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peatland development, DigiBog_Congo, that we use to simulate peat carbon accumu-
lation and loss in a rain-fed interfluvial peatland that began forming ~20,000 calendar
years Before Present (cal. yr BP, where ‘present’ is 1950 CE). Overall, the simulated
age-depth curve is in good agreement with palaesoenvironmental reconstructions de-
rived from a peat core at the same location as our model simulation. We find two key
controls on long-term peat accumulation: water at the peat surface (surface wetness)
and the very slow anoxic decay of recalcitrant material. Our main simulation shows
that between the Late Glacial and early Holocene there were several multidecadal
periods where net peat and carbon gain alternated with net loss. Later, a climatic dry
phase beginning ~5200cal. yr BP caused the peatland to become a long-term carbon
source from ~3975 to 900cal. yr BP. Peat as old as ~7000cal. yr BP was decomposed
before the peatland's surface became wetter again, suggesting that changes in rainfall
alone were sufficient to cause a catastrophic loss of peat carbon lasting thousands of
years. During this time, 6.4 m of the column of peat was lost, resulting in 57% of the
simulated carbon stock being released. Our study provides an approach to under-
standing the future impact of climate change and potential land-use change on this

vulnerable store of carbon.

KEYWORDS
carbon accumulation, Congo Basin peatlands, palaeoenvironmental reconstruction, simulation,
model, tropical peat

1 | INTRODUCTION world's largest tropical peatland complex (Dargie et al., 2017) cov-

ering 16.8 million ha (Figure 1; Crezee et al., 2022). The peat can
The central Congo peatlands, spanning the Democratic Republic be up to 6m thick (Crezee et al., 2022; Dargie et al., 2017) and in
of the Congo (DRC) and the Republic of the Congo (ROC), are the some locations started to accumulate at least around 20,000years
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a peat core, known as CEN-17.4, showing
the Ghost Interval—the thin depth interval
highlighted. The red line is the median age
modelled at each depth from radiocarbon
dates with 95% confidence intervals
shown (light red shading). (c) Location
within the ROC of the CEN-17.4 coring
site. (d) Example of a peat core taken
from the peatlands. Maps (a) and (c) from
Garcin et al. (2022); data for (b) are from
Hawthorne et al. (2023); photograph (d)
taken by Bart Crezee. Map lines delineate
study areas and do not necessarily depict
accepted national boundaries.
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ago (Hawthorne et al., 2023). The peatland complex contains an
estimated peat carbon stock of 29.0 Pg, equivalent to ~28% of the
world's tropical peat carbon (Crezee et al., 2022). As such, the peat-
lands of the central Congo Basin represent a globally important
component of the carbon cycle. The peatlands also appear to be vul-
nerable to climate change (Garcin et al., 2022) and are under threat
from changes in land use, including logging, industrial agriculture
and oil exploration and exploitation (Dargie et al., 2019).

Despite their importance, relatively little is known about the
genesis, long-term development and vulnerability of the central
Congo Basin peatlands, with a detailed palaeo-vegetation analysis
available from only one site (Hawthorne et al., 2023). However,
recent research has indicated that the carbon stock in these eco-
systems appears to be highly sensitive to climatic drying. Using
palaeoenvironmental methods to study the past development
of these peatlands, Garcin et al. (2022) found evidence of cata-
strophic loss of peat carbon, caused by centuries of climatic drying
that ended ~2000cal. yr BP. They found the age-depth relation-
ships in peat cores from across the region are shallower in peat
dated between ~7500 and ~2000cal. yr BP than that in older and
younger peat. They attributed this feature, which they termed a
‘Ghost Interval’ (Figure 1), to a late-Holocene reduction in rain-
fall as evidenced by changes in hydrogen isotope compositions of
plant waxes present in the peat. Garcin et al. (2022) proposed that
this climatic dry phase led to deepening of peatland water tables
and surface drying, exposing thousands of years of accumulated
peat to renewed aerobic decomposition. This secondary decay
(sensu Tipping, 1995) is thought to have led to vertical wasting
of peat that shallowed part of the age-depth profiles. Because
the peatlands of the central Congo Basin exist in a considerably
drier climate than those in Amazonia and Southeast Asia (Garcin
et al., 2022), it appears that a relatively modest reduction in rain-
fall was sufficient to cause a severe loss of peat, tipping them from
being a carbon sink to a sustained source.

Several important questions remain about the sensitivity of the
peatlands of the central Congo Basin and their carbon stocks to
climate change, particularly changes in wetness. First, it is unclear
whether rainfall-driven changes in decomposition alone are capable
of causing such severe and widespread impacts upon the region's
peat and peat carbon stocks, as argued by Garcin et al. (2022), or
whether additional factors such as reduced forest productivity, and
therefore reduced litter production, also contributed to the Ghost
Interval. Second, although the drying and resulting Ghost Interval
appears to have been a widespread event that is likely to have caused
large losses of peat carbon through enhanced aerobic decay, it is not
possible to reconstruct the magnitude or timing of these losses from
core-based data alone (Clymo, 1984; Young et al., 2021). Third, it is
unclear to what extent the impacts of climatic drying are amplified
or buffered by factors such as changes in vegetation composition,
peat decomposability and surface water retention. Simulation mod-
els of multimillennial peat accumulation and peatland development
can be used to address the questions that proxy evidence alone can-
not answer. We decided, therefore, to use a model to simulate the

age-depth relationship from the site of the main peat core analysed
by Garcin et al. (2022; see also Hawthorne et al., 2023).

Several models of peatland development exist, two of which
have been applied in tropical settings, and we considered whether
these would be suitable for investigating the central Congo peat-
land system. The Holocene Peat Model (HPM) has been adapted to
simulate palm swamp peat development in Southeast Asia (Frolking
et al., 2010; Kurnianto et al., 2015). This tropical version of HPM—
HPMTrop—is a cohort-based model that simulates the accumulation
of peat by the addition of layers of plant litter (above- and below-
ground) that decay depending on the degree of anoxia of each layer.
In HPMTrop, water tables are simulated outside of the model using
an empirical relationship between water-table depth and a meteo-
rological water deficit (based on rainfall) for a site in the Sebangau
swamp forest, Kalimantan, Indonesia. The water-table model always
predicts a subsurface water table. However, at our central Congo
Basin site, the peat surface was typically inundated during the wet
seasons, with lateral water loss occurring predominantly via over-
land flow (see Sections 2.1 and 2.5).

