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Abstract: Topography-induced microclimate differences determine the local spatial variation of
soil characteristics as topographic factors may play the most essential role in changing the climatic
pattern. The aim of this study was to investigate the spatial distribution of soil organic carbon
(SOC) with respect to the slope gradient and aspect, and to quantify their influence on SOC within
different land use/cover classes. The study area is the Region of Ni$ in Serbia, which is characterized
by complex topography with large variability in the spatial distribution of SOC. Soil samples at
0-30 cm and 30-60 cm were collected from different slope gradients and aspects in each of the three
land use/cover classes. The results showed that the slope aspect significantly influenced the spatial
distribution of SOC in the forest and vineyard soils, where N- and NW-facing soils had the highest
level of organic carbon in the topsoil. There were no similar patterns in the uncultivated land. No
significant differences were found in the subsoil. Organic carbon content was higher in the topsoil,
regardless of the slope of the terrain. The mean SOC content in forest land decreased with increasing
slope, but the difference was not statistically significant. In vineyards and uncultivated land, the
SOC content was not predominantly determined by the slope gradient. No significant variations
across slope gradients were found for all observed soil properties, except for available phosphorus
and potassium. A positive correlation was observed between SOC and total nitrogen, clay, silt, and
available phosphorus and potassium, while a negative correlation with coarse sand was detected.
The slope aspect in relation to different land use/cover classes could provide an important reference
for land management strategies in light of sustainable development.

Keywords: soil organic carbon; topography; slope gradient; slope aspect

1. Introduction

Soil organic matter (SOM) is key for healthy and high-quality soil and is a major
terrestrial pool for carbon. The importance of increased SOM or soil organic carbon (SOC)
is due to their role in improving the physical and chemical properties of soil, conserving
water, and increasing available nutrients. There is concern that if SOC content in soils
decreases too much, the productive capacity of agriculture will then be compromised
due to deterioration in soil physical properties and by impairment of soil nutrient cycling
mechanisms [1,2]. Spatial distribution of SOC is the result of a combination of various
factors related to both the natural environment and human activities, with heterogeneity
observed at different spatial scales [3].

Topography plays an important role in defining soil properties with respect to tem-
perature and moisture regimes [4]. At a smaller scale, apart from cloudiness and other
atmospheric heterogeneities, topography determines the distribution of incoming solar
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radiation. The variability in slope orientation can lead to strong local gradients in solar
radiation. The most important effect of slope gradient on soil profile development is its
influence on soil moisture. The amount of runoff increases as the slope gradient increases;
therefore, the amount of water infiltrating the soil profile in any given area decreases as the
slope gradient increases [4,5].

Topographic factors can both directly and indirectly affect SOC stocks by altering
soil depth, photosynthesis, nutrient cycle, soil processes, decomposition of biomass, and
management intensity [5]. Slope gradient and aspect can modify the soil temperature, soil
moisture, and vegetation communities at a smaller scale, and create microclimates that
differ significantly from the zonal climatic conditions [1,6,7]. Soils in warm climates usually
contain less SOM than soils in cooler climates due to higher mineralization rates [8]. Addi-
tionally, SOC content increases with rainfall [9]. Therefore, the slope aspect and gradient
can affect SOC distribution, either retarding or accelerating SOC decomposition by affecting
microorganism activity through their influence on soil temperature and water content [10].
In the Northern Hemisphere, north-facing slopes receive less direct sunlight than south-
facing slopes. South-facing slopes are generally warmer, drier, and more sparsely vegetated,
and thus accumulate less SOC than other aspects. Lozano-Garcia et al. [11] found that the
SOC content on the north-facing slopes in reforested areas was about 1.69 times higher
than on the south-facing slopes in Mediterranean natural areas. Ajami et al. [12] showed
that the north-facing slopes had a higher SOC density in the 0-100 cm layer in comparison
with the east- and west-facing slopes in northern Iran. Jia et al. [13] found that the aspect
and slope gradient had a significant influence on SOC stocks, especially in the 0-20 ¢cm soil
layer, but slope position had no significant influence on SOC stocks in a Pinus kesiya var.
langbianensis plantation. Zheng et al. [7] stated that the aspect and slope position had a
significant effect on SOC stocks, but slope gradient had no direct effect on grassland SOC
stocks in northern China. Fan [14] found that aspect, slope position, and slope gradient
had no significant effect on SOC stocks in Moso bamboo forest.

Maintaining soil organic carbon at a satisfactory level is a prerequisite for protecting
the soil from degradation and maintaining sustainable production. This is possible only
with knowledge of all the factors that can affect the variability of organic carbon in the
soil. Although the influence of the aspect and the slope on SOC is widely recognized,
there are no studies that quantify these influences on SOC within different land use/cover
classes in Serbia. This study represents a continuation of the investigation of soil properties
in Serbia [15].

