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Abstract

The intact tropical rainforests are rapidly being degraded and subsequently converted to other
land uses, with associated greenhouse gas emissions and loss of biodiversity. It is imperative that
the effects of such conversions and large-scale restoration efforts on forest structure and
ecosystem services are understood to effectively be able to counteract the negative consequences
of deforestation and forest degradation. Assisted regeneration by line planting is one such
restoration method that have been used in degraded forests. Here I studied a chronosequence of
0-19 years since planting in a secondary lowland dipterocarp forest in Sabah, Malaysian Borneo
which was selectively logged in the 1970s and subsequently burned at varying intensity in the
El Nifo fires 1983-1984 resulting in forests that are in arrested in early stages of succession. The
primary focus of this study was the assessment of above- and belowground carbon in total, in
different carbon pools and by functional species group (dipterocarps, fruit trees, pioneers and
other commercial) in a secondary rainforest, as well as assessing the potential influence of
assisted regeneration through enrichment line planting on these carbon pools as well as on tree
diversity. I found no significant relationship in total carbon, carbon in different pools or carbon
in different functional species groups and time since planting. Also, there was no significant
difference in tree diversity or species diversity between treated and untreated control plots.
Combining all 12 (60 x 60 m) plots, the mean total carbon stock (+ SE) was estimated to 231.4
+ 11.2 Mg C ha’!. This includes aboveground carbon pools: tree aboveground carbon (TAGC:
44.0%, 101.7 = 8.5 Mg C ha!), woody debris (3.4%, 7.9 £ 1.5 Mg C ha™'), standing dead wood
(2.0%, 4.5 £ 1.0 Mg C ha™'), fine ground litter (FGL: 0.8%, 2.0 + 0.1 Mg C ha™), lianas (0.6%,
1.4 £ 0.4 Mg C ha'!) and belowground: soil organic carbon (SOC: 36.2%, 83.8 = 8.2 Mg C ha’
1, tree belowground carbon (TBGC: 9.3%, 21.6 +2.1 Mg C ha'!), fine & coarse roots (3.6%, 8.4
+ 2.1 Mg C ha!). When testing for correlations of effects over time since treatment by linear
regression analyses, the applied treatment was not found to significantly improve carbon storage
in total, by carbon pools or by functional species groups (p > 0.05), nor was it found to improve
overall tree diversity or species richness (p > 0.05). However, between the treated and untreated
control plots, there was a 10% (~20 Mg C ha!) increase in total carbon storage, which indicates
that the treatment might still have a positive effect on carbon sequestration. Therefore, I
performed a power analyses, which indicated that to significantly detect a such an effect (with a
power of 0.8), I would have needed 5.5 times the number of plots. Additionally, soil edaphic
factors (e.g. nutrients and texture) appeared to influence aboveground forest structure, both in
terms of carbon storage and stem density, and may be contributing factors to why no clear
positive effect of restoration was detected. For the twin goals of climate change mitigation and
biodiversity retention, further study should be devoted to understanding the effects of restoration
methods on secondary tropical rainforests and to what extent edaphic factors may influence
aboveground forest structure.

Keywords: Restoration, tree diversity, biodiversity, soil edaphic factors, functional species
groups, liberation, forest degradation
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1 Introduction

On a global scale, deforestation and forest degradation are occurring at a rapid pace
which resulted in a net rate loss of 5.8 million ha of natural forest per year between 2010
and 2015 (Keenan, 2015). Such changes to natural forests have resulted in negative
impacts on biodiversity, soil structure and water quality (WWF, 2019) as well as
disturbing many vital ecosystems processes (Walker & Steffen, 1997). These changes
also result in an increased emission of greenhouse gases to the atmosphere thereby
enhancing global climate change (van der Werf et al., 2009). In particular, deforestation
and forest degradation are extremely pervasive in tropical countries where the total area
covered by primary forest has decreased by 62 million ha from 1990 to 2015 (Morales-
Hidalgo et al., 2015). This is of extreme concern as many tropical forests are considered
biodiversity hotspots (Botero et al., 2014) and host invaluable ecosystem services
(Edwards et al., 2014). Thus, to combat the negative effects of deforestation and land
degradation in the world’s tropical rainforests, there is a pressing need to identify
effective approaches to conserve and restore these forested landscapes.

The forests of Borneo are known for their species abundance, harbouring approximately
15000 plant species, of which 3000 are trees (MacKinnon et al., 1996). The majority of
forests on Borneo are classified as lowland rainforests (< 500 m a.s.l., > 2500 mm
annual rainfall) and are regarded as biodiversity hotspots (Slik et al., 2003) that are
dominated by trees in the Dipterocarpaceae family (Whitmore & Burnham, 1975).
Forests in this area have experienced large-scale logging and severe droughts in 1982-
1983 which led to natural wildfires in that burned ca. 1 million hectares of lowland
tropical forest in the Malaysian province of Sabah (Malingreau 1985; Beaman et al.
1985). These disturbances have transformed the landscape into forests that are arrested
in early stages of secondary succession.



Recently, there has been increasing interest in identifying different restoration practices
that can be used to assist the recovery of ecosystem services in degraded tropical forests.
One restoration practice that has received a lot of attention is assisted regeneration with
enrichment planting. This approach involves the planting of selected native tree species
into degraded forests while at the same time trying to minimize negative effects to- and
promoting natural regeneration of valuable species that are already present (Montagnini
et al., 1997; Weaver, 1987). Assisted regeneration with enrichment planting can be
applied in various ways yet one of the most common approaches is through the use of
enrichment line planting. In this approach, 2-meter-wide transects are cleared in
degraded tropical forests and nursery-raised seedlings are then planted within the
cleared transect (Adjers et al., 1995; Appanah & Weinland, 1993). This approach has
previously been applied in Vietnam (van Kuijk, 2008) and Brazil (Pena-Claros et al.,
2002) and have in both cases been shown to successfully aid in the restoration of
degraded tropical forests. In general, it is commonly assumed that enrichment line
planting is an effective method of restoring degraded tropical forests (Bebber et al.,
2002; Montagnini et al., 1997; Lamb, 1969), yet there is still a scarcity of long-term
analysis regarding the effectiveness of assisted regeneration, line planting or other
restoration methods (Reid et al., 2015; Hector et al., 2011). In addition to being labour-
intensive and financially expensive, it takes many years, or even several decades, for
significant effects to become apparent (Fisher et al., 2011; Chazdon et al., 2009). Thus,
we still have limited knowledge about how assisted regeneration with enrichment
planting may affect forest structure and ecosystem services, especially when
considering multiple ecosystem services (Hector et al., 2011; Diaz et al., 2004).
Consequently, there is a pressing need for more long-term studies to better assess the
successfulness of this approach when restoring degraded tropical forests.

In 1998, the Swedish furniture company IKEA, in collaboration with the Swedish
University of Agricultural Sciences (SLU) and the Malaysia forestry organization
Yayasan Sabah created the Sow-A-Seed project, with the main objective of assisting
the recovery of degraded tropical forests thereby improving the biodiversity and other
ecosystem services (i.e., carbon sequestration) in an 18,500 hectare area in the Sungai
Tiagau Forest Reserve in Sabah. Other projects in Sabah, Malaysian Borneo with
similar goals to the Sow-A-Seed project include the INFAPRO project and the Sabah
Biodiversity Experiment of the Malua Forest Reserve which covers 25,000 and 500
hectares respectively (Hector et al., 2011; Moura-Costa, 1996). The Bonn Challenge
(IUCN, 2011), the New York Declaration on Forests (Summit, 2014) and the
designation 0of 2021-2031 as the United Nations Decade on Ecosystem Restoration (UN,
2019) all indicate a growing global interest in large scale ecosystem restoration. To
increase the chances of success for these and other projects it is crucial to understand
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how different restoration approaches affect forest structure, including carbon stocks, as
well as other ecosystem services.

