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Abstract: The concentrations of chemicals in the groundwater chemical values in the Piedmont Po
Plain (NW Italy) show significant temporal variability and need to be characterised due to the lack
of regional-scale assessments. The aim of this study was to analyse the trends (period 2000–2020)
in the main physicochemical parameters and main ions in 227 wells in the shallow aquifer and to
identify the potential causes. The identification of change points (points of sudden change) and
comparisons with groundwater level variations were also performed. Results highlight general
increasing trends for Na, Cl and HCO3, decreasing trends for SO4 and NO3, stationary conditions for
pH and heterogeneous behaviours for electrolytic conductivity, Ca and Mg. Change points occurred
in at least 50% of the monitoring wells, mainly during the 2008–2011 period. The comparison between
groundwater levels and chemistry highlights a direct proportionality. Superimposed processes that
induce an absence of proportionality are shown. The comparison of results with those of previous
studies conducted under similar conditions revealed similar variations.. In conclusion, the potential
responsible factors (e.g., road-salt dissolution and agricultural practices) and the relevant role of
groundwater level variation were identified.

Keywords: groundwater level; hydrochemistry; groundwater quality; chemical trends; change point;
Piedmont; Italy

1. Introduction

The global interest in the variability of groundwater quality is growing, and researchers
are interested in identifying factors that can deteriorate groundwater resources [1]. The
physicochemical parameters are characterised by different sources that influence their
values, and at the same time, several processes normally affect the physicochemical values
of groundwater [1]. Previous studies have confirmed the relevant role of natural pro-
cesses, such as climate change [2,3], geological features [4], microbiological features [5] and
anthropogenic processes [6], in modifying groundwater quality. The impacts of climate
change have been extensively addressed [7–12]. Droughts tend to amplify extreme nitrate
concentrations, as widely observed in European rivers and groundwater [13,14], and gen-
erally, increase ion concentrations with progressive deterioration of water quality [15,16].
Additionally, the increase in groundwater temperatures in the Piedmont Plain [17,18] could
influence groundwater chemistry [19]. Therefore, the different responses of aquifers to
climate change result in different resilience capacities [20]. A number of documented global
groundwater contaminant challenges related to the use of large quantities of agrochemical
components have been reported for anthropogenic processes. The anthropogenic pressures
influencing the groundwater chemistry are countless [6]. In particular, extensive irrigation
represents a relevant recharge that can induce the dilution or concentration of NO3. In
particular, a dilution of NO3 in groundwater in the Lombardy Plain occurred [21]. However,
a worsening of groundwater quality can occur due to irrigation practices [22–25]. Irrigation
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return flow has a negative impact on groundwater quality, promoting the leaching of
fertilisers from agricultural soils to aquifers and generating groundwater with high concen-
trations of NO3 [26]. At the same time, urbanisation also induces variations (e.g., road-salt
application and accumulation in the environment) [27,28]. Another process that could con-
trol groundwater chemistry is interaction with the watercourses [29–31]. Surface water and
groundwater are often treated as separate entities. However, almost all surface water con-
tinuously interacts with shallow groundwater, and the contamination of one environmental
matrix can be reflected by the other matrix. Additionally, groundwater salinisation trends
are usually evaluated in arid areas [32,33]. Various mountain spring studies have been
conducted on karst systems [34–36], highlighting that local hydrogeological conditions,
land-use features and climate change influence spatiotemporal groundwater quality.

Considering the presence of plain aquifers in Europe, several studies analysing long-
term trends and change points, in particular, have been conducted [37–39], with greater
interest in NO3, intensive agricultural practices and the effectiveness of regulated limi-
tations [40–48]. Some studies compare the groundwater level and chemistry, revealing
proportionalities [49,50]. Additionally, in the Italian context, studies have been conducted
in recent years, mainly at the local scale [51–54].

The groundwater quality in the Piedmont Po Plain (NW Italy) shows a relevant
temporal variability that is necessary to characterise due to the lack of a regional-scale
assessment. Several studies have been conducted only at the local scale [55–60], and even
fewer have been conducted in the alpine context [61,62].

However, knowing what happened in the past is fundamental to understanding the
processes that took place, enabling us to influence future conditions and guide us to the
correct choices we will have to make. The aim of this study was to analyse the trends (period
2000–2020) of the main physicochemical parameters (EC (electrolytic conductivity), pH,
HCO3, NO3, SO4, Ca, Mg, Na and Cl) in 227 monitoring wells in the shallow aquifer of the
Piedmont Po Plain and to identify the potential causes. At the same time, the identification
of change points and comparisons with groundwater level variations were performed.

