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Abstract

This study describes the challenges and solutions encountered when developing a high-
resolution, process-based hydrological model of the Adige River Lowland Basin (ARLB), a
flat, intensively managed agricultural region in northeastern Italy. The model was based
on the Soil and Water Assessment Tool (SWAT) and simulates streamflow and nutrient
dynamics. Using detailed local hydrological, agricultural, and point-source data, the model
robustly reproduces current conditions and projects future scenarios under climate change.
Streamflow calibration demonstrated strong performance (NSE up to 0.76), with simulated
monthly average discharge (192 m3/s) closely matching observed values (218 m3/s) and
capturing intra- and inter-annual variability. Nutrient simulations also aligned well with
observations. Total nitrogen (TN) concentrations averaged 1.08 mg/L versus 1.09 mg/L
observed. Spatial TN loads were satisfactorily predicted across the subbasins, without
additional nutrient calibration to prevent overfitting. Spatial analysis revealed that point
sources, notably wastewater treatment plants (WWTPs) along the main river, contribute
approximately 65% of the total nitrogen loads, while diffuse agricultural runoff (though
secondary in load magnitude) is concentrated in the northern subbasins and is sensitive
to climate variability. Climate change projections under 2 °C and 3 °C warming scenarios
indicate increases in TN loadings by about 150 and 300 t/y, respectively. Phosphorus
loadings exhibited weaker and more variable responses to warming than TN, reflecting
model and scenario uncertainties. Overall, this work demonstrates the capability of the
proposed modeling approach, based on high-resolution spatio-temporal variables, to model
complex lowland hydrology and nutrient fluxes. The model can be used as a decision-
support tool for regional nutrient management and climate adaptation strategies.

Keywords: climate change impacts; nitrogen; phosphorous; SWAT; global warming levels;
integrated hydrological modeling

1. Introduction

Process-based hydrological models are widely used to simulate streamflow and nu-
trient transport, offering critical insights into catchment-scale water dynamics [1,2]. The
Soil and Water Assessment Tool (SWAT) [3,4] has emerged as a leading model for assessing

Hydrology 2025, 12, 239

https://doi.org/10.3390/hydrology12090239


https://doi.org/10.3390/hydrology12090239
https://doi.org/10.3390/hydrology12090239
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrology
https://www.mdpi.com
https://orcid.org/0000-0001-7677-3948
https://orcid.org/0000-0001-6499-5746
https://orcid.org/0000-0001-8994-6860
https://doi.org/10.3390/hydrology12090239
https://www.mdpi.com/article/10.3390/hydrology12090239?type=check_update&version=2

Hydrology 2025, 12, 239

2 0of 33

climate change impacts, especially in data-scarce or complex watersheds [5-7]. Its appli-
cation spans from poorly monitored watersheds to heavily managed river basins with
heterogeneous land use [8-12].

In flat, heavily urbanized, and agriculturally intensive landscapes, model development
remains severely complicated. In such areas, minimal elevation gradients undermine DEM-
based delineation of stream networks and subbasins, even with advanced algorithms [13].
Features such as irrigation canals, sometimes flowing against natural gradients, cannot be
captured by topography-based routing algorithms. Models like SWAT also lack the flexibil-
ity to simulate stream bifurcations, such as artificial bypasses, limiting their applicability
in canal-rich environments [14]. These technical constraints are underrepresented in the
current literature.

Additional complexity arises from limited data on fertilizer schedules and crop calen-
dars, which are essential for simulating nutrient loads accurately. For instance, Thodsen
et al. [15] compared six SWAT models across catchments in the Baltic Sea region, empha-
sizing the absence of uniform data sources, which led to increased uncertainty in model
outcomes. Similarly, poor availability of hydrological and water quality monitoring, partic-
ularly for ungauged streams and point-source discharges, complicates model calibration
and validation [8,16]. While advanced computational and statistical methods, including
those leveraging artificial intelligence and machine learning [17], can improve the model
calibration, no algorithm can fully compensate for fundamental data gaps.

Climate impact modeling introduces further challenges. Predictive models embed-
ding future weather conditions require integration of uncertain socio-economic pathways,
regional climate models (RCMs), and bias correction techniques [18-20]. The release of
novel climate change projections, the current most recent being the CMIP6 projections [21],
necessitates continuous model updates and evaluation of new climate inputs within tools
like SWAT [16].

Such complexities may explain the relatively limited number of detailed SWAT appli-
cations in the Mediterranean basin [7], a region of growing concern due to nutrient accumu-
lation and elevated climate vulnerability [22,23]. Despite longstanding awareness of these
issues [24], robust, localized modeling is still needed to support EU directives targeting wa-
ter quality and climate resilience [25,26]. The EU Water Framework Directive (2000/60/EC)
and corresponding guiding documents for its implementation promote the use of models
as supporting tools to develop effective strategies to enhance the Mediterranean region’s
resilience to climate change, e.g., by projecting future nutrient loads [8,27-29].

This study presents a SWAT-based hydrological model for the Adige River Lowland
Basin (ARLB), a complex, flat, urbanized, and agriculturally intensive area in northeastern
Italy (Figure 1). The Adige is a major contributor of nutrients to the Adriatic Sea [30], and the
ARLB is one of the most economically significant areas of Europe. The model was developed
to provide local administrations with a decision-supporting tool capable of simulating best
management practices (BMPs) aimed at reducing nutrient loadings to the sea.

This manuscript has two main objectives. The first objective is to describe the chal-
lenges and solutions encountered while modeling a watershed of high complexity. By
documenting this case study, we aim to offer a general and transferable modeling frame-
work that can be applied to other flat, human-managed basins. Specifically, this work seeks
to assist future efforts in developing tools for climate-resilient water and nutrient manage-
ment in vulnerable systems, especially those in the Mediterranean region. The complexity
of the terrain and the extensive artificial water network make this area a representative test
case for evaluating the applicability of SWAT under such demanding conditions. The model
integrates detailed crop management data and existing monitoring records for calibration
and is extended to simulate nutrient transport under future climate scenarios, using three
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statistically downscaled regional climate models (RCMs) for two global warming levels
(GWL=2°Cand GWL =3 °C).
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Figure 1. (a) Satellite image of the study area, including the main hydrological features (Adige
River main branch, in blue, and its tributaries) and main municipalities. The orange line outlines
the SWAT model extension. The Adige River enters the modeled area at Volargne and exits it at
Albaredo. (b) Boundaries of the SWAT subbasins, in black, and discharge outlets from industries
and wastewater treatment plants (WWTPs). The legend reports the average discharge rates in m3/s.
Chemical monitoring points are also illustrated. The background hillshade map represents the digital
elevation model (DEM).
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The second objective is to document the first SWAT model developed for simulating nu-
trient transport from the ARLB. To our knowledge, this represents the first high-resolution,
process-based SWAT application specifically focused on this important region of Italy.
Unlike previous studies in nearby areas [27,31,32], this work incorporates detailed spa-
tially and temporally variable agricultural management data and point-source discharges.
As such, the model can be used to identify areas with the greatest impact on the main
branch of the Adige River, including local tributaries or point sources with the highest
nutrient loading.

2. Materials and Methods
2.1. Study Area

Adige (in Italian; Etsch in German) is the second largest river in Italy by discharge
volume, with an average flow rate of approximately 190 m3/s in its lower reaches. It
originates near Lake Resia in the Eastern Alps and extends for 409 km before flowing into
the Adriatic Sea. The total drainage area covers 12,100 km?, mostly in the mountainous
area of the Trentino—Alto—Adige region. Between Trento and Verona, it enters the Padana
Plain. At Albaredo (Verona Province) is located the closing section of this study, since from
there to the sea the Adige River flows 110 km more without receiving other significant
contributions.

The Adige River plays a critical role in the Mediterranean hydrological and ecological
systems, serving as a major source of nutrient input to the northern Adriatic Sea [30,33,34].
This study focuses exclusively on the Adige River Lowland Basin (ARLB), which extends
from Volargne to Albaredo. Although the ARLB constitutes only about 1220 km? of the
entire Adige basin [33], it represents a hotspot for potential river contamination sources.
The ARLB is significantly more densely populated than the rest of the basin, encompassing
the city of Verona and its province, with a population of approximately 930,000. The ARLB
is also more heavily modified by human activity than the upper basin, with multiple point
sources along the Adige River and its tributaries (Figure 1b) and intense agricultural activity
(e.g., for wine production).

