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not increase greenhouse gas
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Oil palm (OP) plantations have replaced large areas of forest in the tropical
landscape of Southeast Asia and are major emitters of greenhouse gases (GHGs).
To move towards more environmentally friendly plantation management, a
hopeful approach is to implement strategies to increase vegetation complexity.
These options include relaxed management of understory vegetation to increase
complexity in productive plantations, passive restoration of forest areas around
rivers by leaving mature oil palm during replanting, and active forest restoration
along river margins with planting of forest trees. These practices have the
potential to deliver a range of benefits such as soil protection, reduced erosion
and sedimentation in rivers, pest control and support for biodiversity, but little is
known about their impact on greenhouse gas fluxes. The aim of this study was to
assess the impact of improved understory growth management and the use of
riparian forestry on GHG fluxes in OP plantations, making use of two long-term
experiments (the Biodiversity and Ecosystem Function in Tropical Agriculture
Understory Vegetation (BEFTA UV) Project; the Riparian Ecosystem Restoration
in Tropical Agriculture (RERTA) Project) in Riau Province, Sumatra, Indonesia.
We measured nitrous oxide (N,O), methane (CH,) and ecosystem respiration
(CO,) from mature OP sites with different levels of understory vegetation
and different riparian buffer restoration treatments using the static chamber
method. We used linear mixed effects models to test for treatment effects,
whilst accounting for soil moisture and experimental design factors (time and
space). The understory vegetation treatments (normal, reduced and enhanced
complexity of understory) had no effect on N,O and CH, flux. Regarding
differences in ecosystem respiration, effects attributable to the understory
vegetation treatments were not strong. For the riparian restoration treatments,
the fixed effects variables in the models explained little variation in the fluxes
of all GHGs. Therefore, given the proven benefits of more complex understory
vegetation for supporting biodiversity and healthy ecosystem functioning, plus
the potential for restored riparian buffers to support biodiversity and services
and to reduce GHG emissions over time, our findings reinforce the concept
that these features bring environmental benefits in OP landscapes, with no
measurable effects on GHG emissions.

01 frontiersin.org


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2024.1324475%EF%BB%BF&domain=pdf&date_stamp=2024-05-22
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1324475/full
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1324475/full
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1324475/full
https://www.frontiersin.org/articles/10.3389/ffgc.2024.1324475/full
mailto:juew@ceh.ac.uk
https://doi.org/10.3389/ffgc.2024.1324475
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2024.1324475

Drewer et al.

KEYWORDS

10.3389/ffgc.2024.1324475

nitrous oxide, methane, ecosystem respiration, mineral soil, Sumatra, Indonesia,
sustainable agriculture, vegetation experiment

1 Introduction

Land-use conversion to agriculture has profound impacts on the
environment, particularly through the loss of structural complexity
and high inputs of fertilisers, herbicides and pesticides in monoculture
systems impacting biodiversity and ecosystem processes (Sala et al.,
2000). In tropical agriculture, oil palm (Elaeis guineensis) is one of the
most important crops, the dominant source of vegetable oil worldwide,
and a major source of biofuel (Corley, 2009). Oil palm plantations
have replaced large areas of forest in the tropical landscape of
Southeast Asia, are important global sources of the greenhouse gases
(GHGS) carbon dioxide (CO,), nitrous oxide (N,0O), and methane
(CH,) (Meijaard et al., 2020) and their expansion has had widespread
negative effects on biodiversity (Fitzherbert et al., 2008; Foster et al.,
2011; Savilaakso et al., 2014). Increases in N,O are largely due to the
use of fertilisers in plantations (Pardon et al., 2016, 2017; Skiba et al,,
2020; Mori, 2022), while release of CH, is due to compaction of the
soil, creating, for example, waterlogged conditions (Tch et al., 2005;
Kaupper et al., 2019; Lang et al., 2020). Furthermore, disturbance of
the soil when converting land to plantations can result in large CO,
emissions (Yashiro et al., 2008; Sakata et al., 2015). However, long-
term measurements of GHGs, especially N,O and CH, fluxes, from
established OP plantations on mineral soil are still scarce (Skiba et al.,
2020; Drewer et al., 2021b).

Key management options for reducing GHG emissions from
established plantations include improving the efficiency of nutrient
inputs (e.g., using different fertiliser types to improve nitrogen use
efficiency) to the system and increasing vegetation complexity (e.g.,
allowing understory to grow rather than having bare soil). However,
research on the effects of altering plantation vegetation complexity on
GHG emissions is much more limited, despite there being huge
potential for reducing emissions. An increasingly wide range of
vegetation management options are being trialed within established
oil palm plantation ecosystems in order to support higher levels of
biodiversity and healthier ecosystem functioning (Luke et al., 2020;
Nobilly et al., 2022). These include more relaxed management of
understory vegetation, through reduction of herbicide use and manual
cutting, allowing understory vegetation complexity to increase within
productive plantations, and active forest restoration using enrichment
planting, especially along river margins (Cole et al., 2020) or the
development of tree islands within the plantations (Zemp et al., 2023).
There is a growing body of evidence of the benefits of these strategies
for biodiversity conservation (Ashton-Butt et al., 2018; Luke et al.,
2019a) and for levels of several ecosystem functions (Dislich et al,
2017), but there has been little consideration of the effects of these
biodiversity-friendly management options on GHG fluxes, and their
potential for providing win-wins for both conservation and
emission reductions.