The aims of this study were: (1) to investigate the spatial distribution of SOC with
respect to the slope gradient and aspect, (2) to quantify the influence of aspect and slope
on SOC within different land use/cover classes, (3) to define the distribution patterns of
SOC along depth gradients, and (4) to analyze correlations of SOC and slope with other
soil properties.

2. Materials and Methods
2.1. Study Area

The study area is the Region of Nis§ (Figure 1), located between 43°41" N and 43°13' N
and with a total surface area of 1040.84 km?.

The Region of Ni$ encompasses wide areas around the lower NiSava, JuZzna Morava,
and Moravica river basins. Moving away from the valleys of the rivers Juzna Morava and
Nisava in the central part of the region towards the more peripheral parts, the plains and
hilly areas are replaced by mountain ranges that surround the region. In the northeast,
the region is surrounded by Ozren and, in the southeast, by Svrljig and Suva mountains
which belong to the Carpathian mountain range. Selicevica in the south and Jastrebac in
the west both belong to the Rhodope mountain range. The river South Morava is situated
along the western border of the southernmost part of the region, which is characterized by
flat terrain. The relief characteristics of the region have three general altitudes: (1) plains
around the rivers in the southeast-northwest direction (lower level); (2) areas with hills and
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ridges on both sides of the valleys, except in the southwestern part of the region (higher
level); (3) parts of the previously mentioned mountains in the northeast and a small part in
the west near Jastrebac mountain (the highest mountain level).

Figure 1. The Rregion of Ni§, Serbia: (a) vine-growing districts; (b) slope gradient (°); (c) aspect ([16], modified by
the authors).

Most of the observed area (48.11%) is at altitudes of between 200 and 300 m, while
28.11% is at an altitude of 300 to 400 m and 13.02% is at an altitude of 400 to 500 m.
Other altitudes constitute a significantly lower share of the area. There are six vine-
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growing districts in this region: Sokobanja, Aleksinac, Zitkovac, Cegar, Kutina, and Svrljig

(Figure 1a) [17].

About 43.39% of the observed area is located on terrains with a slope greater than
0 to 5° (Figure 1b). The share of area in the Ni$ region on slopes greater than 5 to 10° is
26.42%, while 16.04% of the area is located on very steep terrains (with a slope greater than

10 to 15°) [17].

Figure 1c shows that the slopes in the Ni$ region are mostly oriented to the south (S)
(31.5%), southwest (SW) (19.16%), southeast (SE) (14.04%), west (W) (11.95%), and east (E)

(7.40%) [17].

The Ni$ region contains fourteen different types of soil represented in larger or
smaller areas, with the most common soil types being vertisol, eutric cambisol, and luvisol

(Figure 2).
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Figure 2. A pedological map of the region of Ni§ and borders of vine-growing districts, according to the World Reference
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Base (WRB) soil classification, based on a digitalized primary pedological map of the Republic of Serbia, 1:50,000.

2.2. Climate Characteristics

Climate characteristics were obtained by analysis of data for the 50-year period of
1961-2010 from the meteorological station in Ni§ located at 43°33/33” N, 21°90'00” E and at

204 m a.s.l.
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2.2.1. Temperature Characteristics

Temperature characteristics are shown in Figures 3 and 4. The average annual air
temperature, for the last 50 years, is 12.1 °C. The average air temperature is highest in the
valleys of the rivers Juzna Morava and NiSava to the entrance of the Si¢evacka gorge, while
the locality east of Ni$ also has a favorable air temperature. The mean maximum annual air
temperature in the Nis region is 17.7 °C, while the mean minimum annual air temperature
is 6.5 °C.
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Figure 3. Air temperature characteristics of the region of Nis: (a) mean annual temperature for the period 1961-2010;
(b) Winkler index of the region of Ni§ ([17], modified by the authors).

CI+2  Cold night climate class

- Moderate—warm climate class
HI-1 Moderate climate class

(a) (b)

Figure 4. Distribution of air temperature in the region of Nis for the period 1961-2010: (a) distri-
bution in moderate-warm (HI+1) and moderate (HI—1) climate classes of the Heliothermic index;
(b) distribution in the cold night climate class (CI+2) of the night freshness index (CI) ([17], modified
by authors).

On average, the coldest month in the Ni8 region, according to average monthly tem-
peratures, is January (0.7 °C), while the warmest is August (22.2 °C). The mean maximum
air temperature is the lowest in January, and the highest in August. The average minimum
air temperature in the Ni$ region is the lowest in January, and the highest in July. According
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to the Winkler index, the region of NiSa is in Region III (1713.8). The sum of biological
effective temperatures (BEDD) (April-October period) for the Nis region is 1390.4.

