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OPINION

Carbon benefits from Forest Transitions promoting biomass
expansions and thickening
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forestry to allowing passive afforestation of abandoned lands—have played a major
century. The Forest Transition, a historic transition from shrinking to expanding forests, and from sparser to denser forests, has seen an increase of biomass and carbon across large regions of the globe. We propose that the contribution of Forest
Transitions to the terrestrial carbon sink has been underestimated. Because forest
growth is slow and incremental, changes in the carbon density in forest biomass and
soils often elude detection. Measurement technologies that rely on changes in twodimensional ground cover can miss changes in forest density. In contrast, changes
from abrupt and total losses of biomass in land clearing, forest fires and clear cuts
are easy to measure. Land management improves over time providing important present contributions and future potential to climate change mitigation. Appreciating
the contributions of Forest Transitions to the sequestering of atmospheric carbon
will enable its potential to aid in climate change mitigation.
KEYWORDS
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ecosystems
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from shrinking to expanding forests as experienced by many nations
in the previous centuries (Mather, 1992; Meyfroidt & Lambin, 2011).

Our aim in this paper is to complement the thoughtful analysis of

Forest Transitions have contributed to the increasing global tree cover

Houghton (2020) on the global carbon cycle and echo his emphasis on

since 1982 and have become common on all continents, save Africa

the benefits of “understanding the potential for land management to

and South America, where they remain the exception rather than

remove CO2 from the atmosphere and understanding the processes

the rule (Song et al., 2018). Initially, Forest Transition referred to land

responsible for the sink for carbon on land.” Here we draw attention to

area as the landscape attribute (Mather, 1992). More recently, it has

the role of land management in the ongoing growth and thickening of

been applied also to forest biomass density as a shift from degrading to

the terrestrial carbon stock. “Forest Transition” refers to a turn-around

becoming denser (Kauppi et al., 2006; Le Noë et al., 2020).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Forests emit carbon dioxide when they shrink or degrade.

KAUPPI et al.

2.3 | East Asia

Conversely, forests show net uptake of carbon dioxide when they
expand as stocks of carbon in vegetation and soils increase. Even

Forest expansion in East Asia has been most pronounced in China

if forest area remains constant, its carbon density (kg carbon per

and Japan (Fang et al., 2014). A combination of factors served to

square meter) can change. The cumulative stock change since 1957

release marginal lands to forest expansion including the national tree

in the northern hemisphere is estimated at +78 PgC including both

planting program, the migration to the cities, the intensification of

vegetation and soils (Ciais et al., 2019). Assuming 70% realized in

agriculture, and the opening of the Chinese food sector to imports.

biomass (Pan et al., 2011) this means nearly a doubling of forest

Between 1990 and 2015, China’s forest area increased from 157 to

biomass since 1957, a huge increase in terrestrial biomass in so

208 Mha, and woody biomass changed from 8.5 to 12.8 billion tons

short a time.

C according to official statistics (FAO, 2015, ref. China). Hence, the

Forest Transitions accelerate the gross removal of carbon from

rate of expansion was 32% for forest area and 50% for forest bio-

the atmosphere and decelerate gross emissions of terrestrial carbon.

mass, suggesting that significant densification is going on in China’s

In addition, Forest Transitions improve global opportunities for ob-

forests.

taining sustainable timber, which can displace more energy intensive
materials in the economy and reduce the use of marginal forestry
lands for roundwood harvests, considered to be critically important

2.4 | Ireland

for long-term climate change mitigation (Smith et al., 2014).
Since 2000 industrial tree plantations continue to expand in many

2 | FO R E S T TR A N S ITI O N O F A R E A A N D
D E N S IT Y: C A S E N ATI O N S

countries including Ireland. Trees chosen for industrial plantations
are selected to grow fast. Globally, plantation forests cover about
131 million ha, which is 3% of the global forest area and 45% of the
total area of planted forests (FAO, 2020). In Ireland, from 2005 to

The transition from shrinking to expanding forests began in indus-

2015, forests expanded by 8% in terms of forest area and 68% in

trialized nations in the middle of the 19th century. In the decades

their growing stock volume (FAO, 2015, ref. Ireland), indicating a

since 1950, often without significant changes in forest area, forest

much faster rate of growth in biomass than in area.

biomass density has increased. The relative importance of density
increase versus area expansion varies in time and space as these
country abstracts demonstrate.

