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Abstract

There are 266 nature parks in Tiirkiye, including Asikpasa Nature Park, covering a total area
of approximately 109,023 ha; however, information regarding soil organic carbon stocks
(SOCS), soil nitrogen stocks (NS), and nutrient stoichiometry in these protected forests
remains limited. This study evaluates the influence of tree species, altitude, aspect, and soil
depth on nutrient stocks and stoichiometry using a 3 x 2 x 3 x 3 factorial experimental
design. The findings indicate that mixed stands (Black Pine + Cedar) significantly optimize
nutrient storage, reaching peak N (3.531 £ 0.115 tha—!) and P (0.948 £ 0.016 t ha—!) stocks.
SOC and N stocks reached 66.34 + 1.86 t ha—! and 4.032 + 0.123 t ha !, respectively,
along the altitudinal gradient. Soil pH exhibited a steady rise with altitude (from 7.86
to 8.15), contrary to typical leaching patterns, while bulk density varied depending on
Altitude x Aspect x Depth interactions. Stoichiometric analyses revealed that Cedar
stands maintain higher C:K ratios (3.457 £ 0.258), reflecting superior nutrient use efficiency.
Furthermore, sunny aspects prioritized nitrogen mineralization (N:P ratio: 4.540), whereas
shaded aspects facilitated phosphorus retention. These results prove that soil fertility and
carbon sequestration are modulated by complex topographic-biotic interactions, suggesting
that preserving mixed forest structures is of vital importance for ecological sustainability
and forest resilience.
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1. Introduction

Forest ecosystems constitute one of the largest soil organic carbon (SOC) pools
within global terrestrial ecosystems and therefore play a critical role in mitigating climate
change [1,2]. Soil carbon, together with macronutrients such as nitrogen (N), phosphorus
(P), and potassium (K), directly regulates ecosystem productivity, nutrient cycling, and car-
bon sequestration processes [3]. The ecological stoichiometry framework, which examines
the quantitative relationships among these elements, provides a powerful theoretical basis
for understanding soil-plant-microorganism interactions [4,5].

In forest soils, C, N, and P contents and their stoichiometric ratios (C:N, C:P, and N:P)
are widely used indicators for diagnosing nutrient limitation and evaluating ecosystem
functioning [6,7]. In particular, the C:N ratio reflects organic matter decomposition rates
and microbial activity, whereas the N:P ratio is considered a key indicator for identifying
nitrogen or phosphorus limitation in plant growth [8,9]. In recent years, this approach
has been increasingly applied to reveal spatial patterns of nutrient cycling in forest ecosys-
tems [10,11].
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Topographic factors—such as elevation, slope, aspect, and slope position—shape
microclimatic conditions, soil moisture regimes, erosion processes, and organic matter
accumulation, thereby exerting strong control over the distribution of soil carbon and
nutrient elements [12,13]. Elevation-driven decreases in temperature and increases in
moisture generally constrain organic matter decomposition, leading to higher SOC and
total N accumulation at higher altitudes [14,15]. Aspect and slope influence solar radiation,
evapotranspiration, and surface runoff, thereby enhancing the spatial heterogeneity of soil
nutrient distributions [16,17].

Recent studies have demonstrated that topographic gradients significantly affect
not only soil carbon and nutrient stocks but also C-N-P stoichiometric ratios [17,18].
Research conducted in alpine and subalpine forest ecosystems has shown that C:N:P
ratios vary markedly across slope positions and micro-topographic units, and that these
variations are closely associated with microbial biomass, enzyme activities, and plant
species composition [10,19]. These findings highlight the existence of complex feedback
mechanisms among topography, vegetation, and soil processes.

In Tiirkiye, the limited number of available studies also supports the decisive role
of topographic factors in controlling carbon and nutrient stocks in forest soils. Asikpasa
Nature Park is ecologically significant as it hosts natural and protected forest ecosystems
and is the only nature park located in the region. Moreover, the absence of previous similar
studies conducted in this area enhances the scientific originality of the present research
and its potential contribution to the literature. For example, research conducted in Uludag
National Park reported significant differences in SOC, total N, and macronutrient stocks
associated with elevation and aspect [16]. Similarly, studies in mountainous forest areas
of the Black Sea and Central Anatolia regions have shown that slope and slope position
exert pronounced effects on the spatial distribution of soil nutrients [20,21]. However,
most of these studies have primarily focused on total C and N, while comprehensive
investigations integrating soil carbon and macronutrient stoichiometry with topographic
factors in protected forest areas, such as nature parks, remain scarce.

Nature parks, characterized by relatively low anthropogenic pressure and preserved
natural topographic heterogeneity, represent ideal natural laboratories for investigating
topography-driven soil processes. Assessing soil carbon and macronutrient stoichiometry
along topographic gradients in these areas is of great importance for quantifying carbon
sequestration potential and for developing effective management strategies for protected
areas [2,3]. In this context, determining the effects of topographic factors on soil carbon
and macronutrient stoichiometry in forest ecosystems of nature parks will contribute to a
better understanding of ecosystem functioning and provide a scientific basis for sustainable
conservation policies.

