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Abstract

A large share of the global forest restoration potential is situated in artificial ‘un-
stable’ mesic African savannas, which could be restored to higher carbon and bio-
diversity states if protected from human-induced burning. However, uncertainty
on recovery rates in protected unstable savannas impedes science-informed for-
est restoration initiatives. Here, we quantify the forest restoration success of an-
thropogenic fire exclusion within an 88-ha mesic artificial savanna patch in the
Kongo Central province of the Democratic Republic of the Congo (DR Congo).
We found that aboveground carbon recovery after 17years was on average
11.40+0.85MgCha™ . Using a statistical model, we found that aboveground car-
bon stocks take 112 + 3years to recover to 90% of aboveground carbon stocks in
old-growth forests. Assuming that this recovery trajectory would be representa-
tive for all unstable savannas, we estimate that they could have a total carbon
uptake potential of 12.13 +2.25 Gt C by 2100 across DR Congo, Congo and Angola.
Species richness recovered to 33.17% after 17 years, and we predicted a 90% re-
covery at 54 +2years. In contrast, we predicted that species composition would
recover to 90% of old-growth forest composition only after 124 + 3years. We

conclude that the relatively simple and cost-efficient measure of fire exclusion in
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1 | INTRODUCTION

Central Africa is a spotlight area in the fight against climate change.
On the one hand, central African forests might play an increasingly
important role in mitigating climate change. They are more efficient
at slowing climate change (Hubau et al., 2020), more carbon-dense
(Lewis et al., 2013) and more resistant to our changing climate
(Bennett et al., 2021) than other tropical forests (Jung et al., 2021).
On the other hand, human pressure on central African forests might
contribute to accelerating climate change. Rapidly changing climatic
conditions, particularly increasing temperature and drought, lead to
the loss of biodiversity (Aguirre-Gutiérrez et al., 2020) and satura-
tion of the carbon sequestration potential (Hubau et al., 2020) of
intact African rainforests. Central African forests are also facing
more visible direct threats: land-use change (i.e. permanent conver-
sion of natural ecosystems through deforestation) and land man-
agement (i.e. temporary loss through shifting agriculture, wildfire
and forestry) (Curtis et al., 2018). For example, forest loss through
land-use change and land management in the Democratic Republic
of the Congo (DR Congo) surpasses 1 Mha per year and is expected
to intensify (Mitchard, 2018; Tyukavina et al., 2018) due to the four-
fold growth in local human population by the end of this century
(Gerland et al., 2014; Heinrich et al., 2023).

Nature-based solutions (NBS), such as the protection of intact
ecosystems in climate-resistant, moist, diverse and carbon-rich
areas such as central Africa, are crucial to mitigate global warming
(Girardin et al., 2021). Specifically, the restoration of forest ecosys-
tems is gaining importance because of an increasing land area where
actual carbon stocks are lower than potential carbon stocks (Lewis
et al., 2019). The potential of forest restoration has been quantified
by recent global studies showing that up to 205Gt (Friedlingstein
et al., 2019) of additional carbon could be stored if potentially restor-
able areas would be restored globally, and up to 466 Gt if other veg-
etation types are also considered for restoration (Erb et al., 2018). A
large share of the global forest restoration potential is situated in the
tropics and subtropics. Restoration of intact forests of tropical and
subtropical land committed for forest restoration under the Bonn
Challenge or national restoration schemes was predicted to store an
additional 42 Gt of carbon by 2100 across 350 Mha. About a quarter
of this additional carbon would be stored in central Africa (Lewis
etal., 2019).

artificial savannas is an effective nature-based solution to climate change and biodi-
versity loss. However, more long-term and in situ monitoring efforts are needed to
quantify variation in long-term carbon and diversity recovery pathways. Particular
uncertainties are spatial variability in socio-economics and growing conditions as

well as the effects of projected climate change.

artificial savanna, biodiversity recovery, carbon recovery, Central Africa, Congo Basin, forest
restoration, nature-based solution

Despite being crucial for regulating global carbon cycling
(Valentini et al., 2014) and biodiversity (Liang et al., 2022), central
African forests are largely understudied in comparison to other
biomes and regions (White et al., 2021). Consequently, central
African carbon stocks are ill-understood, with mismatches greater
than 100% between estimates (Avitabile et al., 2016; Baccini &
Asner, 2014; Fisher et al.,, 2013; Mitchard et al., 2013; Saatchi
et al., 2011). Furthermore, while carbon (Poorter et al., 2016) and
biodiversity (Rozendaal et al., 2019) recovery pathways have been
relatively well quantified for the Neotropics, they remain poorly un-
derstood in central Africa, barring a few pioneering studies (Bauters
et al.,, 2019; King et al., 1997; Makelele et al., 2021). Additionally,
most insights into forest restoration pathways are derived from
space-for-time studies, where forest succession is quantified using
different forest inventory plots at different times after abandon-
ment (Bauters et al., 2019; Makelele et al., 2021; Poorter et al., 2016;
Rozendaal et al., 2019). These so-called chronosequence studies
focus on forest-rich regions, where forest losses are mostly tem-
porary and young forests are often a result of forest regeneration
directly following land disturbance (e.g. shifting cultivation) (Bauters
et al., 2019; Makelele et al., 2021). As such, chronosequence studies
are not necessarily representative of restoration pathways in areas
that experienced permanent long-term land-use change, such as ar-
tificial savannas.

Artificial savannas are characterized by intense and regular dis-
turbance by humans (Erb et al., 2018; Sankaran, 2019) and became
widespread during the Anthropocene (Sankaran, 2019; Van Der Werf
et al., 2017). Local communities rely on a multitude of goods and ser-
vices provided by the savanna ecosystem, such as water, food, me-
dicinal resources, livestock grazing, construction materials including
timber and grasses and sources of energy like fuelwood and charcoal
(Osborne et al., 2018; Sankaran, 2019). It has been estimated that trop-
ical artificial savannas account for about 71% of the total global burned
area and contribute to about 62% of the worldwide fire-driven carbon
emissions (Van Der Werf et al., 2017; Zhou et al., 2022). As such, arti-
ficial savannas play a significant role in the yearly fluctuation of global
atmospheric CO, levels (Zhou et al., 2022). Therefore, reducing fire re-
gimes in artificial savannas is often seen as a promising strategy for in-
creasing forest carbon sequestration, and these ecosystems are being
considered in restoration initiatives aimed at climate change mitiga-
tion (Bastin et al., 2019; Zhou et al., 2022). The success of restoration
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in artificial savannas is determined by many factors, including water
availability and the extant regime of (fire) disturbance (Erb et al., 2018;
Sankaran et al., 2005).

