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Abstract: Understanding how elevation gradients and soil depths influence soil organic
carbon stocks (SOCS) and total nitrogen stocks (TNS) is essential for sustainable forest man-
agement (SFM) and climate change mitigation. This study investigated the effects of eleva-
tion and soil depth on SOCS and TNS in the Mount Kenya East Forest (MKEF). A stratified
systematic sampling approach was applied, involving collection of 38 soil samples from two
depths (0-20 cm and 20-40 cm) across three elevation zones: Lower Forest (1700-2000 m),
Middle Forest (2000-2350 m), and Upper Forest (2350-2650 m). Samples were analysed for
bulk density (BD), pH, texture, soil organic carbon (SOC), and total nitrogen (TN), using
standard laboratory methods. In topsoil (0-20 cm), SOCS ranged from 109.28 £ 23.41 to
151.27 £17.61 Mg C ha~!, while TNS varied from 8.89 + 1.77 to 12.00 + 2.46 Mg N ha— L.
In subsoil (20-40 cm), SOCS ranged from 72.03 4 19.90 to 132.23 £ 11.80 Mg C ha~!, with
TNS varying between 5.71 & 1.63 and 10.50 & 1.90 Mg N ha~!. SOCS and TNS increased
significantly with elevation (p < 0.05), exhibiting the following trend: Lower Forest < Mid-
dle Forest < Upper Forest. Topsoil consistently stored significantly higher SOCS than
subsoil (p < 0.05), emphasizing the critical role of surface soils in carbon sequestration.
Regression analysis revealed a significant positive relationship between SOCS and TNS
(R? = 0.84, p < 0.001). Both SOCS and TNS were positively correlated with elevation, SOC,
TN, and total annual precipitation (TAP), but negatively correlated with BD and mean
annual temperature (MAT). These findings provide baseline data for monitoring SOCS
and TNS in the MKEEF, offering insights into sustainable forest management strategies to
improve soil health and enhance climate change mitigation efforts.

Keywords: soil organic matter; vegetation type; environmental variables; topsoil; subsoil;
carbon sequestration; sustainable forest management

1. Introduction

Soil organic carbon (SOC) and total nitrogen (TN) are crucial for improving soil quality,
supporting vegetation growth, and promoting carbon sequestration [1]. SOC influences
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key soil physicochemical properties such as structure, cation-exchange capacity (CEC),
and water-holding capacity, making it a reliable indicator of soil fertility and health [2].
Additionally, SOC can act as both a source and a sink of atmospheric carbon, influencing
climate change [3,4]. Nitrogen, an essential nutrient for plant growth, plays a critical role in
the biogeochemical cycling of elements and is a constituent of the Rubisco enzyme, which
is vital for photosynthesis [1,5].

SOC and TN contents in a given soil are governed by factors that influence the build-
up and removal of soil organic matter (SOM) [6]. As a result, soil organic carbon stocks
(SOCS) and total nitrogen stocks (TNS) depend on the balance between carbon inputs from
plant productivity and outputs through leaching, decomposition, and erosion [2,7,8]. The
SOC pool plays a significant role in the global carbon (C) cycle as minor changes in the
SOC pool can translate into large changes in the atmospheric C pool [9]. Thus, soils can
either sequester or release atmospheric CO,, depending on these carbon fluxes [10]. Both
SOC and TN fluctuate in response to environmental and human-driven factors [11], with
topography, climate, vegetation, parent material, and soil texture acting as environmental
influences, while land-use practices and changes play key anthropogenic roles [11-16].

Elevation gradient significantly influences SOC by controlling factors such as precipi-
tation, temperature, humidity, solar radiation, and geologic deposition [17-19]. Soil depth
is another key factor that determines the vertical distribution of SOC in the soil profile as
SOC is generally higher in surface horizons than subsurface horizons in most soils due to
the regular addition of organic matter from plants and animals [5,20,21]. Tropical montane
forests (forests between 23.5° N and 23.5° S with elevations > 1000 m a.s.l) are significant
global carbon sinks as they are estimated to store a mean above-ground biomass (AGB) of
271 tonnes per hectare of land surface [22]. Assessing the spatial and vertical distribution of
SOC and TN in montane forests is therefore essential to understanding carbon and nitrogen
dynamics for sustainable forest management (SFM) [11,23,24].