Cobb et al. (2017) report an alternative model, also applied to
peat domes in Southeast Asia. Their unnamed model is based on the
Boussinesq groundwater equation and a simple function describing
the rate of peatland growth or subsidence using a single peat ad-
dition parameter and a single decay coefficient for aerobic decay.
Peat addition in the model is assumed to be the same for all plant
functional types, and anaerobic decay is assumed to be negligible—
that is, it is ignored in the peatland growth function. In essence, a
peatland will grow or subside in the Cobb et al. model according to
the position of the water table. Although the modelling approach
used by Cobb et al. (2017) is attractively simple and leads to inter-
esting inferences about the behaviour of tropical peatland domes,
we chose not to use it for two main reasons. First, as we show later
(Sections 2.3 and 3.1) we found that decay of different litter/peat
fractions at our Congo site did not meet the simple assumptions be-
hind the Cobb et al. (2017) model, in particular that of anaerobic
decay not occurring. Second, we wished to develop a model that
could account for a range of plant functional types, which may have
different productivities and produce litter with differing resistances
to decay (Sections 2.2, 2.3 and 3.1). We chose, therefore, to adapt
a model that we had already developed for temperate and boreal
peatlands: DigiBog (Baird et al., 2012; Morris et al., 2012; Ramirez
et al.,, 2023; Young et al., 2017).

We used the new version of DigiBog—DigiBog_Congo—to sim-
ulate the distinctive age-depth curve of the ~20,000year, 6-m long
CEN-17.4 peat core analysed by Garcin et al. (2022) and Hawthorne
et al. (2023) (red line, our Figure 1b). The core is from a large (~45km
wide) rain-fed interfluvial basin in the central Congo peatland com-
plex. Our objectives were to:

1. Establish whether rainfall-driven changes in peat decomposition
alone can force a model of peatland development to replicate
the age-depth curve of the CEN-17.4 core, without extensive
parameter tuning.

85U8017 SUOLLLLOD aAIER.D 9jcedljdde ay) Aq peuseAcb ake SoILe VO ‘N JO S3|nJ J0j AkelqiauljuQ A8]i/ UO (SUONIPUOD-PUe-SWLB)L0Y A3 I Aleig 1 jeul|uo//Sdny) SUONIPUOD pue swWie | au) 88S *[£202/TT/90] uo Ariqiauliuo Ae|iM 891 A 9969T GoB/TTTT 0T/I0p/W0o A3 |Im Aleiq 1jpul|uo//Sdny Wwou) pepeojumod ‘€2 ‘€202 ‘98VZS9ET



YOUNG ET AL.

2. Develop an estimate of how much peat may have been lost during
the dry phase that caused the Ghost Interval: Garcin et al. (2022)
suggest between 2 and 4 m of peat was lost.

3. Use the model to explore factors that may amplify or buffer the
effects of climatic drying on peat accumulation and loss in these
globally important carbon stores.

2 | MODEL DESCRIPTION

2.1 | DigiBog_Congo: Modifications for tropical
peatland development

DigiBog_Congo incorporates the two main plant functional types
(PFTs) of the Congo peatlands—swamp forest hardwood tree and
trunkless palm. We improve on previous versions of DigiBog by (1)
splitting each PFT into two aboveground litter fractions (leaves and
wood) and one belowground fraction (roots), (2) partitioning each
fraction into labile and recalcitrant material, (3) modifying the model's
decay function so that labile and recalcitrant materials decompose
at different rates and (4) including a simple CO, fertilisation effect
on litter production. We also improved the representation of surface
water dynamics by adding a new function for overland flow (Figure 2).

We configured our model as a 1-D representation of the centre
of our study site with no lateral subsurface drainage, which for peat-
lands with a very large lateral extent and small hydraulic gradients
is negligible (Section S1). The simulated peatland is a single column
that grows upwards as new layers of plant litter are added annually
to its surface whilst roots are added to existing peat layers within the
shallow subsurface. The column of peat loses mass as all peat layers

within it are decomposed subannually at a rate that depends on the

Leaves &
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Roots

0
(]
Q
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<
(]
=
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1-D peat column

ST e L

position of the water table and annual air temperature. Whether peat
thickness increases or decreases depends on the difference between
gains by litter production and losses from peat decay. Recharge is by
net rainfall, the difference between rainfall and evapotranspiration:
When net rainfall is negative (i.e. when evapotranspiration exceeds
rainfall), water is removed from the peatland. In the model, water can
also be stored on the peatland surface. Such ponding of surface water

is typical during the rainy seasons at the site (Figure 2, Section 2.5).

2.2 | Plant functional types (PFTs) and litter inputs

We simulated two PFTs—a swamp forest hardwood tree and a
swamp forest trunkless palm—that, between them, comprise the
majority of the vegetation of the central Congo peatlands (Bocko
et al., 2023; Crezee et al., 2022; Dargie et al., 2017). Although a re-
cent study has described the past vegetation of the peatland at our
study site using pollen data (Hawthorne et al., 2023), we cannot infer
from these data the contemporaneous abundance of the species or
the mechanisms by which their composition changes. We therefore
chose to explore the effect of different proportions of the two main
swamp forest PFTs in a sensitivity analysis (Sections 3.3 and 4.2). In
the model, each PFT produces surface (leaves and wood) and sub-
surface (root) litter, the latter being ‘injected’ into layers of older,
more decayed peat (Barthelmes et al., 2006). In DigiBog_Congo, root
inputs are allocated evenly with depth through the rooting zone. We
allow root depth to vary with peat thickness until a maximum rooting
depth of 30cm is reached (Figure S1; Table 1; Sciumbata et al., 2023).

Litter input data available from the study site showed no statisti-
cal relationship with water-table depth or temperature (Section 3.1):
We therefore did not vary litter inputs according to water-table depth

P E
‘ | Water above this depth is
lost very rapidly
wdp -# ~__ Water within this dept is lost
I

depending on peat thickness (h) and
surface water depth (wdp)

[ Peat surface

No subsurface water flow

Impermeable base

FIGURE 2 Schematic of how DigiBog_Congo is set up to simulate the largely intact interfluvial peatlands in the central Congo Basin.