Artificial savannas contribute about a quarter of the mismatch
between potential and actual global biomass stocks (Erb et al., 2018).
Savannas are ‘unstable’ systems if mean annual precipitation (MAP)
exceeds 650mm, which is sufficient for woody canopy closure
(Sankaran et al., 2005; Staver et al., 2011). They are therefore also
referred to as ‘mesic’ (seasonally wet) savannas. Discontinuing artifi-
cial burning regimes may allow forests to recolonize savannas, which
has been shown through fire exclusion experiments in the Kruger
National Park in South Africa (Higgins et al., 2007; Zhou et al., 2022),
in the Cerrado savannas in Brazil (Abreu et al., 2017; Moreira, 2000;
Silva et al., 2013) and within the Calabozo Reserve in Venezuela (San
Jose et al., 1998; San Jose & Farinas, 1983). However, apart from
a single study in Gabon (King et al., 1997), no fire exclusion exper-
iments have been documented in the mesic savannas of central
Africa, impeding the evaluation of the forest recovery potential of
a vast area of land in that region. Therefore, scientists and policy-
makers lack important knowledge for the implementation of forest
restoration (Makelele et al., 2021). Detailed long-term experimen-
tal plots in regrowing forests will contribute to designing successful
restoration strategies in the Congo Basin to mitigate climate change
(Aide et al., 2000; Rozendaal & Chazdon, 2015).

Here, we quantified the forest restoration success of a fire exclu-
sion experiment within an artificial mesic savanna in the Kongo Central
province of DR Congo (MAP of 118Ommyear’1). The experiment was
set up in 2005, when the annual burning regime in an 88-ha savanna
patch was discontinued (Deklerck et al., 2019). We installed 101 per-
manent inventory plots, which were measured in 2010, 2014 and
2022, covering 17 years of forest restoration. Additionally, we used the
data from three savanna plots near the experiment and 19 old-growth
plots from the nearby UNESCO MAB reserve of Luki as a reference.
These reference plots are assumed to be representative of the start
and endpoint of forest regeneration in the fire exclusion experiment
(Deklerck et al., 2019). This study aimed to (i) evaluate the success
and rate of forest carbon stocks recovery; (ii) quantify the recovery
of tree species richness and species composition; and (iii) predict the
long-term recovery trajectories of forest carbon stocks, species rich-
ness and composition in artificial (mesic) African savannas under fire
protection. Finally, we aimed to (iv) use the carbon recovery trajectory
to estimate the total carbon sequestration potential of fire exclusion

in artificial, unstable savannas across DR Congo, Congo and Angola.

2 | METHODS

2.1 | Permanentinventory plots in the Manzonzi
fire exclosure

To limit the expansion of savanna fires and contribute locally to the
restoration of degraded forest ecosystems in the periphery of the
Luki reserve, the local community of Manzonzi village established a
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contiguous 88-ha fire exclusion area within the 200 ha of the Manzonzi
artificial savanna patch in 2005 with the support of WWF-DR Congo
(Deklerck et al., 2019) (Figure S1). The entire boundary of this fire ex-
clusion area is periodically cleared manually by the local community
members to avoid bushfires and grazing (Deklerck et al., 2019). To
increase our understanding of carbon and biodiversity dynamics in
this savanna ecosystem, a systematic sampling plot design was set up
in 2010 and arranged into 10 parallel north-south transects spread
over the contiguous 88-ha fire exclosure. Along the transects, a total
of 101 permanent inventory plots were installed, measuring 50m by
80m each, with 20m between the plots (Figure S1). The total moni-
tored area in 2010 was 40.4 ha, with each plot being 0.4ha (Deklerck
et al.,, 2019). However, between 2010 and 2022, 14 plots were trans-
formed back into agricultural land to meet some needs of the local
community. Therefore, only the 87 undisturbed plots (comprising
34.8ha) are considered in this study. We refer to Data S1 for a more
detailed description of the vegetation and climate of the study region.

In each plot, all live stems with a diameter greater than 100mm
were tagged, measured for diameter at breast height at 1.3m or
above buttresses and identified up to species level using standard
forest inventory protocols (ForestPlots.net et al., 2021). Species
identification was carried out with the help of local botanists of the
Institut National pour I'Etude et la Recherche Agronomiques (INERA),
based in the Luki-INERA station. The inventories of 2022 followed
the same protocol as those of 2010 and 2014. Trees that grew larger
than the diameter of 100mm during a period between censuses

were recorded as recruits, tagged and their DBH was measured.

2.2 | Reference plots

Three ‘savanna reference plots’ of equal dimensions (0.4ha; 50m by
80m) were established outside the fire exclosure, using the same in-
ventory protocol. These savanna plots are not protected against burn-
ing or grazing, and the savanna vegetation is maintained. Therefore,
these plots serve as a reference for the starting point of forest regen-
eration (Oyears after fire exclusion). In addition, 19 ‘old-growth forest
reference plots’ (hereafter ‘OGF plots’) were installed in the central
zone of the Luki reserve following the same method, although these
plots are larger (1 ha; 100 by 100m). The Luki OGF plots can be consid-
ered as old growth because radiocarbon dates on charcoal found in the
top soil of pits excavated near some of the plots yielded ages of 525
calendar years before present or older (Hubau et al., 2013, 2015). We
assumed that the Luki OGF plots could be considered as a reference

for the endpoint of forest succession.

2.3 | Tree species classification

Tree species names were verified in accordance with the African
Plants Database (Hubau et al.,, 2020; Lewis et al.,, 2009). We
grouped all tree species in the plot data into two main catego-
ries, namely ‘savanna specialist’ and ‘forest specialist’ species,
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based on literature sources reporting on species-specific ecol-
ogy of the Mayombe forests (Donis, 1948; Lubini, 1997), the Bas-
Congo (Compere, 1970), the Lower Guinea (Hawthorne, 1995;
Meunier et al., 2015) and central Africa (Doucet, 2003; Lebrun
& Gilbert, 1954; Toussaint et al., 1953) (Table S1). Additional in-
formation was collected from online databases (African Plant
Database, 2023, https://africanplantdatabase.ch/). Savanna spe-
cialist species typically occur in open and dry woodland forma-
tions or tree savanna. Forest specialist species are representative
of all stages of forest succession. They are further classified ac-
cording to their guild: short-lived pioneers, long-lived pioneers,
non-pioneer light demanders, shade-tolerant species (Deklerck
et al,, 2019) and according to their seed dispersal mechanism
(Table S1).

