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Contribution of neglected carbon pools to carbon storage in the humid tropical forests of Eastern Cameroon
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ABSTRACT 

	In the tropical forests of the Congo Basin, the understory constitutes a forest stratum whose components are generally neglected in studies related to forest carbon storage, despite their contribution to climate change mitigation. The objective of this study is to estimate the carbon stocks of understory components (herbaceous plants, understory woody species, litter, and fine roots) in semi-deciduous forests of eastern Cameroon. Carbon stock estimation was carried out using a destructive sampling approach. Data on woody species with a diameter ≤10 cm were collected in 14 randomized plots of 20 m × 20 m (400 m²). Data on woody species with a diameter ≤4.99 cm, herbaceous plants, litter, and fine roots were collected in subplots of 10 m×10 m, 1 m×1 m, 0.5 m×0.5 m, and 0.2 m×0.2 m, respectively. Diameter and height of woody species were measured. The understory, composed of the four carbon pools mentioned above, stores 11.92 ± 2.15 tC/ha, of which 47% is contributed by fine roots, 26% by woody species, 25% by litter, and 2% by herbaceous plants. A significant difference was found among carbon stocks across the different pools considered. Carbon stocks across diameter and height classes followed a bell-shaped distribution, with peaks in the 2.5–7.5 cm diameter classes and the [4–8 m] height classes. Given these substantial quantities, it is essential to reconsider the role of the understory in carbon accounting, particularly to optimize REDD+ programs and enhance the resilience of Cameroonian forest ecosystems to climate change.



Keywords: carbon stocks; neglected carbon pools; forest understory; semi-deciduous forest; eastern Cameroon.


1. INTRODUCTION 

Climate change currently represents one of the most pressing global challenges, with an average global temperature increase of 1.1°C (IPCC, 2023). Its impacts are uneven across tropical regions but are perceptible worldwide. According to FAO (2022), Central Africa has experienced a temperature increase of up to 1.8°C since 1950. This rise in temperature has led to major hydrological disruptions across Africa, resulting in devastating floods caused by intense rainfall leading to thousands of deaths and displacements as well as prolonged droughts (OCHA, 2024).
Between 2000 and 2016, the proportion of intact forests in the Congo Basin declined from 78% to 67%, representing approximately 23 million hectares of degraded forest (Forest Declaration Assessment, 2022). Forest degradation and fragmentation dynamics may act as precursors to deforestation. Between 2015 and 2020, about 11% of regional deforestation (approximately 650,000 hectares) occurred in forests that had first been fragmented before undergoing permanent conversion (Forest Declaration Assessment, 2022). Deforestation is one of the main drivers of global warming, responsible for approximately 0.8 to 0.9 gigatons of carbon (GtC) emitted annually, representing about 8% of global carbon emissions (Friedlingstein et al., 2023). Less widely recognized, degradation and disturbances in tropical forests (excluding net deforestation) generated approximately 1.0 GtC/year over the period 2001–2019 (Harris et al., 2021), accounting for around 11% of global annual CO₂ emissions.
Forest ecosystems, which are potential sinks for atmospheric carbon sequestration, have increasingly become significant sources of CO₂ emissions. In response to this situation, forests have been recognized internationally as a critical component of the environment, with a well-established role in climate change mitigation (IPCC, 2019). Indeed, forests have the capacity to absorb atmospheric carbon—one of the most important greenhouse gases—and store it in their tissues as biomass, thereby reducing atmospheric CO₂ concentrations and mitigating climate change (Murphy, 2024). On average, these forests can store approximately 200 tC/ha. Despite this crucial role, tropical forests are increasingly subject to anthropogenic pressures, leading to a decline in ecosystem services, particularly climate regulation services (Vancutsem et al., 2021). In response, several mechanisms aimed at reducing forest degradation and deforestation have emerged, notably REDD+, whose primary objective is to limit human impacts on ecosystems and promote conservation and carbon storage.
Within the framework of REDD+ implementation, ensuring reliable estimates of ecosystem carbon storage potential requires that all carbon pools be taken into account. However, most studies in African tropical forests neglect several carbon pools that may also contain significant carbon stocks, such as the forest understory (Ntonmen et al., 2022). The forest understory plays a critical role in ecosystem regeneration and is often overlooked in assessments of plant diversity (Droissart et al., 2018). Composed of carbon pools such as understory woody species, litter, herbaceous vegetation, and soil carbon, the understory represents a key component of the global carbon cycle, capturing 15–20% of annual fossil emissions while harboring more than half of terrestrial species (Poorter et al., 2003). According to Zebaze et al. (2023), the forest understory accounts for 20–30% of total biomass.
Previous studies have demonstrated that the floristic diversity of the understory (Kabelong et al., 2018; Chimi et al., 2018; Ntonmen et al., 2020) and its biomass (Kossi et al., 2024) are both substantial, yet highly vulnerable to climatic and anthropogenic disturbances. Despite this, the understory of tropical forests remains largely overlooked. This bias leads to an underestimation of the carbon sequestration potential of forest ecosystems. In this context, the general hypothesis of this study is that understory compartments exhibit differential contributions to carbon stocks. Therefore, the main objective of this study is to assess the carbon sequestration potential of neglected understory pools in the humid tropical forests of eastern Cameroon.
2. material and methods 

