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The central Congo Basin hosts the world’s largest tropical peatland com- 
plex, storing 29.0 Pg of carbon, the equivalent to three years of global 
CO2 emissions. These peatlands are significant natural sources of green- 
house gases (GHGs), including CO2 , CH4 and N2 O, but the environmental 
controls on their emissions remain poorly understood. To address this, 
we collected surface peat samples from six regional landscapes, spanning 
palm- and hardwood-dominated sites, and incubated them under three hy- 
drological regimes: flooded aerobic, flooded anoxic and mesic (aerobic and 

no surface water). This allowed us to quantify how hydrology and peat 
chemistry (carbon, nutrients and organic chemistry) influence GHG dynam- 
ics. We observed strong differences in GHG production between vegeta- 
tion types, and high sensitivity to hydrological change. Using random forest 
models, we assessed 27 potential drivers of GHG fluxes, identifying distinct 
controls across GHGs and hydrological regimes. Incubation of deeper peat 
samples (up to 1.5 m) highlighted that surface layers dominate peat GHG 

production. Taken together, our findings demonstrate that hydrology, vege- 
tation, nutrients and peat organic chemistry shape regional GHG emissions, 
driving substantial spatial variability. Changes to peatland hydrology, for 
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example from land use or climate change, could significantly shift GHG balances, with important implications for global climate 
feedbacks. A French translation of this abstract is available in the supplementary material. 

This article is part of the discussion meeting issue ‘African tropical peatlands: function, value and vulnerability’. 

1
T atural source of rising atmospheric concentrations 
o d carbon dioxide (CO2 ). The central Congo Basin 
i 0 km2 and storing approximately 29 pg of carbon, 
e e of GHG emissions, and their underlying drivers, 
r

ominant vegetation types: hardwood-dominated 

s  laurentii [2 –4 ]. Previous work indicates that while 
i e in moderating the balance of consumptive and 

p  anoxic conditions (under which CH4 production 
d riven by soil respiration and CH4 oxidation), with 
c inantly produced through canonical nitrification 
a conditions for nitrification and anoxic conditions 
f  and peat microbial community composition and 

f peats derived from hardwood-dominated versus 
p in turn, impact decomposition rates and the net 
b emonstrated through an ex situ laboratory incu- 
b d CH4 production in surface peats under anoxic 
c accharides, as key substrates for respiration and 

m s between dominant vegetation types. By contrast, 
S  surface peats from peats derived from contrast- 
i erived from palm ( Raphia taedigera ) compared to 
h ian peat swamp forest [6 ]. 

ies, plant vascular tissues can act as an important 
p can further moderate emissions through inputs of 
o es can be an important substrate for GHG produc- 
t However, the intricacies of these plant regulatory 
p fforts to assess the balance of production and con- 
s  dynamics [2 ,5 ,16 ]. Quantifying the controls over 
e peatlands, the sensitivity of GHG production and 

c  driven by altered flooding regimes, precipitation 
o n the central Congo Basin is vital, given its global 
i 2 emissions [3 ]. 

/consumption for peatlands in the central Congo 
B eat-forming vegetation types (palm versus hard- 
w les from six peatland sites spanning the Republic 
o ersus palm-derived peats, measuring a range of 
c ding peat organic chemistry, total carbon and ni- 
t hanges in potential emissions using peat samples 
i ed by hardwood trees and palms in the Republic 
o th. We sought to address the following questions: 
( at biogeochemical properties vary between peats 
f ii) to what extent do key drivers differ between 
c  origins? 

2
(
T lm peat swamp forests. Rainfall is approximately 
1 ay, and in October and November. The interven- 
i ure is 25.6◦C with limited intra-annual variation 
[

. Introduction 

ropical peatlands are a globally important carbon sink, but also an important n
f greenhouse gases (GHGs), including methane (CH4 ), nitrous oxide (N2 O) an
s home to the world’s largest tropical peatland, covering approximately 145 00
quivalent to three years of global anthropogenic CO2 emissions [1 ], but the scal
emain poorly understood [2 ]. 
Peatlands in the central Congo Basin are typically characterized by two d

wamp forest and palm-dominated swamp forest, usually dominated by Raphia
nundation is key for determining emissions, vegetation also has a critical rol
roductive processes [5 ]. Hydrological regime determines the balance between
ominates) and aerobic conditions (under which CO2 production dominates, d
hanges in temperature determining rates of decomposition [5 ,6 ]. N2 O is predom
nd denitrification, a series of microbially driven pathways requiring aerobic 
or denitrification [7 ,8 ]. Plant inputs determine initial peat chemical properties
unction [5 ,9 ]. Tropical peats with contrasting botanical origins (for example, 
alm-dominated vegetation) have distinct organic matter profiles which can, 
alance of GHG emissions [10 –12 ]. For example, Hoyos-Santillan et al. [12 ] d
ation of peat cores from a neotropical peatland in Panama that high CO2 an
onditions was likely driven by concentrations of lignin, fatty acids and polys
ethanogenesis [12 ], but did not identify any significant differences in emission
jögersten et al. [6 ] identified significant differences in potential production from
ng botanical origins at neighbouring sites, with higher emissions from peat d
ardwood-dominated ( Campnosperma panamensis ) and mixed species Panaman
Beyond the importance of vegetation in determining organic matter propert

athway for the transport of GHGs from the peat to the atmosphere [13 ]. Roots 
xygen, which can mitigate peat surface methane emissions [5 ], and root exudat
ion and impact peat chemistry at local scales around the rooting zone [14 ,15 ]. 
rocesses increase the heterogeneity of in-field emissions and thus complicate e
umption processes and quantify the importance of other critical drivers of GHG
missions is essential, given the scale of potential GHG emissions from tropical 
onsumption pathways to climate warming and changes in hydrological regime
r drainage [6 ,17 ]. Understanding the balance of such processes for peatlands i
mportance as a carbon sink, storing the equivalent of three years of global CO

