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ABSTRACT

ARTICLE HISTORY

The study area, affected by war and siege, necessitates a study of its current ecological sta-
tus. The objective of this study was to assess the present forest structure, species diversity,
and Total Biomass Carbon Stock (TBCS) in relation to environmental variables. The findings
shown 42 woody plant species, with 23 in the highland and 41 in the midland. No signifi-
cant difference in species abundance is observed between the highland and midland areas.
However, there are significant differences in the average diameter and height of trees
between the altitudinal classes. Additionally, diversity indices shown significant difference,
with the midland shown higher values than the highland. TBCS of the forest, the highland
and midland areas were 21.02, 15.6, and 22.92 tons/ha, respectively. Moreover, TBCS shown
significant contributions from tree diameter and height (p < 0.05) whereas species diversity,
richness, and abundance do not shown a significant influence. This research further assesses
factors influencing carbon stock, identifying annual mean temperature, soil organic content,
temperature seasonality, and altitude as key contributors. Dominant species are limited, with
around 50% classified as rare. Hence, our study suggests that the implementation of effect-
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ive forest management practices aimed at enhancing biodiversity and ecosystem services.

1. Introduction

Managing and conserving forest carbon is identified as
a cost-effective decision for mitigating climate change,
contributing additional advantages such as biodiversity
conservation and the regulation of the hydrological
cycle, along with various other forest ecosystem serv-
ices (Canadell and Raupach, 2008; DeFries et al.,
2010). Climate change causes threat to forest ecosystem
services and biodiversity loss (Thom et al. 2019; Seidl
et al., 2014). The widespread impact of rising tempera-
tures, alterations in precipitation patterns, and various
disturbances such as droughts and storms is already
significantly changing the dynamics of vegetation
(McDowel et al., 2020).

Forest structure, composition, and diversity have
ecological roles and shows strong correlations with
environmental and anthropogenic factors (Gairola
et al., 2008; Ahmad et al., 2011). Forest structure, com-
position and the diversity are crucial elements in main-
taining forest biodiversity and establishing sustainable
forest management practices (Gutiérrez and Huth,

2012). Those are used in the study of the global carbon
budget and serving as significant carbon pools
(Canadell et al., 2007). Assessing the structure and
composition of forests is crucial, as it plays a vital role
in the development of adaptive strategies. These strat-
egies are essential for ensuring the sustained provision
of ecosystem services in forests and contributing to the
conservation of biodiversity and the mitigation of cli-
mate change (Kremen and Merenlender, 2018; Messier
et al., 2019). The most effective outcomes for conserv-
ing forests are linked to management approaches that
combine conservation efforts with community involve-
ment and law enforcement (Ahmad et al., 2022).
Forests, recognized as the largest carbon sink
among terrestrial ecosystems, are essential contributors
to the global carbon cycle (Coulston et al., 2015). With
concerns increasing about climate change, it is crucial
to monitor the amount of carbon in the terrestrial
(Bottcher et al, 2008). Concerns regarding climate
changes have forced the international community to
monitor terrestrial carbon (Ahmad et al., 2018). The
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guidelines provided by the Intergovernmental Panel on
Climate Change (IPCC) for measuring national green-
house gas emissions strictly mandate monitoring car-
bon pools (Bottcher et al., 2008). Similarly, the United
Nations collaborative program on reducing emissions
from deforestation and forest degradation on combat-
ing climate change also requires the regional and peri-
odic estimation of carbon in the forest ecosystem (Le
Quere et al, 2009) for developing management and
conservation plans (Billings et al, 2008). The UN
Framework  Convention on  Climate Change
(UNFCCCQ) also identifies that, reducing emissions by
controlling deforestation and forest degradation is a
cost-effective approach for mitigating climate change
(DeFries et al. in 2010).

Carbon stock impacted by various biotic and abiotic
factors (Mazarrasa et al., 2017), is crucial to understand
for explaining inter-habitat variability and estimating
carbon levels. It is also affected by structural diversity
(Noulekoun et al. 2021). The study of species diversity
and richness along elevation gradients is crucial
(Molina-Vanegas et al., 2020; Willig & Presley 2016).
The diversity shows significant variation in correlation
with altitude changes (Wani et al., 2020). Plant diversifi-
cation in tropical mountains is influenced by both geo-
graphic isolation and environmental heterogeneity.
However, there is a lack of scientific information on
these issues, which is critical for developing appropriate
conservation measures and promoting the sustainable
utilization of forests. Moreover, the study area has expe-
rienced deforestation due to war and a complete siege,
emphasizing the urgency of assessing its current status.

