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Abstract

On the African continent, the population is expected to expand fourfold in the next
century, which will increasingly impact the global carbon cycle and biodiversity con-
servation. Therefore, it is of vital importance to understand how carbon stocks and
community assembly recover after slash-and-burn events in tropical second growth
forests. We inventoried a chronosequence of 15 1-ha plots in lowland tropical forest
of the central Congo Basin and evaluated changes in aboveground and soil organic
carbon stocks and in tree species diversity, functional composition, and community-
weighted functional traits with succession. We aimed to track long-term recovery
trajectories of species and carbon stocks in secondary forests, comparing 5 to
200 + year old secondary forest with reference primary forest. Along the succes-
sional gradient, the functional composition followed a trajectory from resource ac-
quisition to resource conservation, except for nitrogen-related leaf traits. Despite a
fast, initial recovery of species diversity and functional composition, there were still
important structural and carbon stock differences between old growth secondary
and pristine forest, which suggests that a full recovery of secondary forests might
take much longer than currently shown. As such, the aboveground carbon stocks of
200 + year old forest were only 57% of those in the pristine reference forest, which
suggests a slow recovery of aboveground carbon stocks, although more research is
needed to confirm this observation. The results of this study highlight the need for
more in-depth studies on forest recovery in Central Africa, to gain insight into the

processes that control biodiversity and carbon stock recovery.

Abstract in French is available with online material.
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1 | INTRODUCTION

Tropical forests provide crucial ecosystem services on both a global
scale and a local scale. These services include the mitigation of cli-
mate change through their role as carbon sinks (Beer et al., 2010;
Pan et al., 2011), acting as safeguards of unique species and excep-
tionally biodiverse communities (Gardner etal., 2012; Slik etal.,
2015), and directly supporting the livelihoods of millions of people
(Chomitz, Buys, de Luca, Thomas & Wertz-Kanounnikoff, 2007).
However, increasing anthropogenic pressure is leading to acceler-
ated land-use change (FAO, 2016) In the case of subsistence shift-
ing cultivation, deforestation is followed by natural regeneration,
which further promotes a tropical forest biome that is dominated by
secondary-growth forests (Hansen et al., 2013; Keenan et al., 2015).
Therefore, a better understanding of the rate at which these second-
ary forests recover their carbon stocks and community assembly will
benefit both research on the global carbon cycle and biodiversity
conservation.

As direct estimates of long-term forest recovery rates in stands
monitored over time are largely unavailable, current knowledge on
carbon accrual and diversity recovery during secondary succession
relies heavily on space-for-time studies of forest chronosequences
(Chazdon, 2008; Rozendaal & Chazdon, 2015). These chronose-
quence studies—primarily conducted in the Neotropics—have
shown that recovery rates vary dramatically with climatic factors
(Anderson, Allen, Gillooly & Brown, 2006; Becknell, Kissing Kucek
& Powers, 2012; Poorter et al., 2016), soil fertility (Becknell &
Powers, 2014; Moran et al., 2000), and the duration and intensity
of land use prior to abandonment (Gehring, Denich & Vlek, 2005;
Jakovac, Pefna-Claros, Kuyper & Bongers, 2015). Meta-analyses
from the Neotropics have shown that forests in South America
seem to be quite resilient to disturbance. After a few decades of
regrowth, they seem to attain levels of aboveground carbon (AGC;
Becknell et al., 2012; Martin, Newton & Bullock, 2013; Poorter
et al., 2016), soil organic carbon (SOC; Marin-Spiotta et al., 2007;
Marin-Spiotta & Sharma, 2013; Martin et al., 2013), tree species
richness (Chazdon, 2008; Chazdon etal.,, 2009; Guariguata &
Ostertag, 2001; Pena-Claros, 2003), and functional composition
(Chazdon, 2008; Dent, Dewalt & Denslow, 2013) close to those
from old growth forests. Because of these decadal recovery rates,
most studies have classified forests > 100 years as old growth
forest. However, little is actually known about longer term forest
succession. Here, we investigate the trajectories in vegetation and
carbon stocks in old growth secondary forests, decades to centu-
ries post-disturbance.