A single column made up of layers of peat increases or loses height because of the balance between plant litter addition (above- and
belowground) and peat decay. There is no subsurface drainage. Water is added to, or removed from, the simulated peatland as the difference
between net rainfall—(P) minus evapotranspiration (E)—and surface water (blue layer) overland flow losses. Peat decays at different rates
depending on the position of the water table, air temperature and the recalcitrance of the litter pools within peat layers (the darker colour
indicates a greater degree of decay). Note that the gradient of the peat surface is highly exaggerated.
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TABLE 1 Plant functional type parameters and source for main simulation.

Parameter Palm PFT
Oxic decay (labile and recalcitrant litter pools)
Leaves oxic decay: labile and recalcitrant 0.18
Wood oxic decay: labile and recalcitrant 0.39
Roots oxic decay: labile and recalcitrant 0.35
Anoxic decay (labile litter pool)
Leaves anoxic decay: labile 0.05
Wood anoxic decay: labile 0.11
Roots anoxic decay: labile 0.07
Anoxic decay (recalcitrant litter pool)
Anoxic decay recalcitrant: all fractions 0.0001

Proportion of recalcitrant material (all litter fractions)

Leaves prop. of recalcitrant material 0.12

Wood prop. of recalcitrant material 0.4

Roots prop. of recalcitrant material 0.65
Litter addition

Leaves new mass 10

Wood new mass 275

Roots new mass 556
Shared PFT parameters

Dry bulk density (all litter fractions) 0.17

Maximum root depth 0.3

PFT proportion 0.5

Hardwood PFT Units Source

0.28 prop. year™ field data

0.2 prop. year® field data

0.26 prop. year™ field data

0.08 prop. year* field data

0.03 prop. year* field data

0.12 prop. year* field data

0.0001 prop. year ! estimated via model testing
0.12 prop. Chimner and Ewel (2005)
0.4 prop. Chimner and Ewel (2005)
0.65 prop. Chimner and Ewel (2005)
819 gm2year? field data

283 gm2year™ field data

406 gm2year! field data

0.17 gcm‘3 Crezee et al. (2022)

0.3 m Sciumbata et al. (2023)
0.5 prop. —

Note: ‘field data’ refers to measurements made in the two GEM plots—EKG-02 for hardwood trees and in EKG-03 for palms (see the main text).

Abbreviation: prop., proportion.

adding the mean annual mass of each litter fraction at the beginning of
each year. Other studies have found statistically significant variation
in plant productivity with water-table depth in tropical swamps. For
example, Hirano et al. (2012) report a quadratic relationship between
gross primary productivity (GPP) and water-table depth for three peat
swamp sites in the upper catchment of the Sebangau River in Cen-
tral Kalimantan, Indonesia. However, there was considerable scatter
in their data, with r? ranging from 0.2 to 0.26: see also Mezbahuddin
et al. (2014) who report on the effects of water-table depth on net
ecosystem productivity from one of these sites.

Moreover, the sites of Hirano et al. (2012) differed considerably
in vegetation composition, drainage and burn history from those in
the central Congo Basin (Bocko et al., 2023; Dargie et al., 2017; Haw-
thorne et al., 2023). Two of their sites had previously been logged
and contained secondary forest, and the third site was dominated
by ferns and sedges. Vegetation and peat at the fern/sedge site
had been burned twice within a decade before the GPP measure-
ments. All their sites had been drained using canals, and water tables
in one dry season fell to depths of over 150cm compared with a
maximum measured depth at one of the Congo Basin peatland sites
of ~85cm. Thus, our litterfall and water-table observations do not
support using these data to parameterise our model. Finally, Chave
et al. (2010) show that the rate of litterfall in tropical forests does
not depend on forest type or on total annual rainfall.

2.3 | Peatdecay and recalcitrance
In nontropical versions of DigiBog, a peat layer decays at a rate ac-
cording to the position of the water table, air temperature and the
oxic and anoxic decay parameters, including a recalcitrance effect (see
Clymo, 1984; Morris et al., 2015). It is known that the labile material of
tropical swamp plant litter initially decays rapidly, with some fractions
being largely lost whilst others are more resistant to decay (Chimner &
Ewel, 2005; Hodgkins et al., 2018; Hoyos-Santillan et al., 2015; Sjoger-
sten et al., 2014; Wright et al., 2013). In addition to water-table depth,
these decomposition losses depend on the type of plant and the litter
fraction (Chimner & Ewel, 2005; Sjogersten et al., 2014). Double expo-
nential decay models have been used to separately represent labile and
recalcitrant material (e.g. Chimner & Ewel, 2005), although single ex-
ponential decay models have also been used (e.g. Wright et al., 2013).
In DigiBog_Congo, we chose to decay the pools of material
within each litter fraction separately (i.e. simulating double ex-
ponential decay) by partitioning each litter fraction into labile and
recalcitrant pools (Chimner & Ewel, 2005; Hodgkins et al., 2018).
We incorporate the slow decay of submerged recalcitrant materials
whilst still allowing them to decay quickly if exposed to oxic condi-
tions hundreds or thousands of years after they were added to the
peatland (Table 1; Hodgkins et al., 2018; Hoyos-Santillan et al., 2015;
Wright et al., 2013).
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2.4 | CO, fertilisation effect (CFE)

Experiments have shown that plant production and biomass in-
crease with increasing atmospheric CO, concentration. g is the rela-
tive change in production or biomass for an increase in atmospheric
CO, concentration of 100ppm (Ainsworth & Long, 2005; Terrer
et al., 2019; Wang et al., 2020). Our simulations used litterfall values
collected at our study site, under contemporary atmospheric CO,
concentrations. Therefore, past litter inputs needed to be reduced
according to the atmospheric CO, concentration at those times.
Because our simulations cover a range of atmospheric CO, concen-
tration of ~200-300ppm, we chose to implement a simple linear
relationship between ACO, and litter inputs. We assumed that the
CO, fertilisation effect (CFE) was like that incorporated into well-
known land-surface models such as JULES (Joint UK Land Environ-
ment Simulator)—a value of g of 17%. We also tested the effect of
lower (9%) and higher (35%) values of 8 for each combination of PFTs
(Sections 2.2 and 3.3).

