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Abstract. 
Increased presence of expansive plant species could bring about various ecological influences on biomass carbon, soil organic carbon, and the physical and chemical properties of the soils. However, their impacts on these ecological parameters could differ due to a wide range of life forms, plant communities of the invaded ecosystems, and abiotic conditions. This work was conducted to examine the impacts of Cadia purpurea and Tarchonanthus camphoratus cover on carbon stock in vegetation and soil and soil physicochemical properties in Desa’a forest, northern Ethiopia. Vegetation and soil data were collected from a total of 150 sampling plots (size 20 m × 20 m) from uninvaded and invaded vegetation conditions. The soil samples were collected from topsoil (0–15 and 15–30 cm) of the uninvaded and invaded vegetation conditions. The statistical difference in carbon stock and soil characteristics  of both invaded and uninvaded vegetation conditions were tested using an independent t-test using an R-software. The mean above- and below-ground biomass carbon stocks of the uninvaded vegetation condition (17.62 Mg·C/ha and 4.14 Mg·C/ha, respectively) were found to be significantly higher than those of the invaded vegetation condition (4.73 Mg·C/ha and 1.11 Mg·C/ha, respectively). The mean soil organic carbons (SOC) were significantly higher  in the uninvaded (122.83 Mg·C/ha) than in the invaded (90.13 Mg·C/ha) vegetation condition. The total carbon stock estimates were significantly higher  in the uninvaded vegetation condition (144.59 Mg·C/ha) than in the invaded vegetation condition (95.97 Mg·C/ha). Furthermore, the result revealed that most of the soil characteristics were significantly lower  under the expansive shrubs invaded vegetation conditions except for significantly high sand content . Silt, nitrogen, phosphorus, calcium, copper, and zinc did not significantly change with the cover of the expansive shrubs. Our results suggest that increased presence of the expansive species decreased carbon trapping and affected most of the soil nutrients within the forest. Hence, to enhance the carbon storage potential and to maintain the soil nutrient status of the forest, proper conservation, monitoring, and management of the existing PNV and controlling a further expansion of the expansive shrubs are required. Further studies will be required on the factors responsible for the difference in carbon stocks and soil nutrients in each vegetation condition in addition to the impacts of the expansive shrubs expansion.

