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            Abstract
Tropical forests store 40–50 per cent of terrestrial vegetation carbon1. However, spatial variations in aboveground live tree biomass carbon (AGC) stocks remain poorly understood, in particular in tropical montane forests2. Owing to climatic and soil changes with increasing elevation3, AGC stocks are lower in tropical montane forests compared with lowland forests2. Here we assemble and analyse a dataset of structurally intact old-growth forests (AfriMont) spanning 44 montane sites in 12 African countries. We find that montane sites in the AfriMont plot network have a mean AGC stock of 149.4 megagrams of carbon per hectare (95% confidence interval 137.1–164.2), which is comparable to lowland forests in the African Tropical Rainforest Observation Network4 and about 70 per cent and 32 per cent higher than averages from plot networks in montane2,5,6 and lowland7 forests in the Neotropics, respectively. Notably, our results are two-thirds higher than the Intergovernmental Panel on Climate Change default values for these forests in Africa8. We find that the low stem density and high abundance of large trees of African lowland forests4 is mirrored in the montane forests sampled. This carbon store is endangered: we estimate that 0.8 million hectares of old-growth African montane forest have been lost since 2000. We provide country-specific montane forest AGC stock estimates modelled from our plot network to help to guide forest conservation and reforestation interventions. Our findings highlight the need for conserving these biodiverse9,10 and carbon-rich ecosystems.
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                    Fig. 1: Pantropical variation in AGC stocks sampled by plot networks in montane (≥800 m a.s.l.) and lowland (<800 m a.s.l.) tropical forests.


Fig. 2: Proportion of plot-level AGC stock and stems accounted for by each size class in montane and lowland forests in Africa.


Fig. 3: Variables as a function of elevation.


Fig. 4: Old-growth evergreen humid forests in lowland and montane tropical Africa.
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Extended data figures and tables

Extended Data Fig. 1 Sensitivity of mean AGC stock estimates to data subsampling.
AfriMont plot data were resampled at different sample sizes either at plot level (sampling with replacement) or at site level (sampling without replacement). N = 1,000 resamples for each sample size.


Extended Data Fig. 2 Effect of plot area, aggregation procedure and plot design on estimates of AGC stocks across the AfriMont plot network.
a, Relationship between AGC stocks and plot area of plots before aggregation. The red line shows the fit of a locally weighted regression model (span 0.75) relating these variables, with dashed lines showing the standard errors. b, Variation in AGC stocks using either all plots before aggregation (unaggregated), plots before aggregation but excluding those <0.2 ha (unaggregated, >0.2 ha) or the aggregated plots used in the main analyses (aggregated). c, Effects of plot design on AGC stocks (each site represents one dot). Sampling strategies include random or stratified random, plots positioned along transects, plots established within elevation bands, subjective measures such as choosing an area of forest considered representative of the wider area, and other strategies (one plot sampled per site or unclear strategy). Carbon stocks (log transformed) did not differ significantly between sites with different sampling strategies (analysis of variance F4,39 = 0.432, P = 0.785). For specific site information, see Supplementary Table 5.


Extended Data Fig. 3 Robustness of differences in tropical montane forest AGC stocks among continents based on plot networks to differences in elevation.
a, Elevations of montane forests plots sampled in each continent. Violin plots show the distribution of data, with boxplots showing the median and interquartile range of elevation in each continent. b, Effect of removing submontane plots (800–1,000 m a.s.l.) and high elevation plots (>2,200 m a.s.l., approximately the upper quartile of elevations for the African montane plot dataset) on AGC stocks in montane forests sampled by plot networks in each continent. Mean AGC stocks and 95% CIs are shown as estimated by models using all data, excluding plots 800–1,000 m and restricting plots to 1,000–2,200 m. Means for all plots differ from the analysis in Fig. 1 as literature plots without elevation data (plots in Colombia) were excluded from this analysis. Point symbols are proportional to the square-root plot area. N = 324 plots.


