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ABSTRACT

Nitrogen compounds, which are naturally present in the environment, are essential for the sustenance of life and
for the growth of plants. However, to meet the needs of agricultural production and increase crop yields, they are
often added in the form of fertilizers to the soil. These nitrogen compounds can then infiltrate deep soil layers,
leach until they reach underground aquifers. Leaching of nitrates from soil is a serious environmental problem in
modern agriculture as it can contaminate groundwater and degrade soil quality. Both nitrogen fertilization prac-
tices and irrigation methods contribute greatly to increased nitrate leaching. The present study aims to demonstrate
the real impact of nitrate used in agriculture on groundwater comparing concentration of the chemical element
between the soil and the aquifer at different depths. The case study involves a series of soil and groundwater sam-
pling with the related analyses for the identification of nitrate concentrations. The sites considered as case of study
have the same type of soil (lithology, texture) and the same land use (arable land with the same type of fertilization
and irrigation). The experimentation carried out has shown that there is a correlation between the nitrate present
in the soil and that present in the groundwater only for a limited distance from the emission point (<10m from the
ground level), while for higher soil packages the correlation is absent as structures, such as vadose areas, intervene
which intercept and accumulate nitrate leaching. This study demonstrate that a contamination of nitrate in the
groundwater is correlated to the agricultural activities present in the impacting area only to a depth of 10 m and
which therefore needs further investigation.
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INTRODUCTION

The massive or incorrect use of nitrates in
agriculture is one of the main factors of soil con-
tamination and causes their leaching [Lu et al.,
2021] and inefficient irrigation [Rath et al., 2021]
also of aquifers [Patel et al., 2022].

The use of nitrogen fertilizers and manure
has increased agricultural yield, simultaneously
leading to an increase in nitrate concentrations
in groundwater and surface water [Green et al.,
2018]. High levels of nitrates in groundwater can
cause eutrophication of surface waters [Korom,
1992], and once drinking water is contaminated
with high levels of nitrates, it can increase the risk
of diseases such as stomach cancer, childhood

methemoglobinemia, non-Hodgkin lymphoma,
and heart disease in humans [Mirvish, 1985; Kno-
beloch et al., 2000; Camargo and Alonso, 2006].
Nitrogen fluxes near the root zone are unsta-
ble due to ammonia volatility, nitrification, deni-
trification, and root nitrogen use. Of significant
importance are the physical processes of nitrogen
leaching, the transit time under the roots and the
stable infiltration zone of the unsaturated zone
in order to determine the impact of agricultural
management on groundwater quality. In fact, sev-
eral studies have demonstrated how the rate of
mobility of nitrogen, and in particular of nitrates,
is directly connected to the presence of physical
processes in the soil, to the rate of recharge of
groundwater, to the rate of evapotranspiration, to

387



Ecological Engineering & Environmental Technology 2024, 25(12), 387-394

the transport and rate of leaching [Green et al.,
2008; Liao et al., 2012; Robertson et al., 2017;
Wang et al., 2019].

In order to study the leaching of nitrates of
agricultural origin transported from surface soil
into groundwater, several quantitative models
were developed, which included different vari-
ables such as nitrogen fertilization and irrigation
methods [Rath et al., 2021]. Nitrogen fertilization
is one of the main elements affecting nitrate leach-
ing by increasing the concentration of available
nitrogen (Wang et al., 2019). At the same time,
the types of irrigation that determine the quantity
of water in the soil, increasing drainage and there-
fore leaching, are important [ Yang et al., 2020].

Simulation models involve the evaluation of
the various physical, chemical and biological (mi-
crobial) processes that determine the transport of
contaminants in unsaturated and saturated zones,
predicting their transport on both spatial and tem-
poral scales. Among the different models used
are the Hydrological Simulation Program-Fortran
(HSPF), Integrated Nitrogen CAtchments (INCA-
N) and Soil and Water Assessment Tool (SWAT)
which determine the regional-scale characteriza-
tion of groundwater recharge and transport vertical
of nitrates in the unsaturated zone under different
agricultural, pedo-climatic and climatic conditions
[Ervinia et al., 2020; Xie et al., 2023; Kim et al.,
2023]. These models simplify water and solute
transport compared to models such as Hydrus,
one-dimensional SIMWASER/STOTRASIM used
in conjunction with groundwater simulation mod-
els [Zang et al., 2022].

