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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in
fulfilment of the requirement for the degree of Doctor of Philosophy

EFFECTS OF MANAGEMENT REGIMES ON GROWTH ATTRIBUTES AND
CARBON DENSITY IN TROPICAL FORESTS

By

ALDRICH RICHARD

September 2023

Chairman : Associate Professor Mohd Nazre bin Saleh @ Japri, PhD
Faculty : Forestry and Environment

Understanding the effect of management regimes on the long-term growth
attributes and carbon density in tropical forests is essential in ensuring a
sustained timber yield and safeguarding their role as carbon sinks to combat
climate change. Previous studies have shown that logged-over tropical forests
were not regenerating according to the Selective Management System’s
assumption. These findings were based on short-term data growth, a single
study site and censuses carried out after extreme drought events. Thirty long-
term permanent sample plots with a total size of 30 ha were analysed to
understand the effect of Selective Management System regimes and the actual
growth rate of logged-over forests. The perturbation of extreme drought events
was also evaluated to understand the effect of climate change. These
permanent sample plots were managed under three regimes: unlogged,
moderately logged (all Dipterocarp > 65 cm and Non-dipterocarps >60 cm dbh
logged) and intensely logged (all Dipterocarps > 50 cm and Non-dipterocarps
>45 cm dbh logged). The plots were allowed to regenerate naturally without any
silvicultural treatments carried out post-logging. The growth attributes used for
this study were mortality, recruitment, stem density, basal area, timber volume
and aboveground carbon density. The results showed no significant differences
between moderately (772.85 stems ha'; 52.38 m®ha; 87.38 tonnes C ha') and
intensely logged forests (665.22 stems ha'; 25.61 m®*ha; 58.36 tonnes C hal)
in forest stem density, timber volume and aboveground carbon density one year
post-logging. Both logged forests showed a significant difference from unlogged
forests (1,192.15 stems hal; 219.93 m®ha; 228.35 tonnes C ha?). Only basal
area was significantly different between unlogged, moderately logged and
intensely logged at 36.71 m? hal, 16.64 m?ha* and 11.96 m? ha?, respectively.
Annual mortality and recruitment rate were also significantly different between
unlogged forests (1.8% yr?; 0.5% yr') compared to the moderately logged (4.0%
yrt; 2.1% yr) and intensely logged (3.9% yr?; 2.1% yr?) forest. Thirty years
post-logging, the intensely logged regime had a higher growth rate, especially



for forest stem density (-9.54 stems ha? yr?), basal area (0.22 m? ha yr?),
timber volume (1.85 m® ha? yr') and aboveground carbon density (1.65 tonnes
C ha! yr') compared to moderately logged (-12.91 stems ha* yr?; 0.12 m?ha
yr’:1.47 m® ha' yr; 1.16 tonnes C ha yr') and unlogged (-15.09 stems ha;
0.02 m?hat yr?; 1.18 m® ha! yrl; 0.57 tonnes C ha' yr?) forests. The actual
recovery growth of timber volume (1.47 - 1.85 m® ha! yr?') and aboveground
carbon density (1.16 — 1.65 tonnes C ha! yr?) for logged forests were below the
national average and required more than 30 years to recover to the pre-logging
status. The extreme drought threshold of -1.70 midterm Standardized
Precipitation Evapotranspiration Index impacted tropical forest growth and
frequently occurred from 1990-2019. The extreme drought increased the
mortality rate (4.0% yr') and decreased the recruitment (1.8 % yr?, forests stem
density (-17.95 stems ha! yr?), basal area (0.17 m? ha! yr') and aboveground
carbon density (1.6 tonnes C ha* yr?) in logged forests. The unlogged forests
were affected by extreme drought by increased mortality (3.5% yr1), recruitment
(8.9% yrt), stem density (60.09 stems ha! yr') and basal area (0.62 m? ha yr
1) but decreased timber volume (-1.3 m? ha?! yr?). Enhancing current practices
such as longer cutting cycles, dipterocarps and non-dipterocarps tree species
volume control, enrichment planting and climbers cutting, in addition to
practising Reduced Impact Logging, will reduce the impact of logging and
improve the growth and recovery rate of logged-over forests.