In this study, we aimed to assess the key drivers of potential GHG production
asin and quantify the extent to which processes differ between dominant p
oods) using an ex situ laboratory incubation. We incubated surface peat samp
f Congo and Democratic Republic of Congo, featuring a mix of hardwood- v
hemical properties previously identified as potential drivers of fluxes—inclu
rogen and a range of macro- and micronutrients. We concurrently measured c
ncubated down core to a depth of 170 cm from two contrasting sites dominat
f Congo, to test how production and consumption processes varied with dep
i) how do contrasting hydrological regimes impact GHG fluxes, (ii) how do pe
rom contrasting sites and botanical origins (hardwood versus palms), and (i
ontrasting hydrological regimes and peats derived from contrasting botanical

. Methods 
a) Study sites 
he peatlands of the central Congo Basin are characterized by hardwood and pa
760 mm yr− 1 , with two distinct wet seasons each year, peaking in April and M
ng dry periods are relatively short and rarely intense. Mean annual temperat
18 ,19 ]. 
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Figure 1. Peatland study sites in the central Congo Basin spanning the Republic of Congo and Democratic Republic of Congo [3 ], including water bodies (dark blue), 
savannah (yellow), non-peat forming forest (terra firme and seasonally inundated forest, green), palm-dominated peat swamp forest (pink) and hardwood-dominated 
peat swamp forest (light blue). 

 peatland sites (informally named after the near- 
e ll interfluvial sites) in January–March 2019, and 

D enced sites) in June–July 2019 ( figure 1 ). The 5 km 

B  in the Likouala province of the Republic of Congo. 
S with the former featuring Raphia laurentii , and the 
l e time of sampling were approximately 20–30 cm 

b  transects were located on the Busira River in the 
D Raphia sese and Raphia laurentii , while hardwood- 
d hys ugandensis , Carapa procera , Guibourtia demeusei 
a 20 cm below the peat surface. 

 which they differed between peat derived from 

c inated and hardwood-dominated peatland sites, 
a public of Congo. Peat cores were extracted using 
a hamber. Peat depth was determined at every site 
b . Following extraction, peat samples were divided 

i

(
P aboratory incubations, with samples subjected to 
t . The anaerobic treatment models long-term raised 

w ble conditions (e.g. following rainfall). The mesic 
t ter tables drop, but also provides an approximate 
i

d with 10 g of field-moist peat from each sample 
c eionized water was added to the peat and gently 
s d vigorously with N2 to create oxygen-free condi- 
t black butyl stoppers and crimped, and the bottles 
w nities to acclimate. A 5 ml gas sample was taken 
f hy (see below for details) to assess anaerobic gas 
p

Peat samples were collected from sites located along transects spanning six
st villages) in the Republic of Congo (Ekolongouma, Itanga and Bondzale, a
emocratic Republic of Congo (Bolengo, Bondamba and Mpeka, all river-influ
ondzale transect, 11 km Ekolongouma transect and 5 km Itanga transect are all
ites featured a range of palm- and hardwood-dominated peat swamp forest, 
atter a range of hardwood species including Carapa procera . Water levels at th
elow the peat surface. The 10 km Mpkea, 7 km Bondamba and 8 km Bolengo
emocratic Republic of Congo. Palm-dominated peat swamp included both 
ominated peatland areas included Cryptosepalum congolanum , Pseudagrostistac
nd Prioria oxyphylla . Water levels at the time of sampling were approximately 
To analyse trends in GHG emissions down peat profiles, and the extent to

ontrasting vegetation types, four replicate cores were collected from palm-dom
pproximately 1 km apart, located near the village of Ekolongouma, in the Re
 side-filling Russian Peat Corer (Van Walt, UK) with a 50 cm long sampling c
y recording the distance from the peat surface to the underlying mineral layer
nto 10 cm segments and then bagged and sealed to prevent moisture loss [9 ]. 

b) Greenhouse gas production assays 
otential GHG production from surface peats was assessed using a series of l
hree moisture treatments: flooded anoxic, flooded aerobic and mesic conditions
ater tables. The flooded aerobic treatment models oxygenated high water ta

reatment models low surface moisture during periods of low rainfall when wa
ndication of responses to drainage. 

For the incubation, 120 ml serum bottles (Kinesis, St Neots, UK) were fille
ollected from the peat surface (0–20 cm). For the anoxic treatment, 10 ml of d
wirled for two minutes to mix. The resulting peat/water mixture was bubble
ions and to fill the headspace with N2 [5 ]. The bottles were then capped using 
ere placed in their incubator for one month to allow the microbial commu

rom the bottle and analysed for CO2 , CH4 and N2 O using gas chromatograp
roduction. This sampling was repeated twice, one month apart. 
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 and then placed on an orbital shaker for approx- 
i ly over 5 days to stimulate heterotrophic activity 
d  month for acclimation before aerobic GHG pro- 
d n concentration, five replicate samples of which 
w space bottles were capped using butyl stoppers. 
T ich a 5 ml gas sample was taken from each bottle 
f g the concentration difference between the initial 
h

 at 25◦C to allow moisture to evaporate from the 
b he evaporation rate differed among samples, and, 
r isture status visually; conditions were considered 

m les were then covered in parafilm and placed back 
i production rates were assessed by bubbling with 
a

e experiment. Fresh peat (10 g) from 10 cm thick 
s ttles. As previous studies have demonstrated that 
p sed were from between 0 and 100 cm, with only 
t  in this experiment were incubated under flooded 

a
 2014, Shimadzu, Milton Keynes, UK) using a 1 ml 

s . CO2 concentrations were determined by thermal 
c capture device. GHG fluxes were calculated using 
t near linear) gas accumulation during the closure 
p

(
H ical properties to 20 cm depth. Gravimetric mois- 
t ven dried at 105◦C for 24 h. Peat organic matter 
c  a muffle furnace. Bulk density was measured by 
c 05◦C for 24 h and weighing. Total peat carbon (C) 
a d peat combusted using a total element analyser 
( ty were determined using a glass electrode and a 
p of fresh peat to deionized water. 