2. Materials and Methods
2.1. Study Area

This study was conducted in Asikpasa Nature Park, located in the Central Anatolia
Region of Tiirkiye (39°09'06” N; 34°10'49" E). The research area covers approximately
131 ha and is situated within a continental ecosystem characterized by steppe vegetation
typical of the Irano-Turanian phytogeographical region. In addition to the natural steppe
cover, the area includes afforested stands predominantly established with black pine (Pinus
nigra). Within the forested areas, P. nigra is the dominant species, accompanied locally by
Quercus pubescens, Crataegus spp., and Juniperus spp.

Geologically, the study area is underlain by the Kizilirmak Formation, which is widely
exposed in Central Anatolia. This formation consists mainly of reddish-brown, mas-
sive, loosely textured terrestrial mudstones and locally includes lenses of tuff, gypsum—
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anhydrite, clayey limestone, conglomerate, and sandstone. The formation overlies pre-
Upper Miocene basement rocks in a horizontal position and has a thickness ranging from
approximately 5 to 100 m [22].

In terms of soil groups, Brown Soils dominate the southern and southeastern parts of
the study area, covering 60.33 ha and accounting for 46.05% of the total area. In contrast,
Reddish Brown Soils are limited in extent and occur mainly in the southwestern part of the
area, covering 0.97 ha (0.74%).

2.2. Climatic Characteristics

The climatic conditions of the study area were evaluated using the De Martonne
climate classification method [23]. According to long-term meteorological data (1962-2024)
from the Kirsehir Meteorological Station, the mean annual air temperature is 11.4 °C, and
the mean annual total precipitation is 388.0 mm. Winter temperatures are generally around
0 °C, while summer temperatures reach an average of 23.1 °C. Precipitation is concentrated
mainly in winter (33.25%) and spring (32.73%), whereas summers are characterized by
pronounced drought conditions. Based on the De Martonne aridity index, the study
area is classified as a steppe—semi-humid transitional climate, reflecting the dominance of
continental climatic conditions.

2.3. Experimental Design and Sampling

This study investigated the effects of elevation zones, aspect, and soil depth on soil
organic carbon (SOC), total nitrogen (TN), and macronutrient stocks in Asikpasa Nature
Park. The research area was divided into three elevation zones: Z1 (1020 m), Z2 (1100 m),
and Z3 (1150 m). Within each elevation zone, two main aspect groups were defined based
on slope orientation: north-facing aspects (northwest, north, northeast, and east) and
south-facing aspects (southeast, south, southwest, and west) (Figure 1). Within the scope of
the study, three soil profiles were created for each elevation x aspect combination, and a
total of 18 soil profiles were examined. Soil samples were taken from three different layers
at depths of 0-10, 10-20, and 20-30 cm from each profile, yielding a total of 54 soil samples.

Each soil sample was analyzed in triplicate in a laboratory setting, and the results were
evaluated based on a total of 162 measurement values.

Figure 1. Representation of the study area on the map of Tiirkiye and Altitude of the Study Area.

2.4. Soil Sample Preparation and Analysis

Soil samples collected for the determination of physical and chemical properties were
air-dried under laboratory conditions, ground, and sieved through a 2 mm mesh to obtain
homogeneous material. Undisturbed soil samples were collected from the midpoint of each
depth interval using steel cylinders. After insertion to the desired depth, excess material at
the edges and base was removed, and samples were placed in polyethylene bags. In the
laboratory, fresh weights were recorded, after which samples were oven-dried at 105 °C
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for 24 h to determine dry weights. Soil bulk density was calculated using the cylinder
volume and dry weight values [24]. Soil pH was measured potentiometrically in a 1:2.5
(soil:distilled water) suspension [25]. Soil texture was determined using the hydrometer
method to quantify sand, silt, and clay fractions in samples collected from the 0-30 cm
depth [26] and classified according to the USDA soil texture classification system [27].

Total organic carbon (SOC) and total nitrogen (TN) contents were determined using
the dry combustion method with an elemental analyzer (Eurovector EA3000-Single CNH-S,
Milan, Italy) on soil samples dried in air-dry conditions and sieved through a 2 mm
sieve [28,29]. Due to the low carbonate (CaCOj3) content of the study area soils, the samples
were subjected to acid pretreatment; accordingly, the total carbon data obtained were
evaluated directly as organic carbon content. Calibration and quality control stages during
the analysis process were performed using certified reference materials compliant with ISO
standards [30,31].

Macronutrient elements—calcium (Ca), magnesium (Mg), potassium (K), and phos-
phorus (P)—were determined in ground and homogenized samples using X-ray fluo-
rescence spectrometry (EDXRF Xepos II, Spectro- Analytical Instruments GmbH, Kleve,
Germany), and results were expressed in mg kg~!. XRF is widely used for determining
total elemental concentrations in soils and is particularly suitable for phosphorus analysis
in silicate-rich matrices [32,33].