2.1 | France

3 | A B RU P T LOS S E S , S U B TLE G A I N S
Biomass losses are often abrupt, sudden and obvious (Körner, 2003)
to the noticeable exception of degradation of tropical forests. Large
losses such as clear cuts, large-scale insect defoliations and wild-

A first documentation of Forest Transition was published for France

fires are easy to detect using remote sensing methods. In contrast,

showing a turn-around from shrinking to expanding forest area in

biomass gains that contribute to carbon sequestration are gradual,

the early 19th century (Mather, Fairbairn, & Needle, 1999). More

subtle, and difficult to detect. Once a forest canopy is established,

recently, Le Noë et al. (2020) showed that during the last 50 years

biomass accumulates below as incremental thin layers of wood cells

the carbon stock of forests in France has grown from increases in

covering the trees’ trunk, a process difficult to quantify. Monitoring

biomass density. They also discussed how trees serve as a pathway

carbon gains in soils is even harder. Remote sensing may not resolve

for carbon from the atmosphere into soils. The stock of carbon in

the incremental changes from in the steady accrual of terrestrial car-

forest soil has correlated positively with the stock of carbon in the

bon, although recent advancement of the research methods show

tree cover.

certain promise (Fan et al., 2019; Wigneron et al., 2020). Subtle net
gains of carbon at stand level are best observed empirically using

2.2 | European Russia, Ukraine and Belarus

the FLUXNET system (Baldocchi et al., 2001) which detects CO2
exchange at the stand level but provides an insufficient basis for
global extrapolations. The global network monitors carbon gains

A Forest Transition has been documented in easternmost Europe as

in growing young and middle aged forests excluding the unpredict-

agriculture declined after the dissolution of the Soviet Union. From

able locations where stand-replacing disturbances happen to occur

1990 to 2009 an estimated 31 million ha of cropland was abandoned

(Körner, 2003).

in European Russia, Ukraine and Belarus (Schierhorn et al., 2013).

We expand the criticism by Hansen, Potapov, and Tyukavina

Most of the abandoned lands have sprouted sparse young forests

(2019) to Baccini et al. (2017) by drawing attention to an evident

that act as emerging carbon sinks. These lands represent an im-

measurement bias which has led to underestimation of subtle bio-

portant reserve for global food production (Meyfroidt, Schierhorn,

mass gains. Baccini et al. (2017) estimate that tropical forest vegeta-

Prishchepov, Müller, & Kuemmerle, 2016).

tion lost carbon in 2003–2014. Their method however was sensitive
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to the abrupt losses, but not the subtle gains. Methodologically, they

productive forest soils, thus sparing marginal timber lands from har-

estimated for each pixel a piecewise linear function for the changes

vesting and allowing them to be conserved for nature. Improved

of carbon. They then tested separately for each pixel whether the

industrial processes and recycling have reduced demand for virgin

function deviates statistically significantly (with p < .05) from a no-

material from the forest (Wernick, Waggoner, & Ausubel, 2000).

change, intercept-only model.

Other developments reducing demand for forest products include

Baccini et al. (2017) assumed that a given pixel that did not indicate a statistically significant change meant there indeed was no

electronic communication replacing print media and reduced use of
fire-wood and charcoal in the economy.

change. This criterion excluded a great majority (79%) of the pixels
from the analysis, because no significant change was detected. The
carbon sink/source of tropical forests was computed from the remaining pixels, in which the stock change was either positive (6%)

5 | C A R B O N S I N K A N D FO R E S T
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or negative (15%). In spite of the apparent plausibility, the argument
is untenable. If one tested simultaneously the hypothesis that in all

Managed forests cover about three quarters of the global forests

of the excluded pixels there was zero change, this hypothesis would

(Potapov et al., 2008). Sustainable forest management can lead

become rejected. There are good reasons to assume that most of

to increases in forest extent as well as forest density, providing

the no-change pixels show, owing to regular forest growth, a slight

key elements for mitigating climate change in the decades ahead.