1. Introduction
Invasive and expansive plant species have been globally recognized as severe ecological threats in recent decades, which affect the forest ecosystem services [1–6]. The invasive and expansive plant species have similar detrimental consequences and common characteristics [7, 8]. They both can produce high-quality seeds and regenerate and establish easily and grow fast in a wide range of geographical areas and environmental conditions [9]. Invasive and expansive species differ in that the expansive species are native plants spreading in the landscape after changes in land management, whereas the invasive species are introduced plants with self-reproduction in areas distant from the sites of introduction [10]. The highly competitive ability of the invasive species colonizes new localities, often at the expense of native species [11]. Expansive species are species that expand their distribution and colonize new habitats in an area where they are native [8]. They can displace or considerably suppress native plants through superior competitiveness, altering ecosystem processes, or disturbance regimes [12]. Expansion by expansive plant species could bring about various ecological influences on biomass carbon, soil organic carbon, and physical and chemical properties of the soils as they have fast growth and high nutrient uptake potentials [1, 3, 5, 13–17].
Some studies found that expansive species expansion increases carbon stock [5, 18, 19] and soil nutrients [17, 20]. In contrast, the expansion of expansive species resulted in a carbon stock decrease in some areas [15, 21]. Hence, understanding the vegetation and soil carbon changes with the expansion of expansive species is very essential, considering the recent attention in the carbon balance of the tropics [5, 20]. The expansive species could have higher or lower CO2 sequestration potential and ability to moderate climate change than the Potential Natural Vegetation (PNV). PNV refers to the mature vegetation that would establish given a particular set of environmental constraints but excluding the effects of humans [22].
Furthermore, expansion of expansive species can result in various impacts on nutrient exchanges, as expansive species commonly have stronger growth potentials [1]. However, they could have positive or negative impacts on soil fertility [3, 23]. Seitz et al. [24] indicated that changes in the composition of plant communities directly influence soil characteristics, with soil processes responding to the composition of the plant community. Some studies indicated that expansion by expansive plants increases nutrient pools and enhances the rate of soil processes such as litter decomposition and mineralization [1]. They alter soil-nutrient regimes by initially changing community composition [3]. The fast-growing expansive species alter the nutrient cycle directly through their competitive nutrient uptake and poor nutrient use efficiency and by modifying the quality and quantity of the litter entering the soil or indirectly through the activity of roots and the alteration of microclimates below their canopy [17, 25].
The two expansive shrubs in this study, Cadia purpurea (C. purpurea) and Tarchonanthus camphoratus (T. camphoratus), are perennial native shrubs expanded extensively in Desa’a dry Afromontane forest (hereafter Desa’a forest) in northern Ethiopia. The study by Haile et al. [23] indicated a shift in woody plant species composition, and the impacts on plant diversity and regeneration status followed the expansion of expansive shrubs in the forest. Population structure indicators like diameter, height, and mean basal area of the plant species were also declined with the expansion of the expansive shrubs [23]. Besides, despite the species and site-specific nature of the expansive plant species, both negative and positive impacts of expansion on different ecological aspects have been reported [3, 5, 13, 15, 19]. The spatial distribution [26], the expansion factors, and the impacts of both expansive shrubs (C. purpurea and T. camphoratus) on plant diversity, regeneration, and structure [23] were previously evaluated. However, the impacts of the two expansive species on carbon stock and soil characteristics have not been reported yet, while it is important that they are documented. Hence, considering the spatial distribution and abundance of expansive plant species, there is an urgent need to widen our comprehension on assessing the impacts of the expansion of the expansive species on ecosystem carbon sequestration and soil properties.
The goal of this work was to examine the impacts of C. purpurea and T. camphoratus cover on carbon stock and soil properties. The objectives of this study were (i) to analyze the impact of expansive shrubs (C. purpurea and T. camphoratus) cover on the above- and below-ground biomass carbon stock of the forest, (ii) to evaluate the carbon stocks of the dominant species in both vegetation conditions, (iii) to quantify the impact of expansive shrubs cover on soil organic carbon in the forest, and (iv) to evaluate the impact of expansive shrubs cover on soil physicochemical characteristics of the forest.
2. Materials and Methods
2.1. Study Site
The study was conducted in Desa’a dry Afromontane remnant forest in northern Ethiopia. Desa’a forest is located between 13° 20′ and 14° 10′ N latitude and 39° 32′ and 39° 55′ E longitude (Figure 1). The forest is among the 58 registered National Forest Priority Areas to conserve the remnant natural forests and their genetic resources in Ethiopia. It covers two administrative regions in Ethiopia, the lowlands of Afar and the highlands of Tigray regional states, with the majority of the forest residing in Tigray regional state (Figure 1). It touches Atsbi-Womberta and Enderta districts from Tigray and Kuneba and Abala from Afar regional states. The total area of the forest is about 120,026 ha [27].


	
		
			
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
		
	

Figure 1: The geographical location of Desa’a forest in Ethiopia.


Desa’a forest stretched from the ridges of the Great East African Rift Valley towards the Dallol Basin. The forest serves as a buffer zone of the cool highlands of Tigray and the hot lowlands of Afar region [28]. More than 30% of the slope class were found in about 45% of the area [29]. The elevation of the study area ranges between 1400 and 2800 m.a.s.l. The geological formation of the area is based on Enticho sandstone and crystalline Precambrian basement. According to Aynekulu [29], the dominant soil types of the study site include Leptosols, Vertisols, Cambisols, Arenosols, and Regosols.
Climate data were collected from Atsbi climate station (13° 52′ N, 39° 44′E) of the National Meteorological Agency of Ethiopia located near to the study site from the years of 2006–2018. Accordingly, the mean (±SD) annual rainfall of Desa’a forest was 627 (±64.3) mm (Figure 2). The average minimum and maximum monthly temperatures of the area were 9.3 (±0.7)°C and 20.1 (±0.5)°C, respectively (Figure 2). Desa’a forest is broadly categorized as a dry Afromontane forest, which is characterized by J. procera and O. europaea as a dominant PNV. The forest is serving as a green barrier against the expansion of the Danakil desert in the Afar region and the highlands of Tigray region [30].