In addition to the scarcity of data on long-term forest recovery,
field studies on the African continent are limited, despite the fact
that it contains the second largest contiguous block of tropical
forest. Hence, to complement the large existing body of work in
Neotropical forests, more studies are needed on forest regrowth
in Africa because (a) important differences between African and
Amazonian forests exist in forest structure, carbon storage, and

species diversity (Banin et al., 2012; Lewis et al., 2013; Parmentier

et al., 2007; Slik et al., 2015, 2017), (b) differences exist in exog-
enous nutrient inputs (Bauters et al., 2018), and (c) the projected
global population growth for the next century is expected to be
dominated by population growth in Africa, with an estimated
fourfold increase in population on the continent (Gerland et al.,
2014). The latter is likely to exert a continued and increasing an-
thropogenic pressure on sub-Saharan tropical forest ecosystems,
highlighting the need to prioritize field studies on Central African
forest recovery.

In this study, we explored two research questions for Central
African forests: (a) How fast can both aboveground and soil carbon
stocks recover in secondary forest trajectories and approach old
growth forest carbon stocks, (b) how fast does species diversity and
functional assembly of secondary forest trajectories recover to old
growth forest composition? We focused on the long-term recovery
of carbon stocks and vegetation composition, to extend our un-
derstanding beyond the initial first two decades after disturbance,
which have been much more well-studied. To do so, we set up and
characterized 15 new permanent monitoring 1-ha plots in lowland
tropical forest in the central Congo Basin, along a space-for-time for-
est chronosequence ranging from 5 to 200+ years after disturbance,
and including also primary forest as a reference. At these sites, we
assessed aboveground and soil organic carbon stocks, along with the
functional assembly of the tree community.

2 | MATERIAL AND METHODS

2.1 | Study site

This study is based on data collected during two field campaigns be-
tween November 2015 and September 2016 in the Maringa-Lopori-
Wamba forest landscape (1°51'50”"N - 0°26'28"N; 19°41'5"E
- 23°32'43"E; 350-400 m a.s.l.) in the Tshuapa province in the
Democratic Republic of the Congo (DRC). Vegetation at the study
site is classified as semi-deciduous rain forest and is characterized
by two dominant climax forest types: mixed lowland tropical forest
and Gilbertiodendron dominated forest, where > 60% of the basal
area consists of one species, Gilbertiodendron dewevrei. Climate
falls within the Af-type (tropical rain forest climate) following the
Képpen-Geiger classification. Soils in the region are typical deeply
weathered and nutrient-poor Ferralsols, with very limited elevation
differences and gentle slopes, and dominated by a sandy texture.
Here, we established square permanent sample plots of one hectare
in triplicate along five different stages of forest development based
on expert judgment of local foresters: recently abandoned farmland
dominated by Musanga cecropioides and Macaranga species (Young;
5-25 years), second growth young forest (SYoung; 25-30 years),
second growth old forest (SOId; approx. 150-300 years), and two old
growth forest types, old growth mixed forest (Old-Mix; 1700 years)
and old growth Gilbertiodendron dominated forest (Old-Gil; no age
estimation). The latter category was added because this is a known
climax stadium of succession in Central Africa (Maley et al., 2018),
which provides us with an extra control to compare the structure,
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carbon stocks, and diversity of old growth mixed forest with. Hence,
our setup consisted of three succession stages at different stages
of recovery post-disturbance and two climax forest types as a ref-
erence. Although we do not have explicit information on the prior
land-use for the selected secondary plots, the context and location
make it highly likely that shifting cultivation by slash-and-burn forest
clearing is the primary human disturbance. There is no large-scale
agriculture in the region, and the site is very remote; by motorbike, it
takes two long days on a small dirt-track through the forest to reach

the nearest city.

