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Riparian forests are often kept as buffers between rivers and oil palm plantations. Many
benefits of riparian forests, such as increasing biodiversity and providing a travel corridor
for wildlife have been documented. Conversely, data on fluxes of the greenhouse gases
nitrous oxide (N2O) and methane (CH4) from riparian forests are sparse. Nitrogen (N)
from fertilizer applied in the oil palm plantations leached to the adjacent riparian forests,
may increase emissions of N2O. Methane (CH4) fluxes might also differ between oil palm
plantations and riparian forests due to carbon (C) availability. In this scoping study, we
installed transects from three mature oil palm plantations to adjacent riparian forests
within the SAFE project landscape in Sabah, Malaysia (https://www.safeproject.net)
for measurements of greenhouse gases and associated parameters every 2 months
for 13 months. Emissions of N2O were higher from riparian forests with 40.4 [95%
confidence intervals (CI): 35.7–44.6] µg N2O-N m−2 h−1 than from an equivalent area
of oil palm plantation 27.6 (CI: 23.1–32.3) µg N2O-N m−2 h−1. Methane uptake was
significantly higher from the riparian forest with −14.7 (CI: −21.1 to −8.3) µg CH4-C
m−2 h−1 compared to slight positive emission in the oil palm plantations of 6.3 (CI: 1.1–
11.4) µg CH4-C m−2 h−1. We are contributing urgently needed flux data for less well
studied riparian forests in the Tropics, however, additional long-term studies are needed
to be able to draw wider conclusions than possible from this scoping study alone.

Keywords: greenhouse gases, riparian buffer, tropics, nitrate, ammonium, nitrogen

INTRODUCTION

Riparian buffers in agricultural landscapes exist in the transition area between agricultural and
freshwater habitats (Cole et al., 2020). Riparian buffers, including riparian forests, are habitats with
critical ecological and conservation value as they assemble diverse and unique species, contribute to
regional species diversity (Sabo et al., 2005), act as dispersal corridors for flora and fauna (Knopf and
Samson, 1994; Nilsson and Svedmark, 2002), and mediate exchanges of matter and energy between
terrestrial and aquatic environments (Osborne and Kovacic, 1993). In tropical Southeast Asia,
riparian forests are recognized as important for biodiversity conservation and for the reduction
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of pollutant transfer from terrestrial to aquatic habitats,
particularly in areas dominated by oil palm cultivation (Luke
et al., 2019). Unlike in intensively managed agricultural
land in temperate regions, where riparian buffers are often
retrospectively established, in the oil palm landscape riparian
buffers are commonly remnants of tropical forests, consequently
riparian forests. Legislation and policy seek to protect natural
vegetation, such as riparian forests, in order to provide refuges for
forest species and habitat connectivity among forest fragments.
However, the effectiveness of current policy and practice in
Southeast Asia is still in question (Luke et al., 2019).

It has been predicted that riparian buffers can be potential
hotspots for greenhouse gas fluxes to the atmosphere (Hedin
et al., 1998) but actual data are lacking. An essential ecological
service provided by riparian buffers is the mitigation of nutrient
pollution from surrounding agricultural areas (Kachenchart et al.,
2012). The management is imperative of controlling nitrogen (N)
loading to waterbodies and protecting or restoring ecosystems
surrounding these waterbodies to maintain or enhance their N
removal functions (Mulholland et al., 2008). Runoff and leaching
of fertilizer from surrounding oil palm plantations are expected to
raise concentrations of dissolved macro and micronutrients and
promote nitrophilic plant species in riparian soils (Nagy et al.,
2015). Increased concentrations of inorganic N in riparian forests
are of particular concern, as enhanced N availability can increase
emissions of nitrous oxide (N2O), a greenhouse gas with a global
warming potential 298 times that of carbon dioxide (Myhre
et al., 2013). The main processes leading to N2O emissions are
nitrification and denitrification (Davidson et al., 2000) with main
controlling factors being soil N availability, water content, bulk
density, and temperature (Verchot et al., 2006). Nitrification, is
an oxidative process, converting ammonium (NH4

+) to nitrate
(NO3

−), with N2O production under O2 limiting conditions.
Denitrification, the reduction of NO3

