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            Abstract
Land-use change occurs nowhere more rapidly than in the tropics, where the imbalance between deforestation and forest regrowth has large consequences for the global carbon cycle1. However, considerable uncertainty remains about the rate of biomass recovery in secondary forests, and how these rates are influenced by climate, landscape, and prior land use2,3,4. Here we analyse aboveground biomass recovery during secondary succession in 45 forest sites and about 1,500 forest plots covering the major environmental gradients in the Neotropics. The studied secondary forests are highly productive and resilient. Aboveground biomass recovery after 20 years was on average 122 megagrams per hectare (Mg ha−1), corresponding to a net carbon uptake of 3.05 Mg C ha−1 yr−1, 11 times the uptake rate of old-growth forests. Aboveground biomass stocks took a median time of 66 years to recover to 90% of old-growth values. Aboveground biomass recovery after 20 years varied 11.3-fold (from 20 to 225 Mg ha−1) across sites, and this recovery increased with water availability (higher local rainfall and lower climatic water deficit). We present a biomass recovery map of Latin America, which illustrates geographical and climatic variation in carbon sequestration potential during forest regrowth. The map will support policies to minimize forest loss in areas where biomass resilience is naturally low (such as seasonally dry forest regions) and promote forest regeneration and restoration in humid tropical lowland areas with high biomass resilience.
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                    Figure 1: Relationship between forest biomass and stand age using chronosequence studies in Neotropical secondary forest sites.[image: ]


Figure 2: AGB after 20 years.[image: ]


Figure 3: Potential biomass recovery map of Neotropical secondary forests.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Relative recovery of AGB after 20 years in relation to abiotic factors, forest cover, and land use.
a, Annual precipitation; b, CWD; c, rainfall seasonality; d, CEC; e, percentage forest cover in the surrounding matrix; f, previous land use (SC, shifting cultivation, N = 17; SC & PA, some plots shifting cultivation, some plots pasture, N = 2; PA, pasture, N = 9; means ± s.e.m. are shown). Relative recovery is expressed as the ratio of AGB after 20 years over median AGB of old-growth forest (as a percentage). Regression lines are shown while keeping the other variable constant at the mean value across sites (P = 0.040 for 1/rainfall, P = 0.027 for CEC, R2 = 0.23, N = 28 Neotropical forest sites).


Extended Data Figure 2 AGB recovery after 20 years in relation to abiotic factors, forest cover, and land use.
a, Rainfall seasonality; b, CEC; c, percentage forest cover in the surrounding matrix; d, previous land use (SC, N = 19; SC & PA, N = 9; PA, N = 15; means ± s.e.m. are shown). For rainfall seasonality, the regression line is shown based upon the multiple regression model that also includes rainfall and CWD, and where these variables were kept constant at the mean value across sites (two-sided P = 0.003, see Fig. 2 for these models for rainfall and CWD).


Extended Data Figure 3 Uncertainty map of potential biomass recovery of Neotropical secondary forests.
The uncertainty is based on the 95% confidence interval of the mean predicted AGB after 20 years (see Fig. 3 and Methods). It is expressed as a percentage of the predicted AGB: 100 × (0.5 × 95% confidence interval of the mean)/predicted AGB. In general the uncertainty is low: 80.32% of the mapped area has an uncertainty less than 20%, and 10.2% of the mapped area has an uncertainty between 20% and 30%. Because it is a relative uncertainty, it is highest in the driest areas, which have a low predicted biomass.


Extended Data Figure 4 Relationship between forest biomass and stand age using chronosequence studies in Neotropical secondary forest sites.
a, AGB (N = 44); b, AGB recovery (N = 28). The same as Fig. 1 but with plots and regression lines coloured by forest type: green, dry forest (<1,500 mm rainfall per year); light blue, moist forest (1,500–2,499 mm yr−1); dark blue, wet forest (≥2,500 mm yr−1). Each line represents a different chronosequence. The original plots on which the regression lines are based are shown (N = 1,364 for AGB, N = 995 for AGB recovery). AGB recovery is defined as the AGB of the secondary forest plot compared with the median AGB of old-growth forest plots in the area, multiplied by 100. Significant relations (two-sided P ≤ 0.05) are indicated by continuous lines, non-significant relationships (two-sided P > 0.05) are indicated by broken lines. Plots of 100 years old are also second-growth.


Extended Data Figure 5 Potential biomass recovery map of Neotropical secondary forests.
The same as Fig. 3 but with colour-blind-friendly colour coding. The total potential AGB accumulation over 20 years of lowland secondary forest growth was calculated on the basis of a regression equation relating AGB with annual rainfall (AGB = 135.17 − 103,950 × 1/rainfall + 1.522 × rainfall seasonality + 0.1148 × CWD; see Methods). The colour indicates the amount of forest cover recovery (purple, low recovery; green, high recovery). The 44 study sites are indicated by circles; the size of the symbols scales with the AGB attained after 20 years. The grey areas do not belong to the tropical forest biome. The map focuses on lowland tropical forest (altitude <1,000 m).


Extended Data Figure 6 AGB of secondary forest.
a, AGB 10 years and b, 20 years after land abandonment. Predicted mean AGB is given for three different forest types (dry (<1,500 mm rainfall), moist (1,500–2,499 mm), wet (≥2,500 mm)) using three different allometric equations (indicated by different colours). These allometric equations are ordered from left to right as ref. 34 (blue), ref. 33 (red), and ref. 32 (grey). Means ± s.e.m. are shown.


Extended Data Table 1 Overview of the sites included in the studyFull size table


Extended Data Table 2 Overview of the modelling results of absolute (N = 43, one site was excluded because of missing climatic data) and relative (N = 28) AGB recovery after 20 years in relation to rainfall, CEC, land use, and forest cover in the landscape matrixFull size table
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