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Abstract: Quantifying ecosystem carbon stocks and various carbon pools across different zones of
biosphere reserves is essential for informing policy decisions and advancing scientific research on
forest ecosystems' role in climate change mitigation and ecological conservation. Previous carbon
stock assessments in the Yayu Coffee Forest Biosphere Reserve (YCFBR) and other moist
Afromontane forests primarily focused on disturbance and elevation gradients. However, there is
limited data for carbon stock assessments across zonation and zonation effects. Therefore, this study
aims to quantifying carbon stock across the three zones of YCFBR in Southwest Ethiopia, i.e., the core
zone, buffer and transitional zones. Vegetation data were collected using various plot sizes across the
three zones for the core, buffer, and transition zones. Above-ground carbon (AGC) was determined
from above-ground biomass (AGB), while below-ground carbon (BGC) was estimated as 27% of the
AGC, and then extrapolated to megagrams of carbon per hectare (Mg C ha™). Litter and soil samples
were also collected and analyzed. To evaluate the contributions of species diversity and structural
attributes to carbon storage, a correlation analysis was performed. Results indicate significant
differences in AGC, BGC, soil organic carbon (SOC), litter carbon (LC), and total carbon (TC) among
the core, buffer, and transitional zones. The core zone exhibited the highest AGC and SOC, suggesting
superior carbon sequestration, while the buffer zone had the highest LC stock. Overall, TC was
highest in the core zone compared to buffer and transitional zones. Additionally, species diversity
and stand structure were positively associated with carbon storage, highlighting the importance of
preserving diverse and structurally complex forests for enhancing carbon storage and climate change
mitigation. Future research should focus on litter decomposition rates across these zones to better
understand the relationship between litter carbon stocks and SOC contributions.

Keywords: carbon pool; climate change mitigation; core zone; forest zones; Southwest Ethiopia

Introductions

According to the 1997 Kyoto Protocol, which is the first major international agreement on climate
change, natural vegetation plays an important role in mitigating climate change by naturally
collecting carbon from the atmosphere and therefore reducing the impact of CO: emissions [1,2]. A
gradual increase in the global emissions of carbon dioxide (CO2) and consequent temperature
increase has become a major concern to work on emissions mitigation [3,4]. Tropical forests play an
important role in removing atmospheric CO: as they store one fourth of the global terrestrial carbon
[5]. In addition, tropical forests support at least two-thirds of the world’s biodiversity[6], while their
coverage from the total land area of the Earth is about 12%. The current carbon stocks in the world’s
forests are estimated to be approximately 359 billion tones [7]. Tropical forests are only cover 7-10%
of the Earth’s land surface, but they store 25% of the terrestrial above- and below-ground carbon,
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which are responsible for 34% of terrestrial primary productivity and harbour 96 % of the world’s
estimated 45,000 tree species|[8].

Southwestern moist Afromontane forests are providing an important source for the surrounding
environment and international communities by reducing the GHGs concentration[9]. Including Yayu
Coffee Forest Biosphere Reserve (YCFBR) nominated in 2010, these Moist Afromontane forest of
Ethiopia is mainly found in the Southwest escarpment of Ethiopia, where most of the country’s
Biosphere reserves are located and known as “Ethiopia’s green lungs” [10]. Biosphere reserve (BR) is
‘living laboratories’ for testing out and demonstrating integrated management of land, water and
biodiversity and established to benefit both people and environment by focusing on balancing nature
conservation with sustainable development (SD) for and with communities[11]. The three main
functions of BR are conserving biodiversity, enhancing ecosystem services, and sustainable
development [12]. If BR cannot ensure balanced fulfilment of the three functions of the BR, it leads to
withdrawn from UNESCO, for instance, withdrawal of the Untere Lobau Biosphere Reserve, Austria
established in 1977 [12]. From this stand points, monitoring biosphere reserves for their sustainability
is necessary for mitigation and adaptation to climate change and other global environmental
changes|[9].

The commonly recognized carbon pools are AGC, BGC, dead wood carbon, litter carbon, and
SOC [4]. AGC includes all living biomass above the soil including stem, stump, branches, bark, seeds,
and foliage. BGC contains all living biomass of live roots of less than 2mm diameter are excluded
because they cannot be distinguished empirically from soil organic matter or litter. Dead wood
includes wood lying on the surface, dead roots, and stumps greater or equal to 10cm in diameter,
whereas, litter is all non-living biomass with a diameter less than 10cm, lying dead or in various states
of decomposition above organic soil. These carbon stocks have been found to be dependent on the
stand structure, disturbance [13] and species diversity[14]. For instance, tree size, stand density, and
species richness positively affected soil carbon in tropical forests[15].