Keywords: Aboveground carbon density, Growth attributes, Management
regimes, Sustainable Forest Management, Tropical Forest

SDG: GOAL 15: Life on Land
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ALDRICH RICHARD

September 2023

Pengerusi : Profesor Madya Mohd Nazre bin Saleh @ Japri, PhD
Fakulti . Perhutanan dan Alam Sekitar

Memahami kesan rejim pengurusan terhadap atribut pertumbuhan jangka
panjang dan kepadatan karbon hutan tropika adalah penting dalam memastikan
pengeluaran kayu balak yang berkekalan, di samping memelihara peranan
hutan sebagai penyerap karbon dalam menangani perubahan iklim. Kajian
terdahulu menunjukkan bahawa prestasi pertumbuhan hutan tropika telah
dibalak tidak seperti kadar pertumbuhan Sistem Pengurusan Memilih.
Penemuan-penemuan ini adalah berdasarkan pertumbuhan jangka pendek,
satu lokaliti kajian serta beberapa siri bancian yang dijalankan selepas kejadian
kemarau yang melampau. Tiga puluh plot sampel kekal jangka panjang dengan
saiz berjumlah 30 ha telah dianalisis untuk melihat kesan rejim Sistem
Pengurusan Memilih dan kadar tumbesaran sebenar hutan yang dibalak. Kesan
kemarau melampau terhadap kadar tumbesaran hutan tropika juga dinilai untuk
memahami impak perubahan iklim. Plot sampel kekal ini diuruskan bawah tiga
rejim pengurusan iaitu tidak dibalak, pembalakan sederhana (semua
Dipterocarpa > 65cm dan bukan Dipterokarpa >60cm dbh dibalak) dan
pembalakan intensif (semua Dipterokarpa > 50 cm dan bukan Dipterokarpa >45
cm dbh dibalak). Plot yang dibalak dibiarkan tumbuh semula secara semula jadi
tanpa sebarang rawatan silvikultur. Atribut tumbesaran yang digunakan dalam
kajian ini adalah kadar kematian, penokokan, kepadatan dirian hutan, keluasan
pangkal, isipadu kayu dan kepadatan karbon atas tanah. Hasil kajian
menunjukkan bahawa tiada perbezaan antara rejim sederhana (772.85 pokok
ha; 665.22 pokok/ha; 52.38 m® hal; 87.38 tan C ha') dan rejim intensif (665.22
pokok hal; 25.61 m® ha'; 58.36 tan C ha?) terhadap kepadatan dirian hutan,
isipadu kayu, dan kepadatan karbon atas tanah. Kedua-dua hutan dibalak
mempunyai perbezaan signifikan dengan hutan tidak dibalak (1,192.15 pokok
hal; 219.93 m® ha'l; 228.35 tan C ha'). Hanya keluasan pangkal mempunyai
perbezaan signifikan di antara hutan tidak dibalak (36.71 m? ha'), rejim
sederhana (16.64 m? ha') dan rejim intensif (11.96 m?ha?). Kadar kematian dan
penokokan untuk hutan tidak dibalak (1.8% tahun?; 0.5% /tahun) berbanding



rejim sederhana (4.0% tahun; 2.1% /tahun) dan rejim intensif (3.9% tahun;
2.1% tahun®). Rejim intensif mempunyai kadar tumbesaran yang lebih tinggi
terutamanya untuk kepadatan dirian hutan (-9.54 pokok ha* tahun), keluasan
pangkal (0.22 m2ha tahun), isipadu kayu (1.85 m? ha! tahun'?) dan kepadatan
karbon atas tanah (1.65 tan C ha! tahun) berbanding rejim sederhana (-12.91
pokok ha? tahun?; 0.12 m? ha! tahun; 1.47 m® ha' tahun?; 1.16 tan C ha*
tahun) dan hutan tidak dibalak (-15.09 pokok ha™ tahun?; 0.02 m? ha* tahun;
1.18 m® ha* tahun'; 0.57 tan C ha* tahun™). Prestasi pertumbuhan isipadu kayu
(1.47 - 1.85 m® ha! tahun) dan kepadatan karbon atas (1.16 — 1.65 tan C ha*
tahun) hutan dibalak adalah bawah purata nasional dan memerlukan lebih
daripada 30 tahun untuk pulih kepada status pra-pembalakan. Nilai ambang
kemarau melampau -1.70 berdasarkan Standardized Precipitation-
Evapotranspiration Index mempunyai kesan atas pertumbuhan hutan tropika
dan berlaku dengan kerap sejak tahun 1990 - 2019. Kemarau melampau
meningkatkan kadar kematian (4.0% tahun-!) dan mengurangkan penokokan
(1.8% tahun''), kepadatan pokok (-17.95 pokok ha* tahun'), keluasan pangkal
(0.17 m? ha! tahun'!) dan kepadatan karbon atas tanah (1.60 tan C ha* tahun-
1) dalam hutan dibalak. Hutan tidak dibalak terjejas oleh kemarau yang
melampau dengan peningkatan kematian (3.5% tahun-!), penokokan (8.8%
tahun-1), kepadatan pokok (60.09 pokok ha? tahun?) dan keluasan pangkal
(0.62 m? ha! tahun'), tetapi mengalami penurunan isipadu kayu (-1.3 m3 ha?
tahunt). Penambahbaikan kepada amalan semasa seperti pusingan tebangan
yang lebih panjang, penetapan had isipadu dibalak spesies pokok dipterokarpa
— bukan-dipterokarpa, tanaman mengaya, pemotongan akar pepanjat, dan
amalan Pembalakan Berimpak Rendah akan mengurangkan kesan pembalakan
dan meningkatkan kadar tumbesaran dan pemulihan hutan yang dibalak.