− to the end products
N2O and N2, requires anaerobic conditions as often found in
wet and waterlogged soils (Butterbach-Bahl et al., 2013). The
ability of riparian buffers to remove mineral and organic N
compounds from runoff through denitrification is predominantly
controlled by soil chemical and physical properties and the
microbiological community compositions (Ma et al., 2020). The
magnitude of indirect N2O emissions from fertilizer leaching
into the riparian forests compared to direct N2O emissions
from oil palm plantations receiving high rates of N fertilizers
is currently unknown, as not many robust studies have been
reported. However, there are first indications that due to nutrient
translocation into riparian forests, greenhouse gases such as N2O
can be emitted from these areas, often in quantities comparable to
those from adjacent agricultural plantations themselves (Drewer
et al., 2020, 2021). It is important to determine if riparian forest
buffers are sinks or sources of N2O and their magnitude in
relation to OP plantations (Mafa-Attoye et al., 2020).

Land-use change has been identified as driver for changes
in soil and biomass carbon (C) and greenhouse gas emissions
(Kachenchart et al., 2012; Brauman et al., 2015; Nagy et al., 2015).
There is a severe lack of data, especially longer-term studies, on C
storage, N2O and CH4 emissions from riparian forests to fully
assess and quantify their potential benefits (Luke et al., 2019).

Methane (CH4) is a potent greenhouse gas with a global warming
potential 28 times higher than CO2 on a 100-year time horizon
(Myhre et al., 2013). Methane is emitted or taken up by the
soil depending on the balance between methanotrophy and
methanogenesis. The latter is favored by anaerobic conditions
and is the anaerobic microbial decomposition of organic material,
which occurs in wet and organic rich soils; methanotrophy takes
place in parts of the soil where oxygen is available (Dutaur and
Verchot, 2007). For example, recent studies have suggested that
CH4 uptake in oil palm and rubber plantation in Indonesia might
be higher in riparian forests than plantations (Hassler et al., 2015;
Lang et al., 2020).

The objective of this scoping study was to carry out
preliminary field measurements of N2O and CH4 as well as
basic soil physicochemical parameters in transects from oil palm
plantations to riparian forests in Malaysian Borneo, Sabah. Here
we provide much needed data to address the question whether
riparian forests or oil palm plantations have higher N2O and
CH4 emissions.

MATERIALS AND METHODS

Site Description
Three transects from oil palm plantations (OP) via riparian
reserves (RR), in this case riparian forests, to the rivers were
set up within the SAFE landscape (Stability of Altered Forest
Ecosystems1) in Malaysian Borneo, Sabah (Ewers et al., 2011). To
be in line with other SAFE publications we use the nomenclature
RR (riparian reserve) for the riparian forests. The study area has
a wet tropical climate with a wet season typically from October
to February and a dry season typically from March to September
(Drewer et al., 2021) with average monthly temperatures of
32.5◦C (irrespective of season) and average monthly rainfall of
164.1 mm2. The soils are classed as orthic Acrisols or Ultisols
(Riutta et al., 2018).

Transects 1 and 2 were installed on a 53 ha oil palm plantation
established in 2007. Transect 1 consisted of an OP plantation
draining into a very steep ∼40 m wide shady riparian mature
forest. Transect 2, less than 500 m from Transect 1, drains into
a flat riparian reserve and then into a small shallow tributary
stream. The riparian reserve is vegetated mainly with the legume
Mucuna bracteata, a typical cover crop in OP and rubber
plantations, and planted with soft wood trees. Transect 3 was set
up in a 32 ha OP plantation established in 2011 (Figure 1). The
OP plantation drained through a 20 m wide Mucuna bracteata
area into a mature riparian forest of 64 m width, which was
slightly less steep compared to the riparian forest of Transect 1.
Transect 1 and 3 forests are relatively good quality logged forests
with high biodiversity, akin to logged forests within the rest of the
SAFE landscape. All three riparian reserves drain into the same
river, albeit for Transect 2 via the small stream.

The oil palm plantations are terraced and almost devoid of
ground vegetation, due to near canopy closure, and a planting

1https://www.safeproject.net/
2https://en.climate-data.org/
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FIGURE 1 | Layout of the transects from oil palm plantation via riparian forest to the river, using transect 3 as an example. Chambers (CHB) 31–36 are in the oil palm
plantation. Chambers 37–48 are in the riparian forest. There are six rows of three chambers each across the transect.

density of 120 palms ha−1. Fertilizer management was similar
at both Estates and typical for this region. A composite fertilizer
of N, P, K, Magnesium and Boron is broadcast around the palm
stem twice per year, at a rate of 4 kg N per palm. Our sampling
frequency did not allow to investigate individual fertilizer events.
The objective of this study was to capture general differences of
GHG fluxes between OP plantations and RR. It has previously
been reported that effects of N fertilizer application in an oil
palm plantation lasted only a few days and were unlikely to have
significant consequences for monthly means or annual budgets
(Comeau et al., 2016). Due to difficult logistics and accessibility
of the sites as well as financial restraints, we were only able to
carry out field measurements every 2 months.