In this study, I measured tree diversity and total carbon storage, including both above-
and belowground pools within the Sow-A-Seed project with the main objective of trying
to better understand the effects of enrichment line planting in a degraded lowland
tropical rainforest. Moreover, given that enrichment line planting within the Sow-A-
Seed project has occurred over a range of roughly 20 years we have the unique
opportunity to assess the amount of time needed to observe significant effects of
enrichment line planting in a degraded tropical rainforest. The data collected in this
study provides a unique opportunity to assess the effects of the combined treatments of
enrichment line planting and liberation applied to a degraded tropical rainforest by
allowing us to consider the inclusion of belowground edaphic factors and their effect on
aboveground forest structure which is rare for this type of study (Paoli et al., 2008).
Additionally, the long-term nature of the study material, with subject areas as old as 19
years since planting (Y.S.P), further sets this study apart and will hopefully contribute
new insights to the advancement of restoration ecology. Hence, my main objective of
this study was to assess the effects of enrichment line planting and liberation on
disturbed tropical rainforests regarding carbon sequestration and overall tree diversity.
Specifically, I wanted to answer the following research questions:

e What are the total carbon stocks, including both above-and belowground
carbon pools, of a secondary lowland dipterocarp tropical rainforest?

e Do the restoration methods of assisted regeneration with line planting and
liberation (also known as enrichment line planting) affect above- and
belowground carbon stocks?

e Does enrichment line planting increase the carbon and stem density of
“desired” (dipterocarps, other commercial and fruit trees) functional
species groups as well as overall tree diversity?



2 Material and Method

2.1 Study site

This study was conducted within the INIKEA Sow-A-Seed project, in the Sungai
Tiagau Forest Reserve in the northernmost province of Sabah, Malaysian Borneo
(4°38°44.7”N 117°16°24.8”E). The restoration project was initiated in 1998 with the
main goal of improving biodiversity and at the same time assist the recovery of other
ecosystem services (e.g. carbon sequestration) in an 18,500 degraded, secondary forest.
Prior to logging in the 1970s and wildfires in the early 1980s, this area was characterized
by trees in the Dipterocarpaceae family typical of lowland rainforests in the area
(Whitmore & Burnham, 1975). After the fires in the early 1980s, pioneer trees, namely
Macaranga spp., became the dominating tree species and even to date these pioneer
trees are still dominant in these forests. Thus, much the forest within the INIKEA Sow-
A-Seed project could be classified as being arrested in early stages of secondary
succession. The geographical landscape is predominately made up of high hills and
steep slopes, the climate is warm and humid, with a mean annual temperature of 27 °C
and a mean (= SD) annual precipitation of 2517 = 760 mm (based on measurements
taken from 2002-2013; Gustafsson et al. (2016)).
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Figure 1. Location map of the INIKEA project area in the northern province of Sabah, Malaysian Borneo.

Published with kind permission from Daniel Lussetti.

The soils of the study site are, by the SoilGrids system (Hengl et al., 2017), classified
as Udults (USDA, 2014) and according to WRB are referred to as Haplic Acrisols (IUSS
Working Group, 2006). These soils are typical of humid tropical climates and often
highly acidic (Dahlgren et al., 2008). More detailed information about soil properties

within the study area is presented below in Table 1.



Table 1. Summary of soil edaphic properties from 12 plots within the INIKEA Sow-A-Seed project in Sabah,

Malaysia, Borneo (+ SD).

Depth (cm) 0-10 10-20 20-50 50-100 0-100
pH (in H20) 3.88 4.00 4.10 4.27 4.06
(£0.23) (+0.12) (£0.28) (+0.39) (0.31)
Total carbon (%) 1.9 0.9 0.5 0.4 1.0
(+0.5) (+0.2) (+0.2) (+0.3) (+0.7)
Total nitrogen (%) 0.19 0.10 0.07 0.08 0.11
(+0.06) (£0.04) (£0.03) (£0.03) (+0.07)
Total phosphorus (%) 0.023 0.020 0.022 0.021 0.022
(#0.006) (#0.006) (+£0.01) (£ 0.008) (+0.008)
Aluminium (m.e./100g) 53 6.0 7.1 7.1 6.4
(+1.4) (+1.3) (*1.5) (*1.5) (+1.6)
Acidity (m.e./100g) 6.9 7.4 8.4 8.2 7.7
(+1.6) (*1.5) (*1.8) (1.9 *1.7)
Clay (<0.002 mm; %) 28.7 29.6 33.8 36.8 322
(+5.9) (£5.6) (+12.6) (*17.1) (*9.7)
Silt (0.002 — 0.06 mm; %)  30.7 30.6 27.6 29.5 29.6
(+5.9) *74) (+10.9) (+12.5) (+8.5)
Sand (0.06 — 2 mm; %) 40.6 39.8 38.6 33.7 38.2
(£9.9) (+10.6) (+21.6) (+28.2) (+16.0)
Bulk density (g cm™) 0.93 1.09 1.30 1.31 1.15
(£0.34) (£0.34) (+0.15) (£0.24) (=0.29)

2.2 Experimental design

The field data were collected during two time periods, September-November 2017 and
September-November 2018. Within the project area, 12 (60 x 60 m) plots were selected
for measurements of tree diversity and total ecosystem carbon stocks. Nine plots were
located in areas that were treated with enrichment line planting and liberation while
three plots were located in untreated degraded, secondary forest and were used as
control. The planting program was divided into 5-year long phases with planting phase
1 starting in 1998-2003, phase 2 ranging between 2003-2008, phase 3 between 2009-
2013, and phase 4 from 2014 until current. Plots were selected based on being relatively
easy to access from a nearby road yet being at least a 200 m distance from the road.
Areas which would not be part of normal restoration operations (e.g. ravines, rivers,
etc.) were avoided when deciding upon plot location.

Enrichment line planting is a method of restoration through assisted regeneration that is
used to counteract the negative effects of forest degradation by attempting to recreate
the natural forest and its dynamics in a target area (Montagnini et al., 1997; Weaver,
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1987). The enrichment line planting is carried out in 2-meter-wide transects spaced at
10-meter intervals that are cleared of small trees without economic value, bushes and
other ground vegetation (Figure 2.). If the terrain permits, seedlings are planted every 3
meters along the cut transects giving a maximum density of 330 seedlings per ha
(Alloysius, 2010). The seedlings used for planting varies depending on what was
available at the time of planting although the standing rule for species composition for
field planting is approximately 70% dipterocarps, 25% other commercial and 5% firuit
trees with at least 25 different species per 200-300 ha planting block (Alloysius, 2010).
The liberation consists of the selective girdling of pioneer trees, primarily Macaranga
spp., in and between the planting transects and the cutting of lianas throughout the area
(Garcia et al., 2002). Maintenance lasts up to 10 years after planting and includes shade-
adjustment up to four times and weed-slashing once per year. The shade-adjustment
consists of removing pioneer tree species and small trees to open up the canopy for the
seedlings, while the weed-slashing consists of removing weeds and bushes. Resupply
of seedlings was performed if the seedling survival rate was below 65% after 3 years
since initial planting (Alloysius, 2010).

Planting strip Planting strip

Figure 2. Enrichment line planting. Illustration of the enrichment line planting restoration
method used in the INIKEA Sow-A-Seed project. Seedlings are planted every 3 meters in 2-
meter-wide transects spaced at 10-meter intervals (Garcia ef al., 2002).

The INIKEA project categorizes tree species into four functional species groups:
dipterocarps, other commercial, fruit trees and pioneers. Trees belonging to the species
group dipterocarps are species within the Dipterocarpaceae family. Pioneers are fast-
growing trees that are not shade-dependent (ex. Macaranga spp. and Mallotus spp.) and
are seen as undesirable as they add little value in terms of supporting biodiversity while
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at the same time having low economic value and inhibiting the growth of other more
valuable trees by outcompeting them. Fruit trees are trees that produce fruits annually
that are valuable to local birds and animals, such as wild mango (Mangifera spp.) and
durian trees (Durio spp.). Tree species belonging to other commercial are species that
do not belong to dipterocarps or fruit trees but are still helpful to the restoration effort,
examples include the Bornean ironwood (Eusideroxylon zwageri) and Merbau (Intsia
palembanica). The functional species group for individual species in this study are
presented in appendix 1.

2.3 Data collection

Dominant slope gradient and its bearing were determined with clinometer and compass
respectively for each subplot in every plot. GPS coordinates were taken from the centre
of every plot (Garmin inReach Explorer+).