(
D owing established methods for peat soils [5 ,9 ,20 –
2  min before an increase in temperature to 650◦C 

a oxidized from 300 to 850◦C at a rate of 20◦C per 
m s detected by a flame ionization detector, with an 
i f the organic matter. Rock-Eval analysis generated 

a  released on heating to 300◦C), S2 (hydrocarbons 
r ◦C), S3CO and S3CO2 (the CO and CO2 yielded 

f  highest yield of bound hydrocarbons) and total 
o cribing the preservation of thermally labile and 

h ely in the characterization of tropical peat organic 
c roposed by Sebag et al. [25 ] using the integrated 

a ed as 200–340◦C (A1), 340–400◦C (A2), 400–460◦C 

( e thermally labile organic matter) was calculated 

a ally stable and recalcitrant organic matter) was 
c

(
A n spectra for peat surface samples were obtained 

w  a mercury–cadmium–telluride detector. A total of 
1 nd spectra were run initially and after every eight 
s solution of 1 cm− 1 . All spectra were standardized, 
s  in order to allow direct comparison [26 ]. We used 

1 ch from carbohydrate bonds, reflecting the lignin: 
c

For the flooded aerobic (oxygenated) treatment, the headspace was aerated
mately 2 minutes to encourage oxygen mixing, with the process repeated dai
uring initial acclimation. Bottles were then left in incubators at 25◦C for one
uction rates were assessed. This was done by first bubbling with air of know
ere collected for gas chromatograph (GC) analysis. After flushing, the head
he bottles were immediately returned to their incubators for 1 hour after wh
or the determination of GHG concentrations. Gas fluxes were calculated usin
eadspace concentrations and those after 1 hour’s incubation [6 ]. 
The mesic moisture treatment involved incubation of the uncapped bottles

ottles, reflecting natural evaporation conditions during low rainfall periods. T
ather than letting the peat dry for a set time, we regularly checked the peat mo
esic when there was no pooled water visible, but the peat was still moist. Bott

n their respective temperature incubators for one month to equilibrate. GHG 

ir, as described above [6 ]. 
Down-core patterns in GHG production were assessed in a second, separat

amples across a range of depths was weighed into 48 replicate 120 ml serum bo
eat GHG production rises closer to the peat surface, the majority of samples u
wo samples from below this depth (100–110 cm and 170–180 cm). Peat samples
noxic, flooded aerobic and mesic conditions created as described above. 
All GHG samples in both studies were analysed by gas chromatography (GC

ampling loop and a molecular sieve column (12 m, 0.53 mm internal diameter)
onductivity, CH4 by flame ionization and N2 O concentration using an electron 
he ideal gas law for sampling points which met the assumption of linear (or 
eriod [14 ,15 ]. 

c) Peat physico-chemical analyses 
omogenized peat sub-samples ( n = 4) were used to characterize physico-chem

ure content (SM) was determined from the mass lost from 10 g of wet peat, o
ontent (LOI) was determined as the mass lost after ignition for 7 h at 550◦C in
ollecting intact 10 × 10 × 25 cm sections from the peat surface, oven drying at 1
nd total nitrogen (N) content were determined from 0.2 g of dry, homogenize
Flash EA 1112, CE Instruments, Wigan, UK) [10 ]. pH and electrical conductivi
ortable conductivity meter (Hanna Instruments), respectively, in a 1: 2.5 ratio 

d) Rock-Eval R © pyrolysis 
own-core peat sub-samples were analysed using a Rock-Eval 6 analyser, foll
2 ]. Freeze-dried powdered peat samples (60 mg) were heated at 300◦C for 3
t a rate of 25◦C per minute in an inert N2 atmosphere. Residual carbon was 
inute. The release of hydrocarbons during the two-stage pyrolysis process wa

nfrared cell detecting the release of CO and CO2 during the thermal cracking o
 range of standard parameters including S1 (a measure of free hydrocarbons
eleased on the thermal cracking of organic matter for temperatures up to 650
rom the breakdown of kerogen), Tpk2 (the temperature associated with the
rganic carbon (TOCRE ). Here, we focused on two new indices, I and R, des
ighly thermostable organic matter, respectively, which have been used extensiv
hemistry [5 ,9 ,20 ,21 ,23 ,24 ]. Both indices were calculated using the approach p
reas under the S2 curve between given temperature nodes. Areas were calculat
A3) and greater than 460◦C (A4). The I-index (previously associated with mor
s log((A1 + A2)/A3), and the R-index (associated typically with more therm
alculated as (A3 + A4)/100. 

e) ATR-FTIR 
ttenuated Total Reflectance Fourier transform infrared (ATR-FTIR) absorptio
ith a Bruker Tensor 27 FTIR equipped with a nitrogen purge gas generator and
28 scans were performed on each oven-dried, ball-milled sample, and backgrou
amples. Absorptions in the spectral range spanned from 550 to 4000 cm− 1 at a re
moothed and baseline corrected (SpectraGryph v. 1.2) before statistical analysis
630 : 1030 as the ratio of C = C stretch aromatic from lignin bonds and C-O stret
arbohydrate ratio [27 ]. 



5

royalsocietypublishing.org/rstb
Phil.Trans.R.Soc.B

381:
20240482

.......................................................................................

(
O ean) were removed from the gas chromatogra- 
p 2 O. Overall, our assessment of potential produc- 
t r N2 O. To meet statistical test assumptions, down- 
c as analysed using R (v. 4.5.0; [28 ]). 

imation (REML) to evaluate significant differences 
i  types. Fixed effects included vegetation type and 

s t for nested sampling structure. Separate models 
w peat chemistry with depth. All models were run 
i iations. 

