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• A novel multi proxy approach was used to
understand nitrate in alluvial system.

• Agriculture and sewage water has consid-
erable impact nitrate concentrations.

• Nitrification was identified as the main
process controlling nitrogen dynamics.

• Denitrification was site-specific and tem-
porally limited.
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At high concentrations nitrate is considered a serious environmental pollutant which degrades the quality of ground
and surface waters. Such high nitrate concentrations (>50 mg NO3/L) have been observed for decades in the alluvial
aquifer in the Varaždin region of Croatia. Herewe employ a novel cross disciplinary approach (dual isotopes, chemical,
bacteria diversity and mixing modelling) to determine sources of nitrate and processes that can influence nitrate con-
centrationwithin this vulnerable alluvial aquifer. Ten groundwater wells were sampled across the region and in differ-
ent hydrological conditions for basic chemical, stable isotopes (δ18O-H2O, δ2H-H2O, δ15N-NO3 and δ18O-NO3), and
bacterial diversity analyses. In addition, solid samples, i.e. soil samples and fertilizers were collected and analysed
for bulk δ15N. The primary nitrate sources were manure, sewage, soil organic N, and ammonia fertilizers, however
we observe no clear evidence to indicate that synthetic fertilizers are a major contributor to groundwater nitrate con-
centrations. Whilst denitrification was observed in the parts of the study area with dissolved oxygen (DO) deficiency,
i.e. anoxic conditions, nitrification has been identified as themajor process responsible for nitrate behaviourwithin the
aquifer system. Our results will facilitate the creation of a conceptual model of nitrate behaviour in the study area and
from this, a numerical groundwater nitrate transport model. These data, understanding of nitrate dynamics and sub-
sequent models will be critical for future sustainable water and agricultural management of the study area.
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1. Introduction

Nitrate (NO3
−) is considered a dangerous pollutant, whose high concen-

tration degrades the quality of ground and surface waters, posing a serious
problem to human health, e.g. gastric cancer, non-Hodgkin's lymphoma
and methemoglobinemia (Walton, 1951; World Health Organization
(WHO), 1985; Fennesy and Cronk, 1997) and contributes of eutrophication
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and acidification of aquatic ecosystems (Vitousek et al., 1997; Sutton et al.,
2011; Harris et al., 2020). Sources of nitrate may include synthetic fertil-
izers and/or manure used in agricultural production, as well as runoff
from sewage treatment plants and other effluents (Spalding and Exner,
1993; Ford and Tellam, 1994; Kendall, 1998; Lerner et al., 1999; Wakida
and Lerner, 2005; Ayotte et al., 2006; Boy-Roura et al., 2013; Huebsch
et al., 2014; Jang and Chen, 2015). Consequently, the Water Framework
Directive (2000/60/EC) and the Groundwater Directive 2006/118/EC
have been adopted in the European Union (EU) to prohibit nitrate concen-
trations in aquifers from exceeding the prescribed limit of 50 mg/L. In ad-
dition, two other directives have been adopted in the EU, the Nitrates
Directive (91/676/EEC) and the Urban Wastewater Directive (91/271/
EEC), which require measures to prevent or minimize pollution.

Denitrification and/or dilution processes attenuate nitrate in
groundwater (Böttcher et al., 1990; Postma et al., 1991; Aravena and
Robertson, 1998; Devito et al., 2000; Pauwels et al., 2000; Kendall
et al., 2007; Pastén-Zapata et al., 2014) and play an important role in
controlling the impact of nitrate loads from the surface into groundwa-
ter. The removal of nitrate via denitrification in groundwater is predom-
inantly under anaerobic conditions with sufficient electron donors and
with mediation of denitrifying bacteria (Rivett et al., 2008; Otero
et al., 2009; Jahangir et al., 2013; Zhang et al., 2015; Puig et al.,
2017; Kuypers et al., 2018).

To improve land and groundwater management practices in areas
where nitrate concentrations are high, determination of nitrate sources is
important. There are several approaches, but the most commonly used
method is nitrate‑nitrogen stable isotope analysis (δ15N-NO3

−) because
the isotopic composition of nitrogen in nitrate generally differs among ni-
trate sources (Wells and Krothe, 1989). However, during the nitrogen
cycle, different processes can cause isotopic fractionation of the nitrogen
isotope, so this method cannot uniquely identify the nitrate source. There-
fore, a dual isotope approach has been used (δ15N-NO3

− and δ18O-NO3
−),

which provides more conclusive information about the nitrate source
in groundwater (Aravena et al., 1993; Postma et al., 1991; Aravena and
Robertson, 1998; Kendall and McDonnell, 1998; Ogrinc et al., 2019). Un-
fortunately, in the case of wastewater and manure, δ18O-NO3

− does little
to help identify the nitrate source (Xue et al., 2009; Nestler et al., 2011).
This difficulty is likely due to the similarity in isotopic composition of ni-
trate from animal and human waste, which undergo similar fractionation
pathways (Fenech et al., 2012). Since physicochemical processes directly
affect the isotopic fractionation process, numerous studies have reduced
research uncertainties by combining isotopic and chemical data (Pastén-
Zapata et al., 2014; Puig et al., 2017; Ogrinc et al., 2019; Visser et al.,
2021). In addition, some recent studies have applied mixing models to
determine the contribution of nitrate sources (Phillips and Koch, 2002;
Deutsch et al., 2006; Xue et al., 2012;Czekaj et al., 2016; Paredes et al.,
2020). However, this approach is only applicable in areas where nitrate
sources are well characterized and secondary processes do not affect nitrate
concentration. The most recent approach is to combine isotope data with
microbiome data (Hernández-del Amo et al., 2018; Carrey et al., 2021),
as microorganisms primarily control nitrogen transformation processes
(e.g., nitrification, denitrification).