2.4 | Forest structural metrics

Our analysis was done in R version 4.1.2 (R Core Team, 2018).
The aboveground biomass (AGB, in Mg stem™) of each tree was
estimated with an allometric equation for moist tropical forest
(Chave et al., 2014): AGB= ( 0.0673x <p>< DBHZth)O% /1000,
where p is wood density (gcm ™), DBH is tree diameter at breast
height (cm) and H, is the total tree height (m). Wood density val-
ues were derived from the Global Wood Density Database on the
Dryad digital repository (Chave et al., 2009; Zanne et al., 2009).
For incompletely identified trees (0.04%) or for trees belonging
to species not in the wood density database (41.23%), we used
the mean density value for the next-highest known taxonomic
category (genus or family, as appropriate). For unidentified trees
(0.02%), we used the mean wood density value of all individual
trees in the plots (Hubau et al., 2020; Lewis et al., 2009). A cen-
tral African height-diameter allometry was used to calculate the
total individual tree height (H, in m) (Feldpausch et al., 2011):
H, = 50.4531 x (1 —exp ( —0.0471 x DBH°'8“97)). Aboveground
biomass values were then converted to aboveground biomass car-
bon stocks (AGC, in Mg C ha™) using the mean carbon fraction for
tropical angiosperms (i.e. 45.6%) (Martin et al., 2018). Plot-level
AGC was then obtained by summing AGC across all trees within
each plot, divided by the plot area (ha). Plot-level absolute above-
ground carbon stocks (AGC) of forest specialist species (green) and
savanna specialist species (orange) are visualized using violin dis-
tributions (Figure 1a,b). For each Manzonzi census, we calculated
the mean plot-level values and standard error of AGC (MgCha_l),
stem density (N, tree™), DBH (mm, tree™) and basal area (m?>ha™)
by using the R package dplyr (Mailund, 2019). These variables were
determined for each species category (forest and savanna special-
ists), and the results are shown in Table 1. We calculated the same
metrics for the savanna and old-growth reference plots (Table 2).

For each Manzonzi census, plot-level relative aboveground car-
bon stocks were then calculated as the absolute AGC divided by the
median AGC of the 19 old-growth forest reference plots in the Luki
reserve, multiplied by 100 (Figure 1c,d).

2.5 | Tree diversity metrics

Species richness and species composition are important indica-
tors for assessing the speed of biodiversity recovery (Rozendaal
et al., 2019). We calculated both absolute and relative species rich-
ness and species composition for each census (5, 9 and 17 years after
fire exclusion) for each of the 87 non-disturbed plots. Absolute plot-
level species richness (Figure S2) was calculated using the R pack-
age vegan (Marcon, 2015). We also calculated the species richness
of the Luki OGF plots and the savanna reference plots. Due to the
difference in plot area (0.4 ha for the Manzonzi plots and 1ha for
the Luki OGF plots), we calculated the rarefied species richness of
the Luki OGF plots to express species richness at 0.4ha (Poorter
et al., 2021; Rozendaal et al., 2019). Relative plot-level species rich-
ness (Figure 2a,b) in the Manzonzi plots and control plots is then
defined as the absolute plot-level species richness divided by the
median of species richness of the Luki OGF plots multiplied by 100
(Rozendaal et al., 2019).

Relative plot-level species composition (Figure 2c,d) in the
Manzonzi experiment was calculated as the mean pairwise similarity
in species composition between each plot (1=87) and the 19 Luki
OGF plots, divided by the median number of species composition of
the Luki OGF plots, multiplied by 100 (Rozendaal et al., 2019).

In addition to species richness and species composition, we cal-
culated multiple commonly used diversity indices to assess the shift
of species diversity in the Manzonzi experiment compared to the
reference values of the savanna reference plots and the Luki OGF
plots: Pielou's evenness, Shannon-Weaver index, Simpson index
and Fisher Alpha diversity index (Kearsley, 2015; Morris et al., 2014,
Shannon, 1948; Simpson, 1949; Sullivan et al., 2020) (Tables 1 and 2).

2.6 | Statistical analysis

We applied a non-parametric Kruskal-Wallis test to compare the
mean of each forest structural and biodiversity metric across cen-
suses. We applied Tukey's HSD (honestly significant difference)
test to account for multiple comparisons of means (Ostertagova
et al., 2014) (Figures 1a,b and 2a,c; Figure S2).

We parameterized long-term forest recovery trajectories
of carbon and biodiversity metrics using the savanna reference
plots (t=0year) and the 2010 (t=5), 2014 (t=9) and 2022 (t=17)
plot-level estimates from the Manzonzi plots with the plot-level
estimates of the Luki OGF plots (t=525) as a reference. We pa-
rameterized the recovery trajectories of structural and biodiver-
sity metrics as a function of forest age (years after fire exclusion)
using the Gompertz model: A=A+ (AggrAard)xeXp (-1xexp
(-kx(t=infl)))), where A, is the metric value at a given time after

fire exclusion (t, in year), A . is the metric value at the start of

star
the monitoring period (In this study, A, corresponds to the plot-
level average AGC of our three savanna reference plots), Ayg is
the asymptotic ‘old-growth forest’ maximum value of the metric

and k represents the slope of the recovery curve at the point of
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FIGURE 1 Aboveground carbon recovery. (a) Violin distribution of plot-level absolute aboveground carbon stocks (AGC) of forest
specialist species (green) and savanna specialist species (orange) after 0, 5, 9 and 17 years of fire exclusion in the Manzonzi experiment,
corresponding to the savanna plots and the 2010, 2014 and 2022 censuses, respectively. Violin shapes show the distribution of AGC stocks
across the plots; white boxplots show the median and the 25th and 75th percentiles. The p-value is from a Kruskal-Wallis test; letters
above violin plots indicate if there is a significant difference (p <.05) between AGC stocks across the monitoring years, according to Tukey's
test. (b) Prediction of the long-term recovery trajectory of absolute aboveground carbon stocks (AGC) of forest specialist species using the
Gompertz model. Shading corresponds to the 95% confidence interval (Cl). (c) Violin distribution of plot-level relative aboveground carbon
stocks (AGC) of forest specialist species, defined as the absolute AGC divided by the median AGC of the 19 old-growth forest (OGF) plots in
the Luki reserve, multiplied by 100. (d) Prediction of the long-term recovery trajectory of relative aboveground carbon stocks (AGC).

inflection (infl) (Deklerck et al., 2019). Model parameterization was
performed using the R package Stats (Deklerck et al., 2019; R Core
Team, 2018). A sensitivity analysis testing the effect of uncertain-
ties in the age of the Luki OGF plots is presented in Data S1 and
Figure S3. Furthermore, we also predicted the absolute AGC using
a logarithmic instead of a Gompertz model (Poorter et al., 2016;
Rozendaal et al., 2019) (Data S1; Figure S4).

Lastly, using a simple linear regression model and Kendall's tau
correlation test, we investigated the bivariate relationship between
absolute aboveground carbon stocks and absolute species richness
using the Manzonzi and Luki datasets and the bivariate relationship
between relative species richness (% of OGF) and relative species
composition (% of OGF) (Sullivan et al., 2017) (Figure 4). Kendall's
tau correlation is a non-parametric test, meaning that it does not
assume bivariate normality and can handle ties (Sullivan et al., 2017).
It ranges from -1 to 1, where -1 indicates a perfect negative cor-
relation, O indicates no correlation and 1 indicates a perfect positive

correlation (Taylor, 1987).