Due to the different soil structure, the different
types of crops, the different types of irrigation and
fertilization, non-heterogeneous transport flows
occur. Therefore, to accurately determine nitrate
leaching, detailed information is needed. Turkel-
taub et al. (2018) developed a regional-scale model
that exploits a large database of soil properties de-
rived from recent intensive soil profile sampling on
the Loess Plateau of China (LPC).

Previous studies have verified that in order to
identify areas vulnerable to nitrate leaching it is
necessary to estimate water and nitrate fluxes from
observations of deep unsaturated zones [Green et
al., 2008; Machiwal et al. , 2018; Huan et al, 2013].

To date, however, it is very complex to de-
termine leaching on the soil column despite the
collection of data for the determination of the
physical properties of the soil and the unsaturated
hydraulic parameters [Huan et al., 2020]. In fact,
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the variability of landscape characteristics, the
depth of the vadose zone, the properties of rocks
and large-scale hydro geochemical processes also
pose challenges for the assessment of regional
nitrogen flux to groundwater [Turkeltaub et al.,
2018; Huan et al., 2020].Therefore, the applica-
tion of the different models generally requires a
large amount of data.

Therefore, nitrate leaching requires mainly
two main inputs: a significant amount of NO;" in
the soil profile and sufficient rainfall or irrigation
water to move the N beyond the root zone.

Leached nitrate is defined as the product of ni-
trate concentrations in the soil solution present in
the water toward and moving toward the underly-
ing aquifer. Heavy rainfall and excessive irrigation
cause severe leaching of nitrates [Wang et al, 2019].

In order to study the movement of nitrates to-
wards the aquifer, it is important to know the quan-
tity of water present in the soil due to both precipi-
tation and irrigation carried out. This parameter in-
fluences the leaching of nitrates with a relationship
directly proportional to the quantity of water enter-
ing the soil [Chen et al. 1994; Xie et al. 2023]. At
the same time, soil structure influences the move-
ment and infiltration of water, affecting the reten-
tion of nitrates by the soil, with the least amount of
nitrates absorbed by sand, followed by clayey sand,
and the greatest amount by clayey sand. Sandy soils
have low water holding capacity, which may pro-
mote leaching (Stenberg et al. 1999; Safadoust et al.
2024). This element becomes influential in the pres-
ence of cover crops (Quintarelli et al. 2022).

The main objective of the present study is to
identify a possible correlation between the nitrate
present in the groundwater and the nitrate in the
soil. This correlation is based on monitoring a
study area that has homogeneous characteristics
regarding soil composition, rainfall, land use,
fertilization and irrigation. Regarding the moni-
toring of the aquifer, four different wells were
identified in the study area which fish at different
depths of the same superficial aquifer.

MATERIALS AND METHODS
Study area

The study area is located in the province of
Brindisi in the Fasano countryside. The area is a
cultivated arable field. The study area presents a sin-
gle sandy-gravelly lithological typology. Within the
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study area there are 4 different wells that tap the un-
derlying aquifer at 4 different depths (Fig 1): A: Im
from campaign plan, B: 2m from campaign plan, C:
10m from campaign plan, D: 50m from campaign
plan. In order to ensure that the wells were tapping
from the same aquifer, tests were carried out with
marking tracers which gave positive results and also
highlighted that the aquifer has a speed of approxi-
mately 1 m per year. Therefore, the 4 sub-areas of
investigations relating to the 4 wells were created.

Sampling activities

The collection of soil samples was carried out
in accordance with the Soil Chemical Analysis
methods issued by the Ministry of Agricultural
and Forestry Policies, approved with the Ministe-
rial Decree of 13 September 1999. For each site,
one sampling was carried out upstream of the
well and one downstream of the well (Fig. 2).