The dbh (diameter breast height at 130 cm) of all trees, standing dead wood and lianas
> 10 cm dbh were measured, identified and tagged within each 60 x 60 m plot. Smaller
trees, standing dead wood and lianas 10 > x > 5 cm dbh were measured in a similar way
in two 10 x 10 m subplots within each plot. Trees were identified to local vernacular,
determined if they were within a 2 m planting transect and whether or not they were
planted as part of the enrichment line planting by trained forest rangers. For trees with
large buttresses, dbh was measured 0.3 m above the highest buttress. Additional
measurements were taken for standing dead wood compared to live trees; height was
visually estimated and decay class was determined (see woody debris).

Woody debris was collected from within 1 meter wide transects that were located along
the outer edge of the 60 x 60 m plots (n = 2-4 transects per plot). All dead wood > 2 cm
on the ground within the transect were included in the data collection unless identified
as having fallen from already dead trees or if the more than 50% of the dead wood was
below the ground surface. Woody debris included in the data collection was categorized
into decay classes depending on their decomposition, class 1 being fresh, newly dead
wood and class 3 being highly decomposed (Chao et al., 2008). The collected woody
debris was separated by corresponding decay class and weighed for fresh mass in the
field for each plot. For large woody debris that could not be weighed, the length and
diameter at each end was measured. Representative subsamples of each decay class for
each plot were dried to constant weight to determine their respective dry mass fraction.
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Fine ground litter (FGL) was collected within 8-9 subplots per 60 x 60 m plot from 0.5
x 0.5 m quadrants located in the centre their respective subplot. All dead organic matter
was collected from inside the squares as long as it was readily identifiable as material
derived from branches (< 2 cm), leaves, fruit, flowers or seeds. Dry mass fraction was
determined by drying representative subsamples to constant weight.

Soil samples were collected in each plot from five depth intervals (organic, 0-10, 10-
20, 20-50 and 50-100 cm). The samples from the organic, 0-10 and 10-20 cm depths
were collected using a 5 cm deep metal cylinder, while a 10 cm deep metal cylinder was
used for the samples from the 20-50 and 50-100 cm depths. One sample for the organic,
0-10 and 10-20 cm layers was collected from the centre of 8-10 randomly chosen
subplots. In addition, a pit was dug to a depth of 1 m (Figure 3.) just outside each 60 x
60 m plot.

Figure 3. A photograph of a 1 m deep soil pit within the INIKEA project area is shown as an example of
the typical soil profile found in the plots this study.

From the deep pit, three samples were collected from the tree shallower depths (organic,
0-10, 10-20 cm depth), and samples were also collected centred at a depth of 25, 35 and
45 cm (for the 20-50 cm interval) and at 65, 75 and 95 cm (for the 50-100 cm interval).
Samples from the depths of 0-10 and 10-20 cm had a volume of 203.47 cm® while the
samples from the depths of 20-50 and 50-100 cm had a volume of 406.94 cm®. For each
soil sample, all roots and stones were removed, and the sample was homogenized and
weighed for fresh mass. Roots from individual soil samples were sorted into two classes:
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fine roots < 2mm and coarse roots > 2 mm) before they were dried to constant weight
to determine dry mass and root density (g cm™). Stones were weighed for mass and their
volume was determined by the water displacement method. To determine dry mass
fraction of soil samples, subsamples were weighed for fresh mass, dried in a 105 °C
oven until constant weight was reached and then weighed for dry mass. Three samples
per horizon per plot were used to determine their respective bulk density, the deeper
samples correspond to the samples collected at 25, 35 and 45 cm for the 20-50 cm
interval and at 65, 75 and 95 cm for the 50-100 cm interval (Equation 1.).

<< Subsample dry mass

Subsample fresh mass) * Sample fresh mass)

BD (g cm®) = (1)

Sample volume
The soil samples were analysed at the laboratory of the Forest Research Centre, Sepilok,
for pH (H20), total phosphorus, total carbon, total nitrogen, exchangeable acidity,
aluminium and texture. The plant samples were analysed for total carbon & nitrogen.
Soil texture was determined following the particle size distribution test by Day (1965).
Soil pH was measured in a 1:2.5 ratio of soil to pure (deionised) water using a glass-
calomel electrode. Total carbon and total nitrogen were determined by dry combustion
at 900°C using an Elementar Vario Max CN analyser (Elementar Analysensysteme,
Hanau, Germany). Extraction for total phosphorus was carried out following the
sulphuric acid-hydrogen peroxide digestion procedure described in Allen (1989) and
the phosphorus contents in the digest determined using the molybdenum-blue method
described in Anderson and Ingram (1993) at 880 nm on a spectrophotometer (HITACHI
UV-VIS, Japan). To measure the exchangeable acidity, the soil was leached with 1M
potassium chloride and titrated with 0.1N sodium hydroxide to a pink phenolphthalein
endpoint (Anderson & Ingram, 1993; Thomas, 1982). For exchangeable Al in the
leachate, a few drops of 0.01N HCIl was added to the titrated solution to clear the pink
colour, IN KF was then added and the solution titrated with 0.05 M HCl to a colourless
endpoint (Thomas, 1982).

2.4 Calculations and data analyses

2.4.1 Carbon

In this study, I refer to tree aboveground carbon (TAGC), standing dead wood, lianas,
woody debris and fine ground litter (FGL) as aboveground carbon pools, and tree
belowground carbon (TBGC), soil organic carbon (SOC) and fine & coarse roots as
belowground carbon pools. To determine the total carbon stocks, each organic carbon
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pool (all except SOC) was first estimated as dry biomass separately, and then multiplied
by its corresponding carbon content to determine the amount of carbon in individual
carbon pools. The carbon contents of this study varied by carbon pool and are shown in
Table 2. The carbon contents of the SOC is not shown in Table 2., as it varied by both
plot and soil depth.

Table 2. Carbon content used for each respective organic carbon pool as a percentage of dry mass.

Carbon pool Carbon content Source

Tree aboveground carbon (TAGC) 47% Eggleston et al.

Tree belowground carbon (TBGC) 47% (2006)

Standing dead wood 47%

Lianas 47%

Woody debris 49.8% (decay class 1), 47.4% (decay This study
class 2), 34.7% (decay class 3)

Fine & coarse roots 35.8% (<2mm), 42.1% (>2mm)

Fine ground litter (FGL) 46.0%

Tree aboveground dry biomass (TAGB) was estimated using the allometric equations
described in Basuki et al. (2009):

TAGB=exp(c+aln(dbh)+AIn(WD))*CF (2).

TAGB (kg/tree) being the tree aboveground dry biomass, WD (g cm™) the wood
density, and dbh (cm) being the diameter of the tree at breast height (130 cm), intercept
(c), slope coefficients (a and f) and correction factor used to back-transform log-
transformed data (CF) differed depending on species grouping (Table 3.). I chose to use
this equation to estimate TAGB as this equation was derived specifically for moist
dipterocarp-dominated rainforests. The wood densities used were collected from the
Global Wood Density Database (Chave et al., 2009; Zanne et al., 2009). Species-
specific wood densities were used when available and where more than one value
existed for the same species; a mean of these values was used. If no species- or genus-
specific wood densities were found, a mean of family-specific wood densities was used.
TAGB was estimated in total as well as divided by large (= 10 cm dbh) and small (10 >
x > 5 cm dbh) trees and by species group. The variables (¢, o, f and CF) for
Dipterocarpus, Hopea, Palaquium and Shorea were used for their corresponding genus,
while the remaining species in the species group dipterocarps used those of
“Commercial” (Table 3.). The species group other commercial used the variables of
“Commercial” while the variables of “Mixed” were used for pioneers, fruit trees and
unidentified trees (Table 3.).
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Table 3. Model variables for Equation 2 (c: intercept, a. & p: slope coefficients, CF: correction factor).

Variables Dipterocarpus Hopea Palaquium Shorea Commercial Mixed
c -1.190 -1.708 -0.723 -1.533 -1.045 -0.744
o 2175 2335 2.145 2294 2203 2188

B 0.082 0.174 0.704 0.560 0.639 0.832
CF 1.023 1.018 1.020 1.030 1.057 1.047

e Commercial: mix of four genera; Dipterocarpus, Hopea, Palagquium, Shorea.
e Mixed: mix of commercial and non-commercial species

The belowground biomass stored in tree roots and stumps is an important carbon pool
which is difficult to estimate by sampling due to methodological complications in terms
of observation and measurements (Titlyanova et al., 1999; Vogt et al., 1995). Thus, in
addition to determining coarse (> 2 mm) and fine (< 2 mm) root density from soil
samples, I also estimated tree belowground biomass (TBGB) by assuming a root : shoot
ratio of 0.235 as described in Mokany et al. (2006). There is a potential for overlap in
carbon estimates between the collected coarse roots (> 2 mm) and the estimated TBGB
(> 5 mm) as I could not differentiate between roots belonging to trees or other
vegetation. If all collected coarse roots were > 5 mm in diameter as well as all belonging
to tree root systems, this overlap would be a maximum of 2% of the total carbon stocks
and would therefore be considered negligible.