2.7 | Upscaling analysis
The Manzonzi exclosure experiment presented here provides the
first ground-based data describing carbon recovery after the protec-
tion of artificial mesic savannas in central Africa. We used the pre-
dicted trajectory in Figure 1b to roughly predict the total potential
carbon uptake of similar savannas if they would be protected from
further disturbance (grazing and burning). We focused on the coun-
tries containing (DR Congo) and immediately surrounding (Angola
and the Republic of the Congo) our research area. For this upscaling
analysis, we combined three spatial products: a vegetation map, a
precipitation map and a biomass map.

First, we used the Global Land Cover Map 2009 (GLOBCOVER)
(Harper et al., 2023) and White's vegetation map of Africa

(White, 1983) to extract pixels classified as savanna (see Table S2

for an overview of land cover types classified as savanna in each of

the products). To match with the gridded products described below,
GLOBCOVER was down-sampled from 300 m to 30arcsec (~1 km).
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TABLE 1 Plot-level structural and biodiversity metrics of the 87 permanent plots of the Manzonzi regeneration experiment. Mean values
of aboveground carbon (AGC), stem density (N), diameter at breast height (DBH), basal area (BA) and biodiversity metrics are quantified at
the plot level and for each species category. The uncertainty indicates the standard error. The different letters indicate the post-hoc (Tukey's
HSD) statistical significant differences (p <.05); the absence of common letters indicates a significant difference between the considered

static metrics.

Variable

AGC (MgCha™)

N (treesha™)

DBH (mmtree™)

BA (m%ha™)

Simpson's index

Shannon index

Pielou's evenness

Species richness

Fisher'

Species category

Savanna specialist
Forest specialist
All categories
Savanna specialist
Forest specialist
All categories
Savanna specialist
Forest specialist
All categories
Savanna specialist
Forest specialist
All categories

All categories

All categories

All categories

All categories

All categories

2010 2014 2022
5.50+0.39° 3.25+0.26° 1.43+0.18°
2.89+0.67° 4.67+0.71° 11.40+0.85°
8.39+0.40° 7.92+0.38° 12.83+0.58°
119.51+9.05° 53.16+3.91° 23.73+3.39°
34.22.+6.04° 66.90+6.72° 170.00+10.46°
153.73+6.32° 122.88+3.91 193.73+7.81°
129.62+2.58° 130.18 +4.54° 128.17 +3.96
115.54+7.99° 127.41+6.25% 144.16 +6.16°
122.58+4.22° 128.80+3.85% 136.16 +3.70°
24.34+0.02° 12.42+0.02° 5.33+0.02°
11.78+0.03° 20.05+0.02° 49.81+0.01°
18.06+0.02? 16.24+0.02° 27.57+0.03°
0.64+0.02 0.80+0.02 0.83+0.01
1.36+0.06 2.00+0.08 2.35+0.47
0.71+0.13 0.81+0.11 0.72+0.05
7.54+0.39 17.29+1.38 27.66+0.91
2.55+1.56 3.99+2.00 7.26+2.98

In a second step, we extracted mean annual precipitation
(MAP) for each savanna pixel from WorldClim version 2.1 (Library
et al., 2017) to categorize the savanna into one of three types: sta-
ble (arid) savannas (MAP <516 mm/year), the transition between
stable and unstable savannas (516 mm/year < MAP <783 mm/year)
and unstable (mesic) savannas (MAP >783mm/year) (Sankaran
et al., 2005). We focused further analysis on unstable savanna pixels
only, as these are assumed to potentially store additional carbon if
protected from disturbance and are assumed to have similar envi-
ronmental conditions. We then used the Gompertz model from the
fire exclusion experiment of Manzonzi (Figure 1b) to quantify the
total potential carbon storage from natural forest regeneration by
2100 in the hypothetical event that all unstable savanna pixels in
these three countries would be protected starting in 2025. This cor-
responds to a total recovery period of 75years and a total potential
carbon stock of 130.34MgC ha™! for each unstable savanna pixel
(Figure 1b).

In a third step, we extracted the actual (present-day) abo-
veground biomass for each unstable savanna pixel from an
aboveground carbon density map for the year 2010 (Spawn
et al, 2020). We first reduced the resolution from 300m to
30arcsec (~1km). For each pixel, we then subtracted the actual
aboveground carbon stock from the total potential aboveground
carbon stock to finally calculate the potential additional abo-
veground carbon storage by 2100, in MgCha'1 (Figure 5). Pixels
with negative values for the potential additional aboveground car-
bon storage were excluded from the analysis.

For each country, we then calculated the mean potential addi-
tional carbon storage (in MgCha™) using all unstable savanna pix-
els and multiplied it by the total unstable savanna surface area (in
ha) to calculate the total country-level potential additional carbon
stock in Gt C (Table 3). The standard error was calculated based on
error propagation using the uncertainty values of the aboveground
carbon density and the 95% confidence interval of the Gompertz
model, which was converted to the standard error by dividing by
3.92 (Figure S5). To explore sensitivity owing to the selection of the
climatology product, we repeated the analysis based on MAP data
from ‘Climatologies at High resolution for the Earth's Land Surface
Areas’' (CHELSA) (Karger et al., 2017) (Table S3).

3 | RESULTS
3.1 | Recovery of carbon stock

Savanna reference plots have low amounts of total carbon stored in
trees, at 1.28+0.37MgCha™?, as compared to 8.39+0.40MgCha™!
in the first census of the Manzonzi regenerating forest plots (Tables 1
and 2; Figure 1a). Total carbon stored in trees in the Manzonzi for-
est regeneration experiment did not change (p=.929) over the
first 4years of monitoring, from 8.3‘,’J_r0.40MgCha_1 in 2010 to
7.92+0.38 MgCha'1 in 2014 (Deklerck et al., 2019), but increased
significantly (p <.001) over the next 8 years to 12.83+0.58MgCha™*
in 2022 (Table 1; Figure 1a). The significance of time on the rate of
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TABLE 2 Plot-level structural and
biodiversity metrics of the three savanna
reference plots and the 19 reference plots
within the Luki old-growth (OGF) forest.