	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 2: Mean monthly rainfall (mm) and temperature (°C).


2.2. Study Design and Sampling Techniques
A reconnaissance survey was conducted to collect preliminary information on the existing status of the forest and sampling vegetation conditions. The study area was then categorized into two vegetation conditions as “uninvaded” (0–25% either T. camphoratus, C. purpurea, or both and dominated by J. procera and O. europaea), and “invaded” (≥50% cover of either T. camphoratus, C. purpurea, or both) by visually estimating their coverage. The visual estimation of the cover was conducted through a transect walk [31]. The two vegetation conditions were near to each other to limit unexplained fluctuation because of various environmental factors such as soil properties, rainfall regimes, and altitude. We have employed a systematic sampling technique as indicated in the work of Ellenberg and Mueller-Dombois [32]. Transect lines were laid at each vegetation condition at a distance of 100 m apart and plots at every 50 m interval along these transect lines. The starting points for the transect lines were determined and laid in a way that can maximize the number of plots using a systematic random sampling technique. The length of the transects was not uniform and they were varied according to the stratification of the vegetation conditions. The number of the plots was then determined based on the length of the transects in both vegetation conditions. The distance between the vegetation conditions was set at a minimum of 300 m in case of adjacent canopies to avoid the ecotones or a maximum of 2 km in one occasion where closer distances were practically unfeasible [33]. A total of 150 sample plots (size 20 m × 20 m) were placed along the transect lines at both vegetation conditions.
2.3. Data Collection
The vegetation and soil data collection were carried out between August and December 2018. All tree/shrub species in the plots were then identified and measured per species. In both vegetation conditions, height, diameter at breast height (DBH) (defined at 1.3 m from the ground), and diameter at stump height (DSH) (at 30 cm from the ground) were measured using diameter tape and caliper, respectively, and recorded for each tree and shrub species. For the multistem trees and shrubs, measured at DBH and DSH, we have used the following equations:where DBHe is the diameter at breast height equivalent and DSHe is the diameter at a stump height equivalent.
The heights of all individual trees greater than 5 m height were measured in the sampling plots using clinometers at different distances based on the height of the tree from the base and were calculated using the following equation:
Soil samples were taken from the one at the center and the other four at the four corners of the 20 m × 20 m sample plot, at depths of 0–15 cm and 15–30 cm using a sharp knife. These soil depths were selected because most of the plant root activities and root mass are concentrated there [31]. Approximately 500 g composite single soil samples from the same depth were mixed in the field for each given plot, resulting in a one sample per soil depth per plot. Besides, from the same plot, soil samples for soil bulk density determination were collected from the surface soil using a core sampler (5 cm diameter × 5 cm tall, 98.2 cm3). Then the samples were dried at ambient temperature and then passed through a 2 mm sieve and transferred to a soil laboratory at the Department of Geology at Mekelle University, Ethiopia, for analysis.
2.4. Data Analysis
2.4.1. Above-Ground Biomass Carbon (AGBC) Estimation
The above-ground biomass of trees measured at diameter at breast height (DBH, cm) was estimated using the allometric model developed by Tetemke et al. [34] using the following equation:where AGB is above-ground biomass and DBH is the diameter at breast height.
Besides, above-ground biomasses (AGB) of the multistemmed trees and shrubs measured in diameter at stump height (DSH, cm) were estimated by the model developed by Tetemke et al. [34] according to the following equation:
Above-ground biomasses of the trees and shrubs were converted to carbon following the guidelines established in the IPCC [35], which assume carbon content to be 50% of the above-ground biomasses of trees and shrubs using the following equation:where AGBC is above-ground biomass carbon (Mg/ha); AGB is above-ground biomass; C is carbon fraction (the default value is 0.50).
2.4.2. Below-Ground Biomass Carbon (BGBC) Estimation