The static chamber method was used for greenhouse gas flux
measurements as previously described in Drewer et al. (2021).
Chambers were installed in triplicate at each transect point (see
example in Figure 1); two rows of three (total six) in each OP
plantation, followed by four rows of three (total 12) for transect
1 and 3, and two rows of three (6) for transect 2 (less wide
buffer compared to the other two) in the riparian forests. In
total there were 48 chambers; two transects with 18 and one
with 12 chambers. For exact GPS locations see published dataset
(Drewer et al., 2019).

Soil Nitrous Oxide and Methane Fluxes
The static chamber method was used for N2O and CH4 flux
measurements as described previously (Drewer et al., 2017a,b).
Round static chambers (diameter = 40 cm) consisting of opaque
polypropylene bases of 10 cm height were inserted into the
ground to a depth of approximately 5–10 cm for the entire
13 months study period (November 2016 to November 2017).
Lids of 25 cm height were fastened onto the bases using four
strong clips, only during the 45-min measurement periods.
A strip of commercially available draft excluder glued onto the
flange of the lid provided a gas tight seal between chamber and

lid. The lids were fitted with a pressure compensation plug to
maintain ambient pressure in the chambers during and after
sample removal. Gas samples were taken at regular intervals (0,
15, 30, 45 min) from each chamber. A three-way tap was used for
gas sample removal using a 100 ml syringe. 20 ml glass vials were
filled with a double needle system to flush the vials with five times
their volume and remained at ambient pressure (Drewer et al.,
2017a, 2021). The sample vials were sent to UKCEH Edinburgh
for analysis usually between 4 and 7 weeks after sampling.
A specifically conducted storage test confirmed no significant
loss of concentration during this time period. Samples and three
sets of four certified standard concentrations (N2O, CH4 in N2
with 20% O2) were analyzed using a gas chromatograph (Agilent
GC7890B with headspace autosampler 7697A; Agilent, Santa
Clara, CA, United States) with micro electron capture detector
(µECD) for N2O analysis and flame ionization detector (FID) for
CH4 analysis. These detectors were setup in parallel allowing the
analysis of the two GHGs at the same time. Limit of detection
was 5 ppb for N2O and 40 ppb for CH4 (Drewer et al., 2020).
Peak integration was carried out with OpenLab© Software Suite
(Agilent, Santa Clara, CA, United States).

The flux F (µg m−2 s−1) for each sequence of gas
samples from the different chambers was calculated according to
Equation 1:

F =
dC
dt
×

ρV
A

(1)

Where dC/dt is the concentration (C, µmol mol−1) change
over time (t, in s), which was calculated by linear regression,
ρV/A is the number of molecules in the enclosure volume to
ground surface ratio, where ρ is the density of air (mol m−3),
V (m3) is the air volume in the chamber and A (m2) is the
surface area in the chamber (Levy et al., 2012). Fluxes were
checked for linearity and all fluxes presented here had the best
fit with linear interpolation. Applying the analytical limit of
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FIGURE 2 | Monthly soil temperature (left) and volumetric soil moisture content (right) from the three transects (1–3), OP, oil palm (red); RR, riparian forest (blue). The
lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles), lower whisker = smallest observation greater than or equal to lower
hinge –1.5 × IQR (inter quartile range), upper whisker = largest observation less than or equal to upper hinge +1.5 × IQR. The median is marked by a horizontal line
inside the box.

detection to the flux calculation, the resulting detection limits and
therefore uncertainties associated with the flux measurements
are 1.6 µg N m−2 h−1 for N2O and 5 µg C m−2 h−1 for
CH4 in the units used in the “Results” section as described in
Drewer et al. (2021).