The MKEEF is a critical conservation area in Kenya, renowned for its unique climate,
biodiversity, soils, and varied elevation profile [25,26]. It is an important global carbon
pool, and is among the five key water towers in Kenya (Mount Kenya forest, Mount El-
gon forest, Mau Forest Complex, Cherangany Hills forest, Aberdares forest) that supply
ecosystem services and goods to millions of Kenyans [27]. Despite its ecological and envi-
ronmental significance, the MKEF is under threat from anthropogenic activities and climate
change, threatening its ecosystem integrity and potential for climate change mitigation
and ecosystem services provision [28]. There is a notable research gap regarding how
elevation and soil depth influence SOCS and TNS within this tropical montane ecosystem.
Previous studies in the MKEF have primarily focused on forest cover changes and their
drivers [29-31], vegetation zonation and nomenclature [32], and soil classification [33], with
limited comprehensive research on carbon and nitrogen dynamics. This study addresses
this gap by investigating the spatial and vertical distribution of SOCS and TNS along dif-
ferent elevation ranges and soil depths in the MKEF. The aim of this study is to (a) quantify
variations in SOCS and TNS across different elevation gradients in the MKEF; (b) analyse
the distribution of SOCS and TNS across soil depths within various altitudinal zones; and
(c) investigate the relationships between SOCS and TNS and selected soil properties and
environmental factors in the study area. The present study aligns with some of the United
Nations’ Sustainable Development Goals (SDGs), including SDG 13 (climate action) and
SDG 15 (life on land), by contributing to climate change mitigation efforts and sustainable
land management practices [34]. The research outcomes will contribute to a better under-
standing of SOC and TN distribution in the MKEF and provide insights for SEM practices
and future monitoring. Potential beneficiaries of the findings from this study include forest
managers, forest-dependent local communities, and climate change policy makers.
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2. Materials and Methods

2.1. Study Area
2.1.1. Geographical Location

This study focused on the eastern side of the Mount Kenya Forest, located in Tharaka
Nithi County (Figure 1). Geographically, the study area lies between longitudes 37°19" and
37°46' east and latitudes 00°07’ and 00°26’ south.

37°36'E 37°48'E

Legend

[ study area

#  Sampling points
—— Contours
[ Forest
— Roads

O Major towns

096’5

0°12'S

0°18's

0°24'S

37°24'E

37°36'E 37°48'E

Figure 1. Map of the study area showing (a) location of the study area in Kenya; (b) sampling points
within the MKEF.

2.1.2. Topography, Geology, and Soils

The study area elevation ranges from 1700 m at the edge of the forest to 5199 m
at the peak of Mt. Kenya [35]. This unique altitudinal gradient leads to a varied range
of vegetation in a relatively small area, making the region ideal for this kind of study.
The geology of the study area is mainly composed of volcanic rocks and ash and some
old metamorphic rocks, while the dominant reference soil groups (RSGs) are the humic
Andosols [36,37].

2.1.3. Climate

Great altitudinal differences within short distances in the study area lead to great
climatic variations over relatively small distances [25]. The MKEF experiences a bimodal
rainfall pattern, with total annual precipitation ranging from 1800 mm in the lower forest
to 1916 mm in the upper forest (Table 1). The long rains occur from March to June, whereas
the short rains are experienced from October to December. The study area’s mean annual
temperature ranges from 13.6 °C in the upper forest to 19.2 °C in the lower forest [35].



Land 2025, 14, 1217

40f17

2.1.4. Water Resources

The Mt. Kenya Forest ecosystem forms a significant water catchment area as it is
among Kenya’s five main water towers. It is traversed by several rivers, originating from
both Mt. Kenya and the Nyambene Hills, and these form the tributaries of Tana River,
which provides water for numerous hydropower stations and domestic users and irrigation
schemes [38].

2.1.5. Biodiversity

Vegetation in the sampled locations of the MKEF consists of bamboo forests, indige-
nous natural montane forests, and plantation forests at different elevations (Table 1). Arun-
dinaria alpine is the dominant bamboo species in the upper forest zone of the MKEF. Some
of the common indigenous trees in the forest include camphor (Ocotea usambarensis), podo
(Podocarpus latifolius), Meru oak (Vitex keniensis), cedar (Juniperus procera), croton (Croton
macrostachyus), wild olive (Olea europaea), and East African rosewood (Hagenia abyssinica).
The Eucalyptus spp. is the main exotic plantation tree species in the lower forest zone
(Table 1). Animals of conservation interest in the MKEF include African elephant (Loxodonta
africana), leopard (Panthera pardus), cape buffalo (Syncerus caffer caffer), bongo (Tragelaphus
euryceros), and black-and-white colobus monkey (Colobus guereza). The Mt. Kenya ecosys-
tem is an important bird area (IBA) as it is home to 53 of Kenya’s 67 African highland biome
bird species, including the little-known and threatened Abbott’s starling [38,39].

