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Abstract

Protecting groundwater against pollution from agricultural sources is a key aspect of sus-
tainable management of soil and water resources. Implementation of sustainable strategies
for agricultural production can be supported by modeling tools, which allow us to quantify
the effects of different agricultural practices in the context of groundwater vulnerability
to contamination. In this study we present a method to assess groundwater vulnerability
to nitrate pollution based on a combination of the SWAT agro-hydrological model and
the DRASTIC index method. SWAT modeling was applied to assess different scenarios
of agricultural practices and identify solutions for sustainable management of soil and
groundwater and reduction of nitrate pollution. The developed method was implemented
for groundwater resources in a study area (Puck Bay region, southern Baltic coast), which
represented a complex multi-aquifer system formed in Quaternary fluvioglacial deposits
(sand and gravel) separated by moraine tills. In order to investigate the effects of differ-
ent agricultural practices, 12 scenarios have been defined, which were grouped into four
classes: crop type, fertilizer management, tillage, and grazing. An overlay index structure
was applied, and ratings and weights to several factors were assigned. All analyses were
processed using GIS tools, and the results are presented in the form of maps, which cate-
gorize groundwater vulnerability to nitrate pollution into five classes, ranging from very
low to very high. The results reveal significant variability in groundwater vulnerability
to nitrate pollution in the study area. Agricultural practices have a very strong influence
on groundwater vulnerability by controlling both recharge rates and nitrogen losses from
the soil profile. The most pronounced increases in vulnerability were associated with
scenarios involving excessive fertilization and intensive grazing. Among crop types, potato
cultivation appears to pose the greatest risk to groundwater quality.
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1. Introduction

Agriculture is an important sector of the global economy and produces food and
other goods; however, it is also responsible for significant anthropogenic pressure world-
wide [1-3]. It is especially important in the context of long-term global population growth,
which will probably increase the expansion and intensification of agricultural production
necessary to meet increasing food demands [4]. The motivation for agricultural production
is indisputable. On the other hand, these activities have a profound impact on groundwater
resources. A number of field studies show that agriculture can be the main source of
groundwater pollution, exerting a predominant influence on the dynamics and direction
of hydrogeochemical change [5-13]. Protecting groundwater against pollution from agri-
cultural sources is a key aspect of sustainable management of soil and water resources.
Implementation of sustainable strategies for agricultural production can be supported by
modeling tools, which allow us to quantify the effects of different agricultural practices in
the context of groundwater vulnerability to contamination.

Nitrate (NO3) is a widely recognized indicator of agricultural pollution in ground-
water, as it is associated with the terminal stage of organic matter biodegradation. NO;
concentrations in the aquifers typically do not exceed several tens of mg/L, whereas under
natural conditions they are generally limited to a few mg/L [14]. Atlow concentrations,
NOj3 can migrate to the most mobile substances, which is an effect of minimal adsorption
capacity [15]. As a result, they can be transported over considerable distances from the
contamination source at rates comparable to those of conservative contaminants [16]. Being
both highly mobile and the most stable form of nitrogen, NOj is usually readily leached
from the soil profile into groundwater.

The assessment of groundwater vulnerability to pollution is a widely used approach
for determining actions necessary for groundwater protection. However, this concept
has been variously defined over the years and can be generally divided into intrinsic
and specific vulnerability [17-20]. Intrinsic vulnerability determines the potential for
contamination transport to the aquifer based on pivotal properties of a hydrogeological
system. Specific vulnerability additionally includes information about pollutant type and
load, area, and duration of the injection from the pollution source. Results of vulnerability
assessments are typically presented in the form of maps, which have become valuable tools
for decision-making by local governments, environmental agencies, spatial planners, and
land users [21].

A number of methods have been developed for groundwater vulnerability assessment
(e.g., [20,22-25]). The most common are index-overlay methods [26]—widely applied
in many parts of the world—for either local or regional scales [27-33]. These methods
are based on ranking and weighting systems assigned to a set of parameters that have
the greatest influence on the potential migration of contaminants into the aquifer. The
most frequently used ranking-based methods for porous media include DRASTIC [34],
GOD [35], AVI [36], and SINTACS [37]. In contrast, for karstic regions, DIVERSITY [38],
EPIK [39], and COP [27] are mainly applied methods. Beyond the well-known advantages,
these methods can be affected by an intrinsic subjectivity of weights and rates or imple-
mentation of static and redundant parameters. To improve their effectiveness, they are
often modified by adjusting weights and rankings or incorporating additional parameters
into the computational algorithm [40]. In recent research, groundwater vulnerability to
NOj pollution was assessed by adapting the widely used DRASTIC method [34]. Various
alternative approaches have been developed for this purpose, such as CD [41], NV [42],
SI[43], and DRASTIC-PA [31]. However, these methods include agricultural practices in
general, typically by incorporating some parameter related to land use.
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In this study we develop a method to assess groundwater-specific vulnerability to
NO; pollution based on a combination of SWAT agro-hydrological model and the modified
DRASTIC index method. This study aimed to improve the reliability and representativeness
of groundwater vulnerability to NOs, with a particular focus on various agricultural
practices. Recent studies proposed incorporation of SWAT model outputs into the DRASTIC
method [44-49], but these efforts largely focused on groundwater recharge estimations or
effects of land use changes.

The SWAT modeling presented in this study was applied to investigate the impact
of different scenarios of agricultural practices on groundwater quality, which was further
used for setting guidelines for soil and groundwater sustainable management, including
reduction of NO3 pollution. The method was employed for a complex multi-aquifer system
in the Puck Bay region (southern Baltic coast).

2. Study Area

The study area is located in northern Poland, in the Puck Bay region (southern Baltic
coast) (Figure 1). The area is characterized by post-glacial geological forms: fragments of
a moraine plateau separated from each other by relatively deep valleys. The soil textural
types are mostly represented by sandy loams, loamy sands (weathered glacial till), sand,
and peat (near streams and rivers.

A complex multi-aquifer system is drained mainly by the adjacent Puck Bay. The
discharge occurs either in the subsurface as the submarine groundwater discharge (SGD)
or through streams and rivers. In the study area, two aquifers are the main sources of
water supply—the sub-moraine (lower) aquifer (Q2) and the inter-moraine (upper) aquifer
(Q1), locally exposed in the river valleys. The aquifers consist of Quaternary glaciofluvial
deposits (sand and gravel) and are separated by low-permeable moraine till sediments.
Locally, groundwater occurs in small, perched aquifers (Q0) formed within sand lenses
enclosed in the shallow parts of the moraine deposits, up to 5 m below ground level
(Figure 1). In the moraine plateau, the inter-moraine aquifer occurs from —10 to 20 m above
mean sea level (a.m.s.l.). The thickness is generally about 20 m, but locally it can reach
up to 50 m. The sub-moraine aquifer is located below, from —75 to —40 m a.m.s.1., with
a thickness of 10-35 m. These two main aquifers are mostly confined and hydraulically
connected. In the ice-marginal valley, groundwater (Q1) occurs shallow, a few meters
below the ground surface, and is indirectly connected to surface waters. In that area,
aquifer Q1 has a thickness between 20 and 40 m, and it is unconfined or semi-confined by
organic sediments (muds and peats). In some parts of the valley, subsurface aquifer Q1
is hydraulically connected with deeper aquifer Q2. The groundwater head ranges from
approximately 45 m a.m.s.l. and declines to 0 m at the sea level. Shallow aquifers are
replenished mostly by rainfall infiltration, whereas the deeper ones are supplied with water
by lateral inflow from the west and vertical seepage from overlying layers [50-53].