Below-ground biomass (BGB), commonly known as root biomass, was determined by root-to-shoot ratio value. In this study, the below-ground biomass carbon (BGBC in Mg·C/ha) of the plant species was calculated by multiplying the above-ground biomass carbon (AGBC in Mg·C/ha) with the mean root-to-shoot ratio of 0.26 recommended for species in dry areas [36] according to the following equation:
2.4.3. Soil Organic Carbon (SOC)
The soil samples were analyzed in the soil laboratory of land resource management and environmental protection and geology department, Mekelle University, Ethiopia. Firstly, soil samples were air-dried at room temperature and sieved with a 2 mm sieve to remove large particles like litter and debris. The samples were then oven-dried until a constant weight was maintained with the temperature of 105°C. The SOC was then estimated following Pearson et al. [37] according to the following equation:where d is the total depth of the soil samples taken (cm), % C is carbon concentration (%), and p is soil bulk density (g/cm3) calculated using the following formula:where ODW is the oven-dry weight of the soil samples in grams; CV is core volume (cm3); CF is mass of the coarse fragment (>2 mm) in grams; PD is the density of rock fragment in g/cm3, often given as 2.65 g/cm3.
2.4.4. Total Carbon Stock
The total carbon stock (in Mg·C/ha) of each vegetation condition was determined by summing the three carbon pools (above-ground biomass carbon, below-ground biomass carbon, and soil organic carbon) calculated using the following equation:where TCS is total carbon stock, AGBC is above-ground biomass carbon stock (Mg/ha), BGBC is below-ground biomass carbon stock (Mg C/ha), and SOC is soil organic carbon (Mg/ha).
The CO2 equivalent was then determined by multiplying the total carbon stock by ratio of the molecular weight of carbon dioxide to that of carbon (44/12) or 3.67 [37].
2.4.5. Soil Physicochemical Analysis
The soil samples were air-dried at room temperature and sieved with a 2 mm sieve to remove large particles like litter and debris and homogenized, and 15 soil variables were analyzed. Soil texture was determined using the hydrometer method, soil pH using a pH meter in a 1 : 2.5 soil: water ratio, total nitrogen (N) with Kjeldahl method, available phosphorous by Bray II extraction method [38], and soil organic carbon by the Walkley-Black method [39], respectively. Sodium, potassium, calcium, magnesium, and micronutrients (copper, zinc, manganese, and iron) were extracted with ethylenediaminetetraacetic acid (EDTA) and their concentration was determined with Atomic Absorption Spectrophotometer [33]. Besides, undisturbed soil samples were collected from the surface of the same plots of invaded and uninvaded vegetation conditions using core-sampler to determine bulk density. Great care has been given to avoid loss of soil while taking cores for bulk density measurement. The dry mass weights of the soil samples were determined after they were oven-dried until a constant weight was maintained at 105°C.
2.5. Statistical Analysis
All data on carbon stocks and soil physicochemical characteristics of both uninvaded and invaded vegetation conditions were analyzed using R software packages [40]. Shapiro-Wilk’s and Levene’s statistical tests were performed to check the normal distribution and homogeneity of variances, respectively. An independent t-test was used to test for mean differences of carbon stocks (biomass carbon and SOC stocks) and soil physicochemical characteristics between the invaded and uninvaded vegetation conditions. Statistical mean differences were considered significant at  < 0.05.
3. Result
3.1. Vegetation Characteristics
The dominant species in the uninvaded vegetation condition were found to be J. procera, O. europaea, Dodonaea angustifolia, Vachellia etbaica (Schweinf.), and Carissa edulis Vahl which contributed about 36%, 14%, 7%, 5%, and 4%, respectively. The remaining 34% was contributed by the other 57 woody species. The dominant species in the invaded vegetation condition were C. purpurea, T. camphoratus, Vachellia etbaica (Schweinf.), Rhus natalensis Bernh. ex Krauss, and other species contributing about 51%, 31%, 2%, 2%, and 14%, respectively. The total stem density of all woody species for both invaded and uninvaded vegetation conditions was found to be 1369 and 1382 ha−1, respectively. It was found to be significantly different between the vegetation conditions . Besides, average woody plant species, diameter, and height decreased significantly with the abundance of the expansive shrubs . The percentages of the woody species with DBH class ≤5 cm, 6–10 cm, 11–20 cm, and >20 cm were found to be 49.51%, 29.80%, 15.97%, and 4.78% for uninvaded vegetation condition and 57.50% 36.95%, 5.3%, and 0.24% for invaded vegetation condition, respectively (Figure 3).