Reducing the use of herbicides and cutting of understory
vegetation in OP plantations has substantial potential to reduce GHG
emissions via several potential mechanisms. First, additional
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vegetation growth allows sequestration of carbon within the
understory biomass (Luke et al, 2019a). Second, less-intensive
management, including the reduced use of herbicides, can reduce
rates of decomposition of soil organic carbon (SOC) (Hennings et al.,
2022). Third, a large understory biomass can potentially increase plant
N uptake, effectively reducing N,O emissions and leaching (Zheng
et al., 2016). Fourth, soil CO, respiration rates may increase due to a
larger C translocation into the rhizosphere. In contrast, high SOC
decomposition rates can be stimulated by herbicide application
(especially in combination with fertilisers) and may result in high
GHG emissions when these conventional methods are used (Hennings
et al, 2022). In contrast, methane (CH,) emissions could increase or
decrease with relaxed understory management, depending on the soil
physical properties, carbon content, and soil moisture changes
(Hassler et al., 2015). Despite the substantial potential for emission
benefits, it is not yet known how changes in understory vegetation
management in OP plantations affect GHG fluxes.

Restoration of forest areas is another highly promising option for
improving GHG balances within OP plantations. Another common
approach, because of the numerous co-benefits for biodiversity and
water quality, plus legal requirements in many OP growing regions, is
the maintenance or restoration of riparian buffers. Riparian buffers are
non-production areas situated between agricultural land and
freshwater bodies (Cole et al, 2020). These can be specifically
established buffers or fragments of existing forest that were not cleared
during the establishment of agricultural areas. In OP plantations,
buffers are typically either natural remnant forest fragments, or
passively or actively restored vegetation, which could comprise
understory vegetation, mature palms, or re-planted trees. Similar to
that
management could bring, these strips of more complex vegetation

the substantial emissions-benefits reduced understory
within the landscape also have the capacity to sequester large amounts
of carbon, protect soil organic carbon, and increase N uptake, thereby
reducing N,O emissions (Zheng et al., 2016; Luke et al., 2019a;
Hennings et al., 2022). However, the GHG fluxes of different types of
riparian buffers in OP have not yet been assessed, and it is not yet
known which riparian restoration strategies provide the best
emissions benefits.

The aim of this study is to assess the impact of alternative
ecological management and riparian restoration options in mineral
soil OP plantations on GHG fluxes. We present GHG fluxes from two
long-term experiments as part of “The Biodiversity and Ecosystem
Function in Tropical Agriculture” (BEFTA) Programme, based in
Sumatra, Indonesia.! We investigated whether the observed ecological
benefits of alternative management and restoration options, such as
allowing the regrowth of understory in plantations and planting native

1 http://oilpalmbiodiversity.com
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FIGURE 1

etal. (2020).

Experimental setup of the Biodiversity and Ecosystem Function in Tropical Agriculture Understory Vegetation (BEFTA UV) Project as described in Luke

[ Road

= “edge" habitat

E Drainage ditch

D Plantation managed under “Normal” conditions
[:] Plantation managed under “Reduced” conditions

. Plantation managed under “Enhanced” conditions

“Reduced” = use of chemical herbicide to clear
the entire plot

“Normal” = use of chemical herbicide to clear
paths and oil palm circles

“Enhanced” = no use of chemical herbicide, with
only manual cutting of vegetation to allow access
to palms

tree species in riparian buffers, may be associated with an additional
or reduced GHG burden.

2 Site descriptions and methods

2.1 Site description of the BEFTA UV project
and RERTA project

Research was conducted in mature oil palm plantations at Ujung
Tanjung Estate for BEFTA and Kandista Sari Estate for RERTA, Riau
Province (No 55.559, E101 11.619), Sumatra, in collaboration with
Sinar Mas Agro Resources and Technology Research Institute
(SMARTRI). These OP plantations were established in the late 1980s
and early 1990s. The region has an average annual temperature of
26.0°C and an annual rainfall of 2511 mm.? The plantations are owned
and managed by PT Ivo Mas Tunggal (a subsidiary company of
Golden Agri Resources, GAR), and run with technical advice and
input from SMARTRI, which is the research and development centre
for upstream activities of GAR.

2.1.1 BEFTA UV project

This project was established as part of the BEFTA Programme
(Luke et al., 2020), which is a collaborative research project run by the
University of Cambridge, UK and SMARTRI, Indonesia. To test the
impact of habitat complexity (varied levels of understory vegetation)
on GHG fluxes in a mature, productive oil palm plantation (planted
between 1987 and 1993 in Unjung Tanjung), we sampled from within
18x2.25ha sized treatments. These 18 plots were split across 6
replicate blocks each containing three plots, with a plot in each block
being managed using the following understory vegetation treatments
(Figure 1): (1) normal complexity, representing standard industry
practice and including an intermediate level of herbicide spraying of

2 climatedata.org
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the understory plants, around palms and along access paths; (2)
reduced complexity, representing highly-destructive management and
including the spraying of all understory vegetation with herbicides
over the whole area; (3) enhanced complexity, representing a
conservation treatment, including no herbicide input and limited
understory cutting (Luke et al., 2020). For the “normal” treatment (1),
vegetation was cleared using herbicide inside the weeding circle
(representing the fertilised zone in an OP plantation in a radius of
1.5m around each palm stem) and not outside (representing the
non-fertilised zone in an OP plantation), except along access paths.
For the “reduced” treatment (2) herbicide was used to clear vegetation
both inside and outside of the weeding circle. Treatment (3)
“enhanced” did not receive herbicides, and instead vegetation in the
weeding circle was cleared manually (more details in Luke et al,
2020). As the plantation was mature and due to be replanted (end of
the lifetime of the plantation), N fertiliser had not been applied since
October 2017, before the study began. We therefore were able to
compare the treatments without the confounding effects of additional
N input to any of the plots. We took measurements in each of the 3
treatments of the BEFTA experiments using a subset of 3 replicated
blocks with 6 locations in each plot, resulting in 54 sampling points.
Half of our measurements took place within the weeding circles (1.5m
diameter around the palm) and the other half between palms at each
plot which we refer to as “inside” and “outside” weeding circles from
now on. Despite the plots not receiving N fertiliser during the duration
of our sampling period, the management (herbicide application and
manual weeding) was still applied inside the circles, hence was
different from outside the circles. This study was conducted for
12 months from October 2018 until September 2019, with monthly
measurements resulting in 12 measurement occasions.