N2 O) and peat biogeochemical properties across 
d ithin each treatment. A total of 27 variables were 
t ctrical conductivity (EC), gravimetric soil moisture 
( hosphorus (P), sulfur (S), potassium (K), calcium 

( er (Cu), zinc (Zn), molybdenum (Mo), cadmium 

( –1 ). Data were grouped by hydrological regime, 
a ween CO2 , CH4 or N2 O and other variables. The 
s were retained for visualization with heatmaps to 
v istance and complete linkage, was applied to the 
c ers of strongly associated parameters. 

tion types and sites by applying non-metric mul- 
t MDS() function from the vegan package [29 ]. To 
i d results from the correlation matrix analysis, re- 
t s (CO2 , CH4 and N2 O). Highly collinear variables 
w bles (Mg, SM, Fe, P, Cu, Ni, Co, K, pH, TC, S, Zn 
a on type (palm- versus hardwood-dominated). To 
i mistry, we fitted environmental vectors using 999 
p

m Forest (RF) regression models. Separate models 
w rological regimes using five-fold cross-validation. 
A cape setting (interfluvial for Bondzale, Itanga and 

E a sites), peat physico-chemical properties and el- 
e n-based variable importance, and partial depen- 
d

3
( mistry 
C  treatments ( figure 2 ; p < 0.001), with the high- 
e y flooded aerobic (3628.2 ng CO2 g− 1 h− 1 ) and 

fl m palm-dominated peat (3269.1 versus 2421.0 ng 
C est at 1 km, increasing at 2 km and subsequently 
g

nging moisture levels across treatments ( figure 3 ; 
p  CH4 g− 1 h− 1 ), followed by flooded aerobic condi- 
t tion/consumption potential differed significantly 
w  < 0.001) and treatment, vegetation type and dis- 
t umption potential between vegetation types ( p = 

0  vegetation ( p = 0.677) nor the interaction between 
v

ent and distance ( p = 0.001), and vegetation type 
a ntly between treatments ( figure 4 ; p = 0.064). For 
b s (2.1 and 2.4 ng N2 O g− 1 h− 1 for hardwood- and 

p erobic treatment at 8 km (5.5 ng N2 O g− 1 h− 1 ), for 
t ions at 5 km (2.8 ng N2 O g− 1 h− 1 ). 

 sites, dominant vegetation types and the inter- 
a ure content (SM), redox potential (measured in 
s etween palm (85.8%, 500 mV, 40.0 μg g− 1 , 0.56) 
a  moisture, organic matter content, total carbon, 
f) Data processing and statistical analysis 
utliers (measurements over two standard deviations above or below the m
hy data, including 35 values for CO2 , 33 values for CH4 and 20 values for N
ion/consumption included 915 measurements for CO2 , 917 for CH4 and 930 fo
ore GHG production/consumption data were natural log-transformed. Data w
We used linear mixed effects models with restricted maximum likelihood est

n GHGs and all measured environmental variables across sites and vegetation
ite, while site was also treated as a random effect where appropriate to accoun
ere also constructed to evaluate vertical trends in GHG concentrations and 

ndependently for each response variable to capture specific patterns and assoc
To investigate associations between GHG concentrations (CO2 , CH4 and 

istinct hydrological regimes, we computed Pearson correlation coefficients w
ested, including all GHG concentrations, distance from river (DfR_km), pH, ele
SM), total carbon (TC), total nitrogen (TN), sodium (Na), magnesium (Mg), p
Ca), aluminium (Al), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copp
Cd), lead (Pb) and the FTIR-derived lignin: carbohydrate ratio (1630 : 1030 cm
nd for each group, a pairwise Pearson correlation matrix was computed bet
trongest nine correlation pairs (based on the absolute correlation coefficient) 
isualize correlation strengths. Hierarchical clustering, based on Euclidean d
orrelation matrices for each treatment to reorder variables and highlight clust
We further investigated differences in surface peat chemistry across vegeta

idimensional scaling (NMDS) using Bray–Curtis dissimilarities with the meta
nform the selection of environmental variables included in ordination, we use
aining only those variables most strongly correlated with GHG concentration
ere removed to reduce redundancy, resulting in a final selection of 13 varia
nd Pb). Ordination results were visualized with ellipses grouped by vegetati
dentify which variables were significantly associated with variation in peat che
ermutations, with p < 0.05 considered significant. 
To explore nonlinear and interactive controls on GHG fluxes, we used Rando
ere trained for standardized CO2 , CH4 and N2 O fluxes in each of the three hyd
 total of 24 environmental predictors were tested, including vegetation, lands
kolongouma sites, versus river-influenced for Bondamba, Bolengo and Mpek
mental concentrations. Predictor importance was evaluated using permutatio
ence plots were used to visualize individual predictor effects. 

. Results 
a) Spatial patterns in potential greenhouse gas production and peat che
O2 production responded significantly to changing moisture levels across
st production under mesic conditions (4164.5 ng CO2 g− 1 h− 1 ), followed b
ooded anoxic conditions (941.9 ng CO2 g− 1 h− 1 ). Production was greatest fro
O2 g− 1 h− 1 ; p < 0.001), and varied significantly with distance from rivers (low
radually declining; p < 0.001) and between sites ( p < 0.001). 
CH4 production/consumption potential also responded significantly to cha

 < 0.001), with the highest production under flooded anoxic conditions (3.08 ng
ions (2.35 ng CH4 g− 1 h− 1 ) and mesic conditions (0.89 ng CH4 g− 1 h− 1 ). Produc
ith distance ( p = 0.002), in the interactions between treatment and distance ( p

ance ( p = 0.009). There was no significant difference in CH4 production/cons
.549) or between sites ( p = 0.539); neither the interaction between treatment and
egetation and distance ( p = 0.509) was significant. 
N2 O production/consumption potential varied significantly between treatm

nd distance ( p = 0.04), but in contrast to CO2 and CH4 , did not vary significa
oth vegetation types, production was greatest from flooded aerobic condition
alm-dominated peats, respectively). Production was greatest for the flooded a
he flooded anoxic treatment at 1 km (3.4 ng N2 O g− 1 h− 1 ) and for mesic condit

Peat chemical properties exhibited a broad range of differences between
ction between them (supplementary material, table S1). Gravimetric moist
itu ), Mn and 1630 : 1030 (lignin-to-carbohydrate ratio) varied significantly b
nd hardwood (82.3%, 370 mV, 10.7 μg g− 1 , 0.66; p < 0.001). pH, gravimetric



6

royalsocietypublishing.org/rstb
Phil.Trans.R.Soc.B

381:
20240482

.......................................................................................