2.5 | Overland and subsurface flow

In our 1-D peatland, shown in Figure 2, the inputs and outputs of
water are controlled by the driving data (net rainfall) and the way
the model simulates overland flow (loss of surface water). We sim-
ulate overland flow according to peat thickness (peatland height)
and the depth of water stored on the peatland surface. In previ-
ous versions of the model, surface water is lost from the model
domain only when a specified depth of water is exceeded. In Di-
giBog_Congo, our aim was to represent the increasing connectiv-
ity of surface water as it deepens, overtopping hollows; and to
take account of the increase in gradient between slightly thicker,
higher, peat at the dome centre and the margin. Thus, we added
a simple, two-part linear equation (a x wdp) + (g x h), to simulate
water loss from the peatland surface, where wdp is the depth (m)
of water stored on the surface, h is the thickness (m) of the peat-
land above a mineral base, and « and g are constants (Figure 2). To
set the initial values of @ and g, we experimented with their values
to increase overland flow losses as surface water depth increased

and the peatland thickened (grew in height).

3 | MODEL PARAMETERISATION AND
SET-UP

Four sets of data are needed to run DigiBog_Congo: (1)
measurement-based estimates of above- and belowground plant
litter production; (2) parameter values for peat decay including for
conditions above and below the water table; (3) parameter values
for overland flow; and (4) time series of the past climate (rainfall,
evapotranspiration and temperature) at the core site to drive the

model simulations.

S i ey

The CEN-17.4 peat core (Garcin et al, 2022; Hawthorne
et al., 2023) was obtained from an intact interfluvial peatland near
Ekolongouma in the Republic of the Congo (Figure 1). It is a shallow-
domed swamp forest peatland ~45km wide (east to west) situated
between the Likouala-aux-Herbes and Ubangui rivers and is 308 m
above sea level (Davenport et al., 2020). Measurements taken along
transects of this peatland indicate a maximum peat depth of about
6m, overlying clay and silt, roughly midway between the two rivers
(Dargie, 2015; Dargie et al., 2017). Vegetation cover across the tran-
sect varies between hardwood trees and trunkless palms (Raphia
laurentii De Wild; Dargie et al., 2017).

3.1 | Model parameters

In our main model runs, we assume PFT proportions of 50% hard-
wood tree and 50% palm, but these were varied for the sensitiv-
ity analysis. Table 1 shows the model parameters for the different
PFTs and their source. Where parameter information was not
available from the plot datasets, we searched for it in published
studies.

To parameterise the litter inputs, we used 2years of data
collected between March 2019 and March 2021 from two 1ha
plots located ~20km from the CEN-17.4 core site. The two plots,
representative of a hardwood-dominated (EKG-02) and palm-
dominated swamp forest (EKG-03), respectively, were set up and
monitored using Global Ecosystem Monitoring (GEM) protocols
(Malhi et al., 2021). We used mean annual aboveground leaf lit-
terfall from litter traps for each PFT; mean annual coarse woody
inputs collected in ground traps; and root inputs from minirhi-
zotrons (Sciumbata et al., 2023).

To parameterise peat decay, we used data from a replicated lit-
terbag experiment, with litterbags filled with litter fractions from
the two PFTs, placed at Ocm (surface) and 50cm depth and decay
tracked for 2years. The two depths represent primarily the effects
of oxic and anoxic decay, respectively. The field experiments did
not separate litter fractions into labile and recalcitrant pools. We
therefore chose to set the oxic decay rate of recalcitrant material to
be the same as the oxic decay rate of labile material—evidence sug-
gests that all litter decays rapidly in oxic conditions (Hoyos-Santillan
et al., 2015). Because there are currently no data available on the
anoxic decay of recalcitrant material from our site or other tropical
peatlands, this parameter was estimated from several model runs
by comparing the simulated age-depth curve with the core from
CEN-17.4.

3.2 | Driving data: The past climate of the central
Congo Basin

To drive DigiBog_Congo, we developed a climate reconstruction

from 19,600cal. yr BP (the suggested age of basal peat by Hawthorne
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et al., 2023) to 0 BP, for a location centred on 18°E, 0°N. We used
a combination of palaeoclimate simulations from the HadCM3 global
climate model (Valdes et al., 2017) and a proxy reconstruction of an-
nual rainfall (Garcin et al., 2022). The HadCM3 simulations have a
three-hour temporal resolution, and we averaged these data into
coarser temporal resolutions. We took annual values of air tempera-
ture directly from HadCM3, without further alteration. We extracted
monthly values of air temperature, humidity, wind speed and net radia-
tion from the HadCMS3 simulation and used those to calculate monthly
potential evapotranspiration using the Penman-Monteith method
(Allen et al., 1998). Garcin et al. (2022) present an annual rainfall recon-
struction for our study site; it is based on stable hydrogen isotope com-
positions in plant waxes and is therefore independent of the age-depth
model data from the peat core (see Section S3). We used HadCM3 to
superimpose seasonal variability onto this annual reconstruction. To
do so, we calculated monthly average rainfall for the period 1001 CE
(common era) to 2000CE from HadCM3 and expressed each of the
twelve monthly averages as a proportion of average annual rainfall
during the same period. For each month in our time series, we then
estimated monthly rainfall by multiplying the annual estimate from
the leaf wax reconstruction (Garcin et al., 2022) by the monthly pro-
portion derived from HadCM3. In this way, the seasonal pattern of
rainfall does not change during our reconstruction, even though the
annual and monthly totals vary. We chose to use the HadCM3 sea-
sonality from 1001 to 2000CE for the whole rainfall reconstruction
(19,600vyears) because it resembles more closely that seen in climatic
averages from four weather stations in the region (M'puoya, Gambona,
Makoua and Ouesso; 1950-1980CE, WMO https://climatedata-catal
ogue.wmo.int/explore) than the long-term trend in the HadCM3 simu-
lation does. Finally, we calculated monthly net rainfall by subtracting
monthly potential evapotranspiration from the scaled monthly rainfall
values (Figure S2). Because our litter production results showed no
relationship with water-table depth, we assume actual evapotranspira-
tion to be equal to potential evapotranspiration. This lack of a relation-
ship suggests the vegetation was not stressed during periods of deeper
water tables; that is, leaf stomata would have been open throughout

and not limiting CO, exchange or transpiration.

