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Abstract: The mobility of nitrogen (N) in the environment is conditioned by its cycling between
atmospheric, terrestrial, and marine ecosystems. It is a key element for global biogeochemistry, and
although isotope analysis has been an integral part of many studies over the past eighty years, the
complexity of the nitrogen cycle hinders a correct and detailed understanding of the mechanisms
behind its processes. It could be argued that the interpretation of the isotopic signatures of nitrogen
in soils is still in its infancy. In Croatia, such research has recently begun and is driven by a need
for the comprehensive study of nitrogen isotopes in terrestrial ecosystems. The aim of this study
was to compare the abundance of the >N isotope in soils from continental and coastal parts of
Croatia with different types of land use (arable land/crop production, meadows, forests, orchards, ski
slopes, urban soil/city roads) and to authenticate the nitrogen origin in soils in relation to different
soil management practices. This research was based on 27 soil samples collected at 11 locations in
Croatia. The samples differed according to soil type, land use, applied mineral and organic nitrogen
fertilization, and climatic condition at each specific location. The determination of 515N (T—total
nitrogen) values in bulk samples was performed in duplicate with the IRMS (Isotope Ratio Mass
Spectrometry) method using an IsoPrime100-Vario PYRO Cube (OH/CHN Pyrolyser/Elemental
Analyzer). The results reveal that the mean 5'°N abundance in soils according to different land use
declines in the following order: crop production (+5.66 £ 1.06%.) > apple orchard (+5.60 £ 0.10%o)
> city road (+4.33 £ 0.38%0) > meadow (+3.71 £ 0.85%0) > ski slope (+2.20 = 0.10%0) > forest
(+2.15 £ 1.86%0). The individual values were in the range from 0.00 = 0.10%. in the forest soil
in continental Croatia to +7.19 £ 0.07%. in the vegetable garden (crop production) soil in coastal
Croatia. Among the investigated soil properties and weather conditions, PCA analysis identified
close correlations between P,O5 content and §1°N abundance in arable soils, as well as between soil
reaction (pH) and mean annual temperatures, while high C/N ratio values explained the isotopic
distribution in non-arable soils (city roads and forests). Despite the long-term application of mineral
nitrogen fertilizers, the results represent nitrogen of organic origin in the arable soils (crop production),
which partly confirms the sustainable management of those agroecosystems.

Keywords: 15N; nitrogen origin; arable land; mineral nitrogen fertilization; meadow; forest; orchard;
ski slope; urban soil

1. Introduction

The use of stable isotopes to understand the biochemical cycle of carbon (C), nitrogen
(N), sulfur (S), oxygen (O), and hydrogen (H) in the environment [1-6], along with their
applications in food origin and quality assessment [7], forensics [8], drug metabolism [9],
athlete doping testing [10], and archaeology and anthropology [11], has been developed
over eight decades. Their use started with the development of mass spectrometry after
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World War II [12] with the design of the mass spectrometer (gas inlet, ion source, tube,
magnet, ion collectors, mercury diffusion pump) and isotope analysis routines by Alfred
Nier in 1947 [13]. Today’s mass spectrometers are designed for isotope ratio measurements
(IRMS method—Isotope Ratio Mass Spectrometry) and use dedicated static magnetic sector
fields and multicollection with discrete Faraday cups for the simultaneous quantification of
all ion beams with precision in the determination of isotopes in the sub-ppm range [14]. The
IRMS analysis determines the stable isotope concentrations in the analyzed sample, which
are expressed as the molar ratio of the heavy and light isotope. Due to the fact that the
quantified ratio is low, stable isotope abundances are presented relative to an international
standard using the following & notation:

0X = (Rsample/Rstandard — 1) x 1000 @D

where 56X is the delta value of the sample for element X (N, S, H, O, C, etc.) in parts per
thousand (%.) and R is the molar ratio of the heavy (less common) to light (more common)
isotope in the sample and in an international standard, respectively [15]. Considering that
nitrogen is found in nature as a mixture of two stable isotopes, *N and >N, where the
isotope *N comprises 99.64% and isotope °N 0.36% [16], Equation (1) can be rewritten as

5N = (""N/"Ngample /”N/"*Nigandara — 1) x 1000 ©)

Atmospheric N, represents the reference value of the standard in §'°N measure-
ments [17] in which the ratio of stable nitrogen isotopes 15N /14N (1/272) is 0.0036764 or
+3.68 %o [18].