Figure 2. CO2 production potential from six sites 1–9 km from the nearest river for (a) flooded aerobic; (b) flooded anoxic; and (c) mesic treatments ( n = 4). Means ± 1 
s.e.m. 

Figure 3. CH4 production/consumption potential from six sites 1–9 km from the nearest river for (a) flooded aerobic; (b) flooded anoxic; and (c) mesic treatments 
( n = 4). Means ± 1 s.e.m. 
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Figure 4. N2 O production/consumption potential from six sites 1–9 km from the nearest river for (a) flooded aerobic; (b) flooded anoxic; (c) mesic treatments ( n = 4). 
Means ± 1 s.e.m. 

t  lignin : carbohydrate (1630:1030 derived from 

F  content, redox potential and lignin : carbohy- 
d ing from 3.46 at 4 km to 3.88 at 9 km. Organic 
m d lowest at 4 km (90.3%). Redox potential was 
g at 4 km (6.0 μg g− 1 ), Mn was greatest at 3 km 

( e was greatest at 7 km (0.73), and was lowest at 
8 bles. SM, organic matter content, redox potential, 
C istance ( p < 0.001), while organic matter, electrical 
c n site and distance ( p < 0.001). 

(
C p < 0.001, figure 5c,d, respectively), with potential 
p epth. N2 O fluxes did not vary significantly with 
d y GHG between vegetation types ( p = 0.114, p = 

0 espectively), but there were significant differences 
b s for CH4 between depth and site ( p = 0.036), and 

d  for N2 O and CO2 ( p > 0.05). 
ried significantly between vegetation types, and 

s  Figure 6a ). The I-index (describing the proportion 
o pth ( p < 0.001) and vegetation ( p = 0.003; figure 6 ). 
T ith a small peak at 160 cm depth for cores from the 
p alm versus –0.01 for hardwood-dominated peat). 
B but did vary significantly with depth ( p < 0.001; 
fi

(
T mistry varied substantially between hydrological 
t r N2 O, Zn, Cd and Ca, while CH4 and CO2 were 
otal nitrogen, redox potential, electrical conductivity, Cu, Fe, Mn, P, S and
TIR) all varied significantly between sites ( p < 0.001). pH, organic matter
rate varied significantly with distance. Soils were consistently acidic, rang
atter content was consistently high ( > 90%), greatest at 9 km (96.4%) an
reatest at 8 km (608 mV) and lowest at 2 km (386 mV). Cu was greatest 
84.8 μg g− 1 ) and P was greatest at 2 km (810.0 μg g− 1 ). Lignin : carbohydrat
 km (0.52). In general, there was no consistent trend with distance for all varia
u, Mn and P varied significantly in the interaction between vegetation and d
onductivity, Cu, Fe, K, Mn and P varied significantly in the interaction betwee

b) Greenhouse gas fluxes and peat properties with depth 
O2 and CH4 fluxes varied significantly with depth ( p = 0.006, figure 5a,b and 

roduction greatest in the upper 0–40 cm, and subsequently declining with d
epth ( p = 0.06; figure 5e,f ). There was no significant difference in fluxes of an
.589 and p = 0.788 for CO2 , CH4 and N2 O production/consumption potential, r
etween treatments for all GHGs ( p < 0.001). There were significant interaction
epth and treatment ( p = 0.007), but no significant interactions were identified
Organic matter content decreased significantly with depth ( p < 0.001), va

howed a significant interaction between depth and vegetation type ( p < 0.001;
f labile carbon, derived from Rock-Eval pyrolysis), varied significantly with de
he I-index was greatest at the surface and rapidly declined thereafter, albeit w
alm-dominated peatland, which overall had a lower mean value (–0.05 for p
y contrast, the R-index did not vary significantly between sites ( p = 0.082), 
gure 6c ). 

c) Multi-variate analysis of peat chemistry 
he strength and structure of correlations between GHG fluxes and peat che
reatments ( figure 7 ). Mesic treatments show moderate positive correlations fo
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Figure 5. CO2 fluxes from (a) aerobic and (b) anoxic; CH4 fluxes from (c) aerobic and (d) anoxic; and N2 O fluxes from (e) aerobic and (f) anoxic treatments between 
0 and 170 cm, for peats spanning two dominant vegetation types measured at palm- and hardwood-dominated sites ( n = 4). Note, scale bars differ on all x -axes. 
Means ± 1 s.e.m. 

Figure 6. (a) Organic matter content, (b) I-index (broadly describing the labile fraction), (c) R-index (broadly describing the recalcitrant fraction) for cores ( n = 4) from 

hardwood- and palm-dominated peatlands at Ekolongouma ( n = 4). Means ± 1 s.e.m. 

Figure 7. Hierarchically clustered Pearson correlation matrices for GHG fluxes and peat chemistry variables under (a) mesic, (b) flooded aerobic and (c) flooded anoxic 
conditions. Values represent Pearson correlation coefficients (r), with variables ordered by hierarchical clustering (complete linkage) and colour intensity indicating corre- 
lation strength (red, positive; blue, negative). Each matrix shows Pearson correlation coefficients among the subset of variables involved in the nine strongest correlations 
with either CO2 , CH4 or N2 O (excluding GHG–GHG correlations). 
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indicating 95% confidence intervals around group centroids by vegetation type. Arrows represent environmental variables significantly associated with variation in 
peat chemistry ( p < 0.05) based on permutation tests ( n = 999). Vec tor direc tion indicates the gradient, and arrow length reflects the strength of correlation (see 
supplementary material, table S2 for vector R2 and p values). 

w obic regime, CO2 exhibited negative correlations 
w  figure 7b ). By contrast, the flooded anoxic regime 
d elements (Cd, Mg, Ca and Mn), along with a clear 
c tively correlated with most variables in the flooded 

a nditions. Figure 7 highlights distinct shifts in the 
r rological regimes, with the strongest associations 
u

etween palm- and hardwood-dominated swamp 

f ess than 0.15 (stress = 0.66), indicating a good fit 
b s. Environmental vector fitting identified multiple 
p  ( p ≤ 0.003 for all variables and 999 permutations; 
s vels of variation in ordination space included S 
( nificant but weaker drivers included TC, Cu, Mg 
a ure 8 illustrate how variation in redox-sensitive 
a en vegetation types, with ellipses indicating clear 
c ood-dominated peatlands. 

