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Initially: Forest Degradation and REDD



Degraded Forest Landscapes 



Significant degradation occurring outside of forest landscapes
But slowing considerably in recent years.

How much Forest land available for restoration?
How much non Forest land available for tree restoration?

Skole, D.L., Samek, J.H., Mbow, C., Chirwa, M., Ndalowa, D., Tumeo, T., Kachamba, D., Kamoto, J., Chioza, A. 
and Kamangadazi, F., 2021. Direct measurement of forest degradation rates in Malawi: toward a national 
forest monitoring system to support REDD+. Forests, 12(4), p.426.



2015-2022 LCLUC Change Deforestation (red) and Degradation (yellow)







National-scale Individual Tree Carbon Mapping 

Source: Skole, D.L., Mbow, C., Mugabowindekwe, M., Brandt, M.S., Samek, J.H. 2021.The importance of trees outside of forests as 
natural climate solutions. Nature Climate Change, 11(12): 1013–1016.



Continental-scale individual tree 
mapping

Reiner, F., Brandt, M., Tong, X., Skole, D., Kariryaa, A., Ciais, P., Davies, A., Hiernaux, P., Chave, J., Mugabowindekwe, M. and Igel, C., 2023. 
More than one quarter of Africa’s tree cover is found outside areas previously classified as forest. Nature Communications, 14(1), p.2258.



Proof of Concept in Senegalese Savannas 

Source: Skole, D.L., Samek, J.H., Dieng, M., Mbow, C. 2021. The Contribution of 
trees outside of forests to landscape carbon and climate change mitigation in West 
Africa, Forests, 12(12): 1652



Allometric Scaling Model Training and Testing

A. Field analysis, B. model validation, estimated DBH from VHR-CPA

Source: Skole, D.L., Samek, J.H., Dieng, M., Mbow, C. 2021. The Contribution of 
trees outside of forests to landscape carbon and climate change mitigation in West 
Africa, Forests, 12(12): 1652
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This Study: 1 ha Gridded Landscape Carbon, VHR-CPA Model

Baccini et al. 25 km2 Gridded 

Zarin et al. re-processed Baccini at 30 m





Direct crown model
Biomass allometry

Two Options: Direct and Indirect estimators



Biomass allometry

Indirect
crown model, 
estimated 
DBH





An example model from Kenya
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National Scale Application: Rwanda  Carbon Stocks

Mugabowindekwe, M., Brandt, M., Chave, J., Reiner, F., Skole, D.L., Kariryaa, A., Igel, C., Hiernaux, P., Ciais, P., 
Mertz, O. and Tong, X., 2023. Nation-wide mapping of tree-level aboveground carbon stocks in Rwanda. Nature 
Climate Change, 13(1), pp.91-97.



West Africa

Global, 
11,593 trees

East Africa 

Rwanda Model Performance: 
Estimated DBH from Remote Sensing CPA



Individual Tree Carbon based on Allometry



75% of trees and 49% of carbon in TOF



Reiner, F., Brandt, M., Tong, X., Skole, D., Kariryaa, A., Ciais, P., Davies, A., Hiernaux, P., Chave, J., Mugabowindekwe, M. and Igel, C., 
2023. More than one quarter of Africa’s tree cover is found outside areas previously classified as forest. Nature Communications, 14(1), 
p.2258.

29% of tree cover is found outside areas previously classified as tree 
cover in state-of-the-art maps, such as in croplands and grassland.



Some Countries have 
significant TOF 
contributions to total 
tree cover



Wells for Zoe

Wildlife Action
Group

Prototype
(AREECA)





Sample Frame and Sample Allocation for 
Model Training and Testing in Malawi



Malawi Prototype AFR100 Project Site: 
National Model Development

1 Ha. Sample Plot, Field Measured Trees,
And Remote Sensing Model Tree Crowns

1 Ha Sample Plot, Field Measured Trees, Predicted 
Carbon Stock per Tree

Total Carbon in Plot:
2 Metric tC/ ha



Landscape wide carbon estimate in TOF: A) Landscape crowns B) Plot scale showing 
estimated carbon, C) ground photo from plot (note terrace ridges in imagery)



Mvai 
Forest 
Reserve

AFR100 Project 
and Model 
Landscape

Carbon in Project
• 148,722 Metric tC
• 2.93 Metric tC per ha.
• Maximum is ~9 tC per ha.



Re-imagining REDD+ in a Landscape Perspective

RegenerationDeforestationDegradation

Mbow, C., Smith, P., Skole, D.L.,  Duguma,L., Bustamante, B. 2014. Achieving mitigation and adaptation to climate change through 
sustainable agroforestry practices in Africa. Current Opinion in Environmental Sustainability 6 (2014): 8-14.

Mbow, C., E. Toensmeier, M. Brandt, D. Skole, et al. 2020. Agroforestry as a solution for multiple climate change challenges in Africa. 
In, Deryng, D. (ed.), Climate Change and Agriculture, Burleigh Dodds Science Publishing, Cambridge, UK, 404 pp.