According to Huglin’s index (2259.7), the lower parts of the region are in the HI+1 group
of regions in the interval >2100, <2400 with climate type moderate-warm (temperate
warm) [18]. The index of night freshness (CI) for the Nis region (at the meteorological
station) is 11.3 °C. The value of the drought index for the Ni$ region (at the meteorological
station) is 138.0 mm, which classifies this region as a DI-1 sub-humid (medium humid)
region, with typical absence of drought [19]. The number of days in the vegetation period
(April-October) with a minimum daily temperature of <0 °C (NTO) for the Nis region is 3.6.
The number of days in the dormant period with minimum daily temperatures of <—15 °C
(NT-15) for the Nis region is 1.2, which puts it in the group of regions with a moderate
number of days with extremely low temperatures. The number of days in the vegetation
period (April-October) with maximum daily temperatures of >35 °C (NT35) is 7.7, which
puts it into the group of regions with a slightly higher number of days characterized by
extremely high temperatures.

2.2.2. Precipitation Characteristics

The average annual precipitation in the Ni$ region is 593.5 mm, ranging between
565.83 mm and 765.44 mm (Figure 5), with the lowest precipitation in the valley of South
Morava and the highest in the hilly areas of Sokobanja and Svrljig in the eastern part of the
region, or at the slopes of Jastrebac mountain in its western part. The mean precipitation
during vegetation (April-October) in the Nis$ region is 362.7 mm, which is lower in relation
to the precipitation in other regions. The average recorded monthly precipitation in the
Nis region for the period of 1961-2010 was lowest during February (39.1 mm) and highest
during June (64.5 mm).

48,4000

48,1000

Wean annual precipitation (mm)
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Low: 563.83
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Figure 5. Mean annual precipitation (mm) in the Ni$ region for the period of 1961-2010 ([17],
modified by the authors).

2.3. Classifications of Topographic Factors

The aspect was classified into eight slope aspects: E (east), NE (northeast), N (north),
W (west), NW (northwest), SE (southeast), S (south), and SW (southwest).

The slope gradient was divided into very slightly inclined (VSI): 1-2°, slightly inclined
(SI): 2-5°, and medium inclined (MI): 5-10° classes [20].



Sustainability 2021, 13, 8332 7 of 17

2.4. Soil Sampling

The total analyzed area included 20 vineyard plots, 10 forest locations, and 10 plots of
uncultivated land at 10 locations representative of the region of Nis (Table 1 and Figure 6).
The uncultivated land category contains agricultural areas that have no physical indication
of present agricultural use. One of the locations is shown in Figure 7. The sampling
plots exhibited a uniform microrelief and slope to the terrain, as well as having the same
cultivation practices. The size of the plots (subplots) varied from 1400 to 34,500 m?. Field
work took place during 2016. The soil was sampled from two depths, 0-30 cm and
30-60 cm. Composite soil samples amounted to approximately 20 individual samples. The
total number of these composite soil samples was 80.

Table 1. Localities, GPS coordinates, and soil types of the investigated areas in the region of Nis.

Locality GPS (E) GPS (N) Soil Type (FAO-WRB)
Jasenje 21.575951 43.629562 Haplic Vertisol (Ochric), VR-ha-oh
Suri¢ 21.644822 43.453924 Haplic Vertisol (Ochric), VR-ha-oh
Beli Breg 21.814915 43.478903 Haplic Vertisol (Ochric), VR-ha-oh
Beli Potok 21.859135 43.674641 Haplic Vertisol (Ochric), VR-ha-oh
Vele Polje 21.827743 43.450464 Haplic Vertisol (Ochric), VR-ha-oh
Svrljig 22.069715 43.414675 Abruptic Luvisol (Clayic), LV-ap-ce
Jasenovik 22.030862 43.355521 Haplic Vertisol (Ochric), VR-ha-oh
Malca 22.010568 43.316971 Haplic Vertisol, VR-ha-oh

Skeletic, Dolomitic, Eutric Leptosol

Sicevo 22.081987 43346480 (Clayic, Ochric), LP-sk.do.eu-ce.oh
Gornji Barbes 21.950723 43188976 Vertic, Eutric Cambisol (Ochric),
CM-vr.eu-oh

Soil profiles were analyzed up to a maximum depth of 200 cm or to the parent material.
Samples for soil profile description and classification were taken in disturbed state using
an Eijkelkamp Edelman auger. The total number of these soil samples was 45.

Figure 6. Observed localities in the region of Nis.