positive change. This example demonstrates that subtle changes of

Understanding Forest Transitions contributes to explaining the bias

forest growth and densification may have remained obscured at re-

of underestimating the role of land management as a driver of the

gional, national and global levels.

terrestrial carbon sink (Erb et al., 2013). To date, Forest Transitions
have greatly served to sequester many tons of carbon dioxide and

4 | TH E CO N C E NTR ATI O N O F
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prevented carbon from remaining in the atmosphere.
The terrestrial sink has not only been large in the global carbon
budget but growing in proportion to emissions. During 1959–2012,
approximately 350 billion tonnes of carbon were emitted by hu-

A growing literature attempts to describe the long-term mecha-

mans to the atmosphere, of which about 55% was taken up by the

nisms driving Forest Transitions (Rudel et al., 2020). Changes in

land and oceans (Ballantyne, Alden, Miller, Tans, & White, 2012).

farming technologies have allowed farmlands around the globe

For 2009–2018, the terrestrial sink (“gross gain”) was estimated at

to go fallow. Relocating agriculture from marginal lands to more

3.2 ± 0.6 PgC/year while the terrestrial emissions (“gross loss”) were

productive fields relaxes the demand of land for food production

estimated at 1.5 ± 0.7 PgC/year (Friedlingstein et al., 2019). We pro-

allowing marginal agricultural lands to return to forests. Improving

pose that Forest Transitions played a growing role, not yet fully ap-

farm yields have spared large areas of land from food production

preciated in accelerating the carbon sink in terrestrial ecosystems.

(Ausubel, Wernick, & Waggoner, 2013). Mather and Needle (1998)

Across the large areas of global lands where Forest Transition has

emphasized the dynamic effects of concentrating crop cultivation

occurred (Meyfroidt & Lambin, 2011), vegetation biomass carbon

and animal husbandry on the best, most productive lands. State of

builds up responding to an expansion of both forest area and forest

the art agricultural technologies are most rewarding economically

density (Le Noë et al., 2020).

when implemented on the best farmlands. The best soils globally are

Bookkeeping models track losses and gains of forest area and the

still used for agriculture, but agriculture has abandoned some of the

regrowth of secondary forests. They use annual rates of land-use

less productive agricultural soils, which then have become excellent

change (ha/year) to describe per hectare changes in carbon stocks.

forest soils. This mechanism offers potential to have a significant im-

Rates of forest regrowth and rates of decomposition of organic de-

pact moderating or reducing global land for the rest of the century

bris are fixed in bookkeeping models. As a result they do not capture

(Folberth et al., 2020). Modern food industries, packaging and retail

possible changes that influence increases in total carbon sequestra-

have succeeded in controlling food losses, also reducing the need

tion in recent decades. Because landowners and governments invest

for land, even though much remains to be improved in this sector

in forests with the explicit goal of accelerating stand establishment

(Bajželj et al., 2014).

and promoting forest growth, managed forests grow—and sequester

Changes in forest management and forest products industries

more carbon—faster.

have complemented the changes in the food sector in driving the

We contend that only by neglecting the effects of the accumu-

terrestrial sequestration of carbon. Net increases in forest extent

lated carbon due to Forest Transitions do Houghton and Nassikas

occur by means of spontaneous forest expansion, active plant-

(2018) estimate gross emissions and removals of carbon from forests

ing, or both. Because of forest management, modern forests grow

from land management as +5.5 and −4.4 PgC/year, respectively, yield-

faster than their predecessors (Henttonen, Nöjd, & Mäkinen, 2017;

ing net emissions of +1.1 PgC/year globally. (Positive signs refer to

Pretzsch, 2009). Due to improvements in international transporta-

emissions to the atmosphere, negative to removals from the atmo-

tion, forest products such as pulp can reach international markets

sphere). These estimates only partially account for subtle processes

easily. This has allowed pulpwood farms to be planted on the most

including forest densification and carbon accumulation in forest soils.
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Accounting for these processes, that may go undetected, yields stron-