The groundwater quality within the study area is diversified. Local anthropogenic
pollution is observed, affecting shallow perched aquifers (Q0) as well as the inter-moraine
and valley (Q1) aquifers. The groundwater contamination results in higher concentrations
of nitrogen compounds, phosphates, and potassium, which are the primary components of
agricultural fertilizers. Other agricultural pollution indicators, such as elevated concentra-
tions of NH;*, NO,~, NO3;~, PO43~, and K* ions, were found locally. In some parts of the
Puck Bay area, a hydrogeochemical inversion occurs [54].
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Figure 1. Map of Puck Bay region and general scheme of groundwater flow in the study area
(modified from [51]).

The research area is influenced by a distinct marine climate, with both winters and
summers relatively mild. The mean annual air temperature is approximately 7.4 °C, and
average annual precipitation in the period 2001-2010 was 646.5 mm. The region has a
population of about 25,000 inhabitants, and about 11,000 of them reside in its largest town,
Puck. The study area covers 202.3 km? and is mostly used for agricultural purposes (about
65%); crops are cultivated mainly in deforested upland zones, while meadows and pastures
are present in the river valleys. The dominant crops, ranked by importance, include: winter
wheat, winter triticale (a wheat-rye hybrid), silage corn, canola, mixed spring cereals,
potatoes, and peas (Pisum). Crop rotation is a common practice among local farmers [55].

3. Materials and Methods
3.1. Method for Groundwater Vulnerability Assessment

In this section we briefly describe the original DRASTIC method and its modification,
DRASTIC-AGRO, introduced in this study. The DRASTIC method [34] for estimation of
groundwater vulnerability to contamination includes seven parameters: depth to water
table (D), net recharge (R), aquifer media (A), soil media (S), topography (T), impact of the
vadose zone (I), and hydraulic conductivity of the aquifer (C). To each parameter a weight
is assigned, ranging from 1 to 5. Ratings (r) from 1 to 10 are assigned to each parameter.
The method assumption is based on vertical waterborne pollutant transport from the
land surface through the unsaturated zone into a porous aquifer, and it is recommended
for areas larger than ~0.5 km?. The original DRASTIC method includes two versions:
(i) one for evaluating intrinsic vulnerability and (ii) the second for specific vulnerability,
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specifically for pesticides. In that method, four vulnerability classes are distinguished:
low (<100), moderate (101-140), high (141-200), and very high (>200). Vulnerability is
determined by using a calculation algorithm, which is the sum of the ratings and weights
of the parameters:

DRASTIC;gex =5 X Dr+4 x Rr+3 X Ar+2 xSr+1 xTr+5 xIr+3 xCr (1)
In this study, we introduced a modification of the original DRASTIC method to directly
include agricultural impact (DRASTIC-AGRO). This method can be applied to evaluate the
specific vulnerability of porous aquifers to NOs, with explicit consideration of agricultural
practices. To improve the reliability, qualitative parameters were replaced with quantitative
ones, and uncertainty related to the subjective assignment of ratings and weights was
minimized using statistical methods. This approach has been successfully introduced and
tested in recent studies [31,56]. An additional parameter reflecting agricultural practices
was introduced into the computational algorithm, given that farming activities are a sig-
nificant source of nitrogen loads in soils, often resulting in high concentrations of NOs in
groundwater (Figure 2). Agricultural practices within the study area were implemented
using the SWAT model, which gave a detailed description of land use and watershed man-
agement [57]. In this study, the DRASTIC-AGRO was applied to the present agricultural
land use in the case study (W0) and to other possible management scenarios (51-512).

DRASTIC original

SWAT
| Grading |—>' Agricultural
practice

Sensitivity
analysis

_»

Correlation
with nitrate
concentration

_>

Rating

[ K

DRASTIC-AGRO
M @4+ [Os [Je [J7 Es Mo

B2 B 10

Figure 2. Scheme of the methodology used to modify the original DRASTIC method and to generate
maps of specific parameters related to groundwater vulnerability. Explanation of abbreviations:
D—depth to water table, R—net recharge, A—aquifer media, S—soil type, T—topography, I—impact
of the vadose zone, C—hydraulic conductivity of the aquifer, HR—hydraulic resistance of the vadose
zone layers, AT—aquifer thickness, GV—groundwater velocity, GR—groundwater recharge, and
NL—N-NOg3; load leaching from the soil profile.

In the original DRASTIC method, the soil parameter (S) is related to soil texture and
represents groundwater contamination potential in a simplified way, assuming that NO3
behaves as a conservative substance. However, in our case study; it is necessary to include
all nitrogen transformation processes, such as mineralization, immobilization, nitrification,
and denitrification, determined by microorganisms’ activity [16,58,59]. The balance of nitro-
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gen transformations in the soil profile plays a significant role in nitrogen uptake by plants,
its volatilization to the atmosphere via denitrification, and transport in groundwater [60,61].
Therefore, in the DRASTIC-AGRO method, the soil parameter (S) was replaced with N-NO3
load leaching from the soil profile (NL). This parameter is closely linked to land use and
management strategies, especially agricultural activity. Estimating the NL parameter using
the SWAT model enables a more comprehensive representation of the diverse processes
governing the nitrogen cycle in soils. Furthermore, incorporating N-NOj leaching allows
for a quantitative differentiation of the soil’s contribution to vulnerability assessment,
even under conditions where a single soil texture is present. Similarly, the aquifer media
(A), which in the original method represents the aquifer’s capacity to attenuate potential
contaminants, was replaced with aquifer thickness (AT). The thickness of the aquifer is an
important factor in estimating the aquifer’s ability to dilute and attenuate nitrate contami-
nant concentrations [62] and was distinguished and applied in other studies of groundwater
vulnerability [31,63]. Kazakis and Voudouris [31] pointed out that AT is a quantitative and
measurable parameter as opposed to A, which is qualititative. In the DRASTIC-AGRO
method, hydraulic resistance of vadose zone layers (HR) was introduced, replacing depth
to groundwater (D) and impact of vadose zone (I) from the original DRASTIC method.
The HR parameter is defined as a ratio between the thickness and vertical hydraulic con-
ductivity of each soil layer above the water table. It provides a quantitative description of
the vadose zone and expresses the difficulty with which pollutants migrate from the land
surface to the aquifer. This parameter can be interpreted as an approximation of the vertical
travel time of water through the unsaturated zone [36]. Similarly to AT, the introduction of
HR decreases subjectivity of parameters, as HR is a quantitative parameter in contrast to
qualitative parameters D and I, which partially overlap. High hydraulic resistance slows
vertical water movement, thereby reducing vulnerability by limited contaminant infiltra-
tion. Conversely, lower resistance causes faster infiltration and increases contamination
risk. The vadose zone plays a critical role in reducing pollution transport to the aquifer by
filtration, dispersion, and sorption processes. However, in the original DRASTIC method,
it is represented qualitatively by parameter D, which suggests that contamination seepage
through the unsaturated zone depends only on water table depth. Such an approach can
significantly increase uncertainty, especially for porous soil material, where permeability
can vary greatly depending on soil type, depth, and the presence of a root zone. The
HR factor more accurately represents the role of vadose zone in pollution transport and
was successfully applied to the estimation of groundwater vulnerability [31,56]. For the
saturated zone hydraulic conductivity (C) was replaced with the groundwater velocity
(GV) since some recent studies [31,63,64] showed limited correlation between NO3 concen-
trations and hydraulic conductivity. Groundwater velocity, in contrast, directly influences
NOs transport. The higher the groundwater velocity, the more rapidly pollutants propagate
within the aquifer, resulting in an increased aquifer vulnerability. The topographic slope (T)
parameter was excluded from the DRASTIC-AGRO method. Although it can indicate areas
with fast and slow infiltration, topography was already incorporated into the SWAT model,
and it was indirectly included in the parameters describing the groundwater recharge and
N-NO;j load leaching through the unsaturated zone. Groundwater recharge (GR) remains
an essential factor in assessing groundwater vulnerability, since it determines the amount
of potential pollutants transported to the aquifer.