2.2 | Field inventories, sampling, and analysis

We inventoried the 15 1-ha plots following an international stand-
ardized protocol for tropical forest inventories (RAINFOR; Malhi
et al., 2002). In each plot, the diameter of all live stems with a di-
ameter larger than 10 cm was measured at 1.3 m height and the
trees were identified to species level. In addition, the tree heights
of approximately 20% of all trees in each plot were measured, with
measurements distributed across the observed diameter classes
(Nikon Forestry Pro, Nikon, Japan). The height of broken living trees
was measured separately. The community-weighted mean values of
leaf functional traits were determined in the plots by selecting the
most abundant tree species (i.e., the species that, together, make up
minimum 70% of the standing basal area per plot). For the selected
species of all plots, mature leaves of a minimum of three individu-
als per species were sampled by tree climbers. For most of the in-
dividuals, we sampled fully sunlit leaves, but this was not always
practically feasible for the climbers, in which case we sampled partly
shaded leaves under the top canopy. Leaf areas were determined by
either photographing leaves on white paper with a reference scale
or drawing leaf contours and scanning the drawings in the evening
of the sampling day. Both pictures and scans were processed using
free ImagelJ software (Schneider, Rasband & Eliceiri, 2012). Leaves
were subsequently sun-dried in the field and oven-dried overnight at
60°C and ground within three weeks of sampling. Specific leaf area
(SLA) was calculated by dividing the leaf areas of all sampled leaves
per individual by the total dry mass of the sample.

Composite soil samples and soil samples for bulk density mea-
surement were collected at respectively 10 and five places within
each plot at five depth increments (0-10, 10-20, 20-30, 30-50,
and 50-100 cm) in September 2016. Both sample sets were sub-
divided into two sets which were (a) oven-dried at 60°C for 48 hr,
and subsequently homogenized (composite samples for analysis), or
(b) weighed after further drying at 105°C until stable weight was
attained (bulk density). Soil subsamples from five profiles were an-
alyzed for A¥*C-SOC on a MICADAS *C AMS system (lonplus AG,
Dietikon, Switzerland) to assess potential changes in the mean age of
soil carbon and rates of soil carbon cycling along the successional gra-
dient. Samples were combusted and graphitized following Steinhof,
Altenburg and Machts (2017) prior to analysis. Data are reported as
radiocarbon concentrations, rather than calibrated dates. These are
not appropriate to open systems such as soils, which include a mix
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of carbon fixed from the atmosphere at different times. Leaf and
plot-level composite soil samples were analyzed for total carbon and
nitrogen content and on nitrogen stable isotope ratio 515N using an
elemental analyzer (automated nitrogen carbon analyzer; ANCA-SL,
SerCon, UK), interfaced with an isotope ratios mass spectrometer
(IRMS; 20-22, SerCon, UK).

2.3 | Assignment of successional stage: charcoal
dating and interviews

We used a combination of two dating techniques to date the 15 ex-
perimental plots and to give an approximation of the time since agri-
cultural abandonment for every plot. Young, SYoung, and SOId plots
were dated by interviewing the landowners and several older-aged
inhabitants of the villages Ingungu and Mbotolongo. Old-Mix plots
were selected based on the expert judgment of the botanists of
INERA, but additional radiocarbon dating of charcoal pieces found
in the uppermost soil layer was used to validate the time since the
most recent slash-and-burn event. We searched for charcoal pieces
in the composite soil samples from each plot. The charcoal pieces
found in the composite topsoil sample are assumed to originate
from wood that burnt during the last fire event at the forest site.
Subsequently, charcoal pieces were dated with an accelerator mass
spectrometer (MICADAS, ETH, Switzerland) at KIKIRPA in Belgium.
Radiocarbon age determinations of wood charcoal are commonly
used to date past forest fire events (Hubau, van den Bulcke, van
Acker & Beeckman, 2015). All residues were pre-treated with the
acid-alkali-acid (AAA) method. **C determinations were measured
on the AMS at the Royal Institute for Cultural Heritage, Brussels
(Lab code RICH-; Boudin, van Strydonck, van den Brande, Synal &
Wacker, 2016). All samples were transformed into graphite using the
automatic graphitization device AGE (Wacker, Némec & Bourquin,
2010). Calibrated radiocarbon ages were determined using OxCal
version 4.2 (Bronk Ramsey, 2009) and the IntCal13 calibration curve
date (Reimer et al., 2013) to correct for variation in atmospheric ra-
diocarbon concentrations over time.