High nitrate concentrations (>50 mg NO3/L) have been observed in the
alluvial aquifer near the town of Varaždin (Croatia) in recent decades. The
area is densely populated and intensively used for agriculture. This problem
is now so extensive that the well field near Varaždin is closed and the
groundwater considered a risk to human health, meaning water for this
region now has to be supplied from two other well fields (Bartolovec and
Vinokovšćak). It is now passing critical that we better understand the
sources of nitrate, hydrogeological conditions and social and water man-
agement concerns within the Varaždin alluvial aquifer. The novelty of
this research is combing dual isotopic, chemical, and microbiological data
with a mixing approach to better distinguish nitrate sources and character-
ize the processes controlling nitrate in the Varaždin alluvial aquifer. The
isotopic and chemical data are used to identify potential nitrate sources
and provide clues to nitrate cycling occurring in the aquifer. Microbial
2

community structure is used to identify the bacteria potentially involved
in the nitrate transformation pathways.

In combination this work represents a new approach to undertaking ni-
trate dynamics that could be applied globally. Additionally, on a regional
level, we offer new insights into nitrate sources and cycling. Our results in-
dicate that previous assumptionsmay have been incorrect, including 1) that
themain source of nitrate was synthetic fertilizer, 2) that there was a lack of
contribution from sewage and 3) there is no denitrification within aquifer
system only dilution (Urumović et al., 1990; Romić et al., 2014; Vidaček
and Plantak, 2019). Our data enable more robust recommendations and
targeted approaches for future water management in this critically contam-
inated aquifer.

2. Materials and methods

2.1. Study area

The study area is situated in Varaždin County, one of the top four eco-
nomically developed areas of Croatia (HGK, 2019) (Fig. 1). This area is
characterized by more precipitation during the summer and the climate is
categorized in the Cfb (temperate oceanic climate) group according to the
Köppen–Geiger classification system (Nimac and Perčec Tadić, 2016).
The mean annual temperature and precipitation are: 10.6 °C (minimum
mean in January of 0.0 °C and maximum mean temperature of 20.9 °C
in July), and 832 mm, with less precipitation during the winter season
(minimum in January with 38.7 mm), and more during the warm part
of the year (maximum in September with 98.3 mm).

The favourable climate, topography and available groundwater have
enabled intensive development of the area, dominated by agricultural pro-
duction but with industry on the eastern edge of the study area (Fig. 1). The
aquifer is composed of gravel and sandwith variable portions of silt, as a re-
sult of accumulation processes of the Drava River during the Pleistocene
and Holocene (Urumović, 1971; Prelogović and Velić, 1988). The aquifer
is unconfined, recharged by precipitation infiltration through unsaturated
zone and by surface water percolation (Marković et al., 2020). The general
groundwater flow direction is NW-SE parallel to the Drava River and oscil-
lation in groundwater levels for 10-year period are generally within 1–2 m
which suggest that groundwater levels are strongly affected by accumula-
tion lake and the Drava River (Karlović et al., 2021a) (Fig. 1). Today,
groundwater for human consumption is extracted from the Vinokovšćak
well field which has been in operation since 1996. The well field is situated
to the north of Varaždin City (Fig. 1), and uses four wells with total capacity
of 150 L/s for water abstraction. Previously, the Varaždin well field was
used for human water consumption, this well field had been operation
since 1958 and is situated in the western edge of the town (Fig. 1).
Total capacity of the well field is 900 L/s, but it was shut down in
2003 due to high nitrate concentrations in the extracted groundwater.
In 2003 a denitrification plant (capacity of 40 L/s) was built, meaning
this well field can be used in the case of emergency (Novotni-
Horčička, 2021). Groundwater from the well field is however still used
for irrigation in agriculture, especially in vegetable production.