Liana dry biomass was estimated using the model of Schnitzer et al. (2006):
AGB = exp[-1.484 + 2.657 In(dbh)] (3),

where liana AGB represents the aboveground liana dry biomass (kg/liana) and dbh (cm)
the diameter of the liana at breast height (130 cm).

The dry biomass of standing dead wood and woody debris that was too large to weigh
was estimated based on volume and wood density using the equations of Chao et al.
(2009). Volume of the woody debris was calculated from length and diameter at each
end, whereas for the volume of standing dead wood was calculated from height and dhh.
For both woody debris and standing dead wood, dry biomass was determined for each
decomposition class, in

pa=1=1.17[pBAj]1—0.21 (4)
and
pa-2=1.17[pBA j 1= 0.31 (5),

pa=1 and pgu-> represent dead wood density (g cm?) for class 1 (4=;) and 2 (4-2)
respectively, and pBA4 j the mean wood density of all identified trees in plot j weighted
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by their basal area. As suggested by Chao et al. (2008), an average wood density value
0f 0.29 g em3 was used for all dead wood in decay class 3.

Soil nutrient- and texture values were calculated using the laboratory results (Table 1.)
and soil bulk density (Equation 1.). For easier comparison to other studies, soil nutrient
values were scaled to Mg ha to 1-meter depth and soil texture values to g cm™.

2.4.2 Tree diversity

To assess tree diversity in each plot, I calculated Shannon’s diversity index, Pielou’s
evenness index and rarefied species richness (rarefied to account for varying sample
sizes). | also determine these indices for both large (> 10 cm dbh) and small trees (10 >
X > 5 cm dbh) using the R package “vegan” (v2.5-5; Oksanen et al., 2019). Shannon's
diversity index (Peet, 1974);

S
H = —Epi logp; (6)
i=1

Where H’ is the diversity index value, S the species richness (rarefied; Equation 8.) and
pi the proportion of individuals belonging to the ith species in the dataset. Pielou’s
evenness index (Hill, 1973);

’

J = (7)

H,max
Where ] is the evenness index value, H” the value derived from Shannon’s diversity
index and H' 4, the maximum possible value of H'. Rarefaction of species richness
(Hurlbert, 1971);
\ (")
S, = 2(1 -q), where q; = (Z) (8)
n

i=1

Where the expected number of species in a sample is rarefied from N to » individuals,
S, is the rarefied species richness, S the species, xi the number of species i, (17\1’ ) the
binomial coefficient which determines how many ways # can be chosen from N and
finally ¢; gives the probabilities that species 7 does not appear in a sample size of 7.

2.4.3 Statistical analysis

One-way ANOVA was used to test for differences for variables between treated plots
and untreated control for carbon density in total, by carbon pool and by functional
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species group for both large and small trees. To assess the effects of restoration
treatment, linear regressions were performed to test for correlation of diversity indices,
carbon density in total, by carbon pool and by functional species group for both large
and small trees over time since planting for the nine treated plots combined. Linear
regressions were also performed to test for influence of soil edaphic factors on living
and dead AGC and on stem density of large and small trees. A significance threshold of
p < 0.05 was used and backwards elimination was performed until a minimum adequate
model was reached. All calculations and statistical analyses were performed using the
R statistical software version 1.2.1335 (R Core Team, 2019).
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3 Results
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Figure 4. Bar plot of above- (grey) and belowground (brown) carbon pools (Mg C ha!) (+ SE) of a
secondary tropical forest in Sabah Borneo. Small dots represent the plot values from all 12 plots, regardless
of time since restoration.

There were no significant differences between total carbon density or the various carbon
pools and time since planting. Therefore, I combined the carbon density values from all
12 plots to show the overall carbon budget of a secondary lowland dipterocarp forest 35
years after disturbance (Figure 4.). When combining the carbon density values for all
12 plots, I estimated a mean carbon density (= SE) of 231.4 + 11.2 Mg C ha™'. This
includes both the aboveground: tree aboveground carbon (TAGC: 44.0%, 101.7 £ 8.5
Mg C ha), woody debris (3.4%, 7.9 + 1.5 Mg C ha™), standing dead wood (2.0%, 4.5
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+ 1.0 Mg C ha™), fine litter (FGL: 0.8%, 2.0 = 0.1 Mg C ha™), and lianas (0.6%, 1.4 £
0.4 Mg C ha') and belowground: soil organic carbon to 1 meter depth (SOC: 36.2%,
83.8 £ 8.2 Mg C ha™), tree belowground carbon (TBGC: 9.3%, 21.6 = 2.1 Mg C ha™),
fine & coarse roots (3.6%, 8.4 = 2.1 Mg C ha™) carbon pools (Figure 4.).

2801 -1
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|
I

2001

180+

—_—

c PP4 (0-1Y.S.P) PP2(11-14Y.S.P) PP1(16-19Y.S.P)
Planting Phase

Figure 5. Box plot of total carbon in a degraded tropical forest (grey) as well as within areas of assisted
regeneration with enrichment line planting (brown). Enrichment line planting has occurred in three distinct
planting phases (PP) which represents different ages since restoration. Y.S.P denotes approximate years
since planting in the different planting phases whereas C represent untreated control plots. Small dots
indicate plot values (n = 3 plots per planting phase and control).

Overall, total carbon density, which includes both above- and belowground carbon
pools, ranged between 169.2 and 281.4 Mg C ha' (Figure 5.). Although not a
significantly different (p > 0.05), total carbon density in treated plots was 10% greater
than untreated control plots (237.1 and 214.3 Mg C ha'; respectively) with TAGC and
SOC making up a large portion of that difference (10 Mg C ha™ and 13 Mg C ha’;
respectively).
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Figure 6. Linear regressions of carbon densities (Mg C ha!) in the different carbon pools measured in this
study over time since planting. Control plot values were not used in the regressions and are shown as hollow
symbols as a reference. Y.S.P denotes approximate years since planting in the different planting phases
whereas C represent untreated control plots.

For different carbon pools, there was no significant relationship between the amount of
carbon stored in aboveground trees, standing dead wood, lianas, soil, woody debris, fine
ground litter, belowground trees and fine & coarse roots and time since planting (Figure
6.). However, there is a marginally significant decrease in in carbon density in standing
dead wood with time since restoration (Figure 6B.), corresponding to a reduction of ~4
Mg C ha™ in recently treated plots compared to plots that were treated > 15 years ago.
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Figure 7. Box plots of carbon density (Mg C ha!) and stem density (stems ha™') in large (> 10 cm dbh; A,
B) and small (10 >x > 5 cm dbh; C, D) trees among the four functional species groups (dipterocarps, other
commercial, fruit trees and pioneers) in a degraded tropical rainforest in Borneo. Small dots represent the
plot values from all 12 plots, regardless of time since restoration. Error bars represent a 95% confidence
interval.

Carbon and stem densities for the dipterocarp, fruit tree, and other commercial
functional species groups did not show any significant difference over time since
planting or between treated- and control plots. Combining the carbon and stem density
values for the functional species groups of all 12 plots through large and small trees
provides an overview of the forest structure in the sampled plots (Figure 7.). Of the large
trees of the functional species groups, those belonging to the dipterocarps contributed
roughly 7 times more to total carbon density than those of the fruit trees (Figure 7A.).
The mean carbon density of large fiuit trees in planting phase 1 (8.2 + 1.1 Mg C ha™)
and planting phase 2 (8.0 + 0.9 Mg C ha') was approximately twice as high as the mean
carbon density of fiuit trees in the untreated control (4.5 + 0.8 Mg C ha™).
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Figure 8. Linear regressions of carbon density (A) and stem density (B) for large (= 10 cm dbh) pioneers
over time since planting. Data from control plots were excluded from the regression analyses and are shown
(hollow symbols) only for reference.