of land management in the models. These models calculate departures

ger gross sink than −4.4 PgC/year if impacts of land management

from preindustrial fluxes of carbon by differencing two simulations,

and Forest Transitions are fully acknowledged. We do not challenge

one with climate and CO2 held constant since 1700, and one with the

Houghton’s (2020) estimate of the terrestrial net sink, −1.7 PgC/year,

changes in these two environmental drivers. Land management has dra-

but we attribute more of the sink to land management as opposed to

matically changed since 1700 from predominantly intense deforesta-

environmental change. Our view supports government policies that

tion for agricultural land, wood harvest, cultivation of soil, to eventual

encourage improved land management, more effective forest growth

improving yields, reforestation, tree planting, and active fire manage-

and better use of agricultural and wood products. The enhancement

ment. These changes have affected Forest Transitions, which have

of carbon sequestration through more focused forest management

constituted a positive anthropogenic effect on the global carbon cycle.

are not restricted the potential new forest, established forests can
also sequester more carbon in the future.
To promote both carbon sequestration in forest ecosystems and

7 | CO N C LU S I O N S

the renewable timber available from managed forests, governments
can encourage forest management by implementing legislation and

Forest Transitions have played an important role, which has not yet

incentives. Rudel et al. (2020) suggest that government policies are

been fully acknowledged and quantified, in promoting the accel-

becoming an important driver of new Forest Transitions in the 21st

eration of the carbon sink in terrestrial ecosystems. Neither book-

century. Public policy action directly promotes tree planting for the

keeping models nor global land models as elements of earth system

promotion of carbon sequestration, such as the campaign to plant

models acknowledge the full effect of Forest Transitions on the car-

“trillion trees” (Trilloin Tree Campaign, 2020). In 2020, it remains

bon sink of terrestrial ecosystems. Complex evolution in agricultural

too early to observe the results from recent policy initiatives in the

and forestry technologies, urbanization, globalization, consumption

ground data. Over time, we expect that drivers of Forest Transitions

patterns, and public policies affect changes of vegetation and soils

will evolve due to changes in forests and in parallel to societal

on global lands. Forest Transition theory describes not only the di-

changes in economic development, urbanization and globalization.

rection, but also attempts to quantify the rate of change as forest

We agree with Houghton (2020) that attribution of carbon

carbon stock and offers additional new insight for improving the es-

fluxes to management, as opposed to environmental change, is dif-

timates of the global terrestrial carbon sink. Including the effects of

ficult in practice. The global environment has changed and affected

Forest Transitions especially on changes of carbon density in veg-

forest growth especially in the boreal region (Kauppi, Posch, &

etation and soils can contribute to improved understanding of the

Pirinen, 2014). The sporadic thickening observed in the most north-

global carbon cycle.

ern Russian forests (Forbes, Fauria, & Zetterberg, 2010), is not re-

Terrestrial ecosystems are likely to sequester carbon effec-

lated to changes in land use but changes in ambient environmental

tively in the coming decades, owing to the strong and persistent

conditions. Nevertheless, our perception on the important role of

trend of forests around the globe transitioning to become larger

Forest Transitions has policy implications. Methods of agriculture

and denser. One important question is: What will be the fate of

and practices of both growing and using round wood can be im-

forest biomass in the long term? When can we expect carbon se-

proved. Positive impacts of management can extend to all forests,

questration to cease and when will we see forests naturally en-

not only to the potential new forests, which eventually become cre-

tering a period of being neither net removers nor net contributors

ated (Bastin et al., 2019). Forest Transitions have dual impacts. They

of carbon to the atmosphere? Europe was the first continent to

affect both carbon sequestration in forest ecosystems and the po-

experience Forest Transitions, and Europe’s forest biomass has

tential of renewable timber available from managed forests.

shown first signs of saturation (Nabuurs et al., 2013). The mechanism is clear: gross uptake of carbon will equal gross removals of

6 | FO R E S T TR A N S ITI O N S A N D
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carbon through respiration, harvests and mortality as the forest
carbon stock approaches a steady state under the specific management regime (regardless of forest harvests or no harvests).
This appears inevitable in the long-term future. However, young