2.4 | Data analysis

For each plot, we used best fitting diameter-height relationships
out of 16 published relationships according to the Akaike informa-
tion criterion (Supporting Information Table S1, Brown, Gillespie &
Lugo, 1989; Huang, Titus & Wiens, 1992; Banin et al., 2012; da Silva
Scaranello et al., 2012; Feldpausch et al., 2012) and subsequently a
pan-tropical tree allometric relationship including height, diameter
at breast height (DBH) and wood density (WD; Chave et al., 2014)
in order to estimate AGB. For the conversion to AGC, we assumed
a wood carbon content of 50% (Chave et al., 2005). Due to logisti-
cal constraints, it was not possible to measure the WD of all tree
stems on site. Therefore, the WDs collected for research in the
Yangambi Man and Biosphere Reserve and the DRYAD WD data-
base (Chave et al., 2009) were used to attribute WD values to the
trees. If no species-level data were available in either database, we
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used genus-level average WD from both databases to assign WD to
the respective individual. We defined stem number as the sum of all
living trees with a diameter larger than 10 cm at 1.3 m height within
each plot. Maximum tree height was calculated as the average of the
three highest trees in each plot.

To enable comparison of species richness at the plot level, spe-
cies number was rarefied to the lowest observed number of indi-
vidual trees in each plot. In addition to rarefied species richness,
we calculated both the Shannon and Pielou's evenness indexes,
along with the number of unique species per plot. The latter rep-
resents the number of species that occurred in the respective plot
but were not present in plots from a different successional stage.
To analyze functional composition, all trees were grouped into
three functional types based on shade tolerance following pub-
lished work (Hawthorne, 1995): pioneer species (P), non-pioneer
light-demanding species (NPLD), and shade bearer species (SB).
P species require gaps for establishment, NPLD species can es-
tablish in shade but need a gap to grow to their full height, and
SB species can be found in shade both as young and older plants
(Hawthorne, 1995). Additionally, average tree functional trait val-
ues of WD, SLA, mass-based leaf nitrogen content (LNC), ratio of
mass-based leaf carbon content (LCC) and LNC (C:N), and §'°N
were calculated for every selected species. Subsequently, we cal-
culated community-weighted mean leaf functional trait values per
plot using the species composition and the species trait averages,
weighting with basal area.

For each depth increment, SOC was determined as the product
of mass-based soil organic carbon content, bulk density, and thick-
ness of the increment layer, and extrapolated to the plot surface
(1 ha). Subsequently, SOC to a depth of 1 m was quantified for each
plot by summing the SOC stocks per depth increment.

2.5 | Statistics

Average plot values and standard deviations were calculated for
each successional stage of forest structure variables, soil properties,
AGC, SOC, species diversity variables, functional composition, and
community-weighted functional traits. We conducted one-way anal-
ysis of variance (ANOVA) to compare the successional stages, using
the plot-level data, with additional Tukey's honestly significant dif-
ference (HSD) post hoc testing. When the underlying assumptions
were not met, the data were log-transformed. Kruskal-Wallis and
subsequent Dunn's tests were used on the data that did not meet the
ANOVA assumptions after transformation. Significance was deter-
mined as p < 0.05. Successional stages with only one replicate were
left out of this analysis. Additionally, we used multivariate analysis to
assess species turnover and species’ association with successional
stage. For this, an exploratory correspondence analysis showed a
gradient of roughly four standard deviation units; hence, a unimodal
method—detrended correspondence analysis (DCA)—was selected.
All analyses were done using the R software (R Development Core
Team 2018), using the vegan package for the ordination (Oksanen
etal., 2013).