There are many pioneer trees (Figure 7B.) but they contribute to a low fraction of the
overall carbon density (Figure 7A.). For large pioneer trees there was a drastic decrease
in carbon- and stem density after treatment and a significant positive relationship
between time since planting and carbon density (p < 0.01; Figure 8A.) and stem density
(p < 0.01; Figure 8B.) for the treated plots. For small trees, both carbon (4.8 = 1.3 Mg
C ha™') and stem density (445.8 £105.4 stems ha™) was highest for pioneer trees (Figure
7C, D.).
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Figure 9. Linear regressions of Shannon'’s diversity index (A and D), Pielou’s evenness index (B and E)
and rarefied species richness (C and F) over time since planting for large (= 10 cm dbh; A-C) and small (10
>x > 5 cm dbh; D-F) trees. Control plot values were not used in the regressions and are shown as hollow

symbols as a reference.

No significant differences were detected for any of the diversity indices (Shannon’s

diversity, Pielou’s evenness and rarefied species richness) over time since planting for
the treated plots (p > 0.05), either for large (= 10 cm dbh) or for small (10 >x > 5 cm

dbh) trees (Figure 9.).
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Figure 10. Box plot of carbon density (A) and stem density (B) of large (= 10 cm dbh) and small (10 >x >
5 cm dbh) planted trees in the two oldest planting phases (PP). Y.S.P denotes approximate year since
planting in the different planting phases.

Only in planting phases 1 and 2 (> 10 Y.S.P), were the planted trees now larger than 5
cm in diameter. The carbon density for planted trees lies between 0 and 2.5 Mg C ha™!
with large carbon density observed in older treated plots (i.e., PP1; Figure 10A.).
Similarly, stem density of planted trees was larger in the older treated plots and ranged
between 0 and 200 stems ha™'. It is worth pointing out that in PP1 I observed a lower
stem density of large (= 10 cm dbh) compared to small (10 > x > 5 cm dbh) trees, yet
these larger trees contributed more to the total carbon density. Despite these trends, the
contribution of planted trees to TAGC in planting phase 1 (16-19 Y.S.P) was 1.07% for
large and 0.74% for small trees, whereas stem density was 2.35% and 7.83% per cent
of total stem density for planted large and small trees respectively. For planting phase 2
(11-14 Y.S.P), the contribution of planted trees to TAGC was 0% and 0.09% for large
and small trees, and their contribution to total stem density was 0% and 1.05% for
planted large and small trees, respectively.

25



A Clay B Silt c Sand

R"2 =0.51, p = 0.0052 R"2=0.26, p = 0.052
1501 1501 1501 2

1001
B p ' AGC
O . O ®) == Living
o S )] (o)} Dead
= = s ea
[ ] L L]
50 501 501
0- 01 01
02 03 04 05 06 02 03 04 05 02 04 06 08
g cm? g cm? g cm?

Figure 11. Linear regressions between soil clay (<0.002 mm; A), silt (0.002 — 0.06 mm; B) and sand (0.06
- 2 mm; C) content and living and dead AGC. Living AGC (blue) represent carbon density in both trees
and lianas, whereas dead AGC (yellow) represent the carbon density of woody debris, fine ground litter
and standing dead wood.

When combining all 12 plots together, I observed a significant negative relationship
between the carbon density in living AGC and silt content (p < 0.01; Figure 11B.).
Whereas, the relationship of carbon density in living AGC over sand content and of
dead AGC over clay content was only marginally significant (p <0.1; Figure 11A, C.).
More silt in the soil appeared to be a strong indicator (R?= 0.51) for decreased living
AGC in a plot, with a difference of over 90 Mg C ha™ between the plots with the highest
and lowest silt density (0.54 g cm™ and 0.18 g cm™; respectively).
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Figure 12. Linear regressions between soil phosphorus (A), nitrogen (B) and carbon (C) and stem density
in small (blue) and large trees (yellow) in all 12 plots. Soil texture particle sizes: clay (<0.002 mm), silt
(0.06 - 0.002 mm) and sand (2 - 0.06 mm).

I performed linear regressions for the stem densities of large and small trees over soil
characteristics for all 12 plots; soil nutrients (Figure 12A-C.) and soil textures (Figure
12D-F.). Of the regressions for stem densities over soil nutrients, two correlations have
shown to be significant; stem density of small trees over phosphorus density (p < 0.05;
Figure 12A.) and stem density of large trees over nitrogen density (p < 0.05; Figure
12B.). Of the regressions for stem densities over soil texture only one has shown to be
significant; stem density of large trees over silt density (p < 0.05; Figure 12E.). Aside
from the significant correlations, there appears to exist emergent trends for stem
densities of small trees over silt density, and for large trees over carbon, clay, and sand
density as well (Figure 12C-F.). Further analysis revealed that, stem density of large
trees (= 10 cm dbh) of the functional species group: pioneers, was found to significantly
correlate with phosphorus density (R* = 0.64, p = 0.001).
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4 Discussion

This study is unique in that I quantified both above- and belowground carbon stocks
(including soil carbon) within 12 plots to get a more accurate estimate of the total C
balance in a secondary lowland dipterocarp rainforest in Borneo. Additionally,
measurements were made in control plots and restoration plots that consist of
enrichment line planting. There appeared to be a 10% (~20 Mg C ha™) increase in total
carbon density in the treated compared to the untreated control plots, although the
difference was not statistically significant. The restoration method of enrichment line
planting showed no improvement on tree diversity, yet more time and research effort
may be needed to properly assess if this restoration method has a positive effect on tree
diversity.

Few studies have directly measured both above- and belowground carbon stocks in
dipterocarp rainforests. Instead, the majority of previous studies have focused on
aboveground biomass, which limits our understanding of the total carbon budget in
these forests. When combining all 12 plots, mean (+ SE) total carbon density was 231.4
+11.2 Mg C ha'. The two major carbon pools; tree aboveground carbon (TAGC; 101.7
+ 8.5 Mg C ha) and soil organic carbon (SOC; 83.8 + 8.2 Mg C ha™) together store
80% of the total ecosystem carbon, whereas the remaining carbon pools (i.e., woody
debris, FGL, standing dead wood, lianas, TBGC and fine & coarse roots), when
aggregated, accounted for the remaining 20% of the total ecosystem carbon (45.9 + 2.2
Mg C ha''; Figure 4.). Interestingly, I found that belowground carbon pools represented
roughly half (49%) of the total carbon budget, which is in contrast to other studies in
the area that have reported only one-third of the total carbon is found belowground
(Saner et al., 2012; Hector et al., 2011).

The primary objective of the INIKEA project was to use assisted regeneration by

enrichment line planting and liberation accelerate secondary succession thereby
promoting biodiversity and restoring degraded, secondary forests to their original
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structure. In this study the main focus was on examining the effects of enrichment line
planting on total ecosystem carbon balance. Other studies have reported positive effects
on forest structure and growth for both enrichment line planting and liberation
(Schnitzer et al., 2014; Karam et al., 2012; Kuusipalo et al., 1996; Adjers et al., 1995).
In this study, I found no significant change in above- and belowground carbon stocks
in total or by carbon pool in response to enrichment planting (Figure 5-6.). Additionally,
the mean carbon density of planted seedlings (= 5 cm dbh) in the plots of planting phase
1 (16-19 Y.S.P) was estimated to 2 Mg C ha™' (Figure 10.), which corresponds to ~2%
of TAGC. However, it is important to point out that carbon density was ~20 Mg C ha™
(10%) greater in the treated compared to the untreated control plots. Albeit this
difference was not significant, it remains possible that the limited number of plots made
significance difficult to attain. This apparent increase in total carbon density was partly
the result of greater TAGC and SOC in the treated compared to untreated plots (10 and
13 Mg C ha higher; respectively). To reduce the uncertainty due to soil edaphic
properties and the spatial variation inherent to the study site, a greater number of plots
would be needed in both treated as well as untreated control areas. To examine this
possibility, I performed a t-test power analysis with a power level of 0.8 as described in
Cohen (1988), which showed that given the variation and 10% difference in treatments
a sample size of n=33 would have been needed to detect a significant difference in total
carbon stocks between control plots and planting phase 1 plots. Thus, it appears that
assisted enrichment planting may have a positive effect on the total C pools of degraded
lowland dipterocarp forests, yet further studies are needed to better assess the potential
of enrichment line planting in restoring secondary tropical rainforests in terms of carbon
sequestration.