Climatic conditions in the Adige basin are strongly structured by altitudinal gradients,
promoting a transition from sub-Mediterranean conditions in the lower Adige valley to
continental and alpine climates with increasing elevation. Mean annual temperatures in
the valley descend from approximately 12-15 °C, with notable seasonal extremes (winter
minima near 0 °C and summer maxima exceeding 30 °C) [35,36].

The Adige River Basin is generally characterized by cold winters and peak precipi-
tation occurring predominantly in the summer months. At higher elevations, substantial
amounts of snow accumulate during winter, serving as a key water reserve that is progres-
sively released through snowmelt beginning in spring. This dynamic gives rise to a nival
hydrological regime, marked by high water availability during the warm season and low
flows during winter. Annual precipitation totals are relatively high, but their distribution
varies significantly with elevation, valley orientation, and proximity to the outer margins
of the Alpine chain. Precipitation ranges from 400 to 500 mm/year in sheltered and lower
areas to up to 1600 mm/year in high-altitude zones or valleys exposed toward the Po
Plain [33,36].

Recent research on climate change effects in the Adige River Basin showed increased
temperature and altered precipitation patterns, resulting in declining summer runoff (—13%
since 1957) and increasing winter flow (+30%), with glacier retreat (~2.3 km?/year) further
altering baseflow contributions [37]. Recent extreme climate events, such as the remarkably
warm and dry heatwave of May 2022, highlight the basin’s increased vulnerability to
aggravated hydroclimatic stress.
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2.2. Data Availability and Modeling Approach

We simulated flow and nutrient transport in the ARLB using SWAT. Theoretical aspects
of this widely adopted code, including the subroutines used to calculate overland flow, nu-
trient transport, and routing through streams, can be found in several reviews and books [3].
A comprehensive SWAT documentation can be found at https://swat.tamu.edu/docs/
(accessed on 29 August 2025). Briefly, SWAT divides a basin into multiple subbasins, which
are further subdivided into hydrological response units (HRUs) with homogeneous land
use, topography, and soil characteristics (consequently, also homogeneous management).
Using a combination of meteorological data, soil and land use properties, along with input
from point and diffuse sources, SWAT calculates the components of the flow budget (evap-
otranspiration, runoff, storage, and infiltration). A similar procedure is used to compute
the nutrient mass balance.

The SWAT model was developed following established workflows to simulate climate
change scenarios [3,16]. First, we discretized and parameterized the study area and cal-
ibrated a reference (“present-day”) model. We then modified the present-day model to
account for the impact of climate change, making predictions of “future” streamflow and
nutrient loadings, which were subsequently compared with present-day conditions. To
increase its transferability, the model was developed exclusively using open-source codes.
Specifically, we used SWAT2012 v.664, the QGIS plugin QSWAT v3_12, and several custom
Python v.3.12 and R v.4.5.1 scripts to facilitate model pre- and post-processing.

The present-day model simulated the period from 2001 to 2020. The first seven years
(2001-2007) were used for model warm-up, while the remaining years (2008-2020) were
used for reference results. SWAT calculations adopt daily timesteps, and their results were
lumped using a monthly approach. Reaches and subbasins were created using the D8
algorithm of the code TauDEM [38], integrated with QSWAT, using as a topographic base
the ASTER digital elevation model (DEM), with a resolution of 30 m x 30 m [39].

2.3. Challenge #1: Creation of Reaches in Flat Terrain

The creation of reaches and subbasins was challenged by two primary factors. The
first difficulty was that the study area is predominantly flat, with only a few local slopes
exceeding 10%. This flat terrain complicates hydrological modeling, as evidenced by the
difficulties encountered when configuring the river network using TauDEM. To address
this issue, we “burnt-in” a vector file representing the main streams, based on the official
river basin management plan [40], ensuring that TauDEM generated a river network that
aligned with the actual distribution of streams. The burning technique is a common method
in flow enforcement that modifies the DEM by creating new channels that guide the flow al-
gorithms, ensuring the resulting drainage patterns match the mapped hydrography [41,42].
After initial trials, a 10 km? drainage area threshold in TauDEM was applied to generate
flow segments and a reasonable number of subbasins to ensure computational efficiency
while keeping sufficient spatial variability and accuracy.

The second difficulty was that the Adige lowland area is characterized by a complex
network of human-altered streams. Some of these canals can have a strong impact on the
water budget; for instance, the “Canale Biffis”, a manmade canal that feeds a run-of-the-
river (ROR) hydroelectric power station near Volargne. The canal has a maximum discharge
flow of about 135 m3/s. It extracts water from the Adige River near the municipality of Ala
(upstream of the modeled area) and returns it to the Chievo dam near the city of Verona. In
addition to the Canale Biffis, a vast network of secondary canals exists, some of which are
oriented against the topographic gradients calculated by TauDEM. Counter-gradient stream
routing cannot be simulated in SWAT. A Further difficulty when reproducing them with
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SWAT is that streams from a single channel cannot be parted into two or more tributaries,
which occur, for example, at bypass points of the artificial channels.

To address these challenges, we manually modified the river network by simplify-
ing it and eliminating counter-gradient streams. In line with other SWAT-based studies
on human-altered stream networks [43,44], we replaced diversions and artificial canals
(Figure 2) with point sources, which were added to each subbasin to account for the water
balance of multiple diversions and releases, including those from industrial and sewage
treatment plants. Discharge data for diversions and releases from major irrigation canals
were provided by the National Drainage and Irrigation Association (ANBI) and ROR hy-
droelectric plant managers. The comparison between the original and modified stream
network is provided in Figure S1 (Supplementary Material), showing also the final stream
network produced by SWAT on which the outputs of the simulations are calculated.
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Figure 2. Location of main diversions, weather stations and gauge stations used in this study.

2.4. Challenge #2: Limited Weather Data

Weather data were provided by the local meteorological agency and included daily
data on precipitation, solar radiation, humidity, wind speed, and temperature from multiple
stations (Figure 2). Since SWAT requires weather data for all subbasins, we used an inverse
distance weighting (IDW) interpolation method to estimate data for subbasins without
stations. Tuo et al. [45] concluded that IDW outperformed other algorithms in helping
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SWAT models match observed streamflow discharge. Similarly, Camera et al. [46] found
that the IDW was one of the best methods for interpolating local daily weather data.

2.5. Challenge #3: Soil Type and Land Use Heterogeneity

Soil types and corresponding hydrological properties and parameters (e.g., Available
Water Capacity (AWC), saturated hydraulic conductivity (K), and Runoff Curve Number
(CN)) were obtained from the regional environmental agency of Veneto (ARPAV) [47],
covering the entire lowland area. For the few mountain areas not covered by the ARPAV
map, missing data were sourced from the Harmonized World Soil Database (HWSD) [48].
A table with the conversion between HWSD maps and SWAT entries is provided in the
Supplementary Material (Table S1), along with a map of dominant soil types in the sub-
basins (Figure S2).

Diffuse sources were integrated into the SWAT model to capture spatial and temporal
variability in nutrient transport due to agriculture. We first generated a land use map
based on the Corine Land Cover 2018 (CLC2018) and the EUCROP 2018 dataset [49]. The
EUCROP map (10 x 10 m resolution) was reclassified to match the 30 x 30 m grid size of the
SWAT hydrological response units (HRUs). For the coarser-grid CLC map (100 x 100 m),
values were extracted at each SWAT grid cell center. A map of dominant land uses across
subbasins is included in the Supplementary Material (Figure S3).

2.6. Challenge #4: Use of Detailed Agricultural Practices

Fertilizer types, dosages, and application timings for major crops in the Adige lowland
were provided by the Veneto regional authority (“Direzione Agroambiente, programmazione
e gestione ittica e faunistico venatoria”), based on best management practices, technical
manuals, and existing regulations (Table 1). Nitrogen application rates conform to the
regional Nitrates Action Programme, implemented under Directive 91/676/EEC and
its national transposition. Crop types considered in this work were maize (Zea mays
L.), wheat (Triticum Aestivum L.), barley (Hordeum vulgare L.), soybean (Glycine max L.),
sunflower (Heliantus annuus L.), rapeseed (Brassica napus L.), potato (Solanum tuberosum
L.), sugar beet (Beta vulgaris L.), vineyards, olive groves, apple orchards, pastures and
meadows, representative of regional agricultural patterns [50]. A correspondence table
between crop types and SWAT classes is provided in the Supplementary Material (Table S2).
The dataset includes fertilizer type (organic or mineral), application date, and dosage
(kg/ha), with fertilizer IDs matching those in the SWAT database (available online: https:
/ /swat.tamu.edu/media/69419/ Appendix-A.pdf, Appendix A.4; accessed on 9 September
2025). As spatial data on fertilizer types were unavailable, a weighted average was used
to combine mineral and organic inputs, with percentages reported in Table 1. Following
the previous SWAT-based approach [51], elemental nitrogen (N, kg/ha) and elemental
phosphorus (P, kg/ha) were calculated per crop (Table 1). For example, for barley, a typical
application of 300 kg/ha of inorganic fertilizer (06-24-24, containing 6% N and 24% P) in
October results in 18 kg N/ha and 31 kg P/ha being input into the model, assuming a 40%
effective application rate. When applicable, sowing and harvest dates were also provided
by the regional authority.