The isotopic signature of nitrogen (§'°N) in terrestrial ecosystems is conditioned by the
complexity of the nitrogen cycle, its numerous transformations, and the degrees of isotopic
fractionation, along with the mean annual air temperature, annual precipitation, and the
content of clay and organic carbon in the soil [19]. §!°N varies significantly from —20%.
to +30%o0 in most terrestrial materials and from —49%o to +102%. in natural materials of
terrestrial ecosystems [20]. Fifty-nine years ago, in 1964, the first isotopic abundances of
nitrogen in USA soils were reported, and 5'°N varied from +1%o to +10%. in cultivated
soils and from +2%o to 16 %0 in natural soils [21] (Cheng et al., 1964). Recent studies have
confirmed very similar ranges of isotopic nitrogen in the soils of the world, from —0.3%o in
forest soils in Germany to 3.59 %o in woodlands in Congo, and up to +9.48%o. in arable soils
in Australia [22-24]. The interpretation of soil 5!°N values is very challenging, not only due
to the complexity of the nitrogen cycle, but also because of many other factors that influence
the nitrogen content in soil. For example, mineralization/ammonification in soil influences
the results, with isotopic fractionation abundance ranging from 0%o to 5%o.. Values also vary
from 30%o0 to 60%o. due to ammonia volatilization, from 15%o to 35%. due to nitrification,
and from 28 %o to 33%. due to denitrification, while N, fixation depletes soil 5N values
due to the fact that atmospheric nitrogen has an isotopic value of 0%. [25,26]. Also, during
nitrogen fixation, soil bacteria convert nitrogen into ammonium, a process that itself does
not induce a large isotopic fractionation but could lead to a shift from 0%o to 2%. [14].
The depletion of the nitrogen isotopic signature in soils can result from the application
of mineral nitrogen fertilizers with isotopic values from —4.0%o to +3.9%. [27-29], while
organic fertilizers (sewage sludge and animal manure) tend to have 5!°N values between
+8%o0 and +20%o [14], which can contribute to the enrichment of soil 5°N. Considering
all of the above and the fact that §'°N of organic nitrogen in the soil ranges from +4.0%o
to +9.0%. [30], the interpretation of the isotopic signatures of nitrogen in soil could be
simplified as 0%o to 2%c.—atmospheric, 2%o to 4%.—mineral, >4 %.—organic origin.

Recently, many studies have focused on §'°N abundance in the optimization of nitro-
gen fertilizer use [31-33]. Using fertilizers labelled with >N isotope made it possible to
determine crop use efficiency and the optimal application of fertilizer, which will greatly
enhance the sustainability of the agroecosystem. However, even without the use of labeled
15N tracking, knowledge of natural §'°N abundance in soil can even demystify the negative
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impact of mineral nitrogen fertilization and provide an insight into the path of nitrogen in
soil. This can, in particular, refer to organic N recorded in arable land which is readily avail-
able to plants, and can also contribute to the sustainable management of the agroecosystem
and to a reduction in fertilizer consumption.

The aim of this study was to compare the abundance of >N isotopes of soils from
continental and coastal parts of Croatia with different types of land use (arable land/crop
production, meadows, forests, orchards, ski slopes, urban soil/city roads) and to authenti-
cate the nitrogen origin in the soil regarding the different soil management types.

2. Materials and Methods
2.1. Site Descriptions and Soil Samples

In order to achieve our research goals, we first looked at the utility of soil nitrogen
isotopes quantified in selected soils from Croatia and selected 27 soil samples—which had
already been the focus of previous research—from the soil archive of the Department of
General Agronomy, University of Zagreb Faculty of Agriculture, and enabled the initial
database of 5'°N abundance in Croatian soils. The selected soil samples, along with the
chosen locations, covered all Croatian agricultural regions. The investigation even included
composite soil samples from the only Croatian ski resort where world cup races (FIS
Giant slalom) are held. This research included the analysis of soil samples collected—
during the period of 20052020 as part of scientific research conducted by the employees of
the Department of General Agronomy—from 11 locations (L1-L11) in Croatia (Figure 1,
obtained via ArcGIS [34] based on the known coordinates of each location).

Sampling locations
L1 Vukovar
L2 Potok

L3 Molve

L4 Zagreb

L5 Zumberak
L6 Lepoglava
L7 Karlovac
L8 Gospi¢

L9 Vodnjan
L10 Pag

L11 Mijet

[l )

01530 60 90

0
Kilometers

Figure 1. Geographic position of the 11 sampling locations (L1-L11).

The samples were collected at six locations in the Pannonian agricultural region: three
soil samples from Vukovar (eastern Pannonian agricultural subregion, L1); three from
Potok; five from Molve; five from the area of the city of Zagreb, including the nearby
Medvednica Nature Park; one from Zumberak-Samoborsko gorje Nature Park (western
Pannonian agricultural subregion, L2, L3, L4, L5); and two from Lepoglava (northwestern
Pannonian agricultural subregion, L6). Five samples were taken from two locations in
mountainous agricultural regions: two samples from Karlovac (L7) and three samples from
Gospic (L8). From the Adriatic agricultural region, three soil samples were selected: one
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sample from Vodnjan and one sample from the island of Pag (northern Adriatic agricultural
subregion, L9 and L10), along with one soil sample from the island of Mljet (southern
Adriatic agricultural subregion, L11) (Figure 1).