Several studies have shown that soil edaphic properties (e.g. soil texture) can influence
aboveground forest structure (e.g. aboveground biomass, species composition, etc.) in
tropical rainforests (Paoli et al., 2008; Clark et al., 1999; Laurance et al., 1999), which
in part may help explain the large variation, and thus contributed to the difficulty to
assess statistical differences. I found that soil edaphic properties, namely soil texture
and both soil nitrogen and phosphorus, influences stem density and living aboveground
carbon (Figure 7, 8). These findings, coupled with the well documented spatial
variability of tropical rainforests (Saatchi et al., 2011; Clark & Clark, 2000), could help
explain why the applied treatment of enrichment line planting and liberation did not
significantly enhance carbon sequestration in my study. Furthermore, it is important to
remember that the main objective of the INIKEA project was to enhance biodiversity,
and if the carbon sequestration was the main objective then a different suite of seedlings
might have been used which, in turn, may have resulted in larger carbon sequestration
in treated plots. However, restoration practices with the sole intent of increased carbon
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sequestration can, in some cases, have adverse effects on biodiversity, natural forest
structure and ecosystem services through the homogenization of the landscape
(Edwards et al., 2010a; Putz & Redford, 2009)

There are several different allometric equations for estimating aboveground biomass in
tropical forests (Chave ef al., 2014; Basuki et al., 2009; Chave et al., 2005; Brown,
1997). I used the equations described in Basuki et al. (2009) as they were developed
specifically for lowland dipterocarp forests and was thus was the most appropriate for
my study. The choice of allometric equations is an important one as they can differ
greatly between each other which can therefore reduce the accuracy of comparisons
(Feldpausch et al., 2011; Henry et al., 2010; Houghton et al., 2001). For example, it has
been shown that aboveground biomass is often underestimated when using the models
of Basuki et al. (2009) relative to those of other studies. However, I decided to use the
Basuki model since site-specific equations generally improve biomass estimates when
applied to the area they are developed for (Huy et al., 2016; Paul et al., 2016; Ngomanda
etal.,2014; Kenzo et al., 2009; Segura & Kanninen, 2005; Cairns et al., 2003). Another
potential source of uncertainty in my estimates of TAGC may be related to the problem
that approximately 8% of the trees included in this study were unidentified at species,
genus or family level. However, due to the relatively low number of unidentified trees
and the fact that I used plot-average wood density for these unidentified trees, this likely
resulted in a relatively minor impact on the estimates of TAGC.

When assessing the impact of treatment on overall tree diversity, no significant effect
(p < 0.05) was found on “desired” functional species groups or diversity indices
(Shannon’s diversity, Pielou’s evenness, rarefied species richness). Budiharta et al.
(2014a) and Schwartz et al. (2013) suggests that the greatest effect of enrichment line
planting is observed in highly degraded areas where natural regeneration is lacking.
Within the INIKEA project, there is often an abundance of small trees in the understory
(Figure 7D.) and several trees > 50 cm dbh. Thus, the sampled plots do not appear to be
severely degraded, which might have happened by chance due to the relatively limited
number of plots. Therefore, the results of my study might not reflect the situation in the
more degraded forests. To raise the effectiveness of the enrichment planting, it would
be advantageous to increase efforts to determine the level of degradation in target areas
prior to treatment, either by manual survey or by remote sensing techniques (Budiharta
et al., 2014b; loki et al., 2014; Kronseder et al., 2012). The increase of pioneer trees
over time since planting (Figure 8.) may, in part, be due to the cutting of lianas and
opening up of the canopy as part of the liberation, thereby creating suitable conditions
for the growth of pioneer trees (Primack & Lee, 1991). Alternatively, this increase could
be a natural recovery for the pioneer trees after having been reduced compared to the
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control plots. Yet another possibility is that the availability of soil nutrients, primarily
phosphorus, influences the prevalence of pioneer trees as shown by the findings of
Raaimakers and Lambers (1996). This would also be supported by my findings as
phosphorus density was found to correlate positively with large pioneer tree stem
density (p < 0.01). Trees belonging to “undesired” species, such as Macaranga spp., are
subject to selective removed during site preparation or subsequent maintenance as
shade-adjustment (see experimental design). To ensure that the prevalence of pioneer
trees in treatment areas is kept to a minimum, more thorough removal of them over a
longer period of time might be necessary. Currently, plot maintenance, which includes
the removal of pioneer species, is done for 10 Y.S.P, but it might need to be extended
for another 10 years. Especially so as pioneer trees, Macaranga spp. in particular, have
been found to limit the recruitment of dipterocarp seedlings (Aoyagi et al., 2013).
Lastly, while at the date of sampling, 19-year-old plots since planting were the oldest
available in the INIKEA project area, this may be too small an amount of time to observe
any significant change in forest structure from the planted seedlings.
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Table 4. Carbon stocks and sequestration in tropical primary and secondary dipterocarp forests as well as in timber and oil palm plantations.

Study site Forest type Description Mean SOC ~ Mean TAGC — ATAGC Diameter Reference
Y P P (MgCha') (MgCha') (MgCha'year') limit(cm)
. Dipterocarp :
Malaysia (Lowland) OS (35 years) 84 102 - >5 This study
. Dipterocarp YS (18 years) - 89 1.40 < Berry et al.
Malaysia (Lowland) Primary - 138 0.28 > (2010)
e . OS (=21 years) 60 136 1.43 Lasco et al.
Phil Dipt >19.
Huppines iprerocatp Primary 65 190 - =193 (2006)
. Dipterocarp OS (=22 years) 58 136 - Hector et al.
Malaysia (Lowland) Primary ; 234 . > 10 (2011)
i Dipterocarp OS (40 years) - 137* - Okuda et al.
Mal >5
alaysia (Lowland) Primary - 155% - (2004)
Malavsi Dipterocarp OS (22 years) 40 92 - ~ 10 Saner et al.
alaysia
Vs (Lowland) Primary - 128 - (2012)
) Mixed OS (55 years) - 132%* - Brearley et
I >10
ndonesia Dipterocarp Primary - 179%* - al. (2004)
. . . Khasanah et
- *% -
Indonesia Oil palm Plantation 39 5.85 al. (2015)
) ) Plantation Asari et al.
- * - -
Malaysia Oil palm (6-23 years) 24 (2013)
Viera and
. Timber (E. globulus Plantation i Rodriguez-
Brazil & E. urophylla) (10 years) 100 He 180 Soalleiro
(2019)
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Meta-
analysis

Meta-
analysis
(Asia)

Timber (Inc. Acacia
& Eucalyptus spp.)

Tropical rainforest

Plantation

YS
oS
Primary

27%

5.00

1.70*
1.35%
0.35%

Lewis et al.
(2019)

Requena
Suarez et al.
(2019)

Lowland = below 500 m a.s.1., Dipterocarp = dipterocarp dominated forest, SOC = soil organic carbon (rounded to nearest integer),
TAGC = tree aboveground carbon (rounded to nearest integer), AAGC = aboveground carbon sequestration, YS= young secondary forest