Previous studies in the Hugumbrda Grat-Kahsu for-
est, like Kidane et al. (2016), recommend conducting
future research on forest composition and carbon stock
in relation to environmental variables influence.
Among these environmental variables, altitude plays a
crucial role in shaping plant species diversity, floristic
composition, and carbon stock. Altitude influences
species distribution, composition, and diversity by
shaping the local climate (Gaston, 2000). While there
have been scientific studies on carbon stock in
Ethiopian forest ecosystems, the specific impact of alti-
tude on carbon stock in the dry Afromontane forests
of northern Ethiopia is still limited in existing research
(Muluneh and Worku, 2022). Therefore, this study
aimed to investigate the relationship between altitude,
species diversity, and Total Biomass Carbon Stock
(TBCS). The research hypotheses were, altitudinal vari-
ation plays a significant role in driving species diver-
sity, composition and structure, altitude is a crucial
factor influencing TBCS, species diversity and abun-
dance have an impact on TBCS and, various environ-
mental factors affect TBCS in the forest.

2. Material and Methods
2.1 Study area description

The study was conducted in the Hugumbrda Grat-
Kahsu National Forest protected area located in the
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southern zone of Tigray state, Ethiopia. The study area
is located within a defined latitude range of 12° 25 -
12° 45N and longitude 39° 23°-39° 45° E. The forest is
found in an area with altitudes ranging from 1501 to
3683 m.a.sl. The forest includes both midland and
highland area, with the midland (1500-2500 m.a.s.])
covering a larger portion, the highland area (above
2500 m.a.s.l) constitutes the remaining portion. The
average annual precipitation ranges from 653 to
818.6 mm, while the average maximum temperature
ranges within 21.4 to 30°C and the average minimum
temperature ranges from 9.4 to 14.8°C (Abrha et al,
2023). The forest is classified as a dry evergreen
Afromontane Forest (Kidane et al., 2018). The area is
characterized by rough and hilly landscape. The pre-
dominant soil types are Vertisol, leptosoil, and cambo-
sols (Abrha et al., 2023).

The forest area consists of plantation, natural for-
ests, bushes, shrubs, agricultural, and settlement areas
(Kidane et al, 2018) and lake (Gebru et al., 2019).
Within and around the forest boundary, there are
growing human settlement, estimated at 26,889 house-
holds, with 5,496 households located fully within the
forest area and the remaining 21,393 households resid-
ing in the peripheral areas in 2010 (Woldemichael
et al, 2010). The local agricultural activity is domi-
nated by mixed farming systems. The main food crops
cultivated include Zea mays, Sorghum bicolor, Triticum
durum, Eragrostis tef, Hordeum vulgare, Pisum sativum,
and Cicer arietinum. In addition, high-value tree crops
such as Mangifera indica, Persea americana, Carica
papaya and Malus domestica are produced. The major
livestock species reared in the area include cattle,
sheep, goats, donkey, horse, mule, and camels (Gebru
et al., 2019).

2.2 Input data

The forest inventory was intended following transect
sampling approach, implementing a random systematic
distribution of circular plots using a proportional allo-
cation method (Figure 2). A total of 37 transects were
established, with a horizontal spacing of 250 meters
and a vertical distance of 100 meters between plots.
Within these transects, 188 representative circular plots
were set up, each with a radius of 11.28 meters, to
gather forest measurement data. The circular plot, as
indicated in Figure 2, had an area of 400 m?. Circular
plots were used in this study, facilitating the identifica-
tion of the center of the GPS point for establishing a
permanent reference for future research. About 188
plots were utilized in this study to enhance the preci-
sion and reliability of the sampling process. The eleva-
tion of each species within each plot were taken using
GPS with an accuracy of less than 3 meters. For each
tree within the plot, both the height and diameter were
measured. The diameters of woody plant species were
assessed using a caliper at two different heights: at
breast height (1.3m) and at stump height (30cm). To
determine the heights of these plant species, a meter
tape was used for shorter trees, while a clinometer was
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Figure 2. Sample plot design.

employed for taller ones. Only woody plant species
taller than 1 meter were included in the measurements
and for analysis.