Auxiliary Soil and Environmental Measurements
Other environmental parameters were measured during time
of chamber enclosure as possible explanatory variables for
correlation with recorded GHG fluxes. Soil and air temperatures
were measured using a handheld Omega HH370 temperature
probe (Omega Engineering United Kingdom Ltd., Manchester,
United Kingdom) at each chamber location at a soil depth of
10 cm and by holding the temperature sensor 30 cm above
the soil surface at chamber height. Volumetric soil moisture
content (VMC) was measured at a depth of 7 cm with a portable
probe (Hydrosense 2; Campbell Scientific, Loughborough,
United Kingdom). For determining KCl-extractable soil nitrogen
(N) in the field, soil samples were collected to a depth of
10 cm around each of the chamber locations on each of
the chamber measurement days, using a gouge auger. Soil
KCl extractions were carried out in the field laboratory on
the same day. Soil samples were mixed well, stones were

removed, and subsamples of ca. 6 g soil (fresh weight) were
transferred into 50 ml falcon tubes containing 25 ml 1 M
KCl solution. The samples were shaken for 1 min every
15 min for 1 h, then filtered through Whatman 42© filter
paper (GE Healthcare, Chicago, IL, United States) and kept
in the fridge after addition of one drop of 75% H2SO4 as
a preservative. Analysis of ammonium (NH4

+) and nitrate
(NO3

−) concentrations from KCl-extracted soils were carried
out at the Forest Research Center in Sandakan (Sabah, Malaysia)
using a colorimetric method (Astoria 2 Analyzer, Astoria-Pacific
Inc., United States).

The following parameters were measured once on the last
sampling occasion. Soil samples for total C and total N were taken
from the top 0–10 cm inside the chambers. The samples were air
dried in the field laboratory and a subsample of each was dried at
105◦C to constant weight in the laboratory to convert the results
to oven-dry weight, ground and analyzed at the Forest Research
Center in Sandakan on an elemental analyser [Vario Max CN
Elemental Analyzer (Elementar Analysensysteme, Germany)].
Leaf litter was collected from the surface in each chamber
(0.1257 m2), dried at 70◦C and analyzed for total C and N
as described above. For pH measurements 10 g of fresh soil
was mixed with deionized H2O (ratio 1:2), and after 1 h
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analyzed on a MP 220 pH meter (Mettler Toledo GmbH,
Schwerzenbach, Switzerland).

Data Analysis
Mean and 95 percentile confidence intervals (C.I.s) reported
in this study used the arithmetic means (normal distribution)
for all variables, with the exception of N2O flux for which we
used the Bayesian method as described below. When estimating
confidence intervals on mean values in this study, the upper and
lower C.I.s were calculated by multiplying the standard error by
1.96. Where 95 percentile confidence intervals do not overlap,
comparisons of mean values between two variables are deemed
significantly different (Di Stefano, 2004).

Environmental data, such as soil N2O fluxes, are often
highly temporally and spatially variable, making their analysis
challenging. Typically, they are strongly left skewed (containing a
high number of very small fluxes), and approximate a log-normal
distribution. This makes trying to detect effects of land-use very
difficult. When variability is high and the sample size is small,
as is generally the case with flux measurements, calculation of
a confidence interval on the mean of a log-normal distribution
is challenging. Hence, we applied a Bayesian methodology to
address this problem, using a model similar to that described by
Levy et al. (2017) and used in Drewer et al. (2021). Expressed
in the current statistical terminology, this is a generalized linear
mixed-effect model (GLMM) with a log-normal response and
identity link function. The model consists of a fixed effect of
land-use [oil palm (OP) vs. riparian forest (RR)], with a random
effect representing the variation among sites within a land-use
type. The parameters were estimated by the Markov chain Monte
Carlo (MCMC) method, using Gibbs sampling as implemented
in Just Another Gibbs Sampler (JAGS), described in more detail
by Levy et al. (2017). This model is suitable for small samples
sizes irrespective of numbers of samples per treatment (site/land-
use). All statistical analyses were conducted using the R software
package, version 3.4.3 (R Core Team, 2017) using the lme4
package for linear mixed-effects models (Bates et al., 2015).

RESULTS

We compared soil parameters and GHG fluxes from each of the
three oil palm-riparian forest transects, as well as the land-use
level [oil palm (OP) vs. riparian forest (RR)], in order to establish
which land-use has the higher N2O (and CH4) emission rates.
In this scoping study we collected a total of 126 individual flux
measurements from OP and 210 from RR between November
2016 and November 2017.

