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Abstract 
The development of irrigation involves a change in land use and management and has implications for water quality and 
quantity. It is critical to design conservation practices and best management practices consistent with sustainable agricul-
tural intensification. The objective of this work was to understand and characterize key processes affecting hydrology, 
nutrient export and transport, and quantify impacts in the San Salvador watershed. For such purpose, the Soil & Water 
Assessment Tool (SWAT) was implemented, calibrated for water quantity, and water quality was adjusted using soft cali-
bration techniques. The model reproduces water quantity and nutrient balance, and aids in characterizing the nutrient 
delivery and transport in the watershed. The magnitude of runoff affects the balance of nutrients. In high flows, diffuse 
sources are more prevalent, while in low flows, point sources and direct livestock manure to the river are more significant. 
The main outcomes of this work contribute to the design of strategies to achieve sustainable agricultural intensification. It 
also describes a new modeling tool freely available that could be used in further studies. 

Keywords: sustainable agriculture, water quality, SWAT 

 

Resumen 

El desarrollo del riego implica un cambio en el uso y el manejo del suelo e impacta en la calidad y la cantidad de agua. 
Es fundamental diseñar prácticas de conservación y buenas prácticas agrícolas que respondan al paradigma de 
intensificación agrícola sostenible. El objetivo de este trabajo fue comprender y caracterizar los procesos claves que 
afectan la hidrología, la exportación y el transporte de nutrientes y cuantificar los impactos en la cuenca del río San 
Salvador. Se implementó el modelo Soil & Water Assesment Tool, se calibró la cantidad de agua y la calidad de agua fue 
ajustada utilizando técnicas de calibración blanda. El modelo reproduce adecuadamente la cantidad de agua y el balance 
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de nutrientes y permite caracterizar los procesos de exportación y transporte de nutrientes en la cuenca. La magnitud del 
escurrimiento afecta el balance de nutrientes. En condiciones de caudales altos las fuentes difusas predominan, mientras 
que en caudales bajos las cargas puntuales y las excreciones directas del ganado a cursos de agua son las principales 
fuentes. Los resultados de este trabajo contibuyen al diseño de estrategias para alcanzar una intensificación agrícola 
sostenible. También se documenta una nueva herramienta de modelación que queda disponible y puede utilizarse en 
estudios posteriores. 

Palabras clave: agricultura sostenible, calidad de agua, SWAT 

 

Resumo 

O cenário de desenvolvimento da agricultura resulta em mudanças no uso e gestão do solo e impacta a disponibilidade 
e qualidade da agua. É fundamental projetar práticas de conservação e boas práticas agrícolas que atendam ao 
paradigma da intensificação agrícola sustentável. O objetivo deste trabalho foicompreender e caracterizar os processos-
chave que afetam a hidrologia, a exportação e transporte de nutrientes, e quantificar os impactosna bacia do rio San 
Salvador. O modelo Soil & Water Assessment Tool (SWAT) foi implementado,a quantidade de água foi calibradae a 
qualidade de agua foi ajustada utilizando técnicas de calibração suave. O modelo reproduz adequadamentea 
quantidadede agua e o balanco de nutrientes na bacia, permitindo caracterizar os processos de exportação e transporte 
de nutrientes na bacia. A magnitude do escoamento afeta o balanco de nutrientes. Com escoamento elevado, fontes 
difusas de nutrientes são mais significativas, enquanto em baixos níveis de escoamento, fontes pontuais e excrementos 
vacunos que escoam direto aos canais de drenagem prevalecem. Osresultados deste trabalho contribuem para o 
desenvolvimento de estratégias para uma intensificação agrícola sustentável. Também se descreve uma nova ferramenta 
de modelagem que fica disponível e pode ser usadaem futuros trabalhos. 

Palavras-chave: agricultura sustentável, qualidade de água, SWAT 

 
 

1. Introduction 

Intensive agricultural activities are one of the pri-
mary non-point sources of pollution that menace the 
quality of water bodies and the ecosystem's 
health(1). Hence, sustainable land management and 
conservation practices have been increasingly im-
plemented to reduce such types of pollution. For in-
stance, one widely used conservation practice is ri-
parian buffer zones(2). Previous studies have 
demonstrated the positive effects of riparian buffer 
zones on water quality at the local field level(3). How-
ever, such an effect should be evaluated at a water-
shed scale to aid river basin management pro-
grams. Therefore, hydrologic and water quality 
models at a basin scale are valuable tools for this 
purpose(4-5). For decades, they have been used to 
assess stream flow and non-point source pollution 
along with the impacts (short- and long-term) of al-
ternative management practices(6-7). They are also 
valuable for determining the feasibility of water qual-
ity objectives at different budget levels, prioritizing 
sub-basins for watershed plan implementation, and 
identifying optimal conservation measures(8). 

In the scientific literature, there are several types of 
models based on physical hypotheses that simulate 
precipitation-runoff and pollutant delivery and 
transport processes. Lumped models consider the 
watershed as a single unit, averaging the spatial 
features related to the model response(9). 

Distributed models divide the catchment into ele-
mentary units, such as grid cells, and flows are 
routed from one cell to another as water drains 
through the basin. This allows the representation of 
watershed heterogeneity. The grid resolution is usu-
ally chosen to be of the appropriate size to represent 
the spatial variation of the main water quantity and 
quality processes. There are also semi-distributed 
models, which discretize the watershed into homo-
geneous sub-areas or sub-basins depending on the 
topography, the physical characteristics of the basin 
or the drainage area. Infiltration or precipitation pa-
rameters are treated as homogeneous within each 
sub-basin(10). The Soil & Water Assessment Tool 
(SWAT)(11) model is one of the most widely adopted 
semi-distributed models in Uruguay(12-17). It can 
generate precise results in the simulation of precip-
itation-runoff processes and pollutant delivery and 
transport. 

A crucial aspect of modeling is understanding the 
key characteristics and processes of the watershed 
under study (water, sediment, nutrient, and carbon 
budgets)(18). Although there is no universal method 
for calibrating and validating models, the use of soft 
data and various model performance criteria is in-
creasingly recommended to ensure that models 
capture the main hydrologic and water quality pro-
cesses(18-19). Hard data are long-term, measured 
time series, while soft data are information about 



Hastings F, Pérez-Bidegain M, Navas R, Gorgoglione A 
 

 

Agrociencia Uruguay 2023 27(NE1) 3 
 

specific processes that may not be directly meas-
ured, such as an average annual estimate(18). Stud-
ies show the importance of constraining model pa-
rameters to obtain reasonable crop yields and water 
balances and to simulate realistic scenarios with dif-
ferent management practices(19). 

This study considered the San Salvador watershed, 
an agricultural basin in Uruguay. This basin is rep-
resentative of the agricultural expansion process of 
the country(20) and now has the potential to intensify 
its production through supplementary irrigation(21-

22). The irrigation development changes land use 
and management and affects the water quality and 
quantity of the San Salvador River. In this investiga-
tion, the specific focus is on nutrients and sedi-
ments; however, pollutants encompass a broader 
range, including fertilizers, herbicides, insecticides, 
chemicals, sediments and metals. Understanding 
the fundamental processes affecting the delivery, 
transport, and transformation of nutrient and sedi-
ment and quantifying the impacts at the watershed 
scale are critical to evaluate and suggest the best 
management practices consistent with sustainable 
agricultural intensification. 

Based on these considerations, the main objective 
of this study is to implement a SWAT model able to 
represent the stream flow and pollutant (nutrient 
and sediment) delivery and transport for the San 
Salvador watershed. This model will support sus-
tainable land use strategies in a scenario of irriga-
tion development. The specific objective is four-fold: 
i) to evaluate the applicability of the SWAT model in 
a data-scarce region based on well-known model 
performance indicators; ii) to reproduce spatially 
distributed flows and assess the water balance at 
the sub-basin level; iii) to simulate spatially distrib-
uted pollutant delivery and transport; iv) to let the 
model available to enable further studies and sce-
nario modeling.  