The woody plant species found at each plot were
identified with the help of the local community, pub-
lished and unpublished literatures such as the flora of
Ethiopia and Eritrea (Hedberg et al., 1995; Edwards
et al., 1997; Edwards et al., 2000), and useful trees and
shrubs for Ethiopia (Bekele, 2007; Woldemichael et al.,
2010). The study evaluated tree diameter, tree height,
woody species diversity, woody plant species compos-
ition, and TBCS in highland and midland altitudinal
classes. There were 55 and 133 sample plots laid down
in highland and midland, respectively, indicating that
the size of the forest in highland areas was smaller
compared to midland areas. It was conducted on the

""""""""""""""""""""""""""" e

area coverage of altitudinal classes. The number of
samples was determined using a combination of obser-
vational size of the forest and random sampling meth-
ods to ensure that the forest area was adequately
represented in the sample and to minimize the effects
of bias.

The research methodology involved obtaining bio-
climatic variables from the WorldClim database at a
1km resolution from WorldClim version 2.1 (Fick and
Hijmans, 2017). These bioclimatic variables were
derived from monthly temperature and rainfall values
to enhance their biological relevance. In addition to
climate data, soil data at a depth of 15-30cm were
acquired from the ISRIC (International Soil Resources
Information Center) "SoilGrids" global soil Information
system. The extraction of soil and climate data based
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on the tree locations was facilitated using Arc GIS.
The utilization of both WorldClim and SoilGrids data-
bases in with GIS tools provided a robust foundation
for analyzing the bioclimatic and soil factors influenc-
ing the forest structure and species diversity.

2.3 Data analysis

2.3.1 Forest composition and structure

In accordance with the modified Braun-Blanquet scale
established by van der Maarel (1979), species cover values
were categorized into different classes, each correspond-
ing to specific cover percentages. These classes involve
cover percentages of less than 5%, 25%, 50%, 75%, and
greater than 75%, represented as rare, few, moderate,
high, and dominant, respectively. These percentage-based
classes serve as crucial indicators for assessing the pres-
ence and status of species within a given area. Within the
forest, abundance, frequency, and stand density of trees
were estimated. The evaluation of species contribution
was achieved through the calculation of the Importance
Value Index (IVI). The IVI was derived by summing the
relative density, relative dominance, and relative fre-
quency of a woody plant species, as expressed in Eq. 1-6.

Relative density (RDe)

_ Density of each species (ha™') x 100  (Eq. 1)
B Density of all species (ha™!)
DZ
Basal area (m?) = TET (Eq. 2)
Relative basal area (RBA)
Total basal area of species (Eq. 3)

= 1
Total basal area of all species 00

Relative Dominance (RD)

_Basal area of individual woody species x 100

Total basal area of all species
(Eq. 4)
Relative Frequency(RF)

_ Frequency of a species x 100 (Eq. 5)

Frequency of all species
Important value Index (IVI) = RDe + RD + RRF

(Eq. 6)

2.3.2 Species diversity indices

The Shannon and Simpson diversity indices were used
to determine species diversity. The Shannon Diversity
Index ranges from 0 to 1, where 1 indicates complete
evenness (Konopinski, 2020). The higher the index, the
more diverse the species are in the habitat (Beisel and
Moreteau, 1997). The Shannon index describes the
relative evenness or equitability of species, while
Simpson’s index gives weight to dominant species
(Whittaker 1972). Simpson Diversity Index is a meas-
ure of diversity that takes into account the number of
species present, as well as the relative abundance of
each species (Gregorius and Gillet, 2008). Those
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indices were estimated using PAleontological Statistics
(PAST 4.3) software.

2.3.3 Carbon stock

General allometric equations, established from a large
dataset of trees (Jalkanen et al., 2005), demonstrate a
significant statistical relationship with destructively
measured biomass amounts. An essential advantage of
these equations is their base on a wide range of tree
diameters (Brown, 1997). Their application is vital for
estimating biomass and carbon stock in terrestrial eco-
systems without tree cutting and deforestation. In esti-
mating  Below-Ground Biomass (BGB), which
encompasses all live root biomass, this study adopted
the range of 20-26% of Above-Ground Biomass (AGB)
based on the findings of Santantonio et al. (1997). For
the specific calculations in this research, a value of
25% of AGB was selected to estimate BGB. The deter-
mination of carbon stock applied it as 50% of the
Total Biomass (TB) (Pearson et al., 2005, Brown et al.,
2005).

