka et  al. 2018; 
Rocha et al. 2015; Shrestha et al. 2016), reinforcing the reliability of our calibration.

The calibration of the SWAT model for the Cávado River basin adheres to a well‑estab‑
lished and widely accepted approach in hydrological modeling, aligning with standard 
practices (Abbaspour et al. 2015). However, the challenge arises when attempting to extend 
the application of calibrated models to predict responses under future climate scenarios, 
especially in the context of climate change (Majone et al. 2022). This endeavor involves 
extrapolating beyond the historical range, introducing uncertainties, particularly when the 
model encounters conditions significantly different from those observed during calibration 
(Duethmann et al. 2020). Factors such as changes in precipitation, temperature extremes, 
and other climatic variables may deviate significantly from historical patterns, challeng‑
ing the reliability of the calibrated model for accurate projections into the future (Majone 
et al. 2022). Acknowledging these complexities is crucial for interpreting climate change 
impacts based on the calibrated model and emphasizes the need for ongoing research to 
enhance the reliability of future projections.

3.2  Precipitation, evapotranspiration, and river discharge under climate change

Precipitation in the Cávado River basin is expected to decrease, on average, 3.7% in 
2031–2060 under RCP4.5, while potential evapotranspiration is expected to increase, 
on average, 5% in 2031–2060 under RCP4.5 (Ramião et  al. 2023). Higher reductions in 
precipitation and more pronounced increments in evapotranspiration are expected under 
RCP8.5 (Ramião et  al. 2023). Changes in precipitation and potential evapotranspiration 
are projected to differ across the year, with precipitation having the highest depletions dur‑
ing the summer, when potential evapotranspiration is projected to have the highest incre‑
ments (Ramião et  al. 2023). Furthermore, the maximum consecutive 5‑day precipitation 
will increase during most of the winter and decrease during the summer (Fig. 1), which 
will then likely increase surface runoff and nutrient export during the rainy season, and 
decrease the dilution capacity of rivers during the dry season (Giri et al. 2020; Qiu et al. 
2020). This is supported by an increase in river discharge from January to March, and a 
decrease during the rest of the year, especially during the summer under RCP8.5 (Fig. 1).

Table 2  Goodness‑of‑fit statistics (NSE, R2) for river discharge, sediment, phosphorous, and nitrate calibra‑
tion and validation, considering monthly data from 1995 to 1997 for calibration and 1998 to 2000 for vali‑
dation. The P‑factor represents the percentage of observed data enclosed by the 95PPU, while R‑factor is 
the average width of the 95PPU divided by the standard deviation of corresponding observed data

River discharge Sediments Phosphorous Nitrate

Calibration Validation Calibration Validation Calibration Validation Calibration Validation

NSE 0.72 0.62 0.49 0.5 0.57 0.47 0.38 0.44
R2 0.76 0.73 0.65 0.75 0.57 0.56 0.57 0.55
P‑factor 0.73 0.55 0.61 0.58 0.91 0.83 0.53 0.69
R‑factor 0.94 0.75 1.6 1.39 1.51 0.83 0.6 0.72
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Several studies have already predicted lower river discharge under future climate condi‑
tions, including in Portugal and the entire Mediterranean region (Fonseca & Santos, 2019; 
Lionello & Scarascia, 2018). The Cávado River basin is expected to be less affected by cli‑
mate change than the basins in the southern region; however, high discharge depletions dur‑
ing the summer, when water demand is higher and is likely to increase, may aggravate the 
water stress problems, and degrade the water quality due to a low dilution capacity.

3.3  Sediment export under climate change and sustainable agricultural practices

Sediment export is expected to increase from January to April, and to decrease during sum‑
mer under RCP4.5 (Fig. 2). Previous studies have already predicted an increase in sediment 
export under climate change during the rainy season, due to an increase in precipitation 
that leads to soil loss, and/or an increase in river discharge that exacerbates stream bank 
erosion (Giri et al. 2020; Qiu et al., 2020a). The lower sediment export observed during 
the summer, especially under RCP8.5 (Fig. 2), can probably be related to the lower surface 
runoff and river discharge.