s hydrological regimes, owing to the robustness of 
t odels revealed distinct environmental controls on 
G nt availability, metal concentrations and substrate 
q

formance for CO2 highest under flooded aerobic 
c sic regime (R2 = 0.28 and 0.19, respectively). By 
c  0.12–0.17, table 1 ). Variable importance rankings 
i arbohydrate ratio), redox-sensitive metals (e.g. Fe, 
M pe) were dominant predictors, but their influence 
v

4
(
W urface peats derived from hardwood- and palm- 
d revious work has demonstrated similar variabil- 
i  vegetation types. For example, Girkin et al. [10 ] 
eakly correlated with these and other metals ( figure 7a ). In the flooded aer
ith Ni, SM and Fe, while Mg and Ca showed stronger positive associations (
isplayed consistently strong positive correlations between CO2 and multiple 
lustering of these variables with high inter-correlation ( figure 7c ). SM was nega
noxic regime, suggesting contrasting environmental controls under anoxic co
elationship between GHG concentrations and peat chemistry shift under hyd
nder anoxic flooded conditions. 
NMDS of peat surface chemistry revealed clear compositional differences b

orests ( figure 8 ). The two-dimensional NMDS solution had a stress value of l
etween the ordination distances and the underlying Bray–Curtis dissimilaritie
eat chemistry variables that were significantly related to the ordination pattern
ee supplementary material, table S2). Variables accounting for the highest le
R2 = 0.896), Fe (R2 = 0.729), P (R2 = 0.649) and K (R2 = 0.510). Additional sig
nd pH (R2 = 0.09–0.24; supplementary material, table S2). The vectors in fig
nd nutrient-associated elements structures peat chemical composition betwe
lustering and thus distinct biogeochemical profiles between palm- and hardw
RF models were used to identify key predictors of GHG concentrations acros

hese models to non-linearity, multi-collinearity and high-dimensional data. M
HG concentrations, with the relative importance of variables linked to nutrie
uality varying substantially across hydrological regimes ( table 1 , figure 9 ). 
Model performance varied across GHGs and regimes, with predictive per

onditions (R2 = 0.38), and CH4 and N2 O models performing best in the me
ontrast, models under flooded anoxic conditions explained less variance (R2 =
ndicated that factors related to substrate quality (e.g. total carbon and lignin : c
n and Zn) and landscape context (e.g. distance from river and vegetation ty
aried by GHG and hydrological regime ( figure 9 ). 

. Discussion 

a) Peat biogeochemical properties 
e found substantial differences in a range of biogeochemical properties for s
ominated peat swamp forest (supplementary material, table S1; figure 7 ). P
ty in chemical properties between peats derived from contrasting dominant
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d er content and quality from hardwood- and palm- 
d sewhere, including Peru [30 ], and in response to 
c

on of a range of biotic and abiotic environmental 
v e 6c ) between hardwood- and palm-derived peat 
s and featuring a larger thermostable pool of carbon 

Figure 9. Variable importance plots for RF models predicting (a,d,g) CO2 , (b,e,h) CH4 and (c,f,i) N2 O production/consumption potentials across (a–c) mesic, (d-f) flooded 
aerobic and (g–i) flooded anoxic hydrological regimes. Importance is expressed as the percentage increase in mean squared error (% increase in MSE) when each variable 
is randomly permuted, with higher values indicating greater influence on model accuracy (see table 1 for model performance statistics). 

Table 1. RF model performance metrics for each GHG and hydrological regime. Metrics reported include root mean square error (RMSE), coefficient of determination (R2 ) 
and mean absolute error (MAE). 

hydrological regime GHG RMSE R2 MAE 

mesic CO2 0.482 0.281 0.370 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CH4 1.382 0.283 0.934 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

N2 O 1.526 0.187 0.995 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

flooded aerobic CO2 0.640 0.380 0.486 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CH4 1.500 0.159 1.065 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

N2 O 2.750 0.050 1.042 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

flooded anoxic CO2 0.153 0.171 0.102 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CH4 2.249 0.118 1.651 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

N2 O 1.278 0.099 0.919 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
emonstrated contrasting patterns of spatial variability in pH and organic matt
erived peats in Central America (Panama), with similar patterns reported el
hanges in land use in Southeast Asian peatlands [21 ]. 
Contrasts in peat organic matter properties are likely to reflect the interacti

ariables. We found differences in organic matter properties with depth ( figur
amples, with deeper peats tending to be more depleted in labile carbohydrates 
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[ at-forming vegetation down core. Differences in 
c ies have previously been explained by contrasting 
l In surface peats, palm litter has previously been 
r higher nitrogen content. However, in waterlogged 

s ecomposition [31 ]. Palm litter has previously been 
r af, root and shoot material. By contrast, hardwood 

l  litter chemistry have been linked to differences in 
p ood) species. Monocotyledonous palms develop 

h  moieties related to p-coumaryl and sinapyl [33 ]. 
B gher amounts of coniferyl alcohol [33 ]. The rapid 

d ed by insects such as termites that preferentially 
d  be observed as a rise in Rock-Eval-based R index 
[

(
T as broadly comparable to the scale of previously 
r sian peatlands [5 ,6 ,35 ], with production generally 
g  aerobic and mesic treatments imply that oxygen 
i nditions [6 ]. Within peat, CO2 can be produced 

d h can occur under both mesic and flooded aerobic 
c

p forest than from the hardwood swamp forest, 
m usly been proposed to have increased availability 
o nogenesis [36 ]. Differing CO2 emissions between 
p ave previously been reported in the tropics in situ , 
l

greatest under anoxic conditions, most likely ow- 
i In keeping with previous ex situ studies (e.g. [35 ]), 
w od-derived peats ( figures 3 and 5 ). However, in 
s wing to greater contrasts in substrate availability 
( rbon and oxygen [5 ,38 ]. In keeping with previous 
s  5b ), most likely driven by greater substrate avail- 
a

n types. Nitrification, the sequential oxidation of 
a  N2 O and dinitrogen, are recognized as the dom- 
i le published data on the scale of emissions from 

p cesses is determined by substrate supply of both 
n ilability, moisture content and pH. Both processes 
c hin the peat owing to differences in oxygen avail- 
a ontent is equivalent to 60% water filled pore space 
[ itions. The proportion of N2 O as the end product 
o esent the dominant gaseous nitrogen production 
p

y translated to field equivalent fluxes or emissions 
o es (e.g. plant inputs and plant-mediated transport; 
[ riability in emissions of all three assessed GHGs 
a