This study represents the first part of a master's the-
sis with the goal of constructing a modeling tool to 
support sustainable land use and planning in an ag-
riculture irrigation development scenario. The sce-
nario implementation and analysis were reported in 
the paper "Impacts of irrigation development on wa-
ter quality in the San Salvador watershed (Part 2): 
Implementation of scenarios in SWAT"(23). 

2. Materials and methods 

2.1 Study area 

In this study, the watershed of the San Salvador 
River in the department of Soriano, Uruguay, is con-
sidered (Figure 1). The main river flows 

northwesterly until it joins the Uruguay River. The 
watershed has an extension of 2,413 km2 and an 
average slope of 2.3%. The city of Dolores is the 
main city in the watershed. It has 19,135 inhabit-
ants(24) and is located at the watershed outlet. The 
average annual temperature and total precipitation 
during the period 1961-1990 are 17.5 °C and 
1100 mm, respectively(25). 

 

 

Figure 1. Location of the San Salvador watershed 
(Soriano department, Uruguay). Coordinate Reference 

System: World Geodetic System 1984 (WGS84) 

 

Between 1990 and 2018, a remarkable change in 
land use was registered in the San Salvador basin 
(Table 1 and Figure 2)(20): cropland increased from 
953 to 1,495 km2 (57%), grassland decreased from 
1,358 to 749 km2 (45%), and production forest in-
creased from 12 to 78 km2 (570%). Land manage-
ment also changed: in 1990, cropping with grazing 
combined with livestock and till practices prevailed, 
while in 2018, continuous cropping, no-till, and 
transgenic crops prevailed(26). In 1990, winter crops 
in Soriano were three times larger than summer 
crops, and the main crops were winter wheat, bar-
ley, and sunflower(27). However, in 2018, summer 
crops were twice as long as winter crops, and soy-
beans were the main crop(28). 

2.2 Data availability 

SWAT requires specific data about weather, soil 
properties, topography, vegetation, and land man-
agement practices of the watershed(30). An overview 
of the input data used in this study is provided in 
Table S1 in the Supplementary Materials. Geospa-
tial input data include digital elevation model(31) 
(DEM) (Figure 3), 1990 and 2018 Land Use / Land 
Cover (LULC) maps(20)(29) (Figure 2), and soil 
map(32) (scale 1:40,000). 
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Figure 2. Land use maps of the San Salvador 
watershed: in 1990 (on top) and 2018 (bottom). Maps 

were simplified by Hastings and others(20) and Petraglia 
and others(29), respectively 

 

Table 1. Area (km2) of land use (LU) classes in 1990 
and 2018 in the San Salvador watershed. LU classes 

were simplified by Hastings and others(20) and Petraglia 
and others(29), respectively 

Class LU 1990 % LU 2018 % 

Native grassland 1,358 56.9% 749 31.0% 

Rain-fed cropland 953 39.8% 1495 62.0% 

Native forest 57 2.4% 57 2.4% 

Production forest  12 0.5% 78 3.2% 

Urban area  10 0.4% 5 0.2% 

Irrigated cropland --- --- 28 1.2% 

 

 

 

 

Figure 3. Elevation digital model(31), rain gauge 
stations(33), and meteorological station(34) 

According to the soil map, there are 37 units in the 
watershed. The predominant soil type is Vertic Ar-
giudoll (90%), which has high natural fertility and ag-
ricultural productivity in Uruguay. At SWAT, soil 
data are divided into physical and chemical charac-
teristics. For the physical characteristics, the data 
are sourced from soil profiles linked to each map 
unit(32) or computed using the Soil-Plant-Air-Water 
(SPAW) model(35). The soil units were classified into 
hydrological groups (HG) using the methodology 
proposed in the documentation of SWAT(30) and val-
idated with the work of Durán(36) with very good 
agreement. The results show that HG classes D and 
C are predominant in the basin, with 70% and 21%, 
respectively (Figure 4). Regarding chemical charac-
teristics, the contents of total nitrogen (TN) and Bray 
I phosphorus are reported for the soil profiles asso-
ciated with each map unit. Nitrogen content was as-
sumed to be 98% organic and 2% inorganic(37); total 
phosphorus (TP) content was determined by a re-
gression based on clay content and assumed to be 
50% organic and 50% inorganic(38). 

 

 

Figure 4. Hydrologic groups estimated from Soil Map, 
esc.: 1:40.000(32) 

 

Daily precipitation data from 1987 to 2021 are from 
14 rain gauging stations(25)(33) in and around the wa-
tershed. Daily weather data (minimum and maxi-
mum air temperature, wind speed, relative humidity, 
and solar radiation) from 1987 to 2021 were rec-
orded from the nearest meteorological station(34). 
Figure 3 shows the location of the meteorological 
station and rain gauges. As the weather conditions 
within each sub-basin are homogeneous, the daily 
mean areal precipitation was calculated for each 
sub-basin using the inverse distance weighting 
method(39) and then employed as input data for 
SWAT. 

In the watershed, there is a single gauging station 
situated at Paso Ramos (outlet of sub-basin 12, Fig-
ure 5) (58° 09' 49" W, 33° 33' 15" S), which pertain 
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to the National Water Directorate of the Ministry of 
Environment (DINAGUA-MA)(40). Water levels at 
this station were manually recorded from 1985 to 
2006, and discharges were computed using a rating 
curve. Although data is available until 2006, accord-
ing to DINAGUA, only measurements up to 2000 
are considered reliable. Rating curves are utilized to 
compute flow time series from water levels. These 
curves are derived empirically through field meas-
urements and can introduce notable uncertainties 
that impact the calibration procedure of the hydro-
logical model(41). According to the station data qual-
ity analysis(42), the error is 33% for low flows (1.4 - 
6.8 m3/s) and 20% for medium flows (6.8 - 86 m3/s). 
The peak and low flows (86 - 2000 m3/s, and 0 - 1.4 
m3/s, respectively) are ranges that were not rec-
orded, so they were extrapolated from the rating 
curve and are subject to bigger uncertainties. 

There are ten water quality stations in the water-
shed, seven along the San Salvador River that have 
been in operation since 2014, and four stations on 
tributaries that have been in operation since 2019 
(Figure 5). The station designated SS50 is in Paso 
Ramos, where the stream flow station is. Monitoring 
has been conducted once every two months by 
State Sanitary Works Administration (OSE) and Na-
tional Directorate for Quality and Environmental As-
sessment of the Ministry of Environment (DINA-
CEA-MA) since 2016 and at a lower frequency since 
2014. In addition, five campaigns were carried out 
in 2020-2021 as part of the INNOVAGRO project(39). 
For this study, of the 44 parameters analyzed regu-
larly, TN, TP, and total suspended solids (TSS) are 
considered. Table S8 shows the number of samples 
and the mean, minimum and maximum values 
measured for TN, TP, and SST. 

Point sources of pollution are domestic sewage in 
the city of Dolores and intensive livestock produc-
tion (fattening farms and dairies). Dolores has a to-
tal population of 19,135 and discharges its domestic 
wastewater directly into the San Salvador River. Nu-
trient loads from domestic sewage are estimated 
using population size and bibliographic coeffi-
cients(43). Nutrient load from fattening farms and 
dairies is calculated using the estimated number of 
cattle in each sub-basin(44) and the calculations pro-
posed by DINAMA(45). According to the National 
Livestock Information System and the Livestock 
Comptroller´s Division of the Ministry of Livestock, 
Agriculture, and Fisheries (SNIG and DICOSE-
MGAP)(44), the stock of cattle in fattening farms and 
dairies in the study area in 2018 was 12,595 and 
6,646 cattle units, respectively. 

Another direct source of nutrients is the free access 
of cattle to watercourses. In Uruguay, this is a com-
mon management practice related to grazing on na-
tive grasslands and seeded pastures(46). In the ab-
sence of information on the proportion of the area 
where this practice is applied and the proportion of 
manure directly deposited by cattle, it is assumed 
that 5% of cattle manure directly enters water-
courses. According to SNIG and DICOSE(44), the 
stock of cattle grazing native grasslands and 
seeded pastures in the study area in 2018 was 
58,972 and 3,905 cattle units, respectively. 