2.7. Challenge #5: Multiple Point Sources

Point sources were used to account for the industrial and WWTP discharges within
each subbasin, in terms of flow and nutrient mass (Figure 1b). Such flow was then summed
to the net discharge rate obtained from the water balance of multiple diversions and releases,
as abovementioned. SWAT can accept either constant or daily variable loads (kg/day) for
different N species (e.g., nitrate, ammonia) and phosphorus (as phosphate). While daily
variable loads would better capture seasonal changes in point source discharges, such
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as increased summer discharges due to tourism, our monitoring data were insufficient
to support such a calculation. The data, collected bi-weekly or less frequently between
2008 and 2020, contained gaps and lacked consistency. Other gaps were that only annual
average flow rates were available (Figure 1b), and our simulations began in 2001. Due
to these limitations, we used constant average loads for each point source, calculated by
multiplying the average annual nutrient concentrations (e.g., nitrate, ammonia, phosphate)
by the annual average discharge flow.

A special point source (“inlet”) was included to simulate incoming water flow and
nutrient loadings from the upstream Adige basin. Flow data were taken from the Vo’
Destro gauge station, which provided continuous measurements for 2001-2020, with less
than 5% missing data, filled by linear interpolation. Since the nutrient concentration time
series at this gauge station was largely incomplete, constant average values for nitrogen
and phosphorus species were used. We also noticed that most available phosphorus
measurements were below the detection limit (<0.04 mg/L). Setting total phosphorus
(TP) to zero was considered inappropriate, since the upstream Adige River is impacted
by various chemical stressors [33] that may contribute to phosphorus loadings. As such,
we used a reference TP concentration of 0.015 mg/L, which is based on average reactive
phosphorus levels measured near Rovereto from March to September 2008 [52].

Table 1. Typical dosage (kg/ha) and management action dates, by crop type, in the Adige lowland
basin. The percentage in the first column indicates the estimated amount of fertilizer effectively
introduced to the soil. Differences between inorganic and organic fertilizers are indicated. The last
two columns indicate the amount of elemental nitrogen (N) and phosphorus (P) used in the SWAT
model. S: sowing; H: harvest; DEM: fresh dairy manure; n.a: not available.

Fertilizer

Crop Type (Weight) A Fertilizer Dosage
Sowing (S); Harvesting (H) AP%I::: ton ID (kg/ha) N (kg/ha) P (kg/ha)
15-Oct 06-24-24 300 18 31
Barley—inorganic (40%) 20-Feb 33-00-00 130 43
S:15-Nov; H:20-Jun
20-Mar Urea 150 69
Barley—organic (60%) 10-Oct DFM n.a. 105 18
§:15-Nov; H:20-Jun 10-Mar 33-00-00 130 43 0
15-oct 06-24-24 300 18 31
Wheat—inorganic (40%)
20-Feb -00- 1 1 0
$:10-Apr; H:15-Nov ¢ 55-00:00 % 6
20-Apr Urea 142 65 0
Wheat—organic (60%) 10-Oct DFM n.a. 91 16
§:10-Apr; H:15-Nov 20-Mar 33-00-00 250 83
20-Mar 21-0-0 200 42
Appletree—inorganic (100%) 2-Tul 13-0-46 150 20
S:15-Mar; H:20-Sept Ju
20-Oct 12-6-18 200 24
Grassland—organic (100%) 15-Mar DFM n.a. 300 52
20-Apr 06-24-24 500 30 52
Maize—inorganic (28%) 15-May Urea 250 115

S$:10-Apr; H:15-Nov

10-Jun Urea 210 97
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Table 1. Cont.
Crop Type (Weight) Fertilizer Fertilizer Dosage
Sowing (S); Harvesting (H) Ap%l::‘: ton ID (kg/ha) N (kg/ha) P (kg/ha)
Maize—organic (72%) 10-Mar DFM n.a. 157 27
§:10-Apr; H:15-Nov 10-Jun Urea 260 119
Olive trees—inorganic (30%) 1-Mar 20-10-10 150 30
S:1-Mar; H:1-Nov 2-May Urea 100 46 0
Pastures—organic (100%) 1-Apr DFM na. 170 30
15-Mar 05-10-15 835 42 36
Potato—inorganic (34%)
20-A U 150 69 0
$:27-Mar; H:1-Aug Pt rea
10-May Urea 140 64 0
15-Mar DFM n.a. 179 31
Potato—organic (66%)
20-A 12-08-1 1 12
$:27-Mar; H:1-Aug O-Apr 08-18 00 3
10-May Urea 140 64 0
Rapeseed—inorganic (34%) 20-Feb 15-15-15 410 62 27
§:30-Sep; H:25-Jun 20-Mar 33-00-00 250 83 0
15-Sep DFM n.a. 99 17
Rapeseed—organic (66%) 20-Feb 15-15-15 150 23 2
S:30-Sep; H:25-Jun ¢
20-Mar 33-00-00 200 66 0
Soy—inorganic (100%) 20-Apr 0-26-00 200 0 23
§:30-Apr; H:5-Oct 20-Apr Urea 65 30 0
20-Feb Urea 130 60 0
Sugar beet—inorganic (43%) 20-Feb 18-46-00 150 27 30
$:30-Apr; H:25-Jun ¢
15-Apr 33-00-00 200 66 0
Sugar beet—organic (57%) 20-Feb DFEM n.a. 86 15
§:30-Apr; H:25-Jun 15-Apr Urea 230 106 0
1-Apr 0-15-0 150 0 10
Sunflowers—inorganic (35%)
1-A 28-10-10 150 42 6
S: 10-Apr; H: 30-Aug pr
20-May Urea 150 69 0
Sunflowers—organic (65%) 1-Apr DFEM 0 84 15
S:10-Apr; H: 30-Aug 20-May Urea 145 67 0
30-Mar 21-00-00 150 32 0
Grape—inorganic (89%) 2. 27-0-0 100 27 0
S:15-Mar; H:1-Sep Jun
20-Oct 06-08-15 400 24 14
30-Mar 21-00-00 150 32 0
Grape—organic (89%) 2. 27.0-0 100 27 0
S:15-Mar; H:1-Sep Jun
20-Oct DFM 0 30 5

2.8. Calibration and Validation

To ensure model accuracy and reliability, we performed calibration and validation

following established guidelines [53]. Our approach did not follow a conventional 70:30

split for calibration and validation. This was a deliberate decision, as applying such a split
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would have resulted in an insufficient number of data points for the validation period,
reducing its statistical significance. Instead, we adopted a functional separation, such that
streamflow data were used for calibration, and nutrient concentration data were used
for validation, recognizing that nutrient transport is generally more challenging to model
than flow.

Calibration was based on streamflow matching [3] using the SWAT-CUP tool [54] to
compare monthly simulated and observed streamflow data at two most reliable monitoring
stations on the Adige River, one close to Albaredo (“Adige—Albaredo”) and one close to
Verona (“Adige—Verona”). The reference data were obtained from the regional environ-
mental agency (ARPAV). Details regarding the streamflow measurements can be found in
technical documents available at the ARPAV website https:/ /www.arpa.veneto.it; accessed
on 29 August 2025. Table 2 lists the 16 SWAT parameters that we chose from the range of
possible SWAT parameters and adjusted during calibration. We selected these parameters
according to previous SWAT-CUP calibrations using SUFI-2. A total of 500 simulations were
carried out. Parameter ranges (bounded by minimum and maximum values) are shown

“"_ 17
T

in the table. Parameters labeled with (relative variation) were multiplied by 1 £ x;,
where x, is a random number within the range. A random substitution was performed on
the parameters labeled with “v” (replace), meaning the existing parameter value is to be

replaced by a random value x, within the range.