The UNFCCC introduced mitigation instruments, including the clean development mechanism
(CDM) and reducing emissions from deforestation and forest degradation and conservation and
enhancement of forest carbon stock with sustainable management (REDD+) of tropical forests while
conserving biodiversity [4,16]. However, there is insufficient data on carbon stock across zonation in
local forests, hindering the effective implementation of REDD+17].

The previous carbon stock assessments in the Yayu Coffee Forest Biosphere Reserve (YCFBR)
and at other different moist Afromontane forests of Africa, including Ethiopia’s focused on
disturbance and elevational variation. However, there is limited data for carbon stock assessments
across zonation. Thus, monitoring forest ecosystem carbon stocks within biosphere reserves across
zonation based become pressing matter in this study. Therefore, this study aims to assess carbon
stock variation across different zones to give evidence-based policy decisions for conservation of
ecological resources. Furthermore, research on carbon stock assessments in moist Afromontane
forests like the YCFBR has not fully explored variations across different zonation levels. Although
some studies have looked at carbon stock in various regions of Ethiopia[18], there is still a gap in
understanding the specific potential within the core, buffer, and transitional zones. Therefore, this
study aims to assess carbon stock potentials across the three zones of YCFBR, i.e., the core zone, buffer
and transitional zones.

Methods and Materials

Sampling Design

The study was carried out at YCFBR in Southwest Ethiopia. Cluster sampling technique was
employed for stratification of the biosphere reserve (BR) in to the core, buffer, and transitional zones
to include samples from each zones (Figure 1). Different, but proportionally transects lines were
systematically distributed in the core, buffer and transitional zones. Typical plot sizes used in forest
inventory for both diversity and carbon stock assessment are 200 m?, 400 m? and 500 m?, but any size
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can possibly be used [4]. Using this standard range, a plot size of 400 m? was designed to collect
vegetation data from the core and buffer zones, while a 900 m? plot size was designed for the
transitional zone. For both core and buffer a nested plot design of 400m? with 25m? and 1m? size was
used to collect vegetation data for trees, shrubs, litters and soil, respectively and the same sub-plots
was established within the main plot size of transitional zone. A total of 90 plots were distributed for
the core (40 plots), buffer (25 plots), & transitional zones (25 plots).
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Figure 1. Map of the study area (Yayu Coffee Forest Biosphere Reserve), sample design and plot distributions

within the zones and transect line.

Vegetation Data Collection and Environmental Factors

Vegetation data for trees and shrubs were collected for diameter at breast height (DBH) and
height (H) of all woody species for >5cm DBH[4,19]. Therefore, DBH (cm) and H (m) of individuals
of the species were measured using a diameter tape, caliper, and hypsometer, respectively. The
disturbance intensity levels were derived from the relative measurement of major disturbance
indicators for each plot and then categorized into four disturbance intensity levels [20,21].

Taxonomic Diversity and Tree Stand Structure

Three taxonomic diversity indices, species richness (S) and Shannon-Wiener index (H"), were
calculated as follows (Pielou, 1975).

Total Number of individuals of a species

species richness (Density of a species) = Area of sample plot

Shannon — Wiener heterogeneity Index: H' = —Y;_, PilnPi = —Z[(n;i) * ln(%i)],

where Pi is the proportion of individual species (Pi=ni/N), ‘ni’ is the number of individuals of the it
species and N is a total number of species recorded for the study forest.

Estimation of Above-Ground Carbon

For diverse and mixed types of tropical rainforest species, the generic Allometric equation
developed by [17] was used for this study, since the general criteria described by the author are
similar to this study area. Also, the carbon stocks of the forest was calculated using the DBH, H and
wood density (), since this model is more accurate to quantify the carbon stocks for the tropical
forests. For the Diospyros abyssinica tree species, the species-specific Allometric equation developed


https://doi.org/10.20944/preprints202503.2330.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2025

by [24] for the YCFBR was used for AGB estimation. The AGC was then determined by calculating
the AGB for each individual tree measured and by applying a carbon fraction of 47% of dry total
biomass [16]. AGB for coffee plants was calculated by using Allometric equation developed by [25].
Tree carbon data was then scaled up from tree to plot level and then extrapolated to Mg C ha!.

Estimation of Below-Ground Carbon

Using AGC, the BGC was estimated at 27% of AGC [16].