Table 1. General site characteristics of the study area [33,40,41].

Elevation Gradient

(m) Land Use

Sampling

. . . Mean Annual Total Annual
Vegetation Type (I;:;catlons Soil Type Temperature (°C)  Rainfall (mm)

2350-2650

(Upper Forest) Forestland

Natural forest and bamboo

thickets - Humic
- Arundinaria alpine 6 Andosols 15.6-13.6 1907-1916
- Podocarpus latifolius
- Sambucus africana

2000-2350

(Middle Forest) Forestland

Natural forest

- Ocotea usambarensis
- Podocarpus latifolius
- Nuxia congesta - Humic
Vitex keniensis 7 Andosols 18-15.6 1900-1907
- Croton macrostachyus
- Olea europaea
- Hagenia abyssinica
- Sambucus africana

1700-2000

(Lower Forest) Forestland

Natural forest with
fragments of plantation

forest - Humic

6 19.2-18 18001900
- Newtonia buchananii Andosols

- Phoenix reclinate
- Eucalyptus spp.

2.1.6. Demographic and Socio-Economic Characteristics

The study area ethnically consists of the Chuka, Muthambi, Mwimbi, and Tharaka
peoples of the larger Ameru community [25,42]. A predominantly farming community
surrounds the Mt. Kenya forest reserve [26]. The forest provides several essential ecosystem
goods and services, including water, wood, and non-wood forest products, to surrounding
communities living within the 5 km forest buffer zone [27,43].
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2.2. Sampling Design

A stratified systematic sampling design was adopted for this study, in which sampling
locations were distributed based on elevation and vegetation types [44]. Vegetation types
formed the strata whereby soil samples were systematically collected at 50 m elevation
intervals along a 17 km long and 500 m wide transect. This design was purposefully chosen
to ensure that collected soil samples were both representative of the entire study area and
provided adequate coverage of the different vegetation strata in the study area. The transect
dimensions were selected based on accessibility and safety. The study was conducted
within an elevation range of 1700 to 2650 m (Figure 1). The individual elevation points were
grouped into three discrete elevation gradient classes for analysis of the effect of altitudinal
gradient on SOCS, TNS and other soil properties (Table 1). The three classes were Lower
Forest (1700-2000 m), Middle Forest (2000-2350 m), and Upper Forest (2350-2650 m).

2.3. Soil Sampling

The fieldwork was conducted from 25 June to 10 July 2023. The sampling points
were pre-determined on Google Earth Pro and mapped in QGIS (3.28.10-Firenze) based on
elevation and vegetation types. A handheld GPS device (Garmin E Trex 22x, 2.2”, Garmin
Ltd., Olathe, KS, USA) was used to navigate to the designated sampling locations in the
field. Soil samples were taken within 20 x 20 m sampling locations from 5 x 5 m sampling
plots. Vegetation, debris, litter, stones, and roots were first cleared from the sampling
plots; soil samples were then collected using a soil auger (5 cm diameter) at depths of
0-20 cm (topsoil) and 20-40 cm (subsoil). At each sampling plot, samples were taken
from four different sub-locations in a Y-shaped pattern [45]. The subsamples were then
thoroughly mixed to get a composite sample. A portion of the composite sample was
then used to test for the presence of carbonates in the soil using 1 M hydrochloric acid
(HCI) [46]. About 500 g of the composite sample was collected from each sampling plot
for each depth, bagged in plastic zip loc bags, and labelled. At each sampling location,
general site characteristics, including geographical position, vegetation, elevation, and land
management practices, were also recorded. A total of 38 disturbed samples were collected
using an auger (19 locations x 2 soil depths). Additionally, 38 soil core samples from both
depths were separately collected using a 100 cm?® aluminium ring for bulk density (BD)
determination [47].

2.4. Preparation and Pre-Treatment of Samples

The core samples were pre-weighed, oven-dried at 105 °C for 24 h, and then re-
weighed to obtain the dry weight for BD calculation [47]. The collected soil samples were
prepared in Kenya by air-drying, removal of roots by hand, and crushing using a mor-
tar and pestle, followed by sieving through a 2 mm sieve [48]. After the pre-treatment,
portions of soil samples (~200 g) were packed and shipped to the Hungarian Univer-
sity of Agriculture and Life Sciences soils laboratory in Godolls, Hungary, for further
physicochemical analysis.