SOC, TN, and macronutrient concentrations were converted to area-based stock values
(Mg ha~1) by incorporating soil bulk density, sampling depth, and the volume of fine earth.
Stock calculations were based on layer thickness and bulk density [34,35].

2.5. Nutrient Element Stocks

Soil carbon, nitrogen, and nutrient element stocks were calculated by multiplying soil
mass by element concentrations and expressed as tons per hectare (t ha~! = Mg ha™!) [36].
The basic formulation is expressed as Equation (1).

Mi =BDi x Ti x 10* (1)

where:

Mi: Mass of dry soil at depth i (t ha™1)
BDi: Bulk density at depthi (t m~3)

Ti: Thickness of the soil layer at depth i (m)

10%: Unit conversion factor (from m? to ha)

Soil organic carbon stock (STOC), nitrogen stock (SN) and macronutrient stock were
calculated according to the following formula [36]. The basic formulation is expressed as
Equation (2).

Nutrient element stock (t ha~!) = Nutrient concentration (%) x Mi (t ha™!) (2)

2.6. Stoichiometric Ratios

Stoichiometric analyses were performed to evaluate nutrient cycling and elemental
relationships within the ecosystem. Accordingly, soil C:N, C:P, N:P, C:K, N:K, and P:K
ratios were calculated. These ratios are widely used indicators for interpreting soil nutrient
dynamics and biogeochemical processes [37,38]. SOC, N, P, and K stocks were calculated
separately for the 0-10, 10-20, and 20-30 cm soil layers.

2.7. Statistical Analysis

The experiment was set up in a factorial design according to the 3 x 2 x 3 x 3 randomized
block experimental plan. Analysis of variance (ANOVA) was applied to examine the tree
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species, aspect, elevation, and soil depth factors and their two-way, three-way, and four-way
interactions. In addition to the main factors, the statistical significance of all interaction terms
was evaluated in the analyses. Where statistically significant differences were determined
between groups, the Tukey multiple comparison test was used to compare the means. Prior to
the analysis of variance, the normality assumption was examined using the Shapiro-Wilk and
Kolmogorov—Smirnov tests, and the assumption of homogeneity of variances was examined
using the Levene test. Logarithmic transformations were applied to variables that did not
meet the normal distribution assumption. All statistical analyses were performed using
IBM (Armonk, New York, NY, USA) SPSS Statistics 29.0 [39]. software and the Python 3.9
(Python Software Foundation, Wilmington, DE, USA) programming language in the Google
Colaboratory environment. The statistical significance level was set at p < 0.05 for all analyses.

3. Results and Discussion
3.1. Physical Characteristics of Soil

The findings are described below within the framework of the mean =+ standard error
values (Tables 1 and 2) and the p-values of the accompanying sources of variation, reported
according to the factorial designina 3 x 2 x 3 x 3 randomized complete block design. In the
tables, means denoted by different letters within the same factor level indicate a statistically
significant difference at the 0.05 significance level. Regarding tree species, bulk density values
were reported as 1.380 £ 0.011 for Black Pine (Pinus nigra), 1.356 = 0.012 for Cedar (Cedrus
libani), and 1.433 £ 0.015 for the Black Pine + Cedar mixture. At the aspect level, values of
1.379 £ 0.011 for shaded aspects and 1.402 + 0.010 for sunny aspects were obtained. For
altitude levels, values of 1.351 =+ 0.011 were observed in the 1020-1050 m range, 1.406 £ 0.013
in the 1050-1100 m range, and 1.415 &+ 0.014 in the 1100-1150 m range. At the depth level,
values were reported as 1.448 £ 0.012 for the first depth, 1.379 & 0.013 for the second, and
1.346 4= 0.011 for the third (Figure 2). Analysis of the sources of variation for bulk density
revealed that the main effect of Aspect was significant (p = 0.015). Furthermore, the Tree
Species x Aspect x Depth (p = 0.013) and Altitude x Aspect x Depth (p = 0.009) interactions
were found to be significant; no significance at the 0.05 level was reported for other main
effects or interactions. Soil pH values in the study area exhibit a limited but steady upward
trend parallel to the increase in altitude (Figure 3). While the pH value was approximately
7.86 at the lowest altitude level, Z1 (1020-1050 m), it rose to 7.90 at the middle level, Z2
(1050-1100 m), and reached 8.15 at the highest altitude level, Z3 (1100-1150 m). The soil was
found to be slightly alkaline across all levels. An increase in sand content was detected when
moving from Z1 to Z2, while clay content reached its peak at the Z3 level (Figure 4). Despite
the narrow altitudinal range (1020-1150 m), local topographic features promote site-specific
environmental heterogeneity that deviates from general elevational trends. These variations
appear to be driven primarily by inherent soil properties rather than broader atmospheric
shifts. The changes observed along the altitudinal gradient clearly demonstrate the decisive
role of topographic factors on pedogenic processes. The intensification of physical weathering
at higher altitudes (Z3: 1100-1150 m) has accelerated the formation of fine materials, leading
to peak clay accumulation. Conversely, the steady decrease in the silt fraction with increasing
altitude suggests that fine materials undergo selective transport by factors such as surface
runoff or wind, shifting the surface texture toward coarser fractions [40]. The dominance of
sand at the surface, contrasting with the increased clay content in the lower layers, points to a
typical pedogenic model associated with the illuviation process [41]. This clay accumulation,
particularly in the Z3 region, is a direct consequence of altitude-dependent changes in water
balance and percolation intensity [42]. These changes in physical structure are in full harmony
with the chemical properties of the site. Contrary to the general trend in the literature, the
detection of an increase in pH values—rather than basic cation leaching as altitude increases—
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is a reflection unique to the study area. While increased acidity is normally expected at
high altitudes due to higher precipitation, the pH increase observed here can be attributed
to the more intensive weathering of basic parent materials, such as limestone, at higher
elevations [43]. Specifically, the rise in pH above 8.1 at the Z3 level confirms an increase in
calcium carbonate (CaCO3) accumulation and base cation saturation at high altitudes [40].
This situation is also consistent with the high clay content identified, as fine-textured soils
have a higher capacity to retain basic cations. Consequently, this slightly alkaline structure
plays a modulating role in nitrogen mineralization and nutrient stocks in the region by directly
affecting microbial activity and the rate of organic matter decomposition [42].