According to ARKOD (digital data base of Agency for Payments in
Agriculture, Fisheries and Rural Development), besides the agricultural
land use which occupies about 77 % of the area (including cereal, vegeta-
ble, fruit, and flower production, but also cattle, pig, and chicken farming,
meadows, etc.), 12% is urban area, 11% forest/natural area and<1%min-
eral extraction sites (exploitation of gravel and sand) (S1 A). As it is shown
on S1C, the share of arable land during four-year study period is increasing,
mainly through cultivated cereals (corn, wheat, oat, etc.), followed by
vegetable production (cabbage, potato, carrot, bean, peas, etc.), and clover,
alfalfa, fruits, flowers and nuts (S1 B). The estimated nitrogen consumption
on utilized agricultural land in 2012 for Varaždin County is 7396 t N
(Romić et al., 2014). Fertilizer consumption in 2012 had decreased by
13 % compared to the previous estimation of nitrogen consumption in
2000 (Mesić et al., 2002). There are two types of synthetic fertilizers used
in the study area: granulated (most common NPK and KAN) and liquid



Fig. 1. Geographical position of the study area presenting land use classes according to Corine Land Cover 2018, with groundwater sampling locations for chemical, isotope
and bacterial analyses.
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(for supplementing plants during the growing season). NPK fertilizers con-
tain N as ammonium and nitrate forms and P in form of P2O5 and K in form
of KCl and portions are variable depending on the subtype of fertilizer
(https://petrokemija.hr/hr-hr). KAN fertilizer contains N as ammonium
and nitrate forms and MgO and CaO and portions are variable depending
on the subtype of fertilizer (https://petrokemija.hr/hr-hr). However,
some NPK fertilizers do not contain KCl but sulphate, due to the sensitiv-
ity of some plants to high chloride concentrations (Vukadinović and
Vukadinović, 2011). There are lot of varieties of liquid fertilizers but
all of them contain bioavalible N and P forms for rapid assimilation
(Vukadinović and Vukadinović, 2011).

Poultry, cattle, and dairy farming are quite significant agricultural
activities, with over 50 farms in the study area. However, some of
them still have not solved the problem of manure disposal within their
farmyards. 78 % of farms in Croatia do not have adequate space for
farmyard manure, which represents not just threat to environment,
but also economic loss of approximately 35 EUR in nitrogen, potassium,
and phosphorus per livestock unit, equating to a total loss for Varaždin
County of 2.040.955 EUR per year (Vincek and Ernoić, 2009). An even
more pronounced problem is the storage of chicken manure, because poul-
try farms are the most common in the study area. In the last few years, an
initiative was launched by EU Cohesion Fund for Rural development to
help build adequate disposals of this manure, with the aim of reducing neg-
ative influences on the environment (Webpage https://strukturnifondovi.
hr/eu-fondovi/esi-fondovi-2014-2020/program-ruralnog-razvoja-2014-
2020/).

Although agricultural production has been the dominant activity in
the study area, there has been an increase of the urban area in the past
10–15 years (Jogun et al., 2017). However, the construction of an ade-
quate sewage network did not coincide with increased urbanization of
the study area. The length of the existing sewage network is 220 km
3

and it is very old. Excluding Varaždin City, only 56 % of the study
area is covered by an adequate sewage network and only 47 % of house-
holds are connected. Conversely, the coverage of the sewage network in
the city is 89 %, and 95 % households are connected (Varkom, 2015).
An important project is currently underway (2017–2021), financed
from the EU Cohesion Fund (71.38 %) and national funds (28.62 %),
with the goal of increasing the connection of households and businesses
to the public sewage and treatment systems. This action will help to re-
duce pollution of regional watercourses and groundwater, improve
water quality, maintain human health and achieve and maintain good
water status (Varkom, 2015).

2.2. Sampling and laboratory protocols

Groundwater monthly sampling campaigns were carried out from
June 2017 until November 2020. Samples were collected from the allu-
vial aquifer by pumping 10 observation wells - nine piezometric wells
and one private well in Hrašćica village (PH, Fig. 1). The observation
wells had been pumped until constant electrical conductivity was
reached to ensure the sampling of primary groundwater. In all collected
samples, basic chemical elements (sodium, potassium, calcium, magne-
sium, alkalinity, nitrate, nitrite, ammonium, total nitrogen, orthophos-
phate and dissolved organic carbon) and stable oxygen (δ18O) and
hydrogen (δ2H) isotopes in water were analysed. Nitrogen (δ15N) and
oxygen (δ18O) isotopes in nitrates were analysed for samples collected
in April 2018 and in period from April until December 2019. Bacterial
diversity samples were collected in different vegetation and hydrologi-
cal conditions in 2017, 2018, 2019 and 2020. In addition, solid samples,
i.e. soil samples from different arable lands, manure and fertilizers
(UREA, KAN, NKP) were collected and analysed for bulk δ15N and
these values are used as end-member values.

https://petrokemija.hr/hr-hr
https://petrokemija.hr/hr-hr
https://strukturnifondovi.hr/eu-fondovi/esi-fondovi-2014-2020/program-ruralnog-razvoja-2014-2020/
https://strukturnifondovi.hr/eu-fondovi/esi-fondovi-2014-2020/program-ruralnog-razvoja-2014-2020/
https://strukturnifondovi.hr/eu-fondovi/esi-fondovi-2014-2020/program-ruralnog-razvoja-2014-2020/


Table 1
Mean values (μjk) and standard deviations (ωjk) of δ15N end-members within the
study area.