SWAT includes scheduled management practices 
such as crop rotation, planting, harvesting, irriga-
tion, fertilization, and tillage. Crop rotations for 1990 
are based on information from the 1990 General 
Census of Agriculture, where two rotations of crop-
ping with grazing combined with livestock are con-
sidered (Table S2). For 2018, rotations are based 
on interviews with technicians of the General Direc-
torate of Natural Resources of the MGAP (DGRN-
MGAP), where four rotations of continuous cropping 
and one rotation of cropping with grazing combined 
with livestock are considered (Table S3). Addition-
ally, Table S4 shows the cropping cycle and annual 
fertilizer rates. 

The reference data for erosion rates were provided 
by DGRN and correspond to the annual averages 
obtained for Uruguay during 2000-2020 using the 
Revised Universal Soil Loss Equation (RUSLE)(47). 

2.3 Model description and set up 

The Soil & Water Assessment Tool (SWAT) is a 
model for predicting the effects of land use, land 
management, and climate change on water re-
sources(11). It is widely used to assess nutrient load-
ing and soil erosion in agricultural basins. The 
model allows the simulation of various biophysical 
processes such as runoff, infiltration, water storage, 
routing, crop yield, sediment transport, and nutrient 
cycling. The version of the model used is SWAT 
2012, including SWAT Editor (2020 Revision 681) 
and QSWAT interface (version 1.9), available for 
QGIS (version 2.6.1). 

Geospatial data were processed using QGIS (ver-
sion 3.16.11), converting maps to raster format and 
projecting to the WGS 84 / UTM Zone 21S coordi-
nate reference system. Thirteen sub-basins were 
delineated using the QSWAT interface, considering 
that outlets coincide with hydrometric and water 
quality stations (Figure 5). The sub-basins range 
from 47 to 341 km2; sub-basins 4 and 11 were also 
delineated to subdivide a large one. 
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Figure 5. Monitoring stations (DINAGUA and 
DINACEA-MA) and SWAT sub-basins 

 

Due to the lack of accompanying observations on 
stream flow (1988-2006) and water quality (2014 to 
present), two models based on LULC and crop ro-
tations from 1990 and 2018 were implemented; the 
first model was used to calibrate stream flow and 
the second model was used to verify water quality. 
The Split Land Use tool of SWAT was used to divide 
the rain-fed cropland, considering the main crop ro-
tations and their relative extension(Table S2 and 
Table S3): two rotations for 1990 and five for 2018. 

Hydrological response units (HRUs) are the basic 
computational unit of the model, and the number of 
HRUs depends on the heterogeneity of the input 
maps and the number of sub-basins. Given the 
computational limitations, it was necessary to re-
duce the initial number of HRUs. SWAT allows the 
application of filters based on the proportion of land 
use, soil, and slope to reduce the number of HRUs, 
but simulated water quality is sensitive to infor-
mation loss(48). Following the recommendations of 
Her and others(48), we simplified the input maps to 
reduce the number of HRUs rather than applying fil-
ters. In this sense, we (1) reduced the original reso-
lution of the maps (Table S1) resulting in a pixel size 
of 120×120 m; (2) simplified the LULC maps, elimi-
nating two minor classes (water 0.15% and bare soil 
0.02%), noted that water bodies in SWAT are mod-
eled by channels (streams) and reservoirs. Note 
that the number of HRUs with agricultural land use 
increased due to the representation of crop rota-
tions, but the split allows for a detailed spatial distri-
bution of the main crop rotations. (3) Simplified the 
soil map, considering a maximum of 5 soil classes 
for each land use in each sub-basin, and reassign-
ing minority classes according to hydrologic group 
and texture. These changes reduced the number of 
HRUs to 487 and 1354 for LULC 1990 and 2018, 
respectively. 

The plant growth module of SWAT simulates bio-
mass accumulation, nutrient uptake, and yield at 
harvest(30). 

The delivery of sediment and nutrients from the soil 
to water results from weathering acting on land-
forms(30). SWAT uses the Modified Universal Soil 
Loss Equation (MUSLE)(49) to determine sediment 
yield daily: 

𝑠𝑒𝑑 = 11.8 × (𝑄𝑠𝑢𝑟𝑓 × 𝑞𝑝𝑒𝑎𝑘 × 𝑎𝑟𝑒𝑎𝐻𝑅𝑈)
0.56

× 𝐾𝑈𝑆𝐿𝐸
× 𝐶𝑈𝑆𝐿𝐸 × 𝑃𝑈𝑆𝐿𝐸 × 𝐿𝑆𝑈𝑆𝐿𝐸  

Where sed is the sediment yield on a given day 
(Mg/ha/day); Qsurf is the surface runoff volume (mm); 
qpeak is the peak runoff rate (m3/s); areaHRU is the 
area of HRU (ha); KUSLE is the soil erodibility deter-
mined from soil data; CUSLE is the cover and man-
agement factor obtained from local research (Table 
2); PUSLE is the support practice factor and is set 
equal to 1; LSUSLE is the topographic factor and is 
obtained from the slope length and average slope of 
the sub-basin (both calculated from DEM)(30). 
RUSLE predicts the mean annual erosion rate and 
involves the consideration of a sediment delivery ra-
tio for the computation of sediment yield(50). On the 
other hand, MUSLE substitutes the rainfall energy 
factor with a runoff factor, allowing the equation to 
be applied to individual storm events for the calcu-
lation of sediment yield(30). 

 

Table 2. USLE cover and management factor(51) 

Land use CUSLE 

Native grassland 0.02 

Production forest 0.006 

Cropland with pastures, no till 0.02 

Cropland, no till 0.036 

SWAT simulates the transformation and movement 

of nitrogen and phosphorus in various organic and 
inorganic pools(30). Soil N cycling has five different 
organic and inorganic pools; N transformation in-
cludes mineralization, decomposition and immobili-
zation, nitrification, denitrification, and ammonia vo-
latilization. Other N processes include plant uptake, 
biological N fixation, and NO3-N movement in the 
water. The P cycle in the soil has six different or-
ganic and inorganic pools; the transformation of P 
in soil includes mineralization, decomposition, im-
mobilization, and other processes such as plant up-
take. Nitrates and soluble P are removed from the 
topsoil layer by surface and subsurface runoff. The 
amount of organic N and P transported with sedi-
ments is a function of organic N and P in the topsoil 
layer and sediment yield. In this study, nutrient 
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yields are the total N or P loading delivered from 
HRU to stream. 

SWAT can model in-stream processes that affect 
nutrient and sediment transformation and transport 
using QUAL2E(52) algorithms. The data used for in-
stream water quality correspond to sediment and 
nutrient yields from HRUs and point sources. 

2.4 Hard and soft model calibration 

The calibration approach included hard and soft 
data(18). Discharge data from the Paso Ramos 
gauging station were used for discharge calibration 
and validation. Due to the low sampling frequency 
(every three months), water quality was soft-cali-
brated. Crop yields, sediment yields, and nutrient 
cycling were also soft-calibrated using local data. 

2.4.1 Crop soft-calibration 

In SWAT, the processes involving crops, water, and 
nutrients are interconnected. The initial stage of 
model calibration focused on a soft calibration of 
crop growth. This calibration approach results in im-
proved water and nutrient budgets compared to tra-
ditional approaches (without crop calibration)(53). 

The model was soft-calibrated by comparing the an-
nual average of simulated to observed (Uruguayan 
Federation of Crea Groups, FUCREA and Uruguay 
United Irrigators Association, RUU) crop yields for 
soybeans, corn, winter wheat, and barley. For na-
tive grasslands, native forests, and production for-
ests, biomass was compared using available data 
(Table S1). 

2.4.2 Flow calibration and validation 

The steps to calibrate the flow discharge were: 
(1) performing a sensitivity analysis using extended 
Fourier amplitude sensitivity testing (eFAST)(54), af-
ter which the parameters with the highest sensitivity 
index for calibration were selected (the indices are 
calculated as the ratio of each partial variance to 
variance of the model output); (2) performing sev-
eral calibration tests, including two methods for cal-
culating evapotranspiration (Penman-Monteith and 
Hargreaves), two methods for stream flow routing 
(variable storage and Muskingum), and two algo-
rithms for calibration (Sequential Uncertainty Fitting, 
SUFI2(55), and Particle Swarm Optimization, 
PSO(56)), with one option selected after the tests; (3) 
based on the initial calibration results, the base flow 
was manually adjusted varying the groundwater pa-
rameters; (4) with the groundwater parameters 
fixed, the surface runoff parameters were cali-
brated; (5) the flow validation was performed.  