Bulk Density
o o o -
S o o o

o
~

=3
=

Pn Cl Mixed S Pn Mixed S Pn Cl MixedS Pn Cl Mixed S Pn Cl Mixed S Pn Cl MixedS
N N N S S NN N S § S NN N S § S

1020-1050 1050-1100 1100-1150

Figure 2. Variation of soil bulk density values according to different combinations of tree species,
altitude, and aspect.
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Figure 3. Changes in soil pH values according to different elevation levels (Z1: 1020-1050 m,
72:1050-1100 m, Z3: 1100-1150 m).
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Figure 4. Percentage distribution of soil texture components (sand, clay, silt) according to different
elevation levels (Z1: 1020-1050 m, Z2: 1050-1100 m, Z3: 1100-1150 m).
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Table 1. Physical and chemical properties of soil, nutrient stocks, and ecological stoichiometric ratios across different tree species, elevations, aspects, and soil depths

in the study area.

EF BD SOC Stock N Stock C:K C:N C:P N:P N:K P:K Pstock Kstock
TS
Pn 1.380 £ 0.011b 56.79 £1.509 a 3.316 +0.061a 2.499 £0.077 a 17.29 + 0.466 a 74.51+2.376b 4.404 £0.141b 0.145 +0.003 a 0.034 +0.001 a 0.785+0.022a 22.99 +£0.348a
Cl 1.356 £ 0.012a 60.12 4+ 3.088 b 3.425+0.142 ab 3.457 +0.258 b 18.48 £1.109b 76.80 £ 4.366 b 4276 +0.126 b 0.185 £+ 0.007 a 0.043 +0.001 ¢ 0.797 £ 0.016 a 18.81 4+ 0.533b
Ms 1.433 +0.015¢ 60.06 +1.745b 3.531+0.115b 2.460 £0.059 a 17.35+0.461a 63.62+1.725a 3.751+£0.118a 0.143 + 0.003 0.039 £0.001b 0.948 £0.016 b 24.65+0.611c¢
As
N 1.379 £0.011b 59.04 +1.904 3.237 £0.057b 2.864 +£0.162a 18.43 £ 0.620 68.71+2.473b 3.762 £0.062b 0.150 +0.004 b 0.040 + 0.001 0.872+£0.016 a 22.39 +£0.533
S 1.402£0.010a 58.57 +1.438 3.599 +£0.102a 2.640 +0.061 b 16.85 £ 0.455 74314+2243a 4540+0.132a 0.161 £ 0.003 a 0.037 4 0.001 0.814 +0.018 b 22.38 +0.418
Al
Z1 1.351 £ 0.011a 53.74 +1.596 a 3.077 £ 0.060 a 2.632+0.123a 17.81 £ 0.647 69.78 £2.129a 4.098 +£0.164b 0.146 +0.003 a 0.038 + 0.001 0.785+0.021a 21.35+0.540a
z2 1.406 +0.013b 56.34 +2.280b 3.146 +£0.059 a 2.545+0.091a 17.90 £ 0.668 69.33 +3.648a 3.844 +0.112a 0.143 +0.002 a 0.038 + 0.001 0.849 £ 0.025b 21.99 £0.283a
z3 1.415+0.014b 66.34 +1.866 ¢ 4.032+£0.123b 3.079 £0.205b 17.21 £0.710 7543 +£2.721b 4510£0.115¢ 0.178 +0.007 b 0.039 + 0.001 0.896 +0.016 ¢ 23.80 £0.780 b
SD
1 1.448 £0.012¢ 65.74 +£1.790 ¢ 3.567 £0.110c¢ 3.029+0.141¢ 18.82 £0.530¢ 75.154+2.354b 4.061 £0.113 0.160 + 0.005b 0.040 +0.001b 0.888 £0.019a 22.76 £ 0.607
2 1.379 £ 0.013b 59.28 +£1.927b 3.420+£0.102b 2.782 £0.146 b 17.74 4+ 0.628 b 73.99 +3.140b 4.183 £0.108 0.156 + 0.005 ab 0.038 +0.001a 0.831 £0.021b 22.36 +0.571
3 1.346 £ 0.011a 51.39 £2.008 a 3.267 £0.097 a 2.445+0.155a 16.36 &+ 0.801 a 65.40 +3.035a 4.209 +0.180 0.150 +0.004 a 0.037 +£0.001 a 0.810 £0.024b 22.04 +0.584