2. Materials and Methods
2.1. Study Area
2.1.1. Geological and Hydrogeological Setting

The study area is located in the Piedmont region in northwestern Italy (Figure 1). From
a geological and geomorphological point of view, the Piedmont region can be divided into
three macrosectors: the Alps–Apennine chains, the hilly sector and the plain sector. The
Piedmont Plain extends approximately 6230 km2, equal to 27% of the region, and represents
the westernmost part of the Po Plain [63]. The geological settings of the Piedmont Alps
and Apennines are highly variable and widely investigated. From a lithological point of
view, calcareous and dolomitic rocks and evaporitic-carbonatic layers, characterised by
karst phenomena and metamorphic, volcanic and plutonic rocks, can be distinguished [64].
Alpine crystalline rocks are mostly impermeable or slightly permeable by fissuration. In
the hilly sectors, sedimentary rocks, especially marl, clay, silt, conglomerate, sandstone
and gypsum, represent the Tertiary Piedmont Basin, which includes the Langhe, Turin
and Monferrato Hill deposits. These rocks have low permeability and show limited
groundwater circulation.

With regard to the hydrogeological setting, the Piedmont Po Plain consists of various
complexes corresponding to the fluvial deposits complex (Lower Pleistocene–Holocene),
Villafranchian transitional complex (Upper Pliocene–Lower Pleistocene) and marine com-
plex (Pliocene–Eocene) (Figure 2).
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More specifically, Ref. [63] recognised two different hydrogeological complexes hosting
shallow unconfined aquifers in the Piedmont plain, with overall thicknesses ranging between
20 and 50 m. In order from youngest to oldest, these complexes consist of the following:

• Recent fluvial deposits (FS1) (Upper Pleistocene–Holocene): fluvial (Holocene) and
fluvioglacial (Upper Pleistocene) deposits, mainly gravelly sandy but also silty-clayey.
These deposits are located in the bottom of the valleys and in the plain with a prevalent
permeability for porosity ranging from high to medium.

• Medium and ancient fluvial deposits (FS2) (Middle–Lower Pleistocene): mainly com-
posed of gravelly sandy and silty-clay deposits. These deposits border the Apennine–
Alps chains and are in contact with morainic glacial deposits. A prevalent permeability
of medium grade linked to porosity appears, with a lower degree of permeability
occurring mainly in the oldest and altered terms. A shallow unconfined aquifer, locally
confined, is present in continuity with the aquifer hosted in the FS1 complex.

These complexes, representing Quaternary alluvial deposits, host shallow unconfined
aquifers, while the Villafranchian transitional complex (V) and the Pliocene marine sands
complex (MS) include confined and semiconfined aquifers, representing deep aquifers.

The water table follows the topography of the land surface, and the piezometric lines
are generally parallel to the Alps relief (Figure 3). The main watercourses are generally
losing rivers close to the Alps and gaining rivers in the low plain. The water table depth
shows high variability. The most frequent range is less than 5 m, while the highest values
(more than 50 m) are found on high morphological terraces. The recharge areas of the
shallow aquifers are located across the entire plain due to infiltration from rainfall and
surface waters in the high plain sectors. The low plain sectors are discharge areas, and the
Po River constitutes the main regional discharge axis for groundwater flow [63].

2.1.2. Hydrochemical and Land-Use Setting

In terms of the hydrochemical setting, several local studies have investigated the
groundwater quality in the Po Plain, with a large number of local studies [54,65–67].

Overall, at the regional level, the spatial distribution of the concentrations shows areal
differences between sectors. The Biella–Vercelli–Novara Plains had lower concentrations
than did the southern sectors of the study area. For EC, HCO3, SO4, Ca and Mg, the Asti
sector had the highest values; the Cuneo and Alessandria Plains had higher values than
did the Biella–Vercelli–Novara Plains and a portion of the Torino Plain. Na and Cl showed
the highest concentrations in the Asti sector, followed by those in the Alessandria Plain and
Poirino Plateau (mainly above 20 mg/L). Concentrations below 20 mg/L were detected in
the Cuneo Plain, Torino Plain and Biella–Vercelli–Novara Plains. NO3 shows the highest
concentrations in the Cuneo Plain, Alessandria Plain and Poirino Plateau and, to some
extent, in the Torino Plain (mainly above 20 mg/L). Concentrations less than 20 mg/L were
detected in the Asti sector and Biella–Vercelli–Novara Plains. The pH was essentially in
neutral values (6.5–7.5), with lower values (more acid) in the Pinerolo Plain and the upper
Biella–Vercelli–Novara Plains [68].