Continental Croatia (such as L1, L2, L3, L4, and L6) has temperate continental condi-
tions (Cfwbx” climate) which are modified by the maritime influence of the Mediterranean.
Mountainous districts with a higher altitude (L5, L7, L8) have a mountain climate (Cfcbx”
climate), while on islands and in coastal areas (L9, L10, L11), an olive climate (Csa) is
prevalent [35]. In terms of weather conditions, it is noticeable that, in a twenty-year period
among the selected locations, the lowest mean annual temperature (MAT) of 9.3 °C oc-
curred in the peak area of Zumberak, while the highest MAT (17.2 °C) was recorded at the
southernmost point of the island of Mljet (L11). Precipitation in Croatia is the consequence
of passing cyclones and related atmospheric fronts, and the annual amount of precipitation
in continental Croatia decreases from west to east, because the moist air masses from the
west lose their humidity on their way eastward [35]. This causes the lowest amount of
precipitation (685.8 mm) to occur at the easternmost research location, Vukovar, location L1
(Table 1).

Table 1. Weather conditions at selected locations—averages from 2000 to 2020.

Location MAT, °C MAP, mm
L1 Vukovar 12.0 685.8
L2 Potok 12.2 954.7
L3 Molve 11.3 815.3
L4 Zagreb 12.2 867.3
L5 Zumberak 9.3 1229.8
L6 Lepoglava 11.4 891.4
L7 Karlovac 11.5 1135.5
L8 Gospic 10.1 1379.5
L9 Vodnjan 15.2 874.3
L10 Pag 16.2 1111.9
L11 Mljet 17.2 875.9

MAT—mean annual temperature; MAP—mean annual precipitation.

Soil samples differed according to soil type, land use, and mineral nitrogen fertilization
(Table 2). All samples were collected from the surface soil layer (up 0.3 m depth). Out
of 27 selected soil samples, 11 soil samples were collected from areas with intensive crop
production as part of field experiments (L1, L2, L6, and L8). Samples from Vukovar are
related to the five-year research on the temporal impact of nitrogen application (150 and
180 kg/ha) on corn yield and the spatial distribution of mineral nitrogen in the soil. The
samples from Potok, Lepoglava, and Gospic represent soil conditions after the three-to-
seven-year experiments of different liming materials and mineral nitrogen fertilizers (105,
150, 180, 200 k N/ha) on the yield of crops and soil chemical properties. From these four
locations, soil samples were also selected from unfertilized plots (0 kg N/ha; CP_NO_L1,
CP_NO_L2, CP_NO_L6, CP_NO0_LS8) in order to confirm the impact of the omission of
nitrogen fertilization on the nitrogen isotopic signature. Also, one sample from Gospic was
from a plot with solid manure applied at 30 t/ha (CP_SM_LS) (Table 2).

Five soil samples from Molve are related to the long-term monitoring of the envi-
ronment of Molve central gas station. The sample from location L5 (AO_L5) represents
soil from an apple orchard located in Nature Park Zumberak-Samoborsko gorje, and it
was part of a study on the influence of different land use in the park on the soil chemical
properties and flora distribution. Two soil samples from the Zagreb—M location represent
the average soil samples from Nature Park Medvednica collected along the Red Slope at
the Sljeme ski resort (SS_L4) and the surrounding forest (F_L4), while three soil samples
(CR1-L4, CR2-L4, CR3-L4) from the Zagreb—C location represent soil in the vicinity of city
roads. The sample from Pag (F_L10) represents soil from the only deciduous forest on the
island of Pag (a mixed forest of pubescent oak Quercus pubescens Willd. (Fagales: Fagaceae)



Sustainability 2023, 15, 16174

50f13

and hop hornbeam Ostrya carpinifolia Scop. (Fagales: Betulaceae)), while the soil sample
from the island of Mljet (F_L11) is from a forest located in the targeted protection zone
of Mljet National Park. Sample CP_N150VC_L9 represents soil from a vegetable garden
where tomato was grown with the addition of mineral fertilization (150 kg N/ha) and
vermicompost. The samples from Karlovac (M1_L7 and M2_L7) represent Holcus lanatus

meadows invaded by bracken (Table 2).

Table 2. Site and soil sample descriptions.