Our study shows that sustainable agricultural practices will be important to control 
sediment export under climate change (Fig. 2). Filter strips, conservation tillage, and the 
combination of the three studied sustainable agricultural practices will decrease sediment 
export under future climate scenarios (Fig.  2), avoiding sediment increments during the 
rainy season, and exacerbating sediment depletions during the dry season (Fig.  2). The 
highest sediment depletions under both RCP4.5 and RCP8.5 were achieved when multi‑
ple sustainable agricultural practices were implemented simultaneously, followed by filter 
strips, and conservation tillage (Fig. 2). Higher sediment depletions with multiple sustain‑
able agricultural practices were already reported by many studies, including for the Cávado 
River basin (Ramião et  al. 2022), but our study highlights that these practices can also 
result in considerable sediment depletions under the influence of climate change.

Filter strips are expected to reduce sediment export since they provide resistance to 
water flow and promote the deposition of suspended particulates (Gumiero et al. 2011; Li 
et al. 2016). Previous studies have suggested that climate change may reduce the effective‑
ness of filter strips in reducing sediment export, by increasing precipitation and decreas‑
ing the residence time of concentrated runoff flowing across filter strips (Qiu et al. 2020). 
However, our study shows that filter strips can still be important to offset sediment incre‑
ments during the rainy season due to forecast increase in rainfall erosivity (Panagos et al. 

Fig. 1  Change in 30‑year average Rx5day (Maximum consecutive 5‑day precipitation) and river discharge 
in 2031–2060 relative to 1976–2005, under RCP4.5 and RCP8.5 scenarios. The boxplots display the disper‑
sion among four regional climate models
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2017), and to exacerbate sediment depletion during the summer under climate change pre‑
dictions (Fig. 2).

Conservation tillage was also found to augment sediment depletions under climate 
change, mostly during the months following crop plantation (i.e., May to July) (Fig.  2). 
Conservation tillage was expected to increase sediment depletion, since conventional till‑
age is known to reduce the stability of soil structure and residue cover, while increasing 
erosion and sediment losses (Maguire et al. 2011).

Changes in sediment concentration will likely follow changes in sediment export 
(Fig.  3), probably because sediment export is highly related to precipitation and sur‑
face runoff that also affects river discharge (Qiu et  al. 2020). The effects of sustainable 

Fig. 2  Percentage of change in monthly 30‑year average sediment export in 2031–2060 relative to 1976–
2005, under RCP4.5 and RCP8.5 scenarios, and three sustainable agricultural practices, filter strips, conser‑
vation tillage, and fertilizer incorporation, plus the combination of such practices. The boxplots display the 
dispersion among four regional climate models
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agricultural practices on sediment concentration have closely followed the same pattern as 
sediment export (Fig. 3).

Our study shows that filter strips, conservation tillage, and multiple sustainable agri‑
cultural practices will allow the reduction of sediment export under future climate condi‑
tions (Fig. 2), which will be crucial to avoid reservoir sedimentation and the destruction 
of in‑stream habitats. In addition, avoiding soil erosion is critical to maintain soil health 
and productivity as a guarantee of the sustainable food‑system production (Pozza and 
Field 2020).

Fig. 3  Percentage of change in monthly 30‑year average sediment concentration in 2031–2060 relative to 
1976–2005, under RCP4.5 and RCP8.5 scenarios for three sustainable agricultural practices plus the com‑
bined practices (filter strips, conservation tillage, and fertilizer incorporation simultaneously). The boxplots 
display the dispersion among four regional climate models
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3.4  Nutrient export and concentration under climate change and sustainable 
agricultural practices

Phosphorous export is expected to increase from January to February, and to decrease dur‑
ing the rest of the year, under both RCP4.5 and RCP8.5 (Fig. 4). Changes in phosphorous 
export under climate change scenarios are similar to changes in sediment export (Figs. 2 
and 4), probably because phosphorous is mainly transported in its particulate form and 
phosphorous attached to sediments is often the main pathway of phosphorous export (Qiu 
et al. 2020; Serpa et al. 2017).