Some previous studies have been conducted to evaluate the temporal evolution of
hydrochemical characteristics [57,60,69], while others have characterised the high nitrate
contamination linked to intense agricultural activities [65,70,71]. The designation of nitrate-
vulnerable zones (ZVN) of agricultural origin has evolved over time in the Piedmont Plain,
with designation of new areas in 2002, 2006, 2008, 2019 and 2020, corresponding to 47%
of the entire regional agricultural area [72]. In the study area, irrigated arable areas are
prevalent, except in the Vercelli–Novara Plains, where paddies are widely present. The
main industrial areas are located close to large urban centres [73].
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2.2. Materials and Methods

In this paper, 74,013 pieces of groundwater chemical data from 227 shallow aquifer
wells in the Piedmont Po Plain were analysed (Figure 4). Physicochemical data were
obtained from sampling campaigns performed by the ARPA Piemonte (Regional Agency
for Environmental Protection), which consisted of half-yearly sampling for the period
2000–2020 (21 years) (spring and autumn seasons, with two samples every year in the
better condition of completeness). The first sampling took place between February and
June, while the second took place between September and December. The physicochemical
data are freely available at the ARPA Piemonte website [74]. The groundwater sampling
and hydrochemical analyses were conducted by the ARPA Piemonte in compliance with
the European Directives [75–77].



Water 2024, 16, 1240 6 of 22

Water 2024, 16, x FOR PEER REVIEW 8 of 22 
 

 

Moreover, the evidence from previous studies conducted in a similar hydrogeologi-

cal and climatic context or in areas close to this one was considered and compared. The 

same time periods between previous studies and this study were not considered manda-

tory for comparison due to the evaluation of the processes responsible for the temporal 

evolution. 

 

Figure 4. Two hundred and twenty-seven selected monitoring wells in the Piedmont Po plain. 

3. Results 

The trend analysis results are summarised in Table 1 and Table S1 of the Supplemen-

tary Material. Trend analysis reveals different results and behaviours between parame-

ters. At the regional level, the presence of trends (the sum of monitoring points with in-

creasing or decreasing trends) appears prevalent, or substantially equivalent, with respect 

to the monitoring points with an absence of trends, appearing for EC, Mg, Na, Cl, NO3 

and SO4. More specifically, considering the individual trends result (increasing, decreas-

ing or no trend), Na and SO4 show prevalent increasing and decreasing trends, respec-

tively, while the other physicochemical parameters show a prevalent absence of trends. 

Excluding points with no trends and comparing the increasing and decreasing trends for 

the remaining points, EC, HCO3, Ca, Na, Cl and Mg clearly show more increasing trends 

than decreasing trends, while the opposite situation exists for NO3, SO4 and pH. 

  

Figure 4. Two hundred and twenty-seven selected monitoring wells in the Piedmont Po plain.

The main physicochemical parameters (EC, pH, HCO3, NO3, SO4, Ca, Mg, Na and
Cl) of the shallow aquifer were selected due to the greater availability of data compared
to other ions and the deep aquifer. K was not analysed due to the high number of values
below the detection limit. The ARPA Piemonte conducted sampling campaigns on more
than 600 different wells/piezometers that captured the shallow aquifer since the beginning
of the monitoring activities. The selected monitoring wells correspond to those with a
completeness of at least 80% for EC (% half-yearly chemical data available for the overall
period). A total of 34 monitoring points with a completeness between 70 and 80% were
added in relation to the characterisation of the groundwater level already performed in a
previous study [56]. The average completeness values were 94% for EC, SO4, NO3, Cl and
pH and 61% for Na, HCO3, Ca and Mg.