The core challenge of the global climate policy is the reduction of

growing forests in many other areas of the world have decades

emissions from the combustion of fossil carbon. Vast quantities of

of carbon absorption ahead. At present, the net effect of global

coal and oil are consumed annually. Global forest growth cannot

terrestrial ecosystems is positive in the global carbon budget se-

fulfil the diverse and large demands of modern energy consump-

questering more than 10% of the fossil emissions while, neverthe-

tion (Smil, 2017). Trying to replace the combustion of coal and oil

less, provisioning food, lumber and fiber products to the growing

by biomass for energy production is thus untenable as a standard

population. Building up the stocks of carbon through incremental

solution (Chatham House, 2017). This said, Forest Transitions add to

Forest Transitions is a mid-term instrument in climate policy, while

the potential of obtaining renewable wood for human consumption.

sustainable provisioning of food and biomass with constantly im-

We support Houghton (2020) in encouraging Earth system mod-

proving methods is an open-ended future goal of environmental

els (global dynamic global vegetation models) to incorporate changes

policy, into the 22nd century and beyond.

|

KAUPPI et al.

AC K N OW L E D G E M E N T S
We thank anonymous reviewers for valuable comments and K W
Wallenberg foundation for financial support. P.C. acknowledges
support from the European Research Council Synergy project SyG2013-610028 IMBALANCE-P and the ANR CLAND Convergence
Institute.
C O N FL I C T O F I N T E R E S T
None.
ORCID
Pekka E. Kauppi

https://orcid.org/0000-0003-1735-756X

REFERENCES
Ausubel, J. H., Wernick, I. K., & Waggoner, P. E. (2013). Peak farmland and
the prospect for land sparing. Population and Development Review, 38,
221–242. https://doi.org/10.1111/j.1728-4457.2013.00561.x
Baccini, A., Walker, W., Carvalho, L., Farina, M., Sulla-Menashe, D., &
Houghton, R. A. (2017). Tropical forests are a net carbon source
based on aboveground measurements of gain and loss. Science, 358,
230–234. https://doi.org/10.1126/science.aam5962
Bajželj, B., Richards, K. S., Allwood, J. M., Smith, P., Dennis, J. S., Curmi,
E., & Gilligan, C. A. (2014). Importance of food-demand management
for climate mitigation. Nature Climate Change, 4, 924–929. https://
doi.org/10.1038/nclimate2353
Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., … Wofsy,
S. (2001). FLUXNET: A new tool to study the temporal and spatial
variability of ecosystem-scale carbon dioxide, water vapor, and energy flux densities. Bulletin of the American Meteorological Society, 82,
2415–2434. https://doi.org/10.1175/1520-0477(2001)082<2415:
FANTTS>2.3.CO;2
Ballantyne, A. P., Alden, C. B., Miller, J. B., Tans, P. P., & White, J. W.
C. (2012). Increase in observed net carbon dioxide uptake by land
and oceans during the past 50 years. Nature, 488, 70–72. https://doi.
org/10.1038/nature11299
Bastin, J.-F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh,
D., … Crowther, T. W. (2019). The global tree restoration potential.
Science, 2019(365), 76–79. https://doi.org/10.1126/science.aax0848
Chatham House. (2017). Woody biomass for power and heat. Impacts on
the Global Climate. Research Paper by Duncan Brack, Environment,
Energy and Resources Department. Retrieved from https://www.
chathamhouse.org/sites/default/files/public ations/research/201702-23-woody-biomass-global-climate-brack-final2.pdf>.26/science.
aax0848
Ciais, P., Tan, J., Wang, X., Roedenbeck, C., Chevallier, F., Piao, S.-L., …
Tans, P. (2019). Five decades of northern land carbon uptake revealed
by the interhemispheric CO2 gradient. Nature, 2019(568), 221–225.
https://doi.org/10.1038/s41586-019-1078-6
Erb, K.-H., Kastner, T., Luyssaert, S., Houghton, R. A., Kuemmerle,
T., Olofsson, P., & Haberl, H. (2013). Bias in the attribution of forest carbon sinks. Nature Climate Change, 3, 854–856. https://doi.
org/10.1038/nclimate2004
Fan, L., Wigneron, J.-P., Ciais, P., Chave, J., Brandt, M., Fensholt, R.,
… Peñuelas, J. (2019). Satellite-observed pantropical carbon dynamics. Nature Plants, 5, 944–951. https://doi.org/10.1038/s4147
7-019-0478-9
Fang, J., Guo, Z., Hu, H., Kato, T., Muraoka, H., & Son, Y. (2014). Forest
biomass carbon sinks in East Asia, with special reference to the relative contributions of forest expansion and forest growth. Global
Change Biology, 20, 2019–2030. https://doi.org/10.1111/gcb.12512
FAO. (2015). Global forest resources assessment 2015: Country reports.
China. Retrieved from http://www.fao.org/3/a-az186e.pdf

