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1. The global carbon cycle and the residual sink

Data from: Boden, T., G. Marland, and R. J. Andres. "National CO 2 emissions from fossil-fuel burning, cement manufacture, and gas flaring: 1751–

2014." Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, US Department of Energy (2017).

CO2 emission from fossil fuels and industry:
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uncertainty
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1. The global carbon cycle and the residual sink

Le Quéré, Corinne, et al. "Global carbon budget 2017." Earth System Science Data Discussions (2017): 1-79.

• Atmosphere to land flux is inferred from 

the difference between well-understood 

terms and atmospheric CO2 growth rate

• Counteracting terms: land use change 

and land sink, both poorly quantified

• If our estimates of LUC emissions 

increase, the residual land sink must 

also increase 
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1. The global carbon cycle and the residual sink

• LUC (mostly tropics): source of 1.3 ± 1.4 

PgC/yr. Revised upwards in latest global 

carbon budget.

• Global terrestrial C sink: 2.7 ± 2.0 

PgC/yr

• Terrestrial biosphere absorbs ~ 20% of 

fossil fuel CO2 emissions



1. The global carbon cycle and the residual sink

• ~ 1/3 in the tropics?

• ~ 2/3 at high latitudes?

• Large uncertainties about future of 

terrestrial C sink

Where is the residual sink?



• Global carbon budgets typically omit the impacts 

small-scale (sub-grid) forest change

• For example: shifting cultivation and tree 

harvesting, very difficult to quantify, occur 

spatially alongside (re)growth

• New consensus: LUC estimates may be 

underestimated?

• Strengthens arguments to avoid further forest 

loss: potential benefits may be under-estimated

Has degradation been underestimated in the past?

1. The global carbon cycle and the residual sink



What is forest degradation?

2. The difficulty of degradation

• The loss of ‘quality’ of forest land, without the loss of the properties that 

define it as a forest.

• ‘Quality’ not universally agreed

• Should not have a ‘natural’ cause, and must be a persistent loss

• UNFCC definition: ‘direct human-induced long-term loss (persisting X years 

or more) of at least Y percent of forest carbon stocks (and forest values) 

since time (T) and not qualifying as deforestation’. Difficult to operationalise.



2. The difficulty of degradation

Why is it difficult to measure?

a) Effects on forest structure vary widely in space and time.

b) Need to differentiate the ‘state’ of being degraded and the ‘process’ of 

degradation

c) Confusion with natural processes

d) Remote sensing data are not perfectly suited
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2. The difficulty of degradation

a) Effects on forest structure vary widely in space and time

?
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2. The difficulty of degradation

b) Need to differentiate the ‘state’ of being degraded and the ‘process’ of degradation



2. The difficulty of degradation

b) Need to differentiate the ‘state’ of being degraded and the ‘process’ of degradation.

Kilwa District, Tanzania

~30 km

Identifying a degraded ‘state’: • Considerable landscape 

heterogeneity in dry forests



2. The difficulty of degradation

b) Need to differentiate the ‘state’ of being degraded and the ‘process’ of degradation.

Identifying the ‘process’ of degradation:

Requires the measurement of change in some metric against a reference 

state.

Anthropogenic impact is ubiquitous, little agreement on what the ‘natural’ 

state should be.



2. The difficulty of degradation

c) Confusion with natural processes

Anthropogenic and natural processes can have similar impacts on vegetation structure.



2. The difficulty of degradation

d) Remote sensing data are not perfectly suited

• Signal vs noise

• Landscape heterogeneity

• Confusion with phenology/fire

• Availability of long time-series of data



3. Where is degradation happening?

• Degradation clearly important, but difficult to observe.

• Emerging evidence of the widespread nature of degradation through multiple studies.

A B C



3. Where is degradation happening?

• MODIS time series of pan-tropical AGB

• The world’s forests are a net source of carbon:  

425.2 ± 32.0 TgC/yr

A
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Baccini, A. G. S. J., et al. "Estimated carbon dioxide emissions from tropical deforestation improved by carbon-density maps." Nature climate change 2.3 (2012): 182.
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Baccini paper
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• The world’s forests are a net source of carbon: 

425.2 ± 32.0 TgC/yr

• Consists of losses and gains:

• Losses: 861.7 ± 80.2 TgC/yr

• Gains: 436.5 ± 31.0 TgC/yr

• Degradation accounts for 68.9% of global C losses, 

rising to 81% of losses in Africa 

3. Where is degradation happening? A



3. Where is degradation happening?

• Data from global forest watch (Hansen) 

deforestation map + ancillary datasets

• Classified into ‘drivers’ of forest loss

B



3. Where is degradation happening?

Curtis, Philip G., et al. "Classifying drivers of global forest loss." Science 361.6407 (2018): 1108-1111.

B



3. Where is degradation happening?

• Data from ALOS mosaic 2007 – 2010

• Covering miombo eco-region (Angola, Malawi, 

Mozambique, Tanzania, Zambia, Zimbabwe, plus 

Katanga region of DRC).

• Biomass and biomass change.