3.3 | Sensitivity testing and model evaluation

To constrain DigiBog_Congo, we chose not to tune parameters
where empirical data were available and instead carried out a limited
sensitivity analysis comprising 21 simulations, namely: (1) the pro-
portions of palm and hardwood trees, which vary across the peat-
lands; (2) the anoxic decay parameter for recalcitrant material of the
root litter fraction; (3) the values for a and q (surface water depth
and peat thickness, respectively) in the overland flow equation; and
(4) the CO, fertilisation effect (CFE) on the different proportions of
PFT in (1). We evaluated our simulations by visually assessing the
fit of the age-depth curves produced by DigiBog_Congo with that
derived from *C dated measurements from the CEN-17.4 peat core
(Figure 1; Garcin et al., 2022; Hawthorne et al., 2023).

3.3.1 | PFT composition

In the main simulation, we assumed PFT proportions of 50% hard-
wood and 50% palm. To test the sensitivity of our model to litter
inputs from different proportions of the two PFTs, we selected
four additional swamp forest compositions that remained constant
throughout a simulation: (1) hardwood only; (2) 80% hardwood, 20%
palm; (3) 20% hardwood, 80% palm; and (4) palm only.

3.3.2 | Recalcitrant material anoxic decay (roots)

In the main simulation, this was set to O.OOOlyear'1 (Table 1). Be-
cause we were uncertain about the anoxic decay rate of recalcitrant
material, we explored the effect on peat thickness of changing this
value to 0.0005 and 0.001year ®. We also repeated these simula-
tions with low values for the overland flow parameters (a and g were
set to 0.001) to assess the effect of changing the recalcitrant ma-
terial anoxic decay parameter for roots when the peatland surface

remains largely saturated.

3.3.3 | CO, fertilisation effect

We set f in our main simulation to 17% (i.e. the increase in litter-
fall for a 100ppm™ ACO,). We ran 10 additional simulations using /8
values of 9% and 35% CFE for each combination of palm and hard-
wood PFTs. This range encompasses the uncertainty shown in most
experiments and Dynamic Global Vegetation Models and satellite-
driven estimates (Terrer et al., 2019; Wang et al., 2020). The results
of the additional CFE simulations are presented and discussed in the

Supporting Information (Section S4).

3.3.4 | Overland flow

In the main simulation, the values were set to a=0.08 (the con-
stant applied to surface water depth), g=0.08 (the constant ap-
plied to peat thickness). Peat accumulation in DigiBog_Congo is
very sensitive to surface wetness. We used a single realisation
of net rainfall that varied throughout a simulation and therefore
did not alter it as part of the sensitivity tests, leaving the param-
eters @ and g in our overland flow function to be used for testing
the effects of surface wetness on peatland development. We ran
two additional simulations, in the first « was set to 0.15, leaving q
equal to 0.08, and for a second run we left « at 0.08 and changed
qto 0.15.

4 | RESULTS

We first show the results of our main simulation (50% palm and 50%
hardwood PFTs) followed by the results of sensitivity testing.
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4.1 | Peataccumulation and loss

Our simulation of the CEN-17.4 site resulted in a final peat thickness
for the present day (1950 CE) of 5.72m (Figure 3d), which is compa-
rable with the CEN-17.4 peat core that has a thickness of 5.99m. The
carbon accumulation rate for the whole simulation, the long-term rate
of carbon accumulation (LORCA), is ~25gm'2year'1, similar to the
peat core LORCA which is ~26gm2year™ (using a dry bulk density of
0,17gcm’3, Table 1). As importantly for our purposes, the age-depth
curve from the peat profile simulated by DigiBog_Congo resembles the
measured age-depth curve from the CEN-17.4 peat core (Figure 3d).

Maximum simulated peat thickness was 11.30m at 3975cal. yr BP
(Figure 3a). After this time, there was a much more prolonged period
of drying that caused annual average annual water tables to gradually
deepen to 0.19m by 968cal.yr BP (Figure 3b shows the 25-year av-
erage annual water-table depth), before returning to the peat surface
by ~900cal. yr BP, marking the end of ~3100years of continuous peat
loss (Figure 3a). The dry period that caused the CEN-17.4 core Ghost
Interval began at ~5200cal. yr BP (similar to that reported by Garcin
et al. (2022) as the driving data are similar), ~1200years before the
simulated peatland began to thin (Figure 3a). The overall effect of the
climatic drying on peat stocks was severe: after 3975 cal. yr BP, during
the period of enhanced decay, peat thickness was reduced by 6.42m;
i.e. from 11.3m to ~4.9 m. Strikingly, this loss is just over half of the
peat that had accumulated before the dry phase.

Based on their plant-wax data, Garcin et al. (2022) estimate
the reduction in rainfall that caused secondary peat decay ended
~2000cal. yr BP. At this time, they suggest net peat accumulation
resumed because either (1) as the peatland thinned, water losses
eventually stabilised and shallower water tables caused less peat to
decay (there was a positive NCB) even though conditions remained
dry until ~800cal. yr BP; or (2) although there was less total annual
rainfall, seasonality decreased enabling the peat surface to become

wetter and NCB became positive again. DigiBog_Congo simulates
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net peat loss after ~2000cal. yr BP because the simulated annual
water table averaged ~0.05m (below the peat surface) from 2000 to
900cal. yr BP. Between 900cal. yr BP and the present (1950 CE), the
simulated annual water table was, on average, just above the peat-
land surface (-0.11m). During this time, the peat thickness increased
by 0.84m (Figure 3a).

4.2 | Model sensitivity testing
421 | PFT composition (Figure 4, sensitivity test 1)

Altering the proportions of PFT in the model did not substantially
change the amount of peat accumulation (Figure 4a). Overall, the 100%
hardwood tree simulation accumulated 5.98m of peat by the present
day (Ocal. yr BP, 1950CE) and the 100% palm simulation accumulated
5.48m during the same period. Before the main period of peat loss,
starting at ~4000cal. yr BP, hardwood tree peat was 11.68m thick
whereas palm tree peat was 11.03m thick. At the end of the period of
peat loss (~900cal. yr BP), the monodominant hardwood simulation lost
6.4m (54.8%) of peat whereas the monodominant palm simulation lost
6.3m (57.1%). The values of peat accumulation and loss from the 100%
hardwood and 100% palm and the age-depth curves of the simulations
are broadly similar to each other. The age-depth profiles from the simu-
lations and the CEN-17.4 core are also alike, including the flattening of

the age-depth curve that denotes the Ghost Interval (Figure 4b).