3 | RESULTS

Our chronosequence consisted of three Young plots (5-25 years),
three SYoung plots (25-30 years), five SOId plots (approx. 150-
300 years), one Old-Mix plot (1700 years), and three Old-Gil plots
(no age estimation). Radiocarbon dating of charcoal indicated that
two of the three presumed Old-Mix plots were much younger than
the third Old-Mix plot and had approximately the same age as the
three presumed SOId plots (Supporting Information Table S2).
Moreover, the abundance of big trees was significantly lower in
these two plots compared with the third Old-Mix plot. Therefore,
we reclassified these plots as SOId forest, instead of Old-Mix for-
est as previously classified by forest experts from INERA. The pos-
sible range of ages for plots within the SOId successional stage is
relatively wide (Supporting Information Table S2). However, as the
highest probability of these dates falls within 1660-1890AD (78.7%
probability; 126-356 years prior to sampling) for plot 15 and 1730-
1810AD (48.8% probability; 206-286 years prior to sampling) for
plot 3, we choose to refer to this successional grouping as “approx.
150-300 years” throughout the paper. For Old-Mix, the dates fall
within 230-410AD (95.4%; 1605-1785 years prior to sampling), for
which we use “1700 years” throughout the paper. Although we ac-
knowledge that precise age is highly uncertain, and may be much
younger (Supporting Information Table S2), we believe there is
strong justification for the successional grouping (see Discussion).

Overall, the structure of the forest changed significantly over the
succession. Despite an initial decrease in mean tree basal area, plot
basal area, and maximum tree height from the Young to the SYoung
stage, later successional stages showed a significant increase, with
remarkably differing values between SOId and Old-Mix forest. Stem
number remained constant over the forest succession, except for the
Gilbertiodendron forest, where it was significantly lower (Supporting
Information Table S3, Figure 1).

For the community assembly, rarefied species richness, Shannon
index, and the number of unique species per successional stage sig-
nificantly increased with succession and converged toward those
of Old-Mix forest. Pielou's evenness index did not show any signifi-
cant differences between the different stages (Figure 2, Supporting
Information Table S3). The classification into guilds showed a de-
crease in the relative share of pioneer species, an increase in shade
bearing species, and no significant changes in the non-pioneer light-
demanding species, which showed a sustained presence over all the
succession stages (Figure 2). Overall, we sampled leaves of a total
of 429 individual trees, covering 152 of the 216 tree species that
were present in the plots. Additionally, the community-weighted
functional traits showed an initial significant increase in WD, and an
overall decrease in SLA, but no significant changes in canopy stoichi-
ometry (C:N and canopy LNC; Figure 2). However, no notable differ-
ences in the share of pioneer and shade bearing species were found
between SOId and Old-Mix, suggesting that functional composi-
tion of SOId forest converged toward that of Old-Mix forest. The
DCA also shows the species turnover along DCA axis 1 (eigenvalue
0.7, with an axis length of 4.6; Figure 3). Finally, the §°N isotopic
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growth old forest, approx. 150-300 years; Old-Mix: old growth mixed forest, 1700 years; Old-Gil: old growth Gilbertiodendron forest.

BA stands for basal area. Error bars represent standard deviations. No standard deviations were calculated for Old forest because of its
single plot replicate. Percentages are stock values relative to the value of Old-Mix forest. The dashed horizontal line indicates the regional
mean AGC of old growth forests across Central Africa (Lewis et al., 2013). (b) Variation of four forest structure plot variables along the
successional stages at our study site. Bars represent mean plot values per successional stage. Error bars represent standard deviations. BA
stands for basal area. Error bars represent standard deviations. No standard deviations were calculated for Old-Mix because of its single plot
replicate. Significant differences across forest types are indicated by different letters per type (p < 0.05)

signature of both the topsoil and the canopy showed no significant
differences along the forest succession (Supporting Information
Tables S2 and S3).