Air and soil temperatures were constant at all sites throughout
the year and seasons and averaged 28.4± 0.1◦C and 26.7± 0.1◦C
(± standard error), respectively. There was no temporal or
distinct spatial trend for soil moisture (Figure 2). Transect 2, with
the shallower slope, had the least variable soil moisture content
for both OP and RR, broadly between 30 and 40% throughout
the study period.

Soil pH was slightly higher in the riparian forests compared
to the oil palm plantations in all three transects, albeit with a

TABLE 1 | Soil and litter physicochemical parameters by transect (1–3) and
land-use (OP, oil palm; RR, riparian forest) from measurements at the last sampling
occasion in November 2017 from soil and litter inside the chambers (surface area
0.1257 m2).

Parameter Site N Mean SD 95% C.I.

pH 1-OP 6 4.2 0.3 3.9–4.5

1-RR 12 4.7 0.5 4.4–5.0

2-OP 6 5.1 0.3 4.8–5.3

2-RR 6 5.3 0.3 5.0–5.6

3-OP 6 4.4 0.3 4.1–4.6

3-RR 12 4.6 0.2 4.4–4.7

All-OP 18 4.5 0.5 4.0–5.0

All-RR 30 4.8 0.5 4.3–5.3

Soil C [%] 1-OP 6 1.04 0.49 0.65–1.43

1-RR 12 1.74 0.83 1.27–2.21

2-OP 6 0.84 0.37 0.55–1.13

2-RR 6 1.36 0.34 1.09–1.63

3-OP 6 0.71 0.20 0.55–0.87

3-RR 11 1.5* 0.60 1.15–1.85

All-OP 18 0.86 0.38 0.68–1.03

All-RR 30 1.57* 0.67 1.33–1.81

Soil N [%] 1-OP 6 0.09 0.07 0.03–0.15

1-RR 12 0.17 0.07 0.13–0.21

2-OP 6 0.1 0.05 0.06–0.14

2-RR 6 0.18* 0.02 0.16–0.20

3-OP 6 0.05 0.02 0.03–0.07

3-RR 11 0.15* 0.07 0.11–0.19

All-OP 18 0.08 0.05 0.05–0.10

All-RR 30 0.16* 0.06 0.14–0.18

Litter weight [g] 1-OP 6 17.43 8.4 10.7–24.2

1-RR 12 59.93* 26.0 45.2–74.6

2-OP 6 30.7 24.7 10.9–50.5

2-RR 6 48.32 20.4 32.0–64.6

3-OP 6 6.5 3.2 4.0–9.0

3-RR 12 67.4* 43.0 43.1–91.7

All-OP 18 18.2 17.5 10.1–26.3

All-RR 30 60.6* 32.9 48.8–72.4

Litter C [%] 1-OP 5 33.96 3.3 31.1–36.8

1-RR 12 41.13 12.2 34.2–48.0

2-OP 6 21.96 2.8 19.7–24.2

2-RR 6 44.76* 2.4 42.8–46.7

3-OP 3 21.07 10.6 9.0–33.1

3-RR 12 38.8 10.3 33.0–44.6

All-OP 18 26.1 7.8 22.4–29.6

All-RR 30 40.9* 10.1 37.2–44.5

Litter N [%] 1-OP 5 1.45 0.1 1.4–1.5

1-RR 12 1.74 0.5 1.4–2.0

2-OP 6 0.97 0.3 0.7–1.2

2-RR 6 2.28* 0.3 2.1–2.5

3-OP 3 1.2 0.4 0.7–1.7

3-RR 12 1.65 0.6 1.3–2.0

All-OP 18 1.19 0.35 1.03–1.35

All-RR 30 1.81* 0.52 1.62–2.00

N, number of chambers = number of measurements; SD, standard deviation.
*denotes the higher value when significant differences are observed between
variables measured from different land-uses in same transect or land-use overall
(95% C.I. not overlapping).
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FIGURE 3 | Monthly soil NH4-N (left) and NO3-N (right) (mg kg−1) concentrations from the three transects (1–3), OP, oil palm (red); RR, riparian forest (blue). The
lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles), lower whisker = smallest observation greater than or equal to lower
hinge –1.5 × IQR (inter quartile range), upper whisker = largest observation less than or equal to upper hinge +1.5 × IQR. The median is marked by a horizontal line
inside the box. Note different y-axis scale for NH4-N (left) for the three different transects.