2.5. Soil Physicochemical Analysis

Portions of the soil samples were further ground into fine granules using a mortar
and pestle and sieved through a 0.25 mm sieve in readiness for SOC and TN analysis.
About 5 g of the sieved samples were placed in reusable ceramic crucibles before being
analysed for TC and TN by dry combustion using the CNS elemental analyser (Vario
MAX cube, Elementar Analysensysteme GmbH, Langenselbold, Germany) [49]. The pH
of the soils was measured in a supernatant suspension with a soil-to-liquid ratios of 1:2:5.
The liquids were distilled water (pHppp) and 1 M Potassium chloride solution (pH KCl);
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these were and measured with a digital pH meter (VWR pHenomenal pH 1100L, VWR
International, Langenselbold, Germany) after the instrument was calibrated with buffer
solutions [50]. The soil texture (clay, silt, and sand particles) was determined by the
laser diffraction method (LDM) using a laser diffractometer, Mastersizer 3000 (Malvern
Instruments, Malvern, UK) as described by [51]. The soil texture classes were subsequently
determined using the soil texture classification triangle [52].

2.6. Calculation of Bulk Density, Soil Organic Carbon Stocks, and Total Nitrogen Stocks
The soil BD was calculated as per Equation (1) [53]:

BD = Ms/vs (1)

where BD—bulk density (g cm~3); Ms—mass of dry soil sample (g); Vs—volume of the dry
soil sample (cm?)
The SOCS (Mg C ha—"') for each depth was estimated using Equation (2) [54-58]:

SOCS = BD x SOC (%) x d )

where SOCS—soil organic carbon stock (Mg C ha~!); BD—bulk density (g cm~3);
SOC—soil organic carbon concentration (%); d—sampled soil layer depth (cm).
The TNS (Mg N ha—!) for each depth was estimated using Equation (3) [59]:

TNS = BD x TN (%) x d 3)

where TNS—total nitrogen stock (Mg N ha~—!); BD—bulk density (g cm~3); TN—total
nitrogen concentration (%); d—sampled soil layer depth (cm).

2.7. Statistical Analysis

A preliminary test for normality among groups was performed on the dataset using the
Shapiro-Wilk test before selecting the most suitable statistical analysis. A one-way Analysis
of Variance (ANOVA) was used to test for significant differences between the means of
the effects of elevation gradient and soil depth using the General Linear Model (GLM).
Tukey’s Honestly Significant Difference (HSD) post hoc test was subsequently employed
for mean separation purposes. Pairwise comparison tests were also used to assess the
mean differences between the two depth levels for different soil properties. The Pearson
correlation coefficient and linear regression analysis were utilised to analyse relationships
between soil properties and environmental variables. All analyses were performed at a
95% confidence level using R software version 4.2.2 [60] and Microsoft Office Excel 2016.

3. Results

3.1. Selected Soil Physicochemical Properties Within Different Ranges of Elevation Gradients and
Soil Depths

Soil pH was lowest in the 0-20 cm depth of the lower forest (4.08 £ 0.23), while the
highest pH (5.17 £ 0.54) was recorded in the 20-40 cm depth of the upper forest (Table 2).
The highest SOC (15.70 & 1.74%) was present in the topsoil of the 2350-2650 m elevation
range, while the lowest SOC (4.77 & 1.25%) was observed in the subsoil of the 1700-2000 m
elevation gradient. The SOC generally decreased with declines in elevation gradient and
soil depth. The TN content fluctuated between 0.38 &= 0.10% and 1.26 & 0.27. TN similarly
increased with increasing elevation gradient (Table 2).
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Table 2. Selected soil physicochemical properties under different elevation gradients and soil depths