Table 2. List of SWAT-CUP parameters modified during the model calibration using the SUFI-2
algorithm. The change could be performed by relative variation (“r”) of the parameter or by replacing
(“v”) the reference parameter using a random value sampled from the parameter space bounded by
the “min” and “max” values.

Parameter Name Description Units Min Max Calibrated
r_ CN2.mgt Moisture condition II curve number - —0.50 0.50 —0.30
v__ALPHA_BF.gw Baseflow recession constant - 0.00 1.00 0.71
v__GW_DELAY.gw Delay time for groundwater recharge d 30.00  450.00 433.62
Threshold depth of water in the
v_GWQMN.gw shallow aquifer required for return mm H,O 0.00 2.00 0.92

flow to occur

v_GW_REVAPgw Groundwater revap coefficient - 0.00 0.20 0.14
v__ESCO.hru Soil evaporation compensation factor - 0.80 1.00 0.82
v__CH_N2.rte Manning's Ccﬁjrflfrlfellesnt tributary - 000 030 0.14
v__ CH_K2.rte Hydraulic conductivity of riverbed mm hr~! 5.00 130.00 10.88

v__ALPHA_BNK .rte Bank flow recession constant - 0.00 1.00 0.78

r__ SOL_AWC(1).sol Soil available water capacity - —0.20 0.40 0.38

r__SOL_K(1).sol Saturated hydraulic conductivity mm hr~! —0.80 0.80 —0.49

r__SOL_BD(1).sol Moist bulk density g cm 3 —0.50 0.60 —0.48

v__SFTMPbsn Snowfall temperature °C —10.00  10.00 —5.10
r__OV_N.hru Manning’s coefficient [-1 —0.20 0.20 0.17
r_ HRU_SLP.hru Slope length m 0.00 0.50 0.05

r_ SLSUBBSN.hru

Average slope length m 0.00 0.50 0.28
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Best-fit parameters were obtained by minimizing the difference between observed and
simulated data [3,53]. We first focused on the Nash-Sutcliffe Efficiency (NSE), possibly the
most widely adopted metric, defined as

o (- o)

NSE =1 — Zfil (Q?im - @obs>

(1)

and ranging from —oo to 1.0, with values between 0.0 and 1.0 indicating acceptable model
performance. A negative NSE suggests poor performance, where the observed mean is
a better predictor than the model [53]. Notice that SWAT-CUP produces several other
metrics that could also be used to measure model calibration and validation. Among
them, we highlighted the PBIAS, which measures the average tendency of the model to
over- or under-predict, and which is often preferred over other metrics to examine the
model validation quality [55]. A value of 0.0 is ideal. Positive PBIAS indicates the model
underestimates, while negative values suggest overestimation [56]. The formula of the
PBIAS is

Eilil (leun _ Q;}bs)

L (Q7)

To validate the calibrated model, we first compared the total nitrogen (TN) concentra-

PBIAS = )

tions at the “Adige-Albaredo” monitoring station calculated using SWAT (without further
calibration) against the observations at the same station. As for the streamflow data, this
represents the most complete and reliable dataset existing for validating purposes. Avail-
able measurement data were collected between 2013 and 2020. Then, we compared the
year-averaged TN loadings in other existing water quality monitoring in the basin to assess
if the model can capture the intra-subbasins variability in terms of nutrient loadings. Since
all monitoring points (except “Adige—Verona” and “Adige-Albaredo”) lacked measured
streamflow rates, we used the SWAT-calculated flows to compute the loadings.

2.9. Climate Change Scenarios

Climate change scenarios were developed for SWAT using the SSP5-8.5 forcing path-
way [21] at two Global Warming Levels (GWLs), at 2 °C and at 3 °C (Table 3). These GWLs
align with the targets of the Paris Agreement, which has shifted focus from emission scenar-
ios to global warming levels when assessing climate impacts [57]. To address uncertainty in
climate projections, we used three versions of the RegCM4-6 regional climate model (RCM),
each driven by a different Global Circulation Model (GCM), produced by the Abdus Salam
International Centre for Theoretical Physics (Trieste, Italy). These simulations, covering the
EUR-11 domain, were obtained from the Earth System Grid Federation (ESGF) and are part
of the CORDEX initiative [58]. Time series for key climate variables (precipitation, temper-
ature, humidity, wind) were statistically downscaled for each subbasin using a Monthly
Quantile Delta Mapping (QDM) approach [59-61]. The baseline period for downscaling
was 2001-2020, matching the ARPAV weather data. For ratio-based variables, thresholds
were set as 0.2 mm for precipitation, 0.1 m/s for wind, and 0.02 for humidity. The GWL sce-
narios were implemented in SWAT by replacing reference (present-day) weather data with
the downscaled future projections for each scenario (Table 3). The model setup remained
the same as the reference simulation, including the 20-year run and 7-year spin-up.
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Table 3. Combinations of climate models whose data were used as input for the climate change
analyses carried out in this study. GCM = global circulation model. RCM = Regional climate model.
GWL = Global warming level.

GCM RCM GWL2°C GWL3°C
Corresponding period

CNRM-CM5 ICTP RegCM4-6 2035-2052 2057-2076

ICHEC-EARTH ICTP RegCM4-6 2024-2043 2050-2069

MPI-ESM-LR ICTP RegCM4-6 2027-2046 2051-2070

2.10. Evaluation Metrics

The model results were analyzed by looking at maps and time series for three key
variables: (a) flow rates (Q), (b) total nitrogen (TN), and (c) total phosphorus (TP). One
set of maps showed the average yearly Q, TN, and TP levels in the main water bodies
under current conditions. This helped assess the current impact of nutrients on the streams,
including the main Adige River and its tributaries. Another set of maps showed the
influence of diffuse pollution sources in different subbasins. These maps displayed the
amount of TN or TP entering water bodies, adjusted for the size of each subbasin (in
kg/ha). This was performed for both current conditions and future climate scenarios, and
the differences were compared.

Time series were also used to track Q, TN, and TP passing through the “Adige-
Albaredo” gauge station, which is located at the end of the watershed and thus represents
what eventually reaches the Mediterranean Sea. First, data for the current situation were
shown. Then, the difference (A) between future climate scenarios and the reference model
was calculated. For instance, for flow, the difference AQ was computed as

AQ(I) = Qcc(i) - Qref(i) 3)

where i is the progressive number of the month since time zero (i =1, ..., 156). Finally, we
calculated the cumulative monthly difference. For instance, for flow, this resulted as

chm(i) = ZQCC(Z) - Qref(i) 4)

Cumulative values emphasize trends of the impact of climate change. For instance,
they may suggest whether the Adige River is expected to increase or decrease its nutrient
transport over a predefined period in the future.

3. Results
3.1. Calibration and Validation

The SWAT model resulted in 73 subbasins, encompassing a total area of 121,974.12 hectares
(or 1219.74 km?). The boundaries of these subbasins are illustrated in Figure 1b (black
lines). Their areal extension is quite variable across the subbasins, ranging from 0.36 ha
to 11,252.88 ha. The smallest subbasins are located downstream of the municipal-
ity of Albaredo, where the river is artificially channeled and disconnected from the
surrounding land.

A strong agreement was observed between measured and simulated streamflow rates
(Q), indicating that the model calibration was successfully achieved. Figure 3a presents a
visual comparison of observed and simulated Q at the “Adige—-Albaredo” station. The best-
fit simulation (red line) closely follows the observed data (blue line), confirming the model
accuracy. This is further supported by a Nash-Sutcliffe Efficiency (NSE) value of 0.76 at the
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“Adige—Verona” station, i.e., a “very good” performance [53]. The corresponding Percent
Bias (PBIAS) at “Adige-Albaredo” was 12.00%, also indicating a satisfactory calibration.
Comparable results were obtained at the “Adige—Verona” station, where the NSE reached
0.69, rated as “good,” and the PBIAS was —11.80%. A complete summary of calibration
statistics generated by SWAT-CUP is provided in Table 4.
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Figure 3. Comparison between observed and simulated (a) streamflow rates (Q) and (b) total nitrogen
(TN) concentrations at the Adige—Albaredo station. The 95% envelope is based on the measurement
errors. (¢) Mean annual TN loadings predicted by SWAT and calculated from measured concentrations
at different monitoring points in the basin.
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Table 4. Summary statistics from the model calibration. Details regarding specific meaning of each
statistic can be found in [54].