3.1.1. Data Collection

Groundwater vulnerability assessment was based on a combination of prepared
datasets for each parameter. A complete database was prepared, which contained all the
data essential for specific groundwater vulnerability to NO3; assessment. The data was
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sourced from national databases, hydrogeological maps, and results of previous research
(Table 1). The spatial layers for each parameter used in the DRASTIC-AGRO method
were converted into a raster format. This conversion was performed using GIS tools
within ArcGIS Pro (version 3.4.2) at a cell resolution of 50 x 50 m. This resolution was
appropriate for representing the spatial variability of groundwater vulnerability to nitrate
pollution within the investigated area. Using input data of the same resolution in the SWAT
model ensured consistency across the results and enabled an accurate representation of
the main topographic features. The adopted raster resolution was also determined by data
availability and by the scale of the source materials used in the analysis. Table 1 provides a
summary of all data utilized in the analysis, along with their references.

Table 1. Parameters used for DRASTIC and DRASTIC-AGRO.

DRASTIC DRASTIC-AGRO Source
Depth to groundwater table (D) Hydraulic resistance Borehole profiles
Impact of the vadose zone (1) of the vadose zone (HR) Hydrogeological maps

Groundwater recharge (R)

Groundwater recharge (GR)

Topography (T)
Topography (T) N-NOs load leaching from SWAT model output
Soil (S) the unsaturated zone (NL)
Aquifer media (A) Aquifer thickness (AT) Borehole profiles
Hydraulic conductivity (C) Groundwater velocity (GV) MODFLOW model output

Hydraulic resistance (HR) of the vadose zone is calculated as a ratio between the thick-
ness and vertical hydraulic conductivity of soil layers in the unsaturated zone, as follows:

HR =) di/k; (2)

The thickness of the vadose zone layers (d) was determined from available borehole
profiles, while the hydraulic conductivity (k) of these sediments was assigned based on
literature [65-68]. A spatial GIS layer of HR was generated using the Inverse Distance
Weighting (IDW) interpolation, based on 430 points. Groundwater recharge (GR) and N-
NOs load leaching through the unsaturated zone (NL) were estimated based on simulation
results obtained from the developed SWAT model, which calculates water balance and
nitrogen transformations within the vadose zone. According to the simulation results, it
was assumed that the quantity of water and NOj in the water outflowing from the root
zone is equivalent to the amount of these components delivered to the first aquifer at
the water table level. Both parameters, GR and NL, were modified for each management
scenario based on separated SWAT simulations. Details of the SWAT model calculations
and a description of agricultural scenarios are presented in Section 3.2. A spatial GIS
layer for both parameters was generated based on average monthly values simulated
for the corresponding hydrological response units (HRUs). Aquifer thickness (AT) was
estimated using data from borehole logs compiled in the national hydrogeological database
(Bank HYDRO) managed by the Polish Geological Institute-National Research Institute
(PGI-NRI). A spatial GIS layer for this parameter was generated through interpolation
using the Inverse Distance Weighting (IDW) method, based on 430 points. Groundwater
velocity (GV) was calculated from the results of a multi-layer numerical MODFLOW model,
developed for the study area within the WaterPUCK project [51,53]. The SWAT model
was coupled with the MODFLOW-MT3DMS model using a one-way coupling scheme,
where the daily recharge fluxes and nitrate loads to the aquifer obtained from SWAT are
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transferred to the MODFLOW and MT3DMS models. MODFLOW simulates groundwater
flow, while MT3DMS simulates nitrate transport in groundwater, accounting for advection,
hydrodynamic dispersion, and denitrification (modeled as a first-order reaction). For more
details the reader is referred to [51,53]. A corresponding spatial layer was generated from
these modeling results. Information on NO;3 concentration in groundwater was prepared for
parameter classification and validation of the obtained results. These values were measured
using a pHotoFlex STD photometer (WTW Xylem Analytics, Weilheim, Germany) during
field surveys conducted since 2017. Measurements were taken at 49 points located in the
research area.

3.1.2. Adjustment of Parameters Classification and DRASTIC-AGRO Index

Statistical methods were applied to adjust the weights and class range of each pa-
rameter, as proposed in several studies towards improving the reliability and accuracy
of vulnerability assessment methods [31,56,63,69,70]. To define the optimal class range of
each parameter, as well as the final vulnerability index to NOj3, grading methods including
natural breaks, equal interval, quantile, and geometrical intervals [63] were applied. This
selection was based on the method yielding the highest correlation with NO3 concentra-
tions. The calibration procedure involved analyzing the relationship between observed
NOj3 concentrations within the study area, which was generated using the IDW method.
Subsequently, a regular point grid (fishnet) with a resolution suitable for the area was
created, and the class values of each parameter were extracted to these points. Data com-
parison was performed using Pearson’s correlation coefficient [71]. However, this method
assumes a normal distribution of NO3 concentrations [31,69,72]. Consequently, the correla-
tion analysis was performed using logarithmically transformed data. The weight of each
parameter was calculated using the following equation, based on a scale from 1 to 10:

W=_—" " %10 3)

Y2 5(ri)

where W is weight of the parameter and r is related to its correlation with NOj3 concentration.
The rank of each parameter, ranging from 1 to 10, was assigned either in ascending or
descending order, depending on the relationship between the parameter value and NO3
migration potential. Higher values indicate greater vulnerability to NO3 contamination.
The grading method of each parameter was selected according to the highest correlation
with NOj concentration (Table 2). The ranges and ratings of original DRASTIC and
DRASTIC-AGRO parameters are presented in Table 3.

Table 2. Calculated weight and selected grading method for DRASTIC-AGRO parameters and the
correlation factor of each grading method.