(mean + SD).
Soil Property Soil Depth (cm) Elevation Gradient (m)
1700-2000 2000-2350 2350-2650
0-20 0.70 + 0.07 aA 0.63 4+ 0.05 aB 0.48 + 0.05bB
BD (g cm ™) 20-40 0.75 +0.05 aA 0.73 +0.07 aA 0.55 +0.06 bA
0-40 0.73 £0.06 a 0.68 =0.08 a 0.52 +0.06 b
0-20 7.96 + 2.44 bA 9.31 = 1.64 bA 15.70 & 1.74 aA
SOC (%) 20-40 477 +1.25bB 6.17 + 1.02 bB 12.02 +=1.45 aB
0-40 6.37 +2.49Db 774 4+2.09b 13.88 +2.47 a
0-20 0.65 + 0.18 bA 0.78 + 0.13 bA 1.26 = 0.27 aA
TN (%) 20-40 0.38 = 0.10 bB 0.51 4+ 0.09 bB 0.94 +0.13 aB
0-40 0.51 +£0.20b 0.64 =0.18Db 1.10 £ 0.26 a
0-20 4.08 + 0.23 bA 429 + 041 bA 5.02 & 0.47 aA
pH 2040 428 +0.17 bA 426 + 0.31 bA 5.17 + 0.54 aA
0-40 418 +022b 427 +035b 5.09+049a
0-20 24.98 + 6.33 bA 35.18 = 7.44 bA 58.90 + 20.21 aA
Sand (%) 20-40 10.16 4 3.99 bB 16.52 == 5.22 bB 46.38 + 13.99 aA
0-40 1757 +£9.24b 25.85 +11.48 b 52.64 +17.82a
0-20 55.42 4+ 2.16 aA 51.55 4+ 5.73 aA 35.86 = 16.96 bA
Silt (%) 20-40 56.00 £ 2.64 abA 56.85 4 3.86 aA 45.74 + 11.41 bA
0-40 55.71 +2.32a 5420 +5.44 a 40.80 +=14.71b
0-20 19.61 - 4.76 aB 13.27 = 2.47 bB 5.24 4+ 3.34 cA
Clay (%) 20-40 33.84 + 3.40 aA 26.62 + 5.33 bA 7.89 £+ 2.65 cA
0-40 26.72 = 8.41a 1994 +7.99Db 6.56 =+ 3.19 ¢
0-20 Silt Loam Silt Loam Sandy Loam
Texture 20-40 Silty Clay Loam Silt Loam Loam
0-40 Silt Loam Silt Loam Sandy Loam

Note: Different lowercase letters indicate significant differences in soil properties between elevation gradients
within the same range of soil depth, whereas different uppercase letters indicate significant differences in soil
properties between soil depths within the same range of elevation gradient.

The soil BD values varied between 0.48 + 0.05 g cm~3 and 0.75 +0.05 g cm 2 along
the elevation gradients. Significantly higher BD values were noted in the lower forest
relative to the upper forest for both soil depths (Table 2). The mean sand contents for
the aggregated depth (0-40 cm) ranged from a low of 17.57 £ 9.24% in the lower forest
to 52.64 + 17.82% in the upper forest. Higher sand content was consistently observed
at each elevation gradient in topsoil, compared with the subsoil (Table 2). Silt content
varied between 35.86 & 16.96% and 56.85 + 3.86%. Clay content ranged from a minimum
of 6.56 & 3.19% in the upper forest’s topsoil to a maximum of 33.84 & 3.40% in the lower
forest’s subsoil. Consistently higher clay content was observed in subsoil than in topsoil at
each elevation gradient. Soil texture comprised clay loam (1700-2000 m and 20002350 m),
and sandy loam (2350-2650 m) for the aggregated soil depth (Table 2).

3.2. Variations in SOCS and TNS with Elevation Gradient and Soil Depth

The ANOVA results showed a significant influence of elevation gradient and soil
depth on both SOCS and TNS in the study area soils (Table 3).
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Table 3. ANOVA results showing the influence of elevation gradient and soil depth on SOCS
and TNS.

Variabl SOCS (Mg Cha1) TNS (Mg N ha—1)
anables DF F Value  p-Value Significance DF FValue  p-Value Significance
Elevation Gradient 2 17.82 4.6 x 107° ok 2 11.50 0.000145 i
Depth 1 9.429 0.00405 ** 1 9.592 0.00378 **

Note: ** and *** indicate significance at 0.01, and 0.001, respectively.

The SOCS in the 0-20 cm depth ranged from 109.28 4+ 23.41 Mg C ha~! in the lower
forest (1700-2000 m) to 151.27 + 17.61 Mg C ha~! in the upper forest (2350-2650 m). For
the 20-40 cm layer, SOCS ranged from 72.03 & 19.90 Mg C ha~! in the lower forest to
132.23 + 11.80 Mg C ha~! in the upper forest. The aggregated SOCS for the 0-40 cm
depth ranged from 181.31 + 30.72 Mg C ha~! in the 1700-2000 m elevation gradient to
283.50 +21.13 Mg C ha~! in the 2350-2650 m elevation gradient (Figure 2). The mean
SOCS based on elevation gradient was in the order of upper forest > middle forest > lower
forest for all depths, with the upper forest having significantly higher SOCS than the middle
and lower forest (Figure 2). Overall, significantly higher SOCS were recorded in topsoil
vis-a-vis subsoil at all three elevation gradients (Figure 2).