Changes in nitrate export due to climate change are expected to be similar to changes 
in phosphorous export (Figs. 4 and 5). However, phosphorous increases are expected to be 
higher than nitrate increases, and nitrate export is likely to decrease during the entire year 
under RCP8.5 (Figs.  4 and 5). Differences between changes in phosphorous and nitrate 
export under climate change may be related to differences in their preferential transport 
pathways. In this sense, phosphorous export is mainly transported in its particulate form 
and it is highly related to changes in surface runoff (Molina‑Navarro et  al. 2014; Serpa 
et  al. 2017), meaning that more pronounced effects of climate change on surface runoff 
may be translated into higher phosphorous increments during the winter and higher deple‑
tions during the summer (Fig. 4). This is consistent with previous findings in nearby river 
basins, where nutrients that are mainly mobilized in particulate forms had lower exports 
during the summer under climate change predictions, due to the simultaneous decrease in 
runoff and sediment yield (Molina‑Navarro et al. 2014; Serpa et al. 2017).

Filter strips and multiple sustainable agricultural practices will avoid nutrient incre‑
ments during the rainy season and exacerbate nutrient depletions during the rest of the 
year, especially around May and October, after manure fertilization (Figs. 4 and 5). Filter 
strips were the most important individual practice reducing both sediments and nutrients 
under climate change (Figs. 2, 4, and 5). Previous studies have already reported a key role 
of riparian forests in reducing sediment and nutrient export to rivers, and their importance 
as an adaptation measure to climate change (Giri et al. 2020; Wagena and Easton 2018). 
However, the efficiency of filter strips in reducing water pollution depends on many fac‑
tors, including the amount of precipitation and air temperature that are likely to change in 
the future. Our study shows that the proposal of the Portuguese plan for the Common Agri‑
cultural Policy 2023–2027, that establishes the implementation of filter strips of varying 
widths for agricultural areas close to water bodies, will help to avoid sediment and nutrient 
increments under future climate conditions. Furthermore, filter strips will help to reduce 
sediment and nitrate increments up to 18% and 35% (Figs. 2 and 6, RCP4.5), respectively, 
while only requiring management interventions in 3.9% of the basin area, showing that 
prioritizing key areas for water pollution, such as riparian zones, can play a crucial role in 
mitigating the impacts of climate change without requiring large scale interventions (Xu 
and Bosch 2019).

Moving from conventional to conservation tillage will exacerbate nutrient increments 
during the rainy season and reduce nutrient depletions during the rest of the year (Fig. 4). 
Unlike phosphorous, conservation tillage will lead to very high increments of nitrate dur‑
ing the spring and autumn after manure application (Figs.  4 and 5). This was probably 
related to the higher content of nitrogen in manure, combined with its higher solubility 
(Serpa et al. 2017). Conservation tillage had already been found to increase nutrient export 
when broadcast application of fertilizers was used, probably because conventional tillage 
reduces the availability of nutrients to runoff by incorporating most of the manure on the 
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soil surface (Ramião et  al. 2022). Climate change may aggravate the effect of conserva‑
tion tillage on nutrient export by increasing precipitation intensity and surface runoff. 
However, the tillage operation had lower effect on nutrient export when fertilizers were 
previously incorporated into the soil (Ramião et  al. 2022), since fertilizer incorporation 
removes the potential for the direct transfer of nutrients to runoff (Maguire et  al. 2011), 
which may explain the highest nutrient depletions when multiple sustainable practices 
were implemented (Fig.  4). Therefore, fertilizer incorporation when using conservation 
tillage will be even more important under climate change. Furthermore, fertilizer incor‑
poration when conventional tillage is also used will have little to non‑effect on nutrient 
export under climate change (Figs. 4 and 5), probably because conventional tillage already 
reduces the availability of nutrients to surface runoff (Ramião et al. 2022). However, since 

Fig. 4  Percentage of change in monthly 30‑year average phosphorous export in 2031–2060 relative to 
1976–2005, under RCP4.5 and RCP8.5 scenarios, and four sustainable agricultural practices. Combined 
practices refer to the implementation of filter strips, conservation tillage, and fertilizer incorporation simul‑
taneously. The boxplots display the dispersion among four regional climate models
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conventional tillage increases sediment export (Fig.  2), combining conservation tillage 
with fertilizer incorporation will allow the reduction of both sediment and nutrient export 
under climate change.