The parameters included in eFAST analysis were 
selected based on the literature(57-58). A brief de-
scription of each parameter, the process in which it 
is involved, the default values in the model, and the 
range of values considered are shown in Table S7. 
In addition, some parameters were divided into two 
groups according to the land use: (A) native grass-
land, rainfed agriculture, and rainfed agriculture with 
pasture; (B) production forest and native forest. 

Discharge was calibrated for 1990-1998 and vali-
dated for 1999-2000 with a daily time step, and a 
three-year warm-up period 1987-1989 was used to 
stabilize the model's initial conditions. The SWATrunR 
package(59) in R was used to perform sensitivity 
analysis, calibration, and validation. Nash-Sutcliffe 
efficiency (NSE)(60) was used as the objective func-
tion for model simulation optimization. Additionally, 
percent bias (PBIAS) and Kling-Gupta efficiency 
(KGE)(61) were calculated to evaluate model perfor-
mance. NSE determines the relative magnitude of re-
sidual variance compared to measured data vari-
ance and has its optimum at 1(62). PBIAS indicates 
the average tendency of the simulated data to be 
larger or smaller than the observed data; its optimal 
value is 0, and positive or negative values of PBIAS 
indicate bias as underestimation or overestimation, 
respectively(62). Stream flow simulation can be con-
sidered satisfactory if NSE > 0.50 and PBIAS is in 
the range [-15%, 25%](62). KGE is a combination of 
the correlation coefficient, bias ratio, and variability 
ratio that allows optimization based on multiple cri-
teria; its optimum is 1, and values in the range [-
0.41, 1] can be considered satisfactory perfor-
mance(63). 

2.4.3 Sediment yield verification 

For verification, the 2000-2020 annual average of 
simulated sediment yield was compared to the ero-
sion rates provided by DGRN. 

2.4.4 Phosphorus and nitrogen yields verification 

Nutrient yields were soft-calibrated by comparing 
the annual average of simulated values with values 
from a literature review commonly used in Uru-
guay(64). Additionally, the P index(65) soft data was 
recently estimated in Uruguay to assess the risk of 
P delivery from agricultural lands to surface waters. 
The values of P index were also compared to annual 
average of simulated nutrient yields. 

2.4.5 Water quality verification 

A global sensitivity analysis was conducted using 
eFAST, and the most sensitive parameters were ad-
justed. The goal of this soft-calibration was to align 
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the average observed TN and TP values with those 
from a subset of simulations. To make a more accu-
rate comparison, as the sampling is once every two 
months but simulations are daily, a subset of twenty-
one days centered around the sampling day was 
employed instead of considering the entire set of 
simulations. For this analysis, the SWATrunR pack-
age(49) in R was employed, utilizing the PSO algo-
rithm to enhance the optimization of water quality 
simulations. 

2.5 Analysis of nutrient delivery and transport 

The approach of duration curve from US Environ-
mental Protection Agency (US EPA)(66) was used to 
analyze nutrient delivery and transport in the San 
Salvador watershed. This approach allows the char-
acterization of water quality data under different flow 
regimes. It can be used as a diagnostic tool to de-
termine the magnitude and frequency of exceed-
ances of water quality standards under all flow re-
gimes. 

The discharge duration curve relates daily dis-
charge values to the percentage of the time those 
values were equaled or exceeded. Five hydrologic 
condition zones are distinguished: high flows (0-
10%), moist conditions (10-40%), mid-range flows 
(40-60%), dry conditions (60-90%), and low flows 
(90-100%). 

In this study, load-duration curves were generated 
by multiplying simulated flow by water quality con-
centrations. Analysis was performed for TN and TP. 
The curve compares three loads: observed, simu-
lated, and targeted(67) during 2014-2021 in Paso Ra-
mos (sub-basin 12). Targeted load refers to the al-
lowable, considering the concentration levels spec-
ified in the local water quality guidelines(67). Further, 
a source-duration curve was created to determine 
the contributions from the different sources to the 
nutrient load, using daily cumulative nutrient yields 
and point source loading up to Paso Ramos. It is 
worth noting that the observed load was calculated 
with simulated flow data since the observed flow is 
unavailable for this period. As previously discussed 
(Section 2.2), the zones of high and low flow have 
greater uncertainty; this uncertainty extends to the 
load curves within these specific zones. 

A fundamental premise of this approach is the cor-
relation of nutrient sources and water quality with 
flow conditions. These curves link water quality im-
pairments to major sources. However, they do not 
account for processes such as sedimentation, plant 
uptake, or chemical transformations. 

 

3. Results and discussion 

3.1 Hard and soft model calibration 

3.1.1 Crop soft-calibration 

Soft-calibrated parameters and fitted values are 
summarised in Table S5 and Table S6. Table 3 
shows the average annual yield and biomass for ob-
served and simulated data. After stream flow cali-
bration, biomass and yield differed slightly; the re-
sults presented are the final values. However, this 
was the first step in calibrating the model because 
plant growth, especially perennial plants, was poorly 
represented. Since the difference between simu-
lated and observed annual averages was less than 
20%, we assumed good agreement between simu-
lated and observed data. 

 

Table 3. Crop yield and plant biomass soft-calibration 
results 2010–2021 

Plant Observed Simulated () 

Yields (kg/ha) 
  

 

Corn 1st  6,133 6,938 13% 

Corn 1st irrigated 11,060 11,591 5% 

Soybean 1st 2,625 2,794 6% 

Soybean 2nd 2,159 2,552 18% 

Soybean 1st irrigated 4,052 3,814 -6% 

Winter Wheat 3,805 3,728 -2% 

Barley 3,737 3,395 -9% 

Biomass (kg/ha) 
  

 

Native grasses 5,031 4,175 -17% 

Pasture 6,600 6,179 -6% 

Native forest 122,000 103,000 -16% 

Production forest 240,000 228,000 -5% 

 

3.1.2 Flow calibration and validation 

Five steps are involved in the flow calibration and 
validation process (section 2.3). The first step was 
the sensitivity analysis performed using eFAST(57-

58). According to the analysis, the most sensitive pa-
rameter was CN2(A), with a sensitivity index of 0.55, 
while the index for the other parameters was less 
than 0.06 (Figure 6). The ten parameters with the 
highest sensitivity were considered for flow calibra-
tion: CN2(A), ALPHA_BF, CH_N2, ESCO_A, 
CH_L2, GWQMN, SOL_AWC, SLSUBBSN, 
OV_N_A, CH _S2. 
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Figure 6. Results of the flow sensitivity analysis 

 

Some calibration tests were performed with two 
methods for evapotranspiration calculation, two 
methods for flow routing, and two algorithms for cal-
ibration. The configurations tested did not signifi-
cantly improve the results as NS, PBIAS, and KGE 
that varied from 0.51 to 0.55, -14% to -19%, and 
0.47 to 0.52, respectively. The selected configura-
tion includes the Penman-Monteith and Variable 
Storage methods for calculating evapotranspiration 
and flow routing, respectively. The PSO algorithm 
was chosen because it has the highest NS and ac-
ceptable PBIAS and KGE. Based on the initial cali-
bration results, groundwater flow was adjusted 
manually by varying the parameters ALPHA_BF 
and GW_DELAY, with GW_DELAY included be-
cause it appeared sensitive. Once fixed the ground-
water parameters, the surface runoff was automati-
cally calibrated by the PSO algorithm; the resulting 
parameters are listed in Table 5. Afterward, the flow 
validation was performed.  