	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
		
		
			
		
			
			
			
			
			
			
			
		
	
	
		
	
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
	
	
		
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 3: Diameter class distribution of woody species at both vegetation conditions.


3.2. Carbon Stocks of the Dominant Species in Both Vegetation Conditions
The top three species with a relative dominance of 99.37% in the uninvaded vegetation, namely, O. europaea (9.22 (Mg·C/ha), 42.4%), J. procera (7.72 (Mg·C/ha), 35.5%), and Dodonaea angustifolia (0.48 (Mg·C/ha), 2.2%), contributed about 80% carbon stock of the total biomass (Table 1). On the other hand, the top three species in the invaded vegetation condition with a relative dominance of 99.29%, namely, C. purpurea (1.71 (Mg·C/ha), 29.3%), T. camphoratus (1.07 (Mg·C/ha), 18.3%), and Vachellia etbaica (Schweinf.) (0.34 (Mg·C/ha), 5.8%), contributed about 53% carbon stock of the total biomass (Table 1).
Table 1: Carbon stock’s potential of the top three dominant plant species in both invaded and uninvaded vegetation conditions.
	

	Vegetation conditions	Dominant plant species	AGB/ha	AGBC	BGBC	TBCS
	Scientific name	Family
	

	Invaded	Cadia purpurea Ait.	Fabaceae	2.71	1.36	0.35	1.71
	Tarchonanthus camphorantus	Asteraceae	1.70	0.85	0.22	1.07
	Vachellia etbaica (Schweinf.)	Fabaceae	0.55	0.27	0.07	0.34
	

	Uninvaded	Olea europaea L. subsp. Cuspidata	Oleaceae	14.64	7.32	1.9	9.22
	Juniperus procera Hochst. ex Endl.	Cupressaceae	12.27	6.13	1.59	7.72
	Dodonaea angustifolia	Sapindaceae	0.76	0.38	0.10	0.48
	


AGB = above-ground biomass; AGBC = above-ground biomass carbon stock; BGBC = below-ground biomass carbon stock; TBCS = total biomass carbon stock.