The nonparametric Mann-Kendall trend test [78,79] was applied to detect the existence
of statistically significant positive or negative monotonic trends in the physicochemical
parameter temporal series, and the ordinary least squares (OLS) regression slope was used
to quantify the magnitude of the trends. The Mann-Kendall statistic test (S) was applied as
indicated below:

S = Σn−1
k=1 Σn

j=k+1sgn
(
Xj − Xk

)
t = 1 . . . T (1)

with sgn (X) =


1 if X > 0

0 if X = 0 and X = Xj − Xk
−1 if X < 1

(2)



Water 2024, 16, 1240 7 of 22

An increasing trend is detected when a positive value of S emerges, while a negative
value indicates a decreasing trend. The data show a statistically significant trend in the
case of the rejection of the null hypothesis H0 at the level of significance α (0.05) [80].
With respect to the significance of the Mann-Kendall test, approximately 40 pieces of
data are needed; however, for a rough estimate, the minimum number of pieces of data
is 10 [80]. OLS regression is typically used to determine linear relationships between
a dependent response variable and one or more predictor (independent) variables [81];
however, statistical inference on the slope of the OLS line can also be used to determine
trends in the time-series data used to estimate an OLS line. The trends and OLS analyses
in each monitoring well for the physicochemical parameters (EC, pH, HCO3, Ca, Mg, Na,
NO3, Cl and SO4) were performed with the software ProUCL 5.1 [82], with a confidence
level of 95%. Considering the absence of clear seasonal fluctuations and the amount of data,
the trend analyses were performed on the entire time series, deeming them inappropriate
for defining trends in the spring and autumn season series. The main elaborations created
for trend analyses were related to the spatialisation of the temporal results to highlight
potentially different temporal responses between sectors.

Change-point analysis (ChPA) is a statistical test able to detect sudden and maintained
changes (change points (ChPs)) in the time series. This test allows us to determine whether
and when a variation has taken place and to divide the series into subperiods characterised
by homogeneous parameter behaviours. ChPA was performed through the statistical
nonparametric Pettitt test [83]. This test is calculated according to:

Ut,T = Σt
i=1 ΣT

j=t+1sgn
(
Xi − Xj

)
t = 1 . . . T (3)

where T is the number of pieces of data in the time series, Xi and Xj are the data values
at times i and j (with j > i), respectively, and sgn (Xi − Xj) is the sign function. For the t
value (instant of the series), a value of U(t, T) is detected and reported. The analysis of the
diagram of the function U(t, T) makes it possible to identify the moment at which a change
point occurred. The maximum or minimum point of the function U(t, T) highlights the
moment in which a change point occurs if the test result was such that the null hypothesis
H0 was rejectable at the assigned significance level. In this study, to confirm the detection of
a significant change, a 95% confidence interval was needed, with a level of significance α of
0.05. ChPA was performed through the ANABASI program version 1.51 beta, a statistical
tool developed by ISPRA [84]. For the ChPA, only data time-series with high completeness,
and therefore continuity, can be investigated. For this reason, identification was performed
only for EC, NO3, SO4 and Cl. Because potential multiple ChPs could exist in individual
monitoring wells, for this temporal characterisation, only the main ChP for each monitoring
well was detected; indeed, the small amount of data constituting the time series did not
make it possible to break the series. Following the identification of the ChPs, it is possible
to recognise two segments on which, theoretically, it is possible to carry out trend analysis.
However, this analysis is only reliable with large amounts of data. For this reason, the
trends of the splits were not analysed. ChPA aims to detect whether there is any change in
the sequence of time series and, when it occurs, to evaluate the number of changes and their
corresponding locations in time (semesters of occurrence) for physicochemical parameters.

As concerns the comparison between groundwater chemistry and groundwater levels,
34 monitoring wells already selected by [56] were investigated. The selection of the same
monitoring wells was dictated by the decision not to repeat the numerous phases already
addressed, such as the numerous elaborations and comparisons carried out, primarily
with rainfall. Since 2000, the monitoring wells have composed the automatic monitoring
network of the ARPA Piemonte. Daily groundwater level data are available on the website
of the ARPA Piemonte [74]. The data were aggregated monthly, and the monthly average
of groundwater levels were obtained.

In this study, trends and change-point results were compared with groundwater
chemistry results. Furthermore, visual comparisons between the groundwater levels and
groundwater chemistry time-series were performed to identify the predominant transport
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mechanism of ions in solution between dilution (a decrease in physicochemical values with
increasing groundwater level) or the transfer of substances contained in the vadose zone,
which are mobilised by groundwater level variation (an increase in physicochemical values
with increasing groundwater level). Moreover, the evaluation of potential differences
between the time series could lead to a better understanding of the existing processes.