. Sampling . N Nitrogen
Location Year Soil Type Land Use Fertilization ** Sample ID
2016 0 CP_NO_L1
L1 Vukovar 2016 Calcic Chernozem Crop production 180 CP_N180_L1
2015 150 CP_N150_L1
2016 0 CP_NO_L2
| Potok 2016 Dystric Stagnosol Crop production 150 CP_N150_L2
2020 180 CP_N180_L2
2019 Dystric Regosol Crop production Unknown CP1_L3
2019 Gleyic Stagnosol Meadow - M1_L3
L3 Molve 2019 Stagnic Gleysol Meadow - M2_L3
2019 Vertisol Meadow - M3_L3
2019 Dystric Anthrosol Crop production Unknown CP2_L3
2019 City road - CR1_L4
Zagreb—C 2019 Humic Leptosols City road - CR2_L4
14 2019 City road - CR3_L4
2015 . . Forest - F_14
Zagreb—M 2015 Dystric Cambisol Ski slope ) SS 14
Regi-hortic
L5 Zumberak 2016 Anthrosols Apple orchard Unknown AO_L5
2009 . . . 0 CP_NO_L6
L6 Lepoglava 2009 Dystric Cambisol Crop production 200 CP_N200_L6
2020 . . - M1_L7
L7 Karlovac 2020 Dystric Cambisol Meadow } M2 L7
2005 0 CP_NO_L8
L8 Gospic 2005 Dystric Cambisol Crop production 105 CP_N105_L8
2005 SM 30 *** CP_SM_L8
L9 Vodnjan 2020 Rhodic Lixisol Crop production 150 + VC CP_N150VC_L9
L10 Pag 2015 Rendzic Leptosols Forest - F_L10
L11 Mljet 2016 Humic Leptosols Forest - F_L11

* Soils according to [36]; Zagreb—C: city; Zagreb—M: Medvednica Nature Park; VC—vermicompost. ** Nitrogen
fertilization: mineral fertilization in kg ha~1; ** SM 30—solid manure 30 t/ha.

Some basic soil properties have been described in previous studies (Table 3). The pH
was detected using the potentiometric method (w/v 1:2.5; 1 mol L~! KCl) [37]; total nitrogen
(TN) and total carbon (TC) were detected using the dray combustion method [38,39]; and
plant-available phosphorus and potassium were extracted using an ammonium lactate (AL)
solution [40] and detected via spectrophotometry and flame spectrometry, respectively.
Due to different soil types, the soil reaction (pH) varied from 3.76 in Dystric Cambisol
at the L8 location up to 7.70 in Humic Leptosols at the L4 location. Nitrogen supply
was between moderate (0.077%) and very rich (0.692%), and on average, soils contained
137.7 mg P,05 kg ! and 234.7 mg K,O kg 1.
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Table 3. Soil chemical properties.