(
C  hydrological regimes, underscoring dynamic en- 
v  ). Moderate correlations between N2 O and trace 
m s sensitive to micronutrient availability or redox 
fl ons in flooded aerobic conditions are likely influ- 
e iverse but less specialized microbial communities 
[  patterns, with CO2 showing consistently strong 
p ition processes are tightly coupled with geochem- 
i mportance of hydrological context in shaping the 
i ulatory mechanisms across redox gradients. 
9 ,20 ], with the caveat that modern vegetation does not necessarily match pe
hemical properties of leaf, stem and shoot litter from hardwood and palm spec
itter decomposition rates at the peat surface and within depth profiles [12 ]. 
eported to decompose more quickly than hardwood litter, possibly because of 
oils, the inhibition of aerobic ligninolytic microorganisms reduces the rate of d
eported to have higher content of p-coumaryl alcohol than hardwood litter in le
itter has higher content of coniferyl and sinapyl alcohols [32 ]. Such differences in
hysiology between monocotyledonous (palms) versus dicotyledonous (hardw
ydroxyl phenol-guaicyl-syringyl lignin, containing higher amounts of lignin
y contrast, dicotyledonous trees develop hardwood lignin, which contains hi
ecomposition of litter at the surface in tropical wetlands can also be enhanc
ecompose cellulose, increasing the proportion of lignin content, which would
34 ]. 

b) Rates of greenhouse gas production 
he scale of potential CO2 emissions from Central African peat in this study w
eported laboratory-measured production for both Panamanian and Southeast A
reater nearer to the peat surface [36 ]. High CO2 emissions from both flooded
nputs are strong drivers of decomposition processes, even under flooded co
irectly by microbial decomposition, and through the oxidation of CH4 [5 ], whic
onditions, but which can be limited under flooded anoxic conditions [6 ]. 
We found higher CO2 production from peat samples from the palm swam
atching similar previous findings [6 ]. Peats derived from palms have previo
f labile substrate for decomposition, providing additional substrate for metha
eats derived from contrasting vegetation types (e.g. palm versus hardwood) h
inked to similar contrasts in organic chemistry [5 ,10 ,37 ]. 

We found that CH4 emissions varied significantly across treatments, being 
ng to a lack of oxygen driving methanogenesis/inhibiting methanotrophy [5 ]. 
e found limited differences in CH4 production between palm- and hardwo
itu , differences between dominant vegetation types can be more pronounced o
e.g. through litter input and root turnover) [11 ,12 ] and plant root inputs of ca
tudies [36 ], production was generally greater towards the peat surface ( figure
bility ( figure 6a –c ). 
We found no difference in N2 O production between treatments or vegetatio

mmonium to nitrite and nitrate, and denitrification, the reduction of nitrate to
nant processes in wetland soil nitrogen dynamics [7 ,8 ,39 ,40 ], but there is litt
eatlands not converted for agriculture [7 ]. Overall, the balance of these pro
itrogen (denitrification and nitrification), carbon (denitrification), oxygen ava
an potentially occur simultaneously in different microsites (micrometres) wit
bility. Nitrifiers can release N2 O at low oxygen availability when the moisture c
41 ]. Similarly, denitrifiers preferentially produce N2 O under low oxygen cond
f denitrification (as opposed to N2 ) increases at lower pH and may thus repr
athway in tropical wetlands. 
Results measured in laboratory incubations cannot and should not be directl

wing to the additional complexities of other environmental regulatory process
13 ,14 ,16 ]), but taken together, our results do indicate substantial potential va
cross the peatlands in the basin. 

c) Controls over greenhouse gas emissions 
orrelation matrices revealed distinct GHG–environment relationships across
ironmental controls on biogeochemical cycling in tropical peatlands ( figure 7
etals such as Zn and Cd in mesic conditions may reflect microbial pathway
uctuations in transitional zones [42 ]. Weaker and more diffuse GHG correlati
nced by fluctuating oxygen levels and intermediate redox states that support d
43 ,44 ]. The flooded anoxic regime exhibited the strongest and most coherent
ositive correlations with Ca, Mg and Mn, suggesting that anaerobic decompos
cal mobilization under reduced conditions [45 ]. These findings highlight the i
nterplay between GHG production and peat chemistry, indicating distinct reg
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ination axes suggest that S, Fe and P play a dom- 
i  R2 values (e.g. S: 0.90; Fe: 0.73) are supported by 
r tion, the influence of these variables is ecologically 
p ial activity in wetland soils [46 ,47 ], alongside the 
c  including CH4 production [47 ,48 ]). Although the 
o cularity, the relatively tight clustering of samples 
i tribute to the strength of observed relationships 
(

 for CO2 , CH4 and N2 O production/consumption 
a redictable under flooded aerobic conditions, sug- 
g and aerobic decomposition [5 ,49 ]. Vegetation was 
o lthough it likely exerts an indirect effect on other 
v or rhizosphere pH). By contrast, CH4 and N2 O 

p s. Variable importance rankings emphasized the 
i carbohydrate ratio) and redox-sensitive elements 
( chemical constraints in regulating GHG emissions 
(

or CO2 and N2 O, highlighting the importance of 
s at river flood patterns are likely to be an important 
d itu can be directly linked to water levels, but the 
e ts from seasonal river flooding, which may affect 
o icrobially mediated pathways of GHG production 
[ tes of CH4 production through our analysis, and 

l tal co-factor for the enzyme methyl-coenzyme M 

r ilarly an enzymatic co-factor using CO2 reduction 
p II) is an important component of methanogenesis, 
a x reactions [46 ,53 ]. Cu is not directly involved in 
m tions, influencing the balance of CH4 production 
a gens, thereby inhibiting CH4 production [46 ]. Al 
h  ], but little is known about its mechanistic role in 
d pacting peat microbial community structure and 

f
nder differing hydrological regimes, most likely 

o yme function, redox processes and nutrient avail- 
a on (e.g. methanogens, methanotrophs, denitrifiers 
a ave previously been linked to low CH4 and CO2 

p rial, table S1), the optimal pH for methanogenesis 
i

 