5369

FAO. (2020). Global forest resources assessment 2020: Key findings.
Retrieved from http://www.fao.org/3/CA8753EN/CA8753EN.pdf
Folberth, C., Khabarov, N., Balkovič, J., Skalský, R., Visconti, P., Ciais, P.,
… Obersteiner, M. (2020). The global cropland-sparing potential of
high-yield farming. Nature Sustainability, 3(4), 281–289. https://doi.
org/10.1038/s41893-020-0505-x
Forbes, B. C., Fauria, M. M., & Zetterberg, P. (2010). Russian Arctic warming and ‘greening’ are closely tracked by tundra shrub willows. Global
Change Biology, 16, 1542–1554. https://doi.org/10.1111/j.1365-2486.
2009.02047.x
Friedlingstein, P., Jones, M. W., O'Sullivan, M., Andrew, R. M., Hauck,
J., Peters, G. P., … Zaehle, S. (2019). Global carbon budget 2019.
Earth System Science Data, 11, 1783–1838. https://doi.org/10.5194/
essd-11-1783-2019
Hansen, M. C., Potapov, P., & Tyukavina, A. (2019). Comment on “Tropical
forests are a net carbon source based on aboveground measurements of gain and loss”. Science, 363, 3629. https://doi.org/10.1126/
science.aar3629
Henttonen, H. M., Nöjd, P., & Mäkinen, H. (2017). Environment-induced
growth changes in the Finnish forests during 1971–2010 – An analysis
based on national forest inventory. Forest Ecology and Management,
386, 22–36. https://doi.org/10.1016/j.foreco.2016.11.044
Houghton, R. A. (2020). Terrestrial fluxes of carbon in GCP carbon budgets. Global Change Biology, 26, 3006–3014. https://doi.org/10.1111/
gcb.15050
Houghton, R. A., & Nassikas, A. A. (2018). Negative emissions from stopping deforestation and forest degradation, globally. Global Change
Biology, 24, 350–359. https://doi.org/10.1111/gcb.13876
Kauppi, P. E., Ausubel, J. H., Fang, J., Mather, A. S., Sedjo, R. A., &
Waggoner, P. E. (2006). Returning forests analyzed with the forest
identity. Proceedings of the National Academy of Sciences of the United
States of America, 103, 17574–17579. https://doi.org/10.1073/pnas.
0608343103
Kauppi, P. E., Posch, M., & Pirinen, P. (2014). Large impacts of climatic
warming on growth of boreal forests since 1960. PLoS One, 9,
e111340. https://doi.org/10.1371/journal.pone.0111340
Körner, C. (2003). Slow in, rapid out–carbon flux studies and Kyoto targets.
Science, 300, 1242–1243. https://doi.org/10.1126/science.1084460
Le Noë, J., Matej, S., Magerl, A., Bhan, M., Erb, K.-H., & Gingrich, S.
(2020). Modeling and empirical validation of long-term carbon sequestration in forests (France, 1850–2015). Global Change Biology,
26, 2421–2434. https://doi.org/10.1111/gcb.15004
Mather, A. S. (1992). The forest transition. Area, 24, 367–379. Retrieved
from https://www.jstor.org/stable/20003181?seq=1
Mather, A. S., Fairbairn, J., & Needle, C. L. (1999). The course and drivers
of the forest transition: The case of France. Journal of Rural Studies,
15, 65–90. https://doi.org/10.1016/S0743- 0167(98)00023- 0
Mather, A. S., & Needle, C. L. (1998). The forest transition: A theoretical
basis. Area, 30, 117–124. https://doi.org/10.1111/j.1475-4762.1998.
tb00055.x
Meyfroidt, P., & Lambin, E. F. (2011). Global forest transition: Prospects
for an end to deforestation. Annual Review of Environment and
Resources, 36, 43–371. https://doi.org/10.1146/annurev-environ090710 -143732
Meyfroidt, P., Schierhorn, F., Prishchepov, A. V., Müller, D., & Kuemmerle,
T. (2016). Drivers, constraints and trade-offs associated with recultivating abandoned cropland in Russia, Ukraine and Kazakhstan.
Global Environmental Change, 37, 1–15. https://doi.org/10.1016/j.
gloenvcha.2016.01.003
Nabuurs, G.-J., Lindner, M., Verkerk, P. J., Gunia, K., Deda, P., Michalak,
R., & Grassi, G. (2013). First signs of carbon sink saturation in
European forest biomass. Nature Climate Change, 3, 792–796. https://
doi.org/10.1038/nclimate1853
Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A.,
… Hayes, D. (2011). A large and persistent carbon sink in the world's