high spatial variability as indicated by SD and 95% C.I. and hence
no significant differences (Table 1). Transect 2 had a slightly
higher mean pH of 5.1 for OP and 5.3 for RR compared with
pH values of around 4.2–4.4 in the OP plantations and pH 4.6–
4.7 in the RR in transects 1 and 3, respectively. Total soil C
and N (%) contents were higher from RR than OP in all three
transects, as was the amount of litter present and total C and N
contents in the litter (Table 1). However, the difference in soil
C between OP and RR was only significant (no overlap between
C.I.) in transect 3, whilst the differences between land-uses for
soil N were only significant for transects 2 and 3. Differences in C
and N contents in both soil and litter were comparable between
transects. Smallest amounts of litter (in dry weight) inside the
chambers were in the OP plantations of transects 1 and 3, whereas
highest amounts were measured in the riparian forests which
was a significant difference in both transects. Transect 2 was an
exception, in that the difference in the amount of litter between
OP and RR was not that large and not significant but the litter
C and N contents (%) were significantly larger in RR2 than OP2
(Table 1). Although litter samples were only taken once at the
end of the measurement campaign, they were representative of
the entire measurement period as confirmed by visual inspection
on each sampling occasion.

Mineral N (NH4
+ and NO3

−) concentrations were highly
spatially variable, with no clear temporal trends but occasional
hotspots in both OP and RR (Figure 3). Most notable were very
high NH4

+-N concentrations in OP transect 3, however, with a
very high spatial variability within and between the six chambers
and two rows. These concentrations of 100–300 mg N kg−1 dry

soil (Figure 3) were 100 times larger in March 2017 than at the
other two transects on the same measurement occasion. Some
hotspots for NO3

− occurred for both OP and RR in all transects
and were around 10 mg N kg−1 dry soil (Figure 3).

N2O fluxes were very variable with no clear temporal trend
across all three transects (Figure 4). Hotspots were observed
for both, OP and RR, most notably for RR in transect 1. Peak
fluxes exceeded 100 µg m−2 h−1 N2O-N, with the majority of
fluxes being within a few tens of µg m−2 h−1 N2O-N. There
were no significant correlations between N2O-N and mineral N
or other measured parameters. Mean N2O fluxes over the entire
measurement period were only significantly different (larger from
RR than OP with no overlap of the C.I.) for transect 1 (Table 2).
The distribution of all measured N2O fluxes was log-normal.
To answer our main research question “which land-use emitted
higher N2O fluxes,” we therefore applied a GLMM as described
in section “Data Analysis” to all available data (Levy et al., 2017;
Drewer et al., 2021). The posterior probability density confirmed
that N2O fluxes were indeed overall higher from RR than OP
(Figure 5). By fitting the GLMM to the data, we estimated mean
N2O fluxes to be 27.6 (95% C.I.: 23.1–32.3) µg N m−2 h−1 for OP
and 40.0 (35.7–44.6) µg N m−2 h−1 for RR, respectively (Figure 5
and Table 2).

Methane fluxes were normally distributed and fluctuated
around zero in all transects (Figure 6). Highest positive fluxes
were measured in transect 1 for both OP and RR and transect
2 in RR and exceeded 100 µg m−2 h−1 CH4-C. The highest
net uptake (a.k.a. negative flux) was measured in the lowest
transect point of transect 3 and exceeded −100 µg m−2 h−1
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FIGURE 4 | Monthly N2O-N fluxes (µg m−2 h−1) from the three transects (1–3), OP, oil palm (red); RR, riparian forest (blue). The lower and upper hinges correspond
to the first and third quartiles (the 25th and 75th percentiles), lower whisker = smallest observation greater than or equal to lower hinge –1.5 × IQR (inter quartile
range), upper whisker = largest observation less than or equal to upper hinge +1.5 × IQR. The median is marked by a horizontal line inside the box.

CH4-C. Results show that both oil palm plantations and riparian
reserves can be net sinks as well as net sources of CH4. Due to
CH4 being normally distributed and comprising negative fluxes,
the posterior probability density as shown for N2O could not
be calculated. Over the entire measurement period CH4 fluxes
were significantly higher from OP than RR for transect 1 and 3
(Table 2) with no overlap of the C.I. Mean CH4 fluxes by land-use
were 6.3 (95 % C.I.: 1.1–11.4) µg C m−2 h−1 and −14.7 (−21.1–
8.3) µg C m−2 h−1 for OP and RR, respectively (Table 2), and
implies that on average OP were a source and RR a sink of CH4.