2.1.2 RERTA

The RERTA Project is experimentally investigating different
management options in riparian buffer areas along natural rivers in
mature plantations (planted between 1992 and 1993 in Kandista
Sari). It includes four alternative buffer treatments, each with width
50m on each side of the river, and 400 m length along the river.
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We carried out measurements for 4 months from January 2019
before different buffer treatments were implemented (pre-treatment).
At this time the entire site was a 26-27 years-old mature oil palm
plantation. Experimental riparian buffer treatments were planted in
September 2019. We then continued measurements at the same
locations for 2 years from October 2019 (post-treatment).

The four different experimental buffer treatments are (with status
at the time of sampling from October 2019 shown in parentheses):

o No buffer [=Immature OP (IOP)]. Re-planted immature oil palm
to the river’s edge, therefore acting as a control treatment with
no restoration.

» Mature palm-only buffer [=Mature OP (MOP)]. Mature palms
left in place in the buffer area after re-planting and allowed
natural vegetation regrowth.

» Mature palm and enrichment planting buffer [=Mature OP with
immature native trees (MOP + NT)]. Mature palms left in place
in the buffer area after re-planting, and enrichment planting
carried out with a mix of six native tree species.

o Enrichment planting only buffer [=Immature native trees (NT)].
All mature palms removed from the buffer during re-planting,
and enrichment planting carried out with a mix of six native
tree species.

Within each buffer treatment, six sampling points were
established, three on each side of the river. Four further sampling
points, two on each side of the river, were established in the
surrounding OP plantation at the same position along the river as
those within the buffer treatments. This resulted in ten sampling
points per treatment, giving a total of 40 sampling points overall—
six in each buffer treatment and 16 in the surrounding OP
plantation (Figure 2). This allowed us to address spatial variability
as well as the effects of the different treatments. Fertilisation in the

10.3389/ffgc.2024.1324475

mature OP (prior to establishing the treatments) had stopped 1 year
before we started our pre-treatment “before” measurements. Once
treatments were established, only the riparian buffer IOP received
empty fruit bunches (EFB); and only the surrounding OP
plantation, once replanted, received mineral fertiliser at industry
recommended frequency and rates. The intention of this study was
not to capture individual fertiliser events, but to investigate the
differences in GHG fluxes related to establishment and early growth
of the buffer treatments.

2.2 Methods

2.2.1 Field sampling of greenhouse gases

At each sampling point, we set up collars which remained in place
throughout the study. Using static chambers of opaque PVC with 40 cm
diameter and ~20L volume affixed to these collars, we measured the
GHGs N,0, CH, and ecosystem respiration CO,, following UKCEH’s
well-established measurement protocol (Drewer et al.,, 2017a,b). The
collars (~7cm deep) were installed in each of the sampling points
described above, with 54 in BEFTA UV and 40 in RERTA.

Air samples were drawn from the sealed chamber 4 times during
the 45min incubation period and transferred to 20mL glass vials
using the double-needle technique (Drewer et al., 2017a, 2021a,b),
where they are stable for at least 6 months (as affirmed by an in-house
storage test), and sent to UKCEH Edinburgh for analysis using gas
chromatography. Samples and three sets of four certified standard
concentrations (CO,, N,0O, CH, in N, with 20% O,) were analysed
using a gas chromatograph (Agilent GC7890B with headspace
autosampler 7697A; Agilent, Santa Clara, California) with micro
electron capture detector (WLECD) for N,O analysis and flame
ionization detector (FID) for CH, and CO, analysis. These detectors
were set up in parallel, allowing the analysis of the three GHGs at the

OP core

¥

Buffer core

Buffer core

i O
. B a m
0 O] U u

Mature OP | Mature OP

l | Native tree | | Immature OP |

with native tree

FIGURE 2

Locations of flux chambers in the Riparian Ecosystem Restoration in Tropical Agriculture (RERTA) Project plots and in the main plantation as described
above. Blue squares are 25 x 25 m vegetation sampling plots. Chamber locations are red circles (n = 40). Large palm icons indicate mature palms that
have been left within the riparian buffer; small palm icons indicate replanted oil palms both beyond the buffer, and also within the control riparian
buffer treatment; and tree icons represent where native tree seedlings have been planted within the riparian buffer.
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same time. The limit of detection was 5 ppb for N,O, 40 ppb for CH,
and 5 ppm for CO,. Peak integration was carried out with OpenLab®
Software Suite (Agilent, Santa Clara, California) (Drewer et al., 2020b).

2.2.2 Measurement of ancillary variables

Rainfall was measured using an ombrometer which was a manual
rain gauge from Pusat Penelitian Kelapa Sawit (PPKS, Indonesia).
The rain gauge tube material was stainless steel, the funnel size
11.3 cm (diameter) with an area of 100 cm?. The collector tube had a
capacity of 2+0.25L or equivalent to rainfall 200 + 25 mm. The rain
measuring cup material was glass Pyrex with a holding capacity of
250+5mL or equivalent to a rainfall height of 25 0.5 mm. The height
of the ombrometer mouth from the ground was 1.2m and it was
installed horizontally using a water pass.

