
An enormous amount of carbon dioxide is 
likely to be sequestered in humid tropical for-
ests that are recovering from human-induced 
disturbances, but an estimate that encom-
passes all of the planet’s tropical zones has 
been missing. On page 436, Heinrich et al.1 fill 
this gap using a new approach that analyses 
satellite data. For the three major regions of 
humid tropical forest on Earth — the Amazon 
Basin in South America, Central Africa’s Congo 
Basin and Borneo — the authors estimate rates 
of recovery after deforestation, and quantify 
the associated uptake of carbon between 
1984 and 2018. They find that regrowing 
forests sequester large amounts of carbon, 
and that this process might have mitigated 
about one-quarter of the emissions that orig-
inally occurred as a result of forest loss and 
degradation.

Tropical forests have a major role in the 
global carbon cycle. They take up huge 
quantities of CO2 from the atmosphere 
through photosynthesis, and store vast 
amounts of carbon in tree trunks, branches 
and roots. By contrast, the loss and degrada-
tion of these forests release massive quantities 
of CO2 into the atmosphere, adding up to an 
amount comparable to 10% of annual global 
fossil-fuel emissions2,3. Tropical forests can 
grow back as ‘secondary’ forests4 after natural 
or human-induced disturbances that cause 
deforestation, and can also recover from 
degradation caused by selective logging5. In 
this process of regrowth, forests absorb CO2 
from the atmosphere, which partially compen-
sates for the emissions that were produced by 
their destruction.

The main challenge involved in quantify-
ing carbon uptake on a pan-tropical scale 
is that the satellite radar technology with 
which the carbon stocks of forests are esti-
mated remotely has been available for only 
a little more than a decade. This is a consider-
ably shorter time than is required for forest 
regrowth. Heinrich et al. solved this problem 
using a clever two-step approach.

The first step was to analyse another type of 

satellite image, produced by optical sensors 
that can detect loss or severe thinning of the 
forest canopy. Such images have been taken 
since the 1980s. The authors divided the areas 
of forest in the images from the 3 study regions 
into more than 8.7 million clusters, each with 
an area greater than about 1 hectare. They then 
used time series of images to identify years in 
which tree cover was lost, and calculated the 
time that had elapsed since the most recent 
disturbance. Regrowing areas were classified 
as degraded forests when forest cover was 

restored within 2.5 years, and as secondary 
forests when this restoration process took 
longer.

In the second step, Heinrich and col-
leagues consulted a 2018 pan-tropical 
map (see go.nature.com/3zkxtty) of forest 
above-ground  carbon stocks, based on radar 
images. For all of the areas that were classified 
as degraded or secondary forest in the first 
step, the authors associated the carbon stocks 
in 2018 with the time that had elapsed since 
the most recent disturbance. The resulting 
statistical models provided average annual 
rates of carbon uptake in degraded and 
secondary forests for each study region. By 
combining these annual rates with informa-
tion about the time since the last disturbance 
event for each area, the authors estimated 
the total carbon absorbed by degraded and 
secondary forests per region (Fig. 1). They 
report that, across the tropics, these forests 
accumulated 107 megatonnes of carbon per 
year between 1984 and 2018, offsetting 26% 
of CO2 emissions that resulted from the loss of 
humid tropical forest during the same period.

The recovery rates reported by Heinrich 
and colleagues for the three continents vary 
strongly both between and within regions. The 
authors investigated the possible sources of 
this variation, and found that carbon uptake 
was affected by temperature, water availability, 
the type of disturbance and the distance from 
old-growth forests. For instance, in the Amazon 
and Congo basins, the carbon uptake rate of 
secondary forests is one-third higher than 
that of degraded forests, probably because 
of the fast regrowth of pioneer vegetation in 
secondary forests. Carbon uptake was found to 
be lower in regions with a high average annual 
temperature than in regions that were colder 
on average, which is consistent with results 
from field studies6. And carbon uptake rates 
are high when forest patches are close to old-
growth forests, demonstrating the crucial role 
of seed dispersal by wind or animals.