Estimation of Litter Carbon

Litter samples were collected, and transported to Wondo Genet College of Forestry and Natural
Resources (WGCFNRs) Soil laboratory. For this, litter samples were collected from the four replicates
of Im x 1m within the main plot[26]. Then sub-samples (100g) were taken and oven-dried at 70 °C
for 48 hours for dry weight determination (Table 2). The oven dried samples were grinded and
analyzed using dry ashing methods burning the samples for organic carbon content determination
in the muffle furnace at 500 °C for organic carbon concentration at WGCFNRs Soil Laboratory. Carbon
concentration in the litter was estimated by multiplying litter organic matter by 37 % per plot and
expressed in MgCha-1[16].

Estimation of Soil Organic Carbon

Soil organic carbon was estimated by collecting two sets of samples for soil organic carbon
concentration (%OC) and soil bulk density determination. Undisturbed soil samples were collected
for bulk density determination, then packed, labeled, and transported to the soil laboratory[27]. Soil
samples for bulk density were oven-dried at 105 °C for 48 hours and estimated using the core method
[28,29]. Stones or woods in the soil (> 2mm) were removed by washing through a 2mm sieve and
collecting the materials. The bulk density of the mineral soil core was calculated from the core
volume, dry soil mass, and a correction factor for stones[19].

Oven dry mass (g/m?)

Bulk density (g/m3) =

Mass of course fragments (g)

Core volume (m?)- Density of rock fragments (9/m3)
where: The bulk density is for the < 2mm fraction, coarse fragments are > 2mm. The density of rock
fragments is often given as 2.65 g/cm?.

A depth of 0-60cm soil samples with two depth intervals (0-30cm and 30.1-60cm) were collected
using a soil auger from 1m x 1m sub-plots for %OC analysis. Samples were taken diagonally two
from the corner and one from the center[26]. Then, composite samples of about 700g were taken to
the lab for analysis. Soils were sieved, air dried, and analyzed for carbon content using the Walkley-
Black method[30]. Carbon stocks in the mineral soil were calculated using bulk density (BD) and
expressed in Mg C ha! for each zone.

S0C(Mg C/ha) = [Soil bulk density( 9

cm3) * soil depth(cm) * 0C%] = 100,

where, SOC = soil organic carbon, % OC= % Carbon in soil determined in laboratory.

Statistical Analysis

ANOVA was used to compare carbon stocks among zones and depths and Tukey’s HSD test
was used to separate the means. A regression model was used to determine the influence of the H,
DBH, species richness, and Shannon-Wiener diversity index on the carbon stocks. R software was
used for statistical analysis.
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Results and Discussions

Carbon Pools for the Above- and Below-Ground Carbon Stock Across YCFBR Zonation

Results for AGC varied significantly among the three zones (Table 1). The BGC showed a
significant difference between the core and transition zones, and between the buffer and transitional
zones, but not between the core and buffer zones (Table 1). This could be due to soil characteristics
influencing below-ground biomass development. Concern to transitional zone, transition zones
might have younger forests or degraded lands where root biomass is less developed, which is in
agreement with[31]. The total biomass carbon stock (AGC + BGC) also differed significantly between
the core and transitional zones, and between the buffer and transitional zones (Table 1), emphasizing
the importance of conserving core and buffer zones to ensure carbon storage for climate change
mitigation.

Table 1. Carbon pools and total carbon stocks across the Yayu Coffee Forest Biosphere Reserve.

Forest zonation

Carbon pools (MgCha) Buffer Core Transition Grand mean
AGC 403.21+285.8a 525.42+28.7b 82.56+98¢ 368.06
BGC 108.87+77 2a 141.86+76.3a 22.29+26.5b 99.38
AGC+BGC 512.1+362.8a 667.28+358.9a 104.85+124.5b 46744
LC 0.97+0.5a 0.89+0.4a 0.75+0.3a 0.88
SOC (0-30 cm) 191.02+91.6a 96.96+76.6b 76.73+25.8bc 133.6
SOC (30-60 cm) 39.19+19.02¢ 76.48+74.7bc 31.41+18.8¢c 53.85
SOC (0-60 cm) 128.38+82.9a 267.50+144.8b 115.92+32.5a 1874
Total carbon stock 641.42+370.8a 935.68+413.4b 221.52+122.9¢ 655.72

Note: Mg C/ha’! megagrams of carbon per hectare, AGC-above-ground carbon, BGC-below-ground carbon,
AGC+BGC-biomass carbon, LC-litter carbon, SOC-soil organic carbon, values with similar letters are not

significant, values with different letters are significant.

