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Abstract
Aims Little is known about the influence of vegetation
on the timing and quantities of greenhouse gas fluxes
from lowland Neotropical peatlands to the atmosphere.
To address this knowledge gap, we investigated if palm
forests moderate greenhouse gas fluxes from tropical
peatlands due to radial oxygen loss from roots into the
peat matrix.
Methods We compared the diurnal pattern of green-
house gas fluxes from peat monoliths with and without
seedlings of Raphia taedigera palm, and monitored the
effect of land use change on greenhouse gas fluxes from
R. taedigera palm swamps in Bocas del Toro, Panama.
Results CH4 fluxes from peat monoliths with
R. taedigera seedlings varied diurnally, with the greatest

emissions during daytime. Radial oxygen loss from the
roots of R. taedigera seedlings partially supressed CH4

emissions at midday; this suppression increased as seed-
lings grew. On a larger scale, removal of R. taedigera
palms for agriculture increased CH4 and N2O fluxes, but
decreased CO2 fluxes when compared to nearby intact
palm forest. The net impact of forest clearance was a
doubling of the radiative forcing.
Conclusions R. taedigera palm forest influences the
emission of greenhouse gases from lowland tropical
peatlands through radial oxygen loss into the
rhizosphere.
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Introduction

Tropical peatlands are an important component of the
global carbon cycle, playing a central role in global
warming by exchanging greenhouse gases with the at-
mosphere (e.g., CO2, CH4, and N2O) (Couwenberg
et al. 2010; Lähteenoja et al. 2009; Page et al. 2011;
Sjögersten et al. 2014). At the global scale, wetlands are
estimated to be the most important natural source of
CH4 to the atmosphere (Ciais et al. 2013), emitting
0.1–0.23 Gt of CH4 yr.

−1, equivalent to 17 to 40 % of
the global CH4 emissions (IPCC 2013; Laanbroek
2010). Two thirds of the global CH4 emissions from
wetlands are derived from undisturbed tropical wetlands
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(Melton et al. 2013). With respect to CO2, burning and
anthropogenically induced peat decomposition (e.g.,
following drainage) releases between 0.22 and 0.35 Gt
C yr.−1 globally (Hooijer et al. 2010; van der Werf et al.
2010). Furthermore, land use change and drainage of
tropical peatlands increase the emission of N2O, which
as a greenhouse gas is approximately 300 times more
potent than CO2 and contributes up to 9 % of the
greenhouse gas emissions from tropical peatlands in
terms of CO2 equivalents (CO2-eq) (Jauhiainen et al.
2012; Melling et al. 2007).

Vegetation plays a central role in the control of pro-
duction, transport, and interchange of greenhouse gases
with the atmosphere. For example, the photosynthetic
activity of trees is correlated strongly with soil respira-
tion in temperate savannah and temperate peatlands
(Mikkelä et al. 1995; Tang et al. 2005; Thomas et al.
1996). The release of photosynthates through the rhizo-
sphere provide labile substrate for decomposer organ-
isms (Silvola et al. 1996; Ström et al. 2003; Wright et al.
2011), influencing the diurnal pattern of CO2 and CH4

emissions in both temperate and tropical ecosystems
(Bahn et al. 2009; Wright et al. 2013b). Therefore, it is
important to measure greenhouse gas fluxes on a diurnal
basis, as this allows investigation of biotic and abiotic
controls on the temporal variation of greenhouse gas
emissions (Armstrong 1971; Ström et al. 2003; Wang
and Han 2005). Importantly, it allows for the separation
of long-term drivers which can strongly vary seasonally,
e.g., temperature, humidity, and precipitation. In addi-
tion, quantifying diurnal patterns of greenhouse gas
emissions reduces uncertainty of seasonal and annual
emission estimates. This is because uncertainty is main-
ly derived from systematically measuring gas fluxes at
times of the day when fluxes may be highest or lowest,
producing significant over or underestimations when
subsequently extrapolated to calculate seasonal and an-
nual fluxes (Käki et al. 2001; Mikkelä et al. 1995;
Weller et al. 2015).

The magnitude of the effect of vascular plants on the
production and transport of greenhouse gas emissions
varies among vegetation types. In the arctic tundra, CH4

emissions decreased 11-fold after removal of vascular
plants (Stephen et al. 1998; Torn and Chapin 1993). By
contrast, in temperate peatlands, rhizosphere oxidation
can reduce (Gerard and Chanton 1993; Holzapfel-
Pschorn et al. 1986) or completely suppress CH4 emis-
sions (Fritz et al. 2011). The contrasting responses of
CH4 fluxes to vegetation in different geographical areas

highlight complex interactions between the vegetation
type, climatic regions and CH4 emissions. N2O emis-
sions are also strongly linked to substrate supply and
concentrations of oxygen in the peat matrix, with high
oxygen levels reducing emissions (Armstrong et al.
1991; De Bont et al. 1978; King and Wiebe 1978).
These findings suggest that CO2, CH4, and N2O emis-
sions are controlled by competing processes linked to
the type and activity of the vegetation. Despite the large
contribution of tropical forested wetlands to greenhouse
gas emissions, these controls remain poorly understood.