5370

|

forests. Science, 333, 988–993. https://doi.org/10.1126/science.
1201609
Potapov, P., Yaroshenko, A., Turubanova, S., Dubinin, M., Laestadius, L.,
Thies, C., … Zhuravleva, I. (2008). Mapping the world's intact forest
landscapes by remote sensing. Ecology and Society, 13, 51. https://
doi.org/10.5751/ES-02670-130251
Pretzsch, H. (2009). Forest dynamics, yield and growth: From measurement
to model. Berlin, Germany: Springer.
Rudel, T. K., Meyfroidt, P., Chazdon, R., Bongers, F., Sloan, S., Grau, H. R.,
… Schneider, L. (2020). Whither the forest transition? Climate change,
policy responses, and redistributed forests in the twenty-first
century. Ambio, 49, 74–84. https://doi.org/10.1007/s13280 -01801143- 0
Schierhorn, F., Müller, D., Beringer, T., Prishchepov, A. V., Kuemmerle, T.,
& Balmann, A. (2013). Post-Soviet cropland abandonment and carbon sequestration in European Russia, Ukraine, and Belarus. Global
Biogeochemical Cycles, 27, 1175–1185. https://doi.org/10.1002/
2013GB 004654
Smil, V. (2017). Energy and Civilization: A History. Cambridge, MA: The
MIT Press. https://doi.org/10.7551/mitpress/10752.001.0001
Smith, P., Bustamente, M., Ahammad, H., Clark, H., Dong, H., Elsiddig,
E., & Tubiello, F. (2014). Agriculture, forestry and other land use
(AFOLU). In O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani,
S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier,
B. Kriemann, J. Savolainen, S. Schlömer, C. Stechow, T. Zwickel,

KAUPPI et al.

& J. Minx (Eds.), Climate change 2014: Mitigation of climate change.
Contribution of working group III to the fifth assessment report of the
Intergovernmental Panel on Climate Change (pp. 1–179). Cambridge,
UK and New York, NY: Cambridge University Press.
Song, X.-P., Hansen, M. C., Stehman, S. V., Potapov, P. V., Tyukavina, A.,
Vermote, E. F., & Townshend, J. R. (2018). Global land change from
1982 to 2016. Nature, 2018(560), 639–643. https://doi.org/10.1038/
s41586-018-0411-9
Trilloin Tree Campaign. (2020). Plant-for-the-Planet project. Retrieved
from https://www.trilliontreecampaign.org/
Wernick, I. K., Waggoner, P. E., & Ausubel, J. H. (2000). The forester’s
lever: Industrial ecology and wood products. Journal of Forestry, 98,
8–13. https://doi.org/10.1093/jof/98.10.8
Wigneron, J.-P., Fan, L., Ciais, P., Bastos, A., Brandt, M., Chave, J., …
Fensholt, R. (2020). Tropical forests did not recover from the strong
2015–2016 El Niño event. Science Advances, 6, 2015–2016. https://
doi.org/10.1126/sciadv.aay4603

How to cite this article: Kauppi PE, Ciais P, Högberg P, et al.
Carbon benefits from Forest Transitions promoting biomass
expansions and thickening. Glob Change Biol. 2020;26:5365–
5370. https://doi.org/10.1111/gcb.15292