The mean AGC from these finding is higher than the mean from different Afromontane forests
of Ethiopia[32]. We found that this moist Afromontane forest of YCFBR have a mean AGC stock of
368.06 Mg C ha', which is higher than findings of [33] who found that 149.3 Mg C ha! for montane
African forests. Also, our results in the YCFBR for AGC is substantially higher than the IPCC
default values for montane forests in Africa (89.3 Mg C ha)[34]. Biomass carbon stocks are highest
in the core zone due to low anthropogenic disturbance, with high tree species richness and stand
density leading to increased carbon storage. Enhancing species diversity can help increase forest
carbon storages. Because, biomass carbon stock was calculated using species diversity and in the
subsequent BGC depends on the AGC. Similar studies have found that core forest areas have higher
carbon stocks compared to buffer and transitional zones[31], emphasizing the need for prioritizing
conservation efforts in the core zone of YCFBR. The core zone forests play a crucial role in carbon
sequestration and should be prioritized for conservation efforts, while reforestation of the transitional
zone is needed for effective carbon management in the YCFBR.

Litter Carbon, Soil and Total Carbon Stock Across YCFBR Zonation

The study found significant differences in soil organic carbon (SOC) levels between topsoil (0-
30cm) and subsoil (30-60cm), as well as across different forest zones (Table 1). SOC levels were
highest in the core zone forests, followed by the buffer zone and the transitional zone. SOC decreased
with increasing soil depth. These emphasize that the significance of protecting the core zone for
carbon sequestration. There was no significant difference in subsoil SOC between depths across
zonation. However, there was significant differences in total depth (0-60cm) for SOC levels found
between the core and transitional zones and between the core and buffer zones, but not between the
buffer and transitional zones (Table 1). This inverse relationship between SOC and soil depth may be
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due to excessive accumulation of litter on the ground, which improves topsoil fertility. Also, the
grand mean for the 0-60 cm depth of SOC value of this study was obtained as 187.4 Mg C ha' which
is greater than moist Afromontane forest of the study report with 128 Mg C ha-'[35]. Overall, higher
SOC levels were recorded in the topsoil compared to the subsoil. This higher carbon stocks was
obtained due to different conservation interventions implemented in the YCFBR following the
establishment of biosphere reserve in 2010.

The buffer zone had the highest carbon stocks for litter due to the presence of coffee plantations
and shade trees allowed for farmers, which led to an accumulation of organic material on the surface.
This, in turn, contributed to higher LC levels and increased SOC content. The estimated carbon stock
for litter was 0.88 Mg C ha, exceeding previous reports [26]. This unexpected highest LC finding for
the buffer zone indicates unexpected unique ecological responses to disturbances, which is consistent
with previous finding[36]. The high LC levels in the buffer zone demonstrate the carbon storage
dynamics within biosphere reserves resulting from conservation interventions efforts implemented
following YCFBR designated in the site in 2010. Because, the relationship between SOC stocks and
LC stocks in forests is complex and dynamic, influenced by various factors such as climate, functional
traits, vegetation type, soil type, disturbance history, and management practices. However, there are
some general trends, which shows litter is used as input of organic matter and LC represent the
above-ground biomass that falls onto the forest floor and begins to decompose [37]. This litter
provides a significant source of organic matter to the soil, and ultimately gives higher SOC in the
buffer zones for the topsoil. Similarly, the previous finding revealed, there are certain species in buffer
zones, which exhibit specific traits favoring rapid litter decomposition and enhancing SOC,
ultimately higher LC and topsoil SOC found for the buffer zone[38]. Another reason was, the buffer
zone have experienced disturbances in the past and the site was exposed to logging before the forest
was designated as biosphere reserve. Ultimately, the felled down logs and stumps resulted higher
carbon storage for litter and SOC for the buffer zones. In sum, these findings provide insights into
the distribution and dynamics of carbon pools and storage in different zones of the YCFBR.

Relationships of Above-Ground Carbon with Species Diversity and Structural Attributes

The study found that forest AGC is positively correlated with species diversity and stand
structure (Figure 2 a, & b). Increases in tree species richness, the Shannon Weiner diversity index, tree
height, and DBH were found to significantly increase AGC storage. For example, an increase in tree
DBH, species richness, Shannon Weiner diversity index, and tree height by one unit was found to
increase the tree AGC by 48%, 38%, 33%, and 33%, respectively (Figure 2 a - d). Therefore, forest
management practices that promote taller and larger trees, species richness, and structural
complexity can enhance carbon capture and storage, leading to more effective climate change
mitigation actions. It is important to consider these factors when assessing forest biomass carbon and
implementing strategies to reduce greenhouse gas emissions.
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Figure 2. Bivariate relationships between above-ground carbon and tree stand structural attributes. Note: Mg

C/ha -megagrams of carbon per hectare.