4.2.2 | Recalcitrant material anoxic decay (roots)
(Figure 4, sensitivity test 2)

Modifying the recalcitrant anoxic decay parameter of the root litter
fraction had a marked effect on simulated carbon accumulation

rates. The final peat heights of 4.98 m (anoxic decay recalcitrance
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FIGURE 4 Model sensitivity tests. Results are presented in horizontal pairs of panels for each sensitivity test. The legend for each
sensitivity test is between each pair. Simulated peat thickness is shown in the left panels, and in the right panels, the simulated age-depth
curves are compared with the one from the CEN-17.4 peat core (Garcin et al., 2022). The Ghost Interval is indicated by the horizontal grey
shading. Sensitivity test 1, (a) and (b), the proportion of palm and hardwood PFTs; sensitivity test 2, (c) and (d), the anoxic decay parameter
of recalcitrant root material; sensitivity test 3, (e) and (f), the anoxic decay parameter of recalcitrant root material when the peat surface
remains largely saturated (setting very small overland flow parameter values effectively means water is added or removed from the
simulation via net rainfall only); and sensitivity test 4, (g) and (h), changes in the overland flow parameters (« is the depth of surface water
and g is peat thickness). Overland flow losses increase as these values increase. Note that in panels (g) and (h), the orange line (where
overland flow was increased as the depth of surface water increased, a) overplots the blue line of the main simulation.

roots of 0.0005 year'l) and 4.82m (anoxic decay recalcitrance roots thickness is 11.3m), these thicknesses are 6.32m and 6.48 m thinner
of 0.001year™?) are thinner than the CEN-17.4 core (5.99m), and before continuous peat loss begins at ~3400 and 2742cal. yr BP,
maximum peat thicknesses were 7.16m and 6.18m, respectively respectively (~700 to ~1400years later than the main simulation). As
(Figure 4c). Because the recalcitrant material of root litter decays a result, the simulated and reconstructed CEN-17.4 core age-depth
more readily than in the main simulation (0.0001year™?, peat curves do not closely match (Figure 4d).
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4.2.3 | Recalcitrant material anoxic decay (roots)
with a saturated peat surface (Figure 4, sensitivity
test 3)

We ran two simulations increasing the anoxic decay parameter of
roots from 0.0001year™ to 0.0005year* and 0.001year?, whilst
also setting the overland flow parameters to maintain a saturated
peat surface (e and g were 0.001 instead of 0.08. « acts on surface
water depth and g acts on peat thickness). In both cases, peat was
thicker (7.56 and 6.43m, Figure 4e) than the measured CEN-17.4
core (5.99 m). Furthermore, there was no evidence of a flattening of
the age-depth curves (Figure 4f) seen in the core. The result when
the anoxic decay parameter for roots was 0.001 year'1 demonstrates
that a final simulated thickness (6.18m) can be similar to the ob-
served thickness (5.99 m), but the age-depth curve does not match
(Figure 4e,f).

Finally, for this sensitivity test, we ran a third simulation where
anoxic decay of recalcitrant material was very slow (0.0001year™,
the same as the main simulation) but with almost no overland flow
(e and g were very small, 0.001). In this case, the peat surface re-
mained wet allowing peat thickness to increase throughout the
model run to 15.6m, with no evidence of a flattening of the age-
depth curve (Figure 4e,f). The mean annual water-table depth for
this model run was -0.29m (above the peat surface), whereas for
the main simulation it was —0.07 m. This set of results suggests the
very slow decay of recalcitrant material is key to peat accumulation

in the Congo peatlands.

4.2.4 | Overland flow (Figure 4, sensitivity test 4)

We further assessed the effect of modifying the constants @ and g.
For one model run, we set a to 0.15, leaving g equal to 0.08 (both
were 0.08 in the main simulation), and for a second simulation,
we left a at 0.08 and modified g to 0.15. In comparison with the
main simulation, the former modification increases water losses
as the surface water deepens, whilst the latter increases surface
water losses as the peatland thickens. As expected, increasing
the rate at which overland flow losses increase as peat thickness
increases (peatland height; =0.08, g=0.15) causes less peat to
build up during a model run because surface water loss is greater.
Increasing the value of @« made little change to the main results but
when g is almost doubled, the final peat thickness is reduced to
3.33m, reaching a maximum of 7.37 m before the prolonged dry
phase (Figure 4g). Although a pronounced flattening of the age-
depth curve is seen (Figure 4h), it extends into peat aged around
9000cal. yr BP (peat decomposition in the main simulation ex-
tends to ~7000 cal. yr BP) because of peat loss of 4.04 m meaning
the modelled age-depth curve does not match the one from the
CEN-17.4 core. These simulations suggest that surface wetness is
a second highly important factor for long-term peat accumulation

in the Congo peatlands.
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5 | DISCUSSION

Our modelling provides new insights into past peat accumulation
and loss in the central Congo peatlands. We were able to constrain
our model with empirical data, which were used to inform the mod-
el's structure and determine its parameter sets. When driving our
model with reconstructed climate for the location of the CEN-17.4
core, we find that peat depth at the present day and the shape of the
age-depth curve from our main simulation resemble the empirical

data from the peat core (Figure 3).

5.1 | Drivers of long-term net carbon accumulation

Our results reveal two tightly coupled drivers of long-term net car-
bon accumulation, and therefore peat build-up or loss, in the rain-
fed peatlands of the central Congo Basin: surface wetness and the
rate of decay of recalcitrant litter (Figure 5). Whilst both have been
individually highlighted before (Chimner & Ewel, 2005; Hodgkins
et al., 2018; Hoyos-Santillan et al., 2015; Wright et al., 2013), we
demonstrate their combined importance on tropical peat accumula-

tion over millennia.