Variable

AGC (MgCha™)

N (trees ha™)

DBH (mmtree™)

BA (m?ha™)

Simpson's index
Shannon index
Pielou's evenness
Species richness
Fisher'a
Simpson's index
Shannon index
Pielou's evenness
Species richness

Fisher' a

carbon sequestration is even more visible when comparing savanna
specialist species with forest specialist species. Savanna specialist
have been dying rapidly since the start of the experiment, decreasing
from 119.51+9.05treesha™t in 2010 to only 23.73+3.39treesha™*
in 2022 (Table 1). This resulted in significant (p<.001) carbon
losses of 5.50+0.39MgCha™! in 2010 to 1.33+0.18MgCha™* in
2022 (Table 1; Figure 1a). In contrast, stem counts of forest spe-
cialist increased from 0.84treesha™® in the savanna reference plots
to 34.22+6.04treesha™® in 2010 to 170.00+10.46treesha™ in
2022 (Tables 1 and 2). This resulted in forest specialist carbon up-
take from 2.89+0.67MgChat in 2010, to 4.67+0.71MgCha™ in
2014 and then to 11.40+0.85MgCha™*in 2022 (Table 1; Figure 1a).
Mean diameter at breast height (DBH) showed a rather slow in-
crease in the forest specialist class, from 115.54+7.99 mm in 2010
to 144.16 +6.16 mm in 2022 (Table 1). The mean DBH in the savanna
specialist class did not change. Basal area (BA) significantly increased
for forest specialist (p<.001) and decreased for savanna specialist
(p<.001; Table 1).

Using forest carbon stocks data from 19 old-growth forest
(OGF) plots of the Luki reserve as a reference for the end of suc-
cession, we estimated that 0.73%, 1.61%, 2.75% and 6.57% of
OGF aboveground carbon stocks were present in Manzonzi after
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Reference plot type Species category Value
Savanna reference Savanna specialist 1.24+0.4
Savanna reference Forest specialist 0.04
Savanna reference All categories 1.28+0.37
Luki OGF forest All categories 187.14+68.25
Savanna reference Savanna specialist 35.83+8.21
Savanna reference Forest specialist 0.83

Savanna reference All categories 27.5+10.2
Luki OGF forest All categories 490.0+79.58
Savanna reference Savanna specialist 117.08 +4.94
Savanna reference Forest specialist 144.9
Savanna reference All categories 124+7.78
Luki OGF forest All categories 232.2+29.69
Savanna reference Savanna specialist 1.23+0.12
Savanna reference Forest specialist 0.04
Savanna reference All categories 1.27+0.13
Luki OGF forest All categories 31.32+6.95
Savanna reference All categories 0.51+0.06
Savanna reference All categories 0.77+0.10
Savanna reference All categories 0.82+0.10
Savanna reference All categories 2.67+0.33
Savanna reference All categories 1.74+00
Luki OGF forest All categories 0.93+0.01
Luki OGF forest All categories 3.38+0.08
Luki OGF forest All categories 0.80+0.01
Luki OGF forest All categories 67.84+2.82
Luki OGF forest All categories 21.82+1.30

0, 5, 9 and 17 years of savanna protection, respectively (Tables 1
and 2; Figure 1c). We predict that aboveground carbon stocks
need 56 +2years to recover 50% of old-growth values (point of
inflection ‘infl" in Figure 1d) and 112 + 3years to recover 90% of
old-growth values (Figure 1d).

3.2 | Recovery of species richness and composition

The average absolute species richness at the plot level increased
from 0.33 in savanna reference plots, to 4.29+0.49 in 2010 and
then to 15.43+0.64 in 2022. (Figure S2). Relative species richness
increased significantly after 17 years (p <.001), from 0.71% of OGF
species richness in the savanna reference plots, to 9.14% 2010 to
32.87% in 2022 (Figure 2a).

There are also remarkable changes in species composition.
Savanna specialist represent 97.73% of the total stem density in the
savanna reference plots, but they decreased quickly during forest
regeneration (Figure 3a). Most notably, Maprounea africana Miill.
Arg., which was the most abundant savanna specialist in the sa-
vanna control plots (31.82% of the total number of stems) and in the
first census (2010) of the Manzonzi regeneration experiment (38%),
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FIGURE 2 Tree species diversity recovery. (a) Violin distribution of plot-level relative species richness of forest specialist species after 0,
5,9 and 17 years of fire exclusion in the Manzonzi experiment. Relative plot-level species richness is defined as the absolute species richness
divided by the median of rarefied absolute species richness of 19 old-growth forest (OGF) plots from Luki, multiplied by 100. Violin shapes
represent the distribution of species richness across the plots; white boxplots include the median and the 25th and 75th percentiles. The
p-value is from a Kruskal-Wallis test; letters indicate a significant difference (p <.05) between monitoring years, according to Tukey's HSD
test. (b) Prediction of the long-term recovery trajectory of relative species richness. Shading corresponds to the 95% confidence interval

(ci). (c) Violin distribution of plot-level relative species composition (expressed as % of old-growth forest) of forest specialist species. (d)
Prediction of the long-term recovery trajectory of relative species composition using the Gompertz model.

showed a net decrease from 58.2 to 1.4stemsha™ between 2010
and 2022 (Table S1). The stem density of forest specialist short-
lived pioneer trees first increased from 10.71% in 2010 to 29.94%
in 2014, then decreased again to 22.89% in 2022 (Figure 3a). In
contrast, the stem density of long-lived pioneer trees increased
significantly, from 6.21% in 2010 to 12.25% in 2014 and then to
54.38% in 2022.

However, the species composition of old-growth forest re-
covers remarkably slowly. Between 2010 and 2022, a total of
35 new forest specialist species appeared in the experiment
(Table S1). From those, only 24 occur in the reference old-
growth plots of the Luki reserve (Table S1). Shade-tolerant trees
(typical for old-growth forest) increase very slowly, from almost
0% in the savanna reference plots, to 0.64% in 2010, to 1.32%
in 2014 and then to 4.00% in 2022 (Figure 3a). To compare, the
old-growth plots in the Luki forest are dominated by shade-
tolerant trees, at 55.02% of the stems (Figure 3a). As such, after

17 years of forest regeneration, only 5.51% of the species com-
position of the old-growth forest of the Luki reserve recovered
(Figure 2a; Table 1). The slow recovery of species composition is
also apparent when looking at the dispersal mechanisms, which
shows very little increase in species dispersed by large animals
(Figure 3b).

After 17 years, the fire exclusion experiment of Manzonzi re-
covered 33.17% of the species richness of the old-growth forest of
the Luki reserve (Figure 2a), while only 5.55% of the species com-
position was recovered (Figure 2c). We predict that species rich-
ness recovers to 50% after 25+ 2years (Figure 2b), while species
composition recovers to 50% only after 64 +2years (Figure 2d).
We predict that 90% of the species richness of the old-growth
forest of the Luki reserve will be recovered after 54 +2years
(Figure 2b). However, we predict that 124 +3years will be re-
quired to recover 90% of the species composition of old-growth

forest (Figure 2d).
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FIGURE 3 Evolution of functional (a) 00%
composition in the fire exclusion — so%
experiment of Manzonzi, compared to E g
functional composition in the savanna ;‘
reference plots (left) and the Luki old- E 0%
growth forest (right). See Table S1 for data ::'f 60%
by species. ; 0%
§ 40%
°
5 30%
%
£ 0%
5
£ 10%
0%
(B) 100
90%
80%
70%

R

R

R

Reference
savanna

Relative stem density per dispersal mechanism (% stems)

3.3 | Carbon-biodiversity relationships

In the fire exclusion experiment of Manzonzi, the relationship
between absolute AGC stocks and species richness is positive
(R?=.59, p<.001; Figure 4a,b) as well as between relative spe-
cies composition and relative species richness (R?=0.67, p<.001;
Figure 4c). In contrast, no such relationship is observed between
absolute AGC stocks and species richness in the reference old-
growth forest plots of the Luki reserve (R?=.001, p=.879;
Figure 4a). Additionally, Kendall's tau statistic showed a signifi-
cant positive correlation (p<.001) between absolute AGC and
species richness for each census period in Manzonzi (inset table
in Figure 4a).