3.3. Above-Ground and Below-Ground Biomass Carbon Stocks
The mean above-ground biomass carbon (AGBC) for both uninvaded and invaded vegetation conditions was estimated to be 17.62 Mg·C/ha and 4.73 Mg·C/ha, respectively (Table 1). The difference in mean aboveground carbon was found to be significant between the invaded and uninvaded vegetation conditions ( < 0.001). The uninvaded vegetation condition was higher than the invaded vegetation condition by about 58% (Table 1). Similarly, the below-ground carbon stock was significantly higher in the uninvaded vegetation condition compared to the invaded vegetation condition ( < 0.001). The below-ground carbon stock of the uninvaded vegetation condition was also higher than that of the invaded vegetation condition by about 58% (Table 1).
3.4. Soil Organic Carbon (SOC)
The results in the estimation of SOC indicated that it has been reduced down across the vertical distribution of the two depths, that is, 0–15 cm and 15–30 cm, for both the uninvaded and invaded vegetation conditions. The mean SOC stocks for 0–15 to 15–30 cm soil depths were found to be 68.02 to 54.81 Mg·C/ha and 47.75 to 42.38 Mg/ha in the uninvaded and invaded vegetation conditions, respectively. The difference has been found to be statistically significant at both depths in the uninvaded vegetation condition (, Table 2). However, the mean SOC has not shown a statistically significant difference at both depths in the invaded vegetation condition (, Table 2). Moreover, the uninvaded vegetation condition displayed significantly  higher SOC compared to the adjacent invaded vegetation condition at both depths (Table 2). The mean values of SOC stocks (0–30 cm) were found to be 122.83 ± 19.13 and 90.13 ± 18.67 Mg/ha for both uninvaded and invaded vegetation conditions, respectively. The result showed that the mean SOC stocks were found to be significantly higher at the uninvaded vegetation condition compared with the invaded vegetation condition (, Table 2).
Table 2: Mean (±SD; N = 75) biomass carbon stock, SOC, total carbon stock (Mg C/ha), CO2 sequestration (Mg C/ha of CO2 seq.), and results of independent t-test (at  = 0.05).
	

	Carbon pool	Vegetation conditions	 value
	Invaded	Uninvaded
	

	AGBC	4.73 ± 2.68	17.62 ± 5.98	 ≤ 0.001
	BGBC	1.11 ± 0.26	4.14 ± 3.23	 ≤ 0.001
	TBC	5.84 ± 3.36	21.76 ± 7.13	 ≤ 0.001
	SOC 0–15 cm	47.75 ± 11.32a	68.02 ± 12.42a	 ≤ 0.001
	SOC 15–30 cm	42.38 ± 11.21a	54.81 ± 11.78b	 ≤ 0.001
	SOC 0–30 cm	90.13 ± 18.67	122.83 ± 19.13	 ≤ 0.001
	TCS	95.97 ± 19.71	144.59 ± 20.36	 ≤ 0.001
	CO2 seq.	352.21 ± 72.34	530.65 ± 74.72	 ≤ 0.001
	


AGBC = above-ground biomass carbon stock; BGBC = below-ground biomass carbon stock; TBCS = total biomass carbon stock; TCS = total carbon stock; seq. = sequestration; SD = standard deviation. Different letters in the same column indicate significant difference .


3.5. Total Carbon Stocks and Carbon Dioxide Sequestration
The mean (±SD) total carbon stocks were found to be 144.59 ± 20.36 and 95.97 ± 19.71 Mg·C/ha for uninvaded and invaded vegetation conditions, respectively (Table 2). In all carbon pools, significantly higher carbon stocks were found in the uninvaded vegetation condition compared to the invaded vegetation condition (, Table 2). The CO2 sequestrations were found to be 530.65 and 352.21 Mg Ceq/ha at both uninvaded and invaded vegetation conditions, respectively. The CO2 sequestration in the uninvaded vegetation condition was significantly higher than that in the invaded vegetation condition (, Table 2).
3.6. Soil Physicochemical Characteristics
The result revealed that a higher abundance of the expansive shrubs in the invaded vegetation condition did not significantly change some of the soil characteristics, including the soil silt, nitrogen, phosphorus, calcium, copper, and zinc compared to the uninvaded vegetation condition (, Table 3). However, nitrogen and calcium concentrations were found to be marginally higher in the invaded vegetation condition than in the uninvaded vegetation condition. Carbon, potassium, sodium, magnesium, manganese and iron concentrations, and soil pH decreased significantly under expansive shrubs (, Table 3). In contrast, sand content was significantly higher in the invaded vegetation condition than in the uninvaded vegetation condition (, Table 3).
Table 3: Mean (±SD) physicochemical characteristics of soils under both invaded and uninvaded vegetation conditions and results of independent t-test (at  = 0.05).
	