), leading to greater N2 O release [38 ]. 
and peat chemistry in tropical peatlands are gov- 

e emical context. Correlation matrices showed that 
G xic conditions exhibiting the strongest and most 
c itional differences in peat chemistry across vege- 
t ortion of the variation in surface peat chemistry. 
R  predictive performance varied by gas and hydro- 
l obic conditions, while CH4 and N2 O were better 
e mical controls. Across analyses, variables related 

t quality (TC and FTIR ratio) consistently emerged 

a  and GHG dynamics in tropical peatlands. These 
fi aphic gradients when assessing the vulnerability 
o

(
C ant threat to tropical peatland ecosystems, as well 
a cations for the balance of GHG production [5 ,6 ]. 
P itions lead to rapid decomposition of peat [23 ,62 ]. 
R r water levels, increasing oxygen penetration and 

s  ). Conversely, extreme rainfall and flooding can 
c  CH4 oxidation ( figure 3 ). 

er compounded by increasing risks from land- 
u lm cultivation as widely seen in Malaysia and 

I ngo Basin. In Southeast Asia, large-scale drainage 
Strong correlations between several environmental variables and NMDS ord
nant role in structuring peat chemistry across vegetation types ( figure 8 ). High
obust permutation-based significance testing and a stress level of 0.066. In addi
lausible, given that S and Fe are key indicators of redox conditions and microb
onsistency of these strong associations with known biogeochemical processes,
rdination was performed independently of GHG data to reduce the risk of cir
n figure 8 suggests that some homogeneity within vegetation types may con
supplementary material, table S2). 
The RF models, despite variable model performance, reveal distinct patterns

cross hydrological regimes ( table 1 ). For instance, CO2 production was more p
esting stronger control by oxygen-sensitive processes such as root respiration 
nly identified as a top predictor of CO2 production under mesic conditions, a
ariables (e.g. impacting nutrient availability, organic matter properties and/
roduction/consumption potential was best predicted under mesic condition
nfluence of both substrate quality (e.g. total carbon and FTIR-derived lignin : 
e.g. Fe, Zn and Mn), indicating a coupled role of carbon availability and biogeo
 figure 9 ). 
Proximity to rivers also strongly influenced GHG dynamics, particularly f

patial context in determining GHG dynamics across the basin. This suggests th
river of in situ emissions. During periods of inundation, high emissions in s
ffect of flooding is likely longer lasting through the impacts of sediment inpu
rganic matter availability, and the presence of trace elements involved in the m
50 ]. Supporting this, Cu, Al, Ni, Fe, Mo and Mn were all identified as correla
ikely act through a combination of direct and indirect mechanisms: Ni is a me
eductase, which catalyses the final step in CH4 production [51 ], while Mo is sim
athways by hydrogenotrophic methanogens [52 ]. The reduction of Fe(III) to Fe(
cting as a terminal electron acceptor, while Mn is similarly important for redo
ethanogenesis, but may support enzymes in methanotrophs in low concentra
nd consumption, while at higher concentrations, it can be toxic for methano
as previously been demonstrated as negatively impacting CH4 emissions [54
riving GHG dynamics. Most likely, Al concentration has an indirect effect by im
unction [55 ]. 
pH was also identified as playing an important role in GHG production u

wing to its direct impacts on microbial community structure and activity, enz
bility. Microbial communities responsible for GHG production and consumpti
nd nitrifiers) are highly sensitive to pH changes [14 ,15 ]. Very low pH values h
roduction [56 ]. While peat in this study had a pH of 3.4–4 (supplementary mate
s higher (6–7) [57 ]. Low pH inhibits the final step of denitrification (N2 O to N2

Together, our analyses reveal that GHG production/consumption potential 
rned by a combination of hydrological regime, substrate quality and biogeoch
HG–environment relationships are highly regime-specific, with flooded ano
oherent associations. The NMDS ordination further highlighted clear compos
ation types and sites, with vectors such as S, Fe and P explaining a large prop
F models identified similar drivers as key predictors of GHG fluxes, although
ogical context. Notably, CO2 emissions were best predicted under flooded aer
xplained in mesic settings, suggesting differential microbial and physico-che
o nutrient availability (P and K), redox status (Fe and S), and organic matter 
s key controls, reinforcing their central role in mediating both peat chemistry
ndings highlight the importance of considering hydrological variability and ed
f peatland GHG emissions to environmental change. 

d) Implications for environmental change 
limate change and land use pressures are widely established to pose a signific
s the communities that rely on them [58 –61 ], and can have substantial impli
revious work in peatlands in the central Congo Basin indicates that drier cond
educed rainfall, prolonged droughts or drainage for agriculture result in lowe
timulating aerobic decomposition, thereby elevating CO2 emissions ( figure 2
reate extended anoxic conditions, promoting CH4 production while inhibiting
The climatic vulnerabilities of tropical peatlands in the region are furth

se change. Conversion of peatlands to agriculture, for example, for oil pa
ndonesia [63 ], would likely amplify GHG production and emissions in the Co
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f ated fire risk [17 ,61 ,64 ,65 ]. Similar outcomes are 
l . Shifting from natural palm- and hardwood- to 
p microbial decomposition, but also disrupt redox- 
s atter turnover [9 ], further enhancing GHG fluxes 
( the ecological resilience of peatlands to climate 
e ment dynamics and GHG emissions observed in 
t tigating future climate feedbacks and preserving 
t ction of tropical peatlands as intact hydrological 
u

5
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