Aboveground carbon increased along the successional gradient,
while SOC was relatively uniform, with the exception of the Old-
Mix plot. AGC significantly increased after SYoung forest stage, that
is, forest of 25-30 years of age (Figure 1). However, second growth
forest, with an AGC stock of 106.3 Mg C/ha, never reached a value
close to the value of Old-Mix (187.7 Mg C/ha). AGC of SOId forest
was estimated to be only 57% of the AGC of Old-Mix. The AGC of
the Gilbertiodendron forest was highest (135% of the AGC of Old-
Mix). In contrast to AGC, no significant differences were found in the
SOC stocks over the forest succession (Figure 1). Stocks ranged from
111 to 186 Mg C/ha. Both SOC content and BD were similar at the
respective depth increments, across the succession, with exception
of the significantly higher BD in the Old-Gil in the 20-30 cm depth
layer. BD increased with depth from on average 1,147 to 1,279 kg/
m?®, and SOC content decreased with depth from on average 1.9% at
0-10 cm depth to 0.9% at 50-100 cm depth. The highest SOC stock
was observed in Old-Mix, primarily due to higher carbon content
in the lower soil layers (Figure 1). The SOC of SOId forest was only
60% of that measured in Old-Mix. However, despite this higher car-
bon content at depth the in Old-Mix compared to other sites, the
radiocarbon content of the deep soil was similar across all profiles.
At the surface, the Old-Mix had the lowest soil radiocarbon values
(from O to 20 cm: Figure 4, Supporting Information Table S6). The

AYC decreased in all profiles with depth from an average of 78%. at
0-10 cm depth to -112%o at 50-100 cm depth.

4 | DISCUSSION
4.1 | Species composition and diversity along
succession: a fast species recovery

An initial fast recovery of composition and diversity was shown in
the lack of significant differences between SYoung forest and SOId
forest, which suggests that tropical tree species diversity recov-
ered rapidly following agricultural abandonment, and is in line with
Neotropical studies (Guariguata & Ostertag, 2001; Martin et al.,
2013; Pefa-Claros, 2003).

Furthermore, old growth secondary forests and truly pristine for-
est patches seem to have very similar species composition, based on
(a) the number of unique species (Figure 2), (b) the similar functional
composition (Figure 2), and (c) the short distance between both clus-
ters in the biplot (Figure 3). The latter was also evidenced by the fact
that local experts apparently misjudged the pristine status of two
out of three “old growth” plots. This highlights one important out-
come of this study that species composition in old growth secondary
plots is very close to that of truly pristine forest patches.

In contrast to this work, several studies on tropical forest succes-
sion have shown that the proportion of species associated with undis-
turbed tropical forest found in second growth forest can be low, and
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For panel c, the letters indicate between-stage differences in functional types

slowly increases (Derroire et al., 2016; Martin et al., 2013; Pefa-Claros,
2003), even to the extent that old growth secondary forests globally
might be important for the conservation of a distinct “secondary”
species pool (Chazdon et al., 2009). In this study, we found a limited
number of unique species in the single hectare plot that was classified
as truly old growth forest (six species; Figure 2), which was similar to

the average of seven unique species that were present in the 5 1-ha

plots of SOId. Overall, this is in accordance with the similar rarefied
species richness, Shannon diversity and Pielou's evenness index that
both forest types showed (Figure 2), and supports the idea that species
composition in the old secondary forests is actually very close to those
of truly pristine forests. The Gilbertiodendron forest, as an important
other climax forest situation in Central Africa, showed marginally

lower diversity indices, with yet another set of unique species. This
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special climax situation is not yet fully explained (Corrales et al., 2016;
Kearsley et al., 2017; Peh, Sonke, Lloyd, Quesada & Lewis, 2011), but
it is likely that association with ectomycorrhiza and edaphic factors is
at the basis of the monodominance, while N cycling is unlikely to be a
determining factor (Bauters, Verbeeck et al., 2019).

4.2 | Functional community assembly: partial shift
from resource acquisition to resource conservation

Additionally, we found that functional composition of second growth
forest converged to that of pristine forest (Old-Mix), which has also
been observed in the Neotropics (Chazdon, 2008; Dent et al., 2013).