Georeferencing of soil and parcel samples in this study was performed using GPS
receivers (Trimble GPS GeoXH 3000, Trimble GPS Juno SC, Terrasync Professional software;
Trimble, Inc., Sunnyvale, CA, USA). Data processing was carried out using the ESRI
ArcEditor 10 GIS (geographic information system).
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(c)

Figure 7. Sampling location Svrljig- Abruptic Luvisol (Clayic), LV-ap-ce: (a) forest land; (b) unculti-
vated land; (c) vineyard; (d) disturbed state of samples from soil profile.

2.5. Laboratory Analysis

All laboratory analyses were performed at the Laboratory for Soil and Agroecology of
the Institute of Field and Vegetable Crops, accredited according to the standard ISO/IEC
17025:2017 [21].

The soil samples collected were naturally air-dried, milled, and passed through a
2.0 mm sieve, according to ISO 11464:2006 [22]. Soil pH values were determined by the
potentiometric method according to ISO 10390:2005 [23] in a 1:5 suspension of soil in H,O
using a Mettler Toledo SevenCompact pH meter with glass electrode (Mettler Toledo, LLC,
Columbus, OH, USA). The carbonate content (as CaCOs) was determined according to
the ISO 10693:1995 [24] volumetric method. SOC was determined by elementary analysis
using CHNSO VarioEL III Elementar (Elementar Analysensysteme GmbH, Langensel-
bold, Germany) after dry combustion and carbonate removal, in accordance with ISO
10694:1995 [25]. Available phosphorus (P;Os) and available potassium (K,O) were deter-
mined by ammonium lactate extraction [26] followed by spectrophotometry and flame
photometry detection, respectively. Total N was determined according to the AOAC 972.43:
2000 method by elemental analysis on the CHNSO VarioEL III Elementar. The particle size
distribution was determined in the <2 mm fraction using the pipette method [27]. The size
fractions were defined as clay (<2 pm), silt (2-20 um), fine sand (20-200 um), and coarse
sand (200-2000 pum).

2.6. Statistical Analyses

Study data were processed using descriptive statistics. The effects of slope gradient
and aspect on SOC were estimated by analysis of variance (ANOVA). The significance of the
differences was determined using Duncan’s range test (multistage test) (p < 0.05). Correla-
tion analysis between slope gradient, SOC content, and other soil properties was calculated
using the Pearson correlation at a significance level of p < 0.05. All statistical analyses were
performed using STATISTICA 12.6 (StatSoft, Inc. Corporation, Tulsa, OK, USA).
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3. Results and Discussion
3.1. Characteristics of the Soil

The results of the analysis of the physical and chemical soil properties for topsoil and
subsoil are given in Table 2.

Table 2. Analyzed soil properties in 0-30 cm and 30-60 cm layers for different land uses/cover classes.

Soil Properties

Vineyard Forest Uncultivated Land

0-30 cm

pH (in H,O)
CaCOs3 (%)
N (%)
Clay (%)

Silt (%)
Fine sand (%)
Coarse sand (%)
AP (P205) (ppm)
AK (K;0) (ppm)

47.00 % 3.63; (12.00-130.00)
300 £ 10.67; (209.00-635.00)

6.64 + 0.96; (4.99-8.23) !
2.73 + 6.42; (0.00-23.06)

0.12 + 0.02; (0.09-0.17)
37.94 4+ 9.12; (21.44-61.88)
22.07 + 4.40; (15.36-31.08)
27.67 + 5.58; (11.04-37.09)
12.37 + 9.89; (2.34-38.88)

6.76 + 1.16; (4.31-8.29)
2.48 + 10.48; (0.00-11.32)
0.15 + 0.06; (0.08-0.30)
34.12 + 9.92; (23.80-56.32)
22.82 + 4.93; (18.40-32.72)
30.45 + 7.35; (17.27-38.87)
12.60 + 8.32; (4.57-20.21)
55.00 =+ 4.15; (11.00-229.00)
290.00 + 10.40; (136.00-545.00)

6.39 + 0.95; (5.19-7.96)
1.92 £5.98; (0.00-18.87)
0.14 -£0.07; (0.08-0.30)
33.16 + 11.43; (25.64-44.84)
22.24 + 7.26; (17.76-32.36)
32.03 =+ 10.11; (26.00-43.00)
12.58 =+ 5.05; (5.32-19.37)
53.80 + 7.90; (5.00-232.00)
313.50 = 2.54; (205.00-570.00)

30-60 cm

pH (in H,O)
CaCOj3 (%)
N (%)
Clay (%)

Silt (%)
Fine sand (%)
Coarse sand (%)
AP (P20s5) (ppm)
AK (K;0) (ppm)

243.00 £ 6.97; (145.00-460.00)