5.1.1 | Surface wetness

Surface wetness is determined by the balance of all of the simulated
peatland's inputs and outputs of water, which in our model occur via
net rainfall and overland flow. Although average total litter inputs are
large (~12Mgdry mass ha tyear™), when water tables are below the
surface both labile and recalcitrant material decay rapidly—within a
range of ~20% to ~40%year™* (Table 1). Therefore, if the time water
tables spend below the peatland surface increases, peat accumula-
tion dynamics switch from net gain to net loss and, during long pe-
riods of climatic drying, significant amounts of centuries-old carbon
will be released because of secondary decomposition (Figure 3a,d).
The results of our main simulation of the CEN-17.4 location
show the importance of surface wetness: Although a prolonged dry
phase began at ~5200cal. yr BP, buffering by surface water delayed
ongoing carbon losses until ~4000cal. yr BP. Furthermore, of the
peat lost, some was aged up to ~7000cal. yr BP, affected by sec-
ondary decomposition (i.e. it had accumulated ~3000years before
the drier-climate-driven peat losses began; Figure 3a,d). This high-
lights the catastrophic effect on peat carbon stocks of deeper water
levels that could be caused by draining the peatlands, such as for
agriculture, oil exploration or a future drying climate. Although we
did not simulate changes in rainfall seasonality, our results suggest
that increases in dry-season intensity or length, as have been docu-
mented in some datasets for the central Congo region over the past
two decades (Feng et al., 2013; Jiang et al., 2019), may reduce sur-
face wetness and increase peat decomposition. Furthermore, CMIP

(Coupled Model Intercomparison Project) Phase 6 models indicate
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FIGURE 5 Schematic showing the drivers of long-term carbon accumulation in the peatlands of central Congo. (a, b) Above- and
belowground inputs are water depth invariant. Sensitivity to surface wetness: (a) Surface inundation—very slow anoxic decay (an) of
recalcitrant (recal.) material leads to peat accumulation. (b) Deep water tables—labile and recalcitrant material decay very quickly when
exposed to oxic conditions (ox), which results in peat loss. The percentages are the annual proportions of labile and recalcitrant materials lost
to decay under oxic and anoxic conditions. (c, d) Carbon balance. (a, b) Arrow size represents the annual proportion of material lost to oxic
and anoxic decay processes. The horizontal arrows represent anoxic decay and the stored products of oxic decay lost via overland flow. The

inverted blue triangle indicates the water-table position.

an increasing frequency of extreme drought at higher levels of global
heating in this region (fig. 4.18 in Caretta et al., 2022).

In large domed peatlands such as the one at CEN-17.4, overland
flow is likely to be the main mechanism of water loss: Within-peat
lateral drainage is expected to be minimal because of very low hy-
draulic gradients between the peatland centre and margin (see
Section 2.5; Section S1). Therefore, as a domed peatland's centre
becomes thicker, and the surface gradient of the peatland increases,
overland flow also increases, removing water that protects the upper
part of the peat profile from decay. Our simulations suggest that this
loss of water can have a significant impact on peat accumulation
(Figure 4g). If a peatland's surface remains inundated throughout
its development, our results suggest one that is about 20,000years
old could be ~16m thick (Figure 4e). This value is similar to some
peatlands found in Southeast Asia, which occur under a much wetter
climate than those in the central Congo Basin (Dommain et al., 2011;
Ruwaimana et al., 2020). Whilst 16-m-thick peatlands are unusual in
Southeast Asia, the more common less thick peatlands in this region
are typically younger than the one we studied in the Congo Basin
(e.g. Dommain et al., 2011; Phillips et al., 1997).

The dependency of overland flow rates on peat thickness may
also provide a negative feedback mechanism that reduces surface
water losses in a domed Congo Basin peatland undergoing peat
loss. As the modelled peatland thins, the gradient to the peatland's
margin declines and overland flow losses reduce. Therefore, the

peatland's surface may retain more water, causing a reduction
in rates of decay in near-surface peat. In other words, the car-
bon stocks of a thinner peatland, or one that has become thinner,
might be less vulnerable in a drier climate because its surface re-
mains wetter. This mechanism may act in a somewhat similar way
to the negative feedback that occurs in temperate peatlands when
decomposition reduces hydraulic conductivity slowing subsurface
drainage (Swindles et al., 2012; Waddington et al., 2015). We sug-
gest that if the net rainfall stabilises, even at a lower level, this
feedback could halt peat losses and may allow net peat accumu-
lation to restart. This is consistent with measurements from the
CEN-17.4 core where peat accumulation restarted after centuries
of peat loss even though the climate remained drier than before
the Ghost Interval (Garcin et al., 2022).

Finally, our results also suggest that the peatlands of the central
Congo Basin will be vulnerable to land-use change, especially canal
and ditch drainage that effectively transforms a peatland into smaller
parcels (Cobb et al., 2020, p. 202; Moore et al., 2013). In drained
peatlands, hydraulic gradients are much steeper and water losses
switch from being mainly overland to mainly subsurface, exposing
the upper part of the peat profile to rapid oxic decay until losses
stabilise as the peat becomes thinner and in equilibrium with ditch
water levels (Baird et al., 2017; Cobb et al., 2020). Evidence from
other tropical peatlands has shown that a drying climate and land-
use change such as drainage and conversion to oil palm plantations
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leads to rapid net losses of carbon due to enhanced decay and fire
(Dommain et al., 2014; Konecny et al., 2016; Kurnianto et al., 2019;
McCalmont et al., 2021; Miettinen et al., 2017; Moore et al., 2013;
Page et al., 2004; Sieffermann et al., 1988). Whilst the impacts of
drainage and large-scale agricultural conversion are likely to be
common to all tropical peatlands, the Congo peatlands may differ in
other respects. For example, given that the Congo peatlands exist in
a drier climate than those of tropical Southeast Asia and Amazonia,
they may already be more vulnerable to drying (Garcin et al., 2022)
without the effects of land-use change.

5.1.2 | Slow anoxic decay of recalcitrant material

Water-saturated labile material decays relatively quickly (3%-
12%year !, Table 1), but all litter fractions contain a proportion of
hard-to-decay materials (0.01% year™ in our main simulation). We
show that more rapid rates of anoxic decay of recalcitrant material
also result in a peat thickness that is about the same as the CEN-17.4
core after ~20,000years, but not enough peat accumulates in these
parametrisations before the dry phase to produce an age-depth
curve similar the one from the CEN-17.4 core (Figure 4c,d). Our
simulations suggest that, if the slowly decaying recalcitrant mate-
rial within the litter fractions remains mostly saturated, there will be

long-term peat accumulation (Figure 5).