At the time each GHG sample was taken, volumetric soil moisture
content was measured at a depth of 7 cm with a handheld Theta probe
HH?2 moisture meter (Delta T-Devices, Cambridge, United Kingdom),
horizontally inserted at four points around each chamber. Soil samples
at four different depths (Supplementary Tables S1, S2) were collected
from the BEFTA UV Project plots in September 2016 and from the
RERTA Project plots in September 2019, and these were used to
analyse soil pH, soil organic carbon, and total soil N. Soil pH was
measured using a 1:1 soil to liquid ratio (Potentiometric method in a
1 M KCl and H,O soil extract [1:1 w/v ratio)], soil organic carbon was
analysed using the Walkley and Black method (Titration) and total
soil N was analysed using the Kjeldahl method (digestion with
concentrated acid (H,SO,) and the aid of a mixed catalyst (Se+NaSO,/
K,SO, + CuSO,) measured by a FIA (Flow Injection Analyzer—FOSS
5000 Analyzer) in a spectrophotometer through NH; gas diffusion)
and flow injection analyser (FIA star analyser) (Houba, 1988).

2.3 Data analysis

2.3.1 Flux calculations
The flux F (pgm™ s7') for each chamber at each measurement
occasion was calculated according to Eq. 1:

dC pV
= xI
di A M

Where dC/dt is the concentration (C, pmolmol™) change over
time (¢, in s), which was calculated by linear regression, p is the density
of air (molm™?), V (m°) is the air volume in the chamber and A (m?)
is the surface area in the chamber (Levy et al., 2012). Fluxes were then
converted into pygm=—=h".

Data were screened for outliers (see supporting information in
Drewer et al., 2020a).

2.3.2 Statistical analyses

We used linear mixed effects models to test for the effect of
experimental treatments and other variables on the fluxes of CO,, N,O
and CH, using the glmmTMB package (Brooks et al., 2017), producing
a separate model for each greenhouse gas and experiment. In the case
of the BEFTA UV Project, we included soil moisture as a continuous
fixed effect and interacting fixed factors for treatment and inside versus
outside the weeding circle. We included the monthly measurement
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period and block as random effects to account for likely correlations in
time and space. For RERTA, we included soil moisture and treatment
as fixed effects and monthly measurement period as a random effect.
In order to meet modelling assumptions, we transformed N,O gas
fluxes in both the BEFTA UV and RERTA analyses, following
In(y + constant), where the constant was the minimum for the dataset,
to ensure all values were positive and non-zero. We calculated the
marginal and conditional R? values to assess the contribution of fixed
effects and random effects to variation explained in the models and
calculated the intra-class correlation coefficients to assess the variation
explained by each random effect term, using the performance package
(Brooks et al.,, 2017). We compared GHG fluxes amongst treatments
using the ggeffects and emmeans packages (Liidecke, 2018). Validity of
modelling assumptions were checked using the DHARMa package
(Hartig, 2020). The statistical modelling was conducted separately for
RERTA data collected prior to the establishment of the buffer
treatments and for data collected after the establishment of the
treatments, to check for any spatial differences that were not attributable
to the treatments themselves. All data analyses were conducted in R
version 4.3.1 (R Core Team, 2023).

3 Results
3.1 BEFTA UV project

3.1.1 Ancillary environmental parameters

Rainfall was highest in the first two months of the measurement
period, with 240 mm in October 2018, 180 mm in November 2018,
and 120 mm in December at the end of the rainy season (Figure 3).
Soil pH in the circles in the top 0-5cm of all treatments was around
4.2 and similar outside the circles (windrow and harvesting path)
(Supplementary Table S1). Soil organic carbon decreased with depth
for all treatments and was around 4% in the top 0-5cm inside the
circles. Variability of total soil N content was high and no distinct
differences between treatments could be established taking this high
variability into account (Supplementary Table S1).

3.1.2 Greenhouse gas fluxes

3.1.2.1 Nitrous oxide

Mean (and standard deviation) N,O fluxes from monthly
measurements over a 1 year period across the enhanced, normal and
reduced treatments were 8.1 (£16.1), 6.5 (+14.1), and 7.6 (+16.5)
pgNm™ h™', respectively (Table 1). There were no significant
differences in N,O flux between treatments or between inside and
outside of the circles. Soil moisture had no notable effect on N,O flux,
but N,O flux on average declined over the course of the measurement
period (Figure 4). The fixed effects terms in the mixed effects model
(treatment, in versus out of circle and soil moisture) explained only
0.9% of variation in N,O flux while the random effects (time, block)
explained 12.2 and 3% of variation, respectively. Together the results
indicate that the vegetation treatments had no effect on N,O flux, but
that other time-dependent factors were affecting fluxes.

3.1.2.2 Methane
Methane (CH,) fluxes were generally small and fluctuated around
zero (small uptake as well as low positive emissions) with the majority
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Understory Vegetation (BEFTA UV) Project plots.