Wood Density (WD) data from the global wood
density database were used to estimate AGB. In cases
where a specific species was not found in the global
wood density database, a default value of 0.6 g/cm® was
applied, based the recommendation by Brown et al
(2005). The calculation of AGB applied by a general
allometric equation developed by Chave et al. (2014),
chosen for its usefulness across various climatic condi-
tions and different vegetation types. This model, was
selected for its broad applicability, incorporates key
biomass predictor variables such as Height (H),
Diameter (D) and WD (Eq. 7).

AGB = 0.0673%(WDxD?«H)>*"¢ (Eq. 7)

In this study, specific tree allometric equations were
also used in addition to the general allometric equa-
tion. Allometric equations are mathematical models
specifically developed to estimate the AGB of individ-
ual tree species. Recognizing the unique characteristics
and growth patterns of different tree species, we apply
species-site-specific equations (Eq. 8-13).

Eucalyptus camadulensis AGB
= 0.0155DBH* (Hailu 2002)
Eucalyptus globulus AGB
= 0.45%(DBH2%")(H>*!) (Zewdie et al. 2009)
(Eq. 9)

(Eq. 8)

Cupressus lusitanica AGB
1.8903770.9194 (Eq. 10)
= 0.0319DBH *"*"H" (Assefa 2009)
Balanites aegyptiaca AGB
= 0.1168DBH — 0.01768 (Dharmesh et al., 2018)
(Eq. 11)
Juniperus procera AGB
= 0.348DBH""H**? (Gereslassie et al., 2019)

(Eq. 12)
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Acacia abyssinica AGB = 0.55+xDBH'*’

(Eq. 13)
+ 0.74%*H*'® (Solomon et al., 2017) d

The analysis of the contribution of environmental
variables to TBCS in this study used the Random
Forest (RF) algorithm for variable selection. RF, intro-
duced by Breiman (2001), is a widely recognized and
highly efficient algorithm. It has gained popularity
across various applications due to its robustness, non-
parametric nature, and insensitivity to data skew (Biau
et al., 2008). RF regression techniques, specifically,
have been extensively utilized in previous studies for
mapping carbon stocks (Srinivasarao et al., 2014). As a
result, RF was applied to identify the impact of envir-
onmental variables on TBCS.

This analysis combined a total of 28 variables,
including 19 climatic predictive variables, 7 soil pre-
dictor variables, elevation, and carbon stock (refer to
Table 1 for details). To assess model accuracy of the
model, 80% of the data was utilized for training, and
the remaining 20% was reserved for testing purposes.
Environmental predictor values were extracted from
each point location, converted to numerical values
using Arc GIS, and subsequently included in the statis-
tical analysis using the algorithm.

2.4 Statistical Analysis

A normality test was conducted to assess the distribu-
tion of variables, including tree height, species diversity
(Simpson and Shannon indices), species richness,
DBH, abundance and TBCS. The results indicated that
none of the variables followed a normal distribution,
as evidenced by a p-value (o= 0.05). To further exam-
ine the relationships within the dataset, non-parametric
statistical tests were employed. The regression test was
used to evaluate the impact of species diversity, rich-
ness, abundance, tree height and DBH on TBCS, while
the Mann-Whitney test was applied to assess the influ-
ence of altitude on tree height and DBH. Additionally,
the Mann-Whitney test was applied to compare the
effects of altitude on TBCS, species richness, diversity,
and species abundance. Descriptive statistics, specific-
ally mean estimates, were then used. To assess the
influence of environmental variables on TBCS, the
study used the Machine Learning technique known as
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combination of normality tests, non-parametric tests,
RF, descriptive statistics to analyze and interpret the
data.