The successional trends we found for community-weighted tree

functional traits also indicate this fast recovery of functional compo-
sition. Moreover, these results confirm that a tree community makes
a shift in functional strategies during succession from acquisitive to
conservative strategies (Lohbeck et al., 2013; Pefuelas et al., 2013),
with species replaced by others to adapt to changing light environ-
ments, reflecting a trade-off in plant strategy. Fast growing species
with a rapid acquisition of resources thrive in the light-rich environ-
ment of early-successional stages, while slow growing species that
conserve resources dominate the poor light environment of late-
successional stages (Reich, 2014). Hence, during succession leaves
run from short-lived, high specific leaf area (SLA) leaves with high
assimilation rates to longer-lived, low SLA leaves that supposedly

have low assimilation rates (Poorter, Niinemets, Poorter, Wright &
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Villar, 2009; Wright et al., 2004) whereas stems run from fast grow-
ing, low WD stems to long living, slow growing, and high WD stems
(Chave et al., 2009).

However, remarkably, in our study we did not detect any of the
expected changes in LNC and leaf C:N ratio across the community-
weighted means of the forest succession (Figure 2). This is contrary
to the general assumption that succession exerts a shift from re-
source acquisition to resource conservation strategies, and is what
would be expected given the strong correlation between SLA and
LNC along the trait continuum (Wright et al., 2004). To date, several
studies have documented this apparent decoupling of both traits
along forest succession (Becknell & Powers, 2014; Craven, Hall,
Berlyn, Ashton & van Breugel, 2015; Whitfeld et al., 2014), which
has been attributed to changes in leaf structural attributes (Poorter
et al., 2009). Secondly, the availability of N might be exceptionally
high at our study site (Bauters et al., 2018). This might further reduce
stoichiometric N constraints during forest regeneration, although a
study on the abundance and nodulation of N fixers at the same loca-
tion did identify a clear role of N fixing trees for N input in recover-
ing forests (Bauters, Mapenzi, Kearsley, Vanlauwe & Boeckx, 2016).
We conclude from the combination of (a) a lack of shifts in canopy
stoichiometry along the succession, (b) the presence of symbiotic N
fixing activity in early succession, and (c) a high exogenous N input
that Central African forests are able to fully alleviate N limitation
during succession. This is also further confirmed by the lack of a
strong trend in our foliage and topsoil 8*°N (Figure 2, Supporting
Information Table S3), which can serve as a proxy for the openness
of the N-cycle in natural ecosystems (Craine et al., 2009, 2015). The
foliar §*°N signature showed clear increases of up to 3%o in South
American forest successions, indicating an increasingly “leaky” N-
cycle (Davidson et al., 2007), while for our forest succession, the
differences between extremes did not exceed 1%. (Supporting
Information Table S3).

4.3 | Carbon stocks: fast initial recovery, slow full
recovery?

Our dataset suggests that AGC stocks recover very slowly in the
central Congo Basin; approx. 150-300 years after agricultural
abandonment second growth forest at our study site had AGC that
was only 57% of those of our Old-Mix plot. Because this succes-
sional stage was represented by only one plot, this result should
be treated with caution. However, other Central African studies
reported an average AGC value of mature mixed forests, which
agreed closely with the stock we found in Old-Mix (Figure 1, Lewis
et al., 2013). The higher AGC in Old-Mix is both explained by more
large trees with both larger mean tree basal area and maximum tree
height (Figure 1). The importance of larger trees for aboveground
carbon stocks was also asserted by Bastin et al. (2015) and also in
accordance with the second climax forest at our study site, Old-Gil;
similar AGC stocks, with on average more large trees (Figure 1).
Nevertheless, our results are in stark contrast with the high resil-
ience of carbon stocks of secondary Neotropical forest: Poorter

et al. (2016) showed that AGC of Neotropical second growth for-
est took a median time of only 66 years to recover to 90% of old
growth values, and Martin et al. (2013) found that AGC across the
tropics fully recovered at nearly 80 years after disturbance. One
important extra point here is that this apparent contrast depends
heavily on how we interpret the charcoal datings from the SOId
forest. Indeed, the forest might be much younger than indicated by
both the charcoal pieces and the interviews, in which case the AGC
recovery rate would be closer to those reported for Neotropical
forest.