Kata Kunci: Kepadatan karbon diatas tanah, Atribut tumbesaran, Rejim
pengurusan, Pengurusan hutan secara berkekalan, Hutan tropika

SDG: MATLAMAT 15: Kehidupan di Darat
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CHAPTER 1

INTRODUCTION

1.1 General Background

Tropical forests serve as an important biome in regulating climate globally by
exchanging atmospheric water and carbon, including supplying renewable raw
materials (Lewis et al., 2015). Forests that are managed for sustained timber,
fibre or energy yield while maintaining or increasing forest carbon stock are the
most significant mitigation benefit in addressing climate change (Nabuurs et al.,
2007; Pathak et al., 2022). It is estimated that tropical forests contain 141-159
billion tonnes C and sequester 0.47-1.3 billion tonnes C yr ' equivalent to 8—
13% of anthropogenic CO2 emitted globally (Mackey et al., 2020). Any changes
in mortality or growth of trees will have an impact on global CO2 sequestration
(Hubau et al., 2020).

Sustainable management of tropical forests is essential to ensure the sustained
yield of timber and, at the same time, sequester atmospheric carbon to combat
climate change. Implementing sustainable forest management strategies that
will contribute to these benefits will require an understanding of the logging effect
on forest growth attributes such as mortality, recruitment, stem density, basal
area, volume and aboveground carbon density (Ding et al., 2019). Removing
large commercial trees is the primary driver of forest degradation during logging.
It is well-known that many smaller trees are damaged during logging and may
die before becoming available for future harvests (Osone et al., 2016). Selective
logging, widely practised in Southeast Asia, greatly impacts stand structure,
species composition and regeneration dynamics of tropical forests (Hayward et
al., 2021; Okuda et al., 2003; Okuda et al., 2019; Yamada et al.,, 2013).
However, these logged-over forests still possess significant elements of their
original biodiversity and will recover over time, especially with silvicultural
treatments such as enrichment planting using indigenous tree species (Berry et
al., 2010; Edwards et al., 2011; Philipson et al., 2020). Currently, 1.15 billion ha
or 28.3% of the world's forest areas are designated primarily as production
forests (FAO, 2020a).

Tropical forests in Peninsular Malaysia are categorised into State Land Forest,
Wildlife Reserved and Permanent Reserved Forest. The Permanent Reserved
Forest is managed under the principle of sustainable forest management, while
the other two categories are meant for development and wildlife conservation,
respectively. The Permanent Reserved Forest constitutes about 4.94 million ha,
and only 2.92 million ha is classified as production forests under sustained yield
(FDPM, 2023b). The remaining 2.02 million ha are managed as protection
forests without any logging activities.



The production forests are managed under the Selective Management System
(SMS) formulated in 1978. The system is a 30-year logging cycle based on
growth performance as follows: (i) mean diameter growth of 0.77 cm yr?; (ii)
mean gross volume growth of 2.75 m® ha' yr?; (i) annual mortality rate of
0.90%; and (iv) annual ingrowth of 0.60% (FDPM, 2003).

These growth performance assumptions are based on tree inventory data
obtained for trees greater than 30 cm diameter on 200 plots of 0.4 ha established
in 1974 and re-censused for three years distributed across primary forests and
in logged hill forests subjected to silvicultural treatments (FAO, 1978). Based on
these assumptions, the system prescribes cutting limits of 45 cm dbh for non-
dipterocarps and 50 cm dbh for dipterocarps species; and availability of 32
sound residual trees of 30-45 cm dbh per hectare post-logging. The system
expects these residual trees to grow to become the next crop trees after 30 years
and the logged-over forests are adequately stocked for a net volume of between
40-45 m® ha! (Thang 1987).