3. Results and discussions
3.1 Forest composition and structure

The study identified a total of 42 woody plant species
across 188 plots, with 23 species observed in the high-
land and 41 species in the midland. In the forest, the
estimated abundance of woody species was 906 stems
per hectare. Six species, Juniperus procera, Carissa
edulis, Cadia purpurea, Maytenus undata, Dodonaea
viscosa subsp. Angustifolia, and Acacia abyssinica were
identified as abundant. Among them, Juniperus procera
emerged as the most abundant species, constituting
21.27% of the total. The study further shown that the
top three important species, based on the Importance
Value Index (IVI), were Juniperus procera, Acacia abys-
sinica, and Carissa edulis, collectively representing 44%
of the total IVI. These three species also accounted for
45.2% of the relative abundance, as detailed in Table 2.

However, Olinia rochetiana, Podocarpus falcatus,
Dovyalis abyssinica, Pterolobium stellatum, Grewia tem-
bensis, Clerodendrum myricoides, Clutia abyssinica,
Ficus sur, Balanites aegyptiaca, Cordia africana,
Ziziphus  mucronata, Acokanthera schimperi and
Discopodium penninervium were rare species with
abundance of 0.85%. The species in the area shown
different abundance levels based on the cover classes
defined by the modified Braun-Blanquet scale.
Specifically, 50% of the species are classified as rare,
14.6% as few, 22% as moderate, 4.9% as high, and
9.8% as dominant. Species most susceptible to loss are
those with small numbers (Gayton, 2008). The loss of
tree species has a negative impact on biodiversity, and
structural complexity (Mansourian et al., 2005). The
extinction of a single tree species can alter an ecosys-
tem and rapid decline of ecosystem functions (Henry
et al.,, 2017).

Identification of both rare and dominant tree spe-
cies within a forest is essential for ecological assess-
ments and effective conservation and management
strategies. Rare tree species contribute significantly to
biodiversity. Understanding the roles and distribution

Random Forest (RF). The study thus used a  patterns of both dominant and rare species is crucial
Table 1: Environmental variables.

Code Bioclimatic variables Code Bioclimatic variables

Bio01 Annual Mean Temperature Bio15 Precipitation Seasonality

Bio02 Mean Diurnal Range [Mean of monthly (max temp - min temp)] Bio16 Precipitation of Wettest Quarter
Bio03 Isothermality [(Bio02/Bio07)*100] Bio17 Precipitation of Driest Quarter
Bio04 Temperature Seasonality Bio18 Precipitation of Warmest Quarter
Bio05 Max Temperature of Warmest Month Bio19 Precipitation of Coldest Quarter
Bio06 Min Temperature of Coldest Month Altitude Altitude

Bio07 Temperature Annual Range [Bio05-Bio06] Cation Soil cation exchange capacity
Bio08 Mean Temperature of Wettest Quarter Clay %Clay

Bio09 Mean Temperature of Driest Quarter BD Bulk density

Bio10 Mean Temperature of Warmest Quarter Sand %Sand

Bio11 Mean Temperature of Coldest Quarter Silt %Silt

Bio12 Annual Precipitation Ph Soil Ph

Bio13 Precipitation of Wettest Month SOC Soil Organic Content

Bio14 Precipitation of Driest Month
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Table 2: Importance value index of each woody plant species.

Species Relative abundance VI

Juniperus procera 21.27 76.85
Acacia abyssinica 12.80 28.78
Carissa edulis 11.13 26.41
Maytenus undata 9.83 21.28
Cadia purpurea 8.92 17.63
Dodonaea viscosa subsp. Angustifolia 8.81 16.89
Cupressus lusitanica 3.48 15.78
Eucalyptus globules 333 10.62
Olea europaea 2.96 8.74
Eucalyptus camaldulensis 2.82 6.91
Osyris quadripartite 2.64 6.42
Euclea racemose 2.25 6.34
Calpurnia aurea 1.72 6.31
Myrsine Africana 1.39 6.25
Rhus natalensis 1.17 6.22
Rhus glutinosa 1.01 5.60
Syzygium guineense 0.79 541
Nuxia congesta 0.68 2.98
Sageretia thea 0.63 291
Dovyalis verrucose 0.44 2.56
Pittosporum viridiflorum 0.44 2.51
Podocarpus falcatus 0.40 2.24
Bersama abyssinica 0.37 1.84
Dombeya torrida 0.34 1.76
Acacia tortilis 0.28 1.62
Celtis africana Burm 0.23 1.52
Teclea simplicifolia 0.19 1.38
Olinia rochetiana 0.15 1.06
Acacia etbaica 0.15 0.91
Grewia mollis 0.13 0.64
Dovyalis abyssinica 0.12 0.51
Cordia Africana 0.09 0.32
Ficus sur Forssk 0.06 0.29
Pterolobium stellatum 0.06 0.28
Grewia tembensis Fresen 0.06 0.28
Clerodendrum myricoides 0.04 0.27
Clutia abyssinica 0.04 0.26
Balanites aegyptiaca 0.01 0.17
Euphorbia tirucalli 0.01 0.13
Ziziphus mucronata 0.01 0.12
Acokanthera schimperi 0.01 0.12
Discopodium penninervium 0.01 0.1
Grand Total 100 300.00