5.2 | DigiBog_Congo performance

Our main model results compare favourably with the age-depth
curve and thickness of the CEN-17.4 peat core. Whilst other com-
binations of parameters could feasibly produce the same age-depth
curve as our main simulation, they are not supported by the field
measurements, or the wider tropical peatland literature, that con-
strain our model. A key reason for the favourable comparison be-
tween simulated and observed age-depth curves is that the rainfall
reconstruction used to scale our simulated rainfall is derived from
leaf waxes from CEN-17.4. We used litterfall and decay input pa-
rameters that were not obtained from the CEN-17.4 core and are,
therefore, independent of the rainfall reconstruction. Thus, the fit
of our main simulation to the observed age-depth curve suggests
our model captures the main processes that characterise peat de-
velopment in the interfluvial rain-fed peatlands of the central Congo
Basin.

Ours is the first attempt to model peatland development in
the central Congo Basin. However, it is, as yet, unclear how some
mechanisms such as the controls on the relative abundance of the
PFTs should be simulated, and empirical evidence is not available
for some of our model parameters (see Table 1). For example, we
lack data on the anoxic decomposition of recalcitrant materials
or their proportions within each litter fraction. Improvements
to mechanistic understanding, additional litter input field data
from other sites and decomposition experiments that include

S i ey

both labile and recalcitrant litter pools would further constrain
our model and likely improve its performance. We also highlight
two further datasets needed for model testing at other locations:
driving data that include relatively short-lived climate excursions
and independent data to compare the simulations with. Accurate
palaeo-reconstructions of climate will be needed to simulate the
dynamics of past peat accumulation and decomposition. Critically,
using HadCM3 rainfall (or many other global reanalysis prod-
ucts) without our locally derived reconstruction would not have
produced the patterns of peat accumulation and loss shown in
Figure 3a. Additionally, we were able to test DigiBog_Congo by
comparing our simulated age-depth curves with the age-depth
curve from the CEN-17.4 peat core; therefore, such data will be
needed from other locations to assess future model simulations of

central Congo peatlands.

5.3 | Ghost Interval: Loss of carbon due to
secondary decomposition

The simulations reported here produced an age-depth curve with
a flattened section that is similar to the CEN-17.4 age-depth curve
(Garcin et al., 2022; Hawthorne et al., 2023). We also simulate a
Ghost Interval that is older than the beginning of the dry period,
consistent with the hypothesis that it was caused by contempo-
raneous and secondary decomposition as water tables gradually
deepened. The simulated Ghost Interval begins at ~7000cal. yr BP
and ended at 900cal. yr BP, which is comparable to the radiocar-
bon dates from CEN-17.4 of ~7500 to ~2000cal. yr BP, although
the simulated Ghost Interval ends closer to the present day than
the core (Figure 3d) because annual average water tables remain
below the peatland surface until ~900cal. yr BP. The Ghost Inter-
val in the simulated age-depth curve is flatter than the one from
CEN-17.4 (Figure 3d). We investigated this difference: It appears
to be because although the simulated annual average water-table
depth does not exceed ~0.20m, the time the water table spends
below the surface is greater than the period before the dry phase,
eventually causing the NCB to become negative. There could be
several reasons for the difference in slope of the Ghost Interval
parts of the age-depth curves that are related to the controls on
surface wetness and merit investigation in future versions of our
model. These are as follows: Our rainfall reconstruction could be
too dry, rainfall seasonality may have decreased (one option sug-
gested by Garcin et al., 2022), or we may need to alter our repre-
sentation of overland flow.

Garcin et al. (2022) estimate the peat lost during the Ghost
Interval as between 2.36 and 3.68m, which is much lower than
the 6.42m of peat loss we simulate, with our result being 74.5%-
172.0% higher. The likely reason for this difference is because an
age-depth curve from a peat core obtained in the present day does
not preserve the accumulation rates from a peatland's develop-
mental history (Young et al., 2021). Our results are consistent with
studies of other tropical peatlands, which have also suggested
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that a drier climate resulted in the loss of significant amounts of
peat, identified by shallow gradients or ‘missing sections’ in age-
depth curves (Kelly et al., 2017; Sieffermann et al., 1988; Wist
et al., 2008). However, using core data alone we can only hypoth-
esise about what happened to a peatland and that includes the
CEN-17.4 core. We show how peat core analysis can be taken a
key step further by using a peatland development model to help
identify what processes are likely to have been responsible for
features like the Ghost Interval.

Whilst it is beyond the scope of this paper to estimate total car-
bon losses associated with the Ghost Interval across the central
Congo Basin, these are likely to be large if a similar proportion of
peat was lost from all locations within the region. To illustrate the
potential magnitude of this change, today the peatlands store 29
Pg C in peat and we estimate that during the Ghost Interval 57%
of the peat at the CEN-17.4 location was lost. Yet, when the dry-
ing of the climate began at ~5200 cal. yr BP, conditions were wetter
than today and the peat we simulate at CEN-17.4 was much thicker.
The peatland area may also have been larger, resulting in the cen-
tral Congo peatlands storing more carbon than in the present day.
The maximum peat depth in our main simulation was 11.3m, which
is 5.6m more than the simulated present-day thickness of 5.7m. A
simple scaling suggests the central Congo peatland complex could
have stored twice the amount of carbon in peat than it stores today
(~58 Pg C) and therefore may have lost some 33 Pg C during the
Ghost Interval. Further work modelling multiple cores from multiple
locations will be required to provide robust assessments of the total
amount of carbon released to the atmosphere, and its timing, during
the Ghost Interval.

6 | CONCLUSIONS

We find that both surface wetness and the slow anoxic decay of
recalcitrant material are the main drivers of long-term carbon ac-
cumulation in a rain-fed interfluvial central Congo peatland. Our
simulations show that the carbon stock of the peatland is highly
vulnerable to episodes of climatic drying. More data from the re-
gion are required on surface wetness, decomposition rates and the
proportion of recalcitrant material within litter fractions, along
with rainfall and evapotranspiration records, to understand how
future climate change may affect the carbon balance of the peat-
lands. Our modelling framework can also be used to understand
how the potential future exploitation of the central Congo peat-
lands for timber, industrial agriculture and oil (Dargie et al., 2019)
is likely to affect their status as a finely balanced long-term carbon
sink.
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