Logging may influence the value of future harvests by differentially affecting
species in different groups. In Peninsular Malaysia, advances in wood
processing and market development allow the commercial exploitation of all tree
species that reach the minimum sizes to be harvested (Thang, 1987). However,
timber derived from the Dipterocarpaceae family (the dipterocarps) attracts a
higher price due to market acceptance and properties that make it suitable for
various uses (Saw & Sam, 1999). As a result, the production of timber derived
from dipterocarps amounted to 1.82 million m? or 46.6% of the total in Peninsular
Malaysia in 2019 (FDPM, 2020). In order to sustain this yield, the SMS
prescribes that the percentage of dipterocarps among residual trees should not
be less than that in the pre-logging stand (Yong, 1996).

Permanent Reserved Forests are also important in Malaysia's commitment to
achieving Nationally Determined Contribution under the United Nations
Framework Convention on Climate Change. Sustainable forest management
generates the most considerable sustained mitigation to combat climate change.
In Malaysia, sustainably managed forests such as Permanent Reserved Forests
removed 225.97 million tonnes of C yr! (MNRE, 2018) compared to the total
emission of 317,627 mil tonnes C yr for all sectors (MESTECC, 2018).

Climate change increases air temperature and changes precipitation regimes,
including the timing, amount and inter-annual variability of rainfall, which
significantly impact global forestry (Keenan, 2015) The concern about these
impacts is not only on the ecosystems but also the ecological services such as
timber supply, carbon storage, or biodiversity conservation (Bouchard et al.,
2019). As for forest management, the potential effects are forest health,
regeneration success, growth and productivity, distribution and composition of
species, forest structure, and age-class distribution (Halofsky et al., 2018). Tree
growth was observed to be increasing in some forests under longer growing
seasons and warmer temperatures. However, shifts in vegetation distribution,



including increased tree mortality due to drought or heat, were also recorded
(Bouchard et al., 2019; Brecka et al., 2018; Keenan, 2015).

1.2 Problem Statement

Limited studies were conducted to investigate the growth attributes of logged-
over forests in Peninsular Malaysia. Yong (1996) and Ismail (2007) studies
reported that the volume growth was lower and the mortality rate higher than
what was assumed by SMS, which concluded that the 30 years logging cycle for
SMS was insufficient for a sustainable yield. However, their studies were based
on short-term plots (an average of 9.4 years, with the shortest at two years and
the longest at 15 years) and involved only one location (Yong, 1996). The timing
of the last census carried out after an extreme drought event in late 1997 to early
1998 halted the growth of trees and increased mortality rate also affected the
result. Further research on the actual growth performance using long-term plots
similar to the SMS cutting cycles of 25-30 years and incorporating a comparison
of logged and unlogged plots is required.

Yong (1996) and Ismail (2007) focused more on the recovery, and there were
limited discussions on how management regimes impacted the tropical forests,
especially immediately after logging operations. Management regimes affect the
amount of basal area, volume and aboveground carbon stock removed, which
eventually influences the recovery period (Putz et al., 2022). Tropical forests
under management regime with lower logging intensity had a faster recovery
rate of basal area, volume or aboveground carbon stock due to the higher
number of stands retained post-logging (Okuda et al., 2021; Rutishauser et al.,
2015) Understanding the impact of different management regimes to tropical
forests one year post-logging and the actual recovery rate will assist forest
managers in predicting the recovery period and practical cutting cycles for
logged-over tropical forests.

The SMS management regime also prescribes the availability of 32 sound
residual trees of 30-45 cm dbh per hectare post-logging. These residual trees
will grow to become the next crop trees after 30 years. However, limited
information is available on the number of residual trees that will fulfil the
prediction of growing into the 45-50 cm diameter class. Dipterocarps are
dominant trees in tropical forests and have a higher growth compared to other
tree species (Brearley, 2012). The impact of management regime removing
mature dipterocarps, leaving only small and intermediate-sized trees, remains
poorly understood (Ashton & Kettle, 2012).