Parameter Grading Method Correlation Rank Weight
HR equal 0.508 6.00
GR equal 0.013 0.15
NL equal 0.093 1.10
AT geometric 0.198 2.34
GV equal 0.035 0.41
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Table 3. Ranges and ratings of original DRASTIC and DRASTIC-AGRO parameters in relation to research area characteristics.
. Depth to Groundwater Aquifer . Topography Impact of Hydra1.111.c
Rating groundwater recharge . Soil S conductivity
media (%) the vadose zone
(m) (mm/year) (m/d)
10 0.0-1.5 Karst limestone Thin or absent/Gravel 0-2 Karst limestone >81.60
9 1.5-4.5 >250 Basalt Sand 2-6 Basalt
8 180-250 Sand and gravel Peat Sand and gravel 40.80-81.60
7 4590 B Shrinking /Aggregated _
clay
E Limestone /Sandstone /Sand
) Massive and
é 6 100-180 limestone/Sandstone Sandy loam gravel with significant silt 28.56-40.80
A and clay
5 9.0-15.0 Glacial till Loam 6-12 -
4 Weathered metamorphic/ Silty loam Metamorphic/Igneous 12.24-28.56
Igneous
3 15.0-22.0 50-100 Metamorphic/Igneous Clay loam 12-18 Silt/Clay/Shale
2 22.0-30.0 Massive shale Muck - 4.08-12.24
No
1 >30.0 0-50 - shrinking /Aggregated >18 Confining layer 0.04-4.08
clay
Hydraulic resistance Groundwater N-NO; load leaching Aquifer Groundwater
. from the unsaturated . .
Rating of the vadose zone layers (HR) recharge Zone thickness velocity
(log HR) (mm/year) (kg/halyear) (m) (m/d)
E 10 <-11 >210.3 >92.3 <9.8 >1.15
% 9 -1.1--0.2 187.0-210.3 82.1-92.3 9.8-16.9 1.03-1.15
9] 8 —0.2-0.7 163.6-187.0 71.8-82.1 16.9-22.2 0.91-1.03
5 7 0.7-1.7 140.2-163.6 61.6-71.8 22.2-26.2 0.79-0.91
< 6 1.7-2.6 116.9-140.2 51.3-61.6 26.2-29.1 0.65-0.79
% 5 2.6-3.5 93.5-116.9 41.0-51.3 29.1-32.0 0.53-0.65
4 3.5-4.5 70.1-93.5 30.8-41.0 32.0-35.9 0.41-0.53
3 45-54 46.7-70.1 20.5-30.8 35.9-41.2 0.29-0.41
2 54-6.3 23.4-46.7 10.3-20.5 41.2-48.4 0.14-0.29
1 >6.3 <234 <10.3 >48.4 <0.14
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Based on modified parameters’ classification for the DRASTIC-AGRO index (DA),
specific vulnerability of the porous aquifer to NO3 pollution can be calculated by applying
the following algorithm:

DA =6.00 x HR +0.15 x GR + 1.10 x NL +2.34 x AT + 0.41 x GV 4)

where HR is the hydraulic resistance of the unsaturated zone, GR is groundwater recharge,
NL is N-NOjs load leaching through the vadose zone, AT is aquifer thickness, and GV is
groundwater velocity. The obtained vulnerability map was classified into five categories:
very low, low, medium, high, and very high.

3.1.3. Sensitivity Analysis

An effective tool for assessing the accuracy of vulnerability maps, as well as for their
verification and calibration, is sensitivity analysis [30,73,74]. In this study, the single-
parameter method was applied. It consists of analyzing the sensitivity of each parameter
individually to determine its influence on the final vulnerability index value [75]. Sensitivity
analysis offers valuable insights into how the rating and weighting values assigned to
each parameter affect the results, thereby helping to evaluate the significance of subjective
elements [31,56,63,76]. The effective weights of the parameters were calculated using the

following equation:

Pr><Pw><

W= 100 )

where W is the effective weight of the parameter, P, is the rating value, P, is the weighting
value of each parameter, and V is the overall index value.

3.2. SWAT Model

The Soil and Water Assessment Tool (SWAT) is a computational model widely used to
evaluate the influence of various factors on the catchment hydrological cycle, soil quality,
and crop yields [57]. It enables simulations of individual components of the water balance,
sediment transport within the catchment, nutrient cycling, crop growth, and other more
complex processes. For the purposes of this study, the primary SWAT model outputs were
groundwater recharge and the NOjs nitrogen (N-NO3) load leached from the soil profile.
These results were used to evaluate the impact of agricultural practices on the variability of
groundwater vulnerability to pollution.

Groundwater recharge was defined as an amount of water percolating below the root
zone in the vadose zone profile, determined by soil moisture content and percolation time.
This relationship is expressed by the following equations:

—At
w =SW;, x [1—ex 6
perc ly ( p {TTpech ) ( )
SAT,, — FC,
TTpere = —— £ (7)
Ksat

where Wperc is the amount of water percolating to the underlying soil layer (mm H,O),
SW, is the drainable volume of water in the soil layer (mm H,0), At is the length of the
time step (h), TT perc is the travel time of percolation (h), SAT), is the amount of water in the
soil layer under full saturation (mm H0), FC},, is the water content of the soil layer at field
capacity (mm HO) and K is the saturated hydraulic conductivity for the layer (mm/h).

https://doi.org/10.3390/su18020729


https://doi.org/10.3390/su18020729

Sustainability 2026, 18, 729

11 of 28

The values obtained from the above equation were corrected for water losses resulting
from evaporation, diffusion, and uptake by deep-rooted plants. This adjustment is particu-
larly important in areas where the groundwater table occurs close to the land surface. The
final value was calculated using the following equation:

Wrevap = Preo X Eg 8)

where Wreyqp is the actual amount of water moving upward in the vadose zone in response
to low negative pressure head (dry conditions) in the upper part of the profile (mm H,0),
Brev is the revap coefficient (-), and Ey is the potential evapotranspiration for the day
(mm H;0).

Transport of nutrients (including NOs) in the SWAT model is associated with surface
runoff, subsurface flow, or infiltration. To determine NOj nitrogen load leaching from the
unsaturated zone, the concentration in percolating water and the volume of percolating
water are necessary, based on the following equations:

NO3y (1 - exp| gmtihr- | )

No3pgrc -
Winobile

X Wyerc )

where NO3 ey is the NO3 moved from the soil profile by percolation (kgN/ha), NO3,, is
the amount of NOj3 in the soil layer (kgN/ha), w0, is the amount of mobile water in
the layer (mm H,O), 0, is a fraction of porosity which anions are excluded from (-). The
amount of mobile water in the layer is the amount of water remaining after surface runoff,
lateral flow, or percolation:

Winovite = Qsurf + Qlat + Wperc  for top soil (<10 mm deep) (10)

Winobite = Qlat + Wpere  for lower soil layers (>10 mm deep) (11)

where Qs is the surface runoff (mm HyO), Qy is the water discharged from the layer by
lateral flow (mm H,O).

3.2.1. Input Data and Model Setup

The developed SWAT model represents an extended version of the model created
within the WaterPUCK project and is based on the same model concept [77].