Monthly cumulative rainfall for Ujung Tanjung Estate during our sampling period within the Biodiversity and Ecosystem Function in Tropical Agriculture
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Nitrous oxide (N,O) fluxes from three different understory treatments (green = enhanced, yellow = normal, grey = reduced complexity) in the
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being negative fluxes (=methane uptake) across all treatments
(Figure 5). Mean (standard deviation) CH, fluxes across the
enhanced, normal and reduced treatments were —27.1 (+86.9), —43.0
(£58.8), and —49.7 (+61.3) pg CH,-C m™ h™", respectively (Table 1).
The fixed effects terms in the model (treatment, in versus out of circle
and soil moisture) explained 13.5% of variation in CH, flux while the
random effects (time, block) explained 12.8 and 2.3% of variation,
respectively. Soil moisture had a significant, positive effect on CH,
flux, and the measurements taken in the wetter months (Oct to Dec
2018) were associated with higher, positive fluxes (Figure 5), showing
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that time and environmental factors had a larger effect on CH, fluxes
than vegetation treatment effects. For measurements taken inside the
circles close to oil palm stems, CH, fluxes were significantly less
negative in the enhanced treatment (—10.5 [95% CI —21.8-0.7], with
a mean soil moisture of 28.39% using the mixed model approach)
than the normal treatment (—44.3 [95% CI —55.7-—32.9]) but not
the reduced treatment (—34.8 [95% CI —46.1-—23.4] pg CH,-C
m~h"). There were no significant differences amongst the vegetation
treatments outside the circles. The fluxes were less negative in the
enhanced treatment inside the circle, and all treatments (enhanced,
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FIGURE 5
Methane (CH,) fluxes from three different understory treatments (green = enhanced, yellow = normal, grey = reduced complexity) in the Biodiversity
and Ecosystem Function in Tropical Agriculture Understory Vegetation (BEFTA UV) Project at Ujung Tanjung Estate. The ends of each box are the upper
and lower quartiles, so the box spans the interquartile range. The median is marked by a horizontal line inside the box. The whiskers are the two lines
outside the box that extend to the highest and lowest observations. Dots are individual measurements.

TABLE 1 Summary of mean greenhouse gas fluxes from the different treatments in the BEFTA Understory Vegetation Project and Riparian Ecosystem
Restoration in Tropical Agriculture (RERTA).

Treatment CO; (mg CO,-C m? hr) N,O (pg N;O-N m?2 hr) CH, (ug CH4-C m? hr)
Mean SD n Mean SD n Mean SD n

BEFTA
Normal Inside circle 152.73 61.54 105 6.48 16.43 105 —45.09 51.74 104
Outside circle 138.80 61.06 105 6.51 11.28 105 —40.92 65.13 105
Enhanced = Inside circle 193.65 122.76 108 7.07 17.06 108 —12.43 106.67 107
Outside circle 140.37 55.32 107 9.03 15.18 107 —41.91 57.65 106
Reduced Inside circle 137.04 70.83 108 6.84 10.89 108 —38.23 65.96 108
Outside circle 89.69 39.27 108 8.39 20.74 108 -61.20 54.17 108

RERTA
Before® Immature oil palm 139.71 75.83 24 6.09 10.79 24 12.26 44.90 24
Mature oil palm 177.95 78.26 24 4.39 5.77 24 9.26 101.42 24
Mature oil palm with native trees 22824 168.54 24 6.65 8.15 24 —6.64 41.99 24
Native trees 105.17 41.37 24 5.34 9.56 24 —38.60 58.91 24
Surrounding Plantation 179.65 87.58 65 12.32 14.97 65 -9.05 52.97 65
After® Immature oil palm 80.35 84.99 114 10.94 32.77 114 -13.78 63.89 114
Mature oil palm 161.74 112.68 112 1.72 5.00 112 0.97 72.94 112
Mature oil palm with native trees 157.85 113.74 114 2.10 7.30 114 -1.94 60.38 114
Native trees 101.85 99.29 114 6.36 17.16 114 4.21 89.14 114
Surrounding Plantation 126.68 131.06 301 16.33 48.06 301 -3.09 70.80 297

“Background measurements (Before) were taken before treatments were implemented in January to April 2019, when the entire site was a mature oil palm plantation. Treatments were
established in September 2019.
"After measurements were taken from September 2019, after establishment of riparian buffer treatments, at the same locations as Before measurements.
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normal, reduced) outside the circle had significantly lower (more
negative) CH, fluxes in comparison.

3.1.2.3 Ecosystem respiration

Mean (standard deviation) ecosystem respiration CO, fluxes
across the enhanced, normal and reduced treatments were 167.1
(+98.8), 145.8 (+61.6), and 113.4 (+61.9) mg CO,-C m™ h™',
respectively (Table 1). Soil moisture had a significant negative
effect on CO, flux, and soil moisture was higher in initial time
periods (during the wet season months) and lower in later time
periods (Figure 6). There was no significant difference in CO, flux
amongst treatments (enhanced, normal, reduced) inside the circle
with estimated means [95% CIs] of 192.7 [147.2-238.1], 151.3
[105.8-196.8], and 135.2 [89.7-180.7] mg CO,-C m~ h~,
respectively, at mean soil moisture (28.38%). Mean CO, flux was
highest in the enhanced treatment inside the circle (as above) and
fluxes were significantly lower outside the circle in enhanced (140.7
[95.2-186.2]) and reduced (88.0 [42.5-133.6] mg CO,-C m—2h™")
treatments. Mean CO, flux inside the circle in the reduced
treatment (135.2 [89.7-180.7] mg CO,-C m™>h™") was significantly
higher than outside the circle (as above). The fixed effects terms in
the model (treatment, in versus out of circle and soil moisture)
explained 15.2% of variation in CO, flux while the random effects
(time, block) explained 20.6 and 19.2% of variation, respectively,
showing stronger spatial and temporal effects than for N,O
and CH,.

3.2 RERTA project

3.2.1 Ancillary environmental parameters
Monthly cumulative rainfall over the duration of the
measurement period identified July 2019, April, August and

10.3389/ffgc.2024.1324475

December 2020 as the driest months, with <50 mm of precipitation
(Figure 7). The wettest month was November 2020, with 320 mm
of rainfall.