Summary Statistics Short Description Albaredo Verona
NSE Nash Sutcliffe error [-] 0.76 0.69
Percentage of values
p-factor within the 95% interval [-] 0.63 0.28
r-factor 95% envelop thickness [-] 0.54 0.10
Coefficient of
R2 determination [-] 0.85 0.89
bR2 Modified R2 [-] 0.84 0.70
MSE Mean square error 2400.00 1900.00
[m®/s7]
Ranked square errors
SSQR [m®/s?] 860.00 1200.00
PBIAS Percent bias [-] 12.00 —11.80
KGE Kling-Gupta efficiency [-] 0.84 0.63
RSR Standardgzed RMSE 0.49 0.56
[m°/s]
MNS Modified Nash Sutcliffe 0.50 0.46

coefficient [-]

fraction of the overall
VOL_FR water balance that is 1.14 0.89
predicted [-]

Mean sim Average simulated

(Mean obs) (observed) values [m3/s] 192.16 (218.31)  156.65 (140.11)
Std Dev sim Standard deviation of the
(Std Dev obs) simulated (observed) 106.79 (99.92) 104.01 (77.30)

values [m3/s]

A satisfactory model validation was also obtained. Figure 3b indicates that the model
effectively captured the observed total nitrogen (TN) loadings at the “Adige-Albaredo”
monitoring point. The simulated mean (year-round) concentration was 1.08 mg/L, which
closely matched an observed mean concentration of 1.09 mg/L. The validation yielded an
NSE of 0.07 and a PBIAS of —0.77%. These values were considered acceptable given the
inherently higher uncertainty in simulating nutrient transport compared to streamflow.
Moreover, we considered that the PBIAS offers a more favorable assessment of model
performance than the NSE, which can be attributed to the NSE’s sensitivity to various
factors, such as sample size or the irregular intervals between observations [62,63], all of
which may influence our dataset.

The limited sample size may also explain why statistical outliers do not significantly
alter the NSE, as evaluated by removing the highest residuals between simulated and
calculated values (Figure S4; Supplementary Material). Furthermore, the measured water
quality data represent specific sampling days, whereas the model outputs represent average
monthly concentrations, potentially smoothing short-term variability. This may also explain
why the correlation between simulated and observed values was around 0.40 (i.e., a weak-to-
moderate positive linear relationship), while the normalized standard deviation (standard
deviation of the simulated values divided by that of the observation) was 0.45 (see the
Taylor diagram reported in Figure S4; Supplementary Material). Nevertheless, the model
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remains suitable for the purpose of this study, which centers on long-term mass balance
rather than daily scale accuracy.

The comparison between calculated and observed annual TN loadings indicates that
the model catches the spatial variability of loadings across the subbasins. The results
(Figure 3c) indicate a nice correspondence between predicted and calculated loadings,
with a root mean square error (RMSE) of 0.13. Note that the best-fit linear trend between
simulated and reference loadings had a slope of 0.87, which means that, on average, the
model underpredicts the measured loadings by 13%. This error was deemed acceptable,
recalling that these predictions were run without further model calibration to avoid model
overfitting. We also recall that the reference loadings were obtained using the SWAT-
predicted streamflow rates from ungauged catchments, which may induce uncertainty in
the validation targets.

3.2. Streamflow Simulations

The calibrated SWAT model simulated an average Adige River discharge over the
2008-2020 period close to Q =192 m?3 /s, which is similar to the observed values for the same
period (Q =218 m3/s) (Table 4). The model is able to capture the intra-seasonal fluctuations,
as visually appreciated by the hydrographs at “Adige—Albaredo” reported in Figure 3a
and by a similar standard deviation () of the streamflow rates (simulated o = 106 m3/s;
observed ¢ = 100 m3/s). The model is also able to capture the highest discharge peaks
(monthly averaged Q > 200 m3/s) occurring in spring (February to April) due to snowmelt
from the Alps [33]. Smaller peaks observed in autumn (September to November) are due
to rainfall events. The model slightly underestimates the baseflow, which is lowest in the
summer (June to September), with Q = 100 m3/s. We accepted this error, considering
the simplification introduced to the model compared to the more complex reality and the
inherent error associated with the streamflow measurements.

Figure 4 shows the average yearly flow rates (m3/s) in the main water bodies of the
ARLB, based on the calibrated SWAT model. The values represent averages over the 13-year
simulation period (2008-2020). Across the study area, the Adige River’s flow increases from
about 143 m3 /s at Volargne to about 192 m? /s at Albaredo, corresponding to a 35% increase.
Tributaries play a limited role, with the highest average flow reaching only 13 m3/s in the
Chiampo River. A notable increase in the Adige flow is due to contributions from the Biffis
Canal in the proximity of Verona. Tributaries from the Lessini Mountains contribute only
modestly to the total flow.

We then compared the present-day model results with those projected under climate
change scenarios. Summary tables presenting monthly average values for observed (i.e.,
“reference”) data, control simulations from three post-bias-correction models (for the period
2001-2020), and future projections under two Global Warming Levels (GWL =2 °C and
GWL =3 °C) are provided in the Supplementary Material (Table S3). Daily time series of
precipitation, minimum and maximum temperature, wind speed, and humidity across the
Adige River subbasins are also included. An example of the summary statistics is shown in
Table 5, with precipitation data for the Adige River basin. Notably, the simulated control
values from each climate model closely align with the reference observations, supporting
the reliability of the downscaling process. Under climate change scenarios, these values
show significant variation. Monthly responses vary across models, with differing trends of
increase or decrease. Overall, the models consistently suggest longer and more intense dry
spells during the spring—summer period (mid-March to mid-September), and a tendency
toward wetter conditions in the autumn-winter months (mid-September to mid-March).
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Figure 4. Average streamflow in the reference scenario (“default”) in the different water bodies of
the modeled Adige basin. The figure does not show the final channeled part, as the outflow into the
Adriatic is similar to that at Albaredo.

Figure 5a shows the difference in monthly averaged discharge rates (AQ) between
the three climate change models (Q) at a global warming level (GWL) of 2 °C and the
reference model (Q,.¢) (Figure 4), such that AQ = Q — Q,¢r. To compare the different
scenarios on the same timeline, we set the first year of each model (Table 3) as “year zero.”
The results indicate that future discharge rates differ from those in the reference period,
with variations of about 50 m®/s. Negative variations are especially important, as they
can make discharge rate fall into the range of historically low flow rates, with potentially
catastrophic consequences. For instance, if discharge falls below 80 m? /s for long periods,
seawater could intrude up to 100 km inland, affecting the flat Polesine area, south-east of
Verona [64]. Looking at Figure 5a, a repeating cycle is evident over the 13-year simulation.
This may be influenced by larger climate patterns, such as the North Atlantic Oscillation
(NAO), which affect the Global Circulation Models (GCMs) used here. Because of the
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different weather statistics, such as the precipitation (Table 5), each tested model predicts
different discharge trends for the Adige River. These differences become more noticeable in
the 3 °C scenario (Figure 5b). In that case, variations range from —50 m3/s to +100 m3/s,
especially toward the end of the simulation. These higher peaks reflect more extreme
weather conditions expected under increasing warming levels.

Table 5. Summary of the average monthly cumulative precipitation values (mm) for the Adige basin
for the observed (“reference”) data and the downscaling of climate models. The table also reports the
“control” values of each model (2001-2020).