Moreover, the evidence from previous studies conducted in a similar hydrogeological
and climatic context or in areas close to this one was considered and compared. The same
time periods between previous studies and this study were not considered mandatory for
comparison due to the evaluation of the processes responsible for the temporal evolution.

3. Results

The trend analysis results are summarised in Table 1 and Table S1 of the Supplementary
Material. Trend analysis reveals different results and behaviours between parameters. At
the regional level, the presence of trends (the sum of monitoring points with increasing
or decreasing trends) appears prevalent, or substantially equivalent, with respect to the
monitoring points with an absence of trends, appearing for EC, Mg, Na, Cl, NO3 and SO4.
More specifically, considering the individual trends result (increasing, decreasing or no
trend), Na and SO4 show prevalent increasing and decreasing trends, respectively, while the
other physicochemical parameters show a prevalent absence of trends. Excluding points
with no trends and comparing the increasing and decreasing trends for the remaining
points, EC, HCO3, Ca, Na, Cl and Mg clearly show more increasing trends than decreasing
trends, while the opposite situation exists for NO3, SO4 and pH.

Table 1. Number of monitoring wells with increase (+), decrease (−) or no trends in the different
physicochemical parameters. Prevailing behaviour underlined.

EC HCO3 Ca Mg Na Cl NO3 SO4 pH

+ 70 78 64 58 122 93 40 16 21
− 53 16 38 55 25 38 88 156 35

No Trend 104 133 125 114 80 96 99 55 171

The spatial representations of the trend results (Figures 5–7) do not show regular
spatial trends, with numerous cases of opposite trends between the monitoring wells
closest to each other. At the same time, however, it is possible to appreciate sectors with
homogenous trends within them. For example, EC shows local areas with increasing trends
along the Maira River (Cuneo Plain) and the Sale–Tortona area (Alessandria Plain). In the
plain portion closest to the Alps in the Cuneo and Torino plains, decreasing trends and no
trends for HCO3, Mg and NO3 are present. NO3 shows increasing trends mainly in the
central Cuneo Plain and in the Biella and Novara terraces. Decreasing trends of Na and Cl
are highlighted mainly in the Biella and Vercelli plains. At the same time, however, other
very local clusters constituted by few monitoring wells closest to each other are visible.

The magnitude of the trends at the regional level are expressed as mg/L variation over
time and as % variation over time; the latter is compared to the average value detected over
21 years, and the results are summarised in Table 2. The magnitude of trends expressed
as mg/L (or µS/cm) variations is directly proportional to the average concentrations for
all the physicochemical parameters. EC, Cl, Na, SO4 and pH show greater variations with
increasing trends than with decreasing trends. The opposite situation was observed for the
other ions (HCO3, Ca, Mg and NO3). The magnitude expressed as % variations shows no
proportionality with average concentrations, with only a partial inverse proportionality for
NO3 and HCO3. EC, HCO3, Ca, Mg and pH show average % variations below 35%, while
NO3, Cl, Na and SO4 mainly exceed 40%. The % variations in the decreasing trends were
greater than those in the increasing trends, except for SO4 and pH.
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Table 2. Quantification of OLS variations at regional level (expressed as mg/L (or µS/cm) and %).

OLS Trend EC HCO3 Ca Mg NO3 Cl Na SO4 pH

∆ mg/L (µS/cm) + 172 43 17 4 12 31 19 25 0.4
∆ mg/L (µS/cm) − 126 45 22 6 14 17 12 21 0.3

∆ % + 20 21 26 22 55 54 48 58 5.0
∆ % − 28 23 27 35 68 54 48 38 4.6

In terms of spatial distribution, NO3 showed the greatest variations in the Cuneo,
Alessandria and Biella plains with particular homogenisation in the Vercelli and Novara
plains characterised by low variations. SO4, Na, Cl, Ca and Mg show the highest values
mainly in the Asti sector and Alessandria Plain, followed by the other sectors.