Greenhouse-gas related radiative forcing of peatlands
can be estimated by using global warming potentials
(GWP, expressed as CO2-eq; Ström and Christensen
2007). Depending on the time horizon that is used for
the estimation of the radiative forcing (e.g., 20, 100, or
500 yr.; GWP20, GWP100, GWP500), peatlands can be
defined as net sinks (negative radiative forcing) or
sources (positive radiative forcing) of greenhouse gases
to the atmosphere (Barthelmes et al. 2015). Considering
the GWP100, the radiative forcing derived from the
combined effect of CO2 and CH4 emissions from pris-
tine peatlands fluctuates from positive to negative, hav-
ing no net effect on the climate (Barthelmes et al. 2015).
However, using the same GWP100, peatlands can turn
into net sources if their CH4 emissions are higher than
the CO2 uptake in terms of CO2-eq (Rieley et al. 2008).
In the long term, peatlands have had a net cooling effect
on climate (Frolking et al. 2006; Wang et al. 2009; Yu
et al. 2011). It is therefore important to define whether
disturbances to the vegetation, such as land use change
for agriculture, can shift the radiative forcing balance in
Neotropical peatlands from net sink to net source of
carbon to the atmosphere. This is particularly important
in the tropics, since the biggest forest area loss in the
world in recent years has occurred in these regions,
specifically in Africa and South America (MacDicken
et al. 2015).

Tropical peatlands support a range of vegetation
types adapted to waterlogged conditions. Such adapta-
tions included aerial roots, pneumatophores, and aeren-
chyma designed to transport oxygen to roots growing in
anoxic conditions (Cronk and Fennessy 2001). The
productivity of tropical peatland forests is variable, but
can be high under favourable nutrient conditions
(Sjögersten et al. 2014; Sjögersten et al. 2011). Large
areas of Neotropical peatlands support productive palm
forests that form extensive mixed and monodominant
stands (Lähteenoja et al. 2009; Myers 1981; Phillips
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et al. 1997; Roucoux et al. 2013). The peat swamp
forests on the Caribbean coast of Panama and Costa
Rica support either mono-dominant forests of the cano-
py forming evergreen palm Raphia taedigera (Mart.)
(Myers 1981; Phillips et al. 1997), or mixed forest
composed of R. taedigera and evergreen broadleaved
hardwood trees (Phillips et al. 1997; Urquhart 1999).
These forests emit both CO2 and CH4, with seasonal and
spatial variability in emissions being related to both
substrate availability and CH4 oxidation processes
(Wright et al. 2011; Wright et al. 2013b), indicating that
the vegetation activity may moderate greenhouse gas
emissions in these forests.

A fundamental knowledge gap is how rhizosphere
processes, including radial oxygen loss (i.e. oxygen release
from roots into the peat matrix), influence greenhouse gas
emissions in tropical wetland forests (Sjögersten et al.
2014). To address this, we tested the following hypotheses:
i) R. taedigera palm seedlings supress CH4 emissions due
to large radial oxygen loss from their root systems; ii)
clearance of R. taedigera forest increases CH4 and N2O
emissions as peat oxygen concentrations decline; iii) peat
surface CO2 emissions decrease as root respiration ceases
following clearance; and iv) land use change affects the
relative contribution to radiative forcing of greenhouse gas
emissions from soil, increasing the relative importance of
CH4 emissions with respect to CO2 and N2O. To test these
hypotheses we conducted in situ and ex situ experiments
and measurements in peatlands on the Caribbean coast of
western Panama.

Materials and methods

Study sites

Field measurements and experiments were conducted
on or using material from forested lowland peatlands

located in the Bocas del Toro Province in the north-
western Caribbean region of Panama. These sites in-
cluded the Changuinola peat deposit (CPD, ≈ 80 km2) in
the San San Pond Sak wetland and peatlands along the
Cricamola River shore (Table 1). Extensive palm forests
are among the main forest types that can be found in the
region (Hoyos-Santillan et al. 2015; Myers 1981; Phil-
lips et al. 1997). The region is characterised by high
precipitation averaging 3092 ± 181 mm yr.−1 (2005 to
2011, Smithsonian Tropical Research Institute Physical
Monitoring Program), with no pronounced seasonality
(Hoyos-Santillan et al. 2015; Wright et al. 2011). The
mean annual air temperature from 2003 to 2011 was
26.4 ± 0.1 °C (Smithsonian Tropical Research Institute
Physical Monitoring Program).

Two separate palm swamp peatlands dominated by
R. taedigera were selected (Table 1); the sites were
freshwater, with conductivity below 200 μS cm−1. The
water table remains close to the peat surface throughout
most of the year, fluctuating between +0.15 and −0.4 m
relative to the peat surface. Peat pH was strongly acidic
based upon the USDA-NRCS classification (5.05 to
5.52) (Schoeneberger et al. 2012), and bulk densities
were around 0.1 g cm−3, reflecting the high organic
matter content (Table 2). The Cricamola sites had sea-
sonal mineral inputs from flooding events from the
nearby river. The surface of the palm forest sites were
covered with a deep layer of leaf litter, with dense
pneumatophores protruding from the surface, and a
dense but shallow (ca. 1.1 m) fibrous root system
(Wright et al. 2013b).

Experimental programme

Two approaches were used to determine if palm forests
influence greenhouse gas emissions by radial oxygen
loss from roots. Firstly, monitoring of ex situ diurnal
CO2 and CH4 fluxes from R. taedigera seedlings

Table 1 Location and characteristics of study sites

Site Coordinates Distance to coast (m) Dominant vegetation % basal area (m2 ha−1)d

Cricamola disturbeda 8°57′17.70″N, 81°54′41.35″W 1400 R. taedigera Deforested

Cricamola controlb 8°57′13.64″N 81°54′43.78″W 1500 R. taedigera 70.9

San San Pond Sakc 9°25′29.20″N, 82°24′05.60″W 500 R. taedigera 98.9

a Original plot set in December 2010 and turned into a rice field in March 2011
bUndisturbed palm swamp plot set in May 2011
c, d The San San Pond Sak site and its % of forest basal area correspond to site 1 from Sjögersten et al. 2011
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growing on peat monoliths relative to controls without
seedlings (addressing hypothesis (i)), and secondly
monitoring of in situ CO2, CH4, and N2O fluxes from
the peat surface of an anthropogenically disturbed
R. taedigera palm swamp compared to an undisturbed
area (hypothesis (ii) to (iv)).