for implementing sustainable forest management prac-
tices and aiding decision-making in climate change
mitigation. This is particularly relevant in the context
of forest deforestation, rising global temperatures, and
the need for biodiversity conservation (Basile, 2022:
Tang et al, 2023). Conservation efforts are enhanced
by prioritizing rare species, which may be more sus-
ceptible to threats, while recognizing dominant species
provides insights into the economic value of the forest
and its potential contributions to various industries
and biodiversity. Additionally, both rare and dominant
species serve as indicators of environmental change,
aiding in climate change monitoring. The identification
of these species is fundamental to habitat assessment,
ecological research, and planning for habitat restor-
ation and forest regeneration. In essence, recognizing
both rare and dominant tree species within a forest is
an integral step toward preserving biodiversity, sustain-
ing ecosystem services, and ensuring the long-term
health and resilience of the forest area.

This study did not find a significant difference in
species abundance between the two altitudinal classes
(p>0.05, 0.546). Specifically, the abundance of species
in the highland, midland, and the entire forest was
recorded as 35.39, 36.58, and 36.24, respectively. The
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study observed significant differences in mean tree
diameter and height among the highland, midland,
and the entire forest. The mean tree diameter was
9.24cm in the highland, 8.07cm in the midland, and
8.41cm in the entire forest. Additionally, the mean
height varied, with the entire forest having a mean
height of 3.92m, 3.87m in the highland, and 3.89m in
the midland. These differences were found to be statis-
tically significant, at a p-value of less than 0.05. The
variations in diameter and height across altitudinal
classes suggest that altitude influences the growth char-
acteristics of trees in the studied area.

The results of this study are consistent with previ-
ous research conducted in the study area, particularly
in Hugumbrda Grat-Kahsu forest (Aynekulu, 2011).
Acacia abyssinica was also identified as the dominant
species in the highlands of Tigray, as stated by Gidey
et al. (2013). Other dominant species in the dry
Afromontane forests include Olea europaea, Juniperus
procera, Acacia abyssinica, Cadia purpurea, Dodonaea
viscosa subsp. angustifolia, Carissa edulis, and others
(Kidane, 2015). Moreover, various studies conducted
in the central and Northern highlands (Mengistu et al.,
2005), southern lowlands (Angassa and Oba, 2010),
and North-western (Mebrat et al., 2014) regions of
Ethiopia have demonstrated the effectiveness of exclo-
sures in improving species composition, diversity, and
density.

Similar with this study, altitude highly influences
the ecosystem structure, composition, and biomass by
altering different factors of the environment, including
precipitation, temperature, slope, aspect, soil proper-
ties, etc. (Alves et al.,, 2010). It have a significant influ-
ence on plant species distribution, composition, and
structure across different ecosystems (Grytnes and
Beaman, 2006). It is an important environmental factor
that affects the presence, growth, and diversity of plant
species (Zhao and Fang, 2006). Forests at lower eleva-
tions are characterized by greater diversity and a richer
variety of plant species compared to higher-altitude
forests. Additionally, there is an uneven pattern in the
distribution of vegetation biomass and carbon content
along the altitudinal gradient (Ali et al., 2022).

3.2 Species diversity

The forest shown a Simpson diversity index of 0.897
and a Shannon diversity index of 2.655. In compari-
son, the highland and midland shown Simpson diver-
sity indices of 0.8413 and 0.9053, and Shannon
diversity indices of 2.223 and 2.726, respectively. Both
Shannon and Simpson index values were higher in the
midland compared to the highland. The entire forest,
highland, and midland areas had species richness val-
ues of 5.43, 4.24, and 5.9 per plot, respectively. The
lower species richness in the forest area is attributed to
the presence of a few dominant species, as well as the
study’s focus on trees with a height exceeding 1 meter.
The study identified a total of 42 woody plant species,
with 23 species observed in the highland and 41 spe-
cies in the midland. This indicates that the midland
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forest had a greater diversity of woody plant species in
comparison. The findings shown the significant influ-
ence of altitude on both diversity and richness.