The input data for the model were prepared in the form of spatial (GIS) data and text
files, which were subsequently imported into SWAT. The scope of input data is presented
in Table 4. A first step in model setup was the delineation of streams and catchments. For
this purpose, a digital elevation model (DEM) was used, generalized to a raster cell size
of 50 x 50 m. The adopted DEM resolution minimized problems related to the proper
parameterization of the delineated catchment. Sub-catchments were generated based on
the existing stream network, which was expanded to include additional surface water
contributing to areas in the coastal zone. The final model domain covered an area of
243.5 km?, subdivided into 27 sub-catchments.
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Table 4. Input data used for SWAT model construction.
Data Category Data Data Source
Digital Elevation Model (DEM) GUGIK !
Thematic maps Land use GIOS 2
Soil cover PIG-PIB 3
Daily precipitation
Daily max and min temperature 4
Weather data Mean daily relative humidity CFSR 5
Daily solar radiation sum IMGW-PIB
Mean daily wind speed
Agricultural practices Farmer surveys WaterPUCK ©

1 GUGiK—data obtained from the resources of the Head Office of Geodesy and Cartography [78]. 2 GIOS—corine
land cover data for 2018 (CLC2018), obtained from the resources of the Chief Inspectorate for Environmental
Protection [79]. 3 PIG-PIB—data obtained from the Central Geological Database of the Polish Geological Institute-
National Research Institute, compiled from selected sheets of the Detailed Geological Map of Poland (SMGP) at a
scale of 1:50,000 [80-82]. 4 CFSR—meteorological data (temperature, humidity, solar radiation, and wind speed)
obtained from the Climate Forecast System Reanalysis [83]. > IMGW-PIB—precipitation data from meteorological
station for the years 1998-2010, obtained from the Institute of Meteorology and Water Management-National
Research Institute. ® WaterPUCK—data on agricultural practices derived from surveys conducted among local
farmers [55].

Additional data on land use and soil cover were then imported and adjusted to the
structure of the SWAT database. Land-use data were reclassified, while soil properties were
defined using several parameters, primarily related to their physical characteristics, based
on literature values [84]. A slope layer was derived from the DEM introduced at an earlier
stage. The integration of land-use, soil, and slope data resulted in 564 HRUs (hydrological
response units) across the catchment, which represent the basic computational elements of
the model.

Meteorological input data included daily precipitation, maximum and minimum air
temperature, mean daily relative humidity, daily solar radiation, and mean daily wind
speed. The analysis used meteorological records from 1998 to 2010 obtained from the
IMGW-PIB database and the CFSR system.

The SWAT model was also applied to define current land use and agricultural man-
agement practices (baseline scenario), based on the results of a survey conducted among
local farmers [55]. On this basis, an agricultural management calendar was developed
and incorporated into the SWAT model [51,85]. For all agricultural areas, the same crop
rotation was assumed, including silage corn, canola, and winter wheat, which represent
the dominant crops in the region. Tillage depth varied depending on the method applied,
ranging from 25 mm to 150 mm. For grasslands a uniform set of practices was assigned
(permanent plant cover, fescue species, two hay cuts per year). Forests were modeled as
permanent plant cover, with pine selected as the representative species.

Unsteady-state simulations were carried out with a daily time step for the period
2001-2010 (10 years). A three-year model warm-up period (1998-2000) was applied to
stabilize soil and groundwater conditions. For groundwater vulnerability assessment,
monthly averages of groundwater recharge and N-NOj3 leaching loads, calculated from
daily SWAT outputs for each HRU, were used as input data.

3.2.2. Calibration and Validation Processes

Calibration and validation of the developed SWAT model were carried out according
to the methodology described in previous publications [51,77], which was adopted for the
implementation of the WaterPUCK project.
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A manual multi-parameter calibration (trial-and-error method) was performed with
respect to groundwater recharge, evapotranspiration, and forest biomass. Groundwa-
ter recharge, defined as the effective infiltration of precipitation, was determined based
on climatic and geological conditions typical for Quaternary sediments in northern
Poland [86,87]. The reference value for mean annual evapotranspiration was set in the
range of 450—495 mm, corresponding to areas with similar climatic conditions and land use
in the use case area [88]. For forest biomass production, the reference value was set between
4.2 and 12.1 tons of dry matter per hectare per year [89]. During calibration, the follow-
ing parameters were adjusted: the curve number (CN), describing the balance between
runoff and infiltration; maximum plant water storage (CANMX); groundwater “REVAP”
coefficient (GW_REVAP); and pine growth parameters in the plant.dat database (BLAI,
FRGRW1, LAIMX1, FRGRW2, ALAI_MIN). A detailed description of these parameters can
be found in the SWAT user manual [90].

Model validation was carried out using values of total catchment runoff, crop yields
for the main cultivated species (winter wheat, canola, silage corn), and meadow fescue
biomass from grasslands. Validation against crop yields is widely applied in SWAT-based
studies [91-95], as it provides realistic estimates of evapotranspiration and increases the
reliability of simulations concerning other components of the hydrological system [96].
Simulation results were compared with the information obtained from local farmers as
well as statistical datasets and literature sources. The agreement between SWAT-simulated
results and available reference data for the analyzed parameters was found to be satisfying
(Table 5).

Table 5. Comparison of calibrated SWAT model outputs with the reference values.

Output Type Unit Model Values Reference Values
-é Groundwater recharge mm/y 24;2326 ' 19-186 [86,87]
.4;’ Evapotranspiration (incl. REVAP) mm/y 4532 450-495 [88]
S Forest biomass production t/ha/y 6-20 1 4.2-12.1 [89]
c Total runoff mm/y 179 2 47-268 [97]
2 Yield: Winter wheat t/ha/y 6.0-851 5.5 [55]
T§ Yield: Canola t/ha/y 29-3.11 3.4 [55]
S Yield: Silage corn t/ha/y 9.8-991 13.5 [55]
Yield: Hay t/ha/y 2.2-921 4.0-10.0 [98]

! Variability range depending on 564 hydrological response units (HRU). 2 Average for the whole model area.

An important output of the SWAT model for this study is the N-NOj load leaching
through the unsaturated zone. Unfortunately, due to the lack of suitable data, direct calibra-
tion and validation of this parameter could not be performed, which may represent a certain
limitation. The SWAT model developed in our previous studies [51,77] was calibrated
in parallel with the MODFLOW-MT3DMS model, and the details of the calibration are
provided in those publications. In this study the model area was extended, and the model
was recalibrated following the same procedure. A satisfactory agreement was obtained
between the measured nitrate concentrations in groundwater and those calculated by the
coupled modeling system.
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3.2.3. Defining Agricultural Management Scenarios

In order to investigate the effects of different agricultural practices on variability of
groundwater recharge and N-NOj loads leaching through the unsaturated zone, as well as
specific groundwater vulnerability to NOj3 pollution, we defined 12 possible management
scenarios (grouped into 4 classes) regarding: crop type, fertilizer management, tillage, and
grazing at pastures (Table 6). All defined scenarios were based on assumptions made for
the current land use and agricultural management (WO0).

Table 6. Considered agricultural management scenarios.

Scenario Category Scenario No. Description
Baseline WO current land use and agricultural management
S1 winter wheat
S2 silage corn
Crop tvpe S3 canola
PP S4 mixture of spring cereals (represented by barley)
S5 potatoes
S6 peas (Pisum)
Fertilizer S7 two-fold dose reduction
management S8 doubling the dose
Tillage S9 minimum depth (reduced by half)
& S10 maximum depth (increased two-fold)
Grazin 511 1 cow/ha
& 512 5 cows/ha

In scenarios S1-56, we assumed only one type of crop grown on agricultural lands,
without any rotation. Scenarios S7 and S8 represent major shifts in fertilizer management.
Scenarios S9 and S10 include changes in the depth of tillage. Scenarios S11 and 512 were
focused on grazing at pastures. In scenarios S11 and 512, the use of meadows and pastures
was changed from their previous usage for collecting meadow fescue (for silage) to grazing
dairy cattle. In this case, changes were made to the agricultural calendar affecting meadows
and pastures in the baseline variant. The cattle grazing period was set at 120 days and
began each year at the beginning of May. During the grazing season, no fertilization or
collection of fescues from meadows and pastures was assumed. These areas were mown
once (each year) after the end of the grazing season in September.