The ex situ seedlings experiment was conducted at
the Smithsonian Tropical Research Institute station in
Bocas del Toro (STRI-BDT). For this purpose, twelve
peat monoliths and six R. taedigera seedlings were
collected within the transect studied previously by
Sjögersten et al. (2011) (9°25′34.90″N, 82°24′1.80″
W). Each monolith was collected and set up for the
experiment in PVC pipes (diameter = 0.21 m,
height = 0.5 m). Monoliths were collected by carefully
cutting the peat with a blade around the PVC pipe, which
was then manually inserted into the peat. Afterwards, the
lower section of the peat was cut horizontally to retrieve
the monolith. Peat monoliths were kept in their original
upright positions and a PVC cap was fixed to the bottom
of the pipe. The peatmonoliths were carefully transported
to the research station and positioned in the open on a
hard surface. R. taedigera seedlings showing their first
eophyll (leaf), with a height of 0.15 to 0.2m,were planted
into six of the twelve peat monoliths. The remaining six
peat monoliths were used as unplanted controls. The
water table was kept 50 mm above peat level to simulate
flooded conditions in the field. The monoliths were sub-
jected to natural variation in light and temperature. Ex-
perimental units were randomly divided in two blocks,
each having three controls and three R. taedigera peat
monoliths. Greenhouse gas fluxes were monitored across
diurnal cycles on three occasions, from the time seedlings
were transplanted into the peat monoliths (10May 2011),
until the end of the experiment on November 2011
(Monitoring dates: 7–8 July; 26–27 September; 5–6

November). Diurnal monitoring of CO2 and CH4 was
carried out in 4 h intervals across 24 h. Each block was
sampled within a single 24 h period. At the end of the
experiment, R. taedigera plants were harvested and sep-
arated into leaves, stems and roots for determination of
biomass.

The in situ monitoring of greenhouse gas fluxes was
conducted in a palm swamp forests dominated by R.
taedigera located close to the shore of the Cricamola
River (Table 1). The first 0.1 ha (20 × 50 m) plot was set
up in December 2010. A sampling well was installed in
the plot to measure the water table, in situ dissolved O2,
temperature, and conductivity of the pore-water. Each
well consisted of a 50 mm diameter PVC pipe with
10mmdiameter perforations at 50mm intervals. During
March 2011, the plot was anthropogenically disturbed,
allowing us to monitor the effect of slash and burn
agriculture on greenhouse gas fluxes. For this purpose,
three additional 0.1 ha plots were established in May
2011. Two of these plots were located in an adjacent
undisturbed palm forest and an extra plot was
established in the disturbed area. The two plots corre-
sponding to each treatment were ca. 50 m apart. This
resulted in four experimental units, which were subsam-
pled and used for comparisons between the disturbed
and undisturbed areas. The undisturbed forest area was
located 100 m SW from the anthropogenically disturbed
site; in this undisturbed area a sampling well for moni-
toring the water table, conductivity, temperature, and
dissolved O2 concentrations of the pore-water was also
installed. The forest clearance entailed cutting and burn-
ing of the palms, followed by rice seeding of the area
(Online Resource 1). The peat in the disturbed site was
not drained and the position of the water table was
comparable to the water table in nearby undisturbed
forest sites.

Table 2 Physicochemical characteristics of surface peat

Site pH Conductivity Bulk
Density

Moisture Loss on ignition Total elements

C N S P
μS cm−1 gdw cm−3 g gfw

−1 g gdw
−1 mgC gdw

−1 mgN gdw
−1 mgS gdw

−1 mgP gdw
−1

Cricamolaa 5.52 ± 0.75 108 ± 15 0.13 ± na 0.83 ± 0.01 0.51 ± 0.12 458 ± 250 22.9 ± 18.2 4.7 ± 1.6 0.22 ± na

San San
Pond Sakb

5.05 ± 0.23 64 ± 5 0.11 ± na 0.90 ± 0.02 0.92 ± 0.02 502 ± 200 12.1 ± 5.5 1.3 ± 0.7 0.27 ± na

Values presented correspond to mean ± SE, n = 3; excluding the bulk density and phosphorus, which were measured on a single sample
a Data from the palm plot prior to land use change
b The San San Pond Sak site is where the peat monolith and palm seedlings for the ex situ experiment were collected
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To characterise the forest a vegetation inventory was
conducted in one of the undisturbed plots; all stems
>0.1 m in diameter at breast height (1.30 m DBH) were
measured, marked, tagged, and mapped. The basal area
of the tree species found in the plots was calculated from
the DBH data. However, given the multi-stem colonial
growth of R. taedigera, it is plausible that basal area for
this species was overestimated.

Greenhouse gas fluxes were measured in the first plot
before it was anthropogenically disturbed (12 December
2010: Day 0) and when the vegetation was cleared (19
March 2011: Day 99). Subsequently, measurements
were made in both the disturbed and the undisturbed-
control plots five days after the site was burned (28 May
2011: Day 169) and on three consecutive occasions
during rice growth (14 July, 10 of August, and 14
September 2011; corresponding to days 216, 243, and
278 respectively) (Online Resource 1). Greenhouse gas
flux measurements were conducted in three randomly
chosen locations in triplicate within each plot during the
monitoring events. Thus, nine chambers were installed
for the collection of gases at each plot. Once rice
emerged, gas sampling chambers were placed on top
of the peat in between the rice plants.