Similar results were reported in exclosures of
Northern Ethiopia (Mengistu et al., 2005; Birhane
et al.,, 2007), aligning with the broader understanding
that altitude contributes significantly to species rich-
ness and diversity (Kreft and Jetz, 2007). In mountain-
ous a decrease species diversity with
increasing altitude is often observed due to a decrease
in land area per bioclimatic belt (Korner, 2007). High
elevation communities will be strongly impacted by a
changing climate, with the drivers of this biotic change
being the direct effect of climate change through mul-
tiple interacting climate variables and indirectly cli-
mate-mediated species interactions. Both of these
mechanisms depend on the fine-scale topographic gra-
dients that universally characterize these mountain sys-
tems (Seastedt and Oldfather, 2021). Galvan-Cisneros
et al. (2023) found an environmental filtering effect
with increasing altitude causing phylogenetic cluster-
ing, decreased phylogenetic diversity, and decreased
species richness. The decreasing phylogenetic distances
between closest relatives are congruent with neo-
endemics, suggesting recent plant diversification in
high altitudes of tropical mountains, possibly driven by
geographic isolation and environmental heterogeneity.

areas, in

3.3 Carbon stock

The findings shown that the top four predictors for
carbon stock were biol, soil organic matter, bio4, and
altitude, which collectively accounted for 22.8% of the
influence (Figure 3). These variables and their corre-
sponding importance values were assessed, including
biol (12.325), bio2 (4.617), bio3 (4.512), bio4 (6.980),
bio5 (5.652), bio6 (3.597), bio7 (5.907), bio8 (5.815),
bio9 (4.346), biol0 (2.663), bioll (4.647), biol2
(5.227), biol3 (5.596), biol4 (2.357), biol5 (4.807),
biol6 (4.993), biol7 (4.927), biol8 (3.852), biol9
(5.934), altitude (6.581), cation (6.259), clay (5.167),
bulk (5.842), sand (5.154), silt (4.193), pH (6.012), and
soil organic matter (so) (7.293). These importance
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Figure 3. Contribution of environmental variables on TBCS.
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values indicate the relative significance of each variable
in terms of mean increase error and provide insights
into their impact on carbon stock of the forest.

The forest carbon stock measured at 21.02 tons per
hectare, with the highland and midland shown carbon
stocks of 15.6 and 22.92 tons per hectare, respectively.
This difference indicates that the highland forest has a
lower carbon stock than the midland, indicating sig-
nificance influence of altitude on carbon stock
(p<0.05). Additionally, it is important to highlight
that tree height and DBH show a significant impact on
TBCS with a p-value below 0.05, whereas species diver-
sity, richness, and abundance do not demonstrate a
significant influence (p > 0.05).

This study suggests that large-sized trees play a cru-
cial role as predictors of TBCS. These findings align
with previous research indicating that large-sized trees
are linked to higher AGB stocks in tropical forests,
reflecting their capacity to store substantial amounts of
biomass per tree (Slik et al., 2013). Similarly, the posi-
tive influence of basal area, tree density, tree diameter,
species richness, and species diversity on carbon stor-
age in ecosystems has been observed in other studies,
such as the work by Kaushal and Baishya (2021).
However, in subtropical forests, climate and large-sized
trees, but not diversity, drive above-ground biomass
(Bordin et al, 2021). These findings collectively con-
tribute to a deeper understanding of the factors influ-
encing carbon stock and storage in forest ecosystems.

Several studies conducted in other parts of Ethiopia
and other tropical regions have observed a decreasing
trend of biomass carbon stock with increasing eleva-
tion (Tesfaye and Negash 2018; Simegn et al. 2014).
The mean total biomass carbon stock in the study’s
forest estimated within the range of studies conducted
in other areas, such as the dry Afromontane forest of
Northern Ethiopia (Mokria et al., 2015), Sub-Saharan
Africa tropical dry forest (17-72 t/ha) (Gibbs et al,
2007).