The two fronts have a distance from the well be-
tween 5 and 10m following the trend of the ground-
water flow. Each front is characterized by five sub-
samples along the line perpendicular to the ground-
water flow, which constituted our composite.

Each soil sample consists of soil collected at
five different points within each sampling front.
The soil samples were taken at a depth between 15
and 30 centimeters using a sterile spatula and ex-
cluding the first two centimeters with herbaceous
vegetation. Those intended for chemical analysis
were then homogenized and stored at 10 °C in ster-
ile bags. Sampling consists of taking water from
normally used wells. A purge equal to the volume

S Sk

£
o
-
w

groundwater direction

-10m

2045500 9¢

Figure 2. Soil sampling method

of the water column was carried out to elimi-
nate stagnant water in the well. At the end of the
purge, water sampling was carried out following
the APAT-IRSA methods. In particular, SL of wa-
ter was taken from each well, collected in sterile
darkened PVC tanks.

For the purposes of a real statistical analysis,
sampling of the two matrices for each point was
carried out approximately every 15-20 days for a
total of 150 samples per well.

Chemical analysis nitrates

Soil

The chemical analyzes of the soil ma-
trix samples were carried out according to

Figure 1. Identification of sampling points in the study area
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the official methods of chemical analysis of
soils (MUACS) as required by the Ministe-
rial Decree. of 13 September 1999 issued
by the Ministry of Agricultural and Forestry
Policies (Gazz. Uff. Suppl. Ordin. n° 248 of
21/10/1999). For the determination of nitrate
it was extracted from soil and brought into so-
lution using the “method XIV.4 — extraction
with potassium chloride solution” described in
the document “Official Methods of Chemical
Analysis of Soils (MUACS)” as required by
the Ministerial Decree. of 13 September 1999
issued by the Ministry of Agricultural and For-
estry Policies (Official Gazette Suppl. Ordin.
n° 248 of 21/10/1999). The analysis is car-
ried out according to official methods. Method
XIV.9 — Determination of the nitrate ion con-
tent by ion chromatography.

Water

The chemical analyzes of the water matrix
were carried out according to the “Analyti-
cal methods for water” APAT / IRSA-CNR”.
(APHA-AWWA-WEF, 1998).The determination
of the nitric nitrogen concentration present in the
water samples was carried out as described in
chap. 4050 pp. 533-536 of “Analytical Methods
for Water — Manual and Guidelines 29/2003—
apat/irsa-cnr”.(apha-awwa-wef, 1998; barnes &
folkard, 1951; bendschneider & robins, 1952;
epa, 1974; fao, 1975; irsa, 1986; kershaw &
chamberlin, 1942; matsunaga & nishimura,
1974; shnn, 1941; strickland & parsons, 1968)

Area A

RESULT AND DISCUSSION

The analyzes carried out found a high correla-
tion diversity between soil water and groundwa-
ter. In particular, the analyzes carried out on sub
area A where the water table depth was equal to 1
m from the ground level revealed nitrate values in
the soil with a minimum of 0.011 gN/Kg of soil
and a maximum of 0.739 gN/Kg of soil . Regard-
ing the concentrations of nitrate in groundwater,
values were found with a minimum of 0.015 gN/L
of water and a maximum of 0.87 gN/L of water.
The statistical analysis in these case, with a dis-
tance from the input point of the contaminant to
the aquifer equal to 1m, has shown that there is a
high correlation between the nitrate present in the
soil and that present in the water with u R* equal
t0 0.923 and a p-value<0.005 (Fig. 3)