Gas flux measurements

Ex situ fluxes

Gas collection for flux determination on the peat
monolith-seedlings experiment was performed using
the closed chamber technique (Sjögersten et al. 2011).
For this purpose, transparent polycarbonate chambers
(≈15.7 L; diameter = 0.2 m, height = 0.5 m) with a
sampling port equipped with a Suba-Seal® rubber septa
were used. During each monitoring event the chamber
was placed on top of the peat monoliths, achieving air
tight seal against the water surface. The air within the
chambers was gently mixed during the chamber closure
using a battery powered fan (50 × 50 mm) attached to
the side of the chamber. Gas samples (20 mL) were
taken through Suba-Seal® sampling ports using hypo-
dermic needles (25 Gx1^, TERUMO, UK) and plastic
syringes at 0, 10, 20 and 40 min after the chamber was
placed on top of the monoliths. Gas samples were
injected into pre-vacuumed 12 mL borosilicate glass
vials sealed with a screw cap-septum (Exetainer;
LABCO, UK), leaving each vial with overpressure.
All samples were shipped to the University of

Nottingham for gas chromatography analyses. Vials
were discarded for chromatographic analyses if over-
pressure was absent (< 5 %). CO2 and CH4 concentra-
tions were determined using a single injection system
with a 1 mL sample loop that passed the gas sample
using N2 as carrier through a non-polar methyl silicone
capillary column (CBP1-W12-100, 0.53mm I.D., 12 m,
5 mm; Shimadzu UK LTD, Milton Keynes, UK) and
porous polymer packed column (HayeSep Q 80/100).
Thermal conductivity (TCD) and flame ionization (FID)
detectors were used to measure CO2 and CH4, respec-
tively. Flux calculations were based on the linear accu-
mulation of gases within the closed chamber, and gas
samples that did not follow a linear accumulation trend
were discarded for the calculation of gas fluxes.

In situ fluxes

The closed chamber technique was also used to conduct
the in situ gas flux measurements. The chambers were
made of opaque plastic, covering a 0.075 m2 area, with a
0.1 m height, and 7 L volume. Each chamber had a
sampling port equipped with a Suba-Seal® rubber septa.
Although the forest floor was mostly unvegetated,
trailing understory vegetation and fallen branches were
removed, before the installation of the chamber. Peat
disturbance was avoided as much as possible during the
installation of the chambers, but slight pressure was
applied to ensure an air-tight seal. Once installed and
prior to the collection of gas samples, the chamber
headspace was homogenised by repeatedly pumping
the air within the chamber with a 20 mL syringe
equipped with a hypodermic needle (see section 2.3.1
for details). Afterwards, gas samples were collected
from each chamber after 0, 2, 10 and 20 min and stored
in Exetainers. Gas samples were analysed for CO2 and
CH4 as described above (see section 2.3.1), and N2O
was determined on the same GC using an electron
capture detector (ECD).

Physicochemical parameters

For the ex situ experiment, dissolved O2 in the peat
matrix was measured using a micro dissolved-O2 elec-
trode (DO-166, Lazar Research Laboratories Inc., USA;
0.1 mg L−1 resolution). Dissolved O2 (mg L−1) was
measured in three occasions between October and No-
vember 2011, when palm seedlings were fully grown.
Measurements were conducted 10–20 mm beneath the
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peat’s surface (depending on the primary roots position),
which was covered by a 50 mm water layer to simulate
the in situ flooded conditions. For the purposes of this
study, primary roots comprise, in addition to the tap
root, the first–order branch roots that grow out from
the tap root (also called lateral roots) (Barlow 2001).
Primary roots were visually identified as they grew at
the peat surface and were only partially covered by peat.
In each peat monolith with R. taedigera, dissolved O2

measurements were performed 0, 20, and 40 mm away
from three primary roots (6 cores; n = 162); for this
purpose, the micro electrode was carefully collocated in
the desired position and gently stirred until the reading
was stable. Dissolved O2 measurements were also con-
ducted on the control peat monoliths (6 cores; n = 54),
following a cross-section transect. Temperature was re-
corded in the peat monoliths using portable thermo-
couples with data logging capabilities (Tinytag Talk 2,
Tinytag, UK).

For the in situ monitoring, simultaneously to the
collection of in situ gas samples, dissolved O2 (DO;
mg L−1) and temperature (°C) in the top 0.5 m of the
peat profile were measured at the sampling wells
instal led within each plot using a portable
multiparametric probe (YSI 556 MPS, USA).

Peat sampling and characterization

Three soil samples from the peat 0.1 m top layer
(0.1 × 0.1 × 0.1 m) were collected from disturbed and
control plots. Samples were wrapped in aluminium foil
and placed in plastic boxes for later transportation (<
3 h) to STRI laboratory in Bocas del Toro. All samples
were refrigerated (2 °C) until transport to the University
of Nottingham, UK.

Moisture content was determined by gravimetric
analysis of the water mass loss of 10 g fresh peat
samples after oven drying peat samples at 70 °C for
70 h (Wright et al. 2011). Loss on ignition (LOI), as an
indirect measurement of soil organic matter content
(SOM), was measured by gravimetric analysis of mass
loss from dry peat samples placed in the muffle furnace
for 7 h at 550 °C. Peat pH and conductivity were
determined in a 1:2.5 peat fresh weight (fw)-deionized
water solution. Total carbon (C), nitrogen (N), and sul-
phur (S) were measured from 0.5 g homogenised peat
samples (homogenization was carried out in a Planetary
Ball Mill, Retsch-PM400, Castleford, UK) using a total
element analyzer (Thermo Flash EA 1112, CE

Instruments, Wigan, UK). Peat ash from loss on ignition
analysis was dissolved in 6MHNO3 to estimate the peat
phosphorus content by molybdate colorimetry
(Andersen 1976).