δ15N Soil Manure Fertilizer

μjk 5.52 14.29 2.29
(ωjk) ±1.53 ±5.81 ±1.21
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2.2.1. In situ and chemical analyses
In situ parameters such as temperature, pH, dissolved oxygen (DO) and

electrical conductivity (EC) were measured in the field using WTW multi
probe. Alkalinity was also measured in the field by titration with 1.6 N
H2SO4, using phenolphthalein and bromocresol greenmethyl red as indica-
tors, and then converted to the equivalent HCO3

− concentrations. Samples
for cations and anions analysis were filtered through 0.45 μm mem-
brane filters into the HPDE 500 mL bottles before measuring on Ion
Chromatographer Dionex ICS 6000, while low concentrations of NH4

+,
NO2

− and PO4
3−-P were analysed using spectrophotometer HACH DR

9000. Samples were kept in the portable refrigerator during transport
from the field to the laboratory and analysed in the evening of the
same day. The ion balance errors for the analyses were checked by
the relative deviation from charge balance (Δmeq = 100 × (Σmeq+
− Σmeq−) / (Σmeq+ + Σmeq−) <±5 %). Samples for measurement
of dissolved organic carbon (DOC) were filtered in the field through
0.45 μmmembrane filters, then collected into 100 mL dark glass bottles,
and analysed in the laboratory using HACH QBD1200 analyser. All
above-mentioned analyses were performed in the Hydrochemical and
Geochemical Laboratories of the Croatian Geological Survey and
detailed description of analytical methods are given in Supplementary
materials in TS1.

2.2.2. Isotope analyses
Samples for stable isotope δ18O and δ2H analyses were poured into a

50 mL plastic bottles with a tight-fitting cap. The δ18Ο and δ2H were de-
termined using Picarro L2130i laser spectrometer in the Hydrochemical
Laboratory of the Croatian Geological Survey. Detailed description of
analytical method is given in Supplementary materials in TS1.

Samples for isotopic analyses of δ15N and δ18O isotopes in nitrates were
filtered through 0.2 μmmembrane filters into the HPDE 200/500/1000mL
bottles in the field and upon arrival into laboratory, they were frozen. The
filtered amount depended upon concentration of nitrate in water. Analyses
were done at the Stable Isotope Facility, British Geological Survey, UK.
Detailed description of analytical method is given in Supplementary ma-
terials in TS1.

The bulk δ15N content in solid samples was analysed at the Jožef Stefan
Institute in the Department of Environmental Sciences. Prior to sending,
samples were freeze-dried and milled. The prepared samples were mea-
sured with an IsoPrime 100 mass spectrometer coupled to a PyroCube
(manufacturer “Elementar”) preparation module. The accuracy of the mea-
surements was controlled with reference materials IAEA- N-1 (ammonium
sulphate) with value of+0.4‰, and IAEA-310 (A1) with value of 47.2‰.

2.2.3. Bacterial analyses
In total, 77 water samples were collected and filtered with a peristaltic

pump on 0.2 μm pore size polycarbonate membrane filters (type GTTP;
Whatman, UK) until the filters were clogged (maximum 7 L). Filters were
immediately stored on dry ice and transferred to−80 °C until further pro-
cessing. According to the manufacturer's guidelines, total genomic DNA
was extracted with the DNeasy PowerWater kit (Qiagen GmbH Hilden,
Germany). The hypervariable V4 region of the 16S rRNA gene was ampli-
fied using primer pair 341 F 50-CCTACGGGNGGCWGCAG-30 and 805 R
50-GACTACHVGGGTATCTAA TCC-30. PCR and sequencing were per-
formed in the LGC Genomics GmbH laboratory (Berlin, Germany). The
libraries were sequenced on an Illumina MiSeq platform, generating
300-bp paired-end reads. Raw demultiplexed reads were deposited at
the ENA's Sequence Read Archive and are publicly available under pro-
ject number PRJEB47770.

16S rRNA gene paired-end reads were analysed using the QIIME2
(v. 2020.11.), where they were demultiplexed, de-noised, trimmed,
and merged, forming the final output as an ASV table (dada2). Repre-
sentative sequences were aligned against the SILVA database (v. 138.)
employing Naïve Bayes pre-trained classifier (Wang et al., 2020) cus-
tomized for the targeted hypervariable region with reference sequences
clustered at 99 % sequence similarity.
4

2.3. Data analysis

All spatial data were organized in ArcGIS software. All maps are pre-
sented in the official coordinate system of the Republic of Croatia
(HTRS96/TM).

Charge ion and mass balance calculations of chemical data were done
using the PHREEQC programme (Parkhurst and Appelo, 2013).

Statistical analyses of chemical and isotopic data were performed using
the STATISTICA software package v.7 (StatSoft Inc., Tulsa, OK, USA). Hier-
archical cluster analysis (HCA) was performed in order to identify the area
of the aquifer with similar water chemistry and isotopic ratios, and to iden-
tify the possible impacts of different processes that are controlled by one or
more natural and/or anthropogenic factors on chemical variance.

For interpretation of microbiological data, a principal component anal-
ysis (PCA) was used to display differences in chemical parameters among
water samples and sampling years. Prior to beta diversity analysis,
Hellinger transformation was applied to rarefied datasets of the microbial
community. Principal Coordinate Analysis (PCoA) based on Bray-Curtis
dissimilarity distance was carried out to identify microbial community pat-
terns. All statistical analyses and visualizationswere performed in R version
4.0.4 (R Core Team, 2021) using multiple R packages.