The study does not factor in the intensity 
of land use — logging or agriculture — or the 
frequency of burning, both of which reduce 
forest regrowth when high7. Moreover, carbon 
uptake by regrowing tropical humid forests 
might be slowed by global warming (which 
increases air temperature and thus reduces 
regrowth), forest fragmentation and some 
intensive previous land-use practices, such 
as managing pasturelands with prescribed 
burning7. 

Satellite-based studies of forest dynamics 
can cover vast areas, but the results must be 
validated by field observations. Heinrich and 
co-workers compared their estimated rates 
of carbon loss and uptake with estimates 
from several previous field studies. The 
rates were in good agreement for second-
ary forests, but a more variable pattern was 
observed for degraded forests. For instance, 
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Regrowing tropical forests 
are a sizeable carbon sink
Pieter A. Zuidema & Catarina C. Jakovac

An analysis confirms that humid tropical forests recovering 
from degradation and deforestation absorb substantial 
amounts of carbon dioxide — but much less than is emitted 
by the destruction of the original forests. See p.436
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Figure 1 | Carbon uptake in regrowing tropical 
forests. Heinrich et al.1 estimated how much 
carbon is absorbed by forests recovering from 
deforestation or degradation in the Amazon, 
Central Africa and Borneo. They compared this with 
carbon losses that occurred as a result of the original 
deforestation and degradation. Shown here are the 
average annual values of carbon loss and uptake for 
1984–2018. These long-term averages might differ 
markedly from more-recent carbon losses because 
of fluctuations in the rates of deforestation and 
degradation. The percentages indicate the fraction 
of lost carbon that was recovered by carbon uptake. 
For comparison, annual emissions from burning 
fossil fuels3 are around 9,600 megatonnes of carbon 
(averaged for 2012–21) and emissions from tropical 
deforestation2 are around 1,000 megatonnes 
(averaged for 2000–10).
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field-based estimates of carbon losses in 
logging concessions in Borneo8 were as much 
as six times lower than those derived from 
satellite data. 

Such discrepancies could be caused by a 
mismatch between the areas studied using 
the two methods, by incomplete removal of 
plantation areas from the satellite data or by 
methodological biases. A validation strategy 
that includes site-specific field data could be 
helpful for understanding and reducing the 
discrepancies. Geo-referenced information 
on carbon stocks in secondary, old-growth 
and logged forests is increasingly available 
from meta-analyses and studies of networks 
of forest plots4,6,9,10. We suggest that a valida-
tion procedure that involves more integra-
tion of satellite- and ground-based data is 
necessary, and would increase the chances 
that estimates of carbon uptake made with 
Heinrich and colleagues’ approach will be 
used by policymakers.

The uptake of carbon that occurs during  
regrowth of degraded and secondary forests 
is considered to be one of the foremost ways 
in which climate change can be mitigated 
naturally. However, this process is under pres-
sure. Forest degradation is often a precursor 
of deforestation11, and many secondary forests 
are cleared within one or two decades12 . More-
over, the contribution of regrowth to forest 
carbon stocks is small in regions in which 
degradation is an integral part of the current 
land use, for example in forestry concessions10 
or areas where shifting cultivation — a rota-
tional agricultural system in which plots are 
farmed on a temporary basis — is practised.

But there is another crucial point to keep 
in mind: carbon uptake by regrowing forests 
cannot fully offset the losses incurred by the 
high rates at which tropical forests are being 
degraded and converted to agricultural 
land, pasture and mines13 — as Heinrich and 
colleagues’ study confirms. Substantially 
reducing tropical deforestation would there-
fore contribute much more to climate-change 
mitigation than would forest regrowth. Avoid-
ing deforestation, particularly that of old-
growth forests, should thus be a high priority 
for policy makers — not only to increase carbon 
storage, but also to protect the rich biodiver-
sity of these ecosystems.