Table 4 shows the performance results of the cali-
bration and validation, and Figure 7 shows the flow 
duration curves, simulated and observed (1990-
2000). According to Moriasi and others(62), the per-
formance of the calibration was satisfactory. In the 
validation period, NSE decreased to an unsatisfac-
tory level, and KGE and PBIAS remained satisfac-
tory. Therefore, the hydrologic submodel perfor-
mance is considered adequate, according to the 
available data. The guidelines for quantification of 
accuracy(62) suggest a comparison metric for the 
simulations. However, it is important to note that the 
guidelines do not consider the uncertainty of climate 
forcing(68) and/or hypothetical scenarios(69). To ac-
count and adjust for different sources of errors in the 

hydrological model output, error models could be 
used(70). 

3.1.3 Sediment yield verification 

Table 6 compares the reference erosion rate for 
each land use with the average annual sediment 
yield for 2000-2020. The simulated averages are of 
the same order of magnitude as the reference val-
ues. Moreover, they are generally within the refer-
ence range, except for agriculture, where the simu-
lated value is slightly higher. Additionally, Table S9 
presents sediment yield mean values (2014-2021) 
per sub-basin and land use category. 

 

Table 4. The SWAT model performance metrics during 
the calibration and validation of daily stream flow 

 
NS KGE PBIAS 

Calibration 0.55 0.47 -9 

Validation 0.37 0.5 -12.5 

 

 

 

Figure 7. Flow duration curves, simulated and 
observed, 1990-2000 

 

 

Table 5. The most sensitive parameters and the 
adjusted values after flow calibration 

Parameter Table Unit Change Final 

CN2 (A) mgt --- Relative 8.5% 

ALPHA_BF gw 1/day Absolute 0.85 

CH_N2 rte --- Absolute 0.03 

ESCO hru --- Absolute 0.87 

CH_L2 rte km Relative -13.1% 

GW_DELAY gw days Absolute 70.37 

SOL_AWC sol 
mmH2O/
mm soil 

Relative 64.0% 

SLSUBBSN hru m Relative 75.1% 

OV_N hru --- Relative -22.2% 

CH_S2 rte m/m Relative 41.4% 
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Table 6. Mean sediment yield simulated with SWAT 
and erosion rates reported by DGRN, standard 

deviations are enclosed within parenthesis, 2010-2020 

Land use 
Erosion rate 

DGRN 
(Mg/ha/yr) 

Sediment yield 
SWAT 

(Mg/ha/yr) 

Irrigated cropland --- 4.29 (2.55) 

Rainfed cropland 2.74 (1.57) 4.34 (2.56) 
Rainfed cropland 
with pastures 

--- 
2.13 (1.35) 

Production forest 0.89 (0.5) 0.43 (0.32) 

Native forest 0.99 (0.86) 0.19 (0.14) 

Native grassland 1.86 (1.49) 2.49 (1.42) 

 

3.1.4 Phosphorus and nitrogen yield verification 

Table 7 presents the average annual yields of TN 
and TP in 2014-2021, along with corresponding bib-
liographic references(64) for each land use category. 
Additionally, Table S9 presents TN and TP mean 
values per sub-basin and land use category. The 
simulated averages are in the same range as the 
reference values, except for production and native 
forests, where the simulations show lower TN 
yields. Additionally, the P-index (2014-2018) holds 
a slightly higher value compared to the simulated 
average TP. However, it is worth noting that the P-
index was calculated over different periods and for 
the entire Uruguay. 

 

Table 7. Simulated (2014-2021) mean and standard 
deviation of yields from Total Nitrogen (NT) and Total 
Phosphorus (kg/ha/year), soft data from the scientific 

literature (min.-max.)(64), and P index(65) 

Land use Bibliography 
Sim. 
mean 

Sim. 
sd 

 

NT (kg/ha/yr)     

Irrigated cropland --- 17.25 8.75  

Rain-fed cropland 15.4 (3.2-47.7) 12.96 6.47  

Cropland with graz-
ing 

7.0 (1.5-21.1) 
9.78 3.82  

Production forest 1.9 (0.8-3.7) 0.25 0.14  

Native forest 0.4 0.02 0.01  

Native grassland 1.3 (0.4-3.3) 2.26 0.93  

PT (kg/ha/yr)    PIndex 

Irrigated cropland --- 2.93 1.34  

Rain-fed cropland 4.11 (0.32-16.71) 2.54 1.15 3.46 

Cropland with graz-
ing 

1.79 (0.15-7.06) 
2.7 0.98  

Production forest 0.29 (0.03-0.65) 0.18 0.11 1.79 

Native forest 0.01 0.08 0.05  

Native grassland 0.24 (0.03-0.62) 1.14 0.48 2.35 

 

3.1.5 Water quality verification 

Table 8 presents the most sensitive parameters and 
the adjusted values after water quality calibration. 
Figure 8 shows box plots comparing the simulated 
and observed concentrations of TN and TP. The 
simulated values upstream (small sub-basin exten-
sion) overestimated the concentrations of TN and 
TP. However, the concentrations at stations SS40 
to SS70 show good agreement (see location of sta-
tions in Figure 5). 

 

Table 8. The most sensitive parameters and the 
adjusted values after water quality calibration 

Parameter Table Unit Final Description 

SPCON rte --- 0.000
2 

Linear parameter 
for calculating the 
maximum amount 
of sediment that 
can be reentrained 
during channel 
sediment routing. 

ERORGP hru --- 0.638 Organic P 
enrichment ratio for 
loading with 
sediment. 

P_UPDIS bsn --- 13.34
4 

Phosphorus uptake 
distribution 
parameter. 

NPERCO bsn --- 0.000 
1335 

Nitrogen 
percolation 
coefficient. 

BIOMIX mgt --- 0.2 Biological mixing 
efficiency. 

ERORGN hru --- 3.267 Organic N 
enrichment ratio for 
loading with 
sediment. 

 

 

Figure 8. Simulated and observed concentrations of 
Total Nitrogen (NT) and Total Phosphorus (TP) (mg/L), 
2014-2021. The orange numbers represent the number 

of observations at each monitoring station 
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3.2 Analysis of nutrient delivery and transport 

Load-duration curves for the 2014-2021 period in 
Paso Ramos (sub-basin 12) were generated for TN 
and TP (Figure 9 and Figure 10). Overall, there is a 
good agreement between observed and simulated 
nutrient loads (Figure 9 and Figure 10, Part C). 
However, under dry and low-flow conditions, the 
simulation overestimates the loads. As shown, the 
pattern of nutrient impairment occurs under all flow 
conditions as the observed and simulated nutrient 
loads exceed the target loads(67). It is worth noting 
that the load results in zones of high and low flow 
exhibit higher uncertainty, as discussed in Sec-
tion 2.5. 

The source-duration curves (Figure 9 and Figure 
10) (Part A) and their relative contribution by source 
and hydrologic zone (Part B) showed that, between 
mid-range and low flows, the main loads come from 
direct livestock excreta into water bodies and point 
sources from feedlots and dairies. In addition, under 
wet and high-flow conditions, diffuse sources asso-
ciated with land use mainly affect water quality. 

 

 

 
Figure 9. Total Nitrogen (TN) loads from 2014 to 2021 in 

Paso Ramos. (A) Load duration curve showing 
contributions from various sources; in this case, loads 

include cumulative yields from TN and point source loads 
in Paso Ramos. (B) Relative contribution of sources by 
hydrologic zone. (C) Load duration curves comparing 

observed and simulated data to the target curve 

 

 
Figure 10. Total Phosphorus (TP) loads from 2014 to 2021 

in Paso Ramos. (A) Load duration curve showing 
contributions from various sources; in this case, loads 

include cumulative yields from TP and point source loads 
in Paso Ramos. (B) Relative contribution of sources by 
hydrologic zone. (C) Load duration curves comparing 

observed and simulated data to the target 

 

For moist to high-flow conditions, the major source 
is diffuse loading associated with land use. The nu-
trient diffuse contribution is about 98% and 73% for 
high and moist conditions, respectively. Within the 
diffuse loadings, the main contributors in order of 
importance are rain-fed agriculture, agriculture with 
grazing, and natural grassland with grazing. Table 
S12 shows the proportional contribution of each 
source type by hydrologic condition zones. Moreo-
ver, within Table S9, Table S10 and Table S11, the 
average contribution of each source type per sub-
basin are presented. 