The analyzes carried out on sub-area B where
the water table depth was equal to 2 m from the
ground level revealed nitrate values in the soil with
a minimum of 0.018 gN/Kg of soil and a maximum
of 0.752 gN/Kg of soil. Regarding the concentra-
tions of nitrate in groundwater, values were found
with a minimum of 0.019 gN/L of water and a maxi-
mum of 0.79 gN/L of water. The statistical analysis
in these case, with a distance from the input point
of the contaminant to the aquifer equal to 2 m, has
shown that there is a high correlation between the
nitrate present in the soil and that present in the wa-
ter with an R? equal to 0.9048 and a p-value slightly
<0.005 (Fig. 4) The analyzes carried out on sub
area C where the water table depth was equal to
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Figure 3. Correlation between concentration of nitrate in groundwater and concentration of nitrate in soil in the
Area A, depth well is Im from the campaign plan

390



Ecological Engineering & Environmental Technology 2024, 25(12), 387-394

10 m from the ground level revealed nitrate values
in the soil with a minimum of 0.010 gN/Kg of soil
and a maximum of 0.740 gN/Kg of soil. Regarding
the concentrations of nitrate in groundwater, values
were found with a minimum of 0.009 gN/L of water
and a maximum of 0.84 gN/L of water. The statisti-
cal analysis in these case, with a distance from the
input point of the contaminant to the aquifer equal
to 10 m, has shown that there is a good correlation
between the nitrate present in the soil and that pres-
ent in the water with an R? equal to 0.825 and a p-
value slightly <0.005 (Fig. 5) Finally, the analyzes
carried out on sub area C where the water table
depth was equal to 10 m from the ground level

revealed nitrate values in the soil with a minimum
of 0.015 gN/Kg of soil and a maximum of 0.86
gN/Kg of soil. Regarding the concentrations of
nitrate in groundwater, values with a minimum
of 0.01 gN/L of water and a maximum of 0.70
gN/L of water were found. The statistical analy-
sis in these case, with a distance from the input
point of the contaminant to the aquifer equal to
50 m, demonstrated the absence of a correlation
between the nitrate present in the soil and that
present in the water with an R? equal to 0.003 and
a p-value equal to 0.455 (Fig. 6)

From the analysis of the data obtained in the
monitoring carried out, it can be seen that a direct

y =265,82x+ 2,4061
Area B R? = 0,9048 p-value=0,0012
25
g
z
E *”
=
=)
[-T:]
£
£
Lo
=
m
=
f=4
@
(¥}
=
o
=]
2
[
B
z
0 T T T T T T T T 1
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08
Nitrate concentration in soil
(g N/Kg soil)

Figure 4. Correlation between concentration of nitrate in groundwater and concentration of nitrate in soil in the
Area B, depth well is 2 m from the campaign plan
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Figure 6. Correlation between concentration of nitrate in groundwater and concentration of nitrate in soil in the
Area D, depth well is 50 m from the campaign plan

correlation is present between the nitrate concen-
trations in the soil and the nitrate concentrations
in the surface groundwater up to a depth of 10m
from the ground level. This characteristic there-
fore identifies in soils with these characteristics a
leaching of the compound which occurs directly
and therefore the transport of excess nitrates in
the soil occurs directly. The vadose area is an im-
portant nitrate reserve that should be taken into
consideration in future budgets for an effective
elaboration of leaching dynamics. Nitrate storage
in the vadose zone is substantial and increasing
not only at national and basin scales (Worrall et
al., 2009; Worrall et al., 2015; Meter et al., 2016;
Ascott et al., 2016) but even on a global scale (As-
cott et al., 2017). Nitrate storage per unit area is
greater where dense vadose zones and extensive
historical agriculture are present. With the increas-
ing frequency of extremely heavy rainfall, nitro-
gen stored in the vadose zone will produce higher
leaching rates that could threaten groundwater
quality (Zhou et al., 2016; Zheng and Wang, 2021).
Therefore, quantifying nitrogen accumulation and
vadose zone fluxes is significant for protecting the
groundwater environment.