3.4 | Upscaling analysis

We found a total amount of actual (present-day) AGC of
3.45+1.58Gt C across 119.2Mha of unstable artificial savanna in
DR Congo, Congo and Angola (Figure 5; Table 3). In these savanna
regions, the overall potential additional aboveground carbon uptake
by 2100 is estimated at 12.13+2.25Gt C (Figure 5; Table 3). The
highest aboveground carbon storage potential was in unstable sa-
vannas in Angola across 56.36 Mha, while the lowest values were
in Congolese savannas covering only 7.22 Mha (Table 3). Sensitivity
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analysis using another climatology product (i.e. CHELSA) resulted in
smaller unstable savanna area in the three countries and a slightly
lower potential additional aboveground carbon uptake by 2100, at
9.95+2 (Table S3).

4 | DISCUSSION
4.1 | Rapid carbon recovery

Carbon accumulation in Manzonzi does not show a linear but
rather an exponential pathway during the monitoring period
(Figure 1), which is in line with other studies analysing long-term
carbon recovery in secondary forests (Makelele et al., 2021;
Poorter et al., 2016). The third census of the plots shows that pre-
dicted long-term carbon accumulation is not as fast (56 +2years
to recover 50% of old-growth values; Figure 1) as the pathways
calculated using the first two censuses only (37 years to recover
50% of old-growth values) (Deklerck et al., 2019), showing that
longer-term monitoring leads to different and probably more ac-
curate predictions.

Carbon recovery in Manzonzi is slow as compared to rates in
Neotropical chronosequences, where a median time of é66years is
needed to recover 90% of old-growth forest (Poorter et al., 2016), as
compared to an estimated 112 + 3years in Manzonzi. This discrepancy
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FIGURE 4 The relationship between absolute aboveground carbon stocks and absolute species richness (a and b) and between relative
species composition and relative species richness (c). Different symbols refer to different datasets: green circles=Manzonzi savanna plots
in 2010 (h=87), orange squares=Manzonzi savanna plots in 2014 (n=87), purple triangles=Manzonzi savanna plots in 2022 (n=87) and
pink crosses=Luki old-growth plots (n=19). A thin grey line connects the three censuses for each plot. The solid black lines show a simple
linear regression model on the Manzonzi data. The solid pink line (a) shows a simple linear regression model on the Luki data. The inset table
in (a) reports Kendall's tau correlations between aboveground carbon stocks and species richness in the Manzonzi experiment (Sullivan

etal.,, 2017).

could be attributed to the difference in land history. Chronosequences
mostly document forest recovery after recent change (e.g. shifting
agriculture), with the benefit of directly available resources (e.g. soil
seed bank, tree stumps, roots from which trees establish, remnant
trees that attract seed dispersal agents) (King et al., 1997; Rozendaal
et al., 2019). In contrast, our experiment documents the recovery of
forest in an area that had been converted to a savanna a long time ago

and where a typical savanna vegetation was established. This savanna
vegetation consisted of savanna specialist trees but also tall grasses,
which could possibly slow down the recruitment of forest specialist
trees. Savanna specialist tree species disappear quickly in Manzonzi,
but they have been present for at least 20years (Figure 1).

Yet carbon recovery in Manzonzi is faster than in a 60-year fire
exclusion experiment in the Kruger National Park (South Africa),
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FIGURE 5 Potential additional aboveground carbon storage

in unstable (mesic) savannas by 2100 in DR Congo, Congo and
Angola. The fire exclusion experiment of Manzonzi in the DR Congo
is indicated on the map with a red star. The presence of stable

and transition savannas is shown as brown and yellow pixels. The
uncertainty of the potential aboveground carbon storage is shown
in Figure S5. Map lines delineate study areas and do not necessarily
depict accepted national boundaries.

TABLE 3 Country-level actual versus potential additional
aboveground carbon (AGC, in Gt C) uptake by 2100 in unstable
(mesic) artificial savannas. The uncertainty is indicated by the
standard error.

Area Actual AGC Potential additional
Country (Mha) (Gt C) AGC (Gt C)
DR Congo 56.36 2+1.38 5.38+1.78
Angola 55.62 1.275+0.77 5.98+1.36
Congo 7.22 0.19+0.14 0.763+0.2
Total 119.2 3.45+1.58 12.13+2.25

where only 23.0+6.1 MgCha'1 was stored after 60years (Zhou
et al., 2022), as compared to a predicted 98.14 +22.8MgC ha?
in Manzonzi (Figure 1b). Differences in carbon recovery be-
tween Manzonzi and Kruger could be explained by water avail-
ability, which is one of the primary determinants of woody cover
in savannas (King et al.,, 1997; Sankaran et al., 2005; Staver
et al., 2009). Where Manzonzi receives a mean annual precipi-
tation of 118Ommyear'1 (Couralet, 2010; Deklerck et al., 2019;
llondea et al., 2020), Kruger only receives 700 mmyear'i, which
is within the transition zone between stable and unstable savan-
nas (516 mm/year < MAP <783 mm/year) (Sankaran et al., 2005;
Staver et al., 2009).
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Furthermore, proximity of seed bank reservoirs of forest special-
ist is also reported as an important condition for successful forest
recovery (Chazdon, 2003; Deklerck et al., 2019; Jeltsch et al., 2000;
King et al., 1997). With the old-growth rainforest of the Luki reserve
at a distance of merely 5km away from Manzonzi, the availability of
seeds seems to be no limitation in our experiment. This is especially
true for small-seeded tree species, which are dispersed through
wind or small flying mammals and constitute more than 85% of the
stems throughout the monitoring period (Figure 3b). However, large-
seeded species requiring large-mammal dispersal are still scarce in
Manzonzi (<5%), while they are an important group in the Luki OGF
(54%) (Figure 3b). Recent research highlighted the role of megaher-
bivores, such as elephants, promoting higher AGC through brows-
ing preferences and seed dispersal (Berzaghi et al., 2019, 2023).
However, elephants and other large mammals disappeared decades
ago from Manzonzi, which might significantly slow down the recov-
ery of both carbon and species composition in the longer term.