Soil samples at RERTA were taken just as the buffer treatments
were established and there were no discernible differences for pH, soil
organic carbon and soil N between the different plots that became
treatments (Supplementary Table 52).

3.2.2 Greenhouse gas fluxes

3.2.2.1 Prior to establishing riparian buffer treatments

Before establishing the treatments, all sampling plots were mature
OP. N,0 fluxes were on average lower in the areas destined to be MOP
buffer treatments post-treatment (—0.6 [95% CI -3.0-3.2]) compared
with the areas to become plantation (8.6 [95% CI 4.8-13.5] ug
N,O-Nm™ h™'). There was no difference amongst other buffer
treatment areas (Table 1 and Figure 8). There was no difference in CH,
flux amongst sites prior to establishment of the vegetation treatments
(Figure 9). Prior to vegetation treatments, ecosystem CO, respiration
rates were highest in the areas that were destined to be MOP+NT (225
[95% CI 187-264]) and areas that were due to be planted with NT had
significantly lower CO, fluxes (103 [95% CI 65-142]) than those that
would be MOP+NT or plantation (181 [95% CI 158-204] mg CO,-C
m~>h™") (Figure 10).

To help attribute any flux differences to riparian buffer treatments
specifically, we first tested for differences in fluxes amongst sites prior
to establishment of the riparian buffer treatments, when all sites had
the same vegetation cover (mature OP) from data collected in the
4months (January to April 2019). In the case of all GHG, the fixed
effects variables in the models explained little variation in the fluxes
(3, 7, and 15% in models for CH,, N,O, and CO,, respectively). The
random factor of time accounted for very little variation in fluxes,
apart from in the case of N,O (5.5%).
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FIGURE 6

Carbon Dioxide/soil respiration (CO,) fluxes from three different understory treatments (green = enhanced, yellow = normal, grey = reduced
complexity) in the Biodiversity and Ecosystem Function in Tropical Agriculture Understory Vegetation (BEFTA UV) Project at Ujung Tanjung Estate. The
ends of each box are the upper and lower quartiles, so the box spans the interquartile range. The median is marked by a horizontal line inside the box.
The whiskers are the two lines outside the box that extend to the highest and lowest observations. Dots are individual measurements.
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FIGURE 7

Monthly cumulative rainfall for Kandista Sari Estate during our sampling period within the Riparian Ecosystem Restoration in Tropical Agriculture

(RERTA) Project plots.
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FIGURE 8

Nitrous oxide (N,O) fluxes from the Riparian Ecosystem Restoration in Tropical Agriculture (RERTA) Project at Kandista Sari Estate. The first 4 months
(lighter shading) were before treatments were established and all plots were within mature oil palm. Colours indicate the positions of the later
established treatments. Treatments were red = immature oil palm, blue = mature oil palm, green = mature oil palm with native trees, purple = native
trees, and orange = surrounding plantation. The ends of each box are the upper and lower quartiles, so the box spans the interquartile range. The
median is marked by a horizontal line inside the box. The whiskers are the two lines outside the box that extend to the highest and lowest
observations. Dots are individual measurements. The grey shaded areas represent a gap in measurements, different lengths of gaps not represented

by size.

3.2.3 After establishments of buffer treatments

3.2.3.1 Nitrous oxide

In the two years following establishment of the riparian buffers
(after October 2019) and replanting of the surrounding plantation,
mean (standard deviation) N,O flux in the riparian buffer was 10.9
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(£32.8), 1.7 (£5.0), 2.1 (£7.3), and 6.4 (+17.2) pg N,O-Nm~> h™" for
IOP, MOP, MOP+NT, and NT, respectively and 16.3 (+48.0) ug
N,O-Nm™h" for plantation. This was partly dominated by high fluxes
from IOP and plantation in September 2020 (Figure 8). The model
explained relatively little of the variation in N,O flux, with only 3.1% of
variation being explained by the fixed effects terms and 3.8% by the
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FIGURE 9

Methane (CH,) fluxes from the Riparian Ecosystem Restoration in Tropical Agriculture (RERTA) Project at Kandista Sari Estate. The first 4 months
(lighter shading) were before treatments were established and all plots were within mature oil palm. Colours indicate the positions of the later
established treatments. Treatments were red = immature oil palm, blue = mature oil palm, green = mature oil palm with native trees, purple =
native trees, and orange = surrounding plantation. The ends of each box are the upper and lower quartiles, so the box spans the interquartile
range. The median is marked by a horizontal line inside the box. The whiskers are the two lines outside the box that extend to the highest and
lowest observations. Dots are individual measurements. The grey shaded areas represent a gap in measurements, different lengths of gaps not
represented by size.
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FIGURE 10

Carbon Dioxide/soil respiration (CO,) fluxes from the Riparian Ecosystem Restoration in Tropical Agriculture (RERTA) Project at Kandista Sari Estate. The
first 4 months (lighter shading) were before treatments were established and all plots were within mature oil palm. Colours indicate the positions of the
later established treatments. Treatments were red = immature oil palm, blue = mature oil palm, green = mature oil palm with native trees, purple =
native trees, and orange = surrounding plantation. The ends of each box are the upper and lower quartiles, so the box spans the interquartile range.
The median is marked by a horizontal line inside the box. The whiskers are the two lines outside the box that extend to the highest and lowest
observations. Dots are individual measurements. The grey shaded areas represent a gap in measurements, different lengths of gaps not represented by
size.
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time random effect. Soil moisture did not affect N,O flux in
RERTA. N,O fluxes were significantly higher in plantation (8.8 [95% CI
6.0-11.7]) than MOP (1.4 [95% CI —2.2-5.5]); and MOP+NT (—1.8
[95% CI —5.0-1.9] g N,O-Nm™h"), with the latter having the overall
lowest N,O flux across treatments and plantation having the overall
highest (estimates calculated at a mean soil moisture value of 21.14%).
The differences between plantation and MOP after treatment were
broadly consistent with differences detected prior to establishment of
the experiment, so may not be attributable to the vegetation treatment.