CONCLUSIONS

The present study has demonstrated that in a
real environment in the presence of homogeneous
characteristics of land use and type, rainfall, type
of fertilization and irrigation, so as to cancel out
any variables that may influence the leaching of
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nitrates, the correlation of the concentrations of
accumulated nitrates in the soil and those pres-
ent in the groundwater is directly proportionate to
the distance of the groundwater from the ground
level. The greater the distance, the lower the cor-
relation between the nitrate concentrations in the
two matrices. Therefore, it will be possible, after
ascertaining the characteristics of the soil and the
activity carried out on it, to attribute any ground-
water contamination by nitrates of agricultural or-
igin to farmers who have their soil on a water ta-
ble with a depth of less than 10m from the ground
level. With regard to aquifers with greater depth,
it will be necessary to carry out further studies to
implement the knowledge of the leaching dynam-
ics which have a notable influence not only on
the part of the climatic aspects but also, as dem-
onstrated, by the presence of vadose zones which
determine a point of accumulation of nitrates and
a release only following exceptional events such
as heavy rainfall.

According to the nitrate legislation Directive
91/676/EEC, also known as the “Nitrate Direc-
tive”, the identification of nitrate contamination
in groundwater must be directly attributed to
the agricultural activity present in the area. The
present study demonstrates how this correlation
cannot be applied to all situations precisely be-
cause the impact of agricultural activities, in par-
ticular the introduction of nitrate, as can be seen
from the study carried out, up to a depth of 10
m presents the characteristics of leaching a direct
correlation between the input of soil nitrate and
the nitrate present in the groundwater. The same
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study demonstrates that for greater groundwater
depths there is a lack of clear correlation between
the nitrate concentrations of the soil and the
groundwater; this absence is due to the presence
of particular soil structures, such as the Vadose
areas, which directly interfere in the leaching of
the nitrate. Therefore it is very difficult makes a
directly correlation between the contamination of
the aquifer and agronomic activities.

The present study opens up the possibility of
carrying out further scientific research in order to
identify in a much more precise manner the leach-
ing dynamics in areas with groundwater depths
greater than 10 m.

REFERENCES

1. Ascott M.J., Wang L., Stuart M.E., Ward R.S., Hart
A. 2016. Quantification of nitrate storage in the va-
dose (unsaturated) zone: a missing component of
terrestrial N budgets Hydrol. Process., 30, 1903-
1915. https://doi.org/10.1002/hyp.10748

2. Ascott M.J., Gooddy D.C., Wang L., Stuart M.E.,
Lewis M.A., Ward R.S., Binley A.M. 2017. Glob-
al patterns of nitrate storage in the vadose zone.
Nat. Commun., 8, 1416. https://doi.org/10.1038/
s41467-017-01321-w

3. Camargo J.A., Alonso A. 2006. Ecological and
toxicological effects of inorganic nitrogen pollu-
tion in aquatic ecosystems: a global assessment.
Environ. Int., 32, 831-849. https://doi.org/10.1016/j.
envint.2006.05.002

4. Chen Z., Govindaraju R.S., Kavvas M.L. 1994.
Spatial averaging of unsaturated flow equations
under infiltration conditions over areally het-
erogeneous fields: 1. Development of models.
Water Resour. Res., 30, 2, 523-533. https://doi.
org/10.1029/93WR02885

5. Ervinia A., Huang j., Zhang Z. 2020. Nitrogen
sources, processes, and associated impacts of cli-
mate and land-use changes in a coastal China water-
shed: insights from the INCA-N model. Mar. Pollut.
Bull., 159, Article 111502. https://doi.org/10.1016/.
marpolbul.2020.111502

6. Green C.T., Fisher L.H., Bekins B.A. 2008. Nitro-
gen fluxes through unsaturated zones in five agri-
cultural settings across the United States. J. Envi-
ron. Qual., 37, 1073-1085. https://doi.org/10.2134/
j€q2007.0010

7. Green C.T., Liao L., Nolan B.T., Juckem P.F.,
Shope C.L., Tesoriero A.J., Jurgens B.C. 2018.
Regional variability of nitrate fluxes in the un-
saturated zone and groundwater, Wisconsin, USA.
Water Resour. Res., 54, 301-322. https://doi.