. TN, TC, CN P,0s, KO,

Location Sample ID pPHxa % % Ratio mg kg 1 mg kg1

CP_NO_L1 6.95 0.451 1.86 4.1 143.0 190.0

L1 Vukovar CP_N180_L1 6.75 0.505 1.80 3.6 284.0 238.0

CP_N150_L1 7.28 0.141 1.66 11.8 214.0 265.0

CP_NO_L2 4.04 0.191 1.01 5.3 203.0 273.0

L2 Potok CP_N150_L2 3.82 0.211 0.99 47 188.0 280.0

CP_N180_L2 453 0.238 1.18 49 11.0 188.0

CP1_L3 4.80 0.692 7.22 10.4 16.0 218.0

M1 L3 4.70 0.347 4.02 11.6 55.0 200.0

L3 Molve M2_13 4.76 0.531 5.46 10.3 40.0 204.0

M3_L3 4.83 0.983 10.6 10.7 22.0 240.0

CP2_13 7.45 0.077 1.23 16.0 262.0 361.0

CR1_L4 7.57 0.323 6.35 19.6 113.0 160.0

Zagreb—C CR2_ 14 7.43 0.283 425 15.0 410.0 207.0

14 CR3_14 7.70 0.233 7.45 319 87.0 185.0

ZaorebM F 14 5.16 0.449 6.32 14.1 44.0 421.0

agre SS_ L4 7.07 0.228 456 20.0 135.0 289.0

L5 Zumberak AO_L5 5.48 0.261 2.31 8.9 113.0 160.0

Lenoelava CP_NO_L6 5.58 0.137 1.38 10.1 602.0 207.0

L6 pog CP_N200_L6 552 0.139 143 103 87.0 185.0

. Kol M1_L7 4.05 0.330 5.29 16.0 16.0 218.0

arlovac M2_L7 425 0.242 2.74 11.3 55.0 200.0

CP_NO_L8 3.98 0.316 2.57 8.1 40.0 204.0

L8 Gospic CP_N105_L8 3.76 0.393 3.14 8.0 22.0 240.0

CP_SM_18 4.15 0.446 2.93 6.6 262.0 361.0

L9 Vodnjan ~ CP_N150VC_L9 7.43 0.167 3.22 19.3 73.0 243.0

L10 Pag F L10 7.28 0.286 6.64 232 106.0 209.0

L11 Mijet F L11 7.05 0.343 6.23 18.2 116.0 192.0

2.2. Sample Analysis

The selected archived soil samples were already air dried, homogenized, and sieved
(<2 mm), so no additional sample preparation was performed. §'°Nt (T—total nitrogen)
measurements in prepared soil samples were performed in 2021 at the Department of
Environmental Science, by the Group of Organic Biogeochemistry at JoZef Stefan Institute
at Reaktorski centar in Ljubljana. The determination of §!°N values in bulk samples was
performed with the IsoPrime100-Vario PYRO Cube (OH/CHN Pyrolyser/Elemental Ana-
lyzer) (IsoPrime, Cheadle, Hulme, UK). Analyses were carried out automatically, where
30 mg of the soil sample was transferred directly into tin capsules, closed with tweezers,
and put into an automatic sampler. Analyses were performed in duplicate. The results were
normalized against the following international reference materials: USGS61 and USGS65,
with 819N = —2.87 + 0.04%0 and §'°N = +20.68 + 0.06 %, respectively. They were then cal-
culated according to Equation (2). For independent quality control, international reference
materials USGS64 with 8'°N = +1.76 + 0.06%0 and IAEN-N-1 with §"°N = +0.43 + 0.07 %o
were used, and the reproducibility of measurements was £0.02%o.

2.3. Statistical Analysis

The obtained data of §'°N abundance in soil samples were processed at the level
of descriptive statistics (the mean of §°N for each selected soil sample and standard
deviation), along with calculations of §!°N means and standard deviations according to
different land use (crop production, apple orchards, forests, meadows, city roads, and ski



Sustainability 2023, 15, 16174

7 of 13

slopes). Principal component analysis (PCA) was employed to examine important variables
in a soil dataset and the relationship between the selected soil variables regarding land use
and applied fertilization. Clusters of observations with similar characteristics with respect
to measured soil variables and weather conditions (615N, pH, TN, TC, C/N, P,0s, K70,
MAT, MAP) were identified [41]. Figures were obtained via Plotly [42]. All the data in the
tables and graphs are presented in their original state.

3. Results

The mean §'°N abundance in soils according to different land use decreases in the
following order: crop production (+5.66 £ 1.06%.) > apple orchards (+5.60 £ 0.10%o.) > city
roads (+4.33 £ 0.38%0) > meadows (+3.71 & 0.85%o) > ski slopes (+2.20 £ 0.10%o) > forests
(+2.15 £ 1.86%o) (Figure 2). According to datasets from Table 3, the mean total nitrogen con-
tent observed in the soils decreases in following order: meadows (0.487 & 0.29%) > forests
(0.359 £ 0.08%) > crop production (0.293 £ 0.18%) > city roads (0.280 %+ 0.05%) > apple
orchards (0.261 £ 0.04%) > ski slopes (0.228 £ 0.06%), the while total carbon decreases
in the following order: forests (6.10 &+ 0.22%) > city roads (6.02 £+ 1.63%) > meadows
(5.61 & 2.97%) > ski slopes (4.56 £ 0.19%) > apple orchards (2.31 & 0.38%) > crop produc-
tion (2.26 £ 1.63%). Due to the fact that only one sample was selected from an orchard
and one from a ski slope, the mean values represent the results of duplicate measure-
ments for those land uses. Comparatively, the lowest mean $15N abundance in forest soils
(+2.15 4= 1.86%0) is associated with the highest mean amount of total carbon (6.10 £ 0.22%)
and a very rich nitrogen supply (0.359 £ 0.08%).

OCP @AO ©®F OM ©CR ©OsSs

Land use
(0]

= o 1 2 3 4 5

815N (%o)

Figure 2. Mean nitrogen isotopic values (5!°N) according to different land use. CP—crop production;
AO—apple orchard; F—forest; M—meadow; CR—city road; SS—ski slope.

815N varied from 0.00 & 0.10 %o in the forest soil at the L4 location to +7.19 % 0.07 %o
in the vegetable garden at the L9 location (Table 4). In arable soil with crop production, the
lowest isotopic signature was recorded at the L8 location where 105 kg ha~! of mineral
nitrogen was applied, while the highest abundance was recorded at the L9 location where
a combination of mineral and organic fertilization was applied. The highest isotopic
variation among the locations was recorded for forest land use, where §!°N ranged from
0.00 £ 0.10%o at the continental L4 location to 3.24 4+ 0.08 %0 at the coastal L10 location, and
varied by 86.6% according to the calculated coefficient of variation. Meadow soils located
in the continental part of Croatia differed in §!°N abundance by 23.0% (from 2.50 4 0.10%.
to 4.61 £ 0.06%0), while the lowest variation in nitrogen isotopic signature (CV = 8.74%)
was recorded among urban soils in the vicinity of city roads in Zagreb (L4 location).