Global warming potential calculations

Radiative forcing of greenhouse gas fluxes from peat
was calculated by multiplying an estimation of the total
annual fluxes of the non-CO2 gases from peat (i.e., CH4

and N2O) by their global warming potential index
(GWP), thus obtaining the corresponding CO2 equiva-
lents (CO2-eq) (Rieley et al. 2008). GWP indices used in
this study include the estimation of climate-carbon feed-
backs for both 20 and 100 yr. horizons. (GWP20 and
GWP100); GWP20: CH4 = 86, N2O = 268 and GWP100:
CH4 = 34, N2O = 298 (IPCC 2013). The annual CO2-eq
estimations presented in this study do not include the
whole-forest carbon exchange with the atmosphere; for
example, net primary productivity and the land use
change-fire related component of the radiative forcing
were not measured. Thus, the CO2-eq figures corre-
spond exclusively to the CO2, CH4, and N2O emissions
from the surface peat without plant mediation.

Statistical analyses

Linear mixed models were used to compare the gas
production rates and were fitted by using Residual Max-
imum Likelihood (REML). Gas fluxes were trans-
formed (log10) to fulfil the homogeneity of variance
requirements of the linear models. Level of significance
of the differences between the fixed effects was estimat-
ed by Wald tests using an F distribution. For the ex situ
experiment, the presence of R. taedigera was used as
fixed factor while the specific peat monolith and the
sampling date block were included as random factors;
the fluxes included in these analyses comprise the three
monitoring events. For the analysis of the variation of
CH4 fluxes parallel to seedlings growth, only the day-
light fluxes were included (9:00 to 17:00 h). The number
of days since the seedlings were transplanted into the
peat monoliths was used as a fixed factor, whereas the
specific monolith was used as random factor. The vari-
ation of dissolved oxygen with the distance from the
roots was analysed using a one-way blocked ANOVA,
with the peat monoliths being the blocking factor.
Tukey’s HSD was performed as multiple comparison
test (P < 0.05). For the analysis of the effect of land use
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change on greenhouse gas fluxes, the anthropogenic
disturbance and the monitoring dates were used as fixed
factors, whereas the plots were used as random factors.
Significance was attributed at P < 0.05. Relationships
between gas fluxes and environmental factors (water
table, temperature, and dissolved oxygen) were ex-
plored using regression analyses. The % of variance
accounted (adjusted R2) by regression statistical models
is referred to as r2 in text and figures. Results through
text and graphs are presented as mean ± SE. All statis-
tical analyses were performed in GenStat (VSN
International 2011).

Results

Ex situ diurnal CO2 and CH4 fluxes

The CO2 fluxes from the control peat monoliths did not
follow a diurnal pattern, by contrast the CO2 fluxes from
monoliths with R. taedigera seedlings displayed a con-
vex dial pattern with negative fluxes during daylight (i.e.
photosynthetic assimilation) (Fig. 1a). Ex situ CH4

fluxes in both control and R. taedigera peat monoliths
were highest during daylight. However, the difference
between CH4 emissions from control and R. taedigera
monoliths was highest during daylight (9:00 to 17:00 h),
being 1.7 times lower in the R. taedigera seedling
treatment (Fig. 1b). Furthermore, as R. taedigera seed-
lings grew, the daylight CH4 fluxes in the R. taedigera

monoliths declined (Fig. 1c). Indeed, the presence of
plant roots significantly increased the dissolved O2

levels in the pore-water of peat monoliths. During day-
light, the dissolved O2 concentration in the pore-water
of unplanted control peat monoliths was close to zero.
However, in the peat monoliths with R. taedigera seed-
lings, the dissolved O2 concentration in the pore-water
was high close to the primary roots, but declined,
reaching values close to zero, as the distance from the
primary roots increased (Fig. 2).

By the end of the assay, 150 days after seedlings were
transplanted to the peat monoliths, R. taedigera the
biomass was distributed 80 ± 6 % aboveground (leaves
and stems, 25.7 ± 2.8 g) while 19 ± 3 % was allocated
below ground (roots, 6.2 ± 0.8 g) (F2,14 = 7.85,
P < 0.01). Live roots of the R. taedigera seedlings
occupied in average a volume of 95 ± 9 mL within each
peat monolith at the end of the experiment, equivalent to
≈ 0.6 % of the total volume. The majority of the roots
were located near the surface (upper 20 cm), but some
thicker roots were distributed throughout the peat mono-
lith; the root tissue was aerenchymatous.