org/10.1002/2017WR022012

8. Huan H., Hu L., Yang Y., Jia Y., Lian X., Ma X_,

Jiang Y., Xi B. 2020. Groundwater nitrate pollu-
tion risk assessment of the groundwater source field
based on the integrated numerical simulations in
the unsaturated zone and saturated aquifer. Environ.
Int., 137, Article 105532. https://doi.org/10.1016/j.
envint.2020.105532

9. HuangT., Pang Z., Yuan L. 2013. Nitrate in ground-

water and the unsaturated zone in (semi)arid north-
ern China: baseline and factors controlling its
transport and fate. Environ. Earth Sci., 70, 145-156.
https://doi.org/10.1007/s12665-012-2111-3

10. Knobeloch L., Salna B., Hogan A., Postle J., Ander-
son H. 2000. Blue babies and nitrate-contaminated
well water. Environ. Health Perspect., 108, 675-678.
https://doi.org/10.1289/¢hp.00108675

11. Korom S.F. 1992. Natural denitrification in the satu-
rated zone: a review. Water Resour. Res., 28, 1657-
1668. https://doi.org/10.1029/92WR 00252

12. Yang W., Jiao Y., Yang M., Wen H., Gu P,, Yang J.,
Liu L., YuJ. 2020. Minimizing soil nitrogen leach-
ing by changing furrow irrigation into sprinkler fer-
tigation in potato fields in the Northwestern China
Plain. Water, 12,8, 2229. https://doi.org/10.3390/
w12082229

13. Liao L., Green C.T., Bekins B.A., Bohlke J.K. 2012.
Factors controlling nitrate fluxes in groundwater
in agricultural arecas. Water Resour. Res., 48, 18.
https://doi.org/10.1029/2011TWR011008

14.LuJ., Hu T., Zhang B., Wang L., Yang S., Fan J.,
Yan S., Zhang F. 2021. Nitrogen fertilizer manage-
ment effects on soil nitrate leaching, grain yield and
economic benefit of summer maize in Northwest
China. Agric. Water Manag., 247, Article 106739.
https://doi.org/10.1016/j.agwat.2021.106739

15.Machiwal D., Jha M.K., Singh V.P., Mohan C.
2018. Assessment and mapping of groundwater
vulnerability to pollution: current status and chal-
lenges. Earth Sci. Rev., 185, 901-927. https://doi.
org/10.1016/j.earscirev.2018.08.009

16. Meter K.J.V., Basu N.B., Veenstra J.J., Burras C.L.
2016. The nitrogen legacy: emerging evidence of
nitrogen accumulation in anthropogenic landscapes.
Environ. Res. Lett.. 11, Article 035014. https://doi.
org/10.1088/1748-9326/11/3/035014

17. Mirvish S.S. 1985. Gastric cancer and salivary ni-
trate and nitrite. Nature, 315, 461-462. https://doi.
org/10.1038/315461¢c0

18. Patel N., Srivastav A.L., Patel A., Singh A., Singh
S.K., Chaudhary V.K., Singh P.K., Bhunia B. 2022.
Nitrate contamination in water resources, hu-
man health risks and its remediation through ad-
sorption: a focused review. Environ. Sci. Pollut.
Res., 29, 69137-69152, https://doi.org/10.1007/
s11356-022-22377-2

393



Ecological Engineering & Environmental Technology 2024, 25(12), 387-394

19.Rath S., Zamora-Re M., Graham W., Dukes M.,
Kaplan D. 2021. Quantifying nitrate leaching to
groundwater from a corn-peanut rotation under a
variety of irrigation and nutrient management prac-
tices in the Suwannee River Basin, Florida. Agric.
Water Manag., 246, Article 106634. https://doi.
org/10.1016/j.agwat.2020.106634

20. Robertson W.M., Bohlke J.K., Sharp J.M. 2017.
Response of deep groundwater to land use change
in desert basins of the Trans-Pecos region, Texas,
USA: effects on infiltration, recharge, and nitrogen
fluxes. Hydrol. Process., 31, 2349-2364. https://doi.
org/10.1002/hyp.11178