Since this study contains N mixture measurements (10 measurements
per observation wells) with j isotopes (δ15N) and (δ18O) and k sources
(5 – manure, fertilizer, soil, sewage and atmospheric deposition), to esti-
mate contribution of different sources of nitrate in groundwater samples,
the Bayesian isotope-mixing model MixSIAR (Stock et al., 2018) was
applied. The mixing modelling is describe by next equations (Parnell
et al., 2010):

Xij ¼ ∑pk Sjk þ Cjk
� �þ εij (1)

Sjk∼N μjk,ω2
jk

� �
(2)

Cjk∼N λjk, τ2 jk
� �

(3)

εij∼N 0,σj
� �

(4)

where Xij represents the isotope value j of themixture i, in which i=1, 2, 3,
…, N and j=1, 2, 3,…, J; Sjk indicate the source value k of isotope j (k=1,
2, 3,…, K), which is normally distributed with mean μjk and standard devi-
ation ωjk; pk is the proportional contribution of source k, which is estimated
by the MixSiar model; Cjk describes the isotope fractionation factor of iso-
tope j on source k, which follow a normal distribution with mean λjk and
standard deviation τjk; and εij is the residual error representing the addi-
tional unquantified variation between individual mixtures, which follows
a normal distribution with mean zero and standard deviation σj. More de-
tailed information on the MixSiar model can be found in (Stock et al.,
2018; Torres-Martínez et al., 2020). In this study, the mean values (μjk)
and standard deviations (ωjk) of δ15N associated with different end-
members are given in Table 1. Since isotopic values for sewage and at-
mospheric deposition sources were not measured for the research
area, they were obtained from appropriate literature (Kendall, 1998;
Burns and Kendall, 2002).
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3. Results and discussion

The average, minimum andmaximum values of analysed physicochem-
ical parameters and isotopic composition in the groundwater samples are
presented in Table S1 A & B of the Supplementary Materials.

3.1. Spatial and temporal variation of nitrogen species in groundwater

Measured nitrate concentrations gradually increase from the N-NW
edge towards the central part of the study area (Fig. 2). The areas with
low nitrate concentrations range between below detection limit up
to 15 mg/L, while the areas with high concentrations range from
50 mg/L to 200 mg/L. The highest concentrations were measured dur-
ing the very dry period in 2017 when irrigation was intensive.

Four representative observation wells were selected to illustrate the
temporal variations in nitrate concentrations during monitored period,
which is connected to seasonal changes and associated agricultural activi-
ties and urban areas (S2). In the urban part of the study area, there are
two different temporal variations of nitrate concentrations: 1) slight
changes in observation well P-2500 (S2A), and 2) more rapid changes in
the observation well P-4039 (S2C). After late autumn, there was a slight de-
crease in concentrations, especially in the areas where agricultural activi-
ties predominate (S2B). The parts of the aquifer that are predominantly
influenced by the recharge of the Drava River, generally record a slight
decrease in nitrate concentrations during the monitored period (S2D).

The spatial distribution of nitrate concentrations in groundwater (lower
concentrations on the edges of the study area and higher in themiddle) sug-
gest that sources of N are unevenly distributed and dominantly diffuse. The
highest nitrate concentrations occur in areas where vegetable production is
dominant, followed by other agricultural production, and finally urban
areas.
Fig. 2. Spatial distribution of nitrate according to nitrate average values m
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Ammonium and nitrite concentrations varied from below detection
limit (0.01 for NH4

+ and 0.001 for NO2
−) to 0.2 mg/L (Table S1B). The

highest concentrations for both species were measured in the water of the
observation well P-4039, located very near a septic tank system. For most
sampling times and at most other observation wells ammonium and nitrite
concentrations valueswere below detection limit, only occasionally slightly
above it. These occasionally elevated levels were observed in waters of
observation wells P-2500, PH, P-1529, SPV-11, P-1530 and PDS-7 be-
cause of percolation from the surface or/and release due to nitrogen
transformation processes.

TN concentrations varied from 0.1 mg/L to 47.7 mg/L, with lowest
values measured in water of P-4039 and the highest in the observation
well PDS-7 (Table S1B). It was observed that calculated TN values were
lower than measured ones, indicating organic N input (Fig. S3). Organic
N input was visible in observation wells PDS-5, PDS-6, PDS-7, P-1529 and
P-1530, which catchment areas include arable land suggesting manure as
a potential organic N source for these sites.

3.2. Isotopic signatures of solids and groundwater

Measured δ15N values in soils depending on the land use varied
from+4 to+7.4‰, with lowest values measured in soil from an orchard
and the highest in soil from a cabbage field. The chicken manure contains a
very high δ15N value of+18.4‰, while cowmanure has lower δ15N value
of+10.2‰. KAN andNPK fertilizers have positive+3.2‰ and+1.4‰,
while UREA has negative δ15N value −1.2‰ (S4).

