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La Machine à Carbone
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Forest productivity, carbon budget and 
the search for the «missing sink»!
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Anthropogenic CO2 emissions and removals (2013-2022 average)

4.7±1.8 GtCO2/yr 12%

+
35.3±1.8 GtCO2/yr 88%

18.9±0.4 GtCO2/yr

47%

Atmosphere

Forests

12.3±2.9 GtCO2/yr

31%

Source: CDIAC; NOAA-ESRL; Friedlingstein et al 2023; Global Carbon Budget 2023

Ocean

26%

10.4±1.8 GtCO2/yr

Budget Imbalance: 4%  (-1.6 GtCO2/yr)

Sources Sinks

Forests have become the most important biospheric sink

……but uncertainty for their future capacity of C-removal

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.esrl.noaa.gov/gmd/ccgg/trends/
https://doi.org/10.5194/essd-15-5301-2023


Regional patterns of land-use change emissions

Land-use emissions are high in the tropics, driven 
largely by deforestation. Net sinks occur in regions of 
re/afforestation such as parts of Europe and China.

Estimates from three bookkeeping models
Source: Friedlingstein et al 2023; Global Carbon Project 2023

The peak in Indonesia in 1997 was the Indonesian peat fires.

The top three emitters over 2013–2022 – Brazil, Indonesia, 
and the Democratic Republic of the Congo – contribute 55% 

of the global net land-use emissions.

Land-use emissions, decadal average 2013–2022

                            

 

   

   

   

   

   

   

      

         

        

      

                                                   

                                      

   

                     

Large global differences among biomes, from tropical forests

(sources) to temperate and boreal ecosystems (sinks)

https://doi.org/10.5194/essd-15-5301-2023
http://www.globalcarbonproject.org/carbonbudget/
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How to measure
«la machine à carbone»?
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The eddy covariance 
method is the only 
approach available 

for the direct 
measurement of 

forest net ecosystem 
CO2 exchange with 

the atmosphere

and….

The biometric method 
through direct sampling of 

biomass and soil carbon

Two independent quantitative methods to validate each other





FLUXNET: A Global 
Network of 

Observation Sites
500+ Sites, 10 

Regional Networks, 
45 countries

Quantify and understand causes of variation in terrestrial 
exchange of carbon, water and energy with atmosphere

www.fluxdata.org

Integrated
Carbon 
Observation
System, a large 
European 
research
infratsructure

http://www.fluxdata.org/


Location and main drivers of this large terrestrial C-sink?

Main drivers:
- Forest expansion in abandoned agricultural land
- Demographic changes in young regrowing stands after disturbances and 

harvesting
- Increasing atmospheric carbon dioxide and temperatures
- Nitrogen depositions, largely the result of anthropogenic activities

Location:
- Temperate and boreal forests 

of Northern Hemisphere as 
substantial carbon sink

(Magnani et al. 2007; Pugh et al. 2019)



(Penuelas et al., 2017; Zhao & Running, 2010)

Mediterranean and Central Europe are hot 

spots of possible negative impact of climate on 

primary productivity and Carbon uptake

Climate change impacts (ex. increasing temperatures and drought) estimated  
at 30% reduction on mitigation potential of forest Carbon sink in future



Signs of saturation effects of forest C-sink, in Europe 
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Regrowing forests in EU
have shown to be a
persistent carbon sink.
However, there are early
signs of saturation.
Forest policies and
management strategies
need revision if we want
to sustain the sink.
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Expected decrease of forest C 
sink by 2100. 
Main driver is the ongoing 
ageing process of the European 
forests.
In addition, climate change may 
further amplify or mitigate this 
trend, but large uncertainty in 
climate projections.
A change in management 
practices would be needed to 
reverse an otherwise declining 
trend in the sink.

Carbon budget of EU forests up to 2100



Better stewardship of 
land is needed for the 
Paris Climate Agreement 
goal < 2 °C

20 NCS have been identified 
for conservation, restoration, 
and improved land 
management that increase 
carbon storage and/or avoid 
greenhouse gas emissions. 
Maximum potential of NCS is 
23.8 PgCO2e y−1 almost 
doubling the present forest C-
sink.
Immediate action is needed.

Natural Climate Solutions

(Griscom, Schlesinger et al. 2017)



Contribution of NCS to stabilizing warming to below 2 °C
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Alongside aggressive
fossil fuel emissions 
reductions, NCS offer a 
powerful set of options
for nations to deliver on the 
Paris Climate Agreement while 
improving soil productivity, 
cleaning our air and water, 
and maintaining biodiversity.



CLIMATE SMART FORESTRY

(European Forest Institute 2016;
Nabuurs et al. 2017)

Innovative forest management 
system to improve mitigation
(C-sink) and adaptation to 
climate change, while providing 
ecosystem services and 
renewable biomaterials (ex. 
wood) to reduce the use of 
fossil materials (ex. cement, 
steel)  and energy (ex. coal) 
producing large quantities of 
CO2 and other GHG.
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The role of old growth forests
a heated debate

(Curtis and Gough 2018)

Conservation of 
aging deciduous 
forests may 
therefore sustain the 
terrestrial carbon 
sink, whilst providing 
other goods and 
services afforded by 
these biologically 
and structurally 
complex ecosystems



Closer-to-Nature Silviculture
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Harvested wood products (HWP) 
contribute to mitigation by storing 
carbon and replacing energy-intensive 
materials and fossil energy, reducing 
GHG emissions.

HWP carbon stock can be significantly 
increased by prioritizing the use of 
wood for material purposes, while 
maintaining constant harvest.

Role of the construction sector

(Bozzolan, Grassi et al. 2023)

Simulation (interval 2020–2050) shows high 
mitigation benefits with a cumulative HWP net 
CO2 removals of −502 Mt CO2 for Germany, −290 
Mt CO2 for France.
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✓ The forest share of the LULUCF sector can be much more increased compared to the present 
regulation. 

✓ But European policy has not integrated yet forest potential into the EU climate policy 
framework. 

✓ A wide range of measures can be applied to provide positive incentives for integrating these 
climate objectives into the EU forests and forest sector framework. 

✓ With the right set of incentives at EU and Member States levels, current research can support to 
achieve an additional combined mitigation impact through CSF of 441 Mt CO2/year by 2050.

✓ Better involvement in the EU Strategies (Forest, Climate, Biodiversity, Bioeconomy) all the 
actors and stakeholders of forest-based chain value.

✓ Recognizing ES offered by forest managers/owners (ex. avg. payment by MS/EU per ha of 
forest: 26 euro. Social cost of Carbon: ca. 180 euro per ton CO2;  avg. Carbon sequestration per 
ha of forest 2-4 ton CO2)

To become carbon neutral by 2050, the EU27 net carbon sink from forests 

should increase from the current level of about 360 to 450 MtCO2eq/yr by 2050



Merci 

à Vous!
giuseppe.scarascia@efi.int



CONCLUSIONS

1. World forests play a fundemental role in regulating our Climate System.

2. Boreal and Temperate Forests are net sink of carbon. Tropica forests although 

potentially more relevant for carbon sequestration result in carbon sources due to 

tropical deforestation and forest degradation.

3. The role of deforestation on Climate Change is worse than currently considered.

4. Projected Climate changes are toward more pessimistic scenarios and this could 

have large impacts on forest functions, particularly in relation to extreme events.

5. Need to couple mitigation and adaptation of forest ecosystems, with proactive

forest management strategies to maintain and increase the role of forests to meet

Paris targets, involving the whole forest-based sector.

6. Importance of scientific pan-European and international scientific cooperation.
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