Extended Data Fig. 4 Relationship between AGC stocks and elevation for tropical montane forests in each continent based on plot networks.
The dashed lines show relationships from a linear mixed-effects model of log-transformed AGC stocks as a function of elevation, continent and their interaction. Site was included as a random effect, and AGC stock–elevation relationships allowed to vary among sites. The lines show fitted slopes across sites. Neither the overall relationship between elevation and AGC stocks (slope −0.039 [95% CI = −0.127–0.057], P = 0.420) nor interactions between elevation and continent (Southeast Asia, change in slope = −0.074 [−0.294–0.149], P = 0.503; Neotropics, change in slope 0.006 [−0.132–0.149], P = 0.913) are statistically significant. N = 324 plots.


Extended Data Fig. 5 Environmental drivers of AGC stocks across the AfriMont plot network.
Coefficients are from a linear mixed-effects model with site as a random intercept. Results are following all-subsets regression and model averaging, in which variables that do not appear in well supported models are given coefficients of zero, leading to shrinkage in model coefficients. Statistically significant relationships (P < 0.05) are indicated with asterisks. TPI refers to topographic position index (positive values indicate higher than surroundings and negative values indicate lower than surroundings). T_mean, annual mean temperature; T_seasonality, temperature seasonality; Precip_total, annual precipitation; Precip_seasonality, precipitation seasonality.


Extended Data Fig. 6 Expected sampling effort if effort was distributed in proportion to the area of tropical montane forest biome in Africa.
Data are summarized at 1° resolution. The upward triangles show grid cells where AfriMont sampling effort is more than double expected effort and the downward triangles show grid cells where AfriMont sampling effort is less than half expected effort. The circles denote AfriMont sampling effort being between half and double expected effort. The extent of the tropical montane forest biome was defined as closed-canopy forests ≥800 m a.s.l. in December 2018, extracted from ref. 38 and clipped to ‘primary humid forest’ using ref. 39. This grided map differs from Fig. 4 as numerous grids have very little tropical montane forest.


Extended Data Fig. 7 Differences in the environmental conditions sampled by the AfriMont plot network and the tropical montane forest biome in Africa.
The extent of the biome was defined as closed-canopy forests ≥800 m a.s.l. in December 2018, extracted from ref. 38 and clipped to ‘primary humid forest’ using ref. 39. Environmental variables for the biome were extracted at about 1-km resolution.


Extended Data Fig. 8 Differences in AGC stocks in AfriMont plots located in montane forests with and without elephants.
a, Differences across all plots. AGC stocks are statistically significantly lower in forests with elephants (t-test, t = 3.5, d.f. = 83.5, P = 0.001). The thick line shows the median, and boxes cover the interquartile range (IQR). Values >1.5 times IQR away from the IQR are shown by points. b, Differences in countries where elephants are present in at least one of the montane sites studied. The black squares show means in each country in forests with or without elephants and the solid lines denote statistically significant differences (t-tests, P < 0.05). Elephant presence in 2019 was estimated by the co-authors (Supplementary Table 5).


Extended Data Fig. 9 Relationship between AGC stocks and Podocarpaceae.
a, Relationship between AGC stocks and Podocarpaceae basal area across plots in the AfriMont network, expressed as a percentage of total plot basal area. These variables are not significantly correlated (rs = 0.083, n = 226, P = 0.212). b, Distribution of plots with at least 20% basal area of Podocarpaceae (black points) in relation to elevation and AGC stocks. AGC stocks are not significantly related to elevation or Podocarpaceae basal area (linear mixed effects model, P = 0.152 and P = 0.132, respectively).


Extended Data Fig. 10 Within-country variation in AGC stocks based on the AfriMont plot network.
Error bars show means and 95% CIs estimated by linear mixed-effects models. Modelled means not shown for countries with fewer than five plots. Point size is proportional to plot area.
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