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African montane forests harbor some of the greatest biodiversity worldwide, with high levels of species endemism. However, the loss of these forests through fragmentation, deforestation and climate change has been rapidly increasing in recent years. Montane forests in Africa are more susceptible to changes in climate than their lowland counterparts, yet their ecological value is still underrepresented. These montane forests have recently been highlighted as a major aboveground carbon (C) stock. The estimated 149.4 Mg C ha−1 from aboveground live trees surpasses estimates from the Intergovernmental Panel on Climate Change for these endangered forests, and exceeds reported values for neotropical montane and lowland forests by up to 70%. Despite the tremendous implications of these findings, coordinated and available research on the C storage potential of the other share of African montane forest biomass, that is in tree roots, is largely missing. Broadly estimated from the allometry of aboveground C stocks and from root:shoot ratios in lowland forests, more than 60 Mg C ha−1 can be stored in African montane forest roots, about 40% more than previously determined. While this broad estimation points at the potential importance of root C stocks in African montane forests, it also unveils a far-reaching knowledge gap. Here, we advocate for a more quantitative representation of the root C stock from dominant forest tree species of African tropical montane forests and ultimately for a better grasp on tree C stocks from this endangered ecosystem.
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Introduction

Tropical roots account for an estimated 18%–21% of total tree carbon (C) content, yet this tree organ is usually misrepresented in tropical C stock estimations (Cairns et al., 1997). Evidence shows that the root biomass allocation of trees increases with elevation on tropical mountains (Kitayama and Aiba, 2002; Leuschner et al., 2007), leading to increased root:shoot ratios and up to four times greater root C allocation in montane than in lowland forests (Moser et al., 2011). This change in biomass and C allocation to roots is partially attributed to greater incidence of strong winds, for which trees grow bigger and develop deeper coarse roots (roots >2 mm in diameter) to improve structural stability and anchorage (Fahey et al., 2016). Further, due to soil phosphorus (P) limitations in highly weathered, wet soils at higher elevations (Silver et al., 1999; Kitayama and Aiba, 2002; Fahey et al., 2016), trees grow more fine root biomass (roots <2 mm in diameter) (Cavelier, 1992; Kitayama and Aiba, 2002; Moser et al., 2010) to optimize resource uptake (Bloom et al., 1985). Despite this understanding of the greater share of root biomass in tropical montane forests, most observations are from tropical lowlands, while those from montane forests are mostly from the neotropics (Iversen et al., 2021).

A recent study suggests that fine root productivity alone can represent up to three-fourths of total net primary productivity in African montane forests (Sierra Cornejo et al., 2020). Another study suggests that the fine root C stock in African montane forests is almost two times greater than in neotropical montane forests at comparable elevations (Cstockfr = 4.0 Mg C ha−1 in n = 2 African montane forests in Ethiopia; Cstockfr = 2.4 Mg C ha−1 in n = 5 neotropical montane forests in Peru; Huaraca Huasco et al., 2021). Moreover, the C-demanding transfer of tree C to root respiration, exudation, and mycorrhizal fungi is not represented in these allocation studies, further contributing to the underestimation of the C sink of African montane tree roots and of forest ecosystems as a whole. Thus, information on the influence of elevation on root biomass in the C-rich paleotropic montane forests of Africa remains scarce (Lewis et al., 2009; Nyirambangutse et al., 2017).



African montane forest roots remain terra incognita in large databases

African montane forests cover about 16% of the global estimated area of tropical montane forests (Scatena et al., 2010), mainly restricted to a few and discontinuous highland areas in western-central, eastern and southern Africa (Figure 1). Recently, African montane forests have become the focus of research attention, because, in addition to their high biodiversity and their ecological and hydrological value (Nyirambangutse et al., 2017; Cuni-Sanchez et al., 2021), these forests have been under particular threat through fragmentation and deforestation (Lézine et al., 2013; He et al., 2023). From 2001 to 2018, 6.4 million ha of the African mountain forests were lost, which represents 10% of their previous extension (He et al., 2023). While this relative montane forest loss rate is the fastest worldwide and further accelerating, a comprehensive representation of African montane forests in global trait databases and in global C cycle projections is absent. Such information will be critical to inform policymakers on sustainable forest management in Africa.
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FIGURE 1
 Map of the African continent showing the distribution of root biomass studies (white diamonds represent coarse roots, black diamonds represent fine roots, and gray diamonds represent fine and coarse roots) and fine root production (white circles inside diamonds) in forest ecosystems. The data are primarily extracted from the Fine-Root Ecology Database, version 3 (FRED3; Iversen et al., 2021) and complemented by a web of science search. The distinction of lowland forests and montane forests was made combining two geo-raster which contained information on vegetation types (ESA, 2017) and elevation (NOAA National Geophysical Data Center, 2022), respectively. We followed the parameters of 0–800 m for lowland forests, 800–1,000 m for submontane forests as described in Cuni-Sanchez et al. (2021) and define forests at >1,000 m as montane forests.