Lower nutrient export during the summer under climate change (Figs.  4 and 5) does 
not necessarily mean an improvement of surface water quality, since lower precipitation 
and river discharge are likely to reduce the water dilution capacity (Serpa et al. 2017). In 
fact, our study shows that despite reducing nutrient export (Figs. 4 and 5), climate change 
is expected to increase nutrient concentration during the summer, when river discharge is 
likely to have the highest depletions (Figs. 6 and 7).

Filter strips and the combination of all sustainable agricultural practices will also be 
crucial to mitigate higher nutrient concentration during the summer (Figs. 6 and 7), while 

Fig. 5  Percentage of change in monthly 30‑year average nitrate export in 2031–2060 relative to 1976–2005, 
under RCP4.5 and RCP8.5 scenarios, and four sustainable agricultural practices. Combined practices refer 
to the implementation of filter strips, conservation tillage, and fertilizer incorporation simultaneously. The 
boxplots display the dispersion among four regional climate models
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with respect to nutrient export, these sustainable practices are only expected to exacer‑
bate nutrient depletions (Figs. 4 and 5). Even though pollutant loads are generally used 
to assess the performance of sustainable agricultural practices, pollutant concentration is 
often used to evaluate water quality due to its biological significance (Serpa et al. 2017; 
Wagena and Easton 2018). Considering that climate change is expected to affect both 
nutrient export and river discharge, and that changes in nutrient export may not reflect 
changes in nutrient concentration (Figs. 4, 5, 6, and 7), an effective reduction of nutrient 
export by sustainable practices may not ensure lower nutrient concentration under future 
climate conditions.

Fig. 6  Percentage of change in monthly 30‑year average phosphorous concentration in 2031–2060 relative 
to 1976–2005, under RCP4.5 and RCP8.5 scenarios, and four sustainable agricultural practices. Combined 
practices refer to the implementation of filter strips, conservation tillage, and fertilizer incorporation simul‑
taneously. The boxplots display the dispersion among four regional climate models
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4  Conclusions

Sustainable agricultural practices have been increasingly used to reduce diffuse pollution 
and as an adaptation measure to climate change. However, changes in precipitation and tem‑
perature can impact the effectiveness of sustainable agricultural practices in reducing sedi‑
ments and nutrients under future climate conditions. Our study shows that filter strips will 
mitigate sediments and nutrients increases under climate change, while conservation tillage 
combined with broadcast application of manure will mitigate sediment but exacerbate nutri‑
ent export. The highest reductions in both sediments and nutrients under climate change will 
be achieved when combining certain sustainable agricultural practices, namely filter strips, 

Fig. 7  Percentage of change in monthly 30‑year average nitrate concentration in 2031–2060 relative to 
1976–2005, under RCP4.5 and RCP8.5 scenarios, and four sustainable agricultural practices. Combined 
practices refer to the implementation of filter strips, conservation tillage, and fertilizer incorporation simul‑
taneously. The boxplots display the dispersion among four regional climate models
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conservation tillage, and fertilizer incorporation, suggesting that multiple sustainable prac‑
tices will be needed to achieve higher benefits. Considering that the effect of sustainable agri‑
cultural practices depends on site‑specific conditions, additional studies exploring the effect 
of different measures across a range of climate and watershed characteristics will allow to 
improve our understanding about the effectiveness of sustainable agricultural practices and 
therefore our adaptation to climate change. Moreover, the lessons drawn from this study offer 
valuable insights for other basins facing similar water pollution issues. The effectiveness of 
sustainable agricultural practices in mitigating sediment and nutrient export, as demonstrated 
in the Cávado River basin, provides a template for adaptation measures in comparable regions. 
By understanding the nuanced interactions between climate, land use, and sustainable prac‑
tices, scientists and policymakers in other basins can tailor strategies to address their specific 
water quality challenges, fostering a more comprehensive and context‑specific approach to dif‑
fuse pollution management. Acknowledging that the potential benefits or trade‑offs of these 
sustainable agricultural practices may extend beyond the scope of our analysis, encompass‑
ing other pollutants not explicitly investigated in this study, emphasizes the need for future 
research to delve into assessing the broader impacts on water quality parameters beyond sedi‑
ments and nutrients. This ongoing exploration will provide valuable insights into the multifac‑
eted consequences of sustainable agricultural practices, further enhancing our understanding 
of their environmental implications.
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