ChPs were detected in at least 50% of the monitoring wells (52% EC, 58% NO3, 66%
Cl and 81% SO4) (Table S2 of the Supplementary Material). A comparison of the first
and second sampling campaigns (spring and autumn, respectively) revealed that Cl and
NO3 were more abundant in the spring season than in the autumn season, while EC and
SO4 were more abundant in the autumn season (Figure 8); 50% of ChPs occurred in the
2008–2011 period (75% for SO4), mainly in 2009 (Figure 9). The presence of peaks of high
concentrations induced uncertainties regarding the identification of ChPs, causing the
exclusion of 7 points for EC and 1 point for NO3. The spatial distributions of ChPs are not
regular; however, it is possible to recognise some local clusters with the same or similar
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ChP moment. Taking a look at the behaviour of concentration after ChPs, a decrease in
concentration was mainly detected for SO4, while NO3 showed increasing concentrations
in the Cuneo and Pinerolo plains and decreasing concentrations in the other sectors, mainly.
The comparison between chemical parameters reveals that only 10% of monitoring wells
highlight the same time moment of occurrence of ChP.
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As reported in [56], a negative groundwater level trend in 2002–2008 and 2009–2017
was defined, highlighting a similar behaviour to that of the rainfall series. The visual
comparison between the groundwater level and groundwater chemical series highlights
several aspects. In the prevalent comparison diagrams, a general direct proportionality
appears (Figure 10). In the individual monitoring wells, some but not all physicochemical
parameters show a proportionality with groundwater level. Considering all the monitoring
wells, all the selected physicochemical parameters occasionally showed a proportionality
with the groundwater level; however, the best proportionalities were found for those with
complete time series. In some cases, the existence of temporal lag was highlighted. The
quantification of the temporal lag reveals a typical delay of 6–12 months and occasionally a
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delay of 18–24 months (Figure 11). These delays were detected in numerous monitoring
wells; however, they lacked a regular spatial distribution. Furthermore, in individual
monitoring wells, not all physicochemical parameters showed a temporal lag or the same
temporal lag. No regular delays emerged in the comparison of physicochemical parameter
delays. Relevant contamination phenomena with a peak increase in concentration without
variation in groundwater level were well distinguished.
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In some monitoring wells and at specific time moments, there was no response of
the physicochemical parameters to groundwater level variation. Furthermore, monitoring
wells with clear seasonal fluctuations in groundwater levels sometimes do not show similar
chemical variations (Figure 12a,b). The absence of chemical responses can be partially
attributed to the specific time moment of sampling activities, which, with only two pieces
of data per year, are unable to intercept and show the influence of groundwater level
variation. Another particular aspect was the existence of physicochemical trends without
groundwater level trends over time (Figure 12c,d). This condition appears only in paddy
areas where agricultural pressures cause the absence of trends in the groundwater level
over time. The fact that these behaviours are not influenced by groundwater level (previous
Figures 11 and 12) confirms the presence of other natural or anthropogenic processes that
differ in terms of groundwater level variations and are also influenced by local geological
and hydrogeological features that govern groundwater chemistry over time.
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level without temporal lag.
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Figure 12. (a,b) Examples of monitoring wells with seasonal fluctuation of groundwater level and
heterogeneous physicochemical parameters variation; (c,d) examples of physicochemical parameter
trends without groundwater level trends over time (groundwater level trend (dashed blue line),
groundwater chemistry trend (dashed red line)).

4. Discussion

The trend results that have emerged thus far outline a complex picture. Trends were
identified and different behaviours between physicochemical parameters emerged. As
concerns spatial distributions, local areas characterised by a homogenisation of trend
behaviours within them emerge. Some of these areas are probably influenced by local
phenomena, such as intensive agricultural activities (e.g., NO3 in the Cuneo Plain) and
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the low permeability of the unsaturated zone (NO3 in the Biella–Novara fluvial terraces),
inducing a homogenisation of trend results within them.

At first glance at the regional level, the similar behaviour detected between Na and Cl
(increasing trends) highlights a correlation with their origin, which corresponds mainly
to road-salt application to the roadway network in the winter period, with subsequent
accumulation and dissolution processes. Meanwhile, NO3 and SO4, which showed mainly
decreasing trends, corresponded to the parameters potentially influenced by denitrification
processes. These situations suggest the presence of regional processes, which are superim-
posed by local processes and influenced by local natural or anthropogenic conditions.

ChPA highlights complex conditions where physicochemical parameters partially
exhibit the same temporal behaviours. The high number of ChPs in the 2008–2011 period
suggests that processes at the regional level exist. Differences between physicochemical
parameters after their comparison and in the spatial distributions confirm the different
responses of monitoring wells or groups of monitoring wells to a specific process.