DISCUSSION

All three oil palm/riparian forest transects were within one
km2 of each other and received the same management; yet,
we saw differences in N2O fluxes across the three transects.
This highlights the inherent high spatial variability of soil N2O
fluxes, as described many times in the literature (Davidson et al.,
2000; Reay et al., 2012; Cowan et al., 2015, 2020; Drewer et al.,
2021). The complexity of these two investigated ecosystems, oil

palm plantations (OP) and riparian forests (RR) is very high,
demonstrated by very high variability within sites as well as
between sites. The Bayesian GLMM approach allowed us to
deal with the nature of the approximately log-normal distributed
fluxes to compare the land-uses. Looking at the three individual
transects, there was only a significant difference between RR
and OP for transect 1 (Table 2). However, by pooling all N2O
data for each land-use, we were able to determine a difference
between the different land-uses, namely that N2O emissions were
higher from the riparian reserves [40.4 (95% CI: 35.7–44.6) µg N
m−2 h−1] compared to the OP plantations [27.6 (23.1–32.3) µg
N m−2 h−1] on a per area basis. The individual hotspots observed
for N2O (and also CH4) could not be explained by any of
the measured parameters. To overcome the lack of correlations
between fluxes and their drivers, we calculated the posterior
probability density (Figure 5). Considering temporal and spatial
variability in our small dataset (126 individual measurement for
OP and 210 for riparian forest), no clear trend in GHG fluxes
or soil parameters could be established. This scoping study has
demonstrated, that in order to better characterize N2O and CH4
emissions from different land-uses a much larger network of
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sites is required to accommodate the inherently large spatial and
temporal variabilities. Due to logistical restraints, as mentioned
above, we could only sample every 2 months. We never intended
to capture individual fertilizer events, which only occurred twice
per year. It is likely that all sampling events occurred outside of
the fertilizer events, as we did not observe substantial increases
in N2O flux rates. This resonates with a previous study of
soil respiration rates from N fertilized peatlands in Sumatra.
The authors reported that individual fertilizer events do not
necessarily have a significant impact on mean monthly or annual
fluxes (Comeau et al., 2016). Hotspots of N2O and CH4 as well
as NH4 and NO3 were occasionally measured in both OP and RR
(Figures 3, 4), but no clear temporal trends or clear correlations
with other measured variables could be established for all three
transects using conventional statistical data analysis.

A previous study in the SAFE region, carried out 2 years before
prior to this present study, focused on differences between logged
forests and OP plantations, and likewise noted highly variable
fluxes as well as hotspots of N2O and CH4 (Drewer et al., 2021).
Mean N2O and CH4 fluxes from the earlier study were slightly
higher than in this present one, albeit with a similar large range.

We cannot be certain of the main drivers controlling N2O
fluxes in the riparian forests, in our study, however, the
significantly higher amounts of leaf litter in the riparian forests
compared to the oil palm plantations (Table 1) contributed
to continuous C and N supply to the forest floor and
thereby stimulating microbial decomposition (Kerdraon et al.,
2020). Typical oil palm plantations are relatively devoid of
litter input, apart from old palm fronds piled up usually in

rows. Consequently, litter amount and total soil C and N
concentrations in the riparian reserves were significantly larger
than in the oil palm plantations (Table 1), promoting organic

TABLE 2 | Mean nitrous oxide (N2O) and methane (CH4) fluxes over the 13 month
measurement period by transect (1–3) and land-use (OP, oil palm; RR,
riparian forest).

Parameter Site N Mean SD 95% C.I.

N2O Flux µg N m−2 h−1 1-OP 42 13.8 15.7 9.0–19.3

(Bayes/ Log-normal dist.) 1-RR 84 42.8* 53.3 34.1–52.1

2-OP 42 33.7 31.8 24.9–43.3

2-RR 42 38.0 25.7 31.0–45.7

3-OP 42 36.0 27.8 27.7–44.8

3-RR 84 38.7 28.4 33.2–44.6

All-OP 126 27.6 27.6 23.1–32.3

All-RR 210 40.4* 39.8 35.7–44.6

CH4 Flux µg C m−2 h−1 1-OP 42 14.2* 37.3 8.5–20.0

(Arithmetic/ Normal dist.) 1-RR 84 −12.3 48.8 −17.6 to −7.0

2-OP 42 0.8 18.2 −2.0–3.6

2-RR 42 1.7 29.8 −2.9–6.3

3-OP 42 3.8* 28.3 −0.6–8.1

3-RR 84 −25.3 50.5 −30.8 to −19.8

All-OP 126 6.3* 29.3 1.1–11.4

All-RR 210 −14.7 47.3 −21.1 to −8.3

N, number of chambers = number of individual measurements; SD,
standard deviation. *denotes significant difference of 95% C.I. (confidence interval)
of different land-uses in same transect.