	Soil variable	Vegetation conditions	 value
	Invaded	Uninvaded
	

	Sand (%)	30.15 ± 11.50	18.80 ± 7.07	≤0.001
	Silt (%)	40.20 ± 7.82	42.05 ± 8.29	0.472
	Clay (%)	29.65 ± 12.61	39.15 ± 9.53	0.011
	pH	7.85 ± 0.48	8.14 ± 0.38	0.044
	Carbon (%)	3.16 ± 0.69	4.82 ± 0.75	≤0.001
	Total nitrogen (%)	0.11 ± 0.02	0.096 ± 0.02	0.160
	Available phosphorus (%)	0.022 ± 0.01	0.029 ± 0.01	0.106
	Potassium (mg/g)	0.16 ± 0.10	0.21 ± 0.1	0.048
	Calcium (mg/g)	8.50 ± 3.90	7.20 ± 3.7	0.295
	Sodium (mg/g)	0.19 ± 0.04	0.23 ± 0.05	0.016
	Magnesium (mg/g)	0.32 ± 0.10	0.43 ± 0.10	<0.001
	Manganese (mg/g)	0.11 ± 0.03	0.13 ± 0.04	0.014
	Iron (mg/g)	3.1 ± 1.10	3.8 ± 0.47	≤0.001
	Copper (mg/g)	0.020 ± 0.01	0.024 ± 0.01	0.140
	Zinc (mg/g)	0.020 ± 0.01	0.022 ± 0.01	0.335
	