3.2.3.2 Methane

Methane fluxes fluctuated around zero, between slight CH, uptake
and low positive emissions, across all treatments (Figure 9). Mean
(standard deviation) CH, flux in the riparian buffer was —13.8 (£63.9),
1.0 (£73.0), —2.0 (+60.4) and 4.2 (+89.1) pg CH,-C m > h™! for IOP,
MOP, MOP+NT, and NT, respectively, whilst in the plantation the
average CH, flux was —3.1 (+71.0) ug CH,-C m™* h™". We did not
detect any effect of soil moisture or vegetation treatment on the flux of
CH, after the establishment of the experiments. Thus, the fixed effects
terms in the model explained a negligible amount of the variation
(0.5%) and the time random effect only accounted for 1.5% of variation.

3.2.3.3 Ecosystem respiration

Variability of CO, ecosystem respiration across all treatments was
high (Figure 10). Mean (standard deviation) CO, flux in the riparian
buffer was 80.4 (+85), 161.7 (+112.7), 158.0 (+113.7), and 101.9
(£99.3) mg CO,-C m™? h™' for IOP, MOP, MOP+NT, and NT,
respectively, while it was 126.7 (£131.0) mg CO,-C m™ h™! for
plantation. Our model showed that IOP had the lowest mean CO, flux
(81.9 [95% CI 62.4-101.4] mg CO,-C m™ h™') and this was
significantly lower than the CO, flux in plantation (127.6 [95% CI
115.5-139.6]), MOP (159.7 [95% CI 139.9-179.5]) and MOP with NT
(155.8 [95% CI 136.1-175.5] mg CO,-C m~> h™"). The areas with NT
also had lower mean CO, flux (102.5 [95% CI 83.2-121.8] mg CO,-C
m~>h™") than MOP and MOP+NT. The generally higher CO, fluxes
in MOP+NT and generally lower CO, fluxes in NT are consistent
before and after the experiment was established. They may therefore
reflect spatially-dependent environmental effects, rather than
treatments per se. We found no effect of soil moisture on CO, fluxes,
but the time random effect explained 18.5% of variation, whilst the
fixed effects terms accounted for 5.2% of variation.

In the case of all GHG, the fixed effects variables in the models
explained little variation in the fluxes (3, 7, and 15% in models for CH,,
N,0, and CO,, respectively). The random factor of time accounted for
very little variation in fluxes, apart from N,O (5.5%) fluxes.

4 Discussion

Generally, understory vegetation and different riparian restoration
planting options had little effect on all measured GHG fluxes. Results
for the individual GHG are discussed below.

4.1 N0

Measured N,O fluxes from the BEFTA UV Project plots were
generally low (as low as <50 pg N,O-Nm™ h™! for the first 3 months

Frontiers in Forests and Global Change

11

10.3389/ffgc.2024.1324475

and then <20 pg N,O-Nm™h™"), and this can be attributed to the fact
fertiliser application had ceased in the treatment plots for 1 year prior
to measurements. Similarly, N,O fluxes from the RERTA Project
treatments were <75ug N,O-Nm™ h™". In RERTA, also the entire
mature OP plantation was not fertilised for about 1year prior to us
starting our background measurements (first 4 months) which likely
explains the very low N,O fluxes. After establishing the treatments,
differences between riparian buffer and surrounding plantation
became apparent, with higher N,O fluxes in the surrounding
plantation (16.3 £48.1 ug N,O-Nm™ h™') compared to between ~2
and 10pg N,O-Nm™ h7', likely due to chemical N fertiliser input in
the plantation (Pardon et al., 2016, 2017; Skiba et al., 2020; Drewer
et al,, 2021b). The largest N,O fluxes in the buffer treatments were
measured from the immature OP, which was the only buffer treatment
receiving N input in form of empty fruit bunches (EFB), albeit at a
lower N rate than from chemical fertilisers. Apart from adding
nitrogen, EFB also add carbon to the soil which likely stimulated
microbial activity and therefore mineralisation.

Plantations that are regularly fertilised can have fluxes in the order
of several hundred pg N,O-Nm™ h™' even outside of immediate
fertilisation periods (Drewer et al,, 2021b). Whilst our experiment was
designed to compare N,O fluxes from the different treatments in the
absence of nitrogen input via fertilisation, to better isolate the vegetation
treatment effects, there are still a few points to consider. We found that
there were notable differences in GHG fluxes over time in our study,
which accounted for more variation than the treatment effects
themselves. The higher N,O fluxes in the BEFTA UV Project during the
first 3months of sampling might have been due to a legacy effect of
preceding fertiliser N application, a phenomenon that has previously
been reported in the literature (Chen et al., 2023). In addition, there
may be potential, complex interacting effects of presence/absence of
vegetation when N fertilisers are applied. For example, vegetation
treatment effects may be more apparent if vegetation modifies the fate
of the chemicals, for example by taking up nitrogen. Hence it would
be useful in future studies to consider the vegetation treatments in
combination with N fertiliser application. In a fertilised plantation, up
to 79% of N,O emissions can be expected from within the weeding
circles, even though they make up only 18% of the plantation area
(Chen et al,, 2023). It has been previously reported that N fertilisation
in oil palm plantations, which usually takes place during the wet season,
can lead to higher soil N,O emissions (Aini et al., 2015; Hassler et al.,
2017). Our first 3months of measurements in the BEFTA UV Project
coincided with the wet season and were closest in time to the last
application of N, hence these two factors might have contributed to the
highest measured N,O fluxes during our study period and the relatively
large effect of time on N,O fluxes in the model results. Modelling of
N,O fluxes is still recognised as a challenge in general, even in fertilised
systems (Fuchs et al., 2020). Hence, the mixed model approach not
revealing any significant differences of vegetation treatments or soil
parameters on N,O fluxes in our case, where fluxes were low
throughout, is not unusual.