Measured δ15N-NO3
− in groundwater samples varied from +0.16

to +9.35 ‰, while measured δ18O-NO3
− varied between +5.09 and

−8.52 ‰. The highest δ15N-NO3
− was measured in waters from P-2500,

followed by PH and PDS-7, while other observation wells had lower δ15N-
NO3

− values (S5). Seasonal oscillation of δ15N-NO3
− and δ18O-NO3

− values
easured in groundwater samples from June 2017 to November 2020.
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in groundwater samples of observation wells PDS-5, PDS-6, PDS-7, SPV-11
and PH was observed. The highest δ15N-NO3

− values in observation wells
PDS-5 and PDS-6 were during late spring – early summer period, while in
observation wells PDS-7, SPV-11 and PH during late autumn and winter.
On the other hand samples from observation well P-2500 had more con-
stant δ15N-NO3

− and δ18O-NO3
− values.
3.3. Types and variations of prokaryotic communities in groundwater.

There were 2949 ASVs detected in the alluvial aquifer water samples,
which were classified to 47 phyla. According to the relative abundance
per alluvial aquifer, the eight most abundant phyla were Chloroflexi,
Actinobacteria, Nanoarchaeota, Bacteroidota, Patescibacteria
Proteobacteria, Nitrospirota and Verrucomicrobia. The highest relative
abundance of Archaea was recorded in the observation wells P-1556
and P-2500. Areas of low nitrate concentrations were dominated by di-
verse phyla, while areas of medium and high nitrate concentration were
dominated primarily by Proteobacteria and Actinobacteria (S6).
Phylum Chloroflexi was most abundant in the observation well P-1556
in the natural area with low nitrate (S6). The natural area was domi-
nated by Nanoarchaeota, Patescibacteria and Proteobacteria phyla,
whilst Proteobacteria, Bacteoidota and Actinobacteria phyla dominated
the agricultural and urban areas.

The microbial community compositions of water samples clustered
according to the sampling area (Fig. 3). Samples were clustered into four
groups: 1) samples in natural areas (P-1556), 2) samples in agricultural
areas (SPV-11, PDS-5, PDS-6 and PDS-7) and 3) samples of alluvial aquifers
in the urban area with medium nitrate concentration (PH and P-2500). The
Fig. 3. Principal coordinates analysis (PCoA) ordination of the microbial community. Sa
Polygons group samples by the observation well. Vectors represent the significant corre
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microbial community in the agricultural area had a significant positive cor-
relation to nitrate concentration and total nitrogen (TN).

3.4. Origin and processes controlling nitrate concentrations in groundwater.

The high, but stable concentrations of nitrate through the four years of
investigation the Varaždin alluvial aquifer suggest that sources of N are
continually available, and groundwater pollution is ongoing. However,
site-specific nitrate concentrations varied between observation wells due
to local hydrogeological conditions, land use type, geochemical conditions
within the aquifer, and microbial community makeup.

The nitrate isotope data (Fig. 4) indicates that there are four possible
pollution sources in the study area: i) manure, ii) sewage, iii) soil organic
N, and iv) ammonia fertilizers (Kendall, 1998). Observation wells P-2500
and P-1556 are separated from other wells, indicating that nitrate sources
are either distinct from the rest of wells, or less prone to a mixed nitrate
source.

Since a dual isotopic approach was not able to distinguish sources
clearly, relationships between Cl− and NO3

−/Cl− molar ratios, and 1/
NO3

− and δ15N-NO3
− were considered on a spatial scale because molar

ratios are specific for each source (uncontaminated water, sewage, sea,
etc. (Torres-Martínez et al., 2020; Ogrinc et al., 2019)) (Fig. 5). Grouping
of samples in three groups was observed: i-) group I (agricultural) - PDS-
5, PDS-6 and PDS-7; ii) group II (urban) – PH and P-2500, and iii) group
III (natural) – SPV-11 and P-1556 (Fig. 5a & b). The catchment areas of
group I are predominantly covered with agricultural land use, NO3

−/Cl−

molar ratios of sampled waters are higher. Many studies have shown that
high NO3

−/Cl− molar ratios are characteristic of fertilizers because they
contain more nitrate than chloride, while low NO3

−/Cl− molar ratio
mples are color-coded by the sampling area and shape-coded by the sampling year.
lation (p ≤ 0.01) of microbial community with nitrates and total nitrogen (TN).
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indicate sewagewater which contains more chloride than nitrate (Liu et al.,
2006; Zhang et al., 2015). The catchment areas of group II are generally in
the urban areas, where the NO3

−/Cl− molar ratio is lower. There is a slight
shift between plotted data from the two wells within this group, which is
probably associated with groundwater flow direction from agricultural
areas towards these wells. The wells from group III are predominantly
under natural conditions, with very low NO3

−/Cl− molar ratios. However
even these wells differ slightly, because of agricultural activity in the catch-
ment area of SPV-11, resulting in a slight increase in NO3

− and Cl−. A sim-
ilar grouping was observed by the bacterial diversity data. This data
demonstrates a strong interaction between bacteria and hydrochemical in-
dicators. Compatible grouping was observed performing the HCA analysis
(Fig. 6), which took into account all measured chemical (field parameters,
basic cations and anions) and isotopic parameters (δ15N-NO3