Model Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Control 575 737 758 935 1188 86.1 83.7 95.8 96.8 1045 1361 816

CNRM GWL=2C 712 848 583 1163 1153 776 8.5 1165 935 1155 2084 711
GWL=3C 928 792 723 1120 1191 944 911 1050 1152 1032 1675 942

Control 575 737 758 935 1188 86.1 83.7 95.8 96.8 1045 1361  81.6

ICHEC GWL=2C 860 1177 1114 730 865 832 749 1147 836 89.7 1006 855
GWL=3C 1083 1028 1081 1063 968 90.1 1275 821 94.5 89.3 979 1221

Control 575 737 758 935 1188 86.1 83.7 95.8 96.8 1045 1361 816

MpI GWL=2C 415 665 841 956 1395 1065 742 1082 989 1233 109.8  68.8
GWL=3C 590 861 836 1140 1426 1043 64.6 736 1150 167.6 1673  57.6

Reference 58.2 74.1 76.1 939 1192 86.6 84.2 96.3 97.2 105.3  136.7 82.5
100 1 (a) 100
50 |
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Figure 5. Top: difference in flow rates (AQ) between the reference model and the simulated climate
change scenarios GWL =2 °C (a) and GWL =3 °C (b) temperature change. Bottom: cumulative AQ
simulated in the three climate change scenarios for GWL =2 °C (c¢) and GWL = 3 °C temperature
change (d).
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The cumulative differences between future discharge and the reference scenario are
shown in Figure 5¢,d for the 2 °C and 3 °C cases. All models show an initial increase in
discharge, followed by a dip around years 6-10, and then a rise again around years 10-12.
The simulation ends at year 13, so we could not assess if this cycle continues. Notice that the
models behave quite differently. At 2 °C warming, ICHEC shows large fluctuations, MPI
generally predicts more water flow than the reference, while CNRM shows less flow than
the reference. At 3 °C warming, ICHEC and CNRM behave similarly to their 2 °C patterns,
while MPI shows a more dramatic drop in cumulative discharge during the middle years.

3.3. Nutrient Simulations

Well-defined patterns emerge in nitrogen transport dynamics from the present-day
and climate-change SWAT simulations. Figure 6 shows the current average annual total
nitrogen (TN) loadings, expressed in kilotons per year (kt/y), in the main water bodies
of the ARLB. A progressive increase along the Adige River is clearly visible. The relative
increase from the inlet at Volargne (loadings close to 4.2 kt/y) to the Albaredo gauge station
(6.6 kt/y) is +57%, which is higher than the relative increase in flow rates occurring (+35%)
for the same river course. This means that loadings are due to both an increase in flow rates
and TN mass (i.e., TN concentration) entering the Adige River in the lowland area.

This increase in TN loadings along the Adige River is a consequence of the strong
spatial variability of all TN sources, associated with both diffuse and point sources. In
Figure 6, the contribution of pre-Alpine subbasins included in the modeling domain is
well distinguished. The loading from these subbasins depends directly on the agricultural
practices across the basins, which create nutrient sources that eventually enter the Adige
tributaries. Figure 7 illustrates the average annual TN input from diffuse sources (mainly
agricultural runoff) across the various subbasins, normalized by area (expressed in kg/ha).
This spatial distribution highlights the areas within the Adige River Lake Basin (ARLB) that
contribute most significantly to diffuse nitrogen pollution. In particular, the hilly subbasins
in the northern part of the study area exhibit the highest values, with peak contributions
ranging from 12 to 14 kg/ha.

The visual assessment of Figure 6 suggests that the contribution of Adige River trib-
utaries from the Pre-Alpine subbasins is more limited than the impact of point sources
located along the main course of the Adige River. For example, there is a noticeable increase
in nitrogen load near Verona, which can be attributed to the basin’s largest wastewater
treatment plant (WWTP). This facility has an average nitrogen concentration of approxi-
mately 13 mg/L and a discharge rate of about 77,000 m?/day. As a result, it contributes
around 1000 kg/day of total nitrogen (TN), equivalent to roughly 365 t TN/y solely from
this point source. For comparison, the Chiampo River contributes approximately 400 t
TN/y at its confluence with the Adige near Albaredo. The Chiampo River is also partially
influenced by the second-largest WWTP in the basin, located near San Bonifacio, which
discharges around 26 tons of TN per year.

A more quantitative evaluation supporting the conclusion that point sources have a
greater influence than diffuse sources on the overall nutrient budget was obtained using
the “SWAT Check” tool embedded in QSWAT. According to this tool, at the scale of the
ARLB, the impact of point sources, averaged over the 13-year simulation period, accounts
for approximately 65% (2.1 kt/y) of the total TN budget (3.4 kt/y).

Seasonal variability in precipitation and temperature was found to significantly in-
fluence the modeled dynamics of nutrient transport. Figure 8a displays the time series of
simulated TN loadings across the main water bodies. Consistent with the patterns observed
in flow rates (Figure 5), notable discrepancies emerge between the present-day scenario
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and projections under future climate scenarios, as depicted in Figure 8b,c, corresponding to
global warming levels (GWL) of 2 °C and 3 °C, respectively.
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Figure 6. Distribution of total nitrogen (TN) loading (kilotons/year) in the main water bodies of the
Adige basin.

The cumulative differences between scenarios underscore the role of hydrological
seasonality in shaping TN loading trends. For example, under the GWL =2 °C scenario
(Figure 8d), the ICHEC-driven climate simulation produced the most pronounced reduction
in TN loadings during simulation years 6 to 8, aligning with a concurrent decline in
cumulative flow rates reported in Figure 5. This suggests a strong coupling between flow
dynamics and nutrient transport under changing climatic conditions for 2 °C and 3 °C
temperature change, respectively.

Figure 8d,e show that, overall, all climate models predict a long-term increase in
cumulative total nitrogen (TN) loadings under both global warming scenarios. In the GWL
=2 °C scenario (Figure 8d), TN loadings are projected to rise by approximately 2000 tons
over the 13-year simulation period (about 150 tons per year). Under the GWL =3 °C
scenario (Figure 8e), the increase is projected to rise to about 300 tons per year, i.e., to
double the previous result.
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To assess the impact of climate change on the spatial distribution of TN, we mapped
the difference in TN loadings between climate-change-adjusted models and the baseline
scenario. Two examples are presented in Figure 9a,b. The complete set of results for all
simulated scenarios is provided in the Supplementary Material (Figures 55-510). In these
figures, positive values indicate an increase in nitrogen mass produced in a subbasin relative
to the reference model. Figure 9a shows the results for the CNRM-driven simulation under
the GWL = 2 °C scenario. Here, all values are positive, indicating a consistent increase
in TN loadings across all subbasins compared to the reference. The highest increases fall
within the range of 6-8 kg/ha. Figure 9b presents the results for the MPI-driven simulation
under the GWL = 3 °C scenario. In this case, the differences in TN loadings are significantly
larger than those observed in the CNRM-2 °C scenario. In several subbasins, increases

exceed 10 kg /ha, with the maximum reaching up to 22 kg/ha.
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Figure 7. Area-normalized total nitrogen (TN) mass (kg/ha) in the different subbasins for the
calibrated scenario.
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Figure 8. (a) Simulated time series of the monthly cumulated total nitrogen (TN) in the Adige
River at Albaredo. (b,c) Difference in monthly loadings (AL) between the reference model and the
simulated climate change scenarios, GWL =2 °C and GWL = 3 °C temperature change, respectively.
(d,e) Cumulative AL simulated in the three climate change scenarios.

A similar analysis was conducted to analyze phosphorus transport under present-day
and future conditions, with different results. Figure 10 illustrates the current average
annual total phosphorus (TP) loadings in the main ARLB streams. While TP loadings are
generally lower than TN loadings, their spatial distribution across streams closely mirrors
the patterns previously described for TN (Figure 6). A key distinction between TN and
TP lies in the magnitude of the increase observed along the Adige River. At the inlet near
Volargne, TP loadings are approximately 50 tons/y, rising sharply to about 350 tons/y at
the outlet near Albaredo. This represents a 700% increase as the river crosses the lowland
area, which is substantially higher than the 57% increase reported for TN in the same
section, as discussed previously.