4. Results
4.1. Groundwater Recharge and N-NO3 Load Leaching Through Unsaturated Zone (SWAT Model)

The simulations allowed us to quantify the overall water balance in the studied
catchment. With an average annual precipitation of 647 mm, 68% was lost through evapo-
transpiration, 19% contributed to surface and subsurface runoff, and 13% infiltrated soil,
recharging groundwater. The analysis focused specifically on groundwater recharge and
N-NOs load leaching, based on daily data for the period 2001-2010.

Average annual values of groundwater recharge and N-NOj leaching for each agricul-
tural practice scenario are shown in Figure 3. In the baseline scenario (W0), groundwater
recharge averaged 76 mm/year, while N-NOj3 leaching reached 21.1 kg/ha/year. The
average N-NOj leaching simulated under current management (WO0) is consistent with
typical values for predominantly agricultural catchments. It aligns well with comparable
studies in Poland, which report leaching rates of 21 kg/ha at the catchment scale and
31 kg/ha for agricultural land specifically [99]. Furthermore, our results are comparable
to total N-leaching reported in previous research for agricultural fields in the Puck region
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(20.3 kg N/ha/year) [61]. Among crop types (S1-56), the lowest recharge and N-NO3
losses occurred under winter wheat (S1), at 66 mm/year and 7.8 kg/ha/year, respectively.
Conversely, the highest values did not coincide; recharge peaked at 96 mm/year under peas
(Pisum) (S6), whereas maximum N-NOj3 leaching (31.7 kg /ha/year) occurred under canola
(S3). Fertilizer management (57-58) produced the most significant variation in N-NOj leach-
ing. Compared with WO, halving the fertilizer dose reduced leaching to 12.0 kg/ha/year,
while doubling the dose increased it sharply to 66.5 kg/ha/year. Groundwater recharge
was unaffected, remaining at 76 mm/year in both cases. Tillage depth (S9-510) had no
effect on either groundwater recharge (76 mm/year) or N-NOj leaching (21.1 kg /ha/year).
In contrast, cattle grazing intensity (511-512) strongly influenced N-NOj losses. With one
cow per hectare (S11), leaching was 21.4 kg/ha/year, whereas five cows per hectare (512)
increased leaching to 39.2 kg/ha/year. Groundwater recharge remained similar between
the two scenarios (78 and 75 mm/year, respectively).

150
1254
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® o
75{ @ ® ® ® ® ® ® L4 ®
® [ |
50 - |-
25 % ;
Wo | Ss1 S2 S3 S4 S5 S6 s7 S8 S9 | 810 | S11 | s12
® Groundwater recharge (mm/year) Maximum value
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B N-NO, load leaching from soil (kg/ha/year)

Minimum value

Figure 3. Comparison of values of groundwater recharge and N-NOj load leaching from soil for the
scenarios of agricultural practice considered.

4.2. Assessment of Groundwater Vulnerability to Pollution

The calculated DA index values ranged from 15.9 to 94.2. The final map’s vulnerability
classes were graded using the geometrical interval method due to its strong correlation with
NOj concentration (r = 0.754). Consequently, five vulnerability classes were distinguished:
very low (<39.3), low (39.3-51.7), medium (51.7-58.4), high (58.4-70.8), and very high
(>70.8). Basic statistics for groundwater NO3 concentration within each vulnerability class
are summarized in Table 7. The results indicate an increasing trend in NO3 concentration
with increasing vulnerability.

Table 7. Statistics of groundwater nitrate concentration by vulnerability class.

NOj3 Concentration in Groundwater

Groundwater Vulnerability Class

MIN MAX X 5 M

Very Low 0.5 3.0 0.9 0.7 0.5
Low 0.5 19.0 4.2 5.8 14
Medium 0.5 20.0 7.5 8.9 2.0
High 4.0 34.0 12.3 9.2 9.8
Very High 5.0 49.0 28.0 17.7 29.5

MIN—minimum; MAX—maximum; x—arithmetic mean; 6—standard deviation, M—median.
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Calculations indicate that low and very low vulnerability classes dominate the research
area, covering 34.7% and 22.8% of its total surface, respectively. The remaining area is
distributed relatively evenly among the medium (14.6%), high (16.3%), and very high
(11.6%) vulnerability classes. Figure 4 presents the specific groundwater vulnerability
map generated using the DRASTIC-AGRO method alongside the map prepared using the
original DRASTIC method. A comparison of the two approaches reveals that the original
DRASTIC method exhibited a significantly lower correlation with NO3; concentrations

(r = 0.426) (Figure 5).

Class of groundwater vulnerability NO, concentration
DRASTIC original  DRASTIC-AGRO in groundwater (mg/l)
[] high I very high « <5.0
[ moderate [] high ® 5.0-15.0
B 0w [ ] medium ® 15.0-25.0

I tow ® 250-35.0
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below ground level

M @o
v Q1
= Q2

Figure 4. Comparison of groundwater vulnerability maps of original DRASTIC and DRASTIC-AGRO

methods and distribution of nitrate concentration.
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Figure 5. Correlation of nitrate concentration with vulnerability index in methods: (a) original
DRASTIC; (b) DRASTIC-AGRO.

The single-parameter sensitivity analysis (Table 8) revealed average effective weights
ranging from 1.39% to 61.30%, indicating noticeable variation in the influence of five param-
eters on the vulnerability assessment. The effective weights align with the NO; correlation,
as the hydraulic resistance of the vadose zone exhibited the highest value, followed by
aquifer thickness, N-NOj load leaching from soil, groundwater velocity, and groundwater
recharge. It can be inferred that the high variability of the hydraulic resistance of the vadose
zone results in the highest weighting. The significance of these indicators—particularly
hydraulic resistance of the vadose zone and aquifer thickness—highlights the importance
of and need for accurate and detailed data regarding these factors. Furthermore, a similarity
can be observed between the preliminary weight assignment obtained from the statistical
analysis and the results of the sensitivity analysis. Consequently, the sensitivity analysis
supports the applied calibration methodology and the spatial refinement of the method.

Table 8. Statistics of the single-parameter sensitivity analysis.

Effective Weight (%)
DRASTIC-AGRO Parameter
MIN MAX X b
HR 14.79 89.63 61.30 14.42
GR 0.21 5.86 1.39 0.74
NL 1.28 40.64 6.22 4.87
AT 4.64 73.7 29.59 13.01
GV 0.44 8.75 1.51 0.79

4.3. Scenarios of Agriculture Practice Impact on Groundwater Vulnerability

The DA vulnerability index calculations reveal distinct spatial patterns in the distri-
bution of vulnerability classes within the research area, corresponding to each scenario
(Figure 6). The observed variations between scenarios are directly driven by the specific
agricultural activities defined in each case. Consequently, these activities modify both the
load of N-NOj leaching through the unsaturated zone and the groundwater recharge.
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Figure 6. Distribution of vulnerability classes in the research area for the scenarios considered.
Scenarios W0 and S1-512 are defined in Table 6.