For low to mid-range flow conditions, the major 
sources of nutrients are direct excretions from cattle 
to water bodies and point sources. The direct load-
ing contribution is about 65% for TN and 51% for 
TP. Within the total direct load (TN and TP), the load 
from natural grassland is 1.7 times higher than from 
agriculture with grazing. In addition, the contribution 
from point sources is about 32% for TN and 47% for 
TP. Within point sources, the load from dairies is 
higher than from fattening farms, with a value of 1.8 
times for TN and 2.4 times for TP. 

During dry and low flow conditions, simulations 
showed an overestimation of TN and TP loads. In 
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the model, these input loads were not evaluated 
from measures but were calculated from the num-
ber of cattle, 84,849 cattle units(44) in the watershed 
in 2018. The amount of direct excretion of cattle into 
water bodies was an assumption based on the 
knowledge that this practice exists. Besides, 
wastewater discharges from fattening farms and 
dairies are assumed to be constant over time but 
may fluctuate with runoff because wastewater is 
typically stored in lagoons. Therefore, further re-
search is needed to improve information on excreta 
input loads. 

Considering all flow conditions, diffuse loading from 
cropland was the main source of nutrient loading 
(77% and 71% of total loading from TN and TP, re-
spectively, during 2014-2021). However, the load-
duration curve approach showed that diffuse load-
ing explained nutrient impairment only 40% of the 
time during high and wet flow conditions. For low to 
mid-range flow conditions (the remaining 60% of the 
time), water quality can be explained primarily by 
the contribution of direct excretions from cattle to 
water bodies and point sources (dairies and fatten-
ing farms). This characterization of nutrient budgets 
indicates that: (1) nutrient balance impairment oc-
curs under all flow conditions; (2) to achieve sus-
tainable agricultural intensification a range of con-
servation measures and best management prac-
tices (BMPs) should be implemented. Diffuse 
sources pose a significant challenge because nutri-
ents enter surface waters through various mecha-
nisms (e.g., runoff, groundwater infiltration)(1)(11)(30). 
BMPs(2)(4)(8) generally focus on source control (prac-
tices to reduce erosion) or delivery reduction (e.g. 
riparian buffers to intercept nutrients(3)). Direct load-
ing control includes measures to prevent animal ac-
cess to water bodies, restore banks, and prevent ex-
cess nutrients from entering the water. Point source 
control includes the treatment and management of 
wastewater from dairy and fattening farms(4)(8). 

 

4. Conclusions 

In this study, a model SWAT was implemented that 
can characterize water quantity and quality in the 
San Salvador watershed. The main results obtained 
with such a model can be summarized as follows: 

Calibration and validation of stream flow were suc-
cessfully performed (NSE=0.55 and 0.37, PBIAS= -
9 and -12.5, KGE=0.47, 0.5, for calibration and val-
idation, respectively). Biomass, crop, sediment, ni-
trogen and phosphorus yields, and water quality 
showed good agreement with local soft data. The 
evaluation by hard and soft calibration and with 

available knowledge and data indicates that it is 
possible to fill the data shortage and build a reliable 
model. 

The pattern of nutrient impairment occurs under all 
flow conditions as the observed and simulated nu-
trient loads exceed the target loads. Although dif-
fuse loading from cropland was the primary source 
of nutrient loading (77% and 71% of total loading 
from TN and TP, respectively, during 2014-2021), 
the loading duration curve approach showed that 
this result was present in only 40% of the time dur-
ing high and wet runoff conditions. For low to mod-
erate runoff conditions (the remaining 60% of the 
time), water quality can be explained primarily by 
the contribution of direct excretions from cattle to 
water bodies and point sources (dairies and feed-
lots). 

It is important to emphasize that the model devel-
oped in this study SWAT is suitable to represent the 
crops and land management practices typical of 
South America and the resulting sediment and nu-
trient fluxes. In addition, it represents a useful tool 
to facilitate informed decisions in the development 
of strategies to mitigate pollution impacts on receiv-
ing waters. 
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Supplementary material 

Table S1. Data description and sources 

Dataset Format Resolution Period Source 

Digital Elevation Model Raster 
0.32 m/ pixel 
resized to 120 
m/pixel 

2019 
Spatial Data Infrastructure - Agency for the Development of 
Electronic Management and the Information and Knowledge 
Society (IDE-AGESIC). 

Land Use/Cover Map Raster 
30 m/ pixel 
resized to 120 
m/pixel 

1990 Hastings and others(20) 

Land Use/Cover Map Raster 
10 m/ pixel 
resized to 120 
m/pixel 

2018 Petraglia and others(29) 

Soil Map and soil 
physical-chemical 
properties 

Shape fille 
and table 

esc.: 1:40,000 --- 
General Directorate of Natural Resources of the Ministry of 
Livestock, Agriculture, and Fisheries (DGRN-MGAP) 

Precipitation Data 
Time 
series 

Daily,  
13 stations 

1988-2021 Uruguay Meteorological Institute (INUMET) 

Meteorological Data 
Time 
series 

Daily, 
1 station 

1988-2021 National Agricultural Research Institute (INIA) 

Stream flow 
Time 
series 

Daily, 
1 station 

1990-2000 
National Water Directorate of the Ministry of Environment 
(DINAGUA-MA). 

Water Quality 
Time 
series 

Semesterly, 
11 stations 

2014-2021 
National Environmental Observatory of the Ministry of 
Environment (OAN-MA) 

Agricultural and 
irrigation management 

Table Annual --- 
Consultation with local stakeholders and the group United 
Irrigators of Uruguay 

Crop yields 
Time 
series 

Annual 2010-2021 
Uruguayan Federation of Regional Agricultural Experimentation 
(FUCREA) 

Irrigated crop yields 
Time 
series 

Annual 2010-2021 Consultation with the group United Irrigators of Uruguay. 

Grassland biomass 
Time 
series 

Annual 2010-2021 DIEA-MGAP(28) 

Production and native 
forest biomass 

Value Annual mean --- 
Consultation with technicians of the General Forestry Directorate 
of the Ministry of Livestock, Agriculture, and Fisheries (DGF-
MGAP) 

Pasture biomass Value Annual mean --- García(71) 

Sediment yields Table Mean annual 2000-2020 
General Directorate of Natural Resources of the Ministry of 
Livestock, Agriculture, and Fisheries (DGRN-MGAP) 

Nitrogen and 
phosphorus yields 

Table Mean annual 
Different 
periods 

Perdomo(64) 

 

Table S2. Crop rotations associated with Land Use of 1990 

ID Type % rainfed area 1 2 3 4 

AGRC Rainfed -grazing 14% Corn Barley Sorghum Winter wheat Pasture Pasture 

AGRP 
 

86% Pasture Winter wheat Oats Winter wheat Pasture Pasture 

AGR1, AGR2, AGR3, AGR4, and AGRP belong to rainfed agriculture with the proportions indicated in the table; AGRP includes a 
three-year grazing pasture, and AGRI represents irrigated agriculture. 

 
Table S3. Crop rotations associated with Land Use of 2018 

ID* Type 
% rainfed 

area 
1 2 3 4 5 

AGR1 

Rainfed 

37% W. wheat Soyb. 2nd Oats Soyb. 1st     

AGR2 18% Barely Soyb. 2nd W. wheat Soyb. 2nd     

AGR3 27% Oats Corn 1st Oats Soyb. 1st     

AGR4 9% W. wheat Soyb. 2nd Oats Corn 1st Oats Soyb. 1st   

AGRP 
Rainfed -
grazing 

9% Pasture Soyb. 1st Oats Soyb. 1st Pasture Pasture Pasture Pasture 

AGRI Irrigated --- Oats Soyb. 1st Oats Soyb. 1st Oats Corn 1st   

*1st and 2nd refer to the fact that a cover crop and a winter crop, respectively, were planted before this crop. 
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Table S4. Operations for the management of crops 
    

Fertilization  
(Kg/ha/season) 

Crop* Planting Harvest Irrigation Nitrogen Phosphorus 

Barley / Winter wheat 14-Jun 25-Nov No 92 46 

Corn 1st  23-Sep 20-Feb No 119 69 

Corn 2nd  10-Dec 15-May No 119 69 

Soybean 1st  12-Nov 21-Apr No 0 20 

Soybean 2nd  10-Dec 1-May No 0 20 

Corn 23-Sep 20-Feb Yes 215 79 

Soybean 12-Nov 21-Apr Yes 0 24 

Pasture** 22-Apr 11-Nov No 27 69 

*1st and 2nd refer to the fact that a cover crop and a winter crop, respectively, were planted before this crop. **The pasture has a 
duration of three years, is fertilized at planting as indicated in the table and then re-fertilized each year with 14 kg N/ha and 37 kg 

P/ha, and also receives additional organic fertilizer through grazing. 