2.1 Study Area
This study was conducted in the Mindourou Subdivision, Haut-Nyong Division, East Region of Cameroon, specifically within intact forest stands of community forests in Mindourou. Geographically, this area belongs to the South Cameroonian Plateau and is characterized by relatively flat to gently undulating terrain, consisting of plains, valleys, and a few hills, with an average elevation reaching approximately 600 m (PNDP, 2012). The soils are predominantly ferralitic (Ferralsols), mainly red and yellow in color; however, hydromorphic soils occur in swampy areas and along watercourses. The climate is classified as sub-equatorial forest type, with four unevenly distributed seasons. The mean annual temperature ranges between 23°C and 25°C, while the average annual rainfall is approximately 1,800 mm. The area is also characterized by a dense hydrographic network. From a phytogeographical perspective, Letouzey (1989) classified this area within the semi-deciduous humid dense forest domain, dominated by species of the Malvaceae and Cannabaceae families. The flora is mainly composed of forest species such as Triplochiton scleroxylon, Milicia excelsa, Pterocarpus soyauxii, Distemonanthus benthamianus, Mansonia altissima, Baillonella toxisperma, Lovoa trichilioides, Entandrophragma cylindricum, and Petersianthus macrocarpus (PNDP, 2012). Agriculture constitutes the main livelihood activity of local populations.
2.2 Data Collection
The carbon pools considered in this study included woody vegetation with diameters between 0 and 10 cm (measured at 30 cm above ground level), herbaceous vegetation, litter, and fine roots. To obtain reliable biomass data, carbon stock estimation was conducted exclusively using a destructive sampling method.
The sampling design consisted of 14 randomized plots of 20 m × 20 m each, within which woody individuals with diameters between 5 and 10 cm were collected (Ntonmen et al., 2020). Each plot was subdivided into nested subplots of 10 m × 10 m, 1 m × 1 m, 0.5 m × 0.5 m, and 0.2 m × 0.2 m for the collection of data on woody individuals with diameters between 1 and 5 cm, herbaceous vegetation, litter, and fine roots, respectively (Figure 1). It should be noted that the floristic inventory data associated with this study have been previously published (Ntonmen et al., 2020).A
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Figure 1. Sampling design for floristic diversity inventory and estimation of carbon sequestration by: (A) woody species with diameters of 1–5 cm in 100 m² plots;
(B) woody species with diameters of 5–10 cm in 400 m² plots;
(C) herbaceous vegetation in 1 m² quadrats;
(D) litter in 0.5 m × 0.5 m quadrats;
(E) fine roots collected from 0.2 m × 0.2 m quadrats.
Following this sampling design, all understory woody individuals were identified, cut at ground level, and weighed using a portable electronic hanging scale, with measurements taken separately for stems, branches, and leaves. The total fresh mass of each individual was recorded, and subsamples (aliquots) of 100–300 g were collected and weighed using a precision balance (maximum capacity: 2000 g; precision: 0.01 g).
For stems, three subsamples were collected at different positions (base, middle of the trunk and top). Thus, a total of five subsamples were collected per individual: three from the stem, one from branches, and one from leaves. In addition to biomass data, diameter (measured at 30 cm above ground level; Ntonmen et al., 2020) and total length (measured after felling using a measuring tape) were also recorded.
All herbaceous biomass was harvested within 1 m × 1 m quadrats. Litter was entirely collected within 0.5 m × 0.5 m quadrats. These samples were weighed fresh, packaged in pre-labeled drying paper bags, and transported for analysis.
Fine roots were collected by excavating soil within 0.2 m × 0.2 m quadrats to a depth of 0.3 m. The excavated soil was placed into labeled plastic bags and transported to the nearest river, where it was washed using buckets and a sieve with millimeter-scale mesh. After repeated washing, all fine roots retained on the sieve were collected, placed into labeled plastic bags, and weighed.
In total, 1,024 samples were collected for woody components, and 70 samples for each of the other pools (litter, herbaceous vegetation, and fine roots). All samples were transported to the Botany–Ecology Laboratory of the Department of Plant Biology and Physiology at the University of Yaoundé I. Samples were oven-dried at 105°C for woody components and 80°C for herbaceous material, leaves, and fine roots until constant weight was achieved (Picard et al., 2012). Drying involved repeated weighing at successive time intervals (48 h, 24 h, 12 h, 6 h, 6 h, 6 h, etc.). Dry mass of subsamples was measured using a precision electronic balance.
2.3. Data Analysis
The formula proposed by Sandra Brown and Timothy Pearson (2005) was used to estimate the total dry mass of each tree component. The total dry mass of an individual corresponds to the sum of the dry masses of all its compartments:
"Total dry mass"=("Total fresh mass" ×"Sample dry mass" )/"Sample fresh mass" 