A recent study performed on the Piedmont Plain [56] evaluated the temporal variations
in rainfall and mean annual groundwater levels for the 2002–2017 period. The presence
of ChPs in 2008 was highlighted at more than 80% of the analysed monitoring points.
These ChPs correspond to transitions from a strong lowering to a sudden and considerable
increase in the groundwater level. The 2008 ChP was also detected in 88% of the rainfall
time-series for the Piedmont Plain, confirming the strong relationship between rainfall and
groundwater level. This similarity of the ChP occurrences confirms the relation between
groundwater chemistry and groundwater level. Furthermore, the presence of chemical
ChPs not only in 2008 but also in the two subsequent years suggests the existence of a
temporal lag in the chemical response to the groundwater level changes. These temporal
lags could be linked to local natural and anthropogenic features, resulting in variable
responses at the regional level. However, not all monitoring wells responded with chemical
variations to the 2008 groundwater level ChP, confirming local heterogeneity. According
to the results, the transfer of substances contained in the vadose zone mobilised by the
increase in groundwater level, which induces a direct proportionality of groundwater levels
and chemical contents, appears to be the main process of groundwater chemistry variability
over time at the regional level. However, the diffuse decreasing trends of groundwater
levels, which should lead to decreasing trends in chemical content, cannot explain the
regional increasing trends, e.g., those detected for Na and Cl. For this reason, the existence
of secondary processes responsible for the specific temporal differences and the different
trends between groundwater level and groundwater chemistry were confirmed. Local
contamination phenomena were recognised; however, these phenomena cannot explain
the entirety of the temporal differences.

The existence of different temporal lags suggests different transport times of the
substances to the monitoring wells. Furthermore, the absence of proportionality between
groundwater level and chemistry in some of the investigated monitoring wells was also
detected. These behaviours suggest different levels of influence that can translate into
different degrees of resilience to groundwater level variations. Furthermore, the land uses
in the last 20 years have not highlighted any particular changes at the regional level, with
only a slight increase in industrial and residential areas close to urban centres.

The evidence that emerged in previous studies conducted in a similar hydrogeological
and climatological context or in areas close to this one could be similar to the results that
emerged on the Piedmont Plain and could suggest the processes that took place. Previous
studies have generally highlighted the heterogenous spatial distribution of temporal trends
between monitoring points [38,45]. In particular, simultaneous decreases, increases and no
trends were highlighted for a specific physicochemical parameter at different monitoring
points, as was also observed in Piedmont. In these conditions, also when the absence of
trends was predominant, a “general and prevalent trend” was attributed.

Previous studies conducted in alpine karst systems in the Piedmont region [61] high-
lighted different trends for the considered ions compared to those detected in this study,
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confirming the influences of local aspects, such as geological features. A similar trend
for Na and Cl were highlighted in [28], where a future increase in Cl concentrations in
groundwater was hypothesised to occur due to the progressive accumulation of road salts
in the unsaturated zone and subsequent dispersion. Considering the similarities between
the study areas, it is plausible to hypothesise that the same process also potentially occurred
on the Piedmont Plain.

NO3 trends in previous European studies conducted on plain aquifers highlighted
heterogeneous trends, detecting areas with a remarkable decrease (e.g., Denmark and the
Netherlands [43,45]) and others with substantial stationarity or increasing trends (e.g.,
Germany, Ireland and Poland [47,85]). However, in several studies where long time series
were analysed, it was possible to appreciate a “bell curve” with initial increasing and
subsequent decreasing trends. This trend reversal was attributed to the national regulations
and their application in the limitation of nitrogen compounds used in agricultural practices.
In fact, the moments of change correspond approximately to when limitations were intro-
duced [41–43,45]. In the Piedmont context, therefore, the introduction of similar limitations
since 2002 could explain the main decreasing trends detected. In addition, the increasing
trends detected on the Cuneo Plain, where relevant contamination remains over time and
intensive agricultural pressures still exist, are potentially linked to a not-virtuous applica-
tion of limitations. The same process could explain the predominant decrease in SO4 on the
Piedmont Plain. Specifically, in the Netherlands, a trend reversal similar to that of NO3 was
also detected for SO4 [43]. In particular, high NO3 loads trigger the oxidation of organic
matter, thereby reducing the NO3 load either completely or partially, depending on the
reduction capacity of the aquifer. The acidification reaction of organic matter is neutralised
in a carbonatic aquifer by calcite dissolution, resulting in increasing trends for HCO3 and
Ca. Furthermore, in the absence of or decrease in organic matter, acidification processes
are not strong, but calcite dissolution is still triggered, yielding increasing trends in HCO3.
This process is confirmed by observing the trends detected on the Piedmont Plain, where
decreases in NO3 and SO4 concentrations over time can be linked to reductions in organic
matter dispersion. At the same time, the general increase in HCO3 corresponds to the
response of the aquifer to the neutraliser during the acidifying reaction with a progressive
increase in the dissolution of the carbonate component. Furthermore, the predominant
absence of trends for pH confirms the neutralisation of acidic and basic processes, with the
preservation of existing conditions.