Hydrology 2025, 12, 239

22 of 33

B 10-12 0 5 10 km
L —

I 12-14

I 14-22

San Bonifacio

. 1422 A Albaredo

Albaredo

Figure 9. Predicted difference in area-normalized total nitrogen (kg/ha) loadings calculated for the
CNRM-2 °C scenario (a) and MPI-3 °C scenario (b), compared to the reference model.
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Other distinctions compared to the analysis of TN were found from the time series
analysis of present-day and future scenarios. Figure 11a presents the time series of sim-
ulated total phosphorus (TP) loadings in the main water bodies. As observed in the
corresponding analysis for TN (Figure 8), notable differences emerge between projections
from the climate change scenarios and the present-day model. These differences are shown
in Figure 11b,c for GWL =2 °C and GWL = 3 °C, respectively. Seasonal variations in flow
continue to influence TP loadings across all tested GCMs and warming scenarios. While
cumulative TP loadings vary considerably among the three GCMs by the end of the 13-year
simulation period, the differences between the two warming levels are less pronounced
(contrary to what was observed for TN). Under the GWL = 2 °C scenario (Figure 11d), the
CNRM-driven RCM projects an increase in TP loadings of approximately 1200 tons over
the simulation period, corresponding to an average annual increase of about 92 tons. A
comparable increase is predicted for the GWL =3 °C scenario (Figure 11e). In contrast, the
MPI-driven RCM estimates a more modest rise of around 400 tons over 13 years under
both GWL scenarios, equating to an average of approximately 30 tons/y.
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Figure 11. (a) Simulated time series of the monthly cumulated total phosphorus (TP) in the Adige
River at Albaredo. (b,c) Difference in monthly loadings (AL) between the reference model and the
simulated climate change scenarios GWL =2 °C and GWL = 3 °C temperature change, respectively.
(d,e) Cumulative AL simulated in the three climate change scenarios for 2 °C and 3 °C temperature
change, respectively.
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The different impact of the global warming levels on TP compared to TN can also be
appreciated from the variation in area-normalized loadings. Figure 12a shows the average
annual TP from diffuse sources entering water bodies in different subbasins. Similar to TN,
the northern hilly subbasins contribute the most, with values ranging from 4 to 5 kg/ha. All
climate change models predict, on average, an increase in TP over the 13-year simulation
time. However, unlike TN, there is no clear distinction between the GWLs. For instance,
using the same examples used for the TN maps, the increase calculated using the CNMR
model at 2 °C shown in Figure 12b is very similar to the increase calculated using the MPI
model at 3 °C shown in Figure 12c.

(@)

kg/ha
Il 0.00-0.50
Il 0.50-1.00 | 7

Il 1.00-1.50 iSan|Bonifacio
N 1.50-2.00
[ 2.00-2.50
[ 2.50-3.00
[ 3.00-3.50
[ 3.50-4.00
[14.00-4.50
[74.00-4.88

Albaredo

Figure 12. (a) Area-normalized total phosphorus (TP) loadings (kg/ha) in the different subbasins for
the reference scenario. (b,c) Predicted variation under the CNRM model at 2 °C and the MPI model
at 3 °C compared to the reference scenario.
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4. Discussion
4.1. Comparison with Other Local Studies

Salvetti et al. [32] evaluated the Dese—Zero River watershed, a smaller basin of ap-
proximately 300 km? that drains into the Venice Lagoon. They estimated a total nitrogen
(TN) load of around 696 tons per year, equivalent to about 2.32 tons TN/km?/y. This
value closely matches the specific TN yield in the lowland Adige basin, which produced
approximately 2800 tons of TN over an area of 1220 km?, i.e., about 2.29 tons TN /km?/y.
These consistent values reflect regional uniformity in nitrogen production, likely due to
similar crop types and land management practices across the Veneto region.

Malago et al. [8] modeled nutrient loadings from the Adige basin as part of a broader
study on nutrient fluxes from multiple Mediterranean rivers. Their analysis, based on
global spatial datasets at 5 min resolution for the year 2005, estimated annual TN fluxes
from the entire Adige basin (including both lowland and upland areas) between 10,000
and 25,000 tons/y for the 2003-2007 period. These values are considerably higher than the
6600 tons/y calculated in the present study. However, our estimate aligns well with earlier
findings by Provini et al. [34], who reported a value of 6800 tons/y for the period 1974-1978,
and by Cozzi and Giani [30], who estimated a range between 5000 and 12,000 tons/year for
2004-2007.

Our model results for total phosphorus (TP) are also consistent with previous estimates.
Cozzi and Giani [30] reported TP loads ranging between 320 and 350 tons/y in 2004-2005,
followed by a decline to 200-225 tons/y during 2006-2007. For the period 2003-2007,
Malago et al. [8] estimated TP discharges from the entire Adige basin into the Adriatic Sea
to be within the range of 250-500 tons/y, in agreement with both Cozzi and Giani [30] and
the current study. Our SWAT model simulations indicate annual TP loads of approximately
355 tons from the entire basin and 290 tons from the lowland areas.

The observed decrease in TP loads between 2004 and 2005, and 2006-2007 was at-
tributed to Cozzi and Giani [30], to a general downward trend in phosphorus levels in
Italian rivers, following the implementation of stricter regulations on phosphate-containing
detergents in 1986. While the impact of these regulations is well recognized, we suggest
that such variation may also be influenced by pronounced intra-annual variability in TP
loadings. As noted by Cozzi and Giani 30], historical assessments of nutrient inputs to the
Adriatic Sea have seldom accounted for intra- and inter-annual fluctuations. In contrast,
SWAT model simulations (run on a daily time step) can capture such dynamics (Figure 13).
For instance, Cozzi and Giani [30] illustrated substantial intra-annual variability in TP
concentrations at the Adige River outflow, with monthly cumulative peaks exceeding
350 tons. These findings underscore the importance of accounting for short-term variability
in nutrient loading analyses, both in present conditions and under future scenarios.

4.2. Potential Impact of Irrigation and Atmospheric Deposition

A novelty of this work was the use of detailed agricultural practices. The support
of the local authority was critical in this sense, as they provided information regarding
fertilizer types, dosages, and application timings for major crops in the Adige lowland.

Irrigation was implicitly accounted for in the model through the representation of
volumetric gains and losses in each subbasin, driven by diversions and releases via artificial
canals. This approach preserved the water balance at the scale of the ARLB, which ulti-
mately drains into the Adige River at Albaredo. We did not incorporate specific irrigation
schedules due to the complexity of assigning accurate timings across the diverse crop types
and fertilization regimes already embedded in the model. Nevertheless, a valid concern
is whether incorporating detailed irrigation schedules could influence nutrient dynamics,
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particularly during sensitive stages such as sowing and early growth, especially in regions
with intensive irrigation systems [65].

To address this, we performed a sensitivity test using an intentionally exaggerated
irrigation input of 200 mm/week during sowing periods for each crop type. As shown in
Figure 14, adding irrigation had a minimal effect on annual average total nitrogen (TN)
loadings at the Adige—Albaredo monitoring point.
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Figure 13. Year-cumulated total phosphorus (TP, in tons) simulated at the Adige-Albaredo control point.
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Figure 14. Comparison between the reference model (dots) and models embedding elevated irrigation
(blue line) and atmospheric deposition (dotted orange lines). The data refers to the cumulated total
nitrogen (TN) loadings (TN/month) crossing the Adige—Albaredo monitoring station.

Similar findings were obtained for atmospheric deposition, which was not included
in the model. Stevenazzi et al. [66] reported that in the neighboring Lombardy region,
average nitrate concentrations in rainfall (6—7 mg/L NO3) can contribute to wet nitrogen
deposition rates of up to 14-30 kg TN /ha per year. Applying comparable values to the
Adige River catchment did not produce significant changes in cumulative TN loadings
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(Figure 14), suggesting that atmospheric deposition may play a secondary role in controlling
the nutrient mass balance compared to other inputs.

4.3. Climate Change

Our results highlight the strong connection between changes in hydrological con-
ditions and nutrient transport, consistent with findings from other studies [67,68]. This
relationship is primarily driven by rising temperatures [69]. For instance, Martinkova
et al. [70] found that climate change could increase nitrate loads in the Jizera basin (Czech
Republic) by up to 20%, mainly due to higher rainfall leading to greater nutrient runoff.
This finding aligns with the results of our study.

There are a few studies that predict nutrient loadings under climate change scenarios
in Italian basins. In the Veneto region, Pesce et al. [31] used the SWAT model combined
with AQUATOX to predict nutrient loads in the Zero River basin, focusing on the impacts
of climate change on phytoplankton development. Their study showed a 5% increase in
nitrogen loadings by the end of the century under both RCP4.5 and RCP8.5 scenarios. They
also observed a greater increase in phosphorus than nitrogen, which is consistent with
our findings.

From a computational standpoint, using Global Warming Levels (GWLs) is an effec-
tive approach to simulate future scenarios with specific temperature increases. Instead of
relying on predefined simulation periods, we used 20-year windows representing projected
temperature rises, which reduced the need for running multiple General Circulation Mod-
els (GCMs). Although several studies have linked climate change to water and nutrient
dynamics [71,72], few have directly related them to different GWLs. GWLs have mostly
been used in hydrological studies focused on overall hydrological regimes [73,74], hydro-
electric energy production [75], flooding frequency and intensity [76,77], or extreme sea
level assessments [57]. Given its computational efficiency, we expect that the use of GWLs
will become more common in future climate change studies involving hydrological models
like the one presented here.