4.2 | Rapid recovery of species richness versus
slow recovery of species composition

Our results show that most biodiversity indices (Species richness,
Simpson's index, Shannon index, Fisher'a) increased significantly
over the 17-year monitoring period in Manzonzi (Figure 2, Table 1).
Yet, recovery of species composition representative of old-growth
forest is much slower, owing to the rapid encroachment of short-
and long-lived pioneer species that are typical for early succession
stages and not for mature forest (Figures 2 and 3). Rapid recovery
of biodiversity and species richness, combined with slow recovery
of old-growth forest composition, was also reported in the large
dataset of chronosequence studies of secondary regrowth for-
est in Neotropical regions (Poorter et al., 2016, 2021; Rozendaal
et al., 2019), with 80% species richness recovery after 20years ver-
sus only 34% species composition recovery after 20years. Similar
results were observed in a limited chronosequence dataset from the
central Congo Basin (Makelele et al., 2021).

The Simpson index is a good indicator of secondary succes-
sion and community assembly because it is sensitive to the most
abundant species and because, early in succession, the forest is
dominated by just a few pioneer species (Kearsley, 2015). In our
experiment, the Simpson index increased from 0.51 in the savanna
control plots to 0.64 in the 2010 census of the Manzonzi regen-
eration experiment, to 0.80 in 2014 and finally to 0.83 in 2022
(Table 1, Table 2). This rapid increase illustrates that the Manzonzi
experiment is still in the early stages of forest succession. Figure 3
confirms this, as the high numbers of both short- and long-lived pio-
neer species throughout the censuses, combined with the very few
shade-tolerant species, show that the experiment is still in the initial
pioneer stages of forest succession. However, Figure 3 also shows
that the experiment has already passed the stage where short-lived
pioneers are dominant, as they are losing importance. The contrast
between rapid recovery of aboveground carbon stocks and species
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richness versus slow recovery of species composition is also visible
on bivariate scatterplots (Figure 4). Finally, empirical observations
and oral reports of villagers confirm that zoological biodiversity is
also increasing. Multiple trees show signs of damage by bark-eating
rodents (Figure S6).

Finally, Figure 3 confirms that the Luki plots truly represent old-
growth forest, as only 17.5% of the trees belong to pioneer species
(especially long-lived pioneers). Published radiocarbon dates on
charcoal from top soils confirmed this, showing that the latest dis-
turbance through fire at the investigated sites in Luki was 525 years
ago (Hubau et al., 2013).

4.3 | Significant carbon-biodiversity relationships

Kendall's tau statistic showed a significant positive correlation
(p<.001) between absolute AGC and species richness for each
census period in Manzonzi (inset table in Figure 4a), which implies
that for each census year, higher species richness corresponds to
higher AGC stocks. In contrast, Kendall's tau statistic showed no
significant correlation (p=.622) for the old-growth forest plot data
of Luki, which suggests that there is no correlation between spe-
cies richness and AGC stocks in old-growth forests. This observa-
tion is consistent with previous pan-tropical analysis of large plot
datasets, which illustrated the absence of diversity-carbon relation-
ships in old-growth tropical forests, while weak positive diversity-
carbon relationships were reported at small spatial scales (0.04ha
plots) (Sullivan et al., 2017). This observation has implications for
conservation strategies. Old-growth tropical forests can have any
combination of tree diversity and carbon stocks, so both need to be
considered when optimizing policies to manage tropical forests for
carbon and biodiversity.

However, our results show that forest regeneration comes with
the double benefit of rapid recovery of both carbon and species rich-
ness (Figure 4), suggesting that policy strategies based on natural
forest regeneration result in both biodiversity and carbon gains. Our
analysis shows that the baseline carbon storage and tree species di-
versity are low in unprotected periodically burned artificial savannas
of our study region. These are almost exclusively situated in savanna
specialist tree species, which almost entirely disappear from the
system in the first few decades of forest regeneration (Figure 1;
Table 1). We also quantify that forest specialist species, which start
from near-zero in the baseline scenario, quickly recover carbon
stocks (6.57% of OGF aboveground carbon stocks after 17 years)
and species richness (33.17% of OGF species richness after 17 years)

after fire protection is initiated.
4.4 | Nature-based solution
The success of both carbon (Figure 1) and species richness (Figure 2)

recovery in Manzonzi illustrates the potential power of a simple
management tool. Protection of artificial unstable savannas does

require logistical efforts, but the rest of the process is very cost- and
labour-efficient, as the actual job is done by the natural process of
forest succession. Recent analysis also showed that natural forest
restoration has an average carbon storage capacity that is six times
higher compared to agroforestry and 40 times more than that of
tree plantations for forest carbon sequestration (Lewis et al., 2019).
Therefore, in contrast to other forms of landscape restoration, natu-
ral forest regeneration remains the most successful, cheapest and
least technical option for large-scale biodiversity and carbon recov-
ery and is widely recognized as a major NBS to both mitigate global
climate change and fight biodiversity loss (Girardin et al., 2021,
Higgins et al., 2007; Lofqvist et al., 2023; Moreira, 2000; Seddon
et al.,, 2020; Suding et al., 2015). Furthermore, while there is much
uncertainty on the total suitable and available land for forest restora-
tion and on the potential additional carbon recovery on these lands,
scientific studies agree that abundant (up to three-quarters) suitable
and available land can be found in the tropics (Abreu et al., 2017,
Bastin et al., 2019; Laestadius et al., 2011; Lewis et al., 2019).

The increasing focus on forest restoration as a NBS to the global
climate and biodiversity crises led to ambitious targets for ecosys-
tem restoration initiatives at national, regional and global levels
(Strassburg et al., 2020; Suding et al., 2015). Specifically, the African
Forest Landscape Restoration Initiative (AFR100) is a country-led ef-
fort to restore 100 million hectares of land in Africa by 2030. Forest
restoration initiatives facilitate the recovery process of carbon stor-
age, biodiversity and other ecosystem services (Suding et al., 2015).

The success of these initiatives largely depends on the en-
gagement of rural populations, who often reside close to restor-
able land, with one-third living within 8km of such areas (Erbaugh
et al., 2020). As a result, forest restoration through NBS not only
provides environmental benefits but also offers significant advan-
tages to local communities. These include deriving income from the
sale of carbon credits to help communities adapt to climatic or other
environmental shocks or be used for local development purposes
(Erbaugh et al., 2020; Lofqvist et al., 2023; Seddon et al., 2020). Such
economic incentives can encourage participation in forest resto-
ration, especially if local populations are effectively integrated into
these programs and receive financial support through Payment for
Ecosystem Services (PES) (Lamb et al., 2005; Léfqvist et al., 2023;
Suding et al., 2015). Beyond the financial gains from carbon credits,
successful forest restoration can integrate with the rural lifestyles
of local communities in terms of food production systems, farming,
shifting cultivation, hunting and access to forest resources like fruits,
nuts, fuel, honey and building materials (Seddon et al., 2020). This in-
tegration, crucial for long-term success, requires the sensitization of
communities to the importance and benefits of NBS to ensure their
willing participation and tangible benefits. Therefore, incorporating
indigenous knowledge, such as the role of mammalian seed dispers-
ers in ecosystem functions, can enhance conservation strategies,
making them more likely to be adopted and successful.