4.2 CH,

Methane uptake rates in OP plantations are known to be lower in
the wet season than in the dry season (Hassler et al., 2015) and CH,
oxidation is more prevalent than CH, production in well drained
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tropical soils (Veldkamp et al., 2013). However, in our case for both
the BEFTA UV Project and RERTA project, CH, fluxes were generally
low whether negative (small uptake rates) or positive (small positive
emissions) as also reported elsewhere (Hassler et al., 2015; Dhandapani
etal, 2021; Drewer et al., 2021b). In our study, vegetation treatments
both as understory (BEFTA UV) and riparian restoration (RERTA)
appear to have little impact on CH, fluxes and our model could not
identify any effect of vegetation type or soil moisture. However, we did
measure the lowest uptake rates/positive emissions during the wetter
periods. To draw firmer conclusions of treatment effects on CH,
fluxes, a much larger dataset might be needed as highlighted in a
recent study, which utilized tens of thousands of individual
measurements (Cowan et al., 2021). Nevertheless, as reported here,
CH, fluxes were generally low so changes in vegetation cover would
not be expected to make a large difference in terms of CH, fluxes from
mineral soil. In tropical soils that are well-drained and have low N
availability, methanotrophic activity (i.e. soil CH, uptake) increases
with higher soil mineral N content (Veldkamp et al., 2013; Hassler
etal, 2015). There was a significant difference of CH, fluxes being less
negative inside the circles in the enhanced treatment in the BEFTA
UV Project compared to the normal treatment. However, it is unlikely
that the vegetation present in the weeding circles would have lowered
methanotrophic activity.

4.3 Ecosystem respiration CO,

The variability of ecosystem CO, fluxes was high in both BEFTA
UV and RERTA. Soil organic carbon content was considerably lower
in the RERTA plots than the BEFTA UV plots, likely due to soil
disturbance during replanting operations. To draw meaningful
conclusions on the changes in soil parameters, plots ought to
be resampled a few years after treatment establishment, however, it
is still important to assess the immediate effects, even if small. The
pH was also lower in all RERTA plots compared to the BEFTA
UVplots, likely for the same reasons. The spatial variation of soil
organic matter can influence soil CO, emissions in tropical
ecosystems (Hassler et al, 2015). Hence, measuring immediate
changes after industrial replanting on large areas is important, as the
period of disturbance could potentially have a large pulse effect on
soil CO, fluxes.

4.4 Management zones (inside/outside
weeding circles)

Even though we did not find differences in N,O fluxes from
inside and outside the circles at the BEFTA UV plots, it is known
that the circles are prone to compaction and increased soil bulk
density due to repeated management activities such as weeding,
pruning and harvesting in the palm circles. Furthermore, low
microbial biomass and soil organic carbon as well as a low soil N
cycling rate can be expected in these zones (Formaglio et al., 2021).
Root biomass is also known to be higher within the circles (Dassou
et al.,, 2021). In contrast, in areas outside the circles, such as frond-
stacked areas, there can be a lower bulk density, larger amounts of
soil organic matter, and higher microbial and fine root biomass,
which are commonly associated with a higher soil N cycling rate
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(Formaglio et al., 2020; Dassou et al., 2021). While these different
management zones have documented differences in soil properties
(Formaglio et al., 2021), that in the past have been associated with
driving spatial variability in GHG fluxes (Aini et al., 2015; Hassler
etal, 2015, 2017), in our non-fertilised plots, these differences could
not be identified. Hence, it is likely that these spatial differences in
GHG fluxes associated with management zones are more
pronounced in the presence of additional N-fertiliser.

In summary, no clear negative effects in terms of GHGs fluxes
were observed from a range of ecological management options,
such as increasing understory complexity (BEFTA UV Project) and
establishing riparian buffers using different strategies (RERTA
Project). Although no substantial decreases in emissions have yet
been observed, it is likely that differences could develop over time,
particularly within the riparian buffer treatments as they grow
more complex. It is likely that lower N,O emissions from areas with
buffer treatments could potentially offset large N,O fluxes related
to N fertilisation rates in surrounding plantation areas and hence
lower the GHG footprint of the plantation as a whole (Pardon et al.,
2016; Meijide et al., 2020; Skiba et al., 2020; Drewer et al., 2021b;
Chen et al., 2023). Given the proven benefits of more complex
understory vegetation for biodiversity and healthy ecosystem
functioning (Ashton-Butt et al., 2018; Luke et al., 2019a; Pashkevich
et al., 2022), plus the potential for restored riparian buffers to
support a range of species and services (Luke et al., 2019b), and to
increase their capacity for GHG emissions reductions over time,
our findings therefore support the view that these features bring
environmental benefits in oil palm landscapes. We recommend that
future investigations of GHG emissions from plantations consider
the longer-term impact of management activities, and either return
to sites such as those in this study, or design experimentation that
investigates emission over several years.
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