EF: Experimental Factors, BD: Bulk density, TS: Tree species, Pn: Black Pine (Pinus nigra), Cl: Cedar (Cedrus libani), MS: Black Pine + Cedar (Mixed Stand), As: Aspect, N: North aspect,
S: South aspect, Al: Altitude, Z1: 1020-1050 m, Z2: 1050-1100 m, Z3: 1100-1150 m, SD: Soil depth, 1: 0-10 cm, 2: 10-20 cm, 3: 20-30 cm. (Different letters in the same column are
significantly different at the p < 0.05 level).
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Table 2. Mean values (£SE) of soil bulk density, organic carbon (SOC) stocks, nitrogen (N) stocks, and
ecological stoichiometric ratios (C:K, C:N, C:P, N:P, N:K, P:K) across different tree species, elevations,
aspects, and soil depths, along with their associated sources of variation.

SV df BD SOC Stock N Stock CK C:N C:P N:P N:K P:K P Stock K Stock
p values
TS 2 <0.001 0.004 0.002 0.000 <0.001 <0.001 0.000 0.000 0.000 <0.001 0.000
Al 2 <0.001 <0.001 0.000 0.000 0.004 <0.001 0.000 0.000 0.309 <0.001 0.000
As 1 0.015 0.147 0.000 0.000 0.075 <0.001 0.000 0.000 0.055 <0.001 0.067
SD 2 <0.001 <0.001 0.000 0.000 <0.001 <0.001 0.028 0.001 0.013 <0.001 0.289
TS*Al 4 <0.001 <0.001 0.000 0.000 <0.001 <0.001 0.000 0.000 0.000 <0.001 0.000
TS*As 2 <0.001 <0.001 0.000 0.305 <0.001 <0.001 0.004 0.000 0.000 <0.001 0.000
TS*SD 4 0.478 0.419 0.024 0.392 <0.001 <0.001 0.008 0.045 0.031 0.024 0.889
Al*As 2 <0.001 0.001 0.000 0.000 <0.001 <0.001 0.000 0.011 0.000 <0.001 0.000
AI*SD 4 0.210 0.001 0.249 0.020 <0.001 <0.001 0.000 0.147 0.000 <0.001 0.776
As*SD 2 0.111 <0.001 0.202 0.001 <0.001 <0.001 0.014 0.007 0.343 0.189 0.408
TS*Al*As 3 <0.001 <0.001 0.000 0.000 <0.001 <0.001 0.000 0.000 0.000 <0.001 0.000
TS*AI*SD 8 <0.001 <0.001 0.000 0.009 0.074 <0.001 0.000 0.000 0.001 <0.001 0.346
TS*As*SD 4 0.013 0.067 0.021 0.138 0.054 <0.001 0.000 0.001 0.001 <0.001 0.017
Al*As*SD 4 0.009 0.016 0.024 0.007 0.002 0.010 0.002 0.001 0.010 <0.001 0.315
TS*Al*As*SD 6 <0.001 0.051 0.046 0.264 0.004 <0.001 0.000 0.001 0.000 <0.001 0.030
Error 111

SV: Source of variation, TS: Tree species, Al: Altitude, As: Aspect, SD: Soil depth, *: interaction, df: degrees
of freedom.