−, δ18-NO3
−,

δ2H and δ18O in H2O).
The dual isotopic approach showed no evident contribution of nitrate

from atmospheric deposition and synthetic fertilizers in the study area,
which was supported by the results of MixSIAR model (Fig. 7). The nitrate
concentration in rain is very low, ranging from 0.5 to 2mg/L (http://www.
icp.sumins.hr/Default.aspx) and only 35 % of precipitation is infiltrated
into groundwater limiting the impact of atmospheric nitrate on groundwa-
ters. Surprisingly for this region, there is no evident influence of synthetic
fertilizers on groundwater nitrate concentrations in both approaches, this
is unusual for agricultural areas (Ogrinc et al., 2019; Minet et al.,
2012; Mayer et al., 2001; Kendall, 1998). These nitrate isotope results
were compared to other key indicators of synthetic fertilizer, including
elevated potassium, phosphate, sulphate and chloride concentrations
(Ogrinc et al., 2019). For our study region it these key elemental indica-
tors were only elevated during the summer 2017 when intensive irriga-
tion was implemented; this also corresponded to the highest nitrate
concentrations measured in the study.

After that single event concentrations reduced and did not reach such
high values in subsequent years. There are two possible explanations:
1) synthetic fertilizers are percolating into ground waters but their isotope
signatures are masked by nitrification processes. This is however unlikely,
as there is no evidence of elevated trace element levels for most of the
study or, 2) agricultural practices and the timing of fertilizer application
in the study area actually reduce the use and subsequent impact of synthetic
fertilizers. In Croatia synthetic fertilizers are expensive in comparison to
manure, so farmers are using them sparingly. General agricultural practice
in Croatia is to spread manure on arable land and meadows in the late
7

autumn or early spring and to use synthetic fertilizers only during planting
and plant growth in spring/summerwhere rapid uptake is beneficial. In ad-
dition, Roadcap et al., (2002) found out that fertilizer pre-formed nitrate is
rapidly taken up by plants, leaving only the non-nitrate N fraction (NH4

+)
available for longer term nitrification by bacteria. On the other hand, ma-
nure has slow decomposition and slow nitrate release (Han et al., 2016;
Song et al., 2017), especially when the plant uptake of nutrients is absent.
Decomposition of N from manure meditated by phyla Proteobacteria,
Bacteroidetes, Chloroflexi, Actinobacteria and Verrucomicrobiaoccurs
as a series of decomposition stages (Boyd and Peters, 2013; Zilius
et al., 2020; Sellstedt and Richau, 2013, Khadem et al., 2010; Wertz
et al., 2012; Daims et al., 2016; Sorokin et al., 2012). The final step
forms NO3

−, but the intermediate forms (NH4
+ and NO2

−) were occasion-
ally measured in water at low concentrations especially during colder
periods of year, indicating the existence of this process.

Since aerobic conditions prevail within the aquifer system (Karlović
et al., 2021b), it is likely that nitrification process is predominant, mediated
byNitrospira. However, lowDOvalues in the aquifer are accompaniedwith
mixed (oxic-anoxic) conditions. According to several authors, denitrifica-
tion can occur when DO is below 0.2 mg/L (Feast et al., 1998), below
2 mg/L (Rivett et al., 2008; Hocaoglu et al., 2011) or below 4 mg/L
(Baily et al., 2011). Dimkić et al. (2008), stated that DO < 1 mg/L repre-
sents predominantly anaerobic conditions, DO between 1 and 2 mg/L rep-
resents the transition zone, and DO > 2 mg/L represents predominantly
aerobic conditions. The catchments areas of observation wells near the
Drava River and in the urban area show signs of DO deficiency, i.e. anoxic
conditions. In this part of the aquifer, denitrification could occur with
mediation of bacteria including some of those phyla identified in this
study. Additionally, several bacteria have also been reported to appear in
nitrogen reduction pathways, including members of the Proteobacteria,
Bacteroidetes (Maia and Moura, 2014) and Actinobacteria phyla (Ji et al.,
2015). Generally, nitrate production by bacteria induced nitrification
incorporates two oxygen atoms derived from water and one from the
atmosphere (Kendall, 1998; Wassenaar, 1995; Mayer et al., 2001;
Suchy et al., 2018). Thus, the expected range of δ18O-NO3 values may
be estimated from the following Eq. (5) (Mayer et al., 2001).

δ18O � NO3 ¼ 2=3 δ18O � H2Oþ 1=3 δ18O � O2: (5)

Previously measured (Marković et al., 2020) groundwater δ18O-H2O
values within the study area are in the range between −10.93 and

http://www.icp.sumins.hr/Default.aspx
http://www.icp.sumins.hr/Default.aspx


Fig. 5. The relationship between a) Cl− and NO3
−/Cl− and b) 1/NO3

− and δ15N- NO3
− for spatial data in groundwater.
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−8.91 ‰. Using these δ18O values of groundwater and δ18O-O2 of
+23.5 ‰ for molecular oxygen, the calculated range of δ18O-NO3 values
of groundwater for nitrate from nitrification were between +0.55
and +1.89 ‰ and measured values between −8.52 to +5.09 ‰. In a
case that O2 from atmosphere is missing, bacteria would use O2 from
groundwater to mediate nitrification process and values would be of
δ18O-NO3 more negative (Kendall et al., 2007). As Fig. 8 shows 83 %
of the samples fall between (or within error of 0.33 ‰) the line repre-
sented by Eq. (5) and that of δ18O-H2O, confirming that microbiological
nitrification is present within the aquifer at these sites. Where the isoto-
pic value shifts towards the δ18O-H2O line this indicates a lack of avail-
able atmospheric O2, meaning bacteria use more O2 from groundwater,
as shown by Kendall et al. (2007). However, some samples (17 %) are
occasionally above the line of Eq. (5), indicating nitrate attenuation pro-
cess - denitrification. Samples above this line were collected from
8