21. Quintarelli, V.; Radicetti, E.; Allevato, E.; Stazi,
S.R.; Haider, G.; Abideen, Z.; Bibi, S.; Jamal, A_;
Mancinelli, R. 2022. Cover Crops for Sustainable
Cropping Systems: A Review. Agriculture, 12,
2076. https://doi.org/10.3390/agriculture 12122076

22. Safadoust A., Soleymanekhtyari S., Gharabaghi B.
2024. Zeolite intervention in soil nitrate dynamics:
insights from column experiments and modelling.
Hydrological Sciences Journal. https://doi.org/10.1
080/02626667.2024.2413424

23. Seung-Hee K., Dong-Hun L., Min-Seob K., Han-Pil
R.,Jin H., Kyung-Hoon S. 2023. Systematic tracing
of nitrate sources in a complex river catchment: an
integrated approach using stable isotopes and hy-
drological models. Water Res., 235, Article 119755.
https://doi.org/10.1016/j.watres.2023.119755

24, Stenberg M., Aronsson H., Lindén B., Rydberg
T., Gustafson A. 1999. Soil mineral nitrogen
and nitrate leaching losses in soil tillage systems
combined with a catch crop. Soil and Tillage Re-
search, 50, 2, 115-125. https://doi.org/10.1016/
S0167-1987(98)00197-4.

25. Turkeltaub T., Jia X.X., Zhu Y.J., Shao M. A., Binley
A. 2018. Recharge and nitrate transport through the
deep vadose zone of the loess plateau: a regional-
scale model investigation. Water Resour. Res., 54,

394

4332-4346, https://doi.org/10.1029/2017wr022190

26. Wang S., Wei S., Liang H.2019. Nitrogen stock and
leaching rates in a thick vadose zone below areas of
long-term nitrogen fertilizer application in the North
China Plain: a future groundwater quality threat.
J. Hydrol., 576, 28-40. https://doi.org/10.1016/j.
jhydrol.2019.06.012

27. Worrall F., Burt T., Howden N., Whelan M. 2009. Flu-
vial flux of nitrogen from Great Britain 1974-2005
in the context of the terrestrial nitrogen budget of
Great Britain. Glob. Biogeochem. Cycles, 23, Article
GB3017. https://doi.org/10.1029/2008 GB003351

28. Worrall F., Howden N.J.K., Burt T.P. 2015. Evidence
for nitrogen accumulation: the total nitrogen budget
of'the terrestrial biosphere of a lowland agricultural
catchment. Biogeochemistry, 123, 411-428. https://
doi.org/10.1007/s10533-015-0074-7

29.Xie Z., Chen S., Huang J., Li D., Lu X. 2023. Pat-
terns and drivers of fecal coliform exports in a
typhoon-affected watershed: insights from 10-year
observations and SWAT model. J. Clean. Prod.,
406, Article 137044, https://doi.org/10.1016/].
jelepro.2023.137044

30.Zang Y.G., Hou X.S., Li Z.P,, Li P, Sun Y., Yu
B.W.,, Li M. 2022. Quantify the effects of ground-
water level recovery on groundwater nitrate dy-
namics through a quasi-3D integrated model for
the vadose zone-groundwater coupled system.
Water Res., 226, 119213. https://doi.org/10.1016/j.
watres.2022.119213

31.Zheng W., Wang S. 2021. Extreme precipitation ac-
celerates the contribution of nitrate sources from an-
thropogenetic activities to groundwater in a typical
headwater area of the North China Plain. J. Hydrol.,
603. https://doi.org/10.1016/j.jhydrol.2021.127110

32.Zhou J., Gu B., Schlesinger W.H., Ju X. 2016. Sig-
nificant accumulation of nitrate in Chinese semi-
humid croplands. Sci. Rep., 6, Article 25088. https://
doi.org/10.1038/srep25088