(<20 years), OS = old secondary forest (>20 years), * = values converted to carbon as 50% of original value, ** = time averaged value
for 1 rotation period.
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Regardless of the impact of enrichment line planting on carbon sequestration and/or
overall tree diversity, arguably the most important aspect of an area designated for
conservation is that the land will be protected from land-use conversion. The findings
of Morel et al. (2012) showed that between the years 2000 to 2008, the area covered by
oil palm plantation in Sabah, Malaysian Borneo increased by 38% and it is likely that
this would have happened to the forests within the INIKEA project area had it not been
protected under a restoration program, since it is now almost entirely surrounded by
such plantations. It has previously been shown that carbon sequestration in plantation
forestry (5.85 Mg C ha year) and oil palm plantations (5-11.8 Mg C ha™ year) is
considerably higher than what is observed in primary (0.28-0.35 Mg C ha™ year) and
secondary (1.35-1.70 Mg C ha™ year™) tropical forests (Table 4.). However, it should
be remembered that higher carbon sequestration rates of plantations compared to natural
forest, come at a cost. The difference in both animal and tree diversity between
plantations and even secondary rain forest is massive. For example, the abundance of
imperilled bird species is 200 times lower in oil palm plantations compared to adjacent
tropical forests (Edwards et al., 2010b; Fitzherbert et al., 2008). Furthermore, although
carbon sequestration is higher in plantations compared to forests, the amount of
aboveground carbon (i.e., TAGC) is greater in forests compared to plantations (Table
4.). Additionally, there are significant greenhouse gas emissions associated with the
clearing of natural forest for land-use conversion to plantation forestry (Miles & Kapos,
2008; Fearnside, 1997). Once a natural forest is cleared, the values it holds, be they
ecological or otherwise, are very difficult to reconstruct and the process of recovery to
that of something resembling primary forest is unlikely to be either linear or uniform.
Structural characteristics (e.g. aboveground biomass) will most likely be recovered
before other ecosystem services (e.g. biodiversity). Notions of the time it takes for
cleared land to recover to something that resembles primary rainforest vary, but includes
estimates ranging from 50 to 500 years (Hughes et al., 1999; Kartawinata, 1994; Brown
& Lugo, 1990; Riswan et al., 1985; Knight, 1975) and will depend on many factors,
including availability of contiguous seed sources and the degree of initial disturbance
(Martin et al., 2013; Brearley et al., 2004). Therefore, regardless of any effect or lack
thereof from the restoration treatment in the INIKEA project area, the environmental
and ecological contributions of the protection of the forests within its borders from being
cleared and converted into oil palm or timber plantation remain highly valuable.



In conclusion, this study provides detailed estimates of both above- and belowground
carbon stocks in treated and untreated secondary forests in northern Borneo. Although
not significant, there appeared to be a 10% (~20 Mg C ha™) increase in total carbon in
treated compared to untreated plots. My assessment show that more replication is
needed to with sufficient statistical power assess if such difference is significant or not.
Additionally, results from this study clearly shows that roughly 50% of total ecosystem
carbon in found belowground, which is higher in contrast to previous estimates and
highlights the need for further studies to quantify belowground carbon stocks. The main
objective of the INIKEA project was to increase biodiversity yet results from this study
indicate no change in tree biodiversity between treated and untreated control plots.
However, the plots used in this study seem to suggest that the forests were not severely
degraded, and thus more time may be needed to assess the effect of enrichment line
planting on biodiversity. Lastly, additional studies are needed on the conservation value
and restoration potential of degraded tropical rainforests and the findings of this study
have helped provide a better understanding of carbon stocks in secondary rainforests
that can help design future studies to assess the effectiveness of restoration in tropical
forests.
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Appendices

Appendix 1. Species identification (Malay vernacular name, binomial, genus and family), identified stems, functional species grouping and respective
wood density for 12 (60 x 60 m) plots inventoried.

Vernacular (Malay)  Binomial Genus Family Functional Identified stems Wood density
species group  (Jarge/small) (g cm?)
Bangkal Nauclea orientalis Nauclea Rubiaceae Pioneer 6/0 0.47
Bangkal kuning Nauclea subdita Nauclea Rubiaceae Pioneer 19/0 0.44
Bangkal merah Neonauclea bernardoi  Neonauclea Rubiaceae Pioneer 6/1 0.66
Bawing Adinandra Theaceae Pioneer 8/1 0.51%*
Belian Eusideroxylon zwageri  Eusideroxylon Lauraceae Other 14/0 0.79
commercial
Biku-biku Bhesa paniculata Bhesa Celastraceae Pioneer 0/1 0.66
Bintangor Calophyllum Calophyllum Guttiferae Other 4/0 0.64
obliquinervium commercial
Buak-buak Teijsmanniodendron Teijsmanniodendron  Verbenaceae Pioneer 10 0.70
simplicifolium
Buak-buak batu Teijsmanniodendron Teijsmanniodendron  Verbenaceae Pioneer 10 0.63*
holophyllum
Buluh-buluh Pleiocarpidia Pleiocarpidia Rubiaceae Pioneer 64/1 0.65**
sandakanica
Burung gagak Cerbera odollam Cerbera Apocynaceae Pioneer 2/0 0.30
Cempaka hutan Michelia montana Michelia Magnoliaceae Pioneer 2/0 0.42
Darah-darah Mpyristicaceae Other 19/5 0.50%**
commercial
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Durian hantu
Durian merah
Galang-galang
Gangulang
Gapis
Kalumpang
Kandis

Kapur gumpait
Kapur paji

Karai

Karai hitam
Karai putih
Karpus
Katong-katong
Kayu ara
Kayu malam
Kedondong

Kembang

Kembayu

Durio grandiflorus
Durio kutejensis
Aporusa grandistipula
Blumeodendron tokbrai
Saraca declinata
Sterculia cordata
Garcinia parvifolia
Dryobalanops keithii

Dryobalanops
lanceolata

Orophea myriantha

Polyalthia sumatrana

Cynometra inaequifolia
or Cynometra
ramiflora

Ficus callosa & other
Ficus

Heritiera simplicifolia

Canarium
odontophyllum

Durio

Durio

Aporusa
Blumeodendron
Saraca
Sterculia
Garcinia
Dryobalanops
Dryobalanops

Orophea
Polyalthia
Hydnocarpus

Cynometra
Ficus
Diospyros
Canarium &
Dacryodes

Heritiera

Canarium

Bombacaceae
Bombacaceae
Euphorbiaceae
Euphorbiaceae
Leguminosae
Sterculiaceae
Guttiferae
Dipterocarpaceae

Dipterocarpaceae

Annonaceae
Annonaceae
Annonaceae
Flacourtiaceae
Leguminosae
Moraceae
Ebenaceae
Burseraceae

Malvaceae

Burseraceae

Fruit tree
Fruit tree
Pioneer
Pioneer
Pioneer
Pioneer
Fruit tree
Dipterocarp
Dipterocarp

Pioneer
Pioneer
Pioneer
Pioneer

Pioneer

Fruit tree

Other
commercial

Fruit tree

Other
commercial

Fruit tree

7/0
4/0
5/0
2/0
3/0
2/0
5/0
4/0
63/6

29/5
0/1
4/1
2/0
370
6/1
17/3
30/7

8/1

5/0

0.55*
0.52
0.63*
0.56
0.44
0.32
0.44
0.63
0.62

0.59**
0.59**
0.52
0.65*
0.80*
0.40*
0.67*
0.56**

0.67

0.50
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Kepala tundang
Keranji

Kerodong
Keruing

Keruing putih

Kilas
Kondolon

Koping-koping
Kunau-kunau

Kupang

Lantupak

Lantupak mata
kucing

Laran
Layang-layang

Magas
Mallotus

Mallotus sagar-
sagar

Manggis

Buchanania
arborescens

Dialium indum

Microcos crassifolia

Dipterocarpus
caudiferus

Koilodepas longifolium
Alangium javanicum

Aglaia argentea

Baccaurea parivifolia
or Baccaurea stipulata

Parkia javanica

Walsura pinnata
Neolamarckia
cadamba

Parishia insignis
Duabanga moluccana

Mallotus wrayi

Garcinia mangostana

Buchanania
Dialium

Microcos
Dipterocarpus

Dipterocarpus

Koilodepas

Alangium

Aglaia
Baccaurea

Parkia

Aglaia
Walsura

Neolamarckia
Parishia

Duabanga
Mallotus
Mallotus

Garcinia

Anacardiaceae
Leguminosae

Malvaceae
Dipterocarpaceae

Dipterocarpaceae

Euphorbiaceae

Alangiaceae

Meliaceae
Euphorbiaceae

Leguminosae

Meliaceae
Meliaceae

Rubiaceae
Anacardiaceae

Sonneratiaceae
Euphorbiaceae
Euphorbiaceae

Guttiferae

Other
commercial

Other
commercial

Pioneer
Dipterocarp
Dipterocarp

Pioneer

Other
commercial

Pioneer
Pioneer

Other
commercial

Fruit tree
Fruit tree

Other
commercial

Other
commercial

Pioneer
Pioneer
Pioneer

Fruit tree

24/0

1/0

12/0
4/0
13/0

14/2
13/0

1/1
18/2

1/0

25/4
2/0

2/0

2/0

5/0
51720
48/12

3/0

0.45

0.82

0.49*
0.65*
0.65*

0.56**
0.73

0.63
0.62*

0.36

0.67*
0.87*

0.65**

0.56

0.34
0.47*
0.47*

0.81
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Medang

Melapi agama
Membuakat

Mempening
Mengaris
Merbatu
Merbau
Merbau lalat

Meritam
Nyatoh

Nyatoh sidang

Oba suluk
Obah
Obah merah

Obah nasi

Pauh-pauh

Shorea agamii

Paranephelium
xestophyllum

Koompassia excelsa
Parinari oblongifolia
Intsia palembanica
Sympetalandra

borneensis
Nephelium mutabile

Palaquium rostratum

Shorea pauciflora

Decaspermum
Sfruticosum or Eugenia
cerasiformis
Glochidion borneensis
or Glochidion rubrum