350

300 :[

250

200 I I aA

150 bA bA

o
o

aB

bB I
100 I

50 I

0

SOCS (Mg C hal)

1700-2000 2000-2350 2350-2650

Elevation gradient (m)

M 0-20cm 20-40cm 0-40cm

Figure 2. Bar graph with error bars illustrating SOCS at different depths by elevation gradients. Note:
Different lowercase letters indicate significant differences in SOCS between elevation gradients within
the same range of soil depth, whereas different uppercase letters indicate significant differences in
SOCS between soil depths within the same range of elevation gradient.

Similar change trends were observed for TNS with elevation gradients and soil depths.
The mean TNS at 0-20 cm soil depths ranged from 8.89 =+ 1.77 to 12.00 + 2.46 Mg N ha!
while at 2040 cm depths, the TNS ranged between 5.71 + 1.63 to 10.50 & 1.90 Mg N ha~!
(Figure 3). The aggregated TNS (040 cm) ranged from 14.60 - 2.41 to 22.50 4+ 3.10 Mg N ha~ 1.
Significant TNS differences (p < 0.05) were observed between the topsoil and subsoil for
each elevation range and between the upper-forest and lower-forest elevation ranges for
the respective soil depths. The TNS correspondingly showed a decreasing trend with
increasing soil depth and an increasing trend with increasing elevation (Figure 3).
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Figure 3. Bar graph with error bars illustrating TNS at different depths by elevation gradients. Note:
Different lowercase letters indicate significant differences in SOCS between elevation gradients within
the same range of soil depth, whereas different uppercase letters indicate significant differences in
SOCS between soil depths within the same range of elevation gradient.

3.3. Relationship Between SOCS and TNS

A linear regression analysis was run to establish the relationship between SOCS and
TNS (Figure 4). The regression analysis results showed a significant positive relationship
between the SOCS and TNS, indicating that most of the variations in SOCS could be
explained by the changes in TNS (R? = 0.84, p < 0.001).

Linear Regression Analysis of SOCS vs TNS

200
y=10.85x + 13.76
R?2=0.84 PY
g 186 p <0.001
<
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2
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®
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Figure 4. Linear regression analysis of SOCS against TNS. The blue dots represent data points while

the black line is the best-fit regression line.

3.4. Correlations Between SOCS and TNS and Other Soil Properties and Environmental Variables

Pearson correlation coefficient analysis was conducted to find out the relationships
between SOCS and TNS and environmental variables (TAP, MAT, elevation) and other soil
properties (BD, pH, SOC, TN, sand, silt, and clay).



Land 2025, 14, 1217 10 of 17

3.4.1. Correlations Between SOCS and TNS and Other Soil Properties

Results from the correlation analysis revealed that SOCS and TNS both exhibited
positive significant correlations with SOC, TN, and sand. Conversely, for both SOCS and
TNS, negative correlations with BD, silt and clay were observed (Figure 5).

% O« A
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TNS .@ 0.31 ...-0.66. 0:6
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CLAY . -0.8
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Figure 5. Correlation plot showing relationships between SOCS, TNS and other soil properties. Note:
Positive correlations are shown in green, negative correlations in purple, and the intensity of the
colour corresponds to the strength of the correlation.

3.4.2. Correlation Between SOCS and TNS and Environmental Variables

As for the environmental variables both the SOCS and TNS were positively correlated
with elevation and TAP and negatively correlated with MAT (Figure 6).

Figure 6. Correlation plot showing the relationship between SOCS environmental variables. Note:
Positive correlations are shown in blue, negative correlations in red, and the intensity of the colour
corresponds to the strength of the correlation.
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4. Discussion
4.1. Overview of Selected Physicochemical Properties of Study Area Soils

Findings from the present study showed variations in selected soil physical and
chemical properties along elevation gradients and between soil depths. Significantly lower
BD values were recorded in the upper forest and in the topsoil layer of the soil profile.
These results corroborate the findings from other studies of similar landscapes [53,61,62].
Lower BD values in the upper forest can be attributed to higher SOM contents and less
human disturbance. The high SOM content increases soil volume without significantly
affecting its weight, reducing BD proportionally [63]. The increase in BD with incremental
soil depth could also be related to decreased SOM content and the compaction pressure of
the overlying soil horizons [64]. Other researchers have likewise reported that surface soil
layers generally have high SOM content, better particle size distribution, good aggregation,
and root penetration, resulting in low BD values [16,65].