6.47 & 0.99;(5.42-8.34)
4.30 = 9.83; (0.00-36.60)
0.10 = 0.02; (0.04-0.15)
40.34 & 7.79; (21.56-51.82)
20.84 -+ 4.80; (14.24-30.48)
26.54 + 5.26; (14.66-37.78)
12.28 = 9.80; (3.36-33.11)
27.00 = 2.34; (0.50-90.00)

7.07 & 1.36; (5.11-8.43)
6.43 £ 10.92; (0.00-41.09)
0.11 = 0.08; (0.04-0.32)
39.09 + 6.32; (28.80-46.84)
22.36 + 5.80; (15.80-33.84)
27.05 + 5.31; (16.44-33.89)
11.50 + 4.70; (4.99-17.71)
20.00 =+ 4.15; (6.00-69.00)
214.00 £ 10.13; (141.00-291.00)

6.96 + 1.17; (5.55-8.49)
3.45 + 16.89; (0.00-46.96)
0.07 + 0.04; (0.05-0.14)
37.92 + 9.93; (21.76-55.88)
18.41 + 6.15; (13.76-34.96)
29.69 + 9.24; (18.15-40.71)
13.98 + 4.09; (5.08-17.92)
28.70 + 3.59; (60.00-119.00)
211.50 =+ 6.81; (86.00-345.00)

1 Mean value =+ standard deviation; minimum and maximum value in brackets; AP, available phosphorus; AK, available potassium.

According to the classification for agricultural soils [28], the pH value in topsoil and
subsoil was extremely acid to alkaline. Soil pH value is determined by the pH reaction
of the parent substrate in which the soil was formed. The topsoil layer (0-30 cm) had an
acidic pH value for the most part (62% of the region’s surface area).

Samples of topsoil and subsoil belonged to the noncalcareous to highly calcareous
soil categories [15]. The CaCOj3 content largely depended on the parent substrate. With
regard to total N content, the soil samples had a low to adequate level. A high clay content
was found in both soil layers and varied between 10.32% and 61.88%. Most of the samples
were concentrated in the classes of light clay and heavy clay. This texture is unfavorable
for most cultivated plant species. Loamy soils with high organic matter, low water-holding
capacity, and well-drained characteristics are more suitable for plant production [29]. The
available phosphorus content in soil samples varied from very low to the optimal level.
The available potassium content in soil samples ranged from low to very high.

3.2. Effect of Slope Aspect on SOC Content

The results of the study indicate a significant variation of SOC content depending
on the slope aspect (Figure 8). The soil organic carbon ranged between from 2.55 g kg ~!
to 15.49 g kg~ !, with mean value 8.47 g kg~ !. The highest content of SOC, 10.94 g kg~ !,
was in N-facing soils, which was significantly higher than all other values, except for NW
(9.27 g kg~1). The lowest value was detected in SE (5.99 g kg~!), which was significantly
lower than N and NW. There were no significant differences among other slope aspects.
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Figure 8. Soil organic carbon content (g kg~ 1!) for different slope aspects and land use/cover (N = 80). Significant differences
among soil groups are labeled with different letters (Duncan’s range test, p < 0.05).

Organic carbon in the topsoil was highest in N soils (13.25 g kg !), as compared
with all other aspects, except for NW (Figure 9). No significant differences were found in
the subsoil.
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Figure 9. Soil organic carbon content (g kg~ ') for different slope aspects across soil depths. Different
lowercase letters indicate significant differences in SOC among slope aspects in topsoil; different
capital letters indicate significant differences in SOC among slope aspects in subsoil (Duncan’s range
test, p < 0.05).

The variation of organic carbon content in soils differed significantly depending on
the land use/cover. The highest values were found in forest land (9.17 g kg~!) and the
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lowest in UL (7.66 g kg !). Previous studies in Serbian soils demonstrated that land use
is an important factor in SOC variability. In the study of Antonovi¢ and Mrvi¢ [30], the
average SOC content in forests was 15.20 g kg~ 1. The lowest SOC content was in vineyards
(1291 gkg™1).

The SOC content in the observed area was lower compared with the mean value for
soils in Serbia. Differences in SOC content can be partially explained by soil-forming factors.
SOC storage is strongly associated with soil type at multiple scales. Soil type is not an
independent control factor but integrates climate, parent material, and topography-related
properties, which affect the potential of soils to store C, particularly through moisture
regime and texture. The surface SOC concentration correlates negatively with annual
mean temperature and correlates positively with annual mean precipitation [15]. The mean
annual air temperature in the region of Ni$ from the last 50 years (12.1 °C) was higher than
that of the whole country (10.1 °C). The mean annual precipitation was lower in this region
(593.5 mm) compared with the value for the whole country (734 mm). On the other hand,
forest clearing and unprofessional forest thinning, as well as frequent wildfires, stimulate
soil degradation in the forests of this region [30].