The total biomass of woody vegetation within each plot was obtained by summing the dry masses of all individuals measured.
For herbaceous vegetation, litter, and fine roots, total dry mass corresponded to the measured dry mass after oven-drying. These values were then extrapolated to a per-hectare basis using an extrapolation factor defined as:
"Extrapolation factor (EF)"=10,000/"sampled area" 

Carbon stocks for each pool were estimated by multiplying biomass by a conversion factor of 0.47, as recommended by Zapfack et al. (2013).
Woody carbon stocks were further classified according to diameter and height classes, with class intervals of 2 cm and 4 m for diameter and height, respectively.
2.4. Statistical Analysis
Statistical analyses were performed using the R software. The Shapiro–Wilk normality test confirmed that the data followed a normal distribution. Consequently, a one-way analysis of variance (ANOVA) was used to test for significant differences in carbon stocks among the different carbon pools. When significant differences were detected, Tukey’s post hoc test was applied for pairwise comparisons.

3. results 

3.1. Carbon stocks of different compartments
In this study, the total carbon stock of the understory averaged 11.92 ± 2.15 tC/ha. Fine roots represented the largest carbon pool (5.56 ± 1.81 tC/ha), followed by woody understory vegetation (3.07 ± 0.98 tC/ha), litter (3.02 ± 0.55 tC/ha), and herbaceous vegetation (0.27 ± 0.13 tC/ha).
The ANOVA test revealed a statistically significant difference in carbon stocks among the different carbon pools (P < 0.05) (Figure 2). According to Tukey’s post hoc test, no significant difference was observed between woody vegetation and litter pools. However, significant differences were detected among the other carbon pools when compared pairwise.
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Figure 2. Carbon stock (tC/ha) in function of carbon pools considered

3.2 Variation in woody carbon stocks across diameter classes
Diameter classes, defined with a 2 cm interval, significantly influenced the total carbon storage potential in the study area (ANOVA, P < 0.05). The diameter class [2.5–5.0 cm) exhibited the highest mean carbon stock (1.06 tC/ha), whereas the [1.0–2.5 cm) class showed the lowest value (0.47 tC/ha). The [5.0–7.5 cm) and [7.5–10.0 cm) classes recorded mean carbon stocks of 0.98 tC/ha and 0.54 tC/ha, respectively. This distribution explains the observed asymmetric bell-shaped pattern, with a peak in the intermediate diameter class [2.5–5.0 cm) (Figure 3). The maximum observed in this intermediate class indicates a greater contribution of medium-sized woody individuals to the total carbon stock. Furthermore, when considered individually, each diameter class highlights the importance of stem density (number of individuals) as a key factor influencing total carbon storage.