The pH of the studied soils was generally acidic (pH < 7.0) in nature. Soils developed
from non-calcareous parent materials, typical of our study area, are inherently acidic [66].
The mean forest soil pH in the lower forest was very strongly acidic, whereas the upper
forest soils were strongly acidic [67]. The varying pH values in our study can be related to
differences in vegetation density and composition, soil moisture, and temperature between
the three gradients. Very strongly acidic pH in the lower forest can also be associated
with the presence of eucalyptus spp. The leaves and bark of eucalyptus spp. produce acidic
litter and allelopathic compounds which contribute to a decrease in soil pH over time [68].
Eucalyptus spp. is also fast-growing and can deplete the soil of base cations (calcium,
magnesium, and potassium) that help to buffer soil acidity. This uptake reduces the soil’s
ability to neutralize acids, leading to acidification [69].

Higher sand content characterizes the upper elevation range of the forest, relative to
the middle and lower elevation ranges. A similar trend was reported for Mount Bambouto,
Central Africa [70] and for the Birr watershed, upper Blue Nile Basin, Ethiopia [16]. The
observed decrease in sand content with depth could be due to the erosion of smaller size
particles such as clay from higher elevations of the forest into the lower elevations, given
the topography of the study area. The higher clay content in subsoil, compared with topsoil,
at all elevation ranges can be attributed to downward clay translocation [71].

SOC and TN content was lowest in the lower forest and highest in the upper forest,
with both showing an increasing trend with increases in elevation gradient. These variations
in SOC and TN content are proportional to the quantity of litter accumulated on the soil
surface under the different vegetation types and the carbon inputs through plant residue
decomposition [72].

4.2. SOCS and TNS Variation with Elevation Gradient and Soil Depth

SOCS and TNS content showed a systematic upward trend with increasing elevation
in the MKEEF. A characteristic variation in vegetation types was equally observed across
altitudinal strata and among sites in the present study. Our results corroborate with
findings obtained by other researchers [70,73-75], which showed a similar increase in
SOCS with increased elevation in tropical montane forest landscapes. Elevation plays a
crucial role in the buildup and breakdown of SOC because of its significant impact on
various co-varying environmental factors [76]. Specifically, alterations in climate at different
elevations shape the composition and primary productivity of vegetation, influencing the
amount and turnover of SOM through the regulation of soil water balance, soil erosion, soil
temperatures, soil pH, soil texture, and geologic deposition processes [76-79]. Since SOC is
the major source of TN, an increase in SOCS subsequently results in increased TNS [71].
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Mean SOCS and TNS values in the lower forest were significantly lower than in the
upper forest. In the upper forest, the presence of diverse indigenous vegetation species,
a dense canopy, lower MAT due to less exposure to sunlight, and higher TAP jointly
contribute to greater SOM accumulation relative to the other elevation gradients [32]. The
study exhibited an outstanding differences in altitude within short distances, which leads
to great variation in climate and vegetation type over relatively small distances [39]. Lower
levels of SOCS in the lower forest may be associated with a lower diversity of vegetation
species, as it comprises a mix of natural and plantation forest [32]. The lower forest also
exhibited an open canopy as the trees were widely spaced, resulting in lower litter input
and less accumulation of SOM. Indications of human disturbances were also observed in
the lower forest as it is easily accessible by the communities bordering the forest, in contrast
to both the middle and upper forest where human disturbances are rarely reported [39].
Communities bordering the lower forest depend on the forest for their livelihood and often
encroach into the forest for charcoal production, firewood collection, illegal timber logging,
construction poles, and fodder harvesting [27,38,39,80]. This results in the continuous
removal of dead wood, twigs, litter, and trees, hence the lower recorded SOCS content. This
finding aligns with those reported in ref. [70] for Mount Bambouto, Central Africa, and in
ref. [81] for the Ethiopian Central Highlands, where the accumulation of SOCS in the upper
forest was attributed to longer vegetative growing periods with less human interference
than in the lower forest, where diminished SOCS was recorded near human settlements. In
addition, a study in the Mount Marsabit Forest Reserve, a sub-humid montane forest in
northern Kenya, established that SOCS was concentrated in the least disturbed forest areas,
while reduced levels of SOCS were observed in disturbed forest areas with pronounced
anthropogenic activities [82]. The mid- and upper-elevation zones of the MKEF, which
store higher levels of SOC and TNS, should be a focus for adaptive forest management
strategies aimed at maintaining and enhancing carbon sequestration. Conservation of
natural forests in these zones can significantly contribute to climate change mitigation at
the landscape scale.