Crop type (51-56) significantly impacts the spatial variability of groundwater vul-
nerability to NO3. Scenarios featuring winter wheat (S1) and spring cereal mix (S4) are
dominated by low and very low vulnerability classes, covering 62.4% and 62.2% of the
study area, respectively. Conversely, the cultivation of canola (S3) and potatoes (S5) shifts
the distribution toward high and very high vulnerability, constituting the largest portion of
the area (29.2% and 29.1%, respectively). Fertilizer management (57 and S8) also exerted
a strong influence. In scenario S7, halving the fertilizer dose increased the coverage of
low and very low vulnerability areas to 60.3%. In contrast, doubling the dose (S8) led to
a distinct expansion of high and very high vulnerability zones to 33.0%. No significant
changes in the spatial distribution of vulnerability classes were observed for the tillage
(59 and S10) compared to the baseline variant (W0), suggesting that tillage depth has
a marginal impact on NOj transport to groundwater in the research case. In scenarios
511 and S12, which assumed the grazing of dairy cattle on meadows and pastures, the
results indicate that grazing density can significantly increase groundwater vulnerability
to NOgz. Scenario 512 (5 cows/ha) resulted in a significant increase in high and very high
vulnerability areas (32.2%). This impact is particularly evident in ice-marginal valleys,
which are typically used as meadows and pastures (Figure 1). The resulting vulnerability
maps for each scenario are presented in Figure 7.
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Figure 7. Comparison of groundwater vulnerability maps to nitrate contamination determined
using the DRASTIC-AGRO method for different agricultural practice scenarios. Scenarios S1-512 are
defined in Table 6.
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5. Discussion

The proposed hybrid vulnerability assessment, combining an Index-Based Method
with Agro-Hydrological modeling, proved to be an effective tool for determining aquifer
protection against nitrate pollution. A distinct advantage of this approach is the reduction
of subjectivity by substituting qualitative with quantitative parameters and applying sta-
tistical methods, as confirmed by similar studies (e.g., [31,56]). Furthermore, optimizing
parameter weights based on the correlation between class ranges and observed NOj3 con-
centrations allowed for a precise determination of each factor’s impact on groundwater
vulnerability. The datasets were log-transformed to address the non-normal distribution
(typical of environmental parameters). This transformation satisfied the assumptions of the
Pearson correlation method (linearity and normality), ensuring the statistical robustness
of the calculated weights. Additionally, the single-parameter sensitivity analysis verified
the assigned parameter weights, confirming that the selected weights effectively capture
the vulnerability trends. This procedure enabled the rational adjustment of parameter im-
portance to the specific conditions of the study area, significantly enhancing the reliability
of the final vulnerability assessment. In contrast to the original DRASTIC method, which
relies on the subjective selection of weights and ratings, the DRASTIC-AGRO method
demonstrates significantly higher agreement with observed groundwater NO3 concentra-
tions. By integrating with the SWAT model, the solution explicitly accounts for complex
nitrogen cycle processes and diverse agricultural practice scenarios.

The adjustment of parameter classification in the DRASTIC-AGRO identified the
hydraulic resistance of the vadose zone as the most influential factor, followed by aquifer
thickness, N-NOj load leaching from soil, groundwater velocity, and groundwater recharge.
Consequently, high weights were assigned to HR, AT, and NL, which was consistent
with similar methodologies in which their significant role in groundwater vulnerability
assessment was highlighted (e.g., [9,31,56,63]). Notably, GR and GV received relatively
low weights despite their recognized importance in NOj3 transport (e.g., [31,63]). However,
these weights are justified by the specific hydrogeological conditions of the study area
and low spatial variability. SWAT results indicate that while recharge is controlled by soil
type (high in sands, low in peat valleys) and land use, there is no straightforward spatial
relationship between recharge and leaching. For instance, forested areas on sandy-gravel
deposits show moderate-to-high recharge but low nitrate leaching. Conversely, agricultural
areas and wetlands on peat deposits exhibit limited recharge but release large amounts of
organic nitrogen through mineralization and nitrification, leading to high nitrate migration.
However, a potential limitation of the obtained SWAT results is the lack of direct calibration
data for nitrogen load leaching from the soil. While the exact absolute values of NL may
carry some uncertainty, the SWAT model demonstrated high performance in the calibration
of hydrology and crop yields, providing confidence in the transport mechanisms driving
N-leaching. Furthermore, the primary role of the NL factor in the DRASTIC-AGRO method
is to differentiate zones of high and low agricultural pressure on groundwater, rather
than to predict exact concentrations. Therefore, the relative spatial distribution remains
robust. Consequently, in the study area, the variability of HR plays a more dominant role in
preventing contamination than the variability of GR. While recharge drives the transport,
the hydraulic resistance of the vadose zone determines if and when the pollutant reaches
the groundwater table. This finding suggests that future data collection should prioritize
detailed lithological logging of the vadose zone to reduce uncertainty. Additionally, the
highest groundwater velocities occur along river valley margins where strong hydraulic
gradients develop. However, due to the absence of monitoring wells, these zones could not
be sampled for nitrates, preventing their inclusion in the correlation analysis. Furthermore,
as GV exhibits high homogeneity across the catchment, the statistical correlation method

https://doi.org/10.3390/su18020729


https://doi.org/10.3390/su18020729

Sustainability 2026, 18, 729

21 of 28

naturally assigns it a lower weight because it does not explain the spatial variance in
observed nitrate concentrations. Consequently, both GR and GV exhibit weak statistical
correlations with observed NO3; compared to other parameters, though additional data
would likely result in only minor refinements to the weights. We note that despite the
relatively low importance of GR, climate change might have some effect on the estimated
groundwater vulnerability. Climate change may alter recharge fluxes due to increased
evapotranspiration (driven by higher air temperatures) and different precipitation patterns.
However, quantification of these effects is beyond the scope of our study.

The developed DRASTIC-AGRO method enabled the evaluation of specific ground-
water vulnerability to NO3 pollution while explicitly considering the conditions of current
agricultural practices. The vulnerability index highlights distinct spatial patterns concern-
ing aquifer types. The perched aquifer (Q0) is assigned to the very high vulnerability class
due to its shallow depth, lack of adequate protection from the surface, and limited thickness
of the aquifer. Conversely, the deeper aquifer (Q2) exhibits very low vulnerability, protected
by significant depth and overlying low-permeability deposits. The shallow aquifer (Q1)
shows the greatest variability: very low vulnerability characterizes the western and central
moraine upland (due to thick glacial tills), whereas vulnerability increases in the eastern
part of the research area near the coast, where the unsaturated zone thins to a few meters
of sandy deposits. In ice-marginal valleys, vulnerability is largely land-cover dependent,
with medium and high classes found primarily in wetland and crop areas.