4.4. Limitations and Future Developments

As the focus of this work was on addressing challenges and solutions experienced by
the authors when developing the ARLB model, the following is a list of future development
topics that can be analyzed based on the results obtained in this work.

e Lack of monitoring data on secondary streams. At present, water quality data for secondary
streams (including diversion canals) are unavailable. Our database includes monitor-
ing data for major streams, but secondary canals remain ungauged and unmonitored
for chemical composition. Nonetheless, this study highlights the need for future
experimental work aimed at characterizing these secondary channels, for instance,
to be used with more advanced codes, such as SWAT-MODFLOW-RT3D [78]. Once
such data become available, a more detailed, locally refined modeling approach will
be necessary, particularly to assess the implications of representing bifurcations and
diversions as point sources.

o Using point sources for routing to simplify diversions and bifurcations. While this is a widely
used practice in SWAT modeling, it may present some limitations. Specifically, at the
local (i.e., subbasin) scale, this simplification may introduce potential errors in terms
of nutrients gained or lost due to the omission of canals. The working hypothesis in
this study was that, at the scale of the entire modeled domain, the nutrient balance
remains approximately unchanged. This assumption relies on the expectation that
local gains and losses average out across the heterogeneous subbasins of the ARLB.
In other words, while some subbasins may show nutrient concentrations higher than
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expected, others may show lower levels, leading to an overall net-zero effect. To
formally test this hypothesis and more accurately simulate nutrient transport, future
studies may employ alternative modeling frameworks. One promising option is the
SWAT-MODFLOW-RT3D model, which integrates SWAT with the well-established
flow and transport models MODFLOW and RT3D. This approach would retain SWAT
efficiency in simulating agricultural practices and streamflow /mass routing, while also
enabling the representation of secondary canals via drain-type boundary conditions
(e.g., using the MODFLOW RIV package).

o Comprehensive uncertainty analysis of future variability in streamflow and nutrient loading.
Deriving statistics from only three realizations of the same groundwater level (GWL)
scenario is conceptually problematic and may be misleading. Such a limited sample
is unlikely to capture the full range of potential variability, and consequently, the
results may underrepresent true uncertainty. Confidence intervals derived from this
small ensemble could differ significantly from those obtained through a more robust
Monte Carlo approach involving a larger number of realizations, to be developed in
the future.

e Evaluating model robustness to stress scenarios. The model was developed to predict
future streamflow rates and nutrient loading. However, we did not evaluate its
performance under multi-year droughts or anomalous precipitation events. One
reason, as mentioned previously, is that such an assessment would require a larger
ensemble of stochastic simulations. Another reason is that the model’s ability to
simulate extreme flow events requires more detailed investigation. Because SWAT
is a continuous inflow-outflow model rather than an event-based model (i.e., one
focused on flood peaks) and given the spatio-temporal resolution used in this study, it
is expected to better capture low and moderate flows than extreme high-flow events
(as illustrated in Figure 3). However, a dedicated analysis is needed to determine how
these limitations affect the model’s robustness under extreme hydrological conditions.

e  Use of updated SWAT versions. The present work was originally driven by the prac-
tical need to develop a reliable and operational tool for real-world application by
administrative bodies. To this end, we used SWAT2012, a well-established, fully tested,
and widely supported version of SWAT and a reference code within the research and
practitioner communities. The use of SWAT+ would certainly be appealing in the
context of theoretical or forward-looking research. While the basic algorithms used
to calculate the processes in SWAT+ have not changed compared to the SWAT2012
version (https://swat.tamu.edu/software/plus/, accessed on 22 August 2025), it
is expected that SWAT+ offers enhancements in data input structure and flexibility
compared to SWAT2012.

e Particle-bound phosphorus transport. Our model analysis did not study the effects of
solid transport of phosphorus, which is a well-known transport mechanism for this
compound [79-81]. Pesce et al. [31] suggested that soil erosion and phosphorus
bound to particles could explain the increase in TP due to climate change. Several
international case studies based on the SWAT that obtained similar conclusions [79-81].
While we find this hypothesis plausible also for the ARLB, unfortunately, we had no
data to calibrate the model in this regard, leaving it open for future developments.

5. Conclusions

This study developed and applied a high-resolution, process-based SWAT model to
simulate hydrological and nutrient dynamics in the Adige River Lowland Basin (ARLB),
a flat, intensively managed, and agriculturally productive area in northeastern Italy. The
model, calibrated with locally detailed hydrological, agricultural, and point-source data,
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proved capable of reproducing both current conditions and future climate-driven scenarios.
It effectively simulates nutrient transport in this complex setting and provides a robust
decision-support tool for local administrations.

Streamflow calibration showed strong performance, with NSE values up to 0.76 and
low bias. Simulated average discharge (192 m3/s) closely matched observations (218 m3/s),
with comparable standard deviations (respectively, 106.8 and 99.9 m?®/s), confirming the
model’s ability to reproduce intra- and inter-annual variability.

Nutrient simulations also performed well. The mean TN concentration was 1.08 mg/L,
aligning with the observed 1.09 mg/L. While TN loadings were slightly underpredicted by
~13%, this was considered acceptable, as nutrient transport was simulated without further
calibration to avoid overfitting.

The model revealed distinct spatial patterns in nutrient pollution. Point sources,
particularly WWTPs along the main Adige River, accounted for approximately 65% of
the total nitrogen load, with the largest WWTP near Verona contributing ~365 t TN/y. In
contrast, diffuse agricultural runoff, while secondary in total load, was concentrated in
hilly northern subbasins, reaching 12-14 kg/ha/year, and represents a climate-sensitive
source of pollution.

Future climate scenarios project longer dry spells in spring—summer and wetter con-
ditions in autumn-winter, directly affecting flow and nutrient transport. Under a 2 °C
warming scenario, TN loadings are projected to increase by about 150 t TN/y, rising
to about 300 t TN/y under 3 °C. In contrast, phosphorus (TP) loadings show weaker
sensitivity to warming level, with increases varying more across models than between
warming scenarios, although particle-bound phosphorus transport was not included in
the simulations.

Seasonal flow variation strongly influences nutrient dynamics, with dry periods
reducing TN transport and wet periods enhancing it. For instance, the ICHEC model
showed TN reductions during simulation years 6-8, consistent with low-flow conditions.
However, outcomes varied across models and warming levels, reinforcing the need for
ensemble stochastic modeling to address uncertainty in climate projections.

Overall, this study confirms that a rigorous modeling framework can effectively
reproduce complex lowland flow and nutrient transport using SWAT and supports its use
as a climate-resilient planning tool. The model enables identification of pollution hotspots
and the design of targeted best management practices (BMPs), fulfilling the original aim of
supporting regional authorities with evidence-based strategies for nutrient reduction and
sustainable watershed management.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/hydrology12090239/s1. Figure S1 Hydrographic network of the
Adige basin. The original “Reticolo idrografico” (in Italian, hydrographic network) was provided
by the Eastern Alps District (“Corpi_idrici WFD200060_2021" shapefile). The modified network
(“Modificato” was used for burn-in operation in the model. “Streams (SWAT)” is the network
produced by SWAT on which the outputs of the simulations are calculated. Points refer to the
main outlet, inlet and point sources. “SWAT subbasin” are the subbasins created by SWAT. “Limiti
bacino” are the external model boundary. Figure S2 Dominant soil type in the different subbasins.
Figure S3 Dominant land use in the different subbasins. Figure S4 (a) Comparison between simulated
and calculated concentrations of total nitrogen (TN), with the uncertainty intervals; (b) Monthly-
based residuals, with the two outliers above C = 0.8 mg/L; (c) Boxplot with the two outliers above
C =0.8 mg/L. (d) Scatter diagram between observed and simulated values, with confidence intervals.
Figure S5 CNRM-GWL = 2C. Figure S6 CNRM-GWL = 3C. Figure S7 ICHEC-GWL = 2C. Figure S8
ICHEC GWL = 3C. Figure S9 MPI-GWL = 2C. Figure S10 MPI-GWL = 3C. Table S1 Conversion tables
from HWSD to SWAT inputs. Table S2 Main crops characterizing the Adige River lowland basin for
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which information has been provided on agronomic practices (fertilization and pesticide use) and
corresponding SWAT class. Orchards were mainly apples. Table S3 Summary tables of the SWAT
variables, showing with the monthly average values for the observed (“reference”) data, the control
values of the three post-bias-correction models (“2001-2020") and the values of the three models for
the two tested GWLs.
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