Land use change effect on CO2 and CH4 fluxes

The palm forest at the Cricamola site was dominated by
R. taedigera palm (Table 1) growing on acidic peat, with
relatively low N and P concentrations (Table 2). Follow-
ing land use change (i.e. slash and burn), dissolved O2

(top 0.5 m) decreased 5-fold in the peat matrix of the

a b c

Fig. 1 Diurnal CO2 (a) and CH4 (b) fluxes from the R. taedigera
seedling experiment. Closed symbols correspond to diurnal flux
from control peat monoliths (●), while open symbols correspond
to peat monoliths with R. taedigera (○). Dotted (…) and solid (▬)
lines represent the quadratic models describing the fluxes from
control and R. taedigera peat monoliths respectively. The quadrat-
ic relationship in (a) was CO2 (mg m−2 h−1) = 8.18 × Hr of Day0–
24
2 – 193.7 ×Hr of Day0–24 + 770; F2,44 = 7.96,P < 0.001, adjusted

r2 = 23 % for monoliths with seedlings; and in (b) there was a
significant treatment effect between the two curved lines (Treat-
ment: F1,15 = 5.5, P < 0.05; Quadratic term (x2): F1,41 = 4.5,
P < 0.05) when temperature was fitted added as a covariate. (c)
Shows mean ± SE of CH4 fluxes during daylight hours (9:00 to
17:00) throughout the experiment (Variation through time; CH4:
F2,26 = 7.82, P < 0.001)
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disturbed site and remained significantly lower than the
undisturbed site throughout the monitoring period
(Fig. 3a). In addition, temperature in the surface peat
increased following the anthropogenic disturbance
(Fig. 3b). Once rice was seeded, its height was recorded
at each monitoring event (Fig. 3c). The CO2 fluxes were
consistently higher in the undisturbed site and varied
significantly through time (Fig. 3d). The CH4 fluxes
were significantly lower at the undisturbed site through
time. However, CH4 flux values from the disturbed site
declined at the end of the study when the rice was fully
grown (Fig. 3e). Parallel to CH4 emissions, the undis-
turbed site had significantly lower N2O emissions
(Fig. 3f).

The strongest environmental control of the CH4 and
N2O emissions was the dissolved O2 concentration in
the upper 0.5 m of the peat profile, with lower emissions
when oxygen levels were high (Fig. 4 a-c: log10 CH4 = −
0.64 × DO +1.16, F1,42 = 28.93, P < 0.001, r2 = 40 %;
log10 N2O = − 0.57 × DO −0.61, F1,25 = 7.33, P < 0.05,
r2 = 20%). The position of the water table was related to
CO2 (log10 CO2 = − 0.012 × WT + 2.61, F1,120 = 20.49,
P < 0 . 0 0 1 , r 2 = 1 4 % ) a n d CH4 ( l o g 1 0

CH4 = 0.005 × WT2 + 0.056 × WT + 0.14,
F2,53 = 5.75, P < 0.01, r2 = 15 %), but not to N2O
(Fig. 4 d-f). Generally, low CO2 emissions corresponded
to a high water table (Fig. 4d). The highest CH4 fluxes
occurred when the water table was close to the peat
surface and emissions decreased as water table dropped

just below the peat surface, but fluxes were highly
variable and tended to increase when water table
dropped further (0.15 m below the peat surface). Only
the CH4 fluxes were correlated to the peat surface tem-
perature (Fig. 4 g-i), (log10 CH4 = − 0.043 × T2 +
2.42 × T – 33.3, F2,37 = 11.14, P < 0.001, r2 = 35 %).

Effect of land use change on the combined radiative
forcing of greenhouse gas fluxes

The magnitude of the difference between the combined
radiative forcing of a single year of greenhouse gas
fluxes (pulse) from surface peat of the control and
disturbed R. taedigera sites was strongly dependent on
the time period used to perform the calculations. Con-
sidering a 20 yr. horizon, the combine radiative forcing
(combined GWP index) from the peat at the disturbed
site was approximately three times higher than the con-
trol R. taedigera site in terms of CO2-eq. In contrast,
over a 100 yr. horizon the net radiative forcing was
double at the disturbed site (Table 3). Using both time
horizons, CO2 was the main contributor to greenhouse
gas emissions from the surface peat in the undisturbed
R. taedigera site, comprising more than half of the total
emissions (Table 3); CO2 was followed by CH4 and a
small contribution by N2O. However, in the disturbed
site CH4 was the main contributor to greenhouse gas
emissions from the surface peat, followed by CO2 and
N2O (Table 3).

Discussion

We have shown that fluxes of CO2 and CH4 varied with
the activity of the vegetation both in situ and ex situ. Ex
situ CO2 fluxes followed a diurnal pattern that reflected
the photosynthetic activity of R. taedigera seedlings,
with the palm mesocosms acting as CO2 sinks. By
contrast, in the unvegetated monoliths, CO2 fluxes were
either close to zero or positive. This suggests that even
relatively small palm seedlings can mitigate CO2 release
during peat decomposition, highlighting the critical role
of NPP for the C balance of tropical peatlands
(Sjögersten et al. 2014). In parallel, ex situ CH4 fluxes
were lower during daylight in monoliths with
R. taedigera seedlings than in the control monoliths
(Fig. 1b). Measurements of dissolved oxygen in the
rhizosphere confirmed a significant radial oxygen loss
from R. taedigera roots into the peat matrix (Fig. 2).
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Fig. 2 Dissolved oxygen concentration in peat pore-water as
function of the distance from R. taedigera seedling root
(mean ± SE). Black bar correspond to peat monoliths without
R. taedigera seedlings, whilst white bars correspond to peat mono-
liths with R. taedigera seedlings. Tukey’s HSD multiple compar-
ison test is indicated by letters (P < 0.05); different letters indicate a
significant difference. One-way ANOVA output is: Dissolved
oxygen (mg L−1), Distance from root: F3,199 = 664, P < 0.001
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This suggests that oxygen input by R. taedigera into the
peat enhanced CH4 oxidation (De Bont et al. 1978;
Calhoun and King 1997; Gerard and Chanton 1993;
King 1996), and/or partially inhibited methanogenesis
(Grosse et al. 1996; Holzapfel-Pschorn et al. 1986),
reducing CH4 fluxes by ca. 40 % compared to controls.
In fact, the suppression of CH4 fluxes increased as
R. taedigera seedlings grew (Fig. 1c), indicating that

as the root aerenchymatous tissue spread through the
peat monoliths, the release of O2 into the peat matrix
increased. This supports hypothesis (i), predicting a
reduction of CH4 emissions due to radial oxygen loss
of R. taedigera into the peat matrix.