  Figure 3. Average carbon stock by diameter class 
3.3 Variation in woody carbon stocks across height classes
Similarly, tree height significantly influenced carbon storage potential in the study area (ANOVA, p < 0.05). The height class [4–8 m) exhibited the highest mean carbon stock (1.52 tC/ha), followed by the [8–12 m), [0–4 m), and [12–16 m) classes, with mean values of 0.77 tC/ha, 0.68 tC/ha, and 0.31 tC/ha, respectively (Figure 4).
This distribution highlights the dominant contribution of intermediate-height individuals to total carbon storage, consistent with the structural dynamics of understory vegetation.
  
Figure 4. Average carbon stock by height class
4. discussion 
The analysis of carbon stock estimation across different forest compartments is part of a research context conducted locally in Cameroon. This study highlights the importance of carbon sinks in tropical forests and the need to integrate such knowledge into climate policy mechanisms such as REDD+.
The results show that understory carbon pools in the humid tropical forests of eastern Cameroon store an average of 11.92 ± 2.15 tC/ha, including 3.07 ± 0.98 tC/ha in woody biomass. This value is lower than those reported by Chimi et al. (2018) and Zekeng et al. (2020), who found 11 tC/ha and 4.41 tC/ha, respectively, in semi-deciduous forests of Forest Management Unit (FMU 110 065) and the Doumé communal forest. Similarly, Kabelong et al. (2018) reported 4.2 tC/ha in Deng-Deng forests, although their study focused only on woody stems with diameters between 5 and 10 cm. These differences may be explained by variations in allometric equations, methodologies, ecosystem-specific characteristics, management regimes, conservation status, and floristic composition. Woody biomass remains the primary aboveground carbon reservoir. Chave et al. (2014) emphasized the dominant role of trees in carbon storage in tropical forests. Litter, composed of leaves, branches, and organic debris, acts as a dynamic interface between living biomass and soil carbon pools, influencing decomposition rates and humus formation (Laganière et al., 2010).
In the present study, carbon stocks in woody biomass and litter are relatively similar, consistent with observations in community and sacred forests of western Cameroon, where woody biomass constitutes a major carbon reservoir, reflecting the importance of trees in carbon stabilization (Tiokeng et al., 2024). Several studies indicate that roots may represent a significant proportion of total carbon stored in forest ecosystems, particularly in tropical and subtropical forests (Cusack et al., 2024). In Cameroon, highlighted the importance of assessing carbon stocks to estimate the potential for results-based payments under REDD+ (Sonwa et al., 2017). This underscores the need for reliable estimates across all compartments to properly quantify ecosystem services and support conservation efforts.
Furthermore, the involvement of local communities, as observed in southeastern Cameroon, can strengthen participatory carbon monitoring systems—an essential component of effective REDD+ initiatives (Sufo Kankeu et al., 2020). Such participation improves both the accuracy of inventories and the local ownership of conservation strategies. Data from Djomo and Chimi (2017) indicate that the inclusion of all compartments—roots, woody biomass, and litter—is essential to maximize carbon sequestration and meet MRV (Monitoring, Reporting, and Verification) standards required by REDD+. The low contribution of herbaceous biomass (0.27 tC/ha) is consistent with findings from other forest ecosystems in Cameroon, such as the Bimbia-Bonadikombo community forest, where herbaceous vegetation represents only a minor fraction of total carbon compared to trees and soil (Longonje et al., 2018). This highlights its limited but ecologically relevant role in overall carbon sequestration.
The integration of such data into REDD+ frameworks not only enhances carbon valuation for results-based payments but also promotes forest conservation and regeneration. The combination of locally derived data and precise inventories, as demonstrated in this study, provides a strong foundation for climate policy and sustainable forest management planning. The analysis of woody carbon stocks across diameter and height classes reveals a non-linear, asymmetric (bell-shaped) distribution. This pattern reflects important ecological and structural dynamics. Intermediate diameter and height classes contribute most to total carbon storage. Their dominant contribution suggests that sustainable forest management should prioritize the conservation of these classes to maximize carbon stocks.
While smaller individuals are more abundant, their individual biomass is low, resulting in limited carbon storage per tree. In contrast, intermediate-sized individuals combine relatively high biomass with sufficient density, explaining their maximum contribution. The decline in carbon stock in larger classes may reflect lower tree density, often due to anthropogenic disturbances such as logging, deforestation, and land-use conversion. These findings are consistent with those of Chimi et al. (2018), who demonstrated that forest stand structure strongly influences carbon distribution in Cameroonian ecosystems. Their study in the Belabo-Diang forest massif showed that carbon stocks vary according to stand density and structure, and that forest inventories can reliably estimate biomass using dendrometric parameters such as diameter and height.
Within the framework of international climate policies, these results are particularly relevant for REDD+, which aims to reduce greenhouse gas emissions from deforestation while enhancing forest carbon sinks. Studies conducted in Cameroon suggest that economic valuation of forest carbon can generate significant revenues while promoting conservation. The dominance of intermediate height classes in carbon storage highlights the importance of sustainable forest management and natural regeneration in maintaining and enhancing carbon sequestration capacity. Incorporating these structural parameters into forest inventories is essential to improve biomass estimation and support national climate strategies.
Moreover, although the carbon stock of the understory is relatively low compared to larger trees, its contribution remains significant and should be integrated into REDD+ implementation strategies at national, regional, and international levels. It should also be considered in green finance mechanisms, payments for ecosystem services, and carbon credit schemes. Based on expert analyses by the Environmental Defense Fund, carbon prices in jurisdictional REDD+ projects in the Congo Basin were estimated at USD 7–11 per ton of CO₂ in 2024. Applying this price range to the present study yields an estimated carbon value between 183,750 and 288,750 FCFA (assuming 1 USD ≈ 600 FCFA). This value is not negligible and could serve as an incentive for local communities to engage in biodiversity conservation and climate change mitigation.