The relationship between PC1 and PC2 for all investigated locations is shown in
Figure 3. The variables with the highest loadings are TC and TN in PC1, which explains
31% of the variance, and K,O and MAP in PC2, which accounts for 28% of the total variance.
TN and TC were inversely related to PoOs and 511°N, while the MAT and soil pH were
related to K;O and MAP, respectively. Furthermore, the PCA analysis showed that P,O5
and 5§1°N, and pH and MAT, were highly correlated. The high negative values of PC2
for pH, MAT, and C/N demonstrate a distinction between non-agricultural land and crop
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production areas. Higher values of §1'°N are responsible for organic N origin as well as the
P,0Os5 content. High C/N ratio values explain the distribution of non-arable land (city roads
and forests). K,O, to a lesser extent, was responsible for grouping fertilized agricultural
soils. High TN and TC values in the PC1 plane indicated fertile meadows (M3_L3) and

forest soils (F_L4).

Table 4. Variability of §!°N abundance in soil according to land use and locations.

Sample 815N 4 SD (%o) Sample 815N + SD (%o)
CP_NO_L1 6.22 + 0.07
. CPNISOL1 6284006 § MLL3 250010
.g CP_N150_L1 499 + 0.09 _8 M2_L3 4.00 £ 0.10
3 CP_NO_L2 6.38 4+ 0.04 8 M3_L3 3.20 + 0.10
3 CP_N150_L2 6.59 & 0.03 p= M1_L7 4.25 +0.02
g: CP_N180_L2 6.15 + 0.12 M2_L7 4.61 £ 0.06
19) CP1_L3 4.00 + 0.10
o) CP2_13 6.20 + 0.10 g F L4 0.00 +0.10
'g CP_NO_L6 6.24 +0.13 E F_L10 3.24 £+ 0.08
= CP_N200_L6 6.11 4+ 0.09 F L11 3.22 + 0.07
= CP_NO_LS8 457 +0.03 e
= _NO_
IS CP_N105_L8 3.81 +£0.17 § CR1_I4 4.60+0.10
< CP_SM_18 456 + 0.10 2,\ CR2_14 450 + 0.10
CP_N150VC_L9 7.19 4+ 0.07 @) CR3_14 3.90 £+ 0.10
ol
b )
5 AO_L5 5.60 4+ 0.10 % :8“ SS 14 2.20 £ 0.10
5 7]
06
04 1N K;0 MAP
3 ° P,0s o o
°° 0.2 (o)
o
0 0
Q', [5) ™
~ 0.2
S -04
g TC
w -0.6 H
MAJ) o’ CIN o
-0.8 (0]
( A) -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
Factor 1 (31.27 %)
OCP@AO OF OM @O@CR OsSsS
3
o
— 2 & o o
B3
8 1 o o e
] &R ° 4
80 o) e®0 ©
ﬁ -1 ° S
2 o o
g7 .
-3 %,
-3 -2 -1 0 1 2 3 4
( B) Factor 1 (31.27 %)

Figure 3. Relationship between factors 1 and 2: (A) variables, (B) cases. CP—crop production;
AO—apple orchard; F—forest; M—meadow; CR—city road; SS—ski slope.
4. Discussion

The recorded value of 0%o in forests at the L4 location can be associated with atmo-
spheric nitrogen, i.e., with moist deposition or nitrogen fixation. The isotopic composition
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of atmospheric molecular nitrogen is homogeneous and §'°N in the atmosphere is 0%o [43].
A similar §'°N abundance (0.7 %o & 0.1%o to 0.9%o = 0.2%0) in the forest soils of Mediter-
ranean cork oak, holm oak, and randomly mixed Montados was recorded in the Portuguese
Alentejo region [44]. Tomatoes (’St. Pierre” variety) were grown in the vegetable garden
at the L9 location, and in addition to basic fertilization with NPK 5-20-30 fertilizer, 100 g
of pure solid vermicompost was deposited in the soil next to the root of each plant. The
in-season application of vermicompost was also applied as a solution in a ratio of 1:2
(earthworm/water; v/v). The determined value of +7.19%o0 indicates that the nitrogen in
that soil originated from the vermicompost. This can be confirmed by the fact that the
results of the §!°N analysis of vermicompost were +7.79 & 0.10%o. According to several
authors, the values of isotopic nitrogen in mineral nitrogen fertilizers range from —2.4%o.
(urea) to +2.2%0 (NH4NO3) [45], and from —1.7 %0 (NPK 15-15-15) to +3.9%o (Ca(NO3), [28],
as well as from —0.96%. (LAN) to +3.26%. (NPK 7-20-30) [29]. The values of isotopic
nitrogen in organic fertilizers range from +3.5%o to +16.2%. [45]; therefore, the 51N values
of the vermicompost (+7.79 £ 0.10%0), as well as the soil sample (+7.19 = 0.07 %) from
the L9 location, were as expected. The results from the tomato garden in this study are in
accordance with the results of §'°N abundance (5.25%o to 11.02%o) in the soils of Spanish
organic and conventional gardens where zucchini, cucumber, tomato, and pepper were
grown [46]. The results from that study also reveal that the §'°N values of applied vermi-
compost (4.15%o0), manure (8.89%o), and compost (15.38 %o) resulted in a higher abundance
of isotopic composition in the observed soils [46]. Ref. [47] explains that higher values of
isotopic nitrogen in organic fertilizers are the result of several processes in the nitrogen
cycle (ammonification, immobilization, nitrification, denitrification, NH3 volatilization,
and leaching) that take place across different stages of manure maturation, and which
consequently enrich organic manure with the §!°N isotope. Conversely, ref. [30] explains
that the range of lower values of isotopic nitrogen in mineral fertilizers is caused by the fact
that they are produced on the basis of the quantitative processes of the “industrial” fixation
of atmospheric nitrogen. This results in low isotopic fractionation, which consequently
causes mineral nitrogen fertilizers to have §'°N values close to zero (0%o).