3.2. Changes in Soil Organic Carbon Stocks

Regarding the SOC stock variable, values were reported as 56.79 £ 1.509 for Black Pine,
60.12 =+ 3.088 for Cedar, and 60.06 £ 1.745 for the Black Pine + Cedar mixture at the tree species
level. At the aspect level, values of 59.04 4= 1.904 (North aspect) and 58.57 & 1.438 (South aspect)
were observed. For altitude levels, values were determined as 53.74 4 1.596 in the 1020-1050 m
range, 56.34 + 2.280 in the 1050-1100 m range, and 66.34 £ 1.866 in the 1100-1150 m range. At
the depth level, values of 65.74 &+ 1.790 for the first depth, 59.28 + 1.927 for the second, and
51.39 £ 2.008 for the third were reported. Analysis of the sources of variation for SOC stock
revealed that, in addition to the main effect of tree species (p = 0.004), the Altitude x Aspect
(p <0.001), Altitude x Depth (p < 0.001), and Altitude x Aspect x Depth (p = 0.016) interactions
were statistically significant (Figure 5). The research findings demonstrate that SOC stocks
vary at the tree species level among Black Pine (56.79 t ha~'), Cedar (60.12 t ha™!), and mixed
stands (60.06 t ha™!), confirming that the main effect of tree species is statistically significant
(p = 0.004). In the literature, differences in the soil carbon sequestration capacities of coniferous
species such as Cedar (Cedrus libani) and Black Pine (Pinus nigra) are generally attributed to
needle decomposition rates and microbial activity [44]. The higher SOC values exhibited
particularly by Cedar stands can be explained by variations in root biomass and litter quality.
When the altitude factor is examined, SOC stocks are seen to increase from 53.74 t ha—1 to
66.34 t ha~! as the elevation rises from 1020 m to 1150 m. This is consistent with the principle
that microbial decomposition slows down as a result of decreasing temperatures at higher
altitudes, leading to the accumulation of organic matter in the soil [45]. The decrease observed
across depth levels (from 65.74 t ha—! to 51.39 t ha™!) is a typical characteristic of forest soils,
resulting from the concentration of fresh organic matter input in the upper layers [46]. The most
striking finding of the study is the complex interactions affecting SOC stocks; specifically, the
Altitude x Aspect (p < 0.001) and Altitude x Depth (p < 0.001) interactions demonstrate how
topographic factors modulate SOC dynamics through microclimate. Small differences at the
aspect level (Shaded: 59.04; Sunny: 58.57) become significant when combined with altitude and
depth factors. Recent studies emphasize that high-altitude northern aspects serve as “hotspots”
for carbon accumulation due to their moisture retention capacity [47]. Consequently, these data
confirm that SOC stocks are managed by synergistic effects along the altitude-aspect-depth
gradient rather than by individual variables alone.
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Figure 5. Variation in soil SOC stock values across different combinations of tree species, elevation,
and aspect.

3.3. Changes in Soil Nitrogen Stocks

The research findings reveal that soil N stocks exhibit significant differences (p < 0.05)
at the tree species level among Black Pine (3.316 t ha~!), Cedar (3.425 t ha—!), and mixed
stands (3.531 tha™1) (Figure 6). The higher N stock observed particularly in mixed stands
is explained in the literature by “complementary resource use” and the “mixed litter effect”;
the combination of needle litter from different species can enhance soil nitrogen accumula-
tion by generalizing decomposition rates and nutrient cycling [48,49]. Regarding the aspect
factor, it is noteworthy that sunny aspects (3.599 t ha~!) harbor higher N stocks compared
to shaded aspects (3.237 t ha~?!). This situation can be attributed to higher soil temperatures
on sunny aspects, which accelerate microbial mineralization processes [50]. Along the
altitudinal gradient, the distinct increase in N stocks from 3.077 t ha~! to 4.032 t ha™!
when ascending from 1020 m to 1150 m is consistent with the principle that organic matter
decomposition slows down due to decreasing temperatures at high altitudes, leading to
a greater accumulation of nitrogen in organic forms [51]. The decrease observed across
the soil profile (from 3.567 to 3.267 t ha™!) is a natural consequence of the concentration of
organic material—the primary source of nitrogen—in the upper soil layers [52]. The multi-
ple interactions identified in the study (e.g., Tree Species x Altitude x Aspect x Depth)
prove that nitrogen dynamics cannot be explained by a single factor alone; rather, they
result from the synergistic effect of microclimate and vegetation. Recent studies emphasize
that such complex interactions are the primary elements governing the nutrient budget,

especially in Mediterranean ecosystems [47].
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Figure 6. Variation in soil N stock values across different combinations of tree species, elevation, and aspect.

https://doi.org/10.3390/su18031560


https://doi.org/10.3390/su18031560

Sustainability 2026, 18, 1560

10 of 16

3.4. Soil P and K Stocks in the Studied Soils

The pronounced variability of phosphorus (P) and potassium (K) stocks across eleva-
tion and soil depth suggests that these macronutrients are governed by distinct topographic
and pedogenic controls. In the studied ecosystem, soil phosphorus stocks (P stock) exhibit
dynamic changes under the influence of environmental and biotic factors. According to
the results, the highest P stock values were identified in mixed stands of Black Pine and
Cedar (0.948 £ 0.016), which were statistically higher than the pure stands of either species.
Regarding the aspect factor, shaded aspects (0.872 =+ 0.016) possessed higher phosphorus
stocks compared to sunny aspects. This trend can be attributed to the low temperature and
high moisture conditions on northern slopes, which facilitate phosphorus retention within
the system by slowing down the decomposition of organic matter. The linear increase
observed in P stock values along the altitudinal gradient further confirms the suppressive
effect of decreasing temperatures on mineralization at higher elevations. The lowest stock
values were recorded in the 1020-1050 m range (0.785 £ 0.021), while this figure rose
to 0.896 £ 0.016 in the 1100-1150 m range. Differences between depth levels reflect the
limited mobility of phosphorus within the soil profile; the highest accumulation occurred
in the topsoil layer (0.888 + 0.019), where vegetation-derived organic input and biological
cycling are most intensive. The decreasing stock amounts with depth verify the tendency
of phosphorus to accumulate at the surface in forest soils and highlight the topsoil’s role as
a primary nutrient reservoir through the P stock parameter.