4. Conclusion

This study aimed to evaluate the carbon sequestration potential of neglected understory carbon pools. The findings demonstrate that the forest understory contributes significantly to carbon storage, with the largest share found in fine roots, followed by woody biomass, litter, and herbaceous vegetation. Although these stocks are lower than those reported for trees with diameters ≥10 cm, they remain non-negligible due to their ecological role and potential economic value. The understory, often overlooked in carbon studies, may represent a critical component of climate change mitigation, as it constitutes the future forest and plays a key role in ecosystem regeneration.
For the effective implementation of REDD+ strategies in Cameroon, it is essential to establish reliable databases on carbon stock potential across all ecosystems and their respective compartments. In particular, the carbon sequestration potential of forest understory should be fully recognized and integrated into national strategies, as the sustainability of both REDD+ mechanisms and forest ecosystems depends on it.
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APPENDIX: SYNTHESIS OF CARBON STOCKS OF DIFFERENT PLOTS.

	Quadrat
	Herbaceous Carbon (t C/ha)

	Litter Carbon (t C/ha)

	Rootlet Carbon (t C/ha)

	Wood Carbon

	Total Carbon


	Plot 1
	0,22654
	2,509424
	5,07835
	1,47783702
	9,29215102

	Plot 2
	0,276266
	3,222696
	3,68245
	1,45134671
	8,63275871

	Plot 3
	0,110262
	1,958208
	5,13005
	2,77406091
	9,97258091

	Plot 4
	0,16121
	3,430624
	4,47675
	2,62121717
	10,6898012

	Plot 5
	0,2021
	2,588384
	4,512
	2,53196889
	9,83445289

	Plot 6
	0,205672
	2,997096
	2,87405
	2,81396736
	8,89078536

	Plot 7
	0,36707
	2,5192
	3,78115
	4,22864935
	10,8960693

	Plot 8
	0,168354
	2,966264
	5,5507
	4,76095023
	13,4462682

	Plot 9
	0,19129
	3,141104
	4,41095
	2,22052926
	9,96387326

	Plot 10
	0,188188
	3,830312
	7,70565
	3,32828648
	15,0524365

	Plot 11
	0,335768
	2,827896
	6,64345
	3,44371399
	13,250828

	Plot 12
	0,363028
	2,783528
	7,755
	4,11053649
	15,0120925

	Plot 13
	0,528844
	3,608848
	8,6433
	3,80528938
	16,5862814

	Plot 14
	0,51747
	3,89536
	7,65865
	3,36133908
	15,4328191
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