Melicope luna-akenda

Shorea
Paranephelium

Lithocarpus &
Quercus
Koompassia
Parinari
Intsia

Sympetalandra

Nephelium
Palaquium

Palaquium

Shorea
Eugenia
Eugenia

Glochidion

Melicope

Lauraceae

Dipterocarpaceae

Sapindaceae
Fagaceae
Leguminosae
Chrysobalanaceae
Leguminosae
Leguminosae

Sapindaceae
Sapotaceae

Sapotaceae

Dipterocarpaceae
Myrtaceae
Myrtaceae

Euphorbiaceae

Rutaceae

Other
commercial

Dipterocarp
Other
commercial

Other
commercial

Other
commercial

Other
commercial

Other
commercial

Other
commercial

Fruit tree

Other
commercial

Other
commercial

Dipterocarp
Pioneer

Pioneer

Pioneer

Fruit tree

48/7

2/0
6/2

68/1

8/0

1/0

3/0

1/0

7/0
1772

2/0

15/1

195/29

8/0

17/4

4/0

0.61**

0.53
0.81

0.66**

0.69

0.63

0.67

0.61

0.88
0.59*

0.52

0.53

0.69*

0.69*

0.53*

0.37*
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Penatan

Pulai basung
Pusing-pusing
Putat paya
Ranggau
Rengas

Resak

Rukam
Sedaman
Sedaman jari
Sedaman putih
Selangan

Selangan
Jjangkang

Selangan batu

Selangan batu
biabas

Selangan batu
daun halus

Selangan batu
laut

Selangan batu
merah

Selangan mata
kucing

Aporusa elmeri
Alstonia spatulata
Engelhardia serrata

Planchonia valida

Flacourtia rukam

Macaranga beccariana
Macaranga hypoleuca

Hopea nervosa
Shorea
inappendiculata
Shorea leptoderma
Shorea superba
Shorea falciferoides

Shorea guiso

Hopea ferruginea

Aporusa
Alstonia
Engelhardia
Planchonia
Toona

Gluta, Semecarpus,

Melanochyla &
Swintonia

Vatica
Flacourtia
Macaranga
Macaranga
Macaranga
Hopea
Hopea

Shorea
Shorea
Shorea
Shorea
Shorea

Hopea

Euphorbiaceae
Apocynaceae
Juglandaceae
Lecythidaceae
Meliaceae

Anacardiaceae

Dipterocarpaceae
Flacourtiaceae
Euphorbiaceae
Euphorbiaceae
Euphorbiaceae
Dipterocarpaceae
Dipterocarpaceae

Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae

Dipterocarpaceae

Pioneer
Pioneer
Pioneer
Pioneer
Fruit tree

Other
Commercial

Dipterocarp
Fruit tree
Pioneer
Pioneer
Pioneer
Dipterocarp
Dipterocarp

Dipterocarp
Dipterocarp
Dipterocarp
Dipterocarp
Dipterocarp

Dipterocarp

5/0
2/0
2/0
1/0
5/0
15/5

87/2
5/0

5/0

65/0
15/0
11/0
15/0

11/0

1/0

51/14

15/4

52/1

2/2

0.60
0.34
0.51**
0.64
0.57%**
0.64**

0.71*
0.75
0.37*
0.29
0.26
0.69*
0.61

0.79

0.57*

0.69

0.72

0.71

0.58
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Senduk-senduk
mata

Sepetir

Seraya

Seraya daun
kasar

Seraya daun mas
Seraya kepong
Seraya kuning

Seraya kuning
barun

Seraya kuning
gajah

Seraya langgai
Seraya majau
Seraya melantai
Seraya punai
Seraya tembaga
Seraya timbau
Simpoh gajah
Simpoh laki
Sirih-sirih

Sukung-sukung
Surusop

Endospermum
diadenum

Sindora beccariana or

Sindora iripicina
Shorea curtisii
Shorea fallax

Shorea argentifolia
Shorea ovalis

Shorea faguetoides

Shorea xanthophylla

Shorea gibbosa

Shorea beccariana
Shorea johorensis
Shorea macroptera
Shorea parvifolia
Shorea leprosula
Shorea smithiana
Dillenia borneensis
Dillenia excelsa

Pternandra
coerulescens

Saurauia ferox
Ardisia elliptica

Endospermum
Sindora

Shorea
Shorea

Shorea
Shorea
Shorea
Shorea

Shorea

Shorea
Shorea
Shorea
Shorea
Shorea
Shorea
Dillenia
Dillenia

Pternandra

Saurauia
Ardisia

Euphorbiaceae
Leguminosae

Dipterocarpaceae
Dipterocarpaceae

Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae

Dipterocarpaceae

Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dipterocarpaceae
Dilleniaceae

Dilleniaceae

Melastomataceae

Actinidiaceae
Myrsinaceae

Pioneer
Fruit tree

Dipterocarp
Dipterocarp

Dipterocarp
Dipterocarp
Dipterocarp
Dipterocarp

Dipterocarp

Dipterocarp
Dipterocarp
Dipterocarp
Dipterocarp
Dipterocarp
Dipterocarp
Pioneer

Pioneer

Pioneer

Pioneer
Pioneer

9/0

3/1

1/1
53/3

18/1
1/1
2/0
16/0

3/0

3/0
1/0
15/2
63/0
104/1
4/0
9/0
10/3
6/0

2/20
5/0

0.37

0.58*

0.53
0.50

0.52
0.43
0.57*
0.52

0.46

0.47
0.39
0.43
0.41
0.44
0.36
0.61
0.68
0.53

0.43*
0.57*




Takalis daun
bulat

Takalis daun
halus

Tambong
Tampoi

Tandoropis

Tapion kirabas

Telinga gajah
Terap

Terap togop
Urat mata batu
Urat mata beludu
Urat mata daun
licin

Cempedak
Melapi kuning
Mangga hutan
Tandiran
Belimbing hutan
Jiak

Unidentified

Pentace adenophora
Pentace laxiflora

Geunsia pentandra

Antidesma
ghaesembilla

Casearia grewiaefolia

Macaranga
giagantifolia

Artocarpus elasticus
Parashorea smythiesii
Parashorea tomentella

Parashorea
malaanonan

Artocarpus integer
Shorea symingtonii

Ficus variegata
Baccaurea angulata
Symplocos fasciculata

Pentace
Pentace

Geunsia
Baccaurea

Antidesma

Casearia

Macaranga

Parartocarpus &
Artocarpus

Artocarpus
Parashorea
Parashorea

Parashorea

Artocarpus
Shorea
Mangifera
Ficus
Baccaurea
Symplocos

Tiliaceae
Tiliaceae

Verbenaceae
Euphorbiaceae

Euphorbiaceae

Flacourtiaceae

Euphorbiaceae
Moraceae

Moraceae
Dipterocarpaceae
Dipterocarpaceae

Dipterocarpaceae

Moraceae
Dipterocarpaceae
Anacardioideae
Moraceae
Euphorbiaceae

Symplocaceae

Other
commercial

Other
commercial

Pioneer
Fruit tree

Pioneer

Pioneer

Pioneer
Fruit tree

Fruit tree

Dipterocarp
Dipterocarp
Dipterocarp

Fruit tree
Dipterocarp
Fruit tree
Fruit tree
Fruit tree

Other
commercial

Unidentified

2/0

152/5

9/4
5/0
12/0

1/0
1/0

20/0

4/0

85/1
16/1
39/8

2/0
2/0
1/0
3/0
0/1
6/0

178/22

0.59*

0.59*

0.63**
0.62*
0.61

0.56
0.37*

0.61**

0.36
0.60
0.55*
0.42

0.55
0.57*
0.50*
0.31
0.62*
0.30

0.54

* Genus specific wood density, ** Family specific wood density, large (= 10 cm dbh), small (5 <x <10 cm dbh)
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