In forest land, the highest SOC value was recorded in NW-facing soils (11.86 g kg~ 1),
and was significantly higher compared with SOC values from S (6.93 g kg 1), SE (5.57 g kg 1),
and NE-facing aspects (5.05 g kg~ !). Additionally, significant differences in SOC content
were recorded between N (10.81 g kg~!) and W (9.91 g kg~ 1), and SE (5.57 g kg ') and NE
(5.05 g kg~ 1). The lowest SOC value was in NE-facing soils (5.05 g kg~!). Similar results
were obtained by Zhu et al. [31], suggesting that the forest-steppe zone was characterized
by the strongest effect of aspect on SOC in comparison with the shrub-steppe and shrub-
meadow zones, and confirmed the importance of elevation and aspect in shaping the
spatial patterns. The SOC density, at a depth of 0-60 cm, was higher on the north-facing
slopes than that on the south-facing slopes.

In vineyards, the highest SOC value was measured in N-facing soils (11.23 g kg™ 1),
and the lowest in S (6.87 g kg~!) and SE-facing soils (6.97 g kg™~!), with a significant
difference existing between them.

In UL, no similar regularity in the distribution of organic carbon in relation to the
topographic aspect was observed. The highest SOC value was from S aspects (8.80 g kg™1),
and the lowest was from SE aspects (4.45 g kg™ 1).

Based on these results, it could be concluded that slope aspect greatly influenced the
spatial distribution of SOC in the forest and vineyard soils. In forests and vineyards, N and
NW aspects had the highest levels of organic carbon in soil. No similar pattern was found
in uncultivated soils, most likely due to anthropogenic influences. Uncultivated soils are
mostly abandoned areas with various previous uses, cover, and management practices
which have led to disturbances in the spatial distribution of organic carbon.

This distribution pattern was consistent with several recent studies, which demon-
strated that SOC was higher on north-facing slopes. In the study of Qui et al. [32], the
SOC, vegetation cover, and biomass significantly increased from south-facing to semi-
shady slope aspects, and values from the semi-shady slope aspect were around two times
greater than those from the south-facing slope aspect. Lozano-Garcia et al. [11] found
the lowest SOC value in the S aspect and the highest in the N aspect. Lenka et al. [33]
found higher SOC values in the N aspect compared with the E aspect. In the study of
Tamene et al. [34], the highest significant (p < 0.05) mean value of SOC was observed in the
Ww (3.04%), followed by Nw (2.52%), but SOC was not significantly different between
Sw and Ew. Sharma et al. [35] and Sigua and Coleman [36] found higher SOC values in
the NE aspect than in the SW aspect. This difference between the aspects is due to the
fact that the insolation received is lower in the N aspect; therefore, this slope aspect has
microclimatic features including soil moisture and temperature regimes that favor biomass
production and soil organic C accumulation within the overall environment [36,37]. Hol-
land and Steyn [38] indicated that typical north-facing slopes received 1.3 to 1.9 times more
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insolation than south-facing slopes. The south-facing slopes are usually hot and dry with
less vegetation, are prone to erosion, and hence are depleted of SOC [39].

3.3. Effect of Slope Gradient on SOC Content

Soil organic carbon content for different slope gradients and land use/cover classes is
shown in Table 3. The results of the study showed that SOC in VSI ranged from 3.80 g kg ™!
to 15.00 g kg~ !, with mean value 8.96 g kg~!. In SI class, the highest SOC content was
14.11 g kg~ ! and the lowest was 2.60 g kg~ !, while the mean value was 8.51 g kg~!. In MI
class, SOC ranged from 2.55 g kg ! to 15.49 g kg~ !, with mean value 8.24 g kg .

Table 3. Soil organic carbon content (g kg~ 1) in observed soil types for different slope gradients and
land use/cover classes in 0-30 cm and 30-60 cm soil layers (N = 60).

Slope Gradient (°) Soil Depth (cm) Vineyard Forest Uncultivated Land
8.29-12.471 12.41-13.47 9.30-15.00
- 0-30 10.02 4+ 2222 12.94 + 2.70 12.15 + 3.70
3.89-9.16 6.36-10.61 3.80-10.40
30-60 599 +2.32 8.49 +2.17 7.10 + 3.80
8.12-12.24 7.66-14.11 6.30-10.40
0-30 9.55 + 2.44 1155 + 2.34 8.67 + 3.60
25 5.34-11.66 3.48-9.63 2.60-6.70
30-60 7.91 + 227 632 +2.33 440 + 2.60
6.49-14.07 7.55-15.49 10.40-10.70
0-30 9.70 + 2.52 11.52 + 2-90 10.50 + 3.40
5-10 3.74-8.99 255731 3.80-4.70
30-60 6.58 &+ 2.42 493 +1.70 425 +2.00