Following the aforementioned values of isotopic nitrogen in organic and mineral fertiliz-
ers, it was to be expected that the values of 515N in the soil samples collected from stationary
field experiments where mineral nitrogen fertilization was applied would be in the range of
—2.4%o up to +3.9%o. It was thought that this would correspond to the isotopic signature of
nitrogen from mineral fertilizers; however, this was not the case for the values of isotopic nitro-
gen in the soil from the L1 location (8N = +4.99 & 0.09%, and §"°N = +6.28 + 0.06%,) and
the L2 location (8'°N = +6.59 + 0.03%o and 8'°N = +6.15 = 0.012%0), where 150 kg N/ha
and 180 kg N /ha were applied, respectively, as well as in the L6 location with 200 kg ha~!
of mineral nitrogen (§1°N = +6.11 + 0.09%.), indicating the organic origin of the nitrogen
in soil. It is necessary to add that the observed soils were fertilized with mineral nitrogen
for three to seven years, and a short period of fertilization could partly cause the §'°N in
the soil to not be identical to the 5'°N in mineral nitrogen fertilizers. A similar study was
conducted in central Croatia (Dystric Cambisol), and the results indicate that a twenty-
two-year nitrogen application of 300 kg ha~! and crop production led to a §'°N value of
6.80 =+ 0.10%o [29]. But it was expected that §1°N values in the samples from unfertilized
plots at L1, L2, L6, and L8 (CP_NO_L1, CP_NO_L2, CP_NO_L6, CP_NO0_L8) would be
>4%o, which was confirmed (6.22 %+ 0.07%o., 6.38 £ 0.04%o, 6.24 £ 0.13%o, 4.57 £ 0.03 %o,
respectively) and, according to ref. [30], indicates organic nitrogen. All of the above leads
to the conclusion that observed trends in §'°N variation under long-term mineral nitrogen
fertilization are conditioned by the nitrification process in soil, creating isotopically heavier
ammonium and lighter nitrate in the soil. Nitrates were subsequently taken up by crops
and removed from the system, resulting in soil with increased 5'°N values in the long
term [22]. Also, the §!°N value of +4.56 + 0.10%o determined in the CP_SM_L8 sample
(soil with 30 t/ha of solid manure application) indicates nitrogen of organic origin and is in
accordance with the ranges of isotopic nitrogen in the organic fertilizers in ref. [45]. This
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was confirmed by the PCA analysis, i.e., among all other analyzed soil variables, isotopic
85N contributed the most to the clustering of soils with N of organic origin. The 5§°N
values observed in arable land, e.g., crop production (+4.00 &= 0.10%. to +6.38 £ 0.04%.),
are in line with the isotopic signatures of arable soils in Europe: +3.7%. in Germany [23],
+5.5%0 in Scotland [48], and from +3.5 to +7.3 %o in France [49].