In the examined forest ecosystem, soil potassium stocks (K stock) exhibited statistically
significant variations depending on tree species and altitude. At the tree species level,
the highest potassium accumulation was identified in Black Pine + Cedar mixed stands
(24.65 + 0.611 t ha~!), which was found to be statistically higher than that of pure Black
Pine (22.99 + 0.348 t ha~!) and pure Cedar (18.81 + 0.533 t ha~!) stands (p < 0.05). This
pronounced difference between species indicates that the biological cycling of potassium is
enhanced in mixed stands through the “niche complementarity” mechanism [53,54]. Along
the altitudinal gradient, K stock values were at their lowest at the minimum elevation
level (21.35 4 0.540 t ha~!), while they showed a marked increase at the 1100-1150 m
altitude level, reaching 23.80 4- 0.780 t ha~!. This increase at higher altitudes is likely
associated with lower temperatures slowing the leaching rate of potassium and increasing
organic matter stabilization. Conversely, no statistically significant main effect of aspect or
soil depth was observed on K stock; it was determined that values exhibited a relatively
homogeneous distribution throughout the profile (ranging from 22.76 to 22.04 t ha=1).

3.5. Changes in Soil Macronutrient Stoichiometry

In the examined forest area, the ratios of carbon to macronutrients (C:K, C:N, C:P)
reflect the ecosystem’s biomass production efficiency and decomposition potential. Ac-
cording to the research findings, all main factors as well as multiple interactions such
as Altitude x Aspect and Altitude x Depth were statistically significant for the C:K ra-
tio (p <0.05) (Figure 7). At the species level, the highest C:K ratio was recorded in
Cedar stands (3.457 £+ 0.258), while Black Pine and mixed stands exhibited lower val-
ues. This indicates that Cedar possesses a higher carbon storage capacity per unit of
potassium or that potassium follows a more restricted cycle in these areas. Furthermore,
the peak of the C:K ratio at the highest altitude level (3.079 £ 0.205) and in the top-
soil (3.029 £ 0.141) demonstrates that the mobility of potassium in the biological cycle is
concentrated at upper elevations and organic input points. Regarding the C:N ratio analy-
sis, complex relationships ranging from main effects (p = 0.004) to four-way interactions
(Tree Species x Altitude x Aspect x Depth, p = 0.004) were identified (Figure 8). The C:N
ratios, which ranged within a narrow interval (17.29-18.48) across stand types, reflect that
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organic matter decomposition and nitrogen mineralization proceed at a stable rate in the
study area. However, the decline of the C:N ratio from 18.82 to 16.36 with increasing
depth indicates a more advanced stage of humification in the lower soil layers, where
nitrogen is preserved in more stable forms despite the reduction in carbon. For the C:P
ratio, the statistical significance being limited to the Altitude x Aspect x Depth interaction
(p = 0.010) highlights the sensitivity of phosphorus to topography and moisture regimes.
The low C:P value identified in Black Pine + Cedar mixed stands (63.62 & 1.725) points
toward a more efficient phosphorus economy and a more favorable nutrient balance for
microbial decomposition compared to pure stands (Figure 9). Consequently, these stoi-
chiometric parameters reveal that mixed forest structures enhance nutrient use efficiency
and that environmental factors (aspect and altitude) directly modulate nutrient limitations
throughout the soil profile. The N:P, N:K, and P:K ratios, reflecting the stoichiometric
balance of nutrients in the forest ecosystem, exhibited statistically significant variations
across all main factors and numerous interaction levels. For the N:P ratio, all main effects
of Tree Species, Altitude, Aspect, and Depth were significant (p < 0.05), along with two-way
and higher-order interactions such as Tree Species x Altitude, Tree Species x Aspect, and
Altitude x Aspect (Figure 10). Specifically, the value of 4.540 recorded on sunny aspects,
compared to 3.762 on shaded aspects, reveals a more dominant accumulation or plant
uptake of nitrogen relative to phosphorus. Similarly, for the N:K ratio, significance at the
0.05 level was reported for all main factors and most two/three/four-way interactions
(Figure 11). The upward trend in N:K and P:K ratios observed with increasing altitude
(1100-1150 m) confirms that while potassium (K) decreases due to leaching or consumption
processes at high altitudes, nitrogen (N) and phosphorus (P) are preserved in more stable
forms due to the effect of low temperatures. Analysis of P:K ratio data showed that tree
species, depth, and multiple interactions (e.g., Tree Species x Altitude, Altitude x Aspect)
were significant at the p < 0.05 level (Figure 12). Conversely, the variations in total phospho-
rus stock (P stock being limited only to the Tree Species x Depth interaction (p = 0.024))
suggest that phosphorus accumulation is sensitive to the specific interaction between stand
types and soil layers. Considering the vertical distribution, the decrease in C:N and C:P
ratios with depth proves that nitrogen and phosphorus are more densely present in mineral
forms in the lower layers despite the drop in carbon. This demonstrates that the humi-
fication process is more advanced in lower depths compared to upper layers and that
mineral soil layers serve a critical function as nutrient reservoirs. The ratios of carbon to
nutrients (C:K, C:N, C:P) provide fundamental indicators of biomass production strategies
and organic matter decomposition rates. The high C:K ratios found in Cedar stands are
consistent with the adaptation of coniferous species to use limited potassium resources
more efficiently in biomass production, as noted by Sardans et al. [55]. The peak of the
C:K ratio at high altitudes and in the topsoil results from the restriction of potassium
mobility in the biological cycle due to low temperatures slowing microbial mineralization,
as emphasized by Maaroufi and De Long [56]. The C:N ratios (17.29-18.48) remaining
within a narrow range in the study area stay below the critical threshold (<20) suggested for
global forest soils by Gong et al. [57], proving that net nitrogen mineralization proceeds at
a stable rate. The decrease in the C:N ratio with depth indicates that nitrogen is preserved
in more stable forms within humic structures (humification) despite the consumption of
carbon through microbial respiration in lower layers [11,34].
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Figure 7. Variation in soil Carbon/Potassium (C:K) ratios according to elevation, aspect, and
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Figure 8. Variation in soil Carbon/Nitrogen (C:N) ratios according to elevation, aspect, and
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Figure 9. Variation in soil Carbon/Phosphorus (C:P) ratios according to elevation, aspect, and
stand type.
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Figure 10. Variation in soil Nitrogen/Phosphorus (N:P) ratios according to elevation, aspect, and
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Figure 11. Variation in soil Nitrogen/Potassium (N:K) ratios according to elevation, aspect, and
stand type.
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Figure 12. Variation in soil Phosphorus/Potassium (P:K) ratios according to elevation, aspect, and
stand type.