The carbon storing capacity of forests is influenced
by a complex interaction of growth conditions, species
structure, and various disturbance factors (Ali et al.,
2019). Tree biomass and carbon levels within a forest
are highly dependent on factors such as tree type,

N >»T O~ — Al = o o <
20 222929555 L 5.8 .2
el L o o o el o o
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forest structure, tree diameter, tree age, precipitation,
stand condition, and various topographic and edaphic
variables (Ullah et al., 2020). Functional diversity traits,
including DBH, tree height, and wood density, have
been reported to have a stronger correlation with
Ethiopian woodland AGB than species diversity com-
ponents (Sintayehu et al., 2020). The study suggests
that both functional traits, particularly maximum
DBH, and species richness traits significantly correlate
with biomass, indicating that forests have the potential
to accommodate more species. Management strategies
can focus on enhancing the biodiversity of forest
stands, simultaneously enhance carbon stocks (Kaushal
and Baishya, 2021).

In other studies, it has been reported that species
diversity and, more particularly, structural diversity
positively influence AGB (Mensah et al., 2023). Forest
Above-Ground Carbon (AGC) storage has been found
to vary among different forest types (Jia et al., 2022),
and climate has been identified as a factor influencing
tree species diversity and AGC patterns in semi-arid
tree savannas (Mensah et al., 2023). These findings col-
lectively show the complicated nature of factors influ-
encing carbon storage in the forest and the importance
of biodiversity and forest structure.

3.4 Implication of the study

This study has significant implications for ecology, bio-
diversity conservation, and forest management.
Understanding different patterns in species abundance,
TBCS and distribution shows the necessity for adaptive
forest management practices, particularly considering
variations between highland and midland areas.
Altitude is a key factor influencing forest structural
characteristics and carbon storage capacity, guiding the
development of management strategies. This study
indicates the crucial role of forests at varying altitud-
inal classes in carbon sequestration, aligning with glo-
bal climate change mitigation goals. Continuous
monitoring and research on forest species composition,
diversity, TBCS and abundance are essential for identi-
fying adaptive management decisions.

3.5 Limitations and challenges

The study faced limitations due to the impacts of war
and complete siege, resulting in restricted access to the
whole study area. War and complete siege-affected
areas presented difficulties in acquiring updated docu-
ments and conducting field surveys, including soil data
collection. There was deforestation due to the war and
siege. The presence of military bombs in the war-torn
area added to the challenge of excavating soil for soil
experiment. In response to this constraint, the study
utilizes satellite data, ISRIC for soil analysis.
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4. Conclusions and future works

The study identified a variety of woody plant species,
with observations in both highland and midland areas.
Species diversity was higher in the midland, suggesting
a greater number of woody plant varieties there. The
results underscore the significance impact of altitude
on species diversity. The three most significant species,
determined by the Importance Value Index (IVI), were
Juniperus procera, Acacia abyssinica, and Carissa edulis,
collectively representing a substantial portion of the
total IVI and relative abundance. Significant differences
in mean tree diameter and height were observed
between the highland and midland, indicating that alti-
tude affects the growth characteristics of trees in the
study area. The highland forest shown a lower carbon
stock compared to the midland, highlighting the influ-
ence of altitude on carbon storage. It is crucial to
emphasize that tree height and DBH significantly
impact TBCS, whereas species diversity, richness, and
abundance do not show a significant influence.

Hence, future research efforts should prioritize
understanding the temporal dynamics of the identified
woody plant species, their abundance, and carbon
stock. Exploring microclimatic factors, including soil
moisture, is essential for a comprehensive understand-
ing of their impact on plant growth and diversity
across different altitudinal zones. In addition, it is
important to raise awareness among local commun-
ities, policymakers, and stakeholders about the signifi-
cant influence of altitude and other factors on both
plant diversity and carbon stock. This awareness is key
to informing sustainable land use practices and poli-
cies, encouraging a more ecologically responsible
approach for forest ecosystem service management.
Establishing a long-term carbon stock monitoring pro-
gram should be a priority, allowing for continuous
tracking of changes over time and providing essential
data for assessing the ecosystem role in climate change
mitigation. Predicting the distribution of the rare and
dominant species is also important for species conser-
vation and domestication.
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