4.3. Relationships Between SOCS and TNS and Environmental Variables and Other Soil Properties

A significant relationship was observed between SOCS and TNS in the MKEF.
This result corroborates with findings by other researchers in similar mountainous re-
gions [73,83,84]. The results suggest that most of the TN variations are related to SOC
storage changes, and the accumulation of C could influence TNS [84]. The present study
showed that SOCS and TNS were significantly correlated with other soil parameters (SOC,
TN, BD, pH, sand, silt, and clay), and environmental variables (MAT, TAP and elevation).
This finding underlines the complex relationships and interactions of the soil properties
within the soil system and with the environment. The negative correlation of both SOCS
and TNS with BD identified in our study is consistent with results of previous studies
which also identified a negative relationship between the soil properties [21,78,85]. The
inverse relationship between BD and SOCS implies that the lower SOCS typically translates
to higher BD as SOC has a very low weight per unit volume [62]. The observed negative
correlation between SOCS and MAT in the study area can be linked to the steady increase in
soil temperature with reduced elevation. Temperature affects microbial activity and decom-
position rates [86]. Lower temperatures result in SOM accumulation because of the slower
breakdown of SOM by microorganisms [87]. Increasing temperatures down the elevation
gradient contributes to increased SOC loss via decomposition, reducing SOCS [88].

SOCS and TNS both exhibited a significant positive correlation with sand and a
negative correlation with clay (Figure 5). This finding is in line with that reported in
ref. [70] for a mountainous region of Western Cameroon. Contrary to our results, other
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studies conducted in similar landscapes have reported a significant positive correlation
between SOCS and clay [89-91]. These contradicting findings are an indication that the
physical and chemical characteristics of soil under similar land uses are not universally
consistent but, rather, contingent upon various factors such as soil type, climatic conditions,
vegetation types, and management practices [75].

5. Conclusions

This study assessed the effects of elevation gradients and soil depths on SOCS and TNS
in the MKEF. The findings demonstrate that elevation significantly influences SOCS and
TNS at all depths, with mean values increasing progressively with elevation, reaching peak
levels in the upper forest zone (Lower Forest < Middle Forest < Upper Forest). Similarly,
SOCS and TNS were consistently higher in the topsoil compared to the subsoil across all
elevation gradients, emphasizing the critical role of surface soils in nutrient storage and
carbon sequestration.

Regression analysis revealed a strong positive relationship between SOCS and TNS
(R? = 0.84, p < 0.001), while correlation analysis highlighted both positive and negative
associations with other soil properties and environmental factors, such as BD, TAP, and
MAT. These findings underscore the complex interactions between soil properties and
environmental conditions, which govern nutrient cycling and carbon dynamics.

The study underscores the MKEF's vital roles in carbon sequestration and in main-
taining high SOCS levels, both of which are critical for soil health and climate change
mitigation. The forest serves as a vital ecological reservoir of soil fertility and carbon,
offering insight into how elevation, soil depth, and environmental variables influence soil
nutrient dynamics. The findings further provide essential baseline data for long-term
monitoring of SOCS and TNS in the region, to inform adaptive land-use policies and
help align conservation programs with broader sustainable development goals. They also
highlight the importance of incorporating elevation and soil depth into forest management
strategies. Sustainable forest management (SFM) practices, including the protection and
restoration of natural forest vegetation, especially in the lower altitude zones where greater
loss of SOC and TNS was observed, are essential for preserving soil health and enhancing
the carbon sequestration potential of the MKEF. The findings from the present study also
have important implications for surrounding farming communities, as they can guide
sustainable agricultural practices in adjacent farmlands, including the use of agroforestry,
conservation tillage, and organic soil amendments for improved soil health and climate
change mitigation.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA  Analysis of Variance

BD Bulk Density

MAT Mean Annual Temperature
MKEF Mount Kenya East Forest
SOC Soil Organic Carbon

SOCS Soil Organic Carbon Stocks
SOM Soil Organic Matter

TAP Total Annual Precipitation
TN Total Nitrogen
TNS Total Nitrogen Stocks
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