The in situ greenhouse gas fluxes from the undis-
turbed palms forest are in the range previously reported
from peatlands in the area (Couwenberg et al. 2010;

Fig. 3 In situ a dissolved oxygen (top 50 cm), b surface temper-
ature, c rice height, d CO2 fluxes, e CH4 fluxes, and f N2O fluxes.
Symbols represent mean ± SE. Undisturbed and anthropogenically
disturbed sites are presented as closed (●) and open (○) symbols
respectively. Dashed lines connect the samplings before the orig-
inal plot was subjected to disturbance. Statistical analyses only
include post disturbance samplings as to compare both undis-
turbed and anthropogenically disturbed sites. REML outputs are:
a Dissolved oxygen (mg L−1) Anthropogenic disturbance:
F1,17 = 12.15, P < 0.01, Time: F2,17 = 1.74, P < 0.05, Anthropo-
genic disturbance.Time: F2,17 = 0.26, P > 0.05; b Surface

temperature (°C), Anthropogenic disturbance: F1,17 = 16.59,
P < 0.001, Time: F2,17 = 0.37, P > 0.05, Anthropogenic
disturbance.Time: F2,17 = 0.14, P > 0.05; d Log10 CO2, Anthro-
pogenic disturbance: F1,90 = 23.05, P < 0.001, Time: F3,86 = 4.58,
P < 0.01, Anthropogenic disturbance.Time: F3,90 = 1.45, P > 0.05;
e Log10 CH4, Anthropogenic disturbance: F1,29 = 0.85, P > 0.05,
Time: F3,29 = 5.22, P < 0.01, Anthropogenic disturbance.Time:
F3,29 = 2.34, P > 0.05; f Log10 N2O, Anthropogenic disturbance:
F1,22 = 4.99, P < 0.05, Time: F3,22 = 0.74, P > 0.05, Anthropogenic
disturbance.Time: F3,22 = 0.62, P > 0.05. *Control plot set-up
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Jauhiainen et al. 2012; Sjögersten et al. 2014; Wright
et al. 2013b). Land use change strongly increased CH4

and N2O emissions; with CH4 fluxes being 17-fold
higher than pre-disturbance fluxes and N2O fluxes dou-
bling after vegetation removal (Fig. 3 e, f). The strong
increase in CH4 emissions with palm removal contrasts
dramatically with the substantial decline in emissions
reported when land use change is associated to peat
drainage and lower water tables (Couwenberg et al.
2010), highlighting the critical role of the water table
for the CH4 emissions in this context. The increase in
N2O emissions following land use change supports
findings from peatlands in Southeast Asia, although

the magnitude of the increase is highly variable, possi-
bly due to different levels of fertilizer application and
drainage (Couwenberg et al. 2011; Dommain et al.
2010; Jauhiainen et al. 2011). The higher CH4 and
N2O fluxes following land use change supported our
second hypothesis, predicting that the clearance of
R. taedigera would increase the CH4 and N2O fluxes.

Several mechanisms could account for the increase in
CH4 and N2O fluxes following land use change. For
example, once vegetation was cleared, temperature in-
creased at the peat surface (Fig. 3b), which is likely to
stimulate microbial activity (Abdalla et al. 2009;
Blagodatskaya et al. 2014; Dunfield et al. 1993;

Fig. 4 Regression analyses between greenhouse gas fluxes (CO2,
CH4, andN2O) in the control (●) and disturbed (○) sites, and in situ
parameters (dissolved oxygen in top 0.5 m peat, water table, and
temperature in top 0.1 m peat). Symbols represent mean ± SE for

each monitoring event, n = 3. Variance accounted by the models is
reported as the adjusted r2 when regression relationship was sig-
nificant. Relevant statistics are shown in text
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Turetsky et al. 2014b). Furthermore, the lower solubility
of oxygen as temperature increased (Wilhelm et al.
1977) and cessation of radial oxygen loss from the roots
following the clearing of the R. taedigera forest exacer-
bated anaerobic conditions (Fig. 3a). This is likely to
promote CH4 and N2O production (Blagodatskaya et al.
2014; Inglett et al. 2012). In addition, the cessation of
rhizosphere CH4 oxidation, as observed ex situ
(Fig. 1b), would further enhance CH4 emissions (Gerard
and Chanton 1993; Holzapfel-Pschorn et al. 1986).
Indeed, the decline in CH4 emissions at the later stages
of rice growth (Fig. 3e) might be attributed to the grad-
ual increase of CH4 oxidation and inhibition of
methanogenesis due to radial oxygen loss by rice root
system (De Bont et al. 1978; Gerard and Chanton 1993;
King 1996); or by the increasing contribution of plant
mediated CH4 emissions through rice aerenchyma,
which we could not account for with our methodologi-
cal approach (Butterbach-Bahl et al. 1997). Overall, the
dissolved O2 concentration in the pore-water of the
surface peat was a strong driver of both CH4 and N2O
emissions in situ, accounting for 40 and 20 % of the
variance in fluxes for the two gases, respectively (Fig. 4
b, c), lending additional support to hypothesis (i). The
clearance of the R. taedigera forest presumably caused a
pulse of labile C and N from decaying leaf and root
material, which is likely to contribute, in conjunction
with the lower dissolved O2 concentration in the surface
peat, to the greater CH4 and N2O emissions from the

deforested agricultural site (Blagodatskaya et al. 2014;
Inglett et al. 2012; Ullah et al. 2008). The magnitude of
this effect is difficult to assess, as forest clearance would
also dramatically reduce root exudation, which would
limit substrate supply (Bhullar et al. 2014; Ding et al.
2005). In addition, litter and roots decay slowly under
waterlogged conditions (Hoyos-Santillan et al. 2015;
Wright et al. 2013a), suggesting that the strong imme-
diate effect on CH4 and N2O emissions following the
palm forest clearance is linked to the lower oxygen
levels in the peat matrix in the deforested area.