Recent efforts have been directed toward the compilation of trait data into collaborative databases, which enable large-scale modeling of global biogeochemical cycles and climate change effects. They also allow for a relatively rapid look into research trends, and while they do not necessarily represent a systematic review of the literature, they do give an impression of the range of research interests. Currently, the biggest database of coarse and fine root traits (Fine-Root Ecology Database FRED) shows that there are about 50 % less root data points from tropical regions than from temperate regions (Iversen et al., 2021). Further, there are around 27 studies in FRED that have measured root biomass and root production in terrestrial forest ecosystems in Africa since 1953 (Iversen et al., 2021), but only four are from montane forests (Figure 1). When searching specifically for root biomass or production in montane Africa forests using the Web of Science database, we found five additional studies for the continent, from which one includes two forested sites (Figure 1). From these existing root studies in ten montane forests, there is great variability in the methods and root entity used, which impedes trait upscaling and creates a major knowledge gap on root components in African forests. Consequently, sound predictions of the C sink of montane forest ecosystems of the African continent are hindered.



Estimated belowground C stock in African montane forest roots

A recent pantropical review on root:shoot ratios and root biomass has shown great variability in the mathematical construction of allometric equations (Waring and Powers, 2017), likely attributed to the methodological variations used to quantify root biomass and its distribution with depth. The root:shoot ratio of mature pantropical trees ranged from 0.07 to 2.12 g g−1 [data from Waring and Powers (2017), excluding seedlings/saplings, and from own recent literature search; Supplementary Table S1], which reflects the tremendous variation in species, age, environmental conditions, and methodologies used. When considering only those studies from lowland forests in Africa, the root:shoot ratio ranged from 0.20 to 0.52, with an average of 0.39 g g−1. If we apply this lowland average to recent findings of aboveground C stocks in African montane forests (Cuni-Sanchez et al., 2021), we can expect more than c. 59.3 Mg C ha−1 stored in undisturbed African montane tree roots. This is about 41% more than showcased for secondary montane forests in Rwanda (42 Mg C ha−1; Nyirambangutse et al., 2017).

While the above calculations provide a simple estimate of belowground stocks, the allometric equations utilized have not been validated for African montane forests. This is partly because, according to the database from FRED (Iversen et al., 2021), excavation studies of entire root systems from different tree species have not been conducted in the African continent. As a result, it is only possible to estimate root biomass for African montane forests using equations from other ecosystems. Thus, more accurate estimations of root C stocks and sequestration potentials, as well as comparisons with lowland forests and analogues in Southeast Asia and the neotropics, are urgently needed. This will allow for more realistic predictions of the impacts of global changes on montane tree C stocks across the tropics and will aid mitigation measures such as Reducing Emissions from Deforestation and Forest Degradation (REDD+).



Conclusion

Here, we advocate for the development of root biomass allometric equations based on direct methods (e.g., tree excavation and soil pits; Addo-Danso et al., 2016) from the most common tree species along gradients of elevation, climate, forest types, soil type, and successional stage and that follow a standardized trait measurement protocol (Waring and Powers, 2017). These allometric equations will inform current integrative networks of distributed forest plots such as AfriMont (Montane Africa Plot Network), AfriTRON (African Tropical Rainforest Observation Network), and GEM (Global Ecosystem Monitoring Network), which are taking measurements of fine root biomass and production, turnover, and lifespan to generate large root trait datasets for a better understanding of fine root C transfer in African forests.

Similar efforts will be needed to equally ensure a better representation of African coarse roots in trait databases, which play an important role in the whole-tree C budget and in forest biomass allocation patterns. Such an endeavor would provide a much better representation of African tree roots in terrestrial ecosystem models and help to improve our understanding of the contribution of African tropical montane forests to the global C budget. Moreover, soil C stocks might represent the greatest C storage in these forests, so investigations into the influence of the root C stock on soil C sequestration in these forests is also needed. In conclusion, we plead for an extensive exploration of the subsurface biomass in African montane forest ecosystems, for fundamentally improving predictions of the tree C cycle of this endangered ecosystem under conditions of dramatic biodiversity loss and progressing climate change.
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