FIGURE 5 | Posterior probability density of the mean nitrous oxide flux from each land-use (oil palm, riparian forest), estimated by the Bayesian generalized linear
mixed-effect model (GLMM).
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FIGURE 6 | Monthly CH4-C fluxes (µg m−2 h−1) from the three transects (1–3), OP, oil palm (red); RR, riparian forest (blue). The lower and upper hinges correspond
to the first and third quartiles (the 25th and 75th percentiles), lower whisker = smallest observation greater than or equal to lower hinge –1.5 × IQR (inter quartile
range), upper whisker = largest observation less than or equal to upper hinge +1.5 × IQR. The median is marked by a horizontal line inside the box.

matter production, and enhancing microbial activity, such as
mineralization which provides the substrates for nitrification and
denitrification and consequential N2O emissions (Butterbach-
Bahl et al., 2013). As reported by Hefting et al. (2005),
riparian reserves can provide ideal conditions for microbial
denitrification, producing N2O if NO3

− is in abundance, as was
the case in our studied riparian forests.

As previously reported by Drewer et al. (2021) from
measurements in the same area prior to this study, CH4 can be
a net sink as well as a net source, from both, forests and oil
palm plantations. Differences across the three land uses were
not significantly different. In contrast, there was a significant
difference in CH4 fluxes with uptake in the riparian forests
and small emissions in the oil palm plantations in this present
study. Elsewhere, reduction in soil CH4 uptake in oil palm and
rubber plantations (ranging from −3.0 to −14.9 µg C m−2 h−1)
compared to lowland forest in Indonesia (ranging from −20.8 to
−40.3 µg C m−2 h−1) has been shown to be due to a decrease
in soil N availability in the plantations (Hassler et al., 2015).
This could not directly be confirmed in our study. Similarly,

CH4 consumption at 0–5 cm soil depth was also significantly
greater in natural forests than in rubber plantations on tropical
soil in China, with a mean CH4 flux of −23.8 ± 1.0 and
−14.4 ± 1.0 µg C m−2 h−1, respectively (Lang et al., 2020)
indicating the same difference between agricultural plantation
and (semi) natural forest as seen in our study.

Results from a comprehensive analysis of a large number
of studies (53,976 manual static chamber measurements from
27 different sites) from agricultural mineral soil in temperate
regions concluded that agricultural soils can be small sinks of
CH4 (Cowan et al., 2021). We therefore conclude that in order
to make a comparable and more robust assessment of CH4 fluxes
a much larger network of sites is required. This applies also to
other GHGs and climate zones.

The results of our scoping study support Reay et al. (2012)
in their debate, that N2O emissions from nitrogen-rich semi-
natural environments, as the riparian forest in our study, can
contribute more to global N2O emissions than from directly N
fertilized agricultural soils. N2O emissions from riparian forest
should be regarded as indirect emissions and need to be included
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in the impact assessment of N fertilized plantations. Indirect
emissions (from not directly fertilized land) currently account
for a disproportionate share (approximately two thirds) of the
uncertainty in the estimated N2O emission factors (IPCC, 2000),
hence there is a need for data to address and potentially reduce
these uncertainties.

CONCLUSION

Using Bayesian statistics (posterior probability density) on
the dataset from our scoping study confirmed that N2O
emissions from riparian forests in Malaysian Borneo can be
higher than from adjacent oil palm plantations despite of
no direct N fertilization. This indicates the need for further
studies to investigate GHG flux rates from riparian forests
and potential drivers. Methane uptake rates were significantly
larger from riparian forests than oil palm plantations. These
findings need to be explored in more detail to confirm
whether this might be a general trend. In any case, benefits
of riparian forests such as increasing biodiversity, providing
travel corridors for wildlife and other ecosystems services
have to be taken into account for a complete environmental
assessment of the effectiveness of riparian buffers as these
positive effects likely outweigh the negative impact of increased
N2O emissions.
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