 

 

Table S5. Parameters for soft calibration of plants. Bibliographic ranges, default values in SWAT, and final set 
parameters. Part 1 

  
Production forest Native forest Pasture Native grasses 

Parameter Definition Biblio. Defaul
t 

Final Biblio. Defaul
t 

Final Biblio. Defaul
t 

Final Biblio. Defaul
t 

Final 

BIO_E Biomass/Energy Ratio 
((kg/ha)/(MJ/m2)) 

7-75 15 75 --- 25 40 2.3-7 35 10 4-12 34 8.5 

HVSTI Harvest index 0.7 0.76 0.7 --- 0.1 0.1 0-0.6 0.9 0.9 --- 0.9 0.9 

BLAI Max leaf area index 3.5 5 3.5 --- 5 5 --- 4 4 --- 2.5 4 

CHTMX Max canopy height (m) 20 6 20 --- 5.9 6.2 --- 0.5 0.6 --- 1 0.4 

RDMX Max root depth (m) 3 3.5 3 --- 2.5 2.5 --- 2 2 --- 2 2 

T_OPT Min temp plant growth 
(°C) 

20 30 19 --- 17 17 20-
25 

25 19 --- 25 17 

T_BASE Optimal temp for plant 
growth (°C) 

7 10 6 --- 1 1 2-5 12 6 --- 12 2.5 

BN1 Fraction of N in plant at 
emergence (kg N/kg 
biomass) 

--- 0.006 0.004 --- 0.003 0.002 --- 0.06 0.025 --- 0.02 0.003 

BN2 Fraction of N in plant at 
50% maturity (kg N/kg 
biomass) 

--- 0.002 0.001 --- 0.001 5E-
04 

--- 0.023 0.013 --- 0.012 0.003 

BN3 Fraction of N in plant at 
maturity (kg N/kg biomass) 

--- 0.002 7E-
04 

--- 7E-
04 

5E-
04 

--- 0.01
3 

0.006 --- 0.005 0.001 

ALAI_MIN Minimum leaf area index 
for plant during dormant 
period (m2/m2) 

2 0.75 2 --- 2 2 --- 0 1 --- 0 1 

MAT_YR
S 

Number of years for trees 
to reach full development 
(years) 

9 50 9 --- 50 10 --- 0 0 --- 0 0 

BMX_TR
EES 

Maximum biomass for a 
forest (Mg/ha) 

260 1000 260 --- 140 127 --- 0 0 --- 0 0 
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Table S6. Parameters for soft calibration of plants. Bibliographic ranges, default values in SWAT, and final set 
parameters. Part 2 

 
Soybean 1st and 2nd  Corn 1st  Winter Wheat Spring Barley Oats 

Parameter Biblio. Default Final Final Irr. Biblio. Default Final Final Irr. Biblio. Default Final Biblio. Default Final Biblio. Default Final 

BIO_E 14-29 25 20 22 17-49 39 32 45 17-36 30 22 12-35 35 23 14-47 35 25 

HVSTI 0.3-0.5 0.31 0.35 0.35 0.45-0.47 0.5 0.45 0.45 0.35-0.43 0.4 0.4 0.4-0.5 0.54 0.4 0.4-0.7 0.42 0.42 

BLAI 6-6.5 3 6 6.5 5.7-6.5 6 5.8 6.5 7 4 6 7 4 6  4 4 

CHTMX --- 0.8 0.8 0.8 --- 2.5 2.5 2.5 --- 0.9 0.8 --- 1.2 0.8  1.5 1.25 

RDMX --- 1.7 0.75 0.75 --- 2 2 2 --- 1.3 0.8 --- 1.3 0.7  2 1 

T_OPT 27.5-28 25 27.8 27.8 34 25 30 30 8-25 18 18 24.5 25 24.5 26 15 15 

T_BASE 5-7 10 6 6 8 8 8 8 0 0 0 0 0 0 2 0 0 

 

 

Table S7. SWAT parameters considered for the flow sensitivity analysis 

Parameter Definition Process 
Filter 
LU* 

Default val-
ues 

Sensitivity 
range 

CN2.mgt 
SCS runoff curve number for mois-
ture condition II 

Surface runoff 
A 49 to 87 -20 to 15% 

B 45 to 83 -20 to 15% 

ESCO.hru  
Soil evaporation compensation fac-
tor Evapotranspiration 

A 0.95 0.3 to 1 

B 0.95 0.3 to 1 

OV_N.hru  
Manning's "n" value for overland flow 

Surface runoff 
A 0.15 and 0.3 -90 to 500% 

B 0.1 and 0.14 -90 to 500% 

HRU_SLP.hru 
Average slope steepness (m/m) 

Surface runoff 
--- 0.0001 to 

0.1007 
-30 to 30% 

SLSUBBSN.hru 
Average slope length (m) Concentration time, 

sediment erosion 
--- 61, 91, 122 -70% to 200% 

CANMX.hru 

Maximum canopy index (mm) 

Evapotranspiration 

A 1.5 1 to 3 

B 3.5 3 to 8 

ALPHA_BF.gw  
Base flow recession factor (1/day) 

Groundwater 
--- 0.1 0 to 1 

GW_DELAY.gw 
Groundwater delay (days) 

Groundwater 
--- 31 0 to 300 

GW_REVAP.gw  
Groundwater ‘revap’ coefficient 

Groundwater 
--- 0.02 0.02 to 0.2 

GWQMN.gw  
Threshold depth of water in shallow 
aquifer for return flow to occur (mm) 

Groundwater 
--- 1000 100 to 5000 

REVAPMN.gw 
Threshold depth of water in the shal-
low aquifer for ‘revap’ (mm) 

Groundwater 
--- 750 100 to 1000 

RCHRG_DP.gw 
Groundwater recharge to deep aqui-
fer (fraction) 

Groundwater 
--- 0.02 0 to 0.15 

SOL_AWC.sol 
Available water capacity of the soil 
layer (mm/mm soil) 

Soil water 
--- 0.08 to 0.19 0 to 300% 

SURLAG.bsn Surface runoff lag coefficient Surface runoff --- 4 0 to 72 

CH_N2.rte  Manning coefficient for channel Routing --- 0.05 0.015 to 0.150 

CH_L2.rte Length of main channel (km) Routing --- 8 to 59 -50 to 100% 

CH_S2.rte 
Average slope of main channel 
(m/m) 

Routing 
--- 0.0006 to 

0.0021 
-50 to 100% 

CH_K2.rte 
Effective hydraulic conductivity in 
main channel alluvium (mm/h) 

Routing 
--- 6 0.0001 to 25 
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Table S8. Observed water quality, 2014-2021. #: quantity of samples 

  TP (mg/L) TN (mg/L) TSS (mg/L) 
Station Start # Prom. Max. Min. # Prom. Max. Min. # Prom. Max. Min. 