1 Minimum and maximum value; 2 Mean value + standard deviation.

The average SOC content in forest land decreased with increasing slope, but the
difference showed no statistical significance (Figure 10). The highest SOC was in VSI
(10.71 g kg~ !) and the lowest was in MI (8.22 g kg~!). In vineyards and UL, the SOC
content demonstrated an irregularity in its spatial distribution. In vineyards, the highest
SOC value was in SI class (8.73 g kg ') and the lowest in VSI (8.00 g kg~ !). In UL, the
highest content of organic carbon was determined in VSI (9.62 g kg~!) and the lowest in SI
(6.53 g kg~1). The results showed no statistical significance.

15

125

10 —

-2 2-5° 5-10°( 1-2° 2-5° 5-10°| 1-2> 2-5° 5-10°| 1-2° 2-5° 5-10°

F Vv UL TA

Figure 10. Soil organic carbon content (g kg~!) for different slope gradients and land use/cover
classes (N = 80); F, forest land, V, vineyards, UL, uncultivated land; TA, total area. Different lowercase
letters indicate significant differences in SOC among slope gradients within the different land
use/cover classes; different capital letters indicate significant differences in SOC among slope aspects
in the total area (Duncan’s range test, p < 0.05).
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A statistically significant difference between topsoil and subsoil SOC was observed
in all slope classes (Figure 11). The average SOC content in topsoil was 10.35 g kg~ !,
and in subsoil 6.41 g kg~!. In the topsoil of the VSI, the SOC content (11.14 g kg~!) was
significantly higher than the value for subsoil (6.79 g kg~!). Additionally, in the SI class,
the SOC content in topsoil (10.07 g kg~!) was higher compared with the values for subsoil
(6.60 g kg~ 1), as well as in MI, where mean SOC content in topsoil was 10.11 g kg~ !, and
in subsoil 5.97 g kg1
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Figure 11. Soil organic carbon content (g kg~!) for different slope gradients across soil depths.
Significant differences among soil groups are labeled with different letters (Duncan’s range test,
p <0.05).

Numerous studies have confirmed carbon leaching through erosion related to topog-
raphy [39-42]. With increasing slope, infiltration decreases because increasing slope area
and the velocity of water flow lead to increasing runoff. In the region of Ni3, part of the
examined area is endangered by erosion processes, but a high threat of erosion is present
in only 2.73% of the territory, and severe threat in only 0.73% [17]. The mean intensity
of erosion in the region of Ni$ is 5.42 t ha~! y~!, which classifies this area, according to
the OECD classification, in the group of tolerable soil loss [17]. It can be concluded that
erosion did not significantly contribute to leaching of organic carbon in the observed slope
range (1-10°).

Based on the results of the study, it could not be concluded that the SOC content
is predominantly determined by the slope gradient, but that its values are significantly
influenced by other factors such as land use/cover, slope aspect, management practices,
soil type, depth, elevation, etc. Similar results were obtained by Dortzbach et al. [43]. Their
study investigated SOC content in vineyard and forest areas of wine producing regions in
the state of Santa Catarina, Brazil. The results of the study indicated that irregular spatial
distribution of SOC in the vineyard soils, in addition to altitude and climatic factors, was
significantly influenced by management practices and soil disturbance. Zhu et al. [31]
obtained similar results. Their study found the relative size of the slope gradient influence
was trivial in comparison with the aspect within each of the three observed zones.

Since this study covers classes of slopes from very slightly to medium inclined, it
would be useful for future investigations to include steeper terrains.

3.4. Correlation between Selected Soil Properties

The dependence of SOC content on slope gradient and other physicochemical proper-
ties of soil was analyzed by correlation analysis and is shown in Table 4.
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Table 4. Matrix of Pearson’s correlation coefficients (r) among selected soil properties.

SOC pH CcC TN CL ST FS CS AP AK
Vineyards
SOC - 0.12 0.19 0.89 * 0.33 * 0.38 * -0.13 —-0.39* 0.45* 0.70 *
SL 0.03 0.16 0.39 0.11 —-0.21 0.18 —0.06 0.16 0.43* —0.05
Forest land
SOC - 0.12 0.34 0.95* —0.05 0.74 % 0.10 —0.24 0.42* 0.19
SL 0.35 —-0.17 0.20 0.28 —0.31 0.60 0.06 0.03 —0.69 * —0.72*
Uncultivated land
SOC - 0.14 0.11 0.97 * 0.16 0.39 * —0.28 -0.17 0.48 * 0.68 *
SL 041 0.15 0.35 0.30 —0.28 043 —0.07 0.26 —0.54* —0.59 *

SL—slope gradient (°), pH—pH in H,O, CC—calcium carbonate (CaCOj3), TN—total nitrogen, CL—clay, ST—silt, FS—fine sand, CS—coarse
sand, AP—avalilable phosphorus (P,0s5), AK—avalilable potassium (K,O); * p < 0.05.