Additionally, forest restoration can alleviate pressure on the
limited natural forests in national parks and reserves across cen-

tral Africa by providing alternative sources for forest products,
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potentially reducing activities like wildlife poaching and timber
collection. Restored forests, particularly those adjacent to existing
forest reserves, can extend ecosystem functionality by offering ex-
panded habitats, buffering from human communities and supporting
more intact carbon and water cycling processes.

On a critical note, policymakers should bear in mind that refor-
estation in tropical savannas might also lead to some biodiversity
loss (Abreu et al., 2017). Recent analysis showed that savannas are
floristically impoverished, as our data suggest, but transition zones
do hold high evolutionary diversity and serve as evolutionary cross-
roads (Rees et al., 2023).

4.5 | Bottlenecks and uncertainties

There are considerable bottlenecks to the success of restoration
initiatives. Although the growing number of commitments is encour-
aging, they remain political actions made in a ‘top-down’ instead of
‘bottom-up’ manner, without any real quantification and localization
of the pledged areas. Some countries seem to be overambitious,
pledging more land than is suitable or available (Bastin et al., 2019).
Other countries are under-ambitious, pledging only a small frac-
tion of suitable or available land. DR Congo pledged 8 Mha under
AFR100, while we showed that it has 56.36 Mha of unstable savanna
with restoration potential (Figure 5; Table 3). Congo pledged 2Mha,
whereas we show that it has 7.22 Mha of unstable savannas. Angola
is not even part of the AFR100 initiative, while it has 55.62 Mha of
unstable savannas.

Another bottleneck is the uncertainty of the suitability of land
and the long-term pathways of carbon and biodiversity recovery.
Using very different remote sensing approaches, two independent
studies reported between 0.9 and 2.0billion hectares of restorable
land globally (Bastin et al., 2019; Laestadius et al., 2011). Long-term
carbon recovery trajectories are even more difficult to quantify
(Maurent et al., 2023). Carbon additions depend on many factors,
such as initial carbon stocks, resource availability (soil and water),
proximity of seed sources, prior land history and climate (King
et al., 1997; Sankaran et al., 2005). Particularly shifting climate con-
ditions will likely have an impact on the availability of suitable land
for forest restoration in the coming decades, while projections of
restoration success often don't account for this (Bastin et al., 2019;
Koch & Kaplan, 2022).

A major source of uncertainty is the lack of ground-based mon-
itoring of forest recovery. Although a substantial dataset is avail-
able to monitor the recovery potential of secondary forests in
Neotropical regions (Chazdon et al., 2016; Rozendaal et al., 2022),
only a handful of plots are available in central African forests
(Bauters et al., 2019; Makelele et al., 2021). Furthermore, these
studies are based on chronosequences rather than on long-term re-
peated measurements of regenerating forest plots (Chazdon, 2003).
Forest recovery in chronosequences is estimated indirectly using
a space-for-time approach and based on the assumption that the
same successional process takes place within each stand (Chazdon
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et al., 2006; Poorter et al., 2021). Chronosequence studies often in-
clude sites that are regenerating shortly after disturbance, leaving
no time for savanna vegetation establishment. As such, they might
not be representative of the regeneration of areas that were con-
verted to artificial unstable savannas decades ago. Our results show
that initial recovery rates in artificial savannas might be slower than
in chronosequences, as illustrated by the Gompertz model, which
performs better than the exponential model that fits well with chro-
nosequence data (Figure S3). Long-term fire exclusion experiments
are extremely rare in Africa. Substantial efforts were done in Ghana
(Swaine et al., 1992), Gabon (King et al., 1997) and South Africa
(Zhou et al., 2022), but apart from our experiment, we found no pub-
lished reference for the three central African countries surrounding
our study site (Figure 5). This limits the robust upscaling of total po-
tential carbon uptake, as there is much uncertainty on the influence
of several parameters such as rainfall, soil fertility, prior vegetation,
land-use history and surrounding forest cover. Furthermore, very
little research has been conducted on the evolution of soil carbon
stocks, which might change substantially during forest recovery on
artificial savannas (Zhou et al., 2023).

Despite bottlenecks and uncertainties, existing predictions
are promising. We estimate a total potential additional recovery
of 12.13+2.25Gt C if all 119.2Mha of unstable savannas in DR
Congo, Congo and Angola are pledged and protected from distur-
bance (Figure 5; Table 3). This is comparable to the predicted 42 Gt
C that would be additionally stored by 2100 if the targeted 350 Mha
of the Bonn Challenge were restored to natural forest (and not to
agroforestry or tree plantations) (Lewis et al., 2019). Our predicted
12.13+2.25Gt C by 2100 would already account for more than
one-fifth of the uptake needed in forests to keep global warming
below 1.5°C, as projected by the pathways of the IPCC (2018). We
do emphasize, however, that our predictions of total carbon uptake
are based on assumptions. We applied the same recovery trajectory
(Figure 1) throughout our study area (Figure 5), while actual recovery
is most likely different among regions and even specific locations.
Furthermore, our predictions do not account for future climate
change, which might stabilize some of the present-day unstable sa-
vannas (Bastin et al., 2019; Koch & Kaplan, 2022).

5 | CONCLUSION

The fire exclusion experiment in the artificial unstable savanna of
Manzonzi shows rapid recovery of both carbon stocks and species
richness, with a rapid increase in the stem density of pioneer forest
species. This illustrates that natural forest regeneration is a success-
ful NBS to both mitigate global climate change and fight biodiver-
sity loss. It comes with the advantage of additional benefits like a
healthy water balance, the production of forest products that can be
used by local communities and reduction of pressure on remaining
intact forests. Furthermore, natural forest regeneration is a cheap
and simple management strategy. However, upscaling this man-
agement within the framework of global or regional initiatives (e.g.
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AFR100) is constrained due to uncertainties of the suitability of land
and uncertainties on the long-term pathways of carbon and biodi-
versity recovery. Therefore, more ground-based in situ monitoring is
needed to improve predictions of the benefits of large-scale restora-
tion initiatives and to quantify variation due to resource availability
(e.g. rainfall and soil fertility), prior vegetation, changes in soil car-
bon stocks, land-use history and surrounding forest cover. Finally,
we also show that the recovery of species composition representa-
tive of old-growth forests is slow, with an estimated 90% recovery
after 124 +3years. This illustrates that global protection of intact
rainforest is still of paramount importance to avoid further biodi-
versity loss.
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