SS10 May-14 38 0.20 0.59 0.04 18 1.5 3.8 0.3 40 17 210 3 
SS20 May-14 36 0.32 0.80 0.08 18 1.6 4.7 0.8 40 20 110 3 
SS30 May-14 35 0.35 0.73 0.13 17 1.4 2.0 0.7 39 16 97 3 
SS40 May-14 38 0.36 0.63 0.15 19 1.6 2.8 0.8 39 18 84 4 
SS50 May-14 38 0.39 1.40 0.13 18 2.7 16.0 1.0 40 36 670 5 
SS60 May-14 36 0.37 0.77 0.13 19 1.8 3.5 0.8 40 19 160 3 
SS70 May-14 36 0.39 0.78 0.17 20 1.8 3.5 1.0 40 20 130 3 
AG100 May-19 13 0.42 1.19 0.11 2 3.1 4.2 1.9 14 14 50 4 
MA90 May-19 14 0.41 0.71 0.13 1 4.0 4.0 4.0 14 19 73 5 
MG110 May-19 13 0.22 0.57 0.05 2 3.6 6.1 1.1 14 15 84 3 
SMA80 May-19 14 0.31 0.62 0.10 2 2.1 3.3 0.9 14 12 66 3 

 

Table S9. Simulated (2014-2021) mean and standard deviation of yields from Sediments (SYLD), Total Nitrogen (TN) 
and Total Phosphorus (TP), for each sub-basin and land use category 

 
Sub-basin 

Land use 1 2 3 4 5 6 7 8 9 10 11 12 13 

SYLD (ton/ha/yr) 
             

Irrigated cropland 1.43 --- 3.66 4.35 --- 2.74 2.86 --- 2.99 1.56 3.26 2.18 3.94 

Rain-fed cropland 2.14 1.82 2.65 2.06 2.05 2.96 2.45 2.96 2.66 2.37 2.63 2.72 2.28 

Cropland with 
grazing 

2 2.2 2.35 2.43 2.05 3.7 2.3 3.52 2.74 3.1 2.25 3.29 2.21 

Production forest --- --- 0.15 0.14 --- 0.29 0.28 0.29 0.06 0.13 --- --- 0.16 

Native forest 0.03 0.03 0.04 0.03 --- 0.15 0.11 0.16 0.04 0.12 0.11 0.04 0.04 

Native grassland 0.66 0.66 0.81 0.59 0.95 1.54 1.07 1.62 1.03 1.06 1.31 1.01 0.85 

Urban area --- 2.6 --- --- --- --- --- 1.06 --- --- --- --- 2.25 

TP exported (kg/ha/yr) 
            

Irrigated cropland 1.43 --- 3.66 4.35 --- 2.74 2.86 --- 2.99 1.56 3.26 2.18 3.94 

Rain-fed cropland 2.14 1.82 2.65 2.06 2.05 2.96 2.45 2.96 2.66 2.37 2.63 2.72 2.28 

Cropland with 
grazing 

2 2.2 2.35 2.43 2.05 3.7 2.3 3.52 2.74 3.1 2.25 3.29 2.21 

Production forest --- --- 0.15 0.14 --- 0.29 0.28 0.29 0.06 0.13 --- --- 0.16 

Native forest 0.03 0.03 0.04 0.03 --- 0.15 0.11 0.16 0.04 0.12 0.11 0.04 0.04 

Native grassland 0.66 0.66 0.81 0.59 0.95 1.54 1.07 1.62 1.03 1.06 1.31 1.01 0.85 

Urban area --- 2.6 --- --- --- --- --- 1.06 --- --- --- --- 2.25 

TN exported (kg/ha/yr) 
            

Irrigated cropland 9.1 --- 21.5 22.7 --- 16.1 18.2 --- 19.2 8.5 19.9 11.7 23.7 

Rain-fed cropland 11.6 9.4 13.9 10.4 11.1 15.5 12.8 13.7 14.7 11.4 14 13.4 12.1 

Cropland with 
grazing 

7.2 8.3 8.8 9 6.2 14.6 7.6 12.5 9.6 11.3 7.9 12.6 8 

Production forest --- --- 0.2 0.2 --- 0.4 0.5 0.4 0.1 0.2 --- --- 0.1 

Native forest 0 0 0 0 --- 0 0 0.1 0 0 0 0 0 

Native grassland 1.3 1.1 1.6 1 1.6 3.2 2.1 3.2 2.1 2.1 2.6 2.2 1.8 

Urban area --- 0.5 --- --- --- --- --- 7 --- --- --- --- 6.5 

Area (ha) 
             

Irrigated cropland 85 --- 619 30 --- 439 338 --- 72 1 293 747 200 

Rain-fed cropland 7111 3128 16954 9942 3924 9856 19694 16454 1684 9262 14536 14864 8154 

Cropland with 
grazing 

703 309 1677 983 388 975 1948 1627 166 916 1438 1470 806 

Production forest --- --- 3607 876 --- 849 436 838 589 566 --- --- 1 

Native forest 322 346 604 587 --- 272 421 371 251 725 863 681 284 

Native grassland 1976 535 8252 6885 1567 8038 11296 12701 1956 8533 8523 3382 1296 

Urban area --- 529 --- --- --- --- --- 1 --- --- --- --- 1 
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Table S10. Point sources of nutrients, annual mean loads of total nitrogen (TN) and total phosphorus (TP) 

 Sub-basin 

Land use 1 2 3 4 5 6 7 8 9 10 11 12 13 

TP (ton/yr)              

Domestic sewage 0.00 3.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Dairies 0.96 0.24 1.82 0.78 1.38 2.47 3.52 6.67 0.08 0.31 0.44 1.42 0.80 

Fattening farms 0.51 0.18 1.11 1.02 0.00 0.22 1.65 0.46 0.10 0.41 0.65 1.27 0.20 

TN (ton/yr)              

Domestic sewage 0.0 42.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Dairies 3.7 1.0 6.8 3.3 5.3 9.6 13.9 25.6 0.4 1.5 2.3 5.2 2.9 

Fattening farms 2.6 1.0 5.7 5.3 0.0 1.2 8.5 2.4 0.5 2.1 3.3 6.5 1.0 

 

 

Table S11. Direct sources of nutrients (from unrestricted cattle access to watercourses), annual mean loads of total 
nitrogen (TN) and total phosphorus (TP) 

 Sub-basin 

Land use 1 2 3 4 5 6 7 8 9 10 11 12 13 

TP (ton/yr)              

Native grassland 0.51 0.14 2.13 1.78 0.40 2.08 2.92 3.28 0.51 2.20 2.20 0.87 0.33 

Cropland with graz-
ing 

0.67 0.30 1.61 0.94 0.37 0.93 1.87 1.56 0.16 0.88 1.38 1.41 0.77 

TN (ton/yr)              

Native grassland 4.0 1.1 16.8 14.0 3.2 16.4 23.0 25.9 4.0 17.4 17.4 6.9 2.6 

Cropland with graz-
ing 

5.3 2.3 12.7 7.4 2.9 7.4 14.7 12.3 1.3 6.9 10.9 11.1 6.1 

 

 

Table S12. Proportional contribution of each source to nutrient loading by flow condition, 2014-2021 

Source 
type 

Flow condition  
source 

TN (%) TP (%) 

High Moist 
Mid-

range 
Dry Low High Moist 

Mid-
range 

Dry Low 

Diffuse Rain-fed cropland 80.6% 59.8% 4.2% 0.6% 0.1% 69.1% 58.5% 2.4% 0.1% 0.0%  
Native grasslands 8.7% 4.7% 2.8% 0.6% 0.1% 19.9% 10.0% 0.3% 0.0% 0.0%  
Cropland with grassland 6.2% 3.8% 0.4% 0.1% 0.1% 7.5% 5.3% 0.1% 0.0% 0.0%  
Irrigated cropland 2.2% 1.8% 0.1% 0.0% 0.0% 1.7% 1.5% 0.1% 0.0% 0.0%  
Other land uses 0.3% 0.0% 0.0% 0.1% 0.0% 0.5% 0.1% 0.0% 0.0% 0.0% 

Direct Grazing on native grass-
lands 

0.9% 12.7% 38.6% 41.0% 41.7% 0.5% 8.2% 31.8% 32.4% 32.3% 
 

Grazing on cropland 0.5% 7.6% 23.8% 25.0% 25.0% 0.3% 4.9% 19.5% 19.8% 19.4% 

Point Dairies 0.4% 6.3% 19.7% 21.0% 21.2% 0.5% 8.3% 32.7% 33.7% 34.3%  
Fattening farms 0.2% 3.3% 10.4% 11.6% 11.8% 0.2% 3.3% 13.1% 14.0% 14.0% 

 