The analysis confirmed that specific agricultural practices strongly affect groundwater
vulnerability to NO3 pollution. From Figures 6 and 7, it can be seen that differences
in vulnerability are linked to crop type and associated agricultural practices (scenarios
51-56). The differences in vulnerability between scenarios are closely related to varying
groundwater recharge and the nitrate load to groundwater, as shown in Figure 3. A
critical role is played by the water demands of crops [100]. Crop water requirements vary
throughout the growing season, reaching their maximum during the late vegetative stage
and the onset of reproductive organ formation [101]. Depending on crop type, adequate
amounts and proportions of nutrients are also necessary for growth, development, and
yield formation [102]. Nitrogen is the primary structural nutrient, taken up by plants
in NO3 and NHy forms through roots and leaves [103]. Nutrients not used by plants
leach from the soil profile and ultimately migrate into groundwater. Results indicate that
cultivating winter wheat and spring barley could reduce NOj3 leaching by up to 63%,
although this would concurrently reduce aquifer recharge by approximately 13%.

Soil fertility rarely fully meets crop nutritional demands, necessitating the application
of fertilizers [103]. However, increased fertilization does not always translate into higher
yields. Consequently, nutrient surpluses often lead to significant losses. The relationship
between the fertilizer dose and the leached nitrate is nonlinear. The results from scenarios
S7 and S8 demonstrate that while halving the fertilizer dose reduces leaching moderately,
doubling the dose leads to a nearly threefold increase in NOj3 leaching. This indicates
that beyond a certain threshold, the plants” uptake capacity becomes saturated, and the
excess nitrogen is rapidly leached into the groundwater. Therefore, fertilizer doses must
be carefully matched to crop type and soil conditions to minimize groundwater pollution
without compromising yields.

Scenarios S9 and S10 indicate that tillage depth exerts a negligible influence on ground-
water recharge and NOj3 leaching. Consequently, it does not significantly affect ground-
water vulnerability in the area under investigation. This limited impact is attributed to
both the prevailing hydro-pedological conditions and the relatively small magnitude of
the assumed tillage modifications. Tillage affects only the top soil layer (0-30 cm), which
is negligible compared to the total thickness of the vadose zone in the study area (often
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exceeding several meters). This suggests that the limited impact of tillage depth observed
here is likely generalizable to aquifers with thick vadose zones, whereas in shallow ground-
water systems, tillage management might play a more significant role. In the SWAT model,
tillage depth determines the fraction of the soil layer that is mixed by a tillage operation.
While this parameter theoretically influences nutrient redistribution, soil organic matter
decomposition rate, and moisture conditions [90], its impact in the analyzed case was
minimal. This indicates that while SWAT simulates the mixing of nutrients during tillage
operations, the major driver of leaching in this catchment is the infiltration rate determined
by precipitation and soil texture, which remains constant across the tested tillage scenarios.
However, the impact on recharge rates and NOj; leaching in agricultural areas may be
complex and ambiguous, as it largely depends on factors such as the type of soil deposits
and crop type. Simulations show that increasing tillage depth slightly reduced ground-
water recharge, whereas shallower tillage enhanced soil water retention and infiltration,
primarily by altering evapotranspiration rates. These findings are consistent with previous
studies [104]. The response of N-NO3; migration was more complex and largely dependent
on the Hydrologic Soil Group (A, B, C, D), with soil erodibility (USLE_K) being particu-
larly influential. For sandy soils (groups A and B), deeper tillage increased NOj3 leaching,
whereas shallower tillage limited losses. Conversely, in peat and clay soils (Groups C and
D), the trend was reversed due to differences in organic matter decomposition and nutrient
redistribution. Critically, at the catchment scale, these contrasting soil-specific responses
effectively offset each other because the agricultural land comprises a balanced mix of these
soil groups. Similar relationships between soil hydrologic groups and nitrogen leaching
have been documented in previous studies [105,106]. From an agronomic perspective,
adequate soil loosening is essential for porosity, thereby improving plant growth conditions
and resulting in higher yields [107]. In contrast, insufficient tillage can restrict water and
nutrient uptake [101]. The absence of significant differences between scenarios S9 and S10
suggests that small variations in the implemented tillage depth were too minor to disrupt
these processes, given that tillage timing and frequency remained constant. However, it
is worth noting that tillage frequency—particularly in early autumn—may substantially
increase NOj3 leaching [61]. Further research is needed to compare the effects of tillage
between SWAT and other agro-hydrological models.

Scenarios S11 and S12 show that converting meadows and pastures entirely to dairy
cattle grazing leads to significant increases in NOj3 leaching, thereby elevating groundwater
vulnerability. The magnitude of this effect strongly depends on livestock density—higher
cattle numbers generate greater nitrogen loads. However, this relationship is not propor-
tional. Figure 6 shows that a five-fold increase in cattle density causes almost a two-fold
increase in the load of nitrate to groundwater. Shallow groundwater tables further enhance
the risk of nitrogen migration into aquifers.

6. Conclusions

This study evaluated specific groundwater vulnerability to NO3; pollution in the
context of agricultural practices. The modification of the original DRASTIC method, which
incorporated outputs from the SWAT model, significantly enhanced both the accuracy and
reliability of the assessment. Key to this improvement was the replacement of qualitative
parameters with quantitative ones, alongside the application of statistical methods to
optimize parameter weights and class ranges. The developed DRASTIC-AGRO method
successfully assessed the vulnerability of the first aquifer to NOj3 pollution in the Puck Bay
catchment. The analysis revealed distinct spatial variability driven primarily by aquifer
properties and local hydrogeological conditions. However, agricultural practices have
a very strong influence on groundwater vulnerability by controlling both recharge rates
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and nitrogen losses from the soil profile. Among all the considered scenarios, the largest
increase in vulnerability with respect to the baseline (W0) was observed for S8 (doubling
the fertilizer dose) and S12 (livestock density 5 cows/ha). On the other hand, the lowest
vulnerability occurred in S1 (winter wheat) and S4 (barley/spring cereals). The changes
in vulnerability are strongly related to the changes in nitrate load leached from soil to
groundwater. These results provide some suggestions on how to reduce groundwater
vulnerability and improve the sustainability of land use. An increase in fertilizer doses
should be avoided. In areas with the highest groundwater vulnerability, farming of cereals
(wheat, barley) should be preferred over other crops, and the reduction of cattle density
should be encouraged. Among crop types, potato cultivation appears to pose the greatest
risk to groundwater quality.

The SWAT model demonstrated high utility in integrating detailed land-use and
agricultural practice data into vulnerability assessments. By simulating diverse agricul-
tural scenarios, the tool facilitates the identification of sustainable management strategies.
Importantly, this integration transforms the vulnerability assessment from a purely di-
agnostic instrument into a prognostic aid for land-use planning. It identifies not only
where the aquifer is vulnerable, but specifically which practices pose the greatest threat.
Consequently, it allows decision-makers to predict how changes in crop type, fertilization,
tillage, and grazing will impact groundwater. These findings provide a robust basis for
developing management plans, delineating protection zones, and the placement of new
hydrogeological wells.

While the proposed method is applicable to similar agricultural regions, accuracy
remains dependent on the resolution of agricultural data and aquifer characterization.
Future studies should focus on refining parameterization and acquiring more extensive
NOj concentration datasets for enhanced calibration. A promising avenue is the integration
of satellite remote sensing to precisely monitor land-use changes and crop type distribution.
Additionally, future research should incorporate advanced mathematical models to better
estimate percolation time through the vadose zone—a critical factor in contaminant trans-
port. The results will be compared with outcomes of the ongoing DATASET project [108],
which utilizes global databases to assess agricultural pollution risks.
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