The fact that stoichiometric balances such as N:P, N:K, and P:K are influenced by all
main factors reveals the high sensitivity of the ecosystem to environmental changes. The
higher N:P ratio observed on sunny aspects indicates that increased solar radiation stimu-
lates the nitrogen cycle more than the phosphorus cycle, as noted by Zhang et al. [58]. The

https://doi.org/10.3390/5u18031560


https://doi.org/10.3390/su18031560

Sustainability 2026, 18, 1560

14 of 16

References

increasing trend of N:K and P:K ratios at high altitudes supports recent findings suggesting
that nitrogen and phosphorus are better preserved within the soil profile under cold cli-
matic conditions, in contrast to the loss of potassium through leaching [59]. Consequently,
the interaction between topography and stand structure directly modulates the function of
forest soils as nutrient reservoirs along the vertical profile.

4. Conclusions

This study comprehensively demonstrates how soil physicochemical properties
and nutrient stocks in forest ecosystems are shaped along environmental gradients
such as tree species, altitude, aspect, and soil depth. The findings prove that topo-
graphic factors and stand structure do not merely act as isolated variables; instead, they
modulate soil fertility and carbon sequestration capacity through complex interactions
(Altitude x Aspect x Depth). One of the most fundamental outcomes of the research is
the determination that mixed stands of Black Pine and Cedar possess higher nitrogen (N)
and phosphorus (P) stocks compared to pure stands. This supports the “Niche Comple-
mentarity Hypothesis” and indicates that species diversity plays a critical role in increasing
ecosystem resilience by optimizing nutrient cycling. Furthermore, the concentration of
SOC stocks at higher altitudes and in the upper soil layers emphasizes the stabilization
(sequestration) of carbon within the soil profile due to temperature limitations. Evaluations
based on stoichiometric ratios (C:N:P:K) reveal that the study area generally exhibits a
nitrogen-limited character and that microbial decomposition processes present a dynamic
structure depending on topographic position. In particular, the high nitrogen mineraliza-
tion on sunny aspects and the superior potassium use efficiency in Cedar stands highlight
the importance of species-site compatibility. In conclusion, sustainable management of
forest ecosystems and strategies for combating climate change must consider not only
carbon quantities but also nutrient stoichiometry and interspecific interactions. This study
suggests that preserving mixed forest structures is of vital importance for ecological sus-
tainability and recommends that micro-climatic variables (aspect and altitude) must be
integrated into afforestation activities.
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