As one of the most important physicochemical properties of soil, soil pH directly
affects plant growth and microbial activities; most plants are suitable for growth in an
environment where pH is neutral [44]. Although an increase in the calcium carbonate
concentration and soil pH affects soil microbial activity and reduces SOC concentration by
the enhancement of the rate of mineralization, in our study, soil pH was not significantly
correlated with SOC. This result is different from the significant negative correlation
reported by some authors [15,45,46], but is consistent with other studies [44]. Qin et al. [32]
obtained results similar to ours, r = —0.17. In the study of Hossain [47], the correlation
coefficient between OM content and pH in forest soil was also nonsignificant and ranged
from —0.013 to 0.215. The disturbance of pH (CaCOj3)/SOC relation in our study may
be a partial consequence of recent calcification in one part of the area. The correlation of
slope gradient with soil pH and carbonate content was nonsignificant. In the study of
Qin et al. [32], correlation coefficients between soil pH and slope were —0.19 and —0.10.

The TN was significantly positively correlated with SOC because most soil N is part of
the soil organic matter [48]. The correlation of slope gradient with TN was nonsignificant.

Significant correlation of SOC with silt content was found. The fine fraction of soil
positively affects SOC storage [49]. Smaller particle size has better fertilizer retention
capacity and higher nutrient content [41]. The strong correlation between silt content and
soil organic C reflects the greater water holding capacity and plant available water of
silt-dominated soils, which, in turn, affect plant productivity and influence C sequestration
in soil [50]. In similar climatic conditions, the SOM content in fine-textured soils is two
to four times higher than in coarse-textured (sandy) soils [51]. On the other hand, SOC
values were significantly positively correlated with clay content only in vineyards, although
numerous studies showed otherwise [52-54]. However, some researchers have reported
that silt plus clay has a better relationship with SOC [55-57]. In the study of Augustin and
Cihacek, [50], silt was found to have the best correlation with SOC (r = 0.624), similar to our
results. Coarse sand content was negatively correlated with SOC, but the difference was
significant only in vineyards. This agrees with the results of Li et al. [58] and Jaksi¢ et al. [15].
They concluded that increasing desertification would reduce the accumulation of SOC.
Sandy soils usually contain less SOM than soils with a finer texture, such as loam or clay.
Lower moisture content and higher aeration in sandy soils results in faster SOM oxidation
compared with heavier soils.

Available phosphorus and potassium were significantly positively correlated with
SOC. The SOC affects plant nutrient availability. In the study of Hossain [47], the correlation
coefficient between OM content and available phosphorus in forest soil ranged from
—0.753 to 0.212. The correlation coefficient for organic OM and K ranged from 0.071 to
0.558. Tamene et al. [34] found significant positive correlation between SOC and available
phosphorus (r = 0.58) and positive, but nonsignificant, correlation between SOC and
available potassium (r = 0.22). Available potassium and phosphorus were significantly
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negatively correlated with slope gradient. The high concentration of these nutrients in
the gentler slopes is related to its removal from steeper slopes and deposition in gentler
slope gradients [45]. In the study of Wubie and Assen [59], the available phosphorous
content was higher (4.98 mg kg ') in gentler slopes and lower (3.76 mg kg~ !) in steeper
slope gradients.

4. Conclusions

Slope aspect proved to be an important factor influencing the spatial distribution of
SOC in the forest land and vineyard soils, where N- and NW-facing soils had the highest
levels of OC in topsoil. There was no similar pattern in uncultivated soils, most likely due
to anthropogenic influences. No significant differences were found in the subsoil. Higher
OC content was found in the topsoil, regardless of the slope of the terrain. The average
SOC content in forest land decreased with increasing slope, but the difference showed
no statistical significance. In vineyards and uncultivated land the SOC content showed
an irregular spatial distribution in relation to slope gradient. No significant variations
across slope gradient were found for all observed soil properties, except for AP and AK. A
significant positive correlation was observed between SOC and TN, CL, ST, AP, and AK,
while a negative correlation was observed with CS.

Since this study covered slope classes from very slightly to medium inclined, it would
be useful for future investigations to include steeper terrains.

Our results demonstrated that slope aspect in relation to different land use/cover
classes could provide an important reference for land management strategies in light of
sustainable development.
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