In contrast to AGC, SOC stocks showed relatively little change
over the succession gradient, with the exception of the stocks in
Old-Mix. Similarly, with the exception of small differences at the
surface, soil radiocarbon content did not meaningfully change along
the succession gradient, indicating rates of soil C cycling were not
impacted by disturbance. Studies across the tropics have found the
responses of SOC stocks to deforestation and subsequent forest
regeneration vary in both direction and magnitude (Powers, Corre,
Twine & Veldkamp, 2011; Powers & Marin-Spiotta, 2017). For ex-
ample, Marin-Spiotta and Sharma (2013) found that Neotropical
second growth forest had SOC stocks similar to nearby undisturbed
forest. Cerri et al. (2007) also found small changes in SOC along 11
land-use change chronosequences in the Brazilian Amazon, in both
models and measurements. While much work has focused on the
changes in surface soils, we provide a valuable dataset to assess
deeper changes in SOC and radiocarbon content. Our findings are
consistent with Nagy et al. (2018), who also found deep soil C and
radiocarbon values were relatively unaffected by land-use change.
Although SOC stocks and radiocarbon values were relatively uni-
form along the succession gradient studied here, SOC stocks in
the Old-Mix were much higher, particularly at depth. Because this
successional stage was represented by only one plot, the reason
for this difference remains unclear. For example, Old-Mix may not
have been deforested for reasons linked to the differences in SOC
(e.g., more poorly drained area, different soil depth, etc.). Although
more data are needed in pristine plots, this dataset suggests that
while slash-and-burn events have a huge impact on AGC, the im-
pact on belowground processes is much less pronounced along the
chronosequence.

These results suggest that caution is needed when interpreting
data from forests classified as old growth. Substantial differences
in the carbon stocks of SOId and Old-Mix have the potential to bias
datasets across the tropics, especially when assumptions about old
growth forest are made as a reference for recovery rates. This might
lead to substantial overestimations in the recovery rates of tropi-
cal forests. Altogether, we show that the initial recovery of carbon
stocks in secondary succession is quite fast across Young to SOId
forests. Although our data are inconclusive with respect to Old-
Mix, the data suggest that the full recovery to pristine forest carbon
stocks might be slower.

Dating of plots in this study must be interpreted with cau-
tion. Rather than relying on the exact dates for analysis and in-
terpretation, we prefer to use the charcoal dates as an indicator
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and additional evidence for the grouping of plots in successional
stages. This uncertainty presents particular challenges for plots in
which the age of the last slash-and-burn event is beyond genera-
tional memory, since this eliminates the possibility of corroborating
interviews. We acknowledge that this method has flaws, as there
are significant uncertainties in the radiocarbon dating of charcoal
due to high uncertainty in calibrated radiocarbon ages due to vari-
ation in atmospheric radiocarbon values during the period of inter-
est for SOId plots (Supporting Information Table S2), uncertainty
in the age of the wood itself prior to burning and conversion to
charcoal (Gavin, 2001), and possible bias of measurements due to
residual SOM adsorbed to the charcoal (Wagner et al., 2018).Thus,
care should be taken in interpreting plot ages based on charcoal
radiocarbon dates alone. Nevertheless, both the species turnover
(Figures 2 and 3) and the structure and carbon stocks (Figure 1)
seem to support the classification of our plots into distinct succes-
sional classes.

5 | CONCLUSIONS

Overall, we found convincing evidence that the tree species di-
versity, taxonomic, and functional community assembly of Central
African forests recover relatively quickly. However, the two climax
forest types and the approx. 200-year-old secondary forest still
safeguard a small set of distinct species unique to the respective for-
est types. Additionally, the recovery of the functional community
assembly follows a trajectory from resource acquisition in young
forest to resource conservation in climax forest in terms of wood
density, specific leaf area, and overall guild classification, except
for traits related to nitrogen cycling. Finally, carbon stock recovery
seemed to be much slower, with none of the secondary forest types
attaining AGC stocks similar to the ones encountered in both climax
forest types or those documented in old growth forests across the
continent. Altogether, more research on carbon accrual and fluxes in
Central African forests is needed to determine whether the appar-

ent slow carbon recovery found in this study holds across the region.
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