observation wells SPV-11 (July, September and November), PDS-7 and
PDS-5 (July), PH (September, November and December), and P-2500
(December). Numerous studies have demonstrated that the occurrence
of denitrification is characterized by δ18O/δ15N ratios in range from
1:1.3 to 1:2.1 (Liu et al., 2006; Aravena and Robertson, 1998). The
δ18O/δ15N ratios of nine samples ranged between 1:0.9 and 1:2.9,
which either coincides or it is very close to denitrification range. In
addition, there were a few observations from the chemical data which
confirm the isotopic findings regarding denitrification. For instance,
all wells experienced decreasing of NO3

− concentrations and DO values
were lower than usual, while NO2

− and NH4
+ concentrations were occa-

sionally measured slightly above detection limit. This finding suggests
that localized and temporally limited denitrification may be occurring.
Previous investigations suggest that dilution from the Drava River is
major controller of low nitrate concentrations in the catchment area of



Fig. 6. Hierarchical cluster analysis of observation wells in the study area based on chemical and isotopic parameters.
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the observation well SPV-11 (Karlović et al., 2021), but denitrification
may also play some role in reducing nitrate concentrations.
3.5. Conceptual model of nitrate cycle within aquifer system

In the study area themajor sources of nitrate in the groundwater arema-
nure and sewage. However, other sources cannot be neglected: soil nitro-
gen, ammonium fertilizers, atmospheric decomposition and synthetic
fertilizers. In all observation wells we see a mixture of these sources, de-
pending on the wells position within the study area. On the edges of the
study area nitrate concentrations are low because of lower anthropogenic
pressures and the dilution effect by the lake and river systems. Beside this
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dilution effect, denitrification processes are present at least at the local
scale.

We identify three major types of pollutants within the study area:
point, linear and surface. Point pollutants include septic tanks, landfills
and piles of manure left on the land and they are concentrated in the
middle of the study area but also exist to an extent at the edges. Linear
pollutants are related to the sewage network and are concentrated in
the middle of the study area. Finally, surface pollutants are derived
from arable land.

Karlović et al., 2022 created nitrate transport model of the Varaždin
aquifer based on this dataset. Their findings suggest that decreases in ni-
trate concentrations would not be expected unless specific mitigation
measures are undertaken and that it will take 20 years to decrease
S-6 PDS-7 SPV-11 P-1556

Sewage Fertilizers

sources calculated using mixing model.
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nitrate concentration in the middle of the study area close to MCL level
but not below. Specific measures would include fertilization optimization
considering the rates, application timing and methods, effective manage-
ment of manure from farms, rational use of irrigation methods according
to crop water demand, and implementation of other good agricultural prac-
tices recommendations according to the Nitrates Directive (91/676/EEC).
As agricultural production is a very important in the study area from both
economic and social standpoints future management strategies must con-
sider improvements of groundwater quality, alongside agricultural produc-
tion. This seems to be a key step for farmers to adopt the codes of good
agricultural practices, enabling better management of groundwater re-
sources and crop growth in sustainable manner.
4. Conclusions

The alluvial aquifer in the Varaždin County represents a valuable drink-
ing water source that is in some parts endangered by anthropogenic activi-
ties. A novel multi proxy approach was used to determine nitrate sources in
groundwater and it includes: a dual isotopic approach, chemical and bacte-
rial data comparison, and estimation of mixing proportions. We observe an
uneven spatial distribution of nitrate, but constant flux of N in the system
with seasonal changes in nitrate concentrations and isotopic signatures in
all wells, except P-2500. Depending on the position within the aquifer,
themajor sources of nitrate aremanure (dominantly), sewage, and a soil or-
ganic N, interestingly synthetic fertilizers and atmospheric deposition ap-
pear to contribute little to nitrate pollution in this region, possibly due to
fertilization timing and practices. Bacteria communities differed between
land use, but a distinctive grouping was observed, which supported chem-
ical analyses and demonstrated strong interaction between bacteria and
hydrochemical indicators. The bacteria Nitrospira plays an important role
in nitrate behaviour within aquifer system. Locally, denitrification pro-
cesses are observed. However, since the soil and unsaturated zone were
not the object of this study, it cannot be statedwhether this process is occur-
ring in the soil root zone or within the aquifer. Future research efforts
should focus on nitrogen transformation process within the unsaturated
zone. These findings can be directly applied to help local community
water and agricultural developers and planers in adopting and imple-
menting sustainable management measures. These measures play a key
role in mitigation recommendations in the Varaždin alluvial aquifer.
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