The higher soil respiration in the undisturbed palm
forest, compared to the area affected by slash and burn
agriculture (Fig. 3d), showed that the undisturbed
R. taedigera forest maintained higher heterotrophic
and rhizo-microbial respiration from the surface peat.
This supported our third hypothesis, which predicted a
decrease in the CO2 fluxes from the peat surface follow-
ing the clearance of R. taedigera. Root respiration and
elevated respiration rates due to labile C inputs from
roots contribute to net soil CO2 emissions (Davidson
and Janssens 2006). For example, root respiration con-
tributed between 40 and 60 % from net soil emissions in
forests in the Eastern Amazon during the dry season
(Metcalfe et al. 2007). Therefore, we attribute the de-
cline in CO2 emissions to loss of respiration from
R. taedigera roots, and to the suppression of root exu-
dates, which are to some extent consumed and convert-
ed into CO2 by rhizosphere microorganisms. The

Table 3 Contribution of CO2 and non-CO2 greenhouse gas fluxes from surface peata to radiative forcing of R. taedigera forest under the 20
(GWP20) and 100 (GWP100) years horizons

Control Disturbed

Total CO2-eq (g m−2 y−1) - GWP20
b 9959 ± 1338 28,890 ± 8518

% of contribution to Total CO2-eq

CO2 67 ± 8.7 21 ± 15.8

CH4 31 ± 9.3 78 ± 16.8

N2O 1.5 ± 0.8 1.2 ± 1.0

Total CO2-eq (g m−2 y−1) - GWP100
b 8059 ± 1056 14,104 ± 3835

% of contribution to Total CO2-eq

CO2 82 ± 5.0 37 ± 19.5

CH4 15 ± 5.7 61 ± 20.9

N2O 2 ± 0.9 2 ± 1.5

Data is presented as mean ± SE; n = 4
a The estimation of the total CO2-eq does not comprise the assessment of the whole-forests carbon exchange with the atmosphere, it
exclusively addresses the CO2, CH4, and N2O emissions from the surface peat without plant mediation
bGWP consider the inclusion of climate-carbon feedbacks. GWP20: CH4 = 86, N2O = 268; GWP100: CH4 = 34, N2O = 298
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observation of CO2 emissions declining with agricultur-
al land use change contrasts with previous research
showing increasing CO2 emissions in areas were land
use change is associated with a lowering of the water
table (Furukawa et al. 2005; Hatala et al. 2012; Hirano
et al. 2012). This highlights the critical role of the water
table regulating CO2 emissions from tropical peatlands
in the context of land use change.

The radiative forcing corresponding to surface peat
emissions (expressed as CO2-eq) was substantially in-
creased by land use change (Table 3), related mainly to
an increase in CH4 fluxes from the disturbed area.
Therefore, R. taedigera forests have a potential role in
the mitigation of greenhouse gases emissions to the
atmosphere in addition to the CO2 uptake inherent to
photosynthetic activity. Furthermore, land use change
shifted the relative contribution of greenhouse gases to
overall emissions, from CO2 being the main contributor
in the control site to CH4 becoming the main contributor
at the disturbed site. This suggests that R. taedigera
controls not just the magnitude of the greenhouse gas
emissions, but also influences the biochemical pathways
responsible for such carbon emissions. It has been esti-
mated that between 2010 and 2015 the land area under
tropical forest declined at a rate of 5.5 M ha y−1 (Keenan
et al. 2015). Evaluating how land use change alters the
radiative forcing of tropical peat swamps emissions
requires consideration of plant mediated release of
greenhouse gases, which may constitute a substantial
component of emissions both for rice (Neue et al. 1997)
and trees in tropical wetlands (e.g. 21% of CH4 fluxes in
tropical peat swamps in SE Asia) (Pangala et al. 2013).
Furthermore, to fully determine how land use change
impact the radiative forcing, both the C losses due to fire
in the initial phase of land clearance and the
photosynthestic activity of the vegetation need to be
considered (Malhi et al. 2011; Sjögersten et al. 2014;
Turetsky et al. 2014a).

Our study has shown that palm forest supress poten-
tial CH4 and N2O emissions from tropical peatlands and
therefore provides an important ecosystem service in
relation to climate changemitigation.Moreover, if radial
oxygen loss from roots to the peat moderates CH4 and
N2O emissions from tropical swamps more widely, then
an important consequence of the current rapid defores-
tation of tropical peatlands may be greater CH4 and N2O
emissions. To assess the net impact of the vegetation on
greenhouse gas emissions from lowland tropical
peatlands further research is required to: i) establish

the mechanisms through which tropical peatland vege-
tation, such as R. taedigera and C. panamensis, mediate
the gas transport from the peat matrix to the atmosphere;
ii) quantify the relative importance of the radial O2 loss
and the labile carbon inputs as drivers for CH4 emis-
sions; and iii) how these drivers vary among plant
species with different traits.
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