A lower growth rate may also result in a lower rate of carbon sequester as half
of wood biomass is considered carbon stock. Sustainably managed Permanent
Reserved Forests are important to Malaysia as these forests contribute to
achieving Nationally Determined Contribution under the United Nations
Framework Convention on Climate Change (MEWA, 2020). A lower carbon
sequestration rate will affect Malaysia in achieving its Nationally Determined

3



Contribution. It is imperative to understand the actual long-term recovery rate for
aboveground carbon stock in logged-over forests to assist forest managers in
enhancing management practices to combat climate change.

Southeast Asia has been experiencing an increased temperature rate of 0.14 °C
to 0.20 °C per decade, including a rising number of hot days and warm nights
and a decline in cooler weather (Hijioka et al., 2014; Sentian et al., 2022). For
the past four decades, Peninsular Malaysia has been experiencing an increased
mean temperature of 0.13 °C to 0.24 °C which corresponded with increasing
trend of drought occurrences (Fung et al., 2020; MEWA, 2020). This changing
climate condition may affect the growth attributes of forests and carbon
sequestration.

There were studies carried out on the impact of changing climate conditions on
the tropical forest in Peninsular Malaysia. However, these studies were limited
to forest basal area growth responding to temperature (Feeley et al., 2007);
small trees responding to solar radiation (Dong et al., 2012); CO: effect on
seedling growth (Tomimatsu et al., 2014); precipitation, temperature, relative
humidity and vapour pressure deficit effect on cell layer growth (Wang &
Hamzah, 2018); flowering condition for the dipterocarps (Chen et al., 2018; Yeoh
et al., 2017); and forest structure and function sensitivity to air temperature, soil
temperature, precipitation, total cloud cover, specific humidity and wind velocity
(Sato, 2009). No study has been conducted to understand how extreme drought
affects the growth attributes and aboveground carbon density in logged and
unlogged tropical forests especially in Peninsular Malaysia. This lack of
information leads to forest managers not incorporating drought adaptation into
the current forest management practices even though with an increasing trends
of extreme drought events in Peninsular Malaysia.

A forest is in the event of drought when the potential evapotranspiration is higher
than the monthly precipitation (Aragao et al., 2007; Malhi et al., 2009). As
occurrence of drought can be more than in a month period, it is importance to
have a drought index that can assess drought duration and intensity. The
Standard Precipitation Evapotranspiration Index (SPEI) is able to assess
drought duration and intensity by using precipitation and temperature compared
to other indices such as Standard Precipitation Index or Palmer Drought Severity
Index (Fung et al., 2020).

Based on the discussion above, this study will answer the following questions:
(i) are there any differences in the effect of management regimes on tropical
forests one year post-logging? (ii) what is the actual growth rate for logged-over
forests? and (iii) how does an extreme drought event affect tropical forests
growth attributes? These insights will provide new information and
understanding of the effect of the management regimes and the actual recovery
rate of logged tropical forests, including the response of tropical forests to
extreme drought events.



1.3 Objectives of Research

This research aims to determine the effect of management regimes and extreme
drought on the growth attributes and aboveground carbon density of tropical
forests in Peninsular Malaysia by analysing the growth attributes of long-term
permanent sample plots. The specific objectives are:

i. To analyse the effect of management regimes one on mortality,
recruitment, stem density, basal area, timber volume and aboveground
carbon density; and

ii.  To analyse tropical forest extreme drought perturbation based on the
Standardised Precipitation Evapotranspiration Index (SPEI).

The results from this study will provide new information on effect logging intensity
on mortality, recruitment, stem density, basal area, timber volume and
aboveground carbon density in logged forests one year post-logging. The growth
rate derived from long-term growth plots will better assist forest managers in
deciding the next and future cutting cycles that will optimise the production of
timbers from logged forests. The information on tropical forests' perturbation to
extreme drought events will provide new understanding to forest managers in
formulating adaptation practices for forest management.

1.4 Research Hypothesis

This study will test the hypothesis that (i) different management regimes do not
have a significant effect on logged forests one year post-logging; (ii) different
management regimes do not significantly affect the growth rate of logged forests
managed under the Selective Management System; and (ii) extreme drought
events do not affect tropical forests growth.

1.5 Limitation of Study

The limitation of this study is that there is no pre-logging inventory record found
for each study sites. Records on the exact timber volume and number of trees
extracted from the study sites were also not found as these reports are usually
kept by the contractors and the State Forestry Department. These manual
reports were usually dispose-off by the respective State Forestry Department,
five years after logging operation ceased to operate.
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