In addition, results revealed that, among tree species diversity indices considered; species
richness, and Shannon Weiner diversity index, tree height (m), have positive influence on the
estimated AGC, which is in agreement with [38,39]. Similarly, tree stand structural attributes for the
DBH and H were regressed over biomass carbon and found to explain variability of the estimated
biomass carbon stocks, which is in agreement with the previous study[40]. The relationships between
both the stand structure and tree species diversity with the total carbon stock have important
implications for emission reduction [4,16]. This highlights the importance of promoting species
diversity in forest management practices to enhance carbon sequestration potential.

Patterns of Biomass Carbon Pools and SOC Along Disturbance Gradient

Results for the relationships between AGC and anthropogenic disturbances shows that,
anthropogenic disturbance was influencing negatively AGC, with 25% variation explained (R? = -
0.25, p <0.001) (Figure 3 a-c). According to the findings, the greater the disturbance intensity was, the
less AGC obtained. This was because anthropogenic disturbance had a negative relationship with
AGC, ie., AGC showed decreased pattern with disturbance intensity increase. Therefore, forest
management plans should aim to minimize disturbance intensity, as higher disturbance levels lead
to reduced AGC. Thus, the need for policies that support the conservation of undisturbed forest areas,
as they typically have higher levels of AGC. Also, the results revealed that, there is a decreasing
pattern of the SOC along a disturbance gradient in the YCFBR (Figure 3 b). The greater the
disturbance intensity was, the less SOC was obtained. This indicates forest management practices
that reduce disturbance intensity can help maintain higher levels of SOC in the YCFBR.

The total ecosystem carbon stock also shows decreasing pattern, i.e., total carbon stock
decreased significantly across zonation as it goes from the core zone to the buffer zone, buffer zone
to transitional zone and from the core zone to transitional zone (Table 3; Figure 3d). According to
these findings maximum of total ecosystem carbon stock of the YCFBR was obtained for the core zone
and the minimum was estimated for the transitional zone forests. This findings is in agreement
with[41] who found that anthropogenic disturbances are the main factors causing the reduced
diversity of tree species simultaneously compromised the forest's ability to store carbon. Generally,
forest zonation and anthropogenic disturbance have negative effects on carbon stock. Therefore, it is
crucial for forest managers and policy makers to prioritize practices that minimize anthropogenic
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disturbances and promote sustainable forest management. By doing so, they can help preserve and
enhance soil organic carbon stocks, which are essential for mitigating climate change impacts.
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Figure 3. Bivariate relationships between soil organic carbon stocks (0-60cm), above-ground carbon and total
carbon stock with the forest zonation and disturbance levels in the case of Yayu Coffee Forest Biosphere Reserve,
Southwest Ethiopia. Note: Mg C/ha -megagrams of carbon per hectare, for figure 3 d; 1, 2 and 3 represents core
zone, buffer and transitional zone, respectively, whereas on figure3 a-c; 1, 2, 3 and 4 represents undisturbed,

slightly disturbed, moderately disturbed and disturbed sites, respectively.

Conclusions and Recommendation

The findings of this study demonstrate the importance of biosphere reserve conservation for
carbon storage for climate mitigation. Specifically, the core zones of these reserves are highly effective
at sequestering and storing carbon, making them crucial to combat climate change. Comparison of
different zonation systems for the carbon stock revealed the superiority of the core zone followed by
buffer and transitional zones. This can be achieved through measures such as limiting deforestation,
implementing sustainable land management practices, and promoting reforestation in degraded
areas of buffer and transitional zones. Additionally, the interaction between zonation and soil depth
highlights the importance of considering soil characteristics and depths when designing climate
policies and mitigation strategies. This can provide firsthand knowledge for understanding the
relationship between zonation, soil depth, and carbon stocks in order to maximize carbon
sequestration potential in the study area and other similar ecological types. The study also verify the
role of species diversity and forest structural attributes in promoting carbon storage.

These findings have two major implications for policymakers and climate scientists in terms of
understanding the role of forests in climate mitigation and informing forest management practices.
Firstly, conservation efforts should prioritize the protection and restoration of diverse forest
ecosystems, as they have the potential to store more carbon. Secondly, the inverse and negative
relationships between carbon stocks, anthropogenic disturbance gradients and forest zonation
indicate that human activities and changes in zoning can have detrimental effects on carbon storage
in forests. Overall, policymakers, climate scientists, and forest managers should collaborate to
integrate these findings into decision-making processes and create effective strategies for climate
change mitigation. Further investigation into litter decomposition rates across zones is crucial for
understanding the relationship between litter carbon stocks and SOC contributions.
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