It is also necessary to note the presence of similar trends in areas where the limitations
of nitrogen compound use in agricultural practices were not officially applied. This could
be linked to the regional efficiency of agricultural practices, which are not limited to the
vulnerable zone regulated. Furthermore, the increasing temperature of air and groundwater
could contribute, to a minimal extent, to the denitrification processes, as suggested by [19].

5. Conclusions

Temporal characterisation through different approaches involves defining the exis-
tence of variation over time and identifying the different typologies of variabilities in trying
to hypothesise the responsible processes. The trends analysis highlighted a large number
of monitoring wells with statistically significant trends; however, there were heterogeneous
results between parameters with spatial distribution differences. The trend results suggest,
at first glance, the presence of regionally spatialised processes due to the existence of
homogeneous trends at the regional level, superimposed by local processes influenced by
local natural or anthropogenic conditions. The essentially absent pH trends suggest that
the existing processes were not able to strongly modify the groundwater basicity and equi-
librium. The high number of change points and regional diffusion in the 2008–2011 period
confirm that processes at the regional level existed. The groundwater level change points
detected in a previous study in the same years confirmed the influence of groundwater
level variation on groundwater chemistry.
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The comparison between groundwater chemistry and groundwater level time-series
highlights a general direct proportionality. The temporal lag in the chemical response was
highlighted, revealing typical delays of 6–12 months and occasionally until 18–24 months.
In individual monitoring wells, some but not all physicochemical parameters show a
proportionality with groundwater levels.

Despite the uncertainties that have emerged, the transfer of substances contained in
the vadose zone appears to be the main process, regionally spatialised, of the groundwater
chemistry variability over time, and the existence of different temporal lags suggests
different transport times of the substances to the monitoring wells. The existence of
secondary processes responsible for the specific temporal differences and the different
trends between groundwater level and groundwater chemistry were confirmed. Due to the
geological and hydrogeological heterogeneity of the study area, these secondary processes
could be extremely local.

The evidence from previous studies conducted in a similar hydrogeological context
highlights a common point in the heterogenous spatial distribution of temporal trends
between monitoring points, with simultaneous decreases, increases and no trends for a
specific physicochemical parameter. In particular, a similar increasing trend for Na and Cl
was also highlighted in areas linked to the accumulation of road salt in the unsaturated zone;
therefore, it is plausible to assume that the same process also occurred on the Piedmont Plain.
Furthermore, NO3 trends in previous European studies have shown heterogeneous trends,
occasionally with trend reversals attributed to national regulations and their application
in the limitation of nitrogen compounds used in agricultural practices. In the Piedmont
context, the introduction of similar limitations since 2002 could explain the prevalent
decreasing and local increasing trends, the latter of which are potentially linked to a
non-virtuous application of limitations. As highlighted in other European countries, the
limitation of nitrogen compounds could explain the predominant decrease in SO4, increase
in HCO3 and lack of change in pH observed on the Piedmont Plain.

According to these new findings, groundwater level variations can be considered
among the main influencing factors that, through temporal trends and change points, influ-
ence groundwater chemistry over time. At the same time, the presence of superimposed
regional and local processes that induce heterogeneous behaviours was confirmed.

In conclusion, this study represents one of the first regional studies on groundwater in
which the physicochemical trends, the potential factors responsible and the relevant role of
groundwater level variation are analysed, constituting a useful tool for local authorities to
increase the effectiveness of environmental protection in a changing global context.

Supplementary Materials: The following supporting information can be downloaded at https://
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