Pieter A. Zuidema is in the Forest Ecology 
and Forest Management group, Wageningen 
University & Research, 6700 Wageningen, 
the Netherlands. Catarina C. Jakovac is in 
the Department of Plant Sciences, Federal 
University of Santa Catarina, 88034-000 
Florianópolis, Brazil.
e-mail: pieter.zuidema@wur.nl 

1. Heinrich, V. H. A. et al. Nature 615, 436–442 (2023).
2. Baccini, A. et al. Nature Clim. Change 2, 182–185 (2012).
3. Friedlingstein, P. et al. Earth Syst. Sci. Data 14, 4811–4900 

(2022).

4. Poorter, L. et al. Science 374, 1370–1376 (2021).
5. Piponiot, C. et al. eLife 5, e21394 (2016).
6. Sullivan, M. J. P. et al. Science 368, 869–874 (2020).
7. Heinrich, V. H. A. et al. Nature Commun. 12, 1785 (2021).
8. Griscom, B., Ellis, P. & Putz, F. E. Glob. Change Biol. 20, 

923–937 (2014).
9. Piponiot, C. et al. Environ. Res. Lett. 14, 124090  

(2019).

10. Putz, F. E. et al. Conserv. Lett. 5, 296–302 (2012).
11. Vancutsem, C. et al. Sci. Adv. 7, eabe1603 (2021).
12. Schwartz, N. B., Aide, T. M., Graesser, J., Grau, H. R. 

& Uriarte, M. Front. For. Glob. Change  3, 85  
(2020).

13. Lapola, D. M. et al. Science 379, eabp8622 (2023).

The authors declare no competing interests.

Loss of social status is a risk factor for a person 
developing depression1. This propensity 
seems to be evolutionarily conserved, because 
subordination leads to traits associated with 
depression — such as social avoidance and 
decreased motivation — in several species2–4. 
However, the biological underpinnings of 
the phenomenon have remained unknown. 
Writing in Cell, Fan et al.5 unveil a mechanism 
for how the loss of social status changes 
pleasure-seeking and coping behaviours in 
mice.

In 2011, the group that performed the 
current study demonstrated that position in 
the social hierarchy determines which mouse 
will defer when two are placed in a narrow tube, 
with room to pass only when one retreats out 
of the tube6. In the current work, Fan and 

colleagues blocked the exit behind the sub-
ordinate mouse — this rigged the competition 
so that the dominant mouse was forced to back 
down and lose (Fig. 1).

After just four days of repeated loss to a 
subordinate, the formerly top-ranked mouse 
behaved submissively in competitions for 
resources, suggesting a lowering of their 
social rank. They were also more passive than 
control mice (which walked through a tube 
without an opponent) when placed in a stress-
ful environment, indicating a change in coping 
style. Unlike control mice, they showed little 
preference for sweetened water — a sign that 
their ability to process pleasure was impaired. 
These outcomes did not emerge when the top-
ranked mouse lost to a higher-ranked mouse 
from a different cage, suggesting that it was 
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How loss of social status 
affects the brain 
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Dominant mice that are forced to unexpectedly give way 
to subordinates in a rigged test lose social status and miss 
opportunities for pleasure. These effects are due to changes in 
a neuronal circuit that involves the brain’s ‘anti-reward’ centre.
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Figure 1 | A neural circuit underlying the effects of social-status loss.  When mice of different social ranks 
are placed in a narrow tube, the subordinate mouse typically defers, retreating to let the dominant mouse 
past. Fan et al.5 blocked the end of the tube behind the subordinate mouse, so that the dominant mouse 
had to defer. Repeated unexpected losses by the dominant mouse led to increased stress responses and 
decreased pleasure-seeking behaviour. The authors find that these behaviours are related to increased 
activity in the brain’s lateral hypothalamus (LH), which signals to the lateral habenula (LHb) — the brain’s 
‘anti-reward centre’ (first step marked for navigation). This, in turn, decreases activity in the medial 
prefrontal cortex (mPFC), perhaps by inhibiting the release of dopamine from the ventral tegmental area 
(VTA). Signalling from the mPFC to the LH generates a feedforward loop that exacerbates the behaviours.
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