4. Discussion
4.1. Biomass Carbon Stocks
The biomass and biomass carbon stocks were found to be lower in the expansive shrubs in the invaded vegetation condition compared to the uninvaded vegetation condition of Desa’a forest. The considerable difference in total biomass carbon between the uninvaded and adjacent invaded vegetation conditions could be explained in two ways. First, an increase in abundance and expansion of the expansive species to new areas in Desa’a forest was facilitated by anthropogenic disturbances like burning, overgrazing, and overharvesting of the PNV for fuelwood, fencing, construction materials, agricultural equipment, and charcoal making [23, 30]. Expansion of the expansive species in the area could have resulted in lower carbon stocks due to their lower DBH. Second, the anthropogenic disturbances in the forest aggravated the PNV degradation [23] and as a result affected vegetation restoration and accumulation of aboveground biomass, where the carbon stock is determined [41]. Besides, a higher abundance of the expansive species has an impact on the number of individuals per ha and the basal area which may be the cause for the differences in the biomass carbon stock between the uninvaded and invaded vegetation conditions. For instance, Balderas and Arturo [42] stated that the basal area is a vital parameter that governs the carbon content by the species. As stated in the work of Solomon et al. [43], sites with more basal area and diameter resulted in higher carbon storage. The overall highest contribution of total biomass carbon stock by O. europaea and J. procera in the uninvaded vegetation condition and C. purpurea and T. camphoratus in the invaded vegetation condition could be due to the higher abundance of the plant species.
4.2. Soil Organic Carbon Stock
Soil is a vital carbon sink, holding more carbon than the total carbon in biomass and the atmosphere [44]. Our study found that SOC was higher in the surface layer (0–15 cm) compared to the subsurface layer (15–30 cm) at both the uninvaded and invaded vegetation conditions. This is in agreement with other results reporting that SOC decreases with increasing soil depths [45–49]. Various studies [50–52] have also reported a higher concentration of SOC in the top layer of soils. The higher SOC content in the surface layer of soils could be due to higher input and rapid decomposition of litter in a suitable condition. However, the decrement in SOC between the two depths (0–15 to 15–30 cm) was found to be higher in the uninvaded vegetation condition than in the invaded vegetation condition. This could be attributed to the nature of the species, level of disturbance, species structure, and composition [53].
The SOC content could increase, decrease, or not change significantly in response to the expansion of expansive shrubs [13, 15, 19]. Our study found that the higher cover of the expansive shrubs caused a significant decrease in the mean SOC relative to the PNV in the uninvaded vegetation condition (Table 2). The variability may occur due to the nature of the species, growth conditions, species structure and composition, and other disturbance factors [53]. On the other hand, anthropogenic disturbances on the PNV could have two causes, (i) attribute to decrease the biomass of PNV and the subsequent production of litterfall and (ii) facilitating the expansion of the expansive shrubs which have less above-ground biomass vegetation resulting in low SOC. Accordingly, uninvaded vegetation condition with high above-ground biomass may have a higher contribution to SOC of the soil as compared to invaded vegetation condition with low above-ground biomass. The difference in SOC could also be due to shifting the PNV to expansive species in the forest, which alters the primary production, soil faunal communities, and rooting depth, which could also affect the SOC [54–56]. A previous study by Wardle [57] demonstrated that different plant species have different impacts on the activity of root biomass and soil microorganisms, which can affect SOC accumulation. Therefore, the highest SOC content in the uninvaded vegetation condition could also be due to the presence of PNV that contributed to continued production and decomposition of litter biomass. Fast nutrient decomposition rates related to high microbial activities have been reported by Yelenik et al. [25] and Valéry et al. [5] following the expansion of Vachellia saligna and Elymus athericus, respectively. On the contrary, slow microbial nutrient decomposition has been reported in the area invaded by Eucalyptus camaldulensis [17].
4.3. Soil Physicochemical Properties
We argued that the differences in soil properties between the invaded and uninvaded vegetation conditions were caused by the direct and indirect effects of the trees and shrubs found in each vegetation condition. Furthermore, the relatively higher concentration of nitrogen in the invaded vegetation condition could be due to the nitrogen-fixing ability of the expansive species, namely, T. camphoratus [58]. The relatively higher concentration of calcium in our result was in agreement with the study by Sholto-Douglas et al. [3], which reported high calcium under the expansive species of Dicerothamnus rhinocerotis and Pteronia incana invaded sites. The significant difference in soil pH between the invaded and uninvaded vegetation conditions was consistent with previous studies [3, 6, 59–61] which reported that plant invasion and expansion significantly elevate soil pH values. The pH value of this study was found to be low compared to that in the study by Ward et al. [6] under the soil of T. camphoratus.
High variability in soil physicochemical characteristics in response to the expansion of plant species has been reported in other studies. Previous studies have reported both increased [1, 3, 25, 62] and decreased [3, 63] values of soil properties under invasive and expansive plant species invaded sites compared to uninvaded sites. The variations may be caused by several reasons, among which the most important are functional traits of the expansive species and PNV, differences in plant phenology and morphology that initiated different effects on sites, environmental factors, and the soil microbial community [64, 65]. Besides, herbaceous cover is suppressed with increase in the cover of the expansive shrubs, which increases soil erosion that could cause nutrient loss to be the reason for the variation [23, 66]. Litter decomposition rate variation has also been considered to explain changes in soil nutrients due to the expansion of expansive species. Some invasive or expansive species can increase the microbial activities resulting in a fast nutrient decomposition rate as they have been reported by Yelenik et al. [25] and Valéry et al. [5] following the invasion of Vachellia and the expansion of Elymus athericus, respectively, and slow nutrient decomposition as reported by Tererai et al. [17] following the invasion of Eucalyptus camaldulensis.
5. Conclusion
This study revealed that all measured carbon stocks were found to be lower under the expansive shrubs in the forest. The total mean carbon biomass and soil organic carbon stock of the uninvaded vegetation condition were higher than those of the invaded vegetation condition. The carbon dioxide sequestration potential of the forest has been found to be lower under the expansive shrubs. Different soil characteristics have been observed under the canopies of PNV in the uninvaded vegetation condition in comparison to the soil from the canopies of the expansive shrubs from the invaded vegetation condition. Most of the soil physicochemical properties were significantly lower in the expansive shrubs of invaded vegetation condition except for significantly higher sand content. Some of the soil properties such as silt, nitrogen, calcium, copper, and zinc did not significantly change with the cover of the expansive species compared to PNV. Hence, to enhance the carbon storage potential and to maintain the soil nutrient status of the forest, proper conservation, monitoring, and management of the existing PNV and controlling a further expansion of the expansive shrubs are required.
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