Furthermore, the determined 8'°N values of +2.20 + 0.10%o at the ski slope (SS_L4)
and +2.50 £ 0.10%o. in the meadow (M1_L3) indicate the inorganic origin of nitrogen; more
precisely, the 51°N values indicate a signature of NH4NOj fertilizer. As reported by [28]
in their example of 27 commercial single-component and complex mineral fertilizers, the
isotopic signature of nitrogen in the majority of the tested nitrogen fertilizers ranged from
—1.7%0 (NPK 15-15-15) to +1.5%0 (NH4)>,SO4 with an average value of —0.34%., although
two fertilizers stand out with significantly higher §'°N values, NH;NO; (+2.50%0) and
Ca(NOs3); (+3.90%o0). The nitrogen signature at the ski slope was as expected, especially
due to the fact that, for the production of artificial snow and the preparation of the ski
slope, various salts are used, including nitrogen-based fertilizers, namely: urea, ammonium
sulfate, and ammonium nitrate [50,51]. Their application as “’snow hardeners” improves
the snow quality with the primary goal of providing fair and safe competition conditions
for the FIS Ski World Cup, which also takes place at the L2 location. The inorganic origin
of nitrogen in the meadows at the L3 location (+3.20 &£ 0.10%. and +2.50 = 0.10%o0) was
unexpected, and those isotopic signatures also correspond to mineral fertilizers. This can
be partly explained by the fact that both meadows are located in the vicinity of the arable
crop land (more precisely, on the slope below the arable land) where, at the time of soil
sampling (May 2019), the maize was in 8-10 leaf development, and in-season fertilization
with ammonium nitrate had already been carried out. A certain amount of the applied
nitrogen could have reached the meadow soil as a result of surface runoff. The soil from
this location was sampled at a shallow depth (0-5 cm). The apple orchard at the L5 location
is maintained by being mown twice a year, and the grass is left as mulch on the surface,
which must have additionally contributed to the fact that the nitrogen in that location
was of organic origin (5.60 £ 0.10%o). In the meadow soil at the L7 location, the isotopic
signature of nitrogen (+4.25 £ 0.02%. and +4.61 =+ 0.06%.) indicates the as-expected organic
origin of nitrogen, while the forest soils from the islands of Pag (§'°N = +3.24 + 0.08 %) and
Mljet (815N = +3.22 = 0.07%o0) indicate the atmospheric origin of nitrogen in these soils. The
results from the forest soils from coastal Croatia are in accordance with the §!°N abundance
(3.29 £ 0.69%0) determined in Huajiang Grand Canyon in China, an area with a primarily
subtropical monsoon climate, an average annual precipitation of 1100 mm, and an annual
average temperature of 18.4 °C [52]. The isotopic signatures observed in the meadow soils
were similar to those from previous studies of isotopic signatures in meadow and grassland
soils, from +2.9%o to 4.4%. [48,49,53], and the enrichment of 5!°N can be associated with
higher microbial activity in those soils. Ultimately, the results from this research indicate
that the origin of nitrogen in soils from land used for crop production; orchards; and
meadows is organic (51°N > 4%), just as was reported from southern China, where 51°N
values were in the range of 4.79 %o to 8.01%o in peach orchard soils, meadows, and soils from
land used for paddy, maize, and tobacco production; the maximum 8'°N values were found
in the soil surface layer (0-20 cm) of the maize fields [54]. Regarding the 5'°N abundance in
forest soils, it must be pointed out that forest soils usually have lower !N values—from
—0.3%0 to +2.94%o [24,55]—compared to arable soils and meadows, and along with N
fixation, decreased isotopic signatures can be caused by the decomposition of litter. Higher
515N variability in forest soils (0.00 &= 0.10%o to 3.24 % 0.08 %o, CV = 86.6%) can be associated
with the weather conditions in different locations. For example, a lower isotopic abundance
(0.00 £ 0.10%0) was recorded in colder locations with more humid atmospheric conditions
(8.5 °C and 1321.3 mm), whereas a higher 519N value (3.24 & 0.08%0) was recorded in
warmer and less humid locations (16.4 °C and 972.6 mm). Previous analyses have shown
that 515N soil decreases with a decrease in MAT (mean annual temperature) and with an
increase in MAP (mean annual precipitation) [56].
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Overall, the results of this study indicate that variations in the stable nitrogen isotope
in forests, cultivated areas, meadows, orchards, and urban soil are the result of internal
ecosystem transformations, whereas the abundance of the stable nitrogen isotope in the
soil of the ski slope was influenced by an external nitrogen source, i.e., the application of
mineral fertilizers. It should be added that, although mineral nitrogen fertilization did
not affect the isotopic signature of nitrogen in arable soils, it can negatively contribute to
the environment. The increasing use of nitrogen fertilizers in food production worldwide
has resulted in an increase in N O concentration in the atmosphere, where it remains as
a greenhouse gas and is 298 times more potent than carbon dioxide [57]. In 2015, 40%
of surface waterbodies and more than 50% of groundwater in the EU were affected by
nutrient pollution, largely due to N fertilization and manure mismanagement [57]. From
an economic point of view, variable doses of nitrogen fertilization can enhance maize grain
yield, but after accounting for the costs of N fertilizer and other agricultural inputs, a
farmers’ personal profit can only reach a maximum of USD 2038 ha~! [58].

5. Conclusions

The results indicate that isotopic signatures in orchard, arable, and urban soils in
Croatia are conditioned by organic nitrogen cycling, whereas in forest soils, atmospheric
deposition is the main source of nitrogen. In meadow soils, the nitrogen isotopic frac-
tionation is conditioned by the content of total carbon and total nitrogen. The isotopic
signature in soils from ski slopes reveals the anthropogenic influence of mineral nitrogen
fertilizers in their application as “snow hardeners” during the ski season and ski races.
The long-term application of 150, 180, and 200 kg N/ha, i.e., mineral fertilizers produced
via the processes of the “industrial” fixation of atmospheric nitrogen, had a sustainable
effect on the enrichment of the soil containing organic nitrogen. Even though this research
was only based on 27 soil samples, it represents a valuable initial database and provides
an important insight for future studies that will confirm and expand on the knowledge
presented in this investigation. In addition, it provides support for continuing the use and
research of all land use classes and §'°N abundance in Croatian soils in future.
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