C



Aboveground biomass 2007

• Overall stocks similar 

to Avitabile (2016)

• 25% lower than 

Saatchi (2011)

McNicol, Iain M., Casey M. Ryan, and Edward TA Mitchard. "Carbon losses from deforestation and widespread degradation 

offset by extensive growth in African woodlands." Nature communications 9.1 (2018): 3045.

3. Where is degradation happening? C



No useable data

(re)growth in more remote areas

Hot spots around some urban 

areas, transport corridors

Trans- boundary spillover?

Export routes

AGB change 2007 - 2010

3. Where is degradation happening?

McNicol, Iain M., Casey M. Ryan, and Edward TA Mitchard. "Carbon losses from deforestation and widespread degradation 

offset by extensive growth in African woodlands." Nature communications 9.1 (2018): 3045.
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• Much higher rates of deforestation 
than Hansen or FAO estimates.

• “Mopping up" is common, more so 
than “frontier” deforestation

• Most deforestation at low biomass 
(90% <20 tC/ha) - coup de grace, not 
first cut

Main findings: deforestation

3. Where is degradation happening?

McNicol, Iain M., Casey M. Ryan, and Edward TA Mitchard. "Carbon losses from deforestation and widespread degradation 

offset by extensive growth in African woodlands." Nature communications 9.1 (2018): 3045.
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• Widespread - affects 20% of study 
area over three years 
95%CI = [17 – 22%]

• Mostly in higher biomass 
woodlands

• Particularly high along eastern 
seaboard, near urban areas

• Accounts for 55% of carbon 
losses
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Main findings: degradation

3. Where is degradation happening?

McNicol, Iain M., Casey M. Ryan, and Edward TA Mitchard. "Carbon losses from deforestation and widespread degradation 

offset by extensive growth in African woodlands." Nature communications 9.1 (2018): 3045.
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• Widespread esp. in more remote 
areas (Angola and Zambia), mostly at 
lower biomass

• Observed growth rate (1.3 ± 0.9 
MgC/ha/yr) similar to estimates from 
ground based studies

95%CI for total

gain loss

Main findings: regrowth

McNicol, Iain M., Casey M. Ryan, and Edward TA Mitchard. "Carbon losses from deforestation and widespread degradation 

offset by extensive growth in African woodlands." Nature communications 9.1 (2018): 3045.

3. Where is degradation happening? C



3. Where is degradation happening?

• Studies agree that degradation has a widespread impact, and 
that this might be larger than previously thought

• Ongoing methodological issues



4. Degradation and ecosystem service provision

What impact does 
degradation of dry forests 
have on people?



Mozambique

Post charcoal boom

Charcoal boom

Pre charcoal boom

4. Degradation and ecosystem service provision
Case study 1: The Maputo charcoal trade

Woollen, Emily, et al. "Charcoal production in the Mopane woodlands of Mozambique: what are the trade-

offs with other ecosystem services?." Phil. Trans. R. Soc. B 371.1703 (2016): 20150315.



Methods (social)

• Household surveys to identify key provisioning ecosystem services (ES) from woodlands

• Charcoal

• Firewood

• Construction materials

• Food

• Medicine

• Focus groups to identify the species and stem size classes that supply each of these ES

Methods (biophyiscal)

• Forest plots established in the vicinity of each village (n = 24), used to identify vegetation types

• Androstrachys forest

• Combretum woodland

• Mopane woodland

• Boscia woodland

• Shrub mopane

• Other

• Species composition for each land cover matched to ES provision

• Supervised classification of landscape using Landsat 8 and ALOS-2

4. Degradation and ecosystem service provision
Case study 1: The Maputo charcoal trade

Woollen, Emily, et al. "Charcoal production in the Mopane woodlands of Mozambique: what are the trade-

offs with other ecosystem services?." Phil. Trans. R. Soc. B 371.1703 (2016): 20150315.



Grass
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Case study 1: The Maputo charcoal trade

Woollen, Emily, et al. "Charcoal production in the Mopane woodlands of Mozambique: what are the trade-

offs with other ecosystem services?." Phil. Trans. R. Soc. B 371.1703 (2016): 20150315.



Key conclusions

• Likely trade-off between charcoal production and provision of firewood 

and construction materials

• Even under extreme future scenarios, these ecosystem services are 

unlikely to be lost entirely

• Food, medicinal plants, and grass provision largely unaffected by 

charcoal production

4. Degradation and ecosystem service provision
Case study 1: The Maputo charcoal trade



4. Degradation and ecosystem service provision
Case study 2: Fire management in miombo woodlands
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Results:

• Fire likely to have a small impact on woodland AGB over a long time 

period.

• This will be difficult to measure, though in combination with process 

based models can be predicted



5. SMFM and degradation

• What will the SMFM tools be able to achieve?

• Where can we anticipate difficulties?
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ALOS-1, 2007SMFM tool 2



ALOS-2, 2016SMFM tool 2



SMFM tool 2 ALOS-2, 2016



SMFM tool 2 ALOS-2, 2016



High resolution optical



Global forest watch Landsat



Sentinel-2
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Sentinel-1



High resolution optical



Sentinel-2 time